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A REVIEW OF VAPORIZATION MODELS AS DESIGN CRITERION  

FOR BIPROPELLANT THRUST CHAMBERS 
 

In the beginning of liquid propellant rocket engine development, the thrust chamber sizes were obtained, main-

ly, empirically. With the technological advancements over the years, several approaches have been developed 

in order to optimize its sizes and predict more accurately the performance. Besides the clear contribution in 

predicting efficiencies, the use of accurate vaporization models to optimize combustion chambers decreases 

losses and the number of required tests. To increase efficiencies, the chamber must be optimized. In case the 

chamber is too small, incomplete combustion is achieved and combustion instability may occur. In case the 

chamber is too large, losses due to weight and heat transfer increase and the vehicle becomes larger (leading 
to more drag losses). Additionally, the number of tests is reduced since models were experimentally validated 

and less experimental iterations are required in order to obtain the optimized design. Although there are many 

models, all of them reach similar conclusions, such as an increase in chamber pressure, a decrease in injected 

droplet size and velocity, and others, lead to a decrease in the required chamber size. Nowadays, with the ad-

vancements in computing budget, more complex and accurate models have be developed. Some of these models 

account for chemical reactions, turbulence effects, droplet collisions and interactions, two- and three-

dimensional modeling, and others. Also, the use of CFD codes provides relevant contributions to the analytical 

and numerical models, especially in validating them, and, additionally, decreases the amount of required ex-

perimental tests. The main propulsive parameter that rules this phenomenon is the characteristic length, which 

accounts the required chamber size for the propellants to be injected, atomized, vaporized, mixed and com-

busted. Most of the available models neglect the atomization, mixing and combustion of the propellant, since 
those phenomena occur much faster compared with the vaporization. This work provides a review of those va-

porization models, focusing on the main used models worldwide. Such review is of great importance in order 

to supply enough information and comparison between models, making possible for the researcher/engineer to 

choose the model that better fit its necessities, requirements and limitations. 
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Introduction 
 

Droplet vaporization models have been widely 

used to design the injectors and combustion chambers of 

Liquid Propellant Rocket Engines (LPRE). All of these 

models are related with the characteristic length (L*), 

which defines the required space for complete propel-

lant injection, atomization, vaporization, mixing and 

combustion. The L* is mathematically defined below: 

 * c s

t t

V mVt
L ,

A A
   (1) 

where Vc is the chamber volume, At is the throat area, V 

is the average specific volume in the chamber, and ts is 

the residence time or stay time. Many references present 

tabulated data of L*, such as [1, 2]. However, using tab-

ulated data isn’t the ideal, since it is presented only in 

function of the propellant mixture. 

From the phenomena taking place inside the com-

bustion chamber, the one that takes more time to finish 

is the vaporization itself. The injection is simply the act 

of injecting the propellants through the injectors. The 

atomization in rocket engines, in general, happens al-

most instantaneously after the injection, due to the 

commonly obtained Reynolds, Weber and Ohnesorge 

numbers [3-6]. Mixing is also achieved very fast, since 

droplets are oftenly colliding. And, combustion and 

chemical reactions are commonly neglected in vaporiza-

tion models assuming it occurs in an infinitesimal time 

step [7-12]. With these statements, it is quite accurate to 

calculate the chamber size with vaporization models. 

Definitely the vaporization rate is highly impacted 

by the thermophysical properties of droplet, however 

there are many of other parameters that are even more 

relevant. The injector design is one of the main factors 

that impacts on how fast the droplet will vaporize, since 

it defines directly the injected droplet size and velocity. 

The faster and the larger is the droplet, the longer the 

chamber must be. In addition, the properties of the 

combustion products gas and the chamber design plays 

an important role in such type of analysis, as it will be 

discussed in this work. 

 Maurício Sá Gontijo, 2022 
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One of the most used approaches to calculate, the-

oretically, the droplet size is through the SMD (Sauter 

Mean Diameter), also known as D32 or the MMD (Mass 

Mean Diameter), also known as D0.5. These are, in gen-

eral, empirically derived statistical equations in a wide 

range of experiments. The recommended is to obtain 

these equations for each propellant, since most of the 

presented equations in literature were obtained for other 

fluids [5]. There are other ways of calculating the drop-

let size, but SMD and MMD are the most used. 

The injection velocity is easily obtained, for in-

compressible fluids, through the following equation: 

 i
2 P

v ,





 (2) 

where P is the pressure drop across the injector and  

is the propellant density. The pressure drop can be de-

fined as 30% of the chamber pressure, if throttling, or 

20%, if not throttling [2]. [1] recommends 20%. Other 

approach is using the following relation from [13] in 

function of the chamber pressure Pc (in Pa for these rela-

tions): 

 
c

c

80 10P ; if liquid propellant
P ,

20 10P ; if gaseous propellant


  



 (3) 

The Fig. 1 shows how the injection velocity and 

the pressure drop varies with chamber pressure for liq-

uid propellants assuming 1400 kg m³  . 

 

 
 

Fig. 1. Variation of P and vi  

with Pc with constant  

 

Also, the nozzle contraction ratio plays a relevant 

role since it impacts directly on the final gas velocity 

inside the combustion chamber. The final gas velocity is 

calculated through the Area-Mach relation with  

Mach = 1 in the throat [14-16], shown below: 
 

 

c

c

1

12c c
c

t c c

A 11 2
1 M ,

A M 1 2

 

    
   

    
 (4) 

where Ac and At are the chamber and throat areas, re-

spectively, and Mc and c are the Mach number and the 

specific heat ratio at the nozzle inlet, respectively. The 

Mc is obtained through equation (4) and the velocity at 

the nozzle inlet is calculated below: 

 c c c c c cv M a M RT ,    (5) 

where ac is the sound speed at the end of the combustion 

chamber/nozzle inlet, Tc is the adiabatic flame tempera-

ture inside chamber and R is the gas constant. 
The faster is the gas at the nozzle inlet, the larger is 

the chamber. By analyzing the equation (4), it is possi-

ble to determine that the lower is the contraction ratio, 

the higher is vc. Then, in terms of L*, the contraction 

ratio must be the highest possible. However, high con-

traction ratios are not commonly used since it may lead 

to boundary layer instabilities upstream the throat, high-

er heat transfer, manufacturing complications, diameter 

limitations and others. In general, the contraction ratio 

lays between 1.5 and 3 [17, 18]. 

The chamber size must be optimized in order to 

achieve the highest performance, since the L* affects 

directly the characteristic velocity C* [1,7,10-12,17,19]. 

This is due to the fact that if the chamber is too short, 

incomplete combustion is achieved inside the combus-

tion chamber and may lead to combustion instabilities 

[20]. In the other hand, if the chamber is too large, loss-

es due to heat transfer and increase in weight and costs 

become impeditive [1,19]. The relation between ts, L* 

and C* is the following:  

 * s c

*
c

t P
C .

L



 (6) 

Therefore, this type of analysis is of substantial 

relevance in designing a LPRE thrust chamber.  

Early developments 

One of the first models was published by Priem  

[7, 21-24]. In those works, it was presented a system of 

equations describing the vaporization model. This sys-

tem of equations was developed by the statement that 

the vaporization on a droplet is mainly ruled by mass 

and energy conservation laws and by the interaction 

between the liquid of the droplet with the vapor film and 

the vapor film with the gas atmosphere [7,10-12,21-25]. 

In addition, the following assumptions were made: 

1) One-dimensional model  

2) No combustion and chemical reactions; 

3) No breakup process; 
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4) Spherical droplets; 

5) Constant thermophysical properties of the gas; 

6) One-dimensional model; 

7) No droplets interactions; 

8) Only convective heat transfer; 

9) All droplets are injected with same size, veloci-

ty and temperature; 

10) Transient model under steady state engine op-

eration. 

According to the above assumptions, the equations 

of mass transfer, heat transfer, droplet heating rate, 

droplet acceleration and gas velocity could be derived as 

shown below, respectively: 

d d
dm

A K P ;
dt

   (7) 

 d c dq hA T T Z;   (8) 

d

p,L

dm
q

dT dt ;
dt mc

 

  (9) 

2d rel

d L

3Sv vgdv
;

dt 8r 


  (10) 

 
 

 
f

g c c
f

m x
v x a M 1 ,

m m 0

 
    

 (11) 

where m is the droplet mass, Ad, Pd, Td and rd are the 

droplet surface area, partial pressure, temperature and 

radius, respectively, K is the mass transfer coefficient,  

is the correction factor for unidirectional mass transfer, 

h is the heat transfer coefficient, Tc is the adiabatic 

flame temperature inside chamber, Z is a term for the 

account of the sensible heat taken up by the diffusing 

vapor,  is the droplet latent heat of vaporization at 

temperature Td, cp,L and L are the droplet in liquid 

phase specific heat at constant pressure and density, 

respectively, vd is the droplet velocity, vrel is the relative 

velocity, vg is the vapor-gas mixture density, vg is the 

gas velocity and fm  is the mass flow rate of vaporiza-

tion of the fuel. Is valid to remember that when the 

droplet vaporizes there is: vg(x=Lc) = vg(m=0) = vc. The 

image below represents better how each of the equations 

(7) - (11) acts on the droplet inside the chamber control 

volume (CV). 

The mass transfer coefficient is calculated through: 

 3
vv

d u d u

2 0.6 Sc Re M DShM D
K ,

2r R T d R T


   (12) 

where Sh is the Shearwood number, obtained through 

Ranz Marshall relation [26], Mv is the molecular weight 

of vaporizing species, D is the mass diffusivity, rd is the 

droplet radius, Ru is the universal gas constant and T  is 

the average temperature   c dT T T 2  , dd is the 

droplet diameter, Sc is the Schmidt number and Re is 

the Reynolds number, both are calculated below: 

vc
Re ,





 (13) 

 

 
 

Fig. 2. Scheme of Priem’s model of governing equations acting  

on the droplet inside a gaseous atmosphere 
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Sc ,
D





 (14) 

where c is the characteristic dimension, v is the velocity 

and  is the dynamic viscosity. The correction factor  

is obtained through: 

c c

d c d

P P
ln .

P P P

 
   

 
 (15) 

The parameter Z is defined below: 

 z

z
Z ,

e 1



                        

(16) 

where z is calculated by: 

 

p f

m d d f

dm
c t

dtz ,
4k r r t




 (17) 

where tf is the gas film thickness and km is the mean val-

ue of thermal conductivity, defined as: 

d c d c
m d g

P P P P
k 1 k k ,

2 2

 
   
 

 (18) 

where kd and kg are the thermal conductivity of the drop-

let and the gas, respectively. The heat transfer coeffi-

cient h is calculated through: 

 3
mm

d d

k 2 0.6 Pr Rek Nu
h ,

d d


   (19) 

where Nu is the Nusselt number, obtained through Ranz 

Marshall relation [26], and Pr is the Prandtl number, 

which is calculated below: 

pc
Pr ,

k


  (20) 

where k is the thermal conductivity. 

The drag coefficient from the drag law for a spher-

ical object [27] is defined as: 

0.84S 27Re .                     (21) 

The equation above was derived for a range of Re 

from 6 to 400, but [24] successfully tested it for propel-

lant droplets for ranges up to 2000. Other relations for S 

exist and some are presented by [28,29]. Finally, the 

vapor-gas mixture density is obtained through: 

c
vg

u

P M
,

R T
   (22) 

where M  is the average molecular weight between va-

porizing droplet and gas and is calculated through: 

d c d c
d g

P P P P
M 1 M M ,

2 2

 
   
 

 (23) 

where Md and Mg are the molecular weight of the drop-

let and gas, respectively. In [4] also discussed this one-

dimensional vaporization-controlled combustion model 

and [30] presented a similar model to Priem’s model. In 

[7,23] it is also presented the effective length, which is a 

correction factor to be added on Priem’s model. 

At the same decade as Priem, Spalding also devel-

oped an interesting model. In Spalding’s model, it was 

used a dimensionless approach where a system of equa-

tions was solved in order to obtain a simple analytical 

equation to calculate the L*. The same assumptions val-

id for Priem’s model is valid for Spalding’s with the 

addition that a binary diffusion with Lewis number 

equal to 1 is assumed [8,31,32]. The dimensionless sys-

tem of equations is composed by the change in droplet 

radius, droplet velocity, distance traveled, vaporization 

rate, drag law, gas velocity and chemical load, which is 

shown below, respectively: 

r d 0r r  ; (24) 

r gv G   ; (25) 

r 0 g 0R x Gr   ; (26) 

r r r,0R R  ; (27) 

r g 0 0 LS 9 2R r   ; (28) 

r g m    ; (29) 

r 0 p,g c v r g m 0L R [c (T T ) q ] q r    , (30) 

where r0 is the initial droplet radius, Rr is defined at 

equation (32) and Rr,0=Rr with droplet in entry state and 

gas in equilibrium, m  is the propellant mass flow rate, 

the subscript 0 relates to initial, L to liquid and g to 

gas, mq  is the maximum value of the volumetric energy 

release rate and G is the propellant mass flux calculated 

below. Since no combustion and no chemical reactions 

is assumed, the chemical load Lr is taken to be 0. 

c

m
G

A
 ; (31) 

   p,g L

d

k c ln 1 B
R

r

 
 , (32) 

where B is the Spalding number or transfer number, 

defined as (for Le=1, which means: T MB B , where 

TB  is the thermal energy transfer number equal to the 

equation defined below and MB is the mass transfer 

number  M fs fsB Y 1 Y  , where fsY  is the fuel mass 

fraction at the droplet surface[32-34]):  
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c s
p,g

b

T T
B c

Q


 , (33) 

where Ts is the surface temperature of the droplet 

(Ts =Td) and Qb is the heat of vaporization. Fig.3 shows 

a representation of the governing dimensionless equa-

tions. 

Solving the governing equations and with their re-

spective, not presented here but well derived at [8,35], 

the following relations are obtained: 

3
r r1   ; (34) 

r

3
S0 r r

r r
r r

3 S
1 ;

S 3 S 3

    
            

 (35) 

   
 

r
Sr 20 Sr 2 r r

r r
r

r

3
1 S 1S 3 1

S 2 2 5 3

 
  

   
 

. (36) 

Here, now, by solving equations (28) and (32), the 

Sr is taken to be: 

 
r

9Pr 9Pr
S

2ln 1 B 2B
 


 (37) 

where 0  is the ratio of the injected velocity by the fi-

nal gas velocity, 0 i cv v  . Some graphical solutions 

of the above equations are shown in Fig. 4, for a fixed 

value of Sr=0.5 and three values of 0  equal to 0.2, 0.5 

and 1, respectively. 

 

 
 

Fig. 4. Variation of r r,   and r  for Sr=0.5  

and 0  equal to 0.2, 0.5 and 1, respectively 

 

For the case where the boundary conditions 

achieved at the nozzle inlet (Fig. 3) is applied, the min-

imum dimensionless length is reached and calculated 

through: 

* 0 r i c r

r r

0.3S v v 0.3S

2 S 2 S

  
  

 
. (38) 

Finally, the characteristic length equation is presented 

below: 

 
 

Fig. 3. Scheme of Spalding’s model of governing equations acting  

on the droplet inside a gaseous atmosphere 
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 

 

c

c

1
2 2 1

p,c L c c* * 2 c
0

c cc c c

c RT12 G
L r

1 1 k ln 1 BRT

 

           
          

. (39) 

 

The Fig. 5 shows how *  varies with Sr for some 

values of 0 . 

 

 
 

Fig. 5. Variation of * with Sr for some values of 0  

 

This theory was also used in gas generators [36]. 

An analysis made at [9] shows that the injector design 

has more than 58 % of impact in the L* for a specific 

engine, which is another way to prove that using tabu-

lated data is not even close to ideal. A contribution to 

the Spalding’s model made by [9,37,38] was the intro-

duction of the characteristic equivalence ratio, *, which 

is defined as the equivalence ratio required to reach the 

minimum characteristic length for a given chamber 

pressure. The * is mathematically defined as: 

   * *

* f o

f ost stL L

m mF O

F O m m
 

  
    

   
   

. (40) 

Also, some studies were made in order to include 

convective effects on [8,9]. Also, Adler [39] made some 

contributions by adding the chemical reaction rate influ-

ence. To account for this addition, a relation is defined 

for the fractional decrease in the droplet radius below: 

0 d d
r

d 0

r r r
1 1

r r


      . (41) 

In addition, dimensionless differential equations of 

the droplet velocity must be used and is calculated by 

the following equation: 

 
 r 2r

r

d S
3 3

d 1

       
    

, (42) 

where  is the dimensionless temperature or reacted ness 

and the dimensionless differential equation of  is: 

 

 
 r2

r

1d
3 1

d L3 3

   
     

      
, (43) 

where  is the dimensionless reaction rate function, 

which is defined by: 

     
n

n1
n 1 1 1

n

 
        

 
, (44) 

where n is an integer that modifies the form of the reac-

tion rate. Now, the chemical loading is taken to be: 

 0 0
r 2

0

L
3

  



. (45) 

The equation above was derived assuming that 

 

d
0

d 1





, since for the majority size of the droplet 

this is a reasonable approximation [39]. The value of L 

lays between 0 and a critical value Lc, which is obtained 

by combining equations (44) and (45) and is calculated 

through: 

n n 2
0

c
n 1 1 1

L 1 1
3 n 1 n n 1


     

      
     

. (46) 

The c 0L   ratio informs that whether combustion 

is possible or not. If 0 c 0L L    the combustion is 

possible and chemical reactions must be considered. 

Finally, *  is now calculated with the following equa-

tion: 

1* r
r r0
d


   

 . (47) 

The boundary conditions to solve equation (47) are 

r 0  , r 0  , v = vg and 1 1    . To solve equa-

tions (42) and (43), a fourth order Runge-Kutta numeri-

cal method is used. However, the first step of the nu-

merical solution needs to be calculated analytically 

with: 

1 0
0

d
h

d

 
     

 
; (48) 
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1 0
0

d
h

d

 
     

 
, (49) 

where h is an integration step size and it is defined 

as h 1  . Also, equation (49) can be rewritten as: 

  

  
0 0

1 0
0

s 1
h

n 2 1 1

    
     

     

. (50) 

The boundary conditions to solve equations (48) 

and (49) are 0  , r r   , and 0   . 

The Fig. 6 shows how  varies with  for some 

values of n and Fig. 7 shows the regions of possible 

combustion and impossible combustion based on 

c 0L  . 

Finally, an example of a graph of * was presented 

in [37] for three propellant mixtures. In addition, loga-

rithmic fittings were made, this get to be a very helpful 

tool on preliminary designs of LPRE thrust chambers. 

The Fig. 8 shows this graph and the logarithmic fitting 

are shown in [37]. In addition, since now combustion is 

taking place, another form of the B may be used [32]. 

Thus, the transfer number becomes: 

Q

TT
c

r

m

Q

H
B

b

sc
gp,

go

b

2


 , (51) 

where H is the calorific value of fuel, 
2o gm  is the 

weight concentration of oxygen and r is the weight of 

oxygen required for combustion of unit weight fuel. 

More interesting discussion of the Spalding’s model is 

presented in [40]. Various typical transfer numbers are 

compiled in [41]. 

 

 
 

Fig. 6. Variation of  with   

for some values of n 

 

 

 
 

Fig. 7. Regions of possible combustion  

and impossible combustion based on c 0L   

 

 
 

Fig. 8. Variation of * with chamber pressure 

Considerations to combustion instability 

As previously stated, the droplets vaporization is 

related to some types of combustion instabilities. The 

most related type is the feed system coupled instability, 

or the L* instability [20]. Starting from the continuity 

inside the thrust chamber, the ideal gas law and Ber-

noulli’s equation, the following expression is obtained: 

 

 

c
d i i c

c

1 2
,

cc
d i i c

c i c

RT
C A 2 P P

V

RT P
C A 2 P P 1

V P P

  

 
 

   
  
 

, (52) 

where Cd is the discharge coefficient, Ai is the injection 

area, t is the time, tc is the combustion delay time, cP  is 

the average chamber pressure and 
,

cP  is the pressure 

oscillation around cP , then 
,

cc cP P P  . By applying 
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Taylor series, by assuming that 
,

c cP P   and that 

 
c

i c

P

2 P P
 


, and remembering that ts may be calcu-

lated by 
*

s * 2

L
t

C Г
 , where Г is the Vandenkerckhove 

function [42], equation (52) turns to be: 

 c c c
c

s s

dP P P
1 t t

dt t t
      . (53) 

Taking the differential form of  and substituting 

in equation (53) the following equation is achievable: 

c
s s t t

d

dt t t


   
   

 
. (54) 

The solution of the above equation is of the form 

 ( i t)Acos t Re Ae      and  i tAsin t Im Ae     , 

where  is the angular frequency ( 2 f  , where f is 

the frequency). With these solutions and equation (54), 

the real and imaginary solutions are: 

 

s

s

t
s

s s

t
s

s

1
e cos t ; Real

t t

e sin t ; Imaginary
t






    



   


 (55) 

where  represents the growth in oscillation amplitude. 

By the solutions above, when  = 0 the combustion is 

stable and there is no pressure oscillation. By combining 

the solutions above when  = 0 it is achieved the critical 

value, in which characterizes the stable and unstable 

regions. The Fig. 9 shows these two regions and the 

critical curve defined by  = 0 and the resulting expres-

sion that describes this curve, originated from equation 

(56). In addition, if  > 0 the combustion is stable and if  

 < 0 it is unstable. Fig. 9 shows a representation of 

each scenario. 

Other possible discussion is, as seen in Fig. 9, 

when  = 0 and ct  , then 1 . Under this condi-

tion, it is defined the Summerfield stability criterion 

showed below: 

 i c

c c

P P P
0.5 0.5.

P P

 
    (56) 

The relation above must be satisfied to guarantee stable 

combustion. However, it is possible to have a P lower 

than 50% of the chamber pressure and still achieve sta-

ble combustion. This is explained by remembering that 

the Summerfield criterion is valid for  = 0 and ct   

[20]. 

 

 
 

Fig. 9. Stability regions 

 
 

Fig. 10. Pressure oscillations in function of  

 

Due to the behavior of the graph of  < 0, it is 

known as a converging or decaying behavior. Analo-

gously, for  > 0 it is known as a diverging behavior. 

Also, as stated before, for  = 0 it is known as a neutral 

or critical behavior. 

Recent contributions 

Some recent contributions are presented here. By 

recent, it is being considered in the last 30 years, since it 

is when faster computers were introduced. Simpler 
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models were developed in order to obtain the droplet 

lifetime. Under a steady-state condition, applying ener-

gy and mass conservation and assuming Lewis number 

equal to 1, the mass rate of fuel vaporization is given 

by [5]: 

  
d g

d
p,g

4 r k
m ln 1 B .

c


   (57) 

It is valid to remember that, in this case, 

B=BT=BM. Now, the change in droplet diameter is cal-

culated by the D² law, which is defined by: 

  
2 gd

L p,g

dD 8k
ln 1 B ,

Dt c
  


 (58) 

where Dd is the droplet diameter. Since the derivative 

above is constant, D2 varies linearly with the following 

slope [4]: 

  
g

L p,g

8k
к ln 1 B ,

c
  


 (59) 

Then, the droplet lifetime is easily obtained by: 

 

22
d,0d

s

D4r
t ,

к к
  (60) 

where Dd,0 is the initial droplet diameter. It is important 

to remember that to evaluate the properties, it must be 

calculated in function of Т .Fig. 11 shows the D² law 

graphically. 

 
Fig. 11. D² law graphically 

 

Although this model is quite useful, on applica-

tions that the droplet is in a high pressure and tempera-

ture atmosphere transient gets more relevant and must 

be modeled to consider the heat-up process [5]. Under 

transient condition there is T MB B . In addition, re-

membering the heat transfer from the gas to the droplet 

is given in equation (8), the rate of change of surface 

temperature is calculated by: 

 

T
d b

Ms v
3

p,L p,L L d

B
3 m Q 1

BdT q q
,

dt c m 4c r

  
  

    


 (61) 

where qv is the heat used in vaporizing the fuel  

 v d bq m Q . An iterative method must be used to cal-

culate the transient behavior and its stop point is when 

BT=BM, since when this equality is true, there is q=qv 

and the droplet finally heated up. Convective effects, 

such as the ones used ins Spalding’s model, also can be 

used in this model. In addition, it is also possible to in-

troduce the condition that the droplet is burning to the 

D² law [4]. Other constructive discussion about the D² 

law and droplets vaporization in quiescent atmospheres 

in general are presented in [41]. The D² law was devel-

oped decades ago, but some contributions are still tak-

ing place [43]. 

In [44,45] it was also considered, besides the other 

aspects already discussed, the turbulent intensity and 

velocity fluctuations influence on the droplet vaporiza-

tion. The velocity fluctuation in function of the turbu-

lent intensity is given below: 

 d
d d 1 8

0.16v
v Iv ,

Re
   (62) 

where I is the turbulent intensity. In [3] the influence of 

turbulence is well discussed. 

A two-dimensional transient model was developed 

by [46] to design gas turbines combustors. Although it 

is for gas turbines, it could be adapted for rocket en-

gines. In this model, it was considered the fuel vaporiza-

tion itself, but also droplets collisions, turbulent mixture 

and gases chemical kinetics, droplet heat-up and con-

vective effects. Another model that considers similar 

aspects as the ones presented in [46] is the one from 

[47], but it considers a three-dimensional condition. 

Recently, with the advancements of computational 

capacity, CFD (Computational Fluid Dynamics) models 

can consider many of the aspects already discussed in 

this work and others to be discussed in the next section. 

Especially with LES (Large Eddy Simulation) and DNS 

(Direct Numerical Simulation) models, but those nu-

merical simulations are too costly, computationally. 

Those simulations could take from days to weeks to 

converge [10, 48-50]. A comparison of numerical simu-

lations with the D² law was made by [51, 52] and it 

shows that the D² law is quite accurate. 

All discussed models considered spherical drop-

lets. However, the droplets deform due to the drag and 

thermal expansion (neglecting collisions). Some recent 

models consider these deformations, since it enhances 

the total and local mass and heat transfer and it demon-

strated to be a relevant aspect to consider [51-57]. 
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Other aspects, such as heat losses, usage of drop-

lets distribution models, and many others are being 

studied until today [54, 55, 58]. 

Other factors to account 

Some factors must be considered in some kinds of 

applications. The droplet behavior under near-critical, 

transcritical, and supercritical conditions should be ac-

curately modeled for more precise results. In LPRE 

these conditions are commonly achieved, especially 

with LOX (Liquid Oxygen) droplets. These conditions 

are important to be modeled, mainly due to the fact that 

the surface tension coefficient of the vaporizing droplet 

tends to zero as the interface temperature reaches the 

critical conditions [25,59]. 

Other Aspect is the modeling of the vaporization 

of groups of droplets. This is a much more complex 

model, especially when adding multicomponent liquids, 

nonunitary Lewis number, combustion, and other fac-

tors. This type of model can also consider droplet-

droplet collisions and droplet-wall collisions, and this is 

constantly occurring inside combustion chambers. Con-

sequently, for a highly accurate model, these models are 

extremely important [3,25,59]. 

Considering real gas could also be an improvement to 

the algorithm. Ideal gas law is largely used in rocket engine 

internal ballistics theory, but it is a simplification [3]. 

Prediction of performance 

As stated previously, in the case of too large 

chambers, heat losses may become larger and weight 

and costs increase. In the other hand, if the chamber is 

too small losses due to incomplete vaporization and 

combustion increases. In order to predict the C* effi-

ciency due to incomplete vaporization, besides the equa-

tion (6), the following equation can be used [60]: 

 

 

 
vap vap

*

*

O F vap o vap f

C *
o f

th

C
O m F m

,
m mC

 
     

 (63) 

where  
vap vap

*

O F
C  is the characteristic velocity in 

function of percentage of vaporized oxidizer or 

fuel,  *

th
C  is the theoretical characteristic velocity for 

complete vaporization, vapO  is the percentage of vapor-

ized oxidizer, vapF  is the percentage of vaporized oxi-

dizer and, om  and fm  are the theoretical oxidizer and 

fuel mass flow rate. It is valid to remember that 

* c t

o f

P A
C

m m



. The Fig. 12 shows an example of *C

  

for ethanol/LOX in different mixture rati-

os  o fO F m m . 

 
 

 
 

Fig. 12. *C
  in function of percentage of vaporized fuel  

 

Fig. 12 could also be made in function of percent-

age of vaporized oxidizer, however, in general, the oxi-

dizer droplets vaporizes faster than fuel droplets [8], 

especially when it is being used cryogenic oxidizers and 

hydrocarbon fuels. In addition, [19] shows another form 

of equation (6) that could be used to calculate . 

As seen in Fig. 12, when the percentage of vapor-

ized fuel reaches around 95% the efficiency gets 

to *C
100%  . Then [10, 11] presents a correlation 

formula to calculate the required combustion chamber 

length in order to vaporize 95% of the propellant. This 

correlation was made for heptane, with an error band of 

10% therefore it is expected to predict with higher ac-

curacy for similar fuels. 

Conclusions 

Various vaporization models were created, pub-

lished and employed in Liquid Propellant Rocket En-

gines since the very beginning of the space race. Firstly, 

simpler models, such as one-dimensional ones, were 

presented. Through the years, with technological devel-

opments, the computational budget provided the possi-

bility of more complex models to be developed, espe-

cially with numerical methods. 

Combustion instabilities may be directly influ-

enced by droplet vaporization, one of the theories that 

makes this correlation is the feed system coupled insta-

bilities. The Summerfield criterion can be used in other 

to avoid this kind of instability, even though it is not a 

rule that always must be followed, as discussed. In addi-

tion, the vaporization impacts, also, directly on combus-
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tion efficiency. Therefore, dominating this theory is of 

great importance on designing a LPRE. 
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ОГЛЯД МОДЕЛЕЙ ПАРОУТВОРЕННЯ  

ЯК КРИТЕРІЮ ПРОЕКТУВАННЯ ДВОПАЛИВНИХ ТЯГОВИХ КАМЕР 

М. С. Гонтійо 

На початку розробки рідкопаливних ракетних двигунів розміри тягової камери отримували, в основно-

му, досвідченим шляхом. Завдяки технологічному прогресу протягом багатьох років було розроблено кілька 

підходів, щоб оптимізувати його розміри та точніше прогнозувати продуктивність. Окрім чіткого внеску в 

прогнозування ефективності, використання точних моделей пароутворення для оптимізації камер згоряння 

зменшує втрати та кількість необхідних випробувань. Щоб підвищити ефективність, камеру необхідно оп-

тимізувати. Якщо камера занадто мала, досягається неповне згоряння і може виникнути нестабільність го-

ріння. Якщо камера занадто велика, втрати від ваги та теплопередачі збільшуються, а транспортний засіб 

стає більше (що призводить до більших втрат на опору). Крім того, зменшується кількість тестів, оскільки 

моделі були експериментально перевірені, а для отримання оптимізованого дизайну потрібно менше експе-

риментальних ітерацій. Хоча існує багато моделей, всі вони приходять до схожих висновків, наприклад, збі-

льшення тиску в камері, зменшення розміру і швидкості введеної краплі та інші, призводять до зменшення 
необхідного розміру камери. Нині, з досягненням у обчисленні бюджету, можуть бути розроблені більш 

складні та точні моделі. Деякі з цих моделей враховують хімічні реакції, ефекти турбулентності, зіткнення 

та взаємодії крапель, дво- та тривимірне моделювання та інші. Крім того, використання кодів CFD дало від-

повідний внесок у аналітичні та числові моделі, особливо в їх валідацію, і, крім того, зменшує кількість не-

обхідних експериментальних випробувань. Основним рушійним параметром, який керує цим явищем, є ха-

рактерна довжина, яка враховує необхідний розмір камери для впорскування, розпилення, випаровування, 

змішування та спалювання палива. Більшість доступних моделей нехтують розпиленням, змішуванням і 

згорянням палива, оскільки ці явища відбуваються набагато швидше в порівнянні з пароутворенням. У цій 

роботі наведено огляд цих моделей випаровування, зосереджених на основних моделях, що використову-

ються у всьому світі. Цей вид огляду має велике значення для надання достатньої інформації та порівняння 

між моделями, що дає можливість досліднику/інженеру вибрати модель, яка краще відповідає її потребам, 

вимогам та обмеженням. 
Ключові слова: моделі випаровування; рідкопаливні ракетні двигуни; характерна довжина; розмір 

введеної краплі. 
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