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Abstract

Different propulsion systems can be used for launching payloads into orbit and for attitude control, orbit correction and
maneuvering of satellites. Liquid bipropellant thrusters are used in applications requiring high specific impulses and high
thrust levels and numerical simulation models can reduce development costs and time. This work describes a new 2D numeri-
cal model based on the boundary layer equations for the simulation of spray combustion. This model can be applied to the
preliminary design of rocket combustion chambers, and allows the determination of droplet vaporization lengths, chemical
composition, temperature profile and other thermodynamic and propulsion parameters. The computation time is, in general,
lower than more complex 2D and 3D simulation models. Liquid fuel and oxidizer are injected into the combustion chamber
with known droplet sizes and a pre-existing gas flow, which represents combustion products recirculation. The governing
equations are discretized using centered and backward finite differences and the solution is marched downstream, consider-
ing droplet evaporation, mixture and combustion of propellant vapors with pre-existing gases. Burning of unsymmetrical
dimethylhydrazine (UDMH) and dinitrogen tetroxide (NTO) was simulated with different mixture conditions and taking into
account eleven product species. The model was validated by considering separately the different routines, comparing results
of internal boundary layer flows, droplet evaporation and combustion products composition against expected theoretical
behavior and results from other models. The influence of the equivalence ratio radial distribution on flow parameters was
evaluated. The gas temperatures near the wall remained relatively constant after a certain distance downstream, depending
on the local equivalence ratio distribution. The boundary layer remained very thin along the chamber due to the constant
addition of combustion products.

Keywords Propulsion - Combustion chamber - Reactive flow - Boundary layer - Two phase combustion - Combustion
chamber cooling

1 Introduction

Mathematical models for spray combustion are important

for the development of combustion chambers since they
allow comparative analysis of conditions and chamber con-
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A well-known zero dimensional model is the NASA
Chemical Equilibrium Applications program (CEA-NASA
2004 https://cearun.grc.nasa.gov/) that calculates composi-
tion of combustion products, flame temperature, transport
properties, thermodynamic and propulsion parameters. One
example of a one-dimensional model is the work of [16] who
presented a model for the simulation of spray combustion
in rocket chambers and determined vaporization lengths of
hydrazine and hydrazine mixtures. Zero dimensional and
one-dimensional models do not allow for radial variation of
parameters and, compared to these simple models, nowa-
days more complex and computationally demanding models
based on computational fluid dynamics are available.

The German Center for Aerospace organized a workshop
aiming at the evaluation of CFD tools for simulation of spray
combustion [3]. The results presented at the workshop and
the provided test configurations were used latter by other
investigators to access their models. For example, [1] used
those results to evaluate a multiphase, real fluid combus-
tion model that was incorporated into a computational fluid
dynamic model.

Numerical simulations of propulsion include also hybrid
rocket engines. Among other works available in the literature
the work of [10] may be given as an example of the initia-
tives in this direction. They proposed to develop an accurate
combustion model to obtain temperature distribution, axial
velocity, mass fraction distribution, as well as regression
rates. Their model consists of CFD turbulent simulation of
the balance equations using a partially stirred reactor model.
A similar model based on open source software was devel-
oped by [9].

Other initiatives use commercial and in house CFD mod-
els coupled with multidisciplinary models in order to study
thrust chamber cooling, including radiation and convection
on both the combustor side and on regenerative cooling pas-
sages [5]. These models may also include injector geometry
details as well as droplet motion, heat transfer, evaporation
and breakup using Lagrangian formulation [4, 19]. Large
eddy simulations for turbulent combustion and genetic algo-
rithms couple with data base and reduced order models are
also current practice [14, 15, 17].

In spite of remarkable advances in computational fluid
dynamics of reactive flows, there are not many recent simple
and fast two-dimensional models described in the literature
for simulation of two phase flow combustion chambers. The
use of simple and fast models are still relevant today for
preliminary design of rocket engines combustion chambers
and test bench planning. One-dimensional models are a first
alternative to compute approximate averages of properties at
each streamwise station of the combustion chamber in order
to satisfy mass, momentum and energy balance. [16] used
an one-dimensional model in order to compare the perfor-
mance of hydrazine and hydrazine mixtures burning with
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nitrogen dinitrogen tetroxide in a multi-propellant combus-
tion chamber. Two dimensional models are the next level of
approximation and boundary layer equations may be used
to develop such models [6]. These models allow a more
detailed description of the reactive flow on the combustion
chamber than one-dimensional models, taking into account
radial gradients.

The objective of the present investigation is to present
a two-dimensional model, extending the work of [16] by
implementing boundary layer equations for the computa-
tion of the reactive flow through the combustion chamber.
Mass, momentum and energy balance equations in two-
dimensional control volumes at each streamwise section of
the combustion chamber are solved. The model allows the
study of radial variation of equivalence ratio, important for
wall cooling methodologies. The proposed two-dimensional
model considers the combustion process in the chamber con-
trolled by the liquid fuel and oxidizer evaporation rate. The
important parameters to be determined are the vaporization
length, the wall temperature for different equivalence ratios
in the wall region, the combustion products composition and
radial velocity and temperature profiles.

This paper is organized in four sections: Sect. 1 presents
an introduction to the problem; Sect. 2 describes the meth-
odology, including verification and validation test cases;
Sect. 3 presents results in terms of wall temperatures, gas
composition, velocity and temperature profiles, droplet
vaporization length and evolution of the fuel to oxidizer
mass flow ratio along the chamber; Sect. 4 presents final
comments and conclusions.

2 Methodology

Figure 1 shows a combustion chamber scheme where fuel
and oxidizer are injected forming two sprays with known
droplet size distributions. The propellants vaporize, burn
and mix with pre-existing combustion products, raising the
gas temperature inside the chamber. The fuel and oxidizer
considered in this study are dimethylhydrazine (UDMH) and
dinitrogen tetroxide (NTO). Propellants mixing and com-
bustion are assumed to be much faster than evaporation,
such that the resulting chemical composition is determined
through a chemical equilibrium routine based on the balance
of chemical components and equilibrium constants.

Mass, momentum and energy balance equations are
solved, given initial conditions at the combustion cham-
ber entrance. The following simplifying assumptions are
considered:

1. two-dimensional axisymmetric, constant cross-sectional
combustion chamber,
2. steady-state condition,
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Fig. 1 Combustion chamber injection heat losses
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5. Soret and Dufour effects negligible, H,
6. negligible viscous dissipation, 102 = O, K, = X102 12,
7. no mass diffusion between neighbor volumes in the 2 XO/
radial direction, | X ’
8. negligible radial pressure gradient, ENZ < N, K= 1_N/2Pl/ 2,
9. heat, mass and momentum diffusion in the streamwise XNZ
direction negligible, leading to boundary layer type 1 1 X
: ghg g y layer typ ln,+ 1o, = o, K, = OH ’
equations. 2 2 1/2
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2.1 Chemical equilibrium =N, 4+ =0, <> NO, K = NO
2 2 1/2
o . (Xn,Xo,)
The products composition is determined based on the ! o
method of constants of equilibrium, according to the fol-  H, + 502 < H,0, Kq = 2 B -1/2,
lowing equations, where 11 species are present. XH2X02
1 Xco,
C.,H,O N, +a(O,N,) - CO,+50, & €O, Ky=——2P 2,
2 XCOX
2

nco, € 0y +ncoCO + ny oH,0 + ny H,
+ 19,0, + 1y, Ny + nyH + noyOH
+ no0 + nyeNO + ngN.
Where n stands for the number of moles of each species.
This reaction leads to four balance equations for carbon,

hydrogen, oxygen and nitrogen. Another seven equations
are given by the equilibrium constants.

One additional equation is given by

11
Y X =1
i=1

Where X stands for the mole fraction of each species.
2.2 Balance equations

Considering that the balance equations may be simplified with

boundary layer approximation, the following equations in two-

dimensional, axisymmetric cylindrical coordinates, result [6].
Continuity equation

10

9
;g(ﬂmr) +a—Z(P”z) =0. M
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Where, r and z are the radial and axial coordinates, p is the
density, u, and u, are the radial and streamwise velocity
components.

Streamwise and radial momentum equations

ou, ou, op 190 ou,
4 R —,
Py TP T o T rar\ M ar @
ap
+F_p
or 3)

Where p is the pressure and u stands for the dynamic viscos-
ity coefficient.
Energy balance equation

oT oT op 10( oT
O 9T\ 2 210,91
pcp<urar+u~az> ”Zaz ror rar “

Where ¢, is the specific heat at constant pressure, k is
the thermal conductivity coefficient and T stands for
temperature.

Perfect gas equation of state

RT% Y (®)]
pP=p -
! i=1 W

Where R, is the universal gas constant, ¥; and W, are the
mass fraction and molar mass of species i.

X. = Yi/Wi
T (/W) ©

Where X; is the mole fraction of species i

2.3 Initial and boundary conditions

The above boundary layer equations are parabolic equations
where information propagates downstream from given initial
conditions. In the radial direction, boundary conditions are
imposed at the combustion chamber centerline and at the
wall.

The initial conditions are given at the injection plate
combustion chamber entrance as shown in Fig. 1. Liquid
fuel and oxidizer are introduced at the injection plate with
known droplet sizes and mass flow rates. Part of fuel and
oxidizer mass flow rates are considered as already vapor-
ized and reacted at the inlet boundary, such that a mass flow
rate of pre-existing gases is specified. At this inlet bound-
ary, uniform initial conditions for velocity and temperature
are given (u, = Uy,u, = 0,T = T,). The inlet velocity U, is
based on the given mass flow rate of pre-existing gases and
combustion chamber cross-sectional area. The inlet gases
temperature 7}, is computed as the equilibrium temperature
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of the combustion reaction for the given ratio of fuel to oxi-
dizer mass flow rates s, /1in,,,.

At the chamber wall no slip boundary conditions and adi-
abatic wall are considered. At the centerline of the combus-
tion chamber, symmetry conditions for the velocity compo-
nents (du,/dr = 0, u, = 0) and adiabatic centerline condition
for temperature (dT'/dr = 0) are applied.

r=R - uZ:u,—E—O, @)
du

r=0 - —Z=u,=d—T=0 ®)
dr dr

Where R is the inner radius of the combustion chamber.

2.4 Solution procedure

The boundary layer equations presented above are solved
numerically marching in the streamwise direction from
given initial conditions. At each streamwise position, the
boundary layer equations are solved numerically for the
velocity and temperature distributions with a second order
finite differences backward scheme in the streamwise direc-
tion and a second order centered finite differences scheme
in the radial direction. The numerical model was developed
in house and written in Fortran.

Second-order one-sided backward derivative in the
streamwise direction

Z

()_z ~ 2Az7

du,  Bui+1)—du (i) +uli— 1)
u N u.(1 u_(1 u,(1 . (9)

Where i stands for a given grid position in the streamwise
direction z(i).

Second order centered, first derivative in the radial
direction

Z

dou u,G+1)—u,(G-1)
or 2AF '

(10)

Where j stands for a given grid position in the radial direc-
tion, 7(j).

Second order centered, second derivative in the radial
direction
0%u w(+1) —2u(G)+u—1)

Z

~ 11
or? 2Ar (i

The combustion gases composition and properties lag behind
and are taken from the previous step z(i) when marching to
a new position z(i + 1).

Given the velocity and temperature fields at each
computed streamwise position z(i + 1), the propellants
evaporation is computed next and the following routine
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computes the composition of the resulting combustion
products. Liquid propellant evaporation is computed
according to the methodology of [2] and [8]. The evapo-
ration model considers the vaporization rate of a droplet
ri, as a function of the thermal conductivity and specific
heat at constant pressure of the propellant vapor phase
(either for the fuel or oxidizer, and assuming Lewis num-
ber equal to unity), the droplet diameter D, and the transfer
number B,.

. k

my = 27L'Ddc—10g(l + B,,). (12)

P

Where the transfer number is

M -1
B, = ——. Y=[1+<§—1>A73] . (13)
v p

Where Y is the propellant mass fraction, p, is the vapor pres-
sure of the propellant, M, and M, are the molar mass of
the propellant and the molar mass of the surrounding high
temperature ambient combustion gases.

The transfer number is valid for both steady and
unsteady evaporation, when the drop temperature is
increasing and heat from the hot gases are used both for
increasing the droplet temperature and for evaporation. It
is also assumed that the fuel mass fraction far from the
droplet surface is equal to zero.

The properties necessary to compute the vaporization
rate are evaluated at a reference temperature 7',, consid-
ering a mixture of combustion products and propellant
vapor.

T-T

T.=T,+ 3?

(14)

Where T is the droplet temperature, which for the present
model is assumed uniform.

2
Ygas =1- §Y! (15)
(¢, ks 1] =Yoo ks flgas + YICps ks ] apors (16)
Ygas Y
p="24 — a7
Pgas Pyvapor

Thermodynamic and physical properties are computed based
on correlations found on the National Institute of Standards
and Technology (NIST) website (https://www.nist.gov/) and
NASA Chemical Equilibrium Applications program (CEA)
(https://cearun.grc.nasa.gov/).

Specific heat ¢, and enthalpy h are evaluated from the
following polynomials.

(2024) 46:280 Page50f14 280
% _ 2 3 4
i +a, T+ a3 T° +a,T° + asT", (18)
E a, T2 as T3 a, T4 ds T‘5
— =a,T + + + + + ag. 19
R, ! 2 3 4 5 6 (19)

The coefficients a; for each one of the gases present on the
combustion products are found on [11].
The resulting properties for the gas mixture are given by

N
c, = ZXicpi
i=1

Physical properties result from kinetic theory for gases [7]
and other sources [13, 18].
The viscosity coefficient for each species i is given by

5 V ﬁMi/NakaT

Hi= 0200
l

h="Y Xh,

™=

I
—_

(20)

L

167 @D

Where N, = 6.022¢ + 26 1/kmol is the Avogadro constant,
kg = 1.3806e — 23 is the Boltzmann constant, o; is the Len-
nard—Jones collision diameter and Q?? is the collision
integral.

The thermal conductivity coefficient for each species i is
given by

k; = ]\H_ll (FrransCy(trans) + f,,,c,(rot) + f,u,c,(vib)).

L

(22)

Where ¢, (trans), (rot) and (vib) are the molar specific heats
due to translational, rotational and vibrational energies and

5 2 ¢ (rot) A
f;mns :_<1 - —_>’

2 T ¢ (trans) B
D..
fmt =M<1 + E‘i)’
H; n B
piD;
With D;; the auto-diffusion coefficient and A and B constants
of the model.

c,(trans) =%Ru,

c,(rot) =c,(vib) =0 for simple atoms,

¢, (rot) =R,, c,(vib)=c, — %Ru, for linear molecules ,

¢, (rot) =%R ¢, (vib) =c,—3R,, for nonlinear molecules .

Chemical equilibrium conditions are determined for the
reaction of UDMH and NTO. The combustion products
are a mixture of the eleven species considered in the reac-
tion: CO,, CO, H,0, H,, O,, N,, H, OH, O, NO and N. The
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properties of the mixture are evaluated according to the fol-
lowing rules.

1

_ Xim;
H = e 7 XG) s
= =170
—\ 172 12/ M P (23)
1 i Hi J
0,=—0|1+= 1+ <—> e
\/g M; H; M;
1
1 1
k== Xk + ———— ). (24)
2 Z XL Xi/ki

Further details of the model for physical properties may be
found on [7]. Liquid fuel and oxidizer propellant properties
are evaluated from correlations taken from the NIST and
NASA CEA, where correlations for vapor pressure based
on Antoine equation and vaporization enthalpy are also
available.

After the computation of the evaporation mass flow rates
of fuel and oxidizer droplets, a chemical equilibrium rou-
tine is called to compute the composition of the products
resulting from burning. Then, the pre-existing gases com-
ing from z(7) are mixed with the combustion products of the
evaporated droplets at position z(i + 1) in a thermodynamic
equilibrium and mass conservation routine to compute the
mixture temperature, mass flow rate and gas velocity. Phys-
ical properties of the resulting gases are computed at the
z(i + 1) station and another step in the streamwise direction
is taken. The process is repeated until the fuel or oxidizer
droplets are completely evaporated.

To start the computation the geometry of the combustion
chamber, the fuel and oxidizer inlet areas and total mass
flow rates are given, along with the liquid propellants tem-
perature, combustion chamber pressure and amount of pro-
pellants already reacted at the chamber entrance. The gases
resulting from the reaction at the chamber entrance simulate
a recirculation zone of gases in the combustion chamber.
The initial parameters will be presented in Sect. 2.6.

2.5 Verification and grid convergence tests

The boundary layer solver has been verified and validated
against analytic results for inert flow on a channel. The inert
incompressible flow on a constant area axisymmetric chan-
nel should evolve to a developed parabolic velocity profile
downstream of the entry region. Figure 2 shows a compari-
son of the computed streamwise velocity radial distribution
with the analytic parabolic velocity profile, showing good
agreement. At the combustion chamber inlet a uniform
velocity distribution was specified and marched downstream.
At the end of the combustion chamber the velocity profile

@ Springer
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Fig.3 Variation of the centerline velocity along the combustion
chamber for three different grid points distributions

has evolved to the expected fully developed parabolic lami-
nar velocity distribution.

Figures 3 and 4 show the results of the grid refinement
study. The grid refinement study is based on the simple tech-
nique of doubling the number of grid points and compar-
ing results. A method such as the Grid Convergence Index
could have been used, but for the structured grid used in
the present study it would give results similar to the pre-
sent results. In the streamwise direction, three values for the
maximum number of grid points were tested, 41, 81 and 161.
This choices of grid point quantities were based on previous
experiences with the model. The difference in the centerline
velocity at the end of the chamber is negligible and the dif-
ference in the velocity gradient at the chamber wall is of
the order of 2% between the coarse grid and the fine grid.
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Fig.4 Comparison of the radial velocity distribution at the end of the
combustion chamber for three different grid points distributions

Figure 3 shows the variation of the centerline streamwise
velocity u(r = 0) along the streamwise direction for the three
tested grid distributions.

Taken the number of grid points in the streamwise direc-
tion equal to 41, three different grid point distributions were
tested in the radial direction, 40, 80 and 160 points. Again,
the choice of grid points is based on previous experience
with the model. Figures 4 show the streamwise velocity pro-
file at the end of the chamber. The differences between the
velocities for the three distributions of grid point is lower
than 1%.

The size of the grid also has to be large enough to allow
a minimum number of propellant droplets in each volume.
Based on this requirement an on the grid refinement study, it
was decided to use 41 grid points in the streamwise direction
and 80 grid points in the radial direction.

The verification of the chemical equilibrium routine
was performed comparing results with results obtained
from NASA CEA. These results consider three different

equivalence ratios, @ = 0.2, 1.0 and 5. Results are presented
in Table 1 in terms of equilibrium temperature and product
composition.

Finally, the droplets evaporation routine was validated
considering the steady-state equilibrium droplet tempera-
tures and the droplets vaporization rates. The test case con-
siders a combustion chamber burning ethanol and hydrogen
peroxide. Figure 5 shows the evolution of the fuel (7}) and
oxidizer (T,,) droplets temperatures versus distance (x) along
the combustion chamber. After an initial transient region,
where the droplets are heated by the combustion gases at
high temperatures, the droplets reach a steady state tempera-
ture close to the boiling temperature. For ethanol the boiling
temperatures at 10 and 20 atmospheres are 425 and 454 K.
For hydrogen peroxide they are 508 and 541 K. The corre-
sponding steady state temperatures are 7 (p = 10 atm) = 415
and T;(p=20atm) =445 K for the ethanol and
T,(=10atm) =497 and T, (p = 20 atm) = 532 for the

550 T T T T
0 0 00 0 OO0 o0 OO0 O O
500 - LC 1
(e}
o
450 o Ly oooooooooo
o o o [u}
400+ - 1
X o
= o
350 . |
o p=20 atm, fuel ©
300 © oxidizer ©° |
2 p=10 atm, fuel
oxidizer
250 :

0 2 4 6 8 10 12 14 16 18

Fig.5 Variation of the ethanol and hydrogen peroxide drop tempera-
ture along the combustion chamber for chamber pressures equal to 10
and 20 atm

Table 1 Results from the

X o . Equivalence ratio 0.2 0.2 1 1 5 5

chemical equilibrium routine

in terms of equilibrium Model CEA Model CEA Model CEA

temperature and composition TIK] 3328 3325 3523 3520 2734 2733

for three different equivalence

ratios M [g/mol] 20.89 20.89 18.95 18.95 13.94 13.94
X(CO,) 0.02691 0.02675 0.0605 0.06014 0.0196 0.01944
X(CO) 0.01226 0.01242 0.0909 0.09132 0.3012 0.30134
X(H,0) 0.5478 0.54679 0.5102 0.50956 0.2037 0.20384
X(H,) 0.03142 0.03171 0.0929 0.09310 0.4645 0.46428
X(0,) 0.2150 0.21471 0.0595 0.05962 2.5014E-6 <1.E-5
X(H) 0.01537 0.01552 0.0421 0.04230 9.6658E-3 9.83E-3
X(OH) 0.1192 0.11961 0.1152 0.11540 1.2019E-3 1.25E-3
X(0) 0.03206 0.03209 0.0283 0.02835 1.4487E-5 2.00E-5
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Fig.6 Variation of the ethanol and hydrogen peroxide drop diameter
squared along the combustion chamber for chamber pressures equal
to 10 and 20 atm

hydrogen peroxide. These results are in agreement with the
expected theoretic values [8].

In the steady-state regime the drop diameter should vary
according to the diameter square law [8], which predicts that
the square of the drop diameter should vary linearly down-
stream along the combustion chamber. Figure 6 shows the
variation of the fuel (d;) and oxidizer (d,,) drop diameters

ox
Table 2 Propellants mass flow rate, fuel/oxidizer equivalence ratio
®, vaporization length x,/L, core temperature and wall tempera-
ture at vaporization length x,/L. Stoichiometric fuel/oxidizer ratio
f; = 0.32658. Fixed oxidizer mass flow rate for different fuel mass
flow rates and fixed fuel mass flow rate for different oxidizer mass
flow rates

Geometry and pressure

L=80mm, R=40mm, P =20atm

Fuel and oxidizer temperatures and inlet areas

T,=336K, T,=2%K, A =15 mm?, A, =35 mm?
total mass flow, fuel/oxidizer ratio and equivalence ratio

iy =22 X 1073 kg/s, m, =55x107 kgls, f=04, &=12248
core region

i kgls 1, kg/s (0] x/L(vap)

13.86x 1073 39.60x 10~ 1.22 0.325

wall region fixed oxidizer mass flow for different fuel mass flow

titg T,y (o) x/L.(vap) T(core) K T(wall) K
251x107% 11.x 1073 0.70 0.200 2990 3076
3.59x 1073 1.00 0.275 3017 3034
4.40x 1073 1.22 0.325 3018 3022
5.75x 1073 1.60 0.325 3018 2833
wall region fixed fuel mass flow for different oxidizer mass flow
440%x 1073 19.25x 1073 0.70 0.250 3011 3062
13.47 x 1073 1.00 0.300 3020 3020
11.04x 1073 1.22 0.325 3018 3022
8.42x 1073 1.60 0.300 3020 2835
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equivalence ratio

Fig.7 Vaporization length x,,, (cm) versus initial equivalence ratio at
the wall region. The equivalence ratio was changed either by chang-
ing the mass flow rate of the fuel and fixing the mass flow rate of the
oxidizer, or vice-versa

squared, where after the unsteady drop warm up period the
drop diameter squared varies linearly as expected. During
the warm up period, the drops diameters do not vary sig-
nificantly, since the reduction in diameter is compensated
by an increase due to droplet dilatation with increasing
temperature.

2.6 Combustion chamber parameters
and operating conditions

The total fuel and oxidizer mass flow rates entering the com-
bustion chamber mf, m,,,, the resulting fuel to oxidizer mass
flow ratio f and the equivalence ratio @ are presented in
Table 2. The combustion chamber length L_, radius R and
pressure P are also given in Table 2, along with the fuel and
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Fig.8 Temperature variation along the chamber in the region close
to the wall
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Fig.9 Equivalence ratio variation along the chamber in the region
close to the wall due to propellant evaporation

oxidizer inlet temperatures, and injection areas, Tf, T,
and A, respectively.

In order to allow the definition of initial conditions to
start marching the boundary layer equations, a percentage
of the propellants is assumed to enter the combustion cham-
ber and to evaporate and burn immediately. Physically, that
would correspond to a combustion gases recirculation zone
at the chamber entrance. The temperature of these pre-exist-
ing gases at the chamber entrance is determined according to
the equilibrium temperature of fuel and oxidizer combustion
at the specified chamber pressure. It was assumed that 10%
of the oxidizer evaporate immediately at the entrance with a
fuel/oxidizer ratio f = 0.85 for the initial evaporation of fuel.
For the initial conditions considered, the resulting tempera-
ture of the pre-existing gases is equal to 2125 K. The code
may be modified to used a user specified gas temperature
and compute the resulting gas composition for the chosen
mass fraction and temperature.

The condition f = 0.4, ® = 1.2248, at the inlet was taken
as reference and the chamber was divided in two radial
regions, a core region and a wall region. The core region
takes 80% of the cross-sectional area and the wall region
the remaining 20%. This choice of two distinct regions in
the radial direction is meant to show the capability of the
model in modeling a region close to the wall where lower
temperature may be desirable. But the model would accept
any radial distribution of equivalence ratio. The reference
case is compared with three different cases where, in the
wall region the inlet mass flow rates were taken such that the
inlet equivalence ratio ® are equal to 0.7, 1.0 and 1.6. The
equivalence ratio for each one of these values were given
either by changing the fuel mass flow rate or the oxidizer
mass flow rate, but the results between the two options did

Ay

Fig. 10 CO, mole fraction along the chamber in the region close to
the wall. ® =0.7, 1, 1.22 and 1.66

not vary significantly for the evaporation length, wall tem-
perature or chemical composition of the burned gases.

The inlet mass flow rates and fuel to oxidizer ratio for
each test case is presented in Table 2. Also shown in Table 2
are the vaporization length (the length for total evaporation
of either the fuel or oxidizer), the temperature at the center
of the core region (r = 0) and the temperature at the wall
at the streamwise position where one of the propellants has
already totally evaporated.
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Fig. 11 CO mole fraction along the chamber in the region close to the
wall. ® =0.7, 1, 1.22 and 1.66
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Fig. 12 H,0O mole fraction along the chamber in the region close to
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Fig. 13 H, mole fraction along the chamber in the region close to the
wall. ® =0.7, 1, 1.22, 1.66

3 Results

This section present results showing how the initial equiva-
lence ratio and its radial variation affect the vaporization
length, the temperature distribution along the chamber, the
variation of the local equivalence ratio, the combustion gases
composition, as well as velocity and the temperature distri-
bution in the radial direction.

Figure 7 shows the vaporization length variation with
initial equivalence ratio ®. The vaporization length is rel-
evant for sizing the combustion chamber and to assure that
combustion is complete before the combustion gases enter
the converging diverging nozzle. The initial equivalence
ratios considered are those of: a) a uniform distribution

@ Springer

with @ = 1.2248 and b) non-uniform distributions with
@ = 1.2248 at the core region and ® = 0.7,1.0 and 1.6 at
wall region.

The equivalence ratio may increase due to a increase
of the fuel mass flow rate or decrease of the oxidizer mass
flow rate. As the equivalence rate increases the vaporization
length also increases for @ < 1.22. For the lower values of
@ of 0.7 and 1.0, the fuel droplets evaporate first close to the
wall and before the oxidizer droplets. For higher equivalence
ratios (® = 1.6), the fuel droplets evaporate also before the
oxidizer, but first at the core region (where @ = 1.22). If the
initial equivalence ratio is changed by fixing the fuel mass
flow rate and changing the oxidizer mass flow rate, the fuel
droplets evaporate before the oxidizer at the core region,
except for ® = 1.6 when the oxidizer at the wall region evap-
orates first. This is because at @ = 1.6 the mass flow rate
of the oxidizer is considerably lower and the vaporization
length drops to x/L,. = 0.30.

The vaporization length is a function of the combustion
gases temperature, which increases for equivalence ratios
between 1 and 1.2. Higher temperatures would lead to faster
evaporation, but the vaporization length is also a function
of the droplets velocities, which change when mass flow
rates are changed. Higher droplet velocity results in lower
residence time in a give control volume of length Ax along
the chamber. The vaporization length is also a function of
the local equivalence ratios, given by the relation between
fuel and oxidizer evaporated masses.

Figure 8 shows the variation downstream of the tem-
perature close to the chamber wall for different values of
the initial equivalence ratio. For @ = 0.7 the gas tempera-
ture increases as the equivalence ratio due to evaporation
decreases toward one along the chamber due to propellants
evaporation. The initial pre-existing gases at 2125 K mixes
with combustion gas increasing the total temperature in the
chamber. As the local equivalence ratio decreases down-
stream due to different evaporation rates of fuel and oxi-
dizer, the gas temperature continues to increase. Increasing
the initial equivalence ratio to @ = 1.0, increases the wall
temperature. Higher initial equivalence ratios (® = 1.22 and
@ = 1.6) result in lower temperatures compared to @ = 1.0.

There is a strong correlation between the gas temperature
and the local equivalence ratio. Given an initial equivalence
ratio at the chamber inlet, the evaporation of droplets along
the chamber results in a streamwise variation of the local
equivalence ratio, as shown in Fig 9. These downstream
equivalence ratios correspond to the ratios between evapo-
rated fuel and oxidizer. Figure 9 shows that the resulting
local equivalence ratio due to evaporation varies signifi-
cantly due to fuel evaporation when excess oxidizer is con-
sidered at the inlet (® = .7). In this case, the local equiva-
lence ratio due to evaporation drops from about 1.6 to values
close to the stoichiometric condition (® = 1). This drop in
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Fig. 17 Liquid mass fraction variation along the combustion chamber
both at the core and wall regions for initial equivalence ratio ® = 0.7
at the wall region
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Fig. 18 Liquid mass fraction variation along the combustion chamber
both at the core and wall regions for initial equivalence ratio ® = 1.0
at the wall region

the local equivalence ratio results in an increase in gas tem-
perature as shown in Fig. 8. For the other initial equivalence
ratios (® = 1.0, 1.22 and 1.6) the streamwise variation of ®
are not so strong and the resulting gas temperature close to
the wall increases as @ tends to the stoichiometric condition
or decreases when it varies away from stoichiometry. Keep
in mind that the temperature close to the inlet is influenced
by the pre-existing gas temperature of 2125 K.

Mole fraction variation along the length of the cham-
ber in the wall region for CO,, CO, H,O and H, are shown
in Figs. 10, 11, 12 and 13. Significant increase in CO,
is observed for equivalence ratios higher than 0.7 due to a
higher percentage of fuel in the evaporated mixture as shown
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Fig. 19 Liquid mass fraction variation along the combustion chamber
both at the core and wall regions for initial equivalence ratio ® = 1.6
at the wall region

in Fig. 9. Mole fractions of CO, and H, decrease downstream
with increasing inlet equivalence ratio, following an opposite
trend than that of CO,. Downstream, the predominant gases
are CO, and H,0, since the equivalence ratio are closer to
the stoichiometric value.

Next, temperature and velocity profiles in the radial
direction (7(r),u(r)) are presented in Figs. 14, 15 and 16.
The profiles are taken at the streamwise position where the
droplets have totally evaporated for each equivalence ratio.
Each plot shows profiles for each equivalence ratio as well as
profiles for the reference case, where the equivalence ratio of
@ = 1.2248 was imposed both at the core and wall regions.

As shown in Fig. 8, the wall temperature is higher when
the equivalence ratio is close to one. Given the adiabatic
boundary condition at the wall and the combustion reac-
tion in the region close to the wall, the resulting tempera-
ture distribution shown in Figs. 14a, 15a and 16a is mostly
uniform. The wall temperature depends on the wall region
reaction, and the resulting thermal boundary layer is very
thin. This same result about the boundary layer thickness
is also valid for the velocity profile, where the reaction
of the evaporated propellants increase the mass flow rate
of gases close to the wall and prevent the development
of a thick boundary layer as seen in Figs. 14(b), 15(b)
and 16(b). As a consequence, the temperatures near the
wall are high along the chamber, demanding wall cool-
ing or intermittent chamber operation in short burst to
allow time for wall cooling. Comparison between different
equivalence ratio results depends also on the vaporization
length of each case, so that profiles are not compared at
the same streamwise position. Nevertheless, the effect of
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equivalence ratio variation from the core region to the wall
region is clearly shown.

The temperature plots show that the wall region is not
sufficiently resolved. This is because the grid spacing cannot
be strongly refined or there will not be enough propellant
droplets in the resulting small volume. At each grid con-
trol volume the number of droplets is proportional to the
mass flow at that volume which cannot be made to small.
Given that the boundary layer thickness is very thin due to
the constant addition of gas mass flow from the burning
of evaporated propellants, there is a balance between grid
refinement to capture the boundary layer and grid spacing
to allow a minimum number of droplets in the wall region.

To further understand the local equivalence ratio varia-
tion downstream, Figs. 17, 18 and 19 show the fuel and oxi-
dizer liquid mass fraction ratio for initial equivalence ratios
@ =0.70, 1.0 and 1.6, respectively. The different values of
equivalence ratio for these test cases correspond to a given
mass flow rate of oxidizer and increasing mass flow rates of
fuel at the wall region, corresponding to the first group of
conditions in Table 2.

The mass fraction ratio in these plots is defined as the
ratio between the liquid mass at a streamwise station x and
the total, fuel plus oxidizer, initial liquid mass at the cham-
ber inlet at x = 0. Each plot also shows the reference case
@ = 1.2248 where the equivalence ratio is uniform across
the radial direction, both in the core and wall regions. All
three plots show that, for any value of the initial equiva-
lence ratio @ the oxidizer is consumed at a greater rate than
the fuel, but since the amount of injected fuel is lower than
that of the oxidizer, the fuel is completely consumed shortly
before the oxidizer.

For @ = 0.7, Fig. 17 shows that the fuel evaporates com-
pletely in the region close to the wall before the oxidizer.
There is a considerable amount of remaining liquid oxidizer
after the fuel has completely evaporated. The higher evapo-
ration rate of oxidizer reduces the equivalence ratio down-
stream, as shown in Fig. 9, increasing the gas temperature,
as shown in Fig. 8.

For the equivalence ratio of ® = 1.0, shown in Fig. 18,
the trend is the same, but due to the higher initial amount of
fuel, the fuel takes longer to fully evaporate and a greater
quantity of oxidizer is consumed. On the other hand, for
@ = 1.6 (18), fuel and oxidizer are fully consumed at about
the same streamwise position at the core region first, with
remaining liquid propellants at the wall region. This is due
to the greater amount of fuel at the wall region.

The increase in the local equivalence ratio for initial
@ = 1.6, shown in Fig. 9 is due to the greater fuel mass flow
shown in Fig. 19, which results in higher number of fuel
droplets and, therefore, higher evaporated mass of fuel with
respect to the evaporated mass of oxidizer. This is correlated

with the velocity plots shown in Fig. 16, where less quantity
of burned gases result in lower velocities close to the wall,
while for @ = 0.70 and 1.0, greater evaporation close to the
wall result in higher velocities than that observed in the core
region (Figs. 14 and 15).

4 Conclusions

A new 2D numerical model, based on the boundary layer
equations, was developed for simulation of spray combus-
tion along an axisymmetric combustion chamber. The pre-
sent model allows the analysis of different operation condi-
tions and the fast determination of evaporation lengths, heat
transfer to the chamber walls, composition of reactants and
products, temperatures, velocities, densities, droplet sizes
and other important parameters which are required for the
design of rocket combustion chambers. Consequently, design
cost and time can be reduced, as well as the number of tests
of prototypes.

Different equivalence ratio distributions were considered
in order to reduce the gas temperature near the chamber wall.
Evaporation lengths were calculated in different operating con-
ditions in order to determine the combustion chamber length.
The results indicate that the evaporation length is a function
of combustion gases temperature, which depends on the ini-
tial equivalence ratio as well as on the local equivalence ratio
given by fuel and oxidizer evaporation rates. The evaporation
length also depends on the fuel and oxidizer mass flow rates,
which sets the droplets speeds through the chamber.

In agreement with previous published results, the present
results also show that the boundary layer thickness is very
thin due to the constant addition of heat and mass flow close
to the wall from combustion and that the near wall tempera-
ture depends on the equivalence ratio. As a consequence, large
heat transfer to the walls is expected and either the walls must
be cooled or the chamber should be only run for short burst
periods.

The model is currently under development and further
refinements will be incorporated, such as conjugate heat trans-
fer between the combustion gases and the chamber walls, to
account for wall cooling and heat losses through the walls;
multiple droplet sizes based on the Rosin-Rammler distribu-
tion functions; and analysis of other propellants, specially
green propellants, such as ethanol and hydrogen peroxide.
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