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BY Lewis E.  Wallner and  Henry J. Welna - 

The windmilling  characteristics of several  turbojet and turbine- 
propeller  engines were investigated  individually  over a wide range of 
f l ight  conditions  in  the W A  Lewis al t i tude wind tunnel. A study was 
made of a l l  these  data and windmilling performance of gas-turbine 
en@;fnes was generalized. 

Although  'the ikernal-drag, a i r - f low,  and total-pressure-drop 
parameters w e r e  generalized to a single  curve f o r  both  the axial-flow 
turbojet  engines and the  centrifugal-flow  turbojet engine investigated, 
the engine-speed  parameter  separated into two curves - one fo r  all the 
axial-flow-type  engines and another for  the  centrifugal-flow  engine. 
The engine  speed, component pressure changes,  and windmilling-propeller 
d r a g  were generalized t o  single  curves  for  the t w o  turbine-propeller- 
type  engines  investigated. By the me of these  curves  the windmilling 
performance can be estbmted for axial-flow-type  gas-turbine  engines 
similar t o  the  types  investigated over a wide range of flight condftions. 

INTRODUCTION 

A part  of each gas-turbine  engine performance investigation  in 
the NACA Lewis al t i tude wind tunnel has been the determFnation of 
engine  windmilling perforlpance. Windmi3-g drag and speed data f o r  
turbojet  or  turbine-propeller  engines are important f o r  several  reasons. 

, . For example, a knowledge  of the windmilling characteristics is needed 
i n  order t o  determine  before flight whether the engine will winamill 
at sufficient  speedato  permit  restarting i n  case of engine failure o r  
whether the  vindmilling  speed i s  sufficient t o  power engine accessories. 
For  a multiengine  plane, the drag of a windmilling  engine must be known 
t o  compute the yawing moments o r  the drag penalty imposed by an inopera- 
t i v e  engine,  each of which affects  the  glide  angle when a landing is 

t attempted. 

The purpose of this repqrt i s  t o  provlde a sFmple  method by which 
the  nfndmilling speed  and drag of the engine, 8s well as the  pressure 



change across the  engine and the windmilling air flow through the 
engine, may be  estimated. Windmilling characterist ics of several 
engines are generalized, and fromthe curves  presented,  the windmilling 
performance  of sFmilar engines may be computed. The engines investi-  
gated  Included  turbojet  engines,  both axial- and centrifugal-flow 
types, and turbine-propeller  engines. 

Windmilling  performance of the  gas-turbine  engines  described  in 
table  I has been investigated  in  the Lewis a l t i tude wind tunnel a t  
a l t i tudes from 5000 t o  50,000 feet and true  airspeeds 88 high as 
800 miles  per hour. 

All engines were extensively  instrumented  with  pressure and tem- 
perature  probes at the   i n l e t  and the  out le t  of the engine and between 
each  of the engine components. For the  turbojet  engines, tes t  points 
were obtained at several  airspeeds at each al t i tude.  For the  turbine- 
propeller  engines,  data were obtained for several  propeller  blade . 

angles at each  airspeed and al t i tude.  . .. . 

The drag values were calculated from the changes in momentum of 
the air entering and leaving  the engine; the air flows, from measure- 
ments a t  the engine in l e t .  

SYMBOLS 

The following symbols are  used in   th i s   repor t :  

A fhw  a rea  at compressor M e t  for axial-flow  engines (sq f t )  

D internal  drag, equal to  difference between mmentum of air 
entering and leaving engine (1%) 

DP 

N engine  speed ( r p m ]  

( S ~ P  2, rated shaft  horsepower of turbine-propeller  engine 

V true airspeed  (ft/sec) 

windmilling  propeller drag, equal to t o t a l  drag minus nacelle 
drag ( lb)  

C 

W air flow  (lb/sec) 

Subscript: 

r rated 
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Generalization  factors: 

6 pressure  generaJj-zation factor :  r a t i o  of total   pressure at 

e temperature  genera,lization fac to r :  r a t io  of t o t a l  tenqera- 

engine i n l e t  t o  sea-level  static  pressure 

ture  at engine inlet t o  sea-level static temperature 

Windmilling parameters : 

D/&A corrected drag (Ib/sq f t )  

$/6( shp), corrected WindmLlling-propeller-drag pazameter (lb/(shp),) 

v / p  corrected  true  airspeed  (ft/sec) 

W$/W corrected air flow (lb/(sec)(sq ft)) 
N / N r G  corrected engine  speed 

RESULTS AlBD DISCUSSION 

Turbo j e t  engines. - In   the wlndmfU.ing state, a turbo je t  englne 
operates  considerably off the design condition and as a result the aero- 
dynamic efficiencies of an engine or  i ts  components me undoubtedly 
low. It is logical, then, that any differences €n either the desi@ 
theory or the efficiencies at the  design  condition w i l l  be o f  little 
importance i n  the windmilling state. To verif'y this reasoning, the 
corrected  total-pressure drop across each of several  turbojet  engines 
in the windmilling s t a t e  was plotted as a function of true  airspeed 
f o r  altitudes f r o m  5000 t o  50,000 feet   (f ig:  1). The pressure changes 
 cross all the engines  investigated were generalizedto a single  curve. 

If the change in pressure of the air flowing through a l l  the 
engines is  the same, each of the  windmilling d r a g s  should  then be a 
function of the engine air flow, trhich i s  in turn a function of the 
engine s ize .  In  aa effort  t o  generalize  for  differences  in  engine 
size,  the  corrected  windmilling  drags were divided by the compressor- 
inlet   areas.  An in le t   mea  f o r  the  centrifugal-flow engine w a s  
obtained by averaging the ratios of engine-inlet  to  exhaust-nozzle 
area for the axial-flow -gas-turbine  engines and applying the average 
value (1.78) t o  the centrifugal-flow-type  engine whose nozzle area 
w a s  known, thus  obtaining a sFmihr in l e t  area. The generalization 
o f  the w i n d m i ~ - d r a g  parameter for  the  engines i s  shown in fig- 
ure 2. The considerable  scatter of the drag data (without any par- 
ticular trends)  results from the diff icul ty  of measuring enghe air - 
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flows  and.velocities  when  the  difference  between  total  and  static  pres- w 

sures  is s m a l l .  In addition,  the  windmilling air flows,  which  were 
also  adjusted  for  the  compressor-inlet  are-,  are  generalized to a 
single  curve  when  presented as a function of airspeed  (fig. 3). 

The  usual  practice in  the  design of a turbojet  engine  is  to  set 
the  design  compressor  tip  speed  at  approximately  the  speed of sound. 
With  the  assumption  that  engines  windmill  at  about  the  same  tip  Mach 
number  for a given  airspeed,  the  corrected  engine  speed  divided  by 
rated  speed  for  each  engine was used as a speed  parameter.  This  engine- 
speed pkameter is  plotted  in  figure 4 as a function of airspeed. 
Separate  curves  are  defined for the  axial-flow  and  centrifugal-flow 
engines;  however,  the  data  for all &he  axial-flow  engines fall on a 
single  curve. 

N .e z 
.. 

The engine  component  characteristics in  the  windmilling  condition, 
that  is,  the  pressure  change  across the compressor,  the  combustor, 

' and  the  turbine,  are shown for  several  engines in figure 5. Although 
there  are  variations in the  pressure  changes in a given  component  for 
different  engines,  there  are  compensating  effects when a l l  the  Fomponents 
for an engine  are  considered. If a given  pressure drop is  required to 
cause an engine to windmill, the  pressure  change  in  the  turbine will 
depend on  the  magnitude of the  pressure  drop in the  compressor.  The 
differences in  the  pressure loss in the  combustor  are of secondary 
importance  when  compared  with  the  over-all  pressure l o s s  across  the 
engine. 

For axial-flow  turbojet  engines of the  type  considered  in  this 
study (compressor  pressure  ratios from 3.45 to 5.2 - see  table I) it 
is  possible  to  predict  the  over-all  windmilling  performance  for a 
range of altitudes  and  flight  speeds.  It  is  not known conclusively 
whether  the windmilling curves w e  valid  for  centrifugal-flow  engines, 
because o n l y  one  engine of this type was investigated. 

Turbine-propeller  engines. - Reasoning similar to that  used f o r  
the  turbojet  engines wa8 employed in an effort to generalize  the  wind- 
m i l l i n g  data  from  two  turbine-propeller  engines.  The  corrected  engine- 
speed  parameter was generalized  when  plotted 88 a function of airspeed 
(fig. 6). The  propellers  were  set  at  the  blade  angles  that  resulted 
in  the maximum rotating  speed  (about 12O and 20' f o r  engines H and I, 
respectively). It  should  be.noted  that  overspeeding  the  engine can 
result  at  airspeeds i n  excess of about'375  feet  per  second. 

Corrected  engine  total-pressure  change  is shown as a function of 
the  engine-speed  parameter in figure 7. At 50 percent of rated e-e 
speed,  there  is no change  in  pressure  between  the  engine  inlet  and the 
tail  pipe.  At  raked  speed  the  corrected  pressure  actually-increases 
about 80 pounds  per  square foot as a result of the- driving of the engine 
rotor  by  the  propeller.  The-propeller  is  obviously  the  main souce of 
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d drag on a w i n M 7 7 g  turbine-propeller  installation. The corrected 
pressure  changes  across  each  of  the  components  is  presented in fig- 
ure 8. At a given  percentage of rated  engine  speed,  about the same 
pressure  changes  were  obtained f o r  both  turbine-propeller  engines. 

0 
rl The  drag  resulting  from windmilling turbine-propeller  engines 
3 (propeller  blade  angle  set  for meximum wlnamiUing speed)  is  shown in 

figure 9, which  is -a plot of propeller-drag  paxameter  as a function 
of the  engtne-speed  paremeter.  Drag  of the propeller was divided by 
the  rated  shaft  horsepower of the  engine  to  correct'for  its  power- 
absorption  ability. Data from  the  two  turbine-propeller  engines  deter- 
mine a single  curve f r o m  wbich  the  drag  of a windmilling  propeller 
engine may be estimated. For example,  if a 2000-shaft-horsepower 
turbine'-propeller engine is windmilling at 75 percent of rated  speed 
at sea level,  the  propeller drag is  about 4000 pounds. Altplou@;h this 
represents the maximum drag that could  be  imposed by a w-indmilling 
propeller  at  this  rotating  speed, it is possible in the  event of failure 
to "feather the  propeller. 

The corrected air-flow parameter  for  the  two  axial-flow  turbine- 
propeller  engines  is  generalized in figure 10 as a function of the 
corrected  engine-speed  parameter. A faired  curve  from  the  axial-flow 
turbojet-engine  air-flow  data  (superimposed on fig. 10) agrees  with 
the turbine-propeller data. 

I 

- 
STMMARY OF RESULTS 

A study of windmilling-performance  data naS made for several axial- 
f l o w  turbo  jet  engines,  one  centrifugal-f low turbo  jet  engine and two 
turbine-propeller  engfnes , investigated in the NACA Lewis  altitude 
wind  tunnel.  The  internal-drag, air-flow, and total-pressure-drop 
parameters  were  generalizedto a single  curve  for  both  the  axial-flow 
turbojet  engines  and  the  centrifugal-flow  turbojet  engine  investigated; 
the  engine-speed  parameter  separated  into  two  curves,  one  for all the 
axial-flow-type  engines  and  another for the  centrifugal-flow  engine. 
The  engine  speed,  component  pressure  changes,  and  windmilling-propeller 
drag  were  generalized  to  single  curves  for.the two turbine-propeller- 
type  engines  investigated. Ey the  use  of  these  curves  the  windmilling 
performance  can be estimated  for  axial-flow-type  gas-turbine  engines 
similar to  the  types  investigated  over a wide  range of flight  conditions. 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Connnittee  for  AeGonautics 

Cleveland,  Ohio. 
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Corrected true-aireped parameter, V/ W’ ~ t / e e c  

Figure 1. - V a r k t i o n  of engine total-preesure drop with true airspeed for 
axial- snd centr-1-flow-type turbojet engines in w t d m l l l i n g  condi- 
t ion.  D a t a  obtaFned a t  altitudes between 5000 and 50,000 feet. 



8 

.\ 

4 

" 

Y 

" . " 

"X 

I '  

" .  " 

0 200 400 600 800 lo00 1200 
Carrected true-abepeed parameter, v/+ ft/eec - 

Figure 2. - Variation of internal-drag parameter with true airspeed for axial- 
and centri-1-flow-type turbojet engines in windmilling cordition. Data 
obtained at a l t i t udes  between 5000 and 50,000 feet. - 
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Figure 3. - Vmiation of air-flow parameter with true airapeed for  axial- and 
centrifugal-flow-type turbojet engines in windmilling cord l t lon.  D a t a  obtalned 
at altitudes between 5000 and 50,000 feet. 
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Figure 4. - Variation of engine-aped parameter with true ~ F r e p e e d  for 
axial- and centrifugal-flow-type turbojet engines Fn w i n d m i U L n g  con- 
d i t ion .  Data obtained at altitudes between 5000 ami 50,000 feet. 
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F i g u r e  6. - Variation of  engine-speed  parameter ulth true alrepeed 
for  TWO szlal-flow turbln&-propeller engines in w i n d m i l l i n g  con- 
dition. Data obtained at  altitudes  between 5000 and 40,000 feet; 
propeller  blade  angles  eet for maximum rotating Speed. 
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F l w e  7. - Variation of engine total-pressure ahange with engine-sped parameter 

for  turbine-propeller engine in windmilling  oordltion. Data obtained at  alti- 
tudes between 5000 and 40,000 feet. 
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FLgure 8. - V a r i a t i o n  of aoarpollent pressure changee with er%ginm-speed parameter 

a l t i t u d e s  b e t w e e n  5000 a d  40,000 feet. 
for two turblns-Fopel ler  e n g b a  ln w i a d m f l l i n g  aondftlon. Data obtaFned at  - 
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Figure 9. - Vmiatlon of wfIldmilling-propeller-drag parameter with 
engine-speed parameter for t v o  turbine-propeller englnee a t  alti- 
tudes from 5000 t o  40,000 f e e t i  propeller blade angle set f o r  
maximum wlndmilling speed. - 
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Figure 10. - Variation of air-flow psrameter with corrected. engine-sped 
parameter for two turbine-propeller engtnes in windmilling condition. 
Datiobtained at altitudes between 5000 and 40,000 feet. 
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