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Results  are  discussed of an experimental  study concerning the burnout of products  of incom- 
plete combustion in a supersonic s t r eam by means of secondary injection of oxidizers  HNO 3 
or  N204. 

P roduc t s  of incomplete combustion are  burned out in a supersonic s t r eam by means  of secondary in- 
jection of oxidizer,  in o rder  to improve the efficiency of drive sys tems.  Conclusions drawn f rom an anal-  
ys i s  of this problem are  cer ta inly of in teres t  in a b roader  scope, inasmuch as the basic ae ro the rmochemi -  
cal p roces se s  of burnout are  very  s imi lar  to p rocesses  involved in the design of supersonic combustion 
sys tems  in general  [1]. 

The authors present  here  the resu l t s  of an experimental  study concerning the rate and the comple te -  
ness  of combustion in a supersonic s t r eam of products  of incomplete combustion with secondary injection 
of ni trogen compounds HNO 3 or  N204 as oxidizers;  also described are  the essent ial  fea tures  of the test  ap-  
paratus  and the tes t  procedure .  

A direct  study of burnout p r o c e s s e s  (chemical analysis  and thermomet ry)  in h igh- tempera tu r  e super -  
sonic gas s t r eams  is ra ther  difficult. The feasibil i ty of obtaining reliable data in this way is also quest ion-  
able: the s t r eam is ve ry  nonhomogeneous and, therefore ,  gas samples and t empera tu re  readings must  be 
taken over  the entire c ro s s  section, which is not ve ry  real is t ic;  the chemical  react ions  proceed at high 
ra tes  and this makes  the sampling and the conditioning of samples ext remely  difficult. 

The procedure  followed in this study made it possible to avoid these difficulties. The rate and the 
extent of heat generat ion during burnout was calculated from the change in static p r e s su re  which had been 
measured  along the react ion zone [2]. 

The tes t  apparatus  consis ted of a gas genera tor  with a specia l -shape supersonic nozzle,  an oxidizer 
injector  assembly with a cyl indrical  tube attachment,  a fluid supply system, and measur ing  inst ruments .  
The basic active components are  shown schemat ical ly  in Fig. 1. Separately shown is the sys tem of oxidi- 
zer  injection into the supersonic  s t ream:  (I) three jet nozzles dj = 0.003 m in diameter  around the c i r c u m -  
ference of a tube d = 0.077 m in diameter  and project ing 0.015 m into the s t r eam for the f i r s t  test  ser ies ,  
and (II) twelve jet nozzles  dj = 0.0015 m project ing into the s t r eam to var ious  depths (three 0.02 m deep, 
three 0.01 m deep, and six flush with the inside surface of the tube). These a r rangements  were designed 
for producing different quali t ies of carburet ion.  

Fo r  secondary oxidizers  we used a 98% solution of ni tr ic  acid HNO 3 and nitrogen tetroxide N204. The 
amount of oxidizer injection was var ied  f rom test  to test  over the range Gj = 0.2-0.9 kg / sec .  

P roduc t s  of incomplete fuel combustion, containing gH2 = 0.0128 hydrogen and gCO = 0.217 carbon mon-  
oxide, with an a = 0.67 excess  oxidizer  ratio,  were flowing in the ma ins t r eam at a ra te  G = 4-5 kg /sec .  
The stagnation p a r a m e t e r s  were T* TM 3000-3200~ and p* = 58.8-78.4 bars .  With nozzle andtube dimensions 
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Fig. 1. Schematic diagram of the active port ion of the tes t  appa-  
ratus:  1) gas generator ;  2) specia l -shape supersonic  nozzle;  3) 
r e f r a c t o r y  insert ;  4) in jector  assembly;  5) in jec tor  set  with jet 
nozzles;  6) cyl indr ical  tube; 7) co l lec tor  of p r e s s u r e  samples;  
I, 1I) schematic  diagrams of oxidizer  injection sys tems:  a) in-  
jection nozzle; b) oxidizer  flow diagram. 
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as shown in Fig. 1, the Mach number  and the Reynolds number  in the active zone were as high as 2.78 and 
10 ~ respect ively .  

In our t es t s  we measu red  the p r e s s u r e  inside the gas genera to r  (Pi) with the aid of model I~DD po-  
t en t iometer  probes,  the s t a t i c - p r e s s u r e  prof i le  (P2--P14) along the tube, and the flow ra te  of injected oxi-  
dizer  (with a model DP-10 flow meter ) .  All signals f rom the ins t rument  t r an sd u ce r s  were r eco rd ed  on a 
model N-700 osci l lograph.  

Since the channel components  and the i r  pa r t s  opera ted  under  heavy heat loads, the t e s t s  had been 
designed for  a minimum n e c e s s a r y  duration (~ m 2.5 sec) and a s leeve of a r e f rac t ive  alloy was inser ted  
inside the nozzle at the c r i t i ca l  section.  

The injection of oxidizer  was synchronized with the s tar tup of the apparatus  and was discontinued 
1.0-1.1 sec la ter .  This made it possible to improve the prec i s ion  of the tes t  resu l t s :  the t rans ien t  condi-  
t ions in the gas genera tor  (T*, p*) during the per iod  between injection and subsequent operat ion without 
injection (T ~ 0.5 sec) were maintained a lmost  constant and the p r e s s u r e  jumps r eco rded  on osc i l log rams  
were due only to the effects  of injection and associa ted  p rocesses :  atomization,  evaporation,  mixing, and 
burning of the secondary oxidizer .  

The tes t  resu l t s  obtained d i rec t ly  were the s t a t i c -p r e s su re  prof i les  along the tube shown in Fig. 2. 
On the same diagram appear  also s t a t i c -p r e s su re  prof i les  along the tube in the absence of any flow p e r -  
turbations,  and during injection of water  as a neutral  liquid. F r o m  the la t te r  we calculated the f r ic t ion 
coefficient  i n t h e  tube, and subsequently developed a method by which the acce le ra t ion  and the evaporat ion 
of liquid under  given conditions could be taken into account. 

A direct  analysis  of p r e s s u r e  var ia t ions  along the tube during injection of liquid reac tan ts  will not 
yield the quantitative cha rac t e r i s t i c s  of the p r o c e s s e s  occur r ing  at that t ime.  However ,  v e ry  in teres t ing 
conclusions can be drawn f rom it. 

Thus, injection of N204 c a u s e s  an appreciably l a r g e r  inc rease  in stat ic p r e s s u r e  inside the tube than 
injection of HNO 3. Since the heat o f  N204 evaporat ion is close to that of HNO 3 evaporat ion (414 and 
610 kJ /kg  respect ively) ,  hence such a difference between the effects  of the i r  injection can be explained 
only by the i r  different  heat generat ion capabili ty.  

The main port ion of heat is genera ted  within a small  segment of the "combust ion chamber ,"  0.2-0.4 
m f rom the injection zone. Quite noteworthy is the p r e s s u r e  "dip" along some tube segment,  probably a 
resul t  o f  endothermal  p r o c e s s e s  occur r ing  there .  
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Fig. 2. S t a t i c -p re s su re  prof i le  (~ = P/P~o) along the 
tube (l, cm) with oxidizer  injection; a) according to 
s c h e m e h  1) N204Gj = 0.22; 2) N20_4Gj=0.16; 3) 

Gj = 0.20; 4) water  injection Gj = 0.4; 5) HNO 3 p r e s -  
sure  in tube_without injection; b) according to scheme 
Ih 1) N20 a Gj = 0.02; 2) N204 Gj = 0.05; 3) p r e s s u r e  
in tube without injection. 
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Fig. 3. Calculated heat gene~tion pro- 
file (Qbo, kJ/~g) along the tube (l, cm) 
due to burnout with injection of secon- 
dary oxidizer:  1) N20s Gj : 0.05; 2) N204, 
G_-j = 0.12; 3) N204, Gj = 0.16; 4) N204, 
Gj : 0.22; 5) HNO3, ~j = 0.2. 

Burnout seems  more  efficient with oxid izers  injected 
through the 12-nozzle sys tem.  In this  case  the ra te  of heat 
generat ion inc reases  monotonically along the channel without 
"dips" as in the case of injection through the 3-nozzle  system. 

Data on the var ia t ion in static p r e s s u r e  have been eval -  
uated with the aid of a computer  by an improved vers ion  of the 
method in [2]. Correc t ion  fac tors  were introduced to account 
for  heat generation,  for  qualitative effects  of shock waves oc-  
cu r r ing  ahead of the injection zone, and for  nonuniformit ies  of 
accelera t ion,  evaporation,  and burnout p r o c e s s e s  ac ros s  a tube 
section.  The resu l t s  of this evaluation a re  shown in Fig. 3 in 
t e r m s  of heat generat ion (less the heat of oxidizer  evaporation) 
as a function of the distance along the tube, for  var ious  values 
of the re la t ive  oxidizer  flow ra te .  

An analysis  of these graphs fully conf i rms  what has been 
said e a r l i e r  concerning the qualitative pat tern  of the burnout 

p r o c e s s e s  in the tube. It is to be noted, however,  that the burnout eff iciency is l a rge ly  aHected by the 
re la t ive  injection rate  of oxidizers .  

The maximum heat generat ion in our  t es t s  was Qbo ~ 7310 kJ/kg.  This value cor responded  to an in- 
jection of N204 at a re la t ive  rate  Gj = 0.05 through the 12-nozzle sys tem.  With N204 injection at Gj = 0.22 
through the 3-nozzle  sys tem,  Qbo ~ 5230 kJ/kg.  For  HNO 3 under  these conditions, Qbo ~ 3560 kJ/kg.  

It is worthwhile to analyze these  data f rom the standpoint of the physical  aspect  of p r o c e s s e s  occu r -  
ring in the tube during injection of secondary  oxid izers .  

The flow ra tes  of secondary  oxid izers  a re  const ra ined by the requ i rement  of producing a "combus-  
tible mixture"  throughout the burnout chamber  with a negative oxygen balance (~ < 1). The react ion be-  
tween an oxidizer  and the products  of incomplete combustion in the ma ins t r eam involves chemical  decom-  
positions: 

N204--~ NO~ -~ Qx, (1) 
I 

]-+NO + O~ + q~, (2) 
I 

]~N~ q- O~ q- Qw (3) 
HNO3-+ H~O -~ NO 2 @ 02 + Q~, (4) 

I 

I-,-NO + 0~+ %_ (5) 
:,: LN,+o +QI 
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Fig. 4. Mixing prof i le  during wa te r  injection into a supersonic  gas  s t r eam:  1) jet nozzles;  
2) outer  edge of sp ray  jet; 3) edge of jet core;  4 )  gas  concentra t ion prof i le  along the jet; 
t e s t  conditions: a) d 1 = 3.12 m m ,  Ma~o = 2.4, T~  = 500~K, Pr = 0.4 bar ,  G] = 0.525 kg / sec ;  
b) d] = 1.5 m m ,  Ma~ = 2.4, T *  = 500~K, P~o = 0.4 bar ,  G] = 0.140 kg / sec ;  distance x (m). 

and the net burnout reac t ions :  
H._, ~ O2 -~ HoO ~ QT, (7) 

CO -i- O~ -~ CO~ --- Q~, (8) 

which de te rmine  the burnout heat  Qbo genera ted  in the t es t s .  Theore t ica l ly ,  many other  chemica l  r e a c -  
t ions may  occur  here ,  but they a re  of no signif icance to our  subsequent ana lys i s .  

If  it is  a s su m ed  that  the amount of H 2 and CO 2 units  enter ing the reac t ion  is  subject  to the condition 
balance during combust ion,  then an ana lys i s  of reac t ions  (1)-(8) will y ie ld  the m a x i m u m  values  of specif ic  
heat  genera t ion during burnout: Qbmo ax ~ 11,500 k J / k g  for  N204 and Q~noax ~ 10,000 k J / k g  for  HNO 3. The 
t e s t  va lues  of heat  generat ion co r r e spond  to the following burnout eff icacies :  ~N204 ~ 0.45 with injection 
s y s t e m  I at Gj = 0.16-0.22, ~N20 , ~ 0.63-0.50 with injection sy s t em II at Gj = 0.05-0.12, and ~HNO 3 ~ 0.35 
with injeetion s y s t e m  I at Gj "-- 0.~. 

The decomposi t ion of N204 into NO and 02 according  to reac t ions  (1) and (2) y ie lds  50% f ree  oxygen. 
A heat  generat ion Qbo ~ 3720 kJ /kg(N2Q)  is  then poss ib le .  

The decomposi t ion of HNO 3 into NO, H20, and 02 according  to r eac t ions  (4) and (5) yie lds  f r ee  oxy-  
gen in an amount equal to 60% of all  oxygen contained in the original  oxidizer ,  and the cor responding  heat  
generat ion is he re  Qbo ~ 4260 kJ/kg(HNO3). 

During these  s tages  of oxidizer  decomposi t ion,  the burnout eff icacy in t e r m s  of heat  genera t ion in 
our t e s t s  was ~N204 = 1.4 with injection s y s t e m I at Gj = 0.16-0.22, ~N204 = 1.96-1.55 with injection s y s t e m  
II at Gj = 0.05-0.12, and ~-INO3 = 0.83 with injection s y s t e m  I at Gj = 0.20. 

Assuming  burnout to be l imi ted  by the oxygen "production" in reac t ions  (2)-(6), and analyzing the e f -  
f icacy of heat  generat ion,  we may  conclude that,  with the opt imum carbure t ion  in our  t e s t s  ( low-rate  in-  
jection through the 12-nozzle sys tem) ,  t h e r e  was not sufficient t ime  in the exper imen ta l  " reac t ion  c h a m -  
ber"  for  a comple te  decomposi t ion of the ox id izers  into NO and a par t ia l  decomposi t ion of NO; in o ther  
words,  in th is  case  the heat  genera t ion  was l imi ted  by the kinet ics  of the s lowest  of all decomposi t ion r e -  
act ions f r o m  NO to N 2 and O 2. 

Under other  conditions in the injection sys t em,  the heat  genera t ion  was even l e s s  eff icacious,  and in 
some c a s e s  did not even r each  a level  which it should have with the oxygen produced during the f i r s t  and 
f a s t e s t  s tages  of oxidizer  decomposi t ion alone. This  l a t t e r  c i r cums tance  was ce r ta in ly  due to an inade-  
quate ea rbure t ion .  

The flow pa t te rn  in a wa t e r  jet injected into a supersonic  gas  s t r e a m  during specia l  t e s t s  is shown 
in Fig. 4. The concentra t ion field he re  was ca lcula ted  f r o m  t e m p e r a t u r e  readings  over  c r o s s  sec t ions  
of the in te rac t ing  s t r e a m  and jet. 

According to the d iagram,  the sp ray  jet of liquid in a supersonic  s t r e a m  cons i s t s  of two dist inct  
zones: the core  with a low gas  concentra t ion  
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and a turbulent mixing zone with the gas concentrat ion varying f rom between 0.45 and 0.50 at the inner edge 
to 1.0 at the outer  edge. 

An analysis  shows that such a jet s t ruc ture  can be retained in a supersonic  s t r eam through quite a 
long distance, when coming f rom injection nozzles  d] = 0.003 m in diameter ,  but is "sucked in" much fas te r  
when coming f rom injection nozzles  dj = 0.0015 mm in diameter .  

The amounts of gas contained in the jet core  are  sufficient for  fast evaporation and decomposition of 
the oxidizer  (T* ~ 800-1500~ but not sufficient for  completing the burnout p rocesses .  This explains the 
different eff icacies  of burnout during injection in our f i rs t  and second test  ser ies .  

At a short  distance f rom the injection zone, the p r o c e s s e s  of evaporation, decomposition, and c o m -  
bustion may initially occur  at high ra tes  in both the jet core  and in the boundary zone of turbulent mixing. 
As a consequence,  the p r e s s u r e  inside the tube r i s e s  fast. Evaporation and decomposition of the oxidizer  
in the jet core  continue at high ra tes ,  as if accelera t ing the s t r eam as a whole. The heat generated by 
burnout p r o c e s s e s  does not have t ime here  (under specific conditions) to compensate even for the heat lost 
on evaporation and decomposition, causing the "dip" noted in the heat generation profile along the tube. 

No explicit data are  available, so far,  which would explain the wide difference between burnout with 
N204 and with HNO 3 injection respect ively .  It has probably to do with the less  effective kinetics of HNO 3 
injection, but could also be due to the different p roper t i es  of these two substances and the consequent dif- 
f e rences  in their  carburet ion.  
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NOTATION 

is the Mach number; 
is the Reynolds number; 
is the pressure; 
is the temperature; 
is the channel length; 
is the tube diameter; 
are the space coordinates in the plane of symmetry of the jet; 
ts the specific heat of burnout; 
is the excess oxidizer ratio; 
[s the concentration of the fuel gas in the spray jet; 
Is the burnout efficacy; 
Ls the mass flow rate (per second); 
ts the relative flow rate; 
ts time; 
ts the mass fraction of a component. 

S u b s c r i p t s  

g r e fe r s  to gas; 
j refers to injected liquid; 

r e fe r s  to nozzle throat  section; 
* r e f e r s  to stagnation values of pa rame te r s .  
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