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SUMMARY 

Investigations of the  use of ccadbined cmpressor coolant  injection 
and  afterburning in a turbojet  engine  have  revealed  that  certain  basic 
requiremenm  must  be  considered in the  design and operation of each part 
of  the  system  to  achieve maximum effectiveness  of  the  whole. A discus- 
sion of sane of these  requirements  and of the  application of the aug- 
mented  performance to high-speed,  high-altitude flight is presented. 

r 
Efficient end ccqatible performance with ccnubined  ccmpressor  cool- 

ant injection and afterburning can be  obtained only by  selecting a cool- 
ant that  is  suited  to  the  flight  operating  conditions,  introducing  the 
coolant uniformly at the  most  advantageous  location in the  canpressor, 
minimizing any tendency  toward  reducing  the  canpressor  performance, as 
well  as  giving  proper  consideration  to  the  influence of the coolant on 
afterburner  performance.  Because of Its high heat of vaporization, 
water  is a satisfactory  canpressor coolant at the normal air tempera- 
tures  associated with sea-level  take-off  conditions,  while l iquid  am- 
monia  possesses  properties  favorable  for  evaporative  cooling at the low 
temperatures  associated with high-altitude flight. Both water and 
ammonia exhibited  adverse  effect8 on the  combustion performance of the 
afterburner  at  high  coolant flow ratee. For example, with an after- 
burner  stoichometric  fuel-air r a t i o  a combuetion  limit  was  reached  at = 
ammonia-air r a t i o  of 0.04. 

. 

An analysis based on the  experimental  results shows that for a 
flight  Mach  number  of 2.5 at an altitude  of 35,000 feet, an augmented 
net-thrust  ratio of 6.9 is  possible  from  the  combined  u6e of stoichio- 
metric  afterburning and a canrpressor  injection  ammonia-air  ratio of 
0.04. Stoichiometric  afterburning alone produces an augmented-thrust 
ratio  of only 4.4. 

INTRODUCTION . Afterburning  is  the system most  often  used  to  augment stankrd 
engine thrust. Occasionally,  however,  it is insufficient to meet  the 
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thrust requirements  during  take-off,  acceleration,  and  cllmb of the  air- 
craft, and additional  means of thrust augmentation  are  necessary. When 
maximum permissible  thrust is needed  for a short  time, a canbination  of 
canpressor  coolant  injection  and  afterburning  is a prdsing  metM of 
thrust  au@nentation.  Such a ccmibined  system of augmentation employs 
evaporative  cooling  before and during  the  ccanpres&.n stage of the en- 
gine  and  afterburning in the  exhaust  stage.  This  use  of  combined  can- 
pressor  coolant  injection and afterburning  ta  produce a maximum level 
of thrust  augmentation has been  investigated  at  conditions  simulating 
sea-level  take-off  (ref. 1) and  high-altitude  flight  (ref. 2). 

This r e p o r t  summarizes  the  available  informatlon on cmbined sug- 
mentation  systems  using  ccanpressor  coolant  inJection  and  afterburning 
and a l s o  discusses  the  effects of the  ccanpressor  coolant on component 
performance  and  afterburning. In addition, an extrapolation of the 
eqerimental  data  to high flight  speeds has been  made,  taking  into  ac- 
count  the  anticipated  performance  variation or limitation  caused by 
ccgnpreasor  coolant  injection. . .  

Sea-level  investigation. - A schematic  diagrem of the  test  vehicle 
employed for  the  sea-level  investigation  is  presented  in  figure 1. The 
turbojet  engine  was an early  production mdel incorporating an ll-stage 
axial-flow compressor.,  eight cylbdrical combustors, and a single-stage 
turbine. - The ncrminal sea-level  static  military  rating of the  engine 
was 4000 pounds thrust  at a rotor  speed of 7700 rpm. The afterburner 
was designed  to  operate  at  stoichiometric  fuel-air  ratio. The water- 
alcohol  mixture w&s injected  ahead of the  ccqpressor inlet and at  the 
sixth  stage of the  compressor.  The  inlet-injection  system  consisted 
of 34 conventional  atomizing  nozzles  installed in a ring, while  the 
interstage  system  consisted  of 20 individual  nozzles of 0.045 inch 
diameter  (details in ref. 1). The interstage  nozzles were designed 
using  the  spray  characteristic  information  contained in reference 3. 
When  the  inlet and interstage  injection  syst-.._fgre WeQ cmcurrently, 
the  coolant f low was evenly  divided  between  the two stations. 

Altitude  investigation. - The axfal-flow- turbojet  engine  used 
during the  altitude  investigation  developed 3000 pounds thrust  at  sea- 
level,  zero-ram  conditions  with an average  turbine-outlet  gas  tempera- 
ture of 1625' R and a rotational  speed of 12,500 rpm. The  primary en- 
gine  ccarrponents  included an  =-stage  ccmpresear with 8 cargressor-outlet 
mixer, a double  annular  cabustor, a two-stage  tu?bFne, B shrouded  air- 
cooled  afterburner,  and a water-cooled,  variable-area  exhaust  nozzle. 
A sectional view of the  engine,  the  compressor  Injection  system,  and 
the  8fterburner is in figure 2. Two ammonia  injection  configura- 
tions  were  investigated to determine the effect of distribution on the 
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augmentation.  The  ammonia  injection  system of configuration A consisted 
of 20 radial  spray  bars  each ha- 16 orifices 0.021 inch in diameter 
that  were  radially  spaced in pairs so as  to  introduce  the  ammonia  at  the 
centers  of  eight equal areas  (ref. 2). The  spray  bars  were  designed 
using  the  penetration  characteristics  described in reference 4. Con- 
figuration 13 was collqrised  of 24 conventional  atomizing  nozzles  in- 
stalled in a ring.  The  investigation was conducted in an altitude  test 
chamber In which E range of desired  ram-pressure  ratio's and altitude 
static  pressures could be  obtained. 

During  the  sea-level  investigation of reference 1, the  augmented 
performance  was  determined  at  zero-ram  conditions  with an average 
engine-inlet  tenrperature of 80' F. The engine was operated  at  rated 
epeed; data  at  rated  turbine-outlet  temperature were obtained  at various 
injection rates by using a series of fixed-aha exhaust nozzles. 

For  the  altitude  investigation  of  reference 2, the  flight  condition 
simulated was an altitude  of 35,OOO feet d a flight  Mach  number  of 1.0 
(engine-inlet tenperatme, 13O F). The engine was crperated at rated 
speed,  and  rated  turbine-outlet  temperature was maintained  by  adjustment 
of a variable-area  exhaust  nozzle.  The  coolant- to air-flaw  ratio  for 
the  sea-level  investigation was varied  from 0 to  about 0.085, while 
coolant- to air-flow  ratio  for  the  altitude  investigation was varied 
from 0 to 0.045. 

The  procedure  used in extrapolating  the  experimental.  performance 
to high flight  speeds  is  discussed in the text. 

RESUIES AND DISCUSSIOFJ 

The  reported  investigations of cmbined augnentatim systems have 
revealed  certain  factors  that  must  be  considered in the  design and op- 
eration of such system in order  to  achieve maxFmum effectiveness  during 
both  augmented and unaugmented  operation.  Therefore,  the  design  and 
performance.factors of a cmpressor coolant  system  to  be  used in con- 
junction with afterburning  that must be  considered,  such a6 type of 
coolant,  place  of  injection,  and  effect of coolant on engine and eter- 
burner  performance,  are  discussed  herein. The first  section of the  dis- 
cussion  compares  the  experimental  results  with  the  theoretical  calcula- 
tions  and  points out same  of  the  considerations  involved  in  the  selec- 
tion of the cmlant system.  The  second  section  discusses a proposed 
application  of a specific  combined  aueprentation  system  to  high-speed, 
high-altitude  flight.  Whereas  theoretical  applications  of  cwibination 
Bystems  to  high-speed  flight  are  discussed in previously published 
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reports,  the  application  reported  herein is an extrapolation  of  experi- 
mental  remilts  of a particular  engine-afterburner-coolant  configuration 
and  includes  the  anticipated perfompuce limitations  lmposed  by  the can- " 
pressor  coolant  injection. " .  

Experimental  Performance of Combined  System 

Thrust  augmentation. - Theoretical  calculations of thrust  augmenta- 
tion frm the cmbined use  of cqreasor evaporatfve  cooling and stoi- 
chiometric  afterburning  as  reported  in  reference 8 are  ccarrpared in figure 
3 with  data  obtained  during  the  experimental  sea-level-investigation  of 
reference 1 for sea-level  static  flight  condition. In the calculatiom 
of  reference 5, a coolant  with  the  heat  of  vaporization of water was 
used and the  coolant  flows  were  varied from that  sufficient to saturate 
the  compressor-inlet air to that  required  to  saturate  the cqressor- 
outlet  air.  The  coolant  used  in-reference lwas a mixture of 70 percent 
water and 30 percent  alcohol.  The  experimental  results  exhibit  the  same 
trend as the  theoretical up to  an  augmented  liquid  ratio  (ratio of total 
l iquid flow to engine fuel flaw requ-lred _for_ the particular flight cun- 
diticm and au@pnentatlon  eyetem) of 5.5, with  the  amount of thrust aug- 
mentation be- about 5-percent lese. However, for  augmented liquid 
ratioa in excess of 5.5 (coolant-  to  air-flow  ratios  greater  than 0.033), 
the experimental performance was l imited  to  that shown in the  figure by 
a combustion  InetabilitJr  that  will be discussed In the  section  entitled 
%Effect of coolant an afterburner  performance . 'I 

L 

A similar cconparism  of  'the  expertmental data (frcrm ref. 21 ana a 
theoretical  calculation are sham for an altitude of 35,000 feet and a 
flight &ch number of 1.0 Fn figure 4. For the simulated  flight condi- 
tion,  liquid ammoaia was used. as the campressor coolant and was injected 
ahead of the ccanpressor. The  eperimental  results  are United to a max- 
imum augmented-thrust  ratio  of 2.13 by  combustion  blow-out.  There was- 
no sharp decrease in augmenktion when higher ammonia-air ratios  were 
investigated,  as was the  case  with  water  injection, and the  experimental 
thrust  augmentation was at the most only 3 percent  lower thm that  theo- 
retically  predicted.  The  experimental  results of figure 4 agree  more 
closely  with  the  theoretical  results  than  those of figure 3 because  the 
afterburner  caibustion efficiency assumed  for the theoretical calcula-  
tions was nearer to  the  value  obtained with the  actual  afterburner. (See 
appendix B for method of canputation.) 

. " 

f 

Introduction of coolant. - The most  favorable station for  Fnjection 
of the  coolant  is  ahead  of the canpressor If the coolant-flow rate is 
low enough to permit  complete  evaporation  before  cmpression. Tbie ata- 
tion  is also most  favorable as to  simplicity of installstion. If, how- 
wer, cmplete evaporation of the coolant  cannot  be accqlished ahead 
of the campressor, the  excess coolant enters the campressor in liquld 
form. Before it can evaporate, it is centrifuged  aut to the  ccmpressor 
casing where  it  causes  thermal  contraction  that may result in blade 
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rubbing and deterioration of engine  performance  (ref. 6 ) .  Because of 
this effect of the =quid on the  canpressor,  interstage  injection of 

canpressor may be  required. 
" that  portion of the  coolant  which  cannot  be  evaporated  ahead  of  the 

The maximum &mount of evaporation of any coolant  is  obtained fram 
a uniform distribution of the  coolant in the flaw passage. A canparison 
of the  performances  of two injection egstenrs having different  distrlbu- 
tion  systems  is  presented in f i w e  5. Configuration A (from  ref. 2) 
had 320 orifice  sources  of  coolant  inJection,  while  configuration B 
(fram  ref. 7) had 24 atomizing-nozzle  sources.  Although  the  actual 
distributions  were  not  measured,  it  is  evident that the  coolant  distri- 
bution  for  configuration A was more uniform than that for  configuration 
BJ and the thrust augmentation  increased  as  much as 5 percent with the 
improved  distribution. 

Selection  of  coolant. - Because  the  thrust  augmentation  obtained 
from c~~~pressor coolant  injection is a result  of  the  heat  sbsorption 
during  evaporation of the  coolant,  the  coolant  used  must  be  selected 
in relation  to  the  atmospheric  conditions  associated with the flight 

erties.  The  primary  factors  involved with respect to physical  proper- 
ties  include  heat of vaporization,  flammability limit, and  boiling and 
freezing  point  temperatures. A survey  of  the  physical  properties of 
various  potential  coolants  considered  resulted in the f o l l a r l n g  list: 

. application  and  fram a consideration of its  physical and chemical  prop- 

I 

Heat of 
vaporization, 

Btu/lb 

Water 
E@rogen peroxide 

Ammania (liquid) 
Ethyl  alcohol 
Methyl  chloride 
Carbon  dioxide  (liquid) 
Air (l iquid) 

1079 
587 

561 
406 
180 
U O  
93 

I 

Flnmmnbility 

pressure, by volume 

Boiling point st 
limit,  percent atmospheric 

OF 
Inconibustible 

306 Heat of decm- 
W2 

position, 
1242 Btu/lb 
0.16 - 0.25 

0.08 - 0.17 
172 0.03 - 0.19 
-27 

-12 
Incdustible -109 
supports C" -320 
bustion 

The high heat of vaporization of water makes it the most attractive 
coolant. !%e addition of alcohol  to  the  water  is  usually  necessary to 
prevent  freezing  at  lower  temgeratures and t o  permit  constant-throttle 

in heating and vaporizing  the  water.  For  the  low  temperatures  encoun- 
tered during altitude  operation,  water  is muitable because very little 
evaporative  cooling can be obtained  inasmuch  as mall. amounts of  water 

.. operation,  which  is  possible  because  the  alcohol aids the  engine  fuel 

a 
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saturate  the  air.  When a xster-alcohol  mixture was injected  at  the  en- 
gine  inlet  during an altitude  investigationl(ref. 8), evaporation  of  the 
coolant was inadequate  as a result  of  the low inlet  air  temperature and 
no augmentation  was  obtained. In addition,  failure af the  coolant  to 
evaporate  ahead of the  compressor  permitted  liquid  coolant  to  enter  the 
cqressor and adversely  affected  the capreasor performance  (to  be  dis- 
cussed in  detail in section  entitled  "Effect of coolant on compressor 
performance *' 1 . 

Eydrogen  peroxide  presents a distinct  problem  since  it  is  spontane- 
ously  cmibustible  at  temperatures  approximating  the  compressor-discharge 
temperature.  Methyl  chloride,  liquid  air, and liquid  carbon  dioxide aU 
have  heats  of  vaporization  approximately 10 percent  of  that  of  water; 
thus  they can absorb dnly small quantities of heat  during  evaporation 
unless much greater  quantities of coolant are used. 

The  1oWtemperatures  encountered  at  high-altitude flight indicate 
the  need  for a coolant  such  as  ammonia  that  will  evaporate in appreci- 
able  quantities st low temperatures.  Liquid ammonia a l s o  has a rela- 
tively  favorable  heat of vaporization,  approximately  one-half  that of 
water,  and  its  combustible  nature  is also de6irable  for  it  would  tend 
to  reduce  the  primary  fuel  requirement of the  engine.  Liquid  ammonia 
does  not  have  universal  application,  however,  since  it iB readily ab- 
sorbed by the  water  vapor  present in the  air.  "llbia  absorption  process 
is  exothermic and would  tend  to  negate  €he  cooling  due to evaporation. 
Since  atmospheric  humidity  is,generally  highest  at  sea  level, ammonia 
would  prove  an  undesirable  coolant  for  sea-level  applications,  although 
it  appears to have  prcenise  for  use  where  the  air  is  relatively dry- 

Offsetting these  advantages  is  the  fact  that  ammonia Le corrosive 
in the  presence of certain metals and its  use  would require that  care  be 
taken  not  to uae metala  such a8 copper and brass  in  the  ammonia  syatem 
or in  the  engine  where  the  ammonia  may  have  contact  with  them.  Special 
measures must also  be  taken  that  ammonia  vapors are not  contained in atr 
taken frm the compressor for  cockpit  preesurizatian and bearing cooling. 

Effect of atmospheric  conditions. - Although  the  afterburner  is 
relatively  insensitive to Bmall changes in atmospheric  temperature and 
humidity,  the  influence of these  conditions on the evaporative  cooling 
system  can  be  expected to be  more  significant. In general,  increased 
engine-inlet  air  temperatures  will  permit  greater  cooling and result Fn 
more  favorable  augmentation  at  equivalent  coolant-  to  air-flow  ratios. 
The  increasing  au#uented-thrust  ratio  obtained with increasfng  inlet 
air  temperature  for a coolant-  to  air-flow  ratio  of 0.06 during opera- 
tion  at  sea-level  zero-ram  conditions  is  shown in figure 6(a). For  both 
the  centrifugal  engine  (ref. 9) and the  axial-flow  engine  (ref. 61, the 
increases  in  augmentation  due  to  increasing  inlet  air  temperature  are 
similar. The  effects of temperature on aupented-thrust  ratio  as f m d  
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in the  investigations of references 2, 7, and 8 at  coolant-air  ratios 
of 0.04 and  during  altitude  flight  operation  are s h m  in figure 6(b3 
for  water-alcohol  and  ammcmia  coolants.  The  altitude  performance  ex- 
hibits  the  same  trends  as  the  sea-level  data. 

The  sea-level  Investigation  of  reference 9 indicated  that  at a 
given  inlet  sir  temperature and coolant-air  ratio,  the campressor pres- 
sure  ratio  and  resultant  thrust  decreased  slightly  with  increasing hu- 
midity  of  the  inlet  air;  this  effect  became  more  pronounced  as  the 
coolant-flow  rate  was  increased.  The  decrease in unaugmented perfom- 
ance  due  to high humidity was found  to  be a result  of  changes in the 
physical  properties  of  the  air (r and cp}, and has been  reported in 
reference 10 to  be  quite maU in magnitude.  The  effect  of  humidity 
increases  with  coolant-flaw  rate  because  as  saturation  of the air  is 
approached  less  coolant cazl evaporate and thus  less  cooling and less 
augmentation are provided.  It h8s already been  pointed out that Ugh 
humidity  decreased  the  deeirability  of  liquid  ammonia  as a coolant  since 
the  absorption  of  water  by anhydrous ammonia  is  exothermic and tends  to 
negate any cooling  due to the evaporation  of  the  ammonia. Although no 
data  have  been  obtained as to  the  effects of humidity OIL the'  altitude 
fxght use of  coolant  injection,  the  effects  are  expected to be amall 
because  relatively little moisture can be  present  at  the low tempera- 
tures normally encountered  at  high  altitudes. 

Effect of coolant on compressor  performance. - The  major  influences 
of coolant  ingection  are,  of  course, on the  canpressor  performance  and 
the  afterburner  conibustion. For a coolant-flaw  rate  less  than  that re- 
quired to saturate  the  air  at  the  canpressor  inlet,  the  variation of 
canpressor  performance  with  increasing  coolant-flow  rate  is  the  same  as 
the  variation  that  would  result  from a variation  in  corrected  engine 
speed.  The  variation of adiabatic  compressor  efficiency  xith  corrected 
engine  speed is sham in figure 7. The  data  points  indicated are for 
calculated  compressor  efficiency mer a range  of  ammonia-air  ratios 
from 0.01 to 0.045 (corresponding  to  corrected engine speeds  fram 12,800 
to 14,700 rpm) ,  W l e  the curve  represents  the normal caupressor  effi- 
ciency  variation  without  coolant  injection. 

When the  compressor-inlet  air  is  saturated  and  liquid  coolant en- 
ters  the  compressor, only limited  verification  of  experimental data cazl 
be made  because of the  difficulties  encountered Fn making  accurate  tem- 
perature  measurements  at  the  compressor  inlet  and  outlet  (see  ref. XL 
for  qualitative  discussion).  When a water-alcohol mixbwe is  used as 
the  coolast  at  the  compressor  inlet, the saturation  condition  may  be 
exceeded  even  at very low coolant-air  ratios. For example,  at  the  ram 
temperature  associated with sonic flight at  an  altitude  of 35,000 feet 
( l 3 O  F), the  ccmrpressor  inlet  would be saturated  with a coolant-air  ra- 
tio  of only 0.003. With  unevaporated  coolant  enterfng  the compressor, . 
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the  compressor  actually  operates  at  different  Mach  numbers  and  loadings 
throughout,  depending on stagewise  evaporation. Because the  stagewise 
pattern of evaporation of the  coolant  was unknown, the  compressor 
divided  into f o u r  hypotheticqa  axial  sections having equal  pressure 
ratiols to  facilitate the calculation of compressor  efficiency  when an 
aqueous  coolant was used. A stepwise  iteration  was  made  to  calculate 
temperature and efficiency through the  compressor  based on the  aesump- 
tion  that  for  each  step  the  adiabatic cmpreseion was followed  by s 
oongtant-pyessure  cooling  process  until  saturation was reached. Equal  
compressor  efflciencies  were  initially  assumed  for  the  axial  aections of 
the  cmpreseor, and a compressor-outlet  temperature was calculated.  This 
oalcula%ed  temperature was compared  with  the  measured  temperature and 
the  procedure  repeated ueing altered  compressor  section  efficiencies un- 
tilthe two temperatures  agreed. The assumed  compressor  efficiency  for 
the last iteration was taken  to  be  the  over-all  campressor  efficiency. 
The  resultant  variation of cmpressor efficlencg  with  ratio of water- 
alcohol  to  air  is shown in figure 8. While  the  injection of ammonia 
caused  no  appreciable  decrease of compressor  efficiency from the  nor- 
mal perfomnance,  the  injection of a 70 percent  water - 30 percent  al- 
coholmlxt.ure  resulted Fn a6 high as a 20 point  drop in compressor 
efficiency. 

Effect  of  coolant on afterburner  performance. - Unfortunately,  most 
liquids that have  proven  satisfactory  as cqressor coohnts exhibit a 
negative  reaction  toward  the  kinetics  of the ccpnbustion  process. This 

0 
Kl 

fact  is  illustrated in figure 9, which  shows  the  effect if increasing 
coolantiair  ratio on afterburner  temperature and cambustion  efficiency 
for  operation  at  equivalence  ratios  of 1.0 and 0.8 for  both  the  water- 
alcohol  mixture  (figs. 9(a) and (b)) and  the  liquid ammmia coolants 
(figs. 9(c) and (a)). These d a t a  are  taken from references 1 and 2, 
respectively.  At an equivalence  ratio of 0.8, both  water-alcohol and 
liquid  ammonia  injection  tend to decrease  the  afterburner  temperature 
and combustion  efficiency  as  the  coolant-air  ratio is increased.  At an 
equivalence  ratio  equal  to 1.0 (stoichiometric  mixture)  the mania had 
relatively  little  effect on the  ccgdbustion  efficiency,  whereas  the 
water-alcohol coolant was only slightly less  effective  than  at  an equlv- 
ctlence  ratio  of 0.8. Although  bbth  coolants, in general,  tend  to  de- 
crease  the  cambustion  reaction  rate, it is believed  that  the high tem- 
perature  associated  yith stoichiamet-r-ic-pperation dissociates  the am- 
monia  into more readily  combustible  products and thus  reduces  the Lnflu- 
ence  of  the ammonia on the  reaction  rate. A detailed  discussion  of the 
influence of water  vapor  and mania on cambustion may be  found in 
references 12, 13, and 14. 

" -. . . . . " . . " . - . 
" 

As appreciable  quantities  of a coo+t--re"-ntroduced,  the  range 
of equivalence  ratios  over  which  the  afterburner  operates  with a rea-- 
sonable  degree of stability narrows. This effect is shown In figure 10 
where for an equivalence  ratio af 1.0 the maxFmum possible coolant-air 

.. 
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ratios  are 0.045 for ammonia fnjeothn and 0.065 for  water-alcohol  injec- 
tion. In the  investigations  summarized  herein  (refs. 'I and 21, two 

encountered  during  the  sea-level  inveetigation with the  use of water- 
alcohol  coolant was characterized  by  high-frequency  vibration  of a de- 
structive  nature  characterized  as  screech.  Because  the  a?terburner 
demonstrated  some  tendency  toward  this form of i.nstability.without  cool- 
ant  injection,  it is believed that the  coolant  tended o n l y  to aggravate 
the  condition  producing  the  instability.  Although it was  possible  to 
eliminate the  instability  during  independent  operation of the  after- 
burner,  this  was  not  always  possible  when  the  combined system was used. 
The  instability  encountered with ammonia took the  form of confbustion 
blow-out. Although  this form was not  destructive, it deffnitely  limited 
the amount of augmentstion  obtainable  from  the  emmonia  injection  phase 
of the  combined  system. 

'c ty-pes  of  combustion instabiU%y  were  noted.  The  combustion  instability 

rl 
rl 
0 
K) 

hgrovement of  combined awntation system performance. - Greater 
augmentation with the ccaribined system obviously  necessitates improved 
afterburner  perf  orruance  (see ref. 15) or, at the  least,  minimized  ad- 
verse  influence  of  the  coolants on the  afterburner  performance. A liq- 

bustion  properties  is  difficult  to find. An alternative  approach  would 
be the  use of an additive i n  the  afterburner  fuel  to  counteract  the  del- 
eterious  effects of the  coolast.  The  small-scale  tests of reference 16 
showed that afterburner  operation  was  possible with water-air  ratios  of 
0.17 when a magnesium  slurry  ccmrposed  of 60 percent by weight of pow- 
dered  magnesium  suspended in a hydrocarbon  fuel was used.  The slurry 
(or  high-energy)  fuel also has the  added  advantage  of  greater heat re- 
lease  and a adsequent higher tqerature during  combustion. Although 
no data  have  been  obtained  as  yet,  it  is  believed  that  the  higher  tem- 
peratures  achieved  with  the slurry fuels  would  reduce  the  negative in- 
fluence  of  the ammonia on the  combustion  process, and thus  it  might  be 
possible  to  Forprove  the  canibination  performance  below  stoichiometric 
when ammonia. is used  as  the  coolant.  The use of a slurry fuel presents 
several  problems of a mechanical  nature,  however,  euch  as handling, fuel 
metering,  spray  characteristics,  and puqing of a stabilized slurry. 
These  details  are  discussed  extensively i n  reference 17. 

. uid that w i l l  q u a l i f y  as a good coolant and still  possess  desirable  can- 

- 

Application of Augmented  Performance t o  High-speed Flight 

With  the  foregoing  design,  operational, and performance M o m -  
ticn,  the  potential  application  of a ccmibined  augmentation  system to 
the  deman& for high magnitudes of thrust  augmentation  envisioned by 

have  therefore  been  extrapolated  to  indicate  the mount of thrust aug- 
mentation  available at high flight  speeds. 

- aircraft  designers may be  logically  analyzed.  The  experimental  data 
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from the  increased engine-inlet a i r  temperatures which reduce the engine 
fuel flow. With the  afterburning  configuration a t  a  flight  lkch number 
slightly in excess of 3.0, the ram-temperature rise w i l l  equal  the nor- 
maltemperatme r i s e   ac ros~  the engine ombustor,  and the awented  l iq- 
uid ratio w i l l  numerically approach inf ini ty .  With the combination sys- 
t e m  this condition is reached at a flight Mach nufber of 2.5 because the 
ammonia serves as an engine fuel. For englnes capable of operating a t  
higher turbine-inlet temperatures, thfs  limiting Mach  number would occur 
a t  a higher  value. O f  course, engine operation would be lfmited t o  sme 
flight Mach  number less than this 1Fmitfng Mach  number by compressor 
structural considerations and engine speed control and stability. It 
should be noted that the  rapid rise of the augaented liquid r a t i o  csurve 
a t  the limit’ing Mach  number is a result of the decreasing engine fuel 
flow required  with  higher inlet temperatures a t  the higher Mach  numbers 
and is not an indioation of the  increase in total  liquid consumption. 
For flight speeds between Mach 2 .O and  Mach 2.5, favorable thrust charac- 
ter is t ics  f o r  application t o  supersonic aircraft  requiring  short periods 
of increased acceleration are  indicated. 

The engine performance variables (compresgor-inlet temperature, 
fpc t ion  of rated  actual  air flow, ana exhaust-nozzle pressure ratio) 
directlx  related ‘ to  the thrust augmentaticm are  shown in figure E. 
Both the air flow and the exhaust-nozzle pressure ra t io  (related t o  Jet 
veloclty) are sham t o  increaae over the values obtained w i t h  after- 
burning alone becauee of the  effect of  the coolant on engine-inlet tem- 
perature. Although no substantiating  data are available, it niay be. 
expected that with the high ram temperatures encountered in flight a t  Mach 
numbers of the order of 2.5, aqueous coolants would prove useful. This 
m i g h t  be especially  desirable if af‘terburner operation were limited t o  
some value below stoichiometric  as a result of 8 comprmise with  the 
afterburner  shell coollug requirements. Water would  exert a  smaller 
negative  influence an the cambustion efficiency than ammonia a t  the com- 
bustion temperatures associated w i t h  operation a t  equivalence ratios 
less than 1.0. V the combustion instability  limitation encountered at 
an  ammonia-air ratio of 0.045 could  be eliminated t o  permit greater 
cooling from higher ammonia-flaw rates, even greater augmentation  could 
be anticipated. 

Turbojet engine thrust augmentation provided by a combination of 
compressor evdporative cooling and afterburning has been experimentally 
demonstrated t o  be feasible. The selection of a  suitable coolant f o r  
the compressor injection involves primarily  a  consideration of the  at- 
mospheric conditions  associated with the flight application and the 
physical  propertiee of the coolant. . 
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Because  of its high heat of vaporization,  water is a aatisfaotory 
compressor coolant a t  the nomnsl a i r  temperature8  associated with eea- 
level  take-off  conditions. However, at the low temperatures encountered 
during  high-altftude  subsonic flight, water is unsatfsfsctory a8 a cool- 
ant  because small m o u n t s  of water eaturate the air and very l i t t l e  
evaporative  coollng  can  be  obtained.  Liquid ammonia, an the other hand, 
possesses  propertiee  favorable t o  evaporative cooling at low tempera- 
tures. The greatest increasee in air flow and cmpreesor  pressure r a t i o  
are t o  be realized frm use of coolant8 which give  the  greatest  reduction 
in temperature  entering  the campressor. However, if eatmation is rea- 
l ized at the compressor inlet, stagexiee  evaporatian ia beneficial. For 
three axial-flow engines at  high coolant-flow rates where complete em- 
pora t im  could  not  take  place ahead of the  compressor, the use of inter- 
stage  injectian in canjunction wlth the Inlet injection was neceseary t o  
prevent  centrifugation of the  unevaporatetd coolant arb0 the cmpreseor 
casing and attendant  blade rubbing due t o  differential expansion. 

Both water and ammmia exhibited adverse e f fec t s  cm the cambustlcm 
performance of the  afterburmer, and at high  coolant flow rate8 t h e i r  
presence usually cause& some form of combustion ins tab i l i ty .  The nature 
and severi ty  of this conditlon vary w i t h  the cooLant and &re a r e su l t  . 
of the  molecular  behavior of the  coolant during ccutibustion. 

An analysis based on the experimental results extended t o  Fnclude - 
flight at a Mach number of 2.5 and. d k i t u d e  of 35,OW feet shows that 
an augmented-net-thrust r a t i o  of approxinaately 4.4 can be obtahed  by 
stoichiometric  afterburning alone. The addition of compressor coolant 
i n j ec t ion   t o  this stoichiometric afterburning within experimentally deter- 
mined combustian limits (0.04 coo-t-ak r a t i o )  w i l l  increase the 
augmented-net -thrust r a t i o   t o  approximately 6.9. 

Lewie Flight  R-opulsim  Laboratory 
National  advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 14, 1954 
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SYMBOLS 

The following symbols are  used in the analysis: 

area, sq ft 

specific  heat  at  constant  pressure, Btu/(lb)(%) 

ammonia-air  ratio,  lb  emmonia/lb  air 

jet  thrust,  lb 

net  thrust,  lb 

fuel-air  ratio, lb fuel/lb air 

acceleration  due to gravity, 32.17 ft/sec2 

enthalpy,  Btu/lb 

lower  heat of combustion of ammonia, B t u / l b  

lower  heat of combustion of  fuel,  Btu/lb 

engine  speed, r p m  

total  pressure, lb/sq ft 

static  pressure,  Ib/sq ft 

total  temgerature, OR 

velocity,  ft/sec 

weight flow, lb/sec 

ratio  of  specific  heats 

ratio of t o t d  pressure to static  sea-level  pressure, P/2ll6 

efficiency,  ratio of energy  increase to ideal  energy  increase 

ratio of total  temperature to static  sea-level  temperature, T/519 
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Subscripts: 

a air 

b afterburner 

C canq?ressor 

a ammonia 

e “ne 

B &&s 

m manif old 

n vena contmcta of j e t  nozzle 

The numbered subscripts refer to stations indicated in figs. l. 8.nd 
2 and the sketch in appendix B. 

-f 
C 
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METHOD OF ANALYSIS 

The  hypothetical  engine  under  consideration in the  extrapolation of 
the  augmentation  data to h%gh speed  was  assumed to aperate at rated  me- 
chanical weed with a turbine-outlet gas temperature Ts of 1660° R 
maintained  constant  by  the use of an ideal,  convergent  variable-area 
exhaust  nozzle. A schematic v iew of  the  engine indicating the  injection 
points of Eammonia and fuel and  also the vEtrious  engine  stations  consid- 
ered in the analysis is shown in the  following  sketch: 

Engine ,I, Afterburner 
d. fe fb 

< Compres- 0 Turbine - c 
sor Air flow - < C&ustor 

I I I I / I  I 
I 

I I 1 1  I 
Station 1 2 5 8 n  0 

The following assumptions  are  necessary for the  analysis: 

(l.) M e t  pressure and tenperatwe,  station 1, corresponded  to WCA 
standard  atmosphere with rare. recovery  that  is  representative of current 
supersonic  inlet  design. 

(2) No pressure loss was incurred with the ammonia injection  equip- 
ment, that is, P2 equals P1. 

(3) The  engine  total-pressure  ratio P5/P2 was a function of the 
total-temperature  ratio T5/T2 as Shawn in f i w e  12. 

(4) The  afterburner  total-pressure  friction loss was 0.06 P5, and 
with  stoichiometric  afterburning  the  total-pressure loss including  fric- 
tion w&s 0.12 P5. These  pressure  losses  correspond  to  the  pressure 
loss measured  for  the  afterburner in the  altitude  Investigation as pre- 
sented i n  this  report. 

(5) The corrected  compressor  air flow was a function of - 62 
the  corrected  engine  speed as shown in figure ll. 

- 
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(6 1 The engine ccsmbustion  efficiency  qe was 0.97 with no ammonis 
iqjecticm and 0.62 with an ammonia-air  ratio of 0.04. 

(7) The  afterburner  efficiency q, was 0.92 at a stoichimetric 
mixture. 

(8) The  manifold  temperature of the ammonia. and  fuel was 80° F. 
The corresponding  lower  heats of combustion  were 7500 Btu  per  pound 
and 18,725  Btu  per  pound,  respectively. !&e hydrogen-carbon  ratio of 
the fuel we8 0.170. 

The total  pressure and total  teprperature  at  each  station  were c d -  
culated wing the  preceding assuqtions f o r  three  cases: (1) normal en- 
gine  performance, (2) stoichiometric  afterburning,  and (3) cconbined 
stoichimetric  afterburning and an ammonia injection  ratio d of 0.04. 

The drop in W e t  air  temperature  from TI to Tz with an ammonia 
injection  ratio of 0.04 was calculated from the  energy  balance  between 
stations 1 and 2. 

EntMpies of ammonia were  determined frm reference l8. 
The air flow was determined  fram  the fractim of rated  corrected 

speed,  which is equivalent  to - using  figure ll. The  air flow 

with  ammonia  injection was corrected  for  the  difference  between  density 
of ammonia  vapor and that of air in the  following  manner: 

45' 
I 

Wa,z (1 + 1.70d] = WgJ2 =-0.989 Wa,2  (indicated) (21 

where  1.70  is  the  ratio  of  density of air  to  that of ammonia.  It  was 
determined  during  the  experimental  investigations  that 98.9 percent  of 
the  indicated  air flow without ammonia Fnjection  could  be  achieved  with 
&z1 ammonia-air  ratfo of 0.04. Therefore,  this  factor was introduced to 
provide achfevable  -air flow increases. 

The engine fuel-air  ratio f, was calculated  from an energy  bal- 
ance  acrosa  the  engine: 
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and the  afterburner fuel-air ratio % was calculsted  fram the 0ver-U 
stoichimetric relation: 

fb + fe + 0.1642 0w0675 d = 0.0675 

where 0.0675 is *e atoichfametric  fuel-air  ratio and 0.1642 is the 
stoichimetric  ammonia-sir  ratio. 

The  combustion  temperature T8 was then determined frm an energy 
balance  across  the  afterburner: 

The value of hg,T- was determined  from the ideal  energy  modified by 
an enerQy  difference  to take into  account  the  increase in chemical  en- 
ergy in the  products of ccgabustion  due to the  effect of dissociation. 
The  value  of this energy  difference w m  determined from data  contained 
in reference 19. 

The  jet  thrust was calculated from the  following  relation: 

using the  procedure  glven in reference 20 and 
wg,8 = wa,l (1 + fe f fb i- d). 

The  net  thru6t was then  calculated: 

and  the  augmented-net-thrust  ratios  for  stoichiametric  afterburning and 
for combined  stoichimetric  afterbwajIng xith an ammonia  injection  ratio 
of 0.04 were  calculated  by d i d d i n g  the  respective net thrust  for each 
case  by  that  obtained  for normal engine  performance. 

The  thermodynsmFc  properties  of  the e&aust gas were  determined 
from the  products of an ideal  cadbustion using the  weighted  averaging 
process  and values obtained  from  reference 21. 
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Coolant- to air-flaw ratio 
(ref. 1) 

0 
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r 

Augmented l iquid ratio 

Figure 3. - Theoretically  predicted  and  experi- 
m n t d  thrust augmentation with conibined inlet 
and interstage  compressor water-alcohol injection 
and  stoichiometric  afterburning. Engine operation 
at sea-level, zero-ram conditions. 

E v. 
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Augmented l i q u i d   r a t i o  

Figure 4. - Theoretically  predicted and experi- 
mental net-thrust  augmentation  with combined 
compressor ammonia inject ion and etoichiometric 
afterburning. Engine operation at a l t i t ude  
of 35,000 feet and f l i g h t  Mach rider of 1.0. 

1.2 

1.1 

1.0 
1 2 3 4 

Augmented l i q u i d   r a t i o  

Figure 5. - Additional  thrust augmentation  achieved 
with improved d is t r ibu t ion  of ammonia and air a t  
engine  inlet. Engine operation at a l t i t ude  of 
35,000 feet, f l i g h t  Mach n b e r  of 1.0, and engine- 
i n l e t   a i r  temperature of 13' F. 
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110 . 130 150 
Engine-inlet  temperature , ?F 

+f 
c, (a)  Sea-level? zero-ram conditione. water-acobal mixture.  coolan<- 

air r a t io ,  0.06. 

~~ 

Engine-inlet temperature, % 
(b) Simulated f l i g h t  Mach rimer of 1.0 at a l t i t u d e  of 35,000 feet. Coolant- 
air r a t i o ,  0.04 

Figure 6. - Effect of engine-inlet  temperature on th rus t  augmentation by 
compressor in jec t ion  of coolant at sea-level  take-off and a l t i t u d e  f l i gh t  
conditions. 
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Engine-inlet  temperature  before 

Injection  station, 
OF 

. . .. . . . . . . . . . . . . . . . . . . 
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12,200  12,600 l-3,m 13,400 13, so0 14,200 14,600 s,m 
Corrected  engine  speed, N/*, rpm 

Figure 7. - Variation of adiabatic compressor efficiency  with  corrected  engine speed 
compared with compressor efficiency  calculated during Injection of llquid ammonia 
at compressor i n l e t .  Simulated f l i g h t  Mach  number of 1.0 a t  a l t i t ude  of 35,000 

, f ee t .  

I 
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0 .02 .04 .06 .08 
Coolant-air   ratio 

Figure 8. - Effect of coolan t -a i r   ra t io  on com- 
pressor eff ic iency during fnjection of 70 percent 
water.- 30 percent alcohol mixture i n t o  compres- 
sor  inlet during simulated flight a t  Mach number 
of 1.0 and a l t i t ude  of 35,000 Feet. 

. . .  
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(a)  Variatfon of afterburner  codustion temperature with 
water-alcohol - air r a t io .  

1.0 

.8 

.6 

.4 
0 .02 .04 .06 .08 .10 

Coolant-air  ratio 

(b) Variation of afterburner  codustion  efficiency with water- 
alcohol - 'air r a t io .  

Figure 9. - Influence of coolant on afterburner performance 
during conibined use of compressor coolant  injection and 
afterburning. 
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(c)  Variation of afterburner cornbustion  tempera- 
ture with ammonia - air  r a t io .  

1.0 

.a 

.6 
0 .02 .04 .06 

Coolant-air   ratio 

(d) Variation of afterburner conibustion efficiency 
with ammonia - air  r a t io .  

Figure 9. - Concluded. Influence of coolant on 
afterburner performance during conibined use Of 
compressor coolant  injection and afterburning. 
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4 

0 

Figure 10. - Effect  of compressor injection  coolants on combustion s t a b i l i t y  
of afterburner  during conibined use of compressor in jec t ion  and after- 
burning.  Water-alcohol  injection at sea-leyel, zero ram; ammonia 
in jec t ion  at  35,000 feet, flight Mach number 1.0. 

0 .02 -04 -06 .08 .10 
Coolant-air   ratio 
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Figure U. - Air-flow characteristics of hypothetical turbojet 
engine. . .  . .  - 



NACA RM E54G08 

. 

31 

Figure 12. - Engine pumping characterist ics of hypothetital  turbojet 
engine  operating at a l t i tude of 35,000 feet .  
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1.0 1 . 4  1.8 2.2 
F l igh t  Mach rimer 

CombGed  ammonia 
in j ec t ion  and 
af terburning 

- Afterburning 

Figure 13. - AugEnted   ne t - thrus t   ra t io   ca lcu la ted  for hypothetical 
t u r b o j e t  engine ope ra t ing  supersonically at a l t i t u d e  of 35,000 
feet using compressor-inlet  injection ammonia-air r a t i o  of 0.04 
and stoichiometric  afterburning. Engine  operating a t  r a t e d  
speed and rated turbine-discharge  temperature. 
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1.0 1.4 1.8 2.2 2.6 
Flight MBch nuniber 

Figure 14. - Augmented  liquid  ratio  calculated f o r  hypothetical  turbojet 
engine  operating  supersonically at altitude of 35,000 feet  using 
compressor-inlet  injection  ammonia-air  ratio of 0.04 and  stoichiometric 
afterburning.  Augmented  liquid  ratios sham are  associated with 
augmented-thrust ratio data of ffgure 13. 
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-- - Afterburning 

in;/ectioU and 
ef'terburning 

(a) 0 w e d a o r - i n . k t  t&mperature. 

" .  * 
(b) Fraction of rated actual air flov. 
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Flignt Mach number 

(c )   must-nozz le  preseure ratio. 

Figure E. - Conprison of engine peflommnce varubles with use of 
conpressor-inlet arrmonia injectioa ( m a - a i r  ratio uf 0.01) and 

altitude of 35,000 feet. Calculated f a  hypothetical  turbojet 
stoichi-tric afterburning far t r a n s d c  and supersoaic r1-t at 

engine. 
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