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SUMMARY 

An experimental I n v e s t i g a t i o n  was conducted i n t o  the  response o f  a smal l -  
turboshaft-engfne compression system t o  steady-state and t r a n s i e n t  i n l e t  tem- 
pe ra tu re  d i s t o r t i o n s .  Trans ient  temperature ramps ranged from less  than 100 

co deg K/sec t o  above 610 deg K/sec and generated instantaneous temperatures t o  
420 K above ambient. 

d i s t o r t i o n  data i nd i ca ted  t h a t  a p a r t i c l e  separator a t  t h e  engine i n l e t  per-  
m i t t e d  h igher  l e v e l s  o f  temperature d i s t o r t i o n  before onset o f  compressor 
surge than would be expected wi thout  t h e  separator. 

Steady-state temperature d i s t o r t i o n  l e v e l s  were l i m i t e d  Q, 

I 
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by the  engine hardware temperature l i m i t .  Simple ana lys i s  o f  t he  s teady-state 

INTRODUCTION 

An exper imental  i n v e s t i g a t i o n  was conducted i n  a ground- level  t e s t  f a c i l -  
i t y  t o  determine the  response o f  the compression system o f  a smal l  t u rbosha f t  
engine t o  s teady-state and t r a n s i e n t  temperature d i s t o r t i o n .  When rotary-wing 
a i r c r a f t  hover near the  ground, engine exhaust can be contained w i t h i n  t h e  
r o t o r  downwash and r e c i r c u l a t e d  t o  the engine i n l e t  ( f i g .  1). This  reduces 
both t h e  power a v a i l a b l e  ( r e f s .  1 t o  3) and the  compression system surge mar- 
g i n  ( r e f s .  l and 3). This e f f e c t  i s  s i m i l a r  t o  gun o r  rocket  exhaust gas i n -  
ges t ion .  The con f iden t  p r e d i c t i o n  o f  r e i n g e s t i o n  l e v e l s  f o r  any a r b i t r a r y  
he l i cop ter /eng ine  design and t h e i r  e f f e c t  on engine performance requ i res  a 
comprehensive s e t  o f  design data not c u r r e n t l y  a v a i l a b l e  ( r e f s .  3 and 4). 
Typ ica l l y ,  madel and f l i g h t  t e s t s  have been conducted t o  measure t h e  magnitude 
and e f fec ts  of t h i s  i nges t i on  ( r e f .  3) .  Although the  t o t a l  problem o f  h o t  gas 
i nges t i on  i s  complex and invo lves  many fac to rs ,  temperature d i s t o r t i o n  i s  
probably the  p r i n c i p a l  f a c t o r  a f f e c t i n g  the  performance and s t a b i l i t y  l i m i t s  
o f  t he  engine. 

The research repor ted he re in  i s  one s tep toward a b e t t e r  understanding o f  
t he  response of a t y p i c a l  small tu rboshaf t  engine t o  ho t  gas i n g e s t i o n  i n  t h e  



controlled environment of a ground-level test facility. A temperature distor- 
tion device, consisting of a gaseous hydrogen burner with individually con- 
trolled 45O sectors, was installed upstream of an engine inlet to produce 
steadK-state and transient temperature distortion patterns. The engine was 
instrumented with steady-state and high-response probes to record engine inlet 
conditions and engine response. The transient temperature ramps ranged from 
less than 100 deg K/sec to above 610 deg K/sec and generated instantaneous 
temperatures to 420 K above ambient. 
duced as the engine operated at and above the maximum power setting for con- 
tinuous engine operation. The steady-state temperature distortion level was 
kept below the engine inlet hardware limits. 
results presented include typlcal engine response in terms of pressures and 
temperatures; temperature rise versus temperature rise rate for 4 5 O ,  90°, and 
180° extent circumferential distortions; and a comparison of test results with 
those from flight tests. 

Surge and nonsurge conditions were pro- 

The temperature transient 

APPARATUS 

Engine 

The engine (fig. 2) used for the investigation was a front-drive, turbo- 
shaft engine comprising an integral particle separator; a single-spool gas 
generator section consisting of a five-stage axial-flow, single-stage 
centrifugal-flow compressor, a throughflow annular combustor, and a two-stage, 
axial-flow gas generator turblne; and a free two-stage, axial-flow power 
turbine. 

Instrumentation 

The instrument station locations and the distribution o f  instrumentation 
at each station are shown in figure 3 (see appendix A for symbols). 
engine compression system was heavily instrumented with high-response and 
steady-state pressure instrumentation to record its response to inlet tempera- 
ture distortion. Because the compressor inlet (station 2) was surrounded by 
hardware, instrument station locations were limited to two borescope ports. 
Even the station 2 instrumentation that wai available was not used for these 
tests because of the overpressure during surge. 
instrumentation at station 2.5. The absence of Instrumentation at station 2 
prevented a direct determination of the effect of the inlet particle separator 
on the temperature distortion entering the engine. 

The 

The same was true of the 

Test Facility 

The engine was tested by using Jet A fuel in a ground-level test facility 
that has an atmospheric inlet and atmospheric as well as altitude exhaust 
capability (fig. 4). The hardware required to support the testing included an 
eddy-current dynamometer rated at 1640 kW, a gearbox with 3.743:l gear ratio, 
an inlet bellmouth, an airflow measurement spool piece, a temperature dlstor- 
tlon generator, and a device to measure airflow dumped overboard through a 
scavenge blower on the engine. 

, 
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Temperature D i s t o r t i o n  Generator 

The temperature d i s t o r t i o n  generator cou ld  c rea te  bo th  s teady-state and 
time,variant, o r  t r a n s i e n t ,  temperature d i s t o r t i o n  a t  t h e  engine i n l e t  by 
us ing  gaseous hydrogen. 
ence 5. The burner  ( f i g .  5) consisted o f  e i g h t  i n d i v i d u a l l y  c o n t r o l l e d  sec- 
t o r s ,  w i t h  th ree  s w i r l  cup combustors ( f i g .  6) per  sector .  Not shown a r e  
s t a i n l e s s  s t e e l  s t raps  between t h e  cups I n  each sector,  which aided flame 
propagat ion.  Many sec tor  combinations o r  temperature d i s t o r t i o n  pa t te rns  were 
poss ib le .  The hydrogen d i s t r i b u t i o n  system from t h e  f u e l  supply p o i n t  t o  t h e  
s w i r l  cup combustors and i t s  operat ion a re  descr ibed i n  d e t a i l  i n  reference 6. 

I t  was an adaptat ion o f  a dev ice descr ibed i n  r e f e r -  

PROCEDURE 

Temperature D i s t o r t i o n  

I n  a t y p i c a l  opera t ion  t o  f i n d  t h e  response o f  t h e  engine t o  i n l e t  tem- 
pe ra tu re  d i s t o r t i o n ,  t h e  burner was l i t  w h i l e  t h e  engine was a t  i d l e .  
hydrogen f l o w  was adjusted i n  those sectors  where t h e  temperature d i s t o r t i o n  
was be ing  imposed, and t h e  engine was brought up t o  t h e  des i red  opera t ing  con- 
d i t i o n .  
creased t o  a f i x e d  l e v e l  t o  produce t h e  des i red  steady-state d i s t o r t i o n  or ,  if 
a t r a n s i e n t  d i s t o r t i o n  was des i red,  pulsed a t  i nc reas ing l y  g rea te r  pressures 
u n t i l  s t a l l  occurred. Each pressure pu lse  produced a unique combination o f  
temperature r i s e  and temperature r i s e  r a t e  a t  t h e  engine i n l e t .  I f  surge 
occurred, t h e  hydrogen f l o w  was stopped and the  engine was brought t o  a lower 
opera t ing  speed e i t h e r  manually by the  engine operator  o r  au tomat i ca l l y  by the 
f a c i l i t y  de tec t i on  system. 

The 

Once cond i t i ons  were s tab i l i zed ,  t h e  hydrogen f l o w  was e i t h e r  in- 

Thermocouple Cor rec t ion  Factors 

The thermocouple-indicated temperature was cor rec ted  f o r  t ime l a g  as 
f 01 1 ows : 

The t ime  constant values T ca lcu la ted  f o r  t he  engine i n l e t  temperature 
probes a re  d isp layed i n  t a b l e  I .  The t ime constants f o r  t he  probe were meas- 
ured and then averaged from th ree  runs performed over each o f  s i x  Mach number 
cond i t ions .  W i th in  each three-run set ,  t h e  measured t ime constants showed 
c lose  agreement. The c a l i b r a t i o n  procedure i s  descr ibed f u r t h e r  i n  appendix 6. 

RESULTS AND DISCUSSION 

The r e s u l t s  o f  an experimental i n v e s t i g a t i o n  t o  determine the  response o f  
a smal l  t u rbosha f t  engine, p a r t i c u l a r l y  t h e  compression system, t o  steady- 
s t a t e  and t r a n s i e n t  i n l e t  temperature d i s t o r t i o n s  a re  presented. 
r e s u l t s  inc lude t y p i c a l  compression system response i n  terms o f  compressor 
opera t ing  p o i n t ,  pressures, and temperatures; t h e  e f f e c t  o f  c i r c u m f e r e n t i a l  
d i s t o r t i o n  ex ten t ;  and a comparison o f  t h e  r e s u l t s  produced i n  t h e  ground- 
l e v e l  t e s t  f a c i l i t y  t o  those obtained I n  f l i g h t .  

These 

3 



Steady-State D i s t o r t i o n  

Attempts were made t o  measure t h e  magnitude o f  t h e  steady-state d i s t o r -  
t i o n  r e q u i r e d  t o  surge the  engine. 
because the  d i s t o r t i o n  l e v e l s  t h a t  could be imposed were l i m i t e d  by t h e  engine 
i n l e t  hardware temperature l i m i t  o f  395 K. However, a s i m p l i f i e d  ana lys i s  of 
t h e  compressor operat ing p o i n t  du r ing  these s teady-state d i s t o r t i o n  t e s t s  i n -  
d ica ted  t h a t  the p a r t i c l e  separator desens i t i zed  the  engine t o  t h e  ex ten t  o f  
c i r c u m f e r e n t i a l  temperature d i s t o r t i o n  poss ib l y  by r e d i s t r i b u t i n g  and mix ing  
t h e  heated and unheated i n l e t  a i r  t o  produce a more un i fo rm temperature pro-  
f i l e  a t  t he  compressor face. 

None o f  these at tempts were successful  

By way o f  explanat ion see f i g u r e  7, a p l o t  o f  t h e  un i fo rm- in le t - f l ow  com- 

P lo t ted  on t he  compressor map i s  a steady-state data p o i n t  
pressor map generated exper imenta l ly  by i n j e c t i n g  a i r  a t  t h e  c e n t r i f u g a l  com- 
pressor discharge. 
where a 180' c i r cumfe ren t ia l  temperature d i s t o r t i o n  was created a t  t h e  engine 
i n l e t  ( s o l i d  t r i a n g l e ) .  
t he  steady-state temperature l i m i t  f o r  t he  engine i n l e t  hardware. 
t h a t  t he  compressor i n l e t  w i l l  see the  180' c i r c u m f e r e n t i a l  d i s t o r t i o n  imposed 
a t  t he  engine i n l e t ,  t h e  average compressor opera t ing  p o i n t  w i l l  be on the  
opera t ing  l i n e ,  as shown by the  s o l i d  t r i a n g u l a r  symbol. 
compressor speed corrected t o  sea- level  s t a t i c  (SLS) cond i t ions  by us lng the  
average engine I n l e t  temperature, 323 K. From p a r a l l e l  compressor theory 
assumptions ( r e f .  7 ) ,  the  two sectors  o f  the  compressor w i l l  operate a t  t he  
same pressure r a t i o  bu t  d i f f e r e n t  corrected speeds, as i nd i ca ted  by the  s o l i d  
diamond symbol f o r  t he  ho t  sector  ( i .e . ,  t he  compressor speed cor rec ted  t o  SLS 
cond i t ions  by using on ly  t h e  average ho t  ( d i s t o r t e d )  i n l e t  temperature, 350 K )  
and the  s o l i d  cone symbol f o r  t he  co ld  sector  ( i . e . ,  t h e  compressor speed cor -  
rec ted  t o  SLS condi t ions by us ing on ly  the  average co ld  (und is to r ted )  I n l e t  
temperature, 295 K ) .  As shown, the  ho t  sector  opera t ing  p o i n t  crossed the  
cornpression system surge l i n e  and should have caused the  compressor t o  surge. 
Since no surge occurred, t he  compressor i n l e t  probably d i d  no t  see a pure 180' 
d i s t o r t i o n  bu t  saw a more homogeneous f l o w  poss ib l y  caused by mix ing  i n  the  
p a r t i c l e  separator. 

The engine d i d  no t  surge f o r  these cond i t ions  up t o  
Assuming 

This represents t h e  

Time-Dependent D i s t o r t i o n  

A t y p i c a l  i n l e t  temperature r i s e  produced by the  temperature d i s t o r t i o n  
generator t h a t  produced surge and the  response o f  se lected cornpression system 
pressure transducers a r e  shown i n  f i g u r e  8. 
could t o l e r a t e  the t r a n s i e n t  temperature d i s t o r t i o n  up t o  a c e r t a i n  combina- 
t i o n  o f  temperature r i s e  and r i s e  r a t e  u n t i l  t h e  onset o f  surge. As shown i n  
f i g u r e  8, t he  surge was ev ident  from the  engine i n l e t ,  s t a t i o n  1, t o  the  com- 
press ion system discharge, s t a t i o n  3. 

The compression system i t s e l f  

Instantaneous t ime h i s t o r y  t races  o f  high-response pressure t ransducers 
a t  selected s ta t ions  from the  engine i n l e t  t o  t h e  compression system discharge 
a re  shown i n  f i g u r e  9. 
surge, o f  approxlmately 0.4-sec dura t ion ,  t h a t  pe rs i s ted  from compressor i n l e t  
t o  discharge. 
pressor s ta t i ons  o f  a pressure f a l l o f f  t h a t  Increased w i t h  each stage. 

The dominant feature o f  these f i g u r e s  i s  the  22-Hz 

During t h l s  t lme the re  was a l s o  evidence a t  each o f  t he  com- 

The compressor system response shown i n  f i g u r e  9 was t y p i c a l  o f  t h a t  en- 
countered dur ing  a l l  of t he  t r a n s i e n t  temperature d i s t o r t i o n  t e s t i n g  whether 
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45". 90". o r  780" c i r c u m f e r e n t i a l  extent  d i s t o r t i o n  was present. Because t h e  
1/2 sec o r  l e s s  t ime f o r  t he  dura t ion  o f  t h e  surge was s i m i l a r  t o  t h a t  encoun- 
te red  i n  the  f i e l d  ( r e f .  2). t he re  i s  some degree o f  conf idence t h a t  these 
types, of temperature t r a n s i e n t  s imulate t h e  e f f e c t  o f  h o t  gas i nges t i on  i n  
f l i g h t .  

Trans ient  C l rcumferent ia l  D i s t o r t i o n  Extent  

A s i m p l i f i e d  ana lys is  ind ica ted  t h a t  i f  the  i n l e t  temperature was in -  
creased, the  cor rec ted  compressor speed would decrease. I f  t h i s  temperature 
r i s e  was f a s t e r  than the  r a t e  o f  decrease i n  t h e  compressor pressure r a t l o ,  
t h e  compressor operat ing p o i n t  would approach the  surge l i n e .  
t h e  i n l e t  annulus was heated, t h e  unheated area would he lp  main ta in  the  com- 
pressor  pressure r a t i o .  
f o r  surge than i f  t h e  whole annulus was heated. 

I f  on l y  p a r t  o f  

The r e s u l t  was a lower temperature r i s e  r a t e  requ i red  

The steady-state data showed an apparent i n f l uence  o f  t h e  i n l e t  p a r t i c l e  
separator  on the  compression system's to le rance  t o  i n l e t  temperature d i s t o r -  
t i o n .  The t r a n s i e n t  data were examined f o r  evidence o f  t h i s  e f f e c t .  From 
i n l e t  temperature d l s t o r t i o n  work on t u r b i n e  engines ( r e f .  7)  i t  could be pos- 
t u l a t e d  t h a t ,  as the  c i r cumfe ren t ia l  ex ten t  increased from 45" t o  180°, com- 
pressor  surge would be more l i k e l y  t o  occur. The data presented he re in  show 
t h i s  t o  be t rue .  However, because the  i n l e t  p a r t i c l e  separator tended t o  
homogenize t h e  i n l e t  f low, the  temperature l e v e l s  reached before surge 
occurred were much h igher  than those f o r  t u r b o j e t  engines w i thout  i n l e t  p a r t i -  
c l e  separators.  

I t  i s  a l s o  o f  i n t e r e s t  t o  compare t h e  adjacent and nonadjacent zones o f  
d i s t o r t i o n  encountered f o r  two and four  45" exten t  d i s t o r t i o n s .  For nonadja- 
cen t  zones t h e  engine was less  l l k e l y  t o  surge than f o r  adjacent zones when 
t h e  same number o f  zones were d i s to r ted .  It can be pos tu la ted  t h a t  f o r  t he  
nonadjacent zones the  i n l e t  p a r t i c l e  separator presented a more balanced f l o w  
p a t t e r n  a t  t h e  compressor face. 
a t e  t h e  d i s t o r t i o n .  
temperature sensor saw t h e  temperature and caused t h e  cor rec ted  speed t o  be 
d r i v e n  low enough, t h e  s t a r t  b leed va lve would have opened and g iven t h e  com- 
pressor  a d d i t i o n a l  surge margin. 

Thus t h e  compressor was b e t t e r  ab le  t o  t o l e r -  
A secondary considerat ion i s  t h a t  i f  the  engine i n l e t  

A more d e t a i l e d  presenta t ion  o f  t h e  t r a n s i e n t  data r e s u l t s  f o r  45". 90". 
and 180' d i s t o r t i o n  w i t h  an ex t rapo la t i on  t o  a f u l l  face, o r  360". d i s t o r t i o n  
fo l l ows .  

45" exten t .  - The r e s u l t s  o f  i n l e t  temperature d i s t o r t i o n  t r a n s i e n t s  i n  
one sec tor  (45') of t he  hydrogen burner a t  a t ime a re  shown i n  f i g u r e  10. 
This  p l o t  o f  temperature r i s e  against  temperature r i s e  r a t e  shows t h a t  t h e  
h ighes t  temperatures and grea tes t  temperature r i s e  ra tes  were a t t a i n e d  i n  the  
zone, zone 4, fac ing  the  sensor t h a t  measured i n l e t  temperature and whose s i g -  
n a l  was sent t o  the  engine hydromechanical u n i t  f o r  variable-geometry ad jus t -  
ments (1.e.. of the  i n l e t  guide vanes, compressor s ta to rs ,  and s t a r t  b leed 
va lve) .  The temperature s igna l  was used t o  ad jus t  t he  i n l e t  guide vanes and 
compressor s t a t o r s  toward more cambered positions In order t o  a l l o w  a l a r g e r  
surge margin a t  a g iven speed. 
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I n  zones i n  which t h e  i n l e t  temperature sensor was n o t  present,  a temper- 
a t u r e  r i s e  o f  310 K and a r i s e  r a t e  o f  339 deg K/sec were reached w i thou t  
surge occur r ing .  With the  i n l e t  temperature sensor present,  t h e  temperature 
rose 404 K and the r i s e  r a t e  was 460 deg K/sec, a t  l e a s t  a 30 percent  improve- 
ment over t h e  r e s u l t s  i n  the  o ther  zones. 
presented suggested t h a t ,  w i thou t  an i n l e t  p a r t i c l e  separator,  t h e  temperature 
r i s e  t o  produce surge would have been approximately 220 deg K. 

90" ex ten t .  - Because of t h e  v e r s a t i l i t y  of t h e  hydrogen burner, circum- 
f e r e n t i a l  d i s t o r t i o n s  of 90" extent ,  o r  two zones, cou ld  be created e i t h e r  
w i th  adjacent  zones (one 90" ex ten t  o r  "1 per  r e v y )  o r  nonadjacent zones ( two 
45" exten ts  o r  "2 per  rev" ) .  
i n  f i g u r e  11 f o r  two nonadjacent zones and i n  f i g u r e  12 f o r  two adjacent  
zones. The c loser  t h e  two d i s t o r t i o n  zones, t h e  l ess  t o l e r a n t  t o  t h e  t r a n -  
s i e n t  temperature d i s t o r t i o n ,  o r  more prone t o  surge, was t h e  compression sys- 
tem ( f i g .  11). F o r  instance, w i t h  zones 1 and 7 d i s t o r t e d ,  a temperature r i s e  
o f  on ly  195 K and a ramp r a t e  l ess  than 228 deg K/sec were poss ib le  w i thou t  
surge occurr ing.  I n  cont ras t ,  when zones 3 and 7 were d i s t o r t e d ,  a tempera- 
t u r e  r i s e  about 85 deg K h igher  and a ramp r a t e  more than double were poss ib le .  

The s i m p l i f i e d  ana lys i s  p rev ious l y  

The r e s u l t s  o f  such an i n v e s t i g a t i o n  a r e  shown 

A two-zone combination t h a t  inc luded t h e  zone f a c i n g  t h e  i n l e t  tempera- 
t u r e  sensor, zone 4, was more t o l e r a n t  than t h e  combinations where i t  was ex- 
cluded. A temperature r i s e  o f  390 K and a r i s e  r a t e  o f  approximately 610 deg 
K/sec were poss ib le  be fore  the  onset o f  surge. The f i n d i n g s  presented i n  
f i g u r e  11 w i t h  regard t o  t h e  r e l a t i o n s h i p  between t h e  p r o x i m i t y  o f  two d i s -  
t o r t e d  zones and the  l i k e l i h o o d  o f  compressor surge were re in fo rced  by the  
r e s u l t s  presented i n  f i g u r e  12, where t h e  two zones a re  adjacent .  
t he  combination using zone 4,  t h e  maximum a t t a i n a b l e  temperature r i s e  and r i s e  
r a t e  be fore  surge were approximately 208 K and 222 deg K/sec. These values 
a re  c lose  t o  those shown i n  f i g u r e  11 f o r  zones 1 and 7 i n  combination. 
Again, making zone 4 p a r t  o f  t he  d i s t o r t i o n  p a t t e r n  al lowed a h igher  temper- 
a t u r e  r i s e  and a h igher  r i s e  r a t e  be fore  surge. 

Exc lud ing 

When t h e  zone where t h e  i n l e t  temperature sensor saw t h e  temperature d i s -  
t o r t i o n  was excluded, t h e  compression system had a lower temperature r i s e  and 
a lower r i s e  r a t e  be fore  surge f o r  a d i s t o r t i o n  ex ten t  o f  two zones than f o r  
one zone. Compare t h e  r e s u l t s  i n  f i g u r e  10 w i t h  those I n  f i g u r e s  11 and 12. 

180" ex ten t .  - The r e s u l t s  of t h r e e  four-zone, o r  180" extent ,  t r a n s i e n t  
temperature d i s t o r t i o n  pa t te rns  a r e  shown i n  f i g u r e  13. I n  two cases t h e  f o u r  
zones were adjacent, bu t  one combination inc luded t h e  zone w i t h  t h e  i n l e t  tem- 
pera ture  sensor whereas the  o ther  excluded it. I n  the  t h i r d  case t h e  zones 
were nonadjacent and excluded zone 4 .  As i n  t h e  d i s t o r t i o n  pa t te rns  o f  45" 
and 90" ex ten t ,  when the  i n l e t  temperature sensor saw t h e  temperature d l s t o r -  
t i o n ,  i t  d i d  a l low f o r  some variable-geometry adjustments. The r e s u l t s  f o r  
t h e  adjacent  d i s t o r t e d  zones were a temperature r i s e  o f  approximately 178 K 
and a r i s e  r a t e  of 179 deg K/sec as compared w i t h  a r i s e  o f  approximately 172 
K and a r i s e  r a t e  o f  approximately 167 deg K/sec when t h e  sensor d i d  n o t  see 
the  d i s t o r t i o n .  
90" extents ,  b u t  s t i l l  they were detectable.  As f o r  t h e  45" and 90" d i s t o r -  
t i o n s  t h e  cornpression system was less  t o l e r a n t  f o r  t he  180" ex ten ts  than 
f o r t h e  90Oextent. Also, when t h e  zones were nonadjacent, surge was delayed 
longer  (1.e.. temperature r i s e  and r i s e  r a t e  were h igher )  than when the  zones 
were adjacent .  

Granted t h e  d i f f e rences  were n o t  as l a r g e  as w i th  t h e  45" and 
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360' extent. - A full-face, or 360' extent, distortion was not investi- 
gated because higher than normal engine 01 1 temperatures were encountered 
while all eight zones of the hydrogen burner were being set up and balanced 
before the temperature transients were taken. The results shown in figure 14, 
however, may give some indication as to what might have occurred had this type 
of distortion been possible. This figure sumnarizes the temperature rise pos- 
sible before the onset of surge with various circumferential distortion ex- 
tents. These data exclude the results where zone 4 was distorted. The trend 
in this figure is toward a leveling off of temperature rise with increasing 
extent as 180' is reached. Similar results were seen in an investigation in- 
volving steady-state temperature distortion (ref. e ) ,  where it was noted that 
between 90' and 180' extent there was not a significantly large change in com- 
pression system response. 

An extrapolation of the results shown in figure 14 to a full-face or 360' 
extent distortion was attempted. In the field a temperature rise of approxi- 
mately 77 deg K was recorded (ref. 2) just before surge. This is close to the 
value that would be obtained from an extrapolation of figure 14 data assuming 
that the field engine saw a full-face temperature distortion. Note that many 
more thermocouples were used In the test facility to document the inlet condi- 
tions than was possible in flight (ref. 2). 

Power Level Inf 1 uence 

Inlet temperature distortion transients were limited to engine operation 
at the maximum power setting for continuous engine operation, or maximum con- 
tinuous power, in order to minimize the chance of a turbine overtemperature 
during surge. An exception to the power restriction was a single operation at 
intermediate rated power (IRP), or the maximum power setting of a 30-min dura- 
tion, to investigate the effect of power level on the results presented in 
figures 10 to 13. The data at maximum continuous power and intermediate rated 
power for a 180' extent distortion are shown in figure 15. The engine power 
setting was inversely proportional to the maximum temperature rise and maximum 
temperature rise rate reached before onset of surge. As power was increased 
from maximum continuous to IRP, the temperature rise decreased approximately 
1 1  K and the temperature rise rate decreased over 28 deg K/sec at the onset of 
surge. 

CONCLUDING REMARKS 

An experimental investigation was undertaken to determine the response of 
a small turboshaft engine compression system to steady-state and transient 
inlet temperature distortions. It was determined that engine response in the 
test facility environment was similar to that in the field with regard to the 
duration of the surge. 
appeared to be similar although the test facility data required an extrapola- 
tion, which increased the uncertainty of those results. Generally, the tem- 
perature distortion generator can be used to simulate the principal factor 
involved in hot gas ingestion encountered in the field, temperature distor- 
tion, with some degree of confidence that the results are applicable. 

The maximum temperature rises to produce surge 

7 



Add i t i ona l  f i nd ings  were the  fo l l ow ing :  

1. 
s i t i z e d  the  e f f e c t  o f  t he  c i r c u m f e r e n t i a l  temperature d i s t o r t i o n  a t  t h e  com- 
pressor face. 

The steady-state data showed t h a t  t h e  I n l e t  p a r t i c l e  separator desen- 

2. For 45". 90°, and 180° extents ,  t he  g rea te r  t h e  ex ten t  du r ing  i n l e t  
temperature t rans ien ts ,  t he  more l i k e l y  was t h e  engine compression system t o  
surge. 

3.  The engine compression system was s l i g h t l y  more t o l e r a n t  t o  tempera- 
t u r e  d i s t o r t i o n  t rans ien ts  i f  t h e  engine i n l e t  temperature sensor saw t h e  ho t  
gas. 
geometry ad j us tment s. 

This was poss ib le  because the  engine c o n t r o l  cou ld  make va r iab le -  

4. For nonadjacent zones o f  t r a n s i e n t  temperature d i s t o r t i o n ,  t he  
grea ter  t he  d is tance between t h e  zones, t he  more t o l e r a n t  was t h e  engine com- 
press ion system t o  d i s t o r t i o n .  

5. The i n l e t  p a r t i c l e  separa tor ' s  tendency t o  mtx t h e  f low.before i t  
reached the  compressor face apparent ly  permi t ted  the  compressor t o  reach much 
h igher  steady-state and t r a n s i e n t  temperature l e v e l s  be fore  onset o f  surge 
than would be expected i f  no p a r t i c l e  separator were present.  

6. From the smal l  amount o f  data taken a t  o ther  than maximum continuo'us 
power i t  appears t h a t  as power l e v e l  increased t h e  maximum temperature r i s e  
and r i s e  r a t e  reached be fore  onset o f  surge decreased. 
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APPENDIX A 
SYMBOLS 

M stream Mach number 
P total pressure, kPa 

static pressure, kPa 
temperature, K 

initial temperature, K 

final temperature, K 
time, sec t 

e circumferential extent, deg 
t thermocouple time constant, sec 

pS 

Ti 
TO 

T 

reference time constant, sec TO 

Subscripts: 
act actual 
i nd 
0.5 station 0.5, airflow measuring station 
1 statlon 1, engine inlet 
1.3 station 1.3, scavenge blower discharge 
2 station 2, axial compressor stages 
2C-2M station 2C-2M, axial compressor stages 
2.5 station 2.5, axial compressor discharge 
3 station 3, centrifugal compressor discharge 
4.5 
7 station 7, exhaust duct inlet 

i ndi ca ted 

station 4.5, gas generator turbine exit and power turbine inlet 
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APPENDIX B 

CALIBRATION OF A THERMOCOUPLE PROBE 

USED FOR TURBOSHAFT ENGINE TESTS 
\ 

This  appendix b r i e f l y  descr ibes t h e  c a l i b r a t i o n  o f  a Chromel-Alumel t h e r -  

A sche- 

‘ 

mocouple probe used du r ing  t h e  tu rbosha f t  engine t e s t s .  
acquaint  o thers  wi th  a general  thermocouple c a l l b r a t i o n  procedure and a l s o  t o  
present  spec i f i c  t ime-constant data f o r  a c e r t a i n  thermocouple probe. 
mat ic  view o f  the probe i s  presented i n  f i g u r e  16. 

The purpose i s  t o  

The c a l i b r a t i o n  consis ted o f  acqu i r i ng  t h e  necessary data t o  c a l c u l a t e  
t h e  t ime constant t f o r  t he  Chromel-Alumel thermocouple. The t ime con- 
s t a n t  o f  a system i s  u s u a l l y  de f ined as the  t ime requ i red  f o r  t h e  system t o  
reach 63.2 percent o f  i t s  s teady-state value ( r e f .  9) .  The value o f  63.2 per-  
cen t  comes from the  f a c t  t h a t  many t ime-vary ing func t ions  can be represented 
by the  exponent ia l  r e l a t i o n  

T = ( T i  - To)e-t/t t To (1 )  

When t = T, equat ion (1) becomes 

T = ( T i  - T0)e-l t To = 0.368 ( T i  - To) t To ( 2 )  

I n  o ther  words, when t = t, t he  d i f f e rence  between T and T i  i s  63.2 percent  
o f  t he  d i f f e rence  between t h e  i n i t i a l  and s teady-state values o f  T. Th is  s i t u -  
a t i o n  i s  displayed i n  f i g u r e  17. 

The procedure used t o  ob ta in  t h e  t ime constant  o f  t he  probe I n  t h i s  in -  
v e s t i g a t i o n  I s  q u i t e  simple. The exper imental  setup i s  shown i n  f i g u r e  18 (a  
m o d i f i c a t i o n  o f  a f i g u r e  f rom r e f .  10). 
f rom a nozzle, was heated t o  an i n i t i a l  exc i ted  s t a t e  by a h o t - a i r  blower. 
Whi le being heated, t h e  thermocouple was pro tec ted  f rom t h e  ambient cond i t i ons  
o f  t he  nozz le f l o w  by a s imple sh ie ld .  
l i b r i u m  i n  t h e  exc i ted s ta te ,  t he  s h i e l d  and t h e  h o t - a i r  source were pneumatl- 
c a l l y  removed a t  t he  same i n s t a n t ,  and the  thermocouple was exposed t o  t h e  a i r  
f l o w i n g  from the nozzle.  

The probe, mounted t o  rece ive  f l o w  

Once t h e  thermocouple achieved equi -  

The response o f  t h e  exc i ted  thermocouple t o  t h e  nozz le  f l o w  was recorded 
on bo th  a d i g i t a l  vo l tmeter  and a s t r i p - c h a r t  recorder.  The vo l tmeter  read- 
ings  were necessary t o  c a l i b r a t e  the  s t r i p  char t .  I n  an example s t r i p - c h a r t  
record ing  shown i n  f i g u r e  19 ( f rom r e f .  11) the  t ime constant  o f  t h e  probe 
T was measured as the  recorded t ime requ i red  t o  reach 0.368 ( T i  - To) 
on the  temperature scale. 

The value o f  TO w i l l  vary w i t h  respect  t o  var ious nozz le f l o w  cond i t i ons  
and i n i t i a l  thermocouple temperatures. Reference 10 suggests us ing  the  ex- 
press i o n  
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t o  c a l c u l a t e  a reference t ime constant TO. This  t ime constant should 
remain a constant  f o r  a p a r t i c u l a r  probe over a wide range o f  f l o w  and i n i t i a l  
temperature cond i t ions .  

The t ime constant  values ca lcu la ted  f o r  t he  probe ( f i g .  16) a re  d isp layed 
i n  t a b l e  I. 
f rom t h r e e  runs performed over each of s i x  Mach number cond i t ions .  W i t h i n  
each three-run se t  t h e  measured t ime constants showed very c lose  agreement. 
Between t h e  sets  the  t ime constants increased as expected w i t h  each decrease 
i n  f l ow  Mach number. 
i n v a l i d  f o r  stream Mach numbers o f  0.10 o r  less,  b u t  a f a i r l y  steady value o f  
TO was found over t h e  Mach number range 0.15 t o  0.40. This  value could 
poss ib l y  remain constant  beyond Mach 0.40, b u t  t he  c a l i b r a t i o n  was based on 
expected f l o w  cond i t ions  i n  the  engine t e s t s  t h a t  d i d  no t  exceed Mach 0.40. 

/ 

The t ime  constants f o r  the probe were measured and then averaged 

Apparently, t h e  reference t ime constant equat ion becomes 
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TABLE I .  - TIME CONSTANT CALIBRATION RESULTS 

[Stream t o t a l  pressure, P,  99.35 kPa.1 

Thermocouple 
reference 

t ime constant ,  
f O  9 

sec 

Stream 
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.253 
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temperature, 
Ti nd 9 
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6. Abstract 

An experimental investigation was conducted i n t o  the response of a small-turbo- 
shaft-engine compression system to s teady-state  and t r a n s i e n t  i n l e t  temperature 
d is tor t ions .  
above 610 deg K/sec and generated instantaneous temperatures to  420 K above 
ambient. Steady-state temperature d is tor t ion  levels  were l imited by the engine 
hardware temperature 1 i m i  t. 
indicated t h a t  a par t ic le  separator a t  the  engine i n l e t  permitted higher leve ls  
of temperature d is tor t ion  before onset of compressor surge than would be expected 
without the  separator. 

Transient temperature ramps ranged from l e s s  than 100 deg K/sec t o  

Simple analysis of the s teady-state  d i s t o r t i o n  data 


