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A procedure for the experimental-theoretical investigation of the evaporation and combus- 
tion of a liquid injected into a supersonic high-temperature stream is proposed. 

The kinet ics  of phase  and chemica l  t r an s fo rma t ions  at high t e m p e r a t u r e s  and high flow ve loc i t ies  a r e  
of g rea t  concern  in a wide range  of p rac t i ca l  p r o b l e m s .  In viev of the complexi ty  of a di rect  ana lys i s  of 
these  phenomena (according to the t e m p e r a t u r e  of the mixture ,  chemica l  composit ion,  etc.), it appea r s  
m o r e  p romis ing  to de te rmine  the r a t e s  of these  p r o c e s s e s  f r o m  their  final effect, the change in the s ta t ic  
p r e s s u r e  of the s t r e a m  along the channel.  

This  effect  is  v e r y  pronounced and may be eas i ly  and accu ra t e ly  measured ,  espec ia l ly  at supersonic  
ve loc i t i es  of the flux of reac t ing  mix ture .  Thus,  for  example,  the evapora t ion  of 10% ke rosene  in a homo-  
geneous hot mix ture  moving with supersonic  veloci ty  at M = 2.5 p roduces  a p r e s s u r e  drop of approx imate ly  
15% below the level  in the absence  of e v a p o r a t i o n  For the flow of such a mix tu re  with complete  combus -  
tion of the fuel, the p r e s s u r e  in a cyl indrical  channel should i nc rea se  by approx imate ly  100%. 

Obviously, the change in stat ic p r e s s u r e  in a channel is the r e su l t  of many fac to r s  act ing s imul tan-  
eously on the flow: f r ic t ion  along the channel wall, heat t r a n s f e r  to the wall, mechanica l  act ion of the in-  
jec ted  liquid and i ts  infusion, evaporat ion,  decomposi t ion,  combust ion.  The p r o b l e m  is that in o rder  to 
inves t igate  the r a t e  of any pa r t i cu la r  component p r o c e s s  ( e .g . ,  combustion),  it is n e c e s s a r y  f i r s t  to de-  
t e rmine  the r a t e s  of all the o thers .  In this case  the r a t e  of the p r o c e s s  under cons idera t ion  can be de-  
t e rmined  f r o m  the condition that its effect  on the p r e s s u r e  change, in combinat ion with the a l r eady  known 
(or determined)  effects ,  must  yield the m e a s u r e d  value of this change. The p r o b l e m  thus r educes  to 
matching the r a t e  of that given p r o c e s s  within a given channel segment  so as  to reconc i l e  the calcula ted 
and the tes ted  change in p r e s s u r e  (considering all effects) .  Let us see how this can be accompl i shed  in 
p r a c t i c e .  

The change in s ta t ic  p r e s s u r e  in a one-d imens iona l  s t r e a m  along an e l e m e n t a r y  segment  dl of the 
channel is e x p r e s s e d  by the re la t ion  [1]: 

k M 2 ( l +  k - - 1  M2 ) 
dP_P__ = kM___~ ~ d F 2 dT* kM2[1 + ( k - - l ) M  ~1 (~_~_ + 2  dx 2b' dm ') 
P I - -  M ~ F 1 - -  M ~ T* 2 ( 1 - -  M ~) kPFM ~ m 

2kM2(1 + k------~l M~) 
_ 2 d m + k M ~ .  d ~ .  (1)  

] - -  M 2 m 1 - -  M S bt 

The i nc r emen t s  of va r i ab l e s  in Eq. (1) during phase  and chemica l  t r ans fo rma t ions ,  dT*/T*, ~d//D, 
d.~/k.PF M 2, d F / F ,  and d/~/#, a r e  cons idered  in turn .  

dT*/T* is  the change in stagnation t e m p e r a t u r e  of the s t r e a m .  The total  enthalpy of the gas  + liquid 
mixture ,  without accounting for the latent  heats  of phase  and chemica l  t r ans fo rmat ion ,  can be wr i t ten  as  
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I - mgcpT* q- mlcpiT i -}- m i ---W2~. 

A change in this  quantity dI over  the length of a channel segment  is  de te rmined  by the heat t r a n s f e r  to the 
channel wall dQcool, the heat of evaporat ion of some liquid dQevap , and the heat of the chemica l  reac t ion  

dQehem: 

dI =- - -  dQ c~ol - -  dQevap-~ dQchem 

o r  

f rom which 

dT* dQch~,~-- dQr dQ r - -  T*d (mCp) - -  d (micp]T j ~- mj 2 / 

T* mgc~,T* 
(2) 

In this  specif ic  case  the heat diss ipat ion into the surrounding space  can be reduced  to an amount 
which is  negligibly smal l  in compar i son  with the t he rma l  effect of phase  and chemical  t r ans fo rma t ions  
[2] so that the p r o c e s s  occur r ing  inside the tube may  be cons idered  t he rma l ly  insulated: dQcool = 0, 

dQ~,,,p= L apdm, dQchr .= Qchem(C~, T) drn c~m, (3) 

where  Qchem( v~, T) is  the t he rm a l  effect of the chemical  reac t ion  p e r  unit weight of the reac t ing  substance 
at given va lues  of excess  oxidizer c~ and mix ture  t e m p e r a t u r e  T.  

}d/ /D is  the f r ic t ion  through dis tance d l .  This  p a r a m e t e r  can be de te rmined  by a blow tes t  in an 
empty  exper imenta l  channel, or  can be calculated by known fo rmulas .  

dL/kPFM 2 is the drag  of the injected liquid pa r t i c l e s  (droplets) suspended in the s t r e a m  within a given 
segment  of the channel 

dx = ~ dxij, (4) 
1 1 

where n is  the number  of ca tegor ies  in the s ize spec t rum of drople ts  (depending on the des i red  precis ion)  
and m is  the number  of drople ts  in one i - th  ca tegory .  

The drag  of a single evaporat ing droplet  can be de te rmined  according  to the formula:  

dxd = Cd(Re) • (We) Fdgg IVddWd 
2 ' (5) 

where  Cd(Re ) is the drag  coefficient for a spher ica l  droplet  and r is a co r rec t ion  factor  to account 
for the deformat ion  of the droplet  in the s t r e a m .  

The initial d i spers ion  s pec t rum  of the injected liquid as  well as  Cd(Re ) and r can be calculated 
by the conventional method in [3]. 

In order  to calculate  the drag of drople ts  in the s t r eam,  it is  n e c e s s a r y  to know the change in thei r  
d imensions  through eve ry  segment  along the ent i re  channel. For this purpose ,  the change in the droplet  
d i ame te r  of eve ry  ca tegory  must  be re la ted  to the total  quantity of evaporat ing liquid. The des i r ed  r e l a -  
tion can be es tab l i shed  as  follows: 

According to [3], the evaporat ion ra t e  for  a single pa r t i c l e  is 

dm 1- -C~ [1 ~- 0 .255T1:~] ,  (6) 
dr = - -  2nddPmix:Dv In 1 - -  C------~ 

where  q~ = f(C 0, Coo, Nu). Equation (6) is r e p r e s e n t e d  in a f o r m  m o r e  convenient for  numer ica l  compu-  
tations: 

Am = {"-- 2~XddPmix'D-ZVwd In I1--C~_ Co [I q: 0.255q~ V-~]} h/. (7) 
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Fig. 1. Schemat ic  d i a g r a m  of the tes t  appara tus :  1) oxygen; 2) air ;  
3) s ta r t ing  fuel; 4) spark  plug; 5) fuel; 6) nozzle; 7) sp raye r ;  8) 
cyl indr ica l  tube; 9) to the m a n o m e t e r s .  

Assuming  Pmix, Dr,  C 0% C0, and go to be constant for  all  droplets ,  we find the ra t io  A m i / A m  with 
Ami denoting the quantity of evaporat ing liquid among m drople ts  of d iamete r  ddi in the i - th  ca tegory  and 
Am denoting the total  quantity of evapora t ing  liquid, calculated for segment  dl  of the channel, 

( Sm~ t = ' (8) 

Wdl 

F r o m  here ,  the actual  quantity of evapora t ing  liquid in the i - th  ca tegory  of drople ts  m becomes  

hm~ = [ Am~ ~ Am (9) 
Am 

and the r e l a t i ve  change in d i ame te r  of the i - th  ca tegory  within segment  dl  

Ad d = __1. Am~ (10) 
d d 3 rn~ 

d F / F  the inc rement  of c r o s s - s e c t i o n  a r e a  in the channel. 

dt~/# is the re la t ive  inc rement  of molecu la r  weight, a p a r a m e t e r  which is de te rmined  uniquely by the 
r a t e s  of phase  and chemical  t r ans fo rma t ions ,  i . e . ,  

d~ = f  (dme,~p ; m  dm~m; T) " m  (11) 

Based  on all this,  the method of de termining  the r a t e s  of phase  and chemica l  t r an s fo rma t ions  in the 
s t r e a m  was implemented  as  follows. 

The expe r imen t s  were  p e r f o r m e d  on an appara tus  suitabie for operat ing with cold a i r  (mode A), with 
a hot chemica l ly  iner t  gas  compr i s ing  the products  of ke rosene  combust ion in a i r  at a = 1 (mode B), and 
with a hot chemica l ly  ac t ive  gas  compr i s ing  the products  of ke rosene  combust ion in gaseous  oxygen at 
= 1.2-1.4 (mode C). The gas  was a c c e l e r a t e d  to supersonic  veloci ty  through a Laval  nozzle sect ion t e r m -  
inating into a cyl indr ica l  tube (Fig. 1). Near the ent rance ,  a set  of sp r ay  needles  for injecting the liquid 
was ins ta l led in the tube so that the liquid could be in fuseduni formly  a c r o s s  the tube.  The tube was drained 
throughout i ts  ent i re  length for measu r ing  the stat ic  p r e s s u r e  of the s t r e a m .  

The actual  exper iment  was p e r f o r m e d  in the following sequence: 

1. The flow in the tube was studied in all  modes  of operat ion without sp r ay  needles  and liquid in-  
jection, in o rder  to e s t ab l i sh  accu ra t e ly  the values  of the f r ic t ion coefficient for  the given tube. 

2. The effect  of sp ray  needles  obstruct ing the flow (without liquid injection) was es tab l i shed  by a 
blow tes t .  An evaluation of this  effect  wasbased  on the magnitude of the p r e s s u r e  r e c o v e r y  coef -  
f icient .  

3. On the p r e m i s e  that the m e a s u r e d  and the calculated p r e s s u r e  change in the tube due to the in-  
fusion of injected liquid must  be made to agree ,  the d i spers ion  c h a r a c t e r i s t i c s  of the inject ion 
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Fig. 2. P r e s s u r e  dis t r ibut ion A P / P  0 (1) (test values:  with 
inject ion (a), blow without injection(b)) and calculated d is -  
t r ibut ion of evapora ted  liquid m a s s  Gevap = Gevap/G_j (2) 
with water  injection throughout the appara tus  length t (cm). 

= 0.38, M 0 = 2.48, T~ = 1600~ P0 = 0.4 bar ,  operat ing 
mode B. 

s y s t e m o f  sp ray  needles  in the path of a supersonic  s t r e a m  were  de te rmined  by a blow tes t  in 
mode A. The empi r i ca l  constants  in the fo rmulas  for  calculat ing the d ispers ion  spec t rum and the 
ba l l i s t ics  of droplet  motion in the given appara tus  were  de te rmined  at the same  t ime .  

4. After  complet ion of s teps  1-3, it is  poss ib le  to calculate  the effect of friction, the acce le ra t ion  
of evapora t ing  droplets ,  and the p r e sence  of sp ray  needles on the gas s t r e a m  and, thus, only the 
effects  of evaporat ion r e m a i n  unknown. The evaporat ion ra t e  is  de te rmined  uni/luely by ad jus t -  
ing the value of A m e v a p / m  for segment  dl  till  the calculated p r e s s u r e  change (AP/P)ca lc  and the 
tes ted  p r e s s u r e  change (AP/P)exp ag ree  comple te ly .  

5. Steps 1-4 a re  p r e l i m i n a r y  for determining the combust ion ra t e  (complete combustion).  The eva -  
pora t ion  r a t e  must  have been de te rmined  here  e i ther  exper imenta l ly  (steps 1-4) under conditions 
approaching those of the combust ion p roce s s ,  or by calculat ions based  on exist ing methods and 
c o r r e c t e d  to account for the tes t  conditions according  to p rocedure  1-4. In the la t te r  case  the 
r a t e  of fuel combust ion r e m a i n s  the only unknown quantity, to be de te rmined  analogously to the 
evaporat ion ra te  in step 4. 

In accordance  with the sequence just descr ibed,  we have developed a computer  technique of p r o c e s s -  
ing the data of each s tep.  F r o m  the initial va lues  for the s t r e a m  and the injected liquid and f rom the tes t  
r e su l t s  (p ressu re  dis tr ibut ion in the tube), the computer  yields the end values  for  each stage: the evapo-  
ra t ion  and the combust ion r a t e s  along the channel.  With data on the flow veloci ty  along eve ry  tube s eg -  
ment  a l r eady  given, these r e su l t s  can eas i ly  be conver ted  into r e spec t ive  p r o c e s s  r a t e s  as  functions of 
t ime .  

To i l lus t ra te  the applicabi l i ty  of this method, we show here  actual  tes t  r e su l t s :  evapora t ion  r a t e s  in 
a supersonic  h igh - t empera tu re  water  jet (approximate ly  a 1 : 3 mixture  rat io)  in Fig .2  and combust ion r a t e s  
for  injected ke rosene  in F ig .3 .  The water  evapora t ion  ra~es and the ke rosene  combust ion r a t e s  shown on 
these  d i ag rams  have been obtained by reca lcu la t ion  in accordance  with the p r e s s u r e - c h a n g e  technique des -  
cr ibed ea r l i e r .  P r e s s u r e  m e a s u r e m e n t s  with and without attendant evapora t ion  and combust ion a r e  a lso  
indicated on these  d i a g r a m s .  

On the bas i s  of this example,  with the r e su l t s  shown here ,  it is  poss ib le  to evaluate - at l eas t  ap -  
p r o x i m a t e l y -  the accu racy  of de termining the r a t e s  of phase  and chemical  t r an s fo rma t ions  by this method. 

The accu racy  of such a de terminat ion  depends on the ma themat i ca l  e r r o r s  in convert ing p r e s s u r e s  
along the tube to p r o c e s s  r a t e s ,  on the e r r o r s  in measu r ing  p r e s s u r e  changes,  and on e r r o r s  due to v a r i -  
ous effects  that have not been taken into account (wave effects  during liquid injection and nonuniformit ies  of 
flow p a r a m e t e r s  in the tube) on the p r e s s u r e  changes.  

In the p r o c e s s  of computer  operat ions,  these e r r o r s  can be reduced  to any des i rab le  level .  The 
e r r o r  in plotting a p r e s s u r e - c h a n g e  prof i le  a long the tube ~meas  can be reduced by modern  techniques to '~AP 
• 0.3-0.5%. Special n u m e r i c a l - t h e o r e t i c a l  and exper imenta l  studies have shown that, as  a resu l t  of shock 
waves  genera ted  during liquid injection and of flow nonuniformit ies  in the tube, the p r e s s u r e  curve  may  
contain poss ib le  e r r o r s  5 ~  ss of up to -~2-5% re la t ive  to the rea l  effects  of phase  and chemical  t r a n s f o r m a -  
t ions.  
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Fig.3.  Change in flow parameters :  M(1), Tg /Tg  0 
(2), A P / P  0 (3) (test values: with injection (a), 
blow without injection (b)) and relat ive quantity 
of re leased  heat Qchem/I0 (4) during kerosene in- 
jection. G = 0 . 1 ,  M 0=2.5 ,  T* =1850~K, P 0 = 0 . 4  
bar, operating mode B. 

Considering that fr ict ion plays a small  role in the total p ressure  change during intensive phase and, 
especially,  chemical  t ransformat ions  and that the injected liquid is accelerated,  as a rule, over a short 
segment of the tube, these e r ro r s  may be disregarded in an analysis  of evaporation and combustion. Then, 
the relat ive e r ro r  in the evaporation rate  

- e v a p - -  

\ mj / 
Am evap 

mj 

ev ap  

hm~..]mi 

is determined according to the formula 

~ , , p :  :t: [(1--M S)SaP] / [ k P M  z {g[1 + (k- -1)M s] - - ( 1  § 

• cp T~L~'p 2 ( t  k - - i  M ~ ) } 2  hm~V.,mj m:]~n_ ' 

based on Eq. (1), 

k - -  1 M2) 2 

where SAp is the total absolute e r ro r  of p ressure  measurements :  

Insert ing here the pa ramete r  values which correspond to our test  conditions, we obtain 

~ , , p ~  _+ 3 - -  7.5%. 

When combustion is intensive, the evaporation of the burning liquid plays a less  significant role in 
the total p ressure  change a n d -  to the f i rs t  approx ima t ion -  i ts  e r ro r  may also be neglected. Then, by 
analogy, the relat ive e r ro r  in the combustion ra te  

6( Amc~m} 
\ m j  ] -- 5 t h e m  

<b~-= Amr m/m s Amchem/m j 

is determined according to the formula 

kPM ~ ( 1 -t- 
\ 

( 1 -- M ~) 6~p 
k --  1 M2 ~ Qhe~cz, T) Am~hem mj 

2 } %T* mj m 

and for our par t icular  test  condition it is 

5them "= ! 1.0 -- 2.5%. 

A more precise  analysis  with a considerat ion of all accompanying processes  will yield an e r ro r  of 
up to "-8% in the evaporation ra te  and "-3-4% in the combustion rate,  which should be ent irely adequate for 
the solution of engineering problems.  
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i s the  Mach number;  
is the Reynolds number;  
[ s the  Nusselt  number;  
L[sthe Weber number;  
is  the p r e s s u r e  
is  the t empera tu re ;  
is the area ;  
is the length; 
is  the tube d iameter ;  
is the mass ;  
is  an adiabat ic  exponent; 
is  the molecu la r  weight; 
is the velocity;  
is the specif ic  heat at constant p r e s s u r e ;  
is the quantity of heat; 
is  the enthalpy; 
i s  the heat of evaporation;  
is  the a i r  excess ;  
is the coefficient  of friction; 
is the densi ty  
is the coefficient  of sur face  friction; 
is the diffusivity; 
is  the vapor  concentration; 
i s  the flow ra te  (per second); 
is  the t ime;  
is  the d i ame te r .  

N O T A T I O N  

S u b s c r i p t s  

calc  denotes 
exp denotes 
chem denotes 
evap denotes 
cool denotes 
mix denotes 
d denotes 
v denotes 
g denotes 
j denotes 
0 denotes 
* denotes 
0, oo denotes 

calculated values; 
experimental values; 
chemical reaction; 
evaporation; 
cooling; 
the mixture; 
droplet;  
vapor;  
gas; 
p a r a m e t e r s  of the injected liquid; 
ze ro  c ro s s  section; 
stagnation p a r a m e t e r s ;  
vapor  p a r a m e t e r s ,  on the sur face  of the evaporat ing drop and in the s t r eam,  r e spec t ive ly .  

L I T E R A T U R E  C I T E D  

1. A . I .  Borisenko,  Gas Dynamics  of Engines [in Russian] ,  Oborongiz (1962). 
2. A .M.  Rusak,  Trudy  UAI, Ufa (1970), No.17.  
3. B .V.  Rauschenbach et a l . ,  Phys ica l  P r inc ip le s  of the Working P r o c e s s  in Combustion Chambers  of 

In te rna l -Combus t ion  Engines [Russian t ranslat ion] ,  Mashinost roenie  (1964). 

1374 


