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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.

Keywords: vaporization models; liquid propellant rocket engines; characteristic length; injected droplet size.

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:

.V, Ve

L'=-2% , 1
A A 1)

where V. is the chamber volume, A is the throat area, V
is the average specific volume in the chamber, and t; 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.
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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 D3, or the MMD (Mass
Mean Diameter), also known as Dgs. 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:

v =«/@. @)
p

where AP is the pressure drop across the injector and p
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 P, (in Pa for these rela-
tions):

80.,/10P.; if liquid propellant
AP:{ - quid prop

20,/10P;; if gaseous propellant'

The Fig. 1 shows how the injection velocity and
the pressure drop varies with chamber pressure for lig-
uid propellants assuming p =1400 kg/m3.

AP [bar]

2 1 | Il 1 1 15
10 50 90 130 170 210 250

Pc[bar]

Fig. 1. Variation of AP and v;
with P¢ with constant p

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:

Yo+l

- ve-1
i:i 2 (1+'YC lng Te , (4)
Yo +1 2

where A: and A; are the chamber and throat areas, re-
spectively, and M. and y. are the Mach number and the
specific heat ratio at the nozzle inlet, respectively. The
M. is obtained through equation (4) and the velocity at
the nozzle inlet is calculated below:

Ve =Ma. = M J7.RT;, (5)

where & is the sound speed at the end of the combustion
chamber/nozzle inlet, T 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 t;, L"
and C" is the following:

c = . (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:

dm
— = AgKcPy; 7
praltat D )
q=hAq(Te-Tg)Z ®)
dm
— =
a e 9)
dt  mcp
% _ 38Vl‘e|2pvg . (10)
dt - 8rdp|_ '
rig (X)
Vq(X)=aM.|1-———— |, 11
g(x)=2c ( mf(m=o)J (12)

where m is the droplet mass, Aq, Pa, Tq and rq 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, T. is the adiabatic
flame temperature inside chamber, Z is a term for the
account of the sensible heat taken up by the diffusing
vapor, A is the droplet latent heat of vaporization at
temperature Tq, Cp. and p. are the droplet in liquid
phase specific heat at constant pressure and density,
respectively, vq is the droplet velocity, Ve is the relative
velocity, pyg is the vapor-gas mixture density, vg is the
gas velocity and my 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) = v.. 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:

o ShM,D (2+0.638cyRe )M, D

_SM\D _ T ay
2rdRuT ddRUT

where Sh is the Shearwood number, obtained through
Ranz Marshall relation [26], My is the molecular weight
of vaporizing species, D is the mass diffusivity, rq is the
droplet radius, Ry is the universal gas constant and T is
the average temperature (T=(T,+Ty)/2), dq is the

droplet diameter, Sc is the Schmidt number and Re is
the Reynolds number, both are calculated below:

(13)

Injector

Combustion products
gaseous atmosphere CV

Lc

Fig. 2. Scheme of Priem’s model of governing equations acting
on the droplet inside a gaseous atmosphere
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Sc= a

- p_D! (14)

where c is the characteristic dimension, v is the velocity
and p is the dynamic viscosity. The correction factor
is obtained through:

c =&In e . (15)
Py (P.—Py
The parameter Z is defined below:
z-—* (16)
()
where z is calculated by:
dm
it P
Z=—— a7

Ak (g +te)

where tzis the gas film thickness and kn is the mean val-
ue of thermal conductivity, defined as:

Km =(1— PdéPCJkﬁPd/PC k

N )

where kqand kgare the thermal conductivity of the drop-
let and the gas, respectively. The heat transfer coeffi-
cient h is calculated through:

kpNu K (2+0.63PryRe)
dq dg

where Nu is the Nusselt number, obtained through Ranz
Marshall relation [26], and Pr is the Prandtl number,
which is calculated below:

h:

, (19)

k 1

Pr (20)
where K is the thermal conductivity.

The drag coefficient from the drag law for a spher-
ical object [27] is defined as:

S=27Re 08, (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:

<Zl

P
Pvg = RCU ) (22)

=l

where M is the average molecular weight between va-
porizing droplet and gas and is calculated through:

_ Py /P, Py /P
Mz(l— dé CjMdJr dé € My, (23)
where Mgy 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:

Cr=Ta/To; (24)

%r =PgV/G; (25)

& =RopgX/Cly ; (26)
Br=R;/Rig; (@7)

S =9u4 /2Rolopy (28)

o =pgu/m; (29)

Ly =Rolcpg(Te =TV ) +arlpg /dmTo.  (30)

where ro is the initial droplet radius, R; is defined at
equation (32) and R,o=R; 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, gy, 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 L; is taken to be O.

m

G :A_ ; (31)
k |
R ( /Cp,gpl_rd) n(1+B) | 32)

where B is the Spalding number or transfer number,
defined as (for Le=1, which means: By =B,,, where

B+ is the thermal energy transfer number equal to the
equation defined below and By, is the mass transfer
number By, = Ygs /(1 Ygs ), Where Yy, is the fuel mass
fraction at the droplet surface[32-34]):
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Boc, e
p.9 Qb

(33)

where Ts is the surface temperature of the droplet
(Ts =Tq) and Qy 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:

o =1-G7 (34)
_[x0+3 S 1 Q?Sr .
xr—(—sr_sjcr +1 [_Sr—3j’ (39)
X0 +3(1_ st) S
e S8 ' +1_g3_5r(1—cr’) )
' S, +2 2 5(p-3) °

Here, now, by solving equations (28) and (32), the
S: is taken to be:

9Pr  _9Pr

‘T 2n(1+B) 2B &7

where y is the ratio of the injected velocity by the fi-
nal gas velocity, xq = vj /v, . Some graphical solutions

et e e .
. N

of the above equations are shown in Fig. 4, for a fixed
value of S=0.5 and three values of y, equal to 0.2, 0.5

and 1, respectively.
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Fig. 4. Variation of ,, o, and y, for S=0.5
and o 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:
(38)

«  %0+0.35  vj/v,+0.35

E 2+S; 2+S;

Finally, the characteristic length equation is presented
below:

Injector

Combustion products
gaseous atmosphere CV

.
e,

Nozzle

Fig. 3. Scheme of Spalding’s model of governing equations acting
on the droplet inside a gaseous atmosphere



Teopin i poboui npoyecu agiauitiHux 06U2yHi6 i eHeP2OyCMAHO60K 99

Yo+l

L =€

The Fig. 5 shows how&” varies with S, for some
values of y.

Fig. 5. Variation of & with S, for some values of y

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 _ ng /N - 0
’ [(F/O)st Ju_* [(mf /mo)st ]J,L* 4o

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:

o — T, T

n="2-tA-1-¢ =1-12. (41)
Iy fo

In addition, dimensionless differential equations of

the droplet velocity must be used and is calculated by
the following equation:

d S
xr r 2

= -3n+3)- ],
dn (l—n)‘c[l(n n+ ) Lr

(42)

2 2(ye-1
2 [ 6 ) re=t| cpopt icRTe
Yo+l (pc Ve RT;

(39)

e+l k In(1+B)

where 1 is the dimensionless temperature or reacted ness
and the dimensionless differential equation of < is:

93:-—1513l——{ﬁi _3(1- } 43
dT] n(n2_3n+3) LrT XI’ ( n)T ! ( )

where y is the dimensionless reaction rate function,
which is defined by:

(44)

\V(r):(n+l)(l+%)n (1-0)<",

where n is an integer that modifies the form of the reac-
tion rate. Now, the chemical loading is taken to be:

. T
I—r _ X0 \VZ( 0) ] (45)
31:0

The equation above was derived assuming that
dt
d(1-n)
this is a reasonable approximation [39]. The value of L
lays between 0 and a critical value L, which is obtained
by combining equations (44) and (45) and is calculated

through:

n n-2
chlg(ﬂifj(r+ij (1+—1—j . (46)
3n-1 n n-1

The L¢/xo ratio informs that whether combustion

=0, since for the majority size of the droplet

is possible or not. If L/xg<L¢/xo the combustion is
possible and chemical reactions must be considered.
Finally, £
tion:

is now calculated with the following equa-

* _ 1Xr

&= [y e (47)
The boundary conditions to solve equation (47) are

Cr=0,% =0, v=vgand t=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:
d
%1=%0 +[d—"j h (49)
Mo
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=T +(EJ h, (49)
an Jo

where h is an integration step size and it is defined

ash =-n+1. Also, equation (49) can be rewritten as:

50
n—-2)(1-19)-1 (0)
The boundary conditions to solve equations (48)

and (49) aren=0,y, =y,,andt=1q.
The Fig. 6 shows howy varies with t for some

values of n and Fig. 7 shows the regions of possible
combustion and impossible combustion based on

LC/XO-

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:

:immg Tc—Ts
Qr " Q

where H is the calorific value of fuel, my, is the

B

+c (51)

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 y with t
for some values of n
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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:

RT,
V_CCdAi V2p(Pi=Pc) =

c

RT, [5 P
= V—CCdAi\/W_Pc) 1- P. _C|3
1 c

c

V2, (52)

where Cq is the discharge coefficient, A; is the injection
area, t is the time, t. is the combustion delay time, P, is

the average chamber pressure and Pc is the pressure

oscillation aroundP,, then P, :F>C+I5c. By applying
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Taylor series, by assuming that ¢:|5c/f>c and that

=———=—— and remembering that t; may be calcu-
2(P—P;)

lated by t; = where T" is the Vandenkerckhove

*_2 '
function [42], equation (52) turns to be:

dp,

—tC:':—C[l—Bq)(t-tC)]—T—C. (53)

d

Taking the differential form of ¢ and substituting
in equation (53) the following equation is achievable:

@A:(@J |
t—t

54
dt to tg &9

The solution of the above equation is of the form
¢ = Acosot = Re{Ae(‘i‘”t)} and  ¢=Asinot = Im{Aeimt} ,

where o is the angular frequency (w=2rf , where f is
the frequency). With these solutions and equation (54),
the real and imaginary solutions are:

p

1 _
a+==—"e " cosot ;Real
S S

p

o=——e sin ot
ts

(55)
; Imaginary

where o represents the growth in oscillation amplitude.
By the solutions above, when o = 0 the combustion is
stable and there is no pressure oscillation. By combining
the solutions above when o = 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 o = 0 and the resulting expres-
sion that describes this curve, originated from equation
(56). In addition, if a. > 0 the combustion is stable and if
o < 0 it is unstable. Fig. 9 shows a representation of
each scenario.

Other possible discussion is, as seen in Fig. 9,
when oo = 0 and t; >, then p—1. Under this condi-
tion, it is defined the Summerfield stability criterion
showed below:

PP

—°>0.5—>?3—P>0.5. (56)

C C
The relation above must be satisfied to guarantee stable
combustion. However, it is possible to have a AP 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 o = 0 andt; —»
[20].

to _m-tan'Jp2-1
tS 132 -1 )
d—lm )
< r
L =0 ///
/ 4
e a<0

unstable region

Fig. 9. Stability regions

a<0
PG
L
T : :
PG
o>0
PG
— 1
Lt

Fig. 10. Pressure oscillations in function of o

Due to the behavior of the graph of a < 0, it is
known as a converging or decaying behavior. Analo-
gously, for o > 0 it is known as a diverging behavior.
Also, as stated before, for o = 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]:

. 4nrdk
md =

9In(1+B). (57)

Cpg

It is valid to remember that, in this case,
B=Bt=Bwm. Now, the change in droplet diameter is cal-
culated by the D? law, which is defined by:

dD » 8k
0 -9 ih(1+B),
Dt pLprg

(58)

where Dy is the droplet diameter. Since the derivative
above is constant, D? varies linearly with the following
slope [4]:

8k

K=—

% In(1+B), (59)

PLCpg

Then, the droplet lifetime is easily obtained by:

4I’d2 D(Zj,o
tg =4 490

(60)
K K

where Dqy is the initial droplet diameter. It is important

to remember that to evaluate the properties, it must be

calculated in function of T .Fig. 11 shows the D? law

graphically.

r'y

8Kg
In(1+B)

Slope: k=-
P PLCpg

Do t ts i

Fig. 11. D? 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 isBt =By, . 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:

B
aTs _9-qv _ { MY , (61)

3
dt cpm 4cp LPLI

where qv is the heat used in vaporizing the fuel
(ay =mgQyp) . An iterative method must be used to cal-

culate the transient behavior and its stop point is when
Br=Bw, since when this equality is true, there is g=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
D? law [4]. Other constructive discussion about the D?
law and droplets vaporization in quiescent atmospheres
in general are presented in [41]. The D? 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:

(62)

where | 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 D? law was made by [51, 52] and it
shows that the D? 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]:

c’ . .
_— ( )Ovap/Fvap (Ovapmo + FyapMs ] (63)
c (C*) mo + mf
th
where (C*) is the characteristic velocity in
ovap Fvap

function of percentage of vaporized oxidizer or
fuel, (C*) A is the theoretical characteristic velocity for
t

complete vaporization, O,,, is the percentage of vapor-
ized oxidizer, F,, is the percentage of vaporized oxi-

dizer and,h, andm; are the theoretical oxidizer and

fuel mass flow rate. It is valid to remember that
C*: PCAt

. The Fig. 12 shows an example of n
Mg + Mg J P e

mixture rati-

different

for ethanol/LOX in
0s (O/F=mg /g ).

100
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Fig. 12. ner 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 7ic* .

As seen in Fig. 12, when the percentage of vapor-
ized fuel reaches around 95% the efficiency gets
to ner —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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OI'JISIJI MOJIEJIEM ITAPOYTBOPEHHS
SAK KPUTEPIIO ITIPOEKTYBAHHSA JIBOITAJIMBHUX TAT'OBUX KAMEP

M. C. I'oumiiio

Ha movatky po3poOKH piIKOMAIMBHAX PAKETHUX IBUTYHIB PO3MIPH TATOBOI KAMEPH OTPUMYBAJH, B OCHOBHO-
MY, JOCBIUEHHUM NUISXOM. 3aBISIKH TEXHOJOTIYHOMY IPOrpecy MpOTIroM 0arathoX pokKiB 0YII0 po3po0ICHO KibKka
MiXOMIB, 00 ONTHMIi3yBaTH MOr0 PO3MIpPH Ta TOUHIIIE MPOrHO3YBATU MPOAYKTHBHICTh. OKpIM YiTKOTO BHECKY B
MIPOTHO3YBaHHs €(hEKTUBHOCTI, BUKOPUCTAHHS TOYHHUX MOJEICH MapOyTBOPCHHS JJIs ONTHMI3allii KaMep 3TOPsIHHS
3MEHIIIYE BTPATH Ta KUIbKICTh HEOOXiMHMX BUMPoOyBaHb. [1[00 miaBuImTH eeKTHBHICTH, KaMepy HEOOXiIHO OII-
TUMI3yBaTh. SIKIO Kamepa 3aHaJaTO Malia, JOCSITAEThCSA HEITOBHE 3TOPSIHHS 1 MOXKE BHHUKHYTH HECTaOlIbHICTh TO-
pinHs. SIKIO KaMepa 3aHAATO BEJMKa, BTPATH BiJ Bard Ta Teruionepeaadi 301IbIIyIOThCS, a TPAHCIIOPTHHN 3aci0
crae Oinplie (10 MPU3BOMUTH IO OUTBIIAX BTPAT Ha Omopy). KpiM TOro, 3MEHIYeThCs KUTBKICTh TECTIB, OCKUIBKU
Mozeni OyIu eKCIepUMEHTAIBHO MTePEBIPEHi, a ISl OTPUMaHHs ONTHMI30BaHOIO IU3aiHy MOTPiOHO MEHIIE eKCIe-
pUMEHTANBHUX iTepalii. Xoua iCHye 60araTo MOJeNeH, BCi BOHM MPUXOAATh 0 CXOKMX BHCHOBKIB, HaIpuKiIad, 30i-
JIBIICHHS TUCKY B KaMmepi, 3MEHIIEHHS pO3MIpy 1 IIBHIKOCTI BBEAEHOI KpaIuli Ta iHIII, MPU3BOASTH A0 3MEHIIEHHS
HEOOX1IHOro po3Mipy Kamepu. HuHi, 3 HOCATHEHHSM y OOYHCIEHHI OIOMKETY, MOXYTh OYTH pO3pOOJIEH] OLIBII
cKJIamHi Ta TouHI Mozeni. Jleski 3 muX Mojesei BpaxoBYIOTh XIMiuHI peakilii, eheKTH TypOyJCHTHOCTI, 3ITKHCHHS
Ta B3a€MO/Iii Kparejb, IBO- Ta TPMBUMIpHE MOAEIoBaHHs Ta iHm. Kpim Toro, Bukopucranus koais CFD nmaso Bina-
MOBIIHUI BHECOK y aHAIITHYHI Ta YHCIOBI MOJENI, OCOOIMBO B iX Balijalliio, i, KpiM TOro, 3MEHINYE KiTbKiCTh He-
00X1IHUX EKCIIEPUMEHTAILHUX BUMPOOYBaHb. OCHOBHUM DYIIIHHUM MapaMeTpoM, KU Kepye UM SIBHIIEM, € Xa-
pakTepHa JOBKHHA, sIKa BPAaXOBYE HEOOXIMHMI pO3MIP KaMepH IjIs BIOPCKYBAHHS, PO3IUIICHHS, BHIIAPOBYBAHHS,
3MIIIYBaHHS Ta CIATIOBAHHS MaiuBa. BIMBIIICTh HOCTYIMHHX MOMAEIEH HEXTYIOTh PO3IMIEHHSM, 3MIMNIYBaHHAM i
3TOPSIHHSM IaJIMBa, OCKIIBKH IIi SBMINA BiAOyBarOTHCS HabaraTo IIBHIIIE B MOPIBHAHHI 3 MAPOYTBOPEHHAM. VY Iiit
po0OTI HaBEACHO OIVIAA IMX MOJIC/ICH BUIIAPOBYBAHHS, 30CEPCIKCHUX HA OCHOBHHUX MOJCIAX, IO BHKOPHCTOBY-
IOTBbCS y BCHOMY CBITi. Lle# Bu orsimy Ma€e BeUKe 3HAYEHHS I HaJaHHS JOCTaTHHOI iH(OpMAIIil Ta MOpiBHIHHS
MIX MOJEJSIMH, L0 Ja€ MOXJIMBICTD JOCHITHUKY/IH)KEHEepy BHOpaTH MOJIElb, sika Kpalie BiAnoBigae ii norpedam,
BHMOTaM Ta OOMCIKCHHSIM.

KarwuoBi cioBa: mozeni BUNApOBYBAaHHS, DIJKONAIMBHI PakeTHI JIBUTYHH; XapakTepHA JOBXKHHA; PO3MIp
BBEZICHOI Kparui.
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