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PHEDRE —Numerical Model for Combustion Stability Studies
| Applied to the Ariane Viking Engine

M. Habiballah,* D. Lourme,} and F. Pit}
Office National d’ Etudes et de Recherches Aérospatiales, Chdtillon, France

A comprehensive numerical model for a direct simulation of high-frequency instabilities is presented. It consists
of solving the balance equations of the gaseous phase and the discrete phase (droplets) for given droplet atomization
and droplet vaporization data. The model was used for the Ariane Viking liquid propellant engine behavior study
in both steady and unsteady configurations. A stability criterion based on the pressure excitation has been found
to fit the main features of the actual behavior of the engine.

Nomenclature

b = width of the chamber

¢ = specific heat at constant pressure

v, = volume fraction of dropléts belonging to
group m (=pn,/pL)

e = specific internal energy of mixture

e = specific internal energy of species k

i =cell index in the z direction

J =cell index in the y direction

M, =molar mass of species k

n,, = number of droplets per unit volume belonging

' to group m

p = pressure

P, = steady-state mean pressure

R = gas constant or the chamber radius

t = time ‘

T = temperature

TR = gas velocities in the z and the y directions,
respectively

Uy sUs, = droplet velocities in the z and the y directions,

' respectively

w =total mass-source term

Wy =mass source, Eq. (2)

w,, = mass source, Eq. (6)

y =RO = transverse direction

z = axial direction

K, = gaseous phase laminar viscosity

P = total density

oL = liquid-jet density

Pi = partial density of species k

Subscripts

k = species k

m = group m

¥i = radial injection

1 = gaseous unisymmetrical dimethyl hydrazine
(UDMH)

2 = gaseous N,O,

3 = burned products

I. Introduction

IGH-FREQUENCY instabilities consisting of the com-
bustion excitation of the chamber acoustic modes can be
very severe for liquid-propellant rocket engines. In the past,
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the problem was mainly solved by experimental means, and
most of the theoretical work (due to limited computation
capabilities) was restricted to linear analyses.

After the Ariane second flight failure resulting from such
instabilities in the first-stage Viking engine, and simultaneous
with the empirical solutions of the immediate problem,! a
comprehensive study was started at Office National d’Etudes
et de Recherches - Aérospatiales (ONERA) to improve the
understanding of the phenomenon with a view to the future of
Ariane. The Viking engine uses N,O, and unisymmetrical
dimethyl hydrazine (UDMH), radially injected into the com-
bustion chamber through like-on-like doublets. In practice,
three topics have been investigated in parallel: atomization-
combustion-aerothermodynamics. The atomization study had
to provide the ‘aerothermodynamics with the droplet size and
velocity distributions near the injector, and the combustion
study had to supply it with the unsteady vaporization-com-
bustion laws of these droplets taking into account the relative
gas-droplét velocity.® This paper will focus on the aerother-
modynamics whose objective was to develop 'a chamber
model for numerical simulation.

II.. Methodology

The objective of the final model was to describe the reac-
tive, unsteady, turbulent, two-phase flow in a combustion
chamber with radial injection for given atomization and
droplet-combustion data. In fact, three numerical models
have been developed: a two-dimensional (x,y) Lagrangian
model (Lagrangian equations for the droplets), a two-dimen-
sional (x,y) Eulerian model (Eulerian equations for the
droplets), and an annular Eulerian model called PHEDRE.
The first' two models were developed to .gain experience in
numerical modeling before beginning the development of the
final numerical model; these models had to be validated by
specific tests. The final model for the unsteady behavior
simulation is the anriular one. It uses the same numerical
method and the same physical modeling as the planar two-di-
mensional Eulerian model. For the most part, this article
focuses on describing the annular model and also on present-
ing the results obtained with this model. Results obtained
with the two-dimensional (x,y) Lagrangian and the two-di-
mensional (x,y) Eulerian models will be summarized.

III. Planar Two-Dimensional Models

A. Planar Two-Dimensional Lagrangian Model

This model consists of a numerical code which solves
1) the Navier-Stokes equations for the gaseous phase and
2) a set of ordinary differential equations for droplets (La-
grangian equations). The turbulence is described by the classi-
cal k-¢ turbulence model.
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This numerical model is well adapted for describing in
detail interactions between droplets and gas. One of its objec-
tives was to help validate assumptions (turbulence modeling,
for example) made on the annular model. As an experimental
support to this code, a two-dimensional transparent chamber
was manufactured. Test firings were performed, and experi-
mental data were obtained. Figure 1 gives a comparison of
computed droplet velocities with those obtained from streak
photography experiments. Agreement is good for the mean
velocity ¥, although the standard deviation ¢ is not as well
predicted.

B. Planar Two-Dimensional Eulerian Model

The planar two-dimensional Eulerian model was the first
step in the annular model development. Its objective was to
adjust the numerical approach that would be selected for the
annular model. This numerical approach is largely discussed
in the following sections. Results obtained with the planar
two-dimensional Eulerian model were not directly compared
to test results but rather to results obtained with the Lagran-
gian model. Figure 2 shows a comparison of steady-state
results between the two numerical models. The figure con-
cerns the gaseous UDMH mass fraction, pressure, and tem-
perature contours. Agreement is satisfactory and makes it
possible to think that the main physical phenomena are quite
well described in the Eulerian model.

IV. Annular Model —PHEDRE

The main purpose of these stability studies was to develop
a numerical code for simulating the unsteady behavior of the
Viking engine combustion chamber. The Viking engine com-
bustion chamber is axisymmetrical (Fig. 3). Propellants are
injected radially. Different acoustic modes may be excited
when instabilities occur: radial modes, tangential modes, or
combined modes. The most critical, however, are the tangen-
tial modes, which often lead to destruction of the engine. The
logical approach consists of developing a three-dimensional
(r,0,z) model. Another alternative was initially chosen: a
numerical code was developed, which could simulate tangen-
tial modes in a computational annular chamber; the latter is
equivalent to the real chamber—this is the PHEDRE code.
The numerical approach used in PHEDRE and the results
obtained are discussed below.

A. Governing Equations

The two-phase reactive flow in the combustion chamber of
a liquid propellant rocket engine involves various complex

‘}V (m/s) _—

x {mm)

T =

T T T T
0 100 200 300
Fig. 1 Droplet velocity profiles along the chamber axis: comparison
between numerical and experimental data (¥ mean value; ¢, standard
deviation)-—~numerical,---experimental.
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phenomena: turbulent mixing and diffusion, droplet heat-up
and evaporation, species diffusion, chemical reaction, etc. The
gaseous phase consists of a reactive species mixture, and the
liquid phase consists of droplets having different diameters,
velocities, and temperatures. The two phases exchange mass,
momentum, and energy.

In this model, the gaseous phase is assumed to be com-
posed of three main species: fuel (UDMH), oxidizer (N,0,)
and burned products (P). Note that UDMH and N, O, do not
exist in the gaseous phase but decompose into other products.
Within the context of this paper, this denomination is relative
to the decomposition products. The liquid phase is composed

Lagrangian model

Fig. 2 Gaseous UDMH mass fraction (Yypyy), pressure and temper-
ature contours: comparison between results issued from Lagrangian and
Eulerian models.

Fig. 3 Viking engine—(Société¢ Européenne de Propulsion
photography).
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of groups; each group includes droplets of the same chemical
components having the same mean diameter, velocity, and
temperature at injection.

For the gaseous phase, the Navier-Stokes equations with
source terms are solved and for the liquid phase, a set of
balance equations for each group is solved by means of an
Eulerian method.

Gaseous Phase
Continuity equation for the total mass

6;) 6pu 6pv o 1db
T a Yty TV Ty, M

Fuel (k = 1) and oxidizer (k = 2) transport equations

Opx  Opeut Opev . 0 0 (P
o Yo Toy T 5 PP e

0 0 (pi 0 (pe\|1db
—_ D _— = _ —_ — | = -
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The burned products (k = 3) partial density is given by

p3=p —(p +p2)

Axial Momentum, z-axis
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Transverse Momentum, y-axis
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The f, and f, are the particle drag components in the z and y
directions. S,, and S,, are the momentum exchanges between
the two phases due to evaporation in the z and y directions,
respectively. The o,,, 6,,, and ¢, are the viscous stresses.

Energy
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S, is the energy exchange term, to be given later; ¢, and g, are
the heat fluxes due to both conduction and diffusion:

_ oT 0 [pi
la _pDth02<p>

=—A——pD > h
qy oy P Z K y(p

The 2 is thermal conductivity, A, is the specific enthalpy of
species k, and D is the species diffusivity.

Temperature is then obtained from the specific internal
energy using the relation

oT) =% % e(T)

k

Pressure is given by the perfect gas law
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Liquid Phase
For each group m, the following equations are solved.

Continuity equation

om0ty P _

db+( 6
ooy Lt P ()

1
The w,, is the rate of change of p,, caused by vaporization.
The (p,,)ri is the rate of change p,, due to radial injection.

For a given injection cell, this term is given by

S (7)

(p m )ri =
Vcell

Ve is the cell volume; and n,,; is the mass flow rate injected

in this cell.

Axial Momentum, z-axis
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The (p,,u,,),; is the axial momentum source term due to radial
injection.

It is given by
Minj U;

v

cell

(pmum)ri =

where u; is the axial component (if any) of the injection
velocity. The f,,, is the drag component in the z direction;
S,m: is the momentum exchange between the gaseous phase
and group m in the z direction.

Transverse Momentum, y-axis

0Pl OPimlhlm 0PV,
Pl Pt Opmi _

b
— (9
ot 0z oy ©)
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The f,,, is the drag component in the y direction; S,,,, is the
momentum exchange between the gaseous phase and group m
in the y direction.

Droplet Number Balance Equation

on,, On,u, On,,v,,
=+
ot 0z Oy

1db
= m m b d + (nm)rz

The (#,,),; is the rate of change of n,, resulting from radial
injection

(ﬁm)" — (pm)rt

E D3

6 iPL
where D, is the diameter of the droplets radially injected, and
p, is the density of the liquid jet.

For the energy equation, we neglect the heating period by
assuming that the droplet surface reaches the vaporization
temperature very rapidly and remains constant. This assump-
tion is valid when thermal transfers inside the droplet are slow
as is the case with no convection. This model will have to be
improved if it is to take into account the convection effect on
thermal transfers into the droplet.
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B. Input Data

Running this numerical code for spray combustion simula-
tion requires atomization and droplet-combustion data. These
two topics are discussed below.

Atomization Study

The atomization study? consisted of the experimental char-
acterization of the spray issued from like-on-like doublet for
the DEV injector (development injector) and the TAS5S injec-
tor (postfailure injector).

Test results showed that the size distribution issued from a
like-on-like doublet may be represented by a Rosin-Rammler
law

N (D\¥ _
D =—_{= — (D/DW
&) D<D) ¢

where N and D are fitting parameters.
In such a case, the mass median diameter D,, and the
Sauter mean diameter D, are given by

D,y = D(¢n2)'¥

D
Dy=—————
? I~ (UN)]
where I' is the gamma function.

For the Viking engine, the following expressions have been
obtained to represent D,, and N:

UDMH-type doublet

D, (um) = 76< ij/s) —0.95(Dj mm>0~3<Lj_ mm>‘°-03

30 29 49

[y
“\ s

11 kg/m?
—=——0.1910g10<#>

N 275
N,O,4type doublet

V. —095/7y. 03/7 —0.08
DM(um)=138< Jm/s) <Dfmm) (ijm>

30 43 49
3\ —0.2
8 (p kg/m )
5
1 1 o kg/m?
— =———0.13log,o| -—2—
N 235 °g1°< 5

D; = the injection hole diameter

L; = the liquid-jet length

V,; = the absolute liquid-jet velocity
p = the ambient gas density

The geometrical data of the two injectors (DEV and TAS5S)
are given in Table 1.

Droplet-Combustion Study?

The method consisted of two numerical codes: an easy to
use, one-dimensional model taking into account the physico-
chemical phenomena involved in the droplet combustion pro-
cess and a second two-dimensional one, which includes
convective effects on the vaporization. The numerical ap-
proach consists of solving the balance equations for the
incompressible phase (droplet) and for the surrounding gas.
For the gas, the Navier-Stokes equations are solved. Inside
the droplet, the temperature is obtained from the energy
equation, and the velocity is given by the Hill vortex
approach.
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Table 1 Injector geometrical data

Parameter Dj, mm

UDMH N,0,
Injector Parameter L, mm doublet doublet
DEV 4.9 2.7 3.9
TAS5S 49 2.9 43

For systematic use, an analytical vaporization law was
derived from numerical computations as shown below.

Analytical expressions of the vaporization-combustion laws
of UDMH and N,O, droplets have been found to fit numer-
ical calculations performed by means of the droplet-combus-
tion code.

UDMH vaporization law

D 0.4
g = (955 +2.107° p)10~¢ D“(—)
Dy

dp dp

s (P14 -8 1.5 4¢
><8n(l+B)[1+1100D dtH 1.06 10~° DD i

with B=0.002 (T, — Tcy) + 14 Yne.

N,O, vaporization law

D 2
rig = [1278 +(426 + 1.7 10—5p)<D—> ] 10-5D ta(1+B)
0,

dp
—1210-¢D3 %
dt

with B =0.00028 (T, — Ten) +3 Yy

D, is the diameter at injection; T is the ambient tempera-
ture; Ty and Ty the critical temperatures of UDMH and
N,O,, respectively, and Y. and Y,, the ambient mass
fractions of gaseous UDMH and gaseous N,O,, respectively.

The preceding expressions were established without convec-
tion. Computations taking into account a droplet-gas relative
velocity have been performed, and it has been found that the
convection effects are well correlated by the classical Ranz-
Marshall correction®

m = ry(1+ 0.3 Re'2Pr'f3)

where #1, is the vaporized mass flow rate without convection;
Re the Reynolds number based on the relative velocity; and
Pr the Prandtl number.

C. Droplet-Gas Interaction
Droplets interact with the gaseous phase through mass
exchange, momentum exchange, and energy exchange. The
expressions of the exchange terms are given below.
The mass loss as a result of vaporization [Eq. (6)] is given
by
Wy, = —H,,M

The rate of change of the total density [Eq. (1)] is
W= =Y,

The rate of change of the partial densities of UDMH and
N, O, consists of two terms

Wi = Wi + Wi
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The w¢ is the mass loss as a result of the chemical reactions,
and w}, is the mass production as a result of the vaporization
of the droplets of the same chemical components as the
species k

Wwi=— % i, and wi=-— Y w,
UDMH N2O4
groups groups

A one-step chemical reaction has been assumed

UDMH + aN,O, - Products
with a rate
@ = CC(p, /M) p,/M,)*, CC =10, a=1203
W= —Myd, W= —aMyo

Two turbulent combustion models were used in the two-di-
mensional (x,y) Lagrangian model to simulate the flow in the
two-dimensional transparent chamber. These models are the
Magnussen model® and the one mentioned above. The latter
is an asymptotical case of the Arrhenius model as the ratio
T, /T approaches zero; T, is the activation temperature and 7'
the gas temperature. Results showed that the Magnussen
model leads to a lower combustion temperature and thus to a
combustion efficiency lower than the transparent chamber
one. The above combustion model gave the most realistic
results. Moreover, visual observation of the reacting flow in
the two-dimensional transparent, combustion chamber con-
firmed that the reaction zone locations were better predicted
when using the above combustion model than when using the
Magnussen model.

The particle drag components [Egs. (7) and (8)] are give by

fmz = % :uganmmeRem(u - um)
T
fmy =g :uganm meRem(v - vm)

8

D 12
Re, =P2m I:(u —u,)+ @ —vm)l]

g

R(z)

__.____.,_._—____.

o
N e e e — e

a)
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where Re,, is the Reynolds number, and C,, is the drag
coefficient.

The droplet-combustion study® also showed that the evapo-
rating droplet drag coefficient is approximately one-half the
drag coefficient of a non-evaporating droplet because the role
played by the friction forces is significantly reduced for a
vaporizing droplet as a result of the boundary-layer blowing.
On the other hand, the role of the pressure forces is not
greatly modified by vaporization.

The following relations were used for the drag coefficient:

C,, = (12/Re, )(1 +0.15 Re%7)  if Re,, < 1000

C,, =022 if Re,, > 1000

Assuming the vapor (fuel or oxidizer) has the same velocity
as the droplet when it leaves the surface, the momentum loss
may be written as

Symz = W thy, S

gmy — WUy

Momentum source terms which appear in the gaseous

phase equations [Eqs. (3) and (4)] may be written as

fz: —mez fy= _mey

Sz =— Z Sqmz Sy = _Z Somy

From the previous assumptions, the specific internal energy
source terms S, [see Eq. (5)] can be written

R . R .
Se = <hU - ﬁ TVU>W€ + <h1v - ﬁ TVN>W5
1 2
|
- Z 5 Wm[(u - um)z + (U - Um)z]

The Ay and A, are the specific enthalpies of liquid UDMH
and liquid N,O, at the injection temperature, respectively.
T,y and T, are the vaporization temperatures of UDMH
and N,O,, respectively.

v, RO Mass flow rate : m;
Diameter : Dj
x Volume fraction : CVj
z
[\
_ ] L
L
I
|
!
|
|
i
L
|
P ) Continuity condition
—y ! - 4 .
| L same solution on
= | “ these boundaries
|
!
|
(.
[
[
bl ) Zdvdbetinlilets < .
Wall Outlet boundary
no slip Subsonic  : pressure or Mach number is specified
condition Supersonic : nothing is specified
u=0
v=0
um = 0
m = 0

Fig. 4 Fitted geometry and boundary conditions: a) actual geometry, b) computational annular geometry.
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D. Turbulence Model and Transport Coefficients

Effects of turbulence are taken into account by means of
the subgrid scale (SGS) turbulence model.® Turbulent viscos-
ity is given by

ou\? v ou Ov\* |2
—Cp A 22 42
oo 3) {5 (3]

C, is a constant of the magnitude of 0.04, and A is the
minimum cell size.

Turbulent contributions to the transport coefficients (vis-
cosity, thermal conductivity, and species diffusivity) are added
to the laminar ones."

Turbulent thermal conduct1v1ty and species diffusivity are
defined as

G, 7
= rft=p D, = o
Pr, pSc,

where Pr, is the turbulent Prandtl number, and Sc, is the
turbulent Schmidt number.

E. Numerical Method

The partial differential equations of droplet and gas are
solved by the MacCormack scheme’ combined with a stag-
gered grid; fluxes are defined at the cell side, and scalar
quantities are defined at the cell center. More details on the
differencing-technique are given in a previous paper.®

F. Boundary Conditions

Boundary conditions are summarized in Fig. 4.

1) At the injectioni’boundary, we specify for each group of
droplets the volume - fraction, the mass flow rate, and the
diameter. .

2) A no-slip boundary condition is used in the presence of
a wall.

3) At the outlet boundary, a static pressure. or a Mach
numiber is specified when the flow is subsonic; no condition is
required for a supersonic outlet boundary.

4) Finally, a continuity condition is applied on the upper
and'lower boundaries to ensure solution periodicity.

G. Geometry Fit

Carrying out computations requires fitting the computa-
tional geometry to the actual one. As shown in Fig. 4, the
axial length L is the same as the length of the actual chamber.
The transverse length ¢ is chosen so that the first tangential
mode of the annular chamber is the same as for the actual
chamber. Thus
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Fig. 5 Chamber head mean pressure vs time from start up to the
steady state. '

p {bar) _

64

o

Flg 6 Example of instabilities for the DEV injector, nommal working
pomt =235 kg/s, m =1.86.

where a is the sound velocity and fis the first tangential mode
frequency of the actual chamber. The width b(z) is chosen so
that the cross section is the same in both geometries.

- Thus, where R(z) is the actual chamber radius

b(z) = nR¥2)/¢

V. Results

High-frequency stability tests performed by the manufac-
turer (Société Européenne de Propulsmn) on the actual engine
showed the followmg résults.!

1) The engine is more stable when using the TASS injector
than when using the DEV injector.

2) The stability margin decreases as the steady state mean
pressure increases.

3) The engine is more stable when the UH25 propellant
(75% of UDMH + 25% of hydrazine hydrate) is used.

For numerical simulation of tangential instabilities, the

£ =alf
Table 2 Computed working points
Working point
Data P, P, P, P - Py p,

Total mass flow
rate m, kg/s 166.4 187.0

207.9

228.7 235.0 249.6 270.4

Mixture
ratio m 1.860 1.860

1.860 1.860 1.860 1.860
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method consisted of first obtaining the steady-state solution
and then applying a pressure step along the 7 axis by setting
pe) =pE@) (1 +a,),  0<i<q

yvhere P(2) is the steady-state pressure, 7, is a time lag, and a,
1s a constant coefficient.
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Fig. 7 Examples of the TASS injector response (a,;, between 0.6%
and 0.75%).
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1% - I \o
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| geowiains 2N
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0 7 T T T T T
40 50 60

Fig. 8a Viking engine stability results for the two injectors (DEV and
TAS5S); neutral stability limits vs chamber mean pressure.

A
P (bar) DEV =7
> 4
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-~ TAsS
e
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2 T T T T T T

40 50 60

Fig. 8b  Viking engine stability results for the two injectors (DEV and
TASS); pressure level P vs chamber mean pressure.
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The working points in Table 2 have been computed.

Figure 5 shows the chamber head mean pressure vs time
from the start up to the steady-state solution. An example of
instabilities after applying a pressure step is given in Fig. 6.
These calculations concern the DEV injector at the nominal
working point Ps (i1 = 235 kg/s and m = 1.860). Peak-to-peak
pressure levels increase and then become constant when insta-
bilities are well established; this constant level called P in the
figure depends on the steady-state mean pressure.

Figure 7 gives an example of excitations leading either to
stable or unstable responses. These calculations concern the
TADS5S injector at the working point P;. In this figure, the P,
steady-state regime was obtained from the P, one by decreas-
ing the mass flow rate.

After the steady-state regime is reached, an overpressure is
applied. For a4, =0.6%, oscillations are damped but for
a, =0.75%, they are not. So one critical value () corre-
sponding to neutral stability may be defined.

Figures 8a and 8b present the final results in the form of the
neutral stability curves and pressure level P as functions of
the steady-state mean pressure.

The numerical simulation fits the main features of the
actual engine behavior by finding the destabilizing effect of a
mean pressure increase and the stabilizing effect of the injec-
tor change (DEV — TAS5S) following the failure.

The stabilizing effect of using the UH25 has yet to be
studied, as data for this propellant are not well known.

VI. Conclusion

In response to the Viking engine instability problem, a
study including both numerical and experimental aspects was
undertaken. On the experimental side, the atomization study
provided the characterization of the spray issued from the
Viking engine injector. On the numerical side, one distin-
guishes the droplet-combustion model and the chamber
model. The droplet-combustion model led to the droplet
vaporization laws. For the chamber, two numerical models
were developed: a planar two-dimensional Lagrangian model
and an Eulerian annular model called PHEDRE. The Lagran-
gian model can be used to describe the steady-state regime in
detail. The annular model is suitable for unsteady numerical
simulation. They both employ the atomizaton and the
droplet-combustion results.

The PHEDRE code was used to simulate tangential insta-
bilities. The latter were triggered by a pressure step. Results
showed that for each working point, a critical value (a,;,) of
the pressure step exists. When the overpressure exceeds this
critical value, pressure oscillations are not damped.

The following results were obtained.

1) The critical value of the overpressure decreases—and
thus engine stability—when the chamber pressure increases.

2) The TASS injector (postfailure injector) is more stable
than the DEV injector (development injector).

3) When instability occurs, peak-to-peak pressure levels
increase when the chamber pressure increases.

All these features were observed on the actual engine
during test runs.

The approach used for the Viking engine is being applied to
stability studies for both the future Ariane 5 HM60 cryogenic
engine (using hydrogen and oxygen) and for the L5 stage
20 kN engine [using hypergolic propellant: monomethyl hy-
drozine (MMH) and N,O,].
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