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A detailed computational analysis of the oxidizer preflow during startup of a storable propellant upper-stage

rocket engine is presented. This low-pressure flow regime is controlled by various two-phase phenomena,

particularly flash atomization and flash evaporation of superheated liquid oxidizer, leading to a significant

temperature drop in the combustion chamber.To account for these phenomena, physicalmodels are extended to low-

pressure conditions and implemented into the framework of an iterative Euler–Lagrange method. A new semi-

implicit concept of the spray source term linearization is employed, improving the robustness of the numerical

solution procedure by accounting for intense coupling of vapor flow and spray. Following the analysis of the three-

dimensional two-phase flowfield and spray deposit distribution in the combustion chamber and nozzle extension, the

influence of liquid injection temperature and initial droplet size distribution is investigated by detailed parametric

studies. The results indicate a particular importance of the spray–wall interaction and secondary-droplet breakup

for the coarser sprays and a bimodal deposit distribution on the chamber walls. Computational results agree well

with experimental data and are used to derive transfer functions describing global preflow dynamics on a system

level.

Nomenclature

BT = heat transfer number
c = absolute velocity, m=s
cD = aerodynamic drag coefficient
cp = specific heat at constant pressure, J=kg=K
D = droplet diameter, �m
D32 = Sauter mean diameter, �m
D63 = Rosin–Rammler mean diameter, �m
f = droplet number rate, 1=s
h = specific enthalpy, J=kg
H = enthalpy, J
k = turbulent kinetic energy, m2=s2

La = Laplace number
M = Mach number
m = mass, kg
_m = mass flux, kg=s
Nu = Nusselt number
n = Rosin–Rammler width parameter
Pr = Prandtl number
p = pressure, Pa
_Q = energy flux, J=s
R = residual
Re = Reynolds number
r = droplet radial coordinate, m
S = splashing parameter
S� = source term
swmd = liquid deposition density, kg=m2=s
T = temperature, K
t = time, s

u, v, w = Cartesian velocity components, m=s
We = Weber number
�s = heat transfer coefficient,W=m2=K
�t = residence time, s
�hv = specific enthalpy of vaporization, J=kg
" = dissipation rate of k, m2=s3

� = under-relaxation factor
� = thermal conductivity, W=m=K
� = dynamic viscosity, Pa � s
� = deposit mass fraction
� = density, kg=m3

� = flow variable
� = surface tension, N=m

Subscripts

b = boiling state
d = droplet
dep = deposition
f = flashing
g = gaseous
i = droplet interior to surface
inj = injection
k = trajectory index
L = Leidenfrost
l = liquid
n = surface normal
ref = reference state
rel = relative
s = droplet surface
stat = steady state
vap = vapor
w = wall
0 = initial state, equilibrium state
1 = droplet far-field state

I. Introduction

T HE startup of a storable propellant upper-stage rocket engine
typically involves a short oxidizer preflow phase before the

injection of the liquid fuel. This oxidizer lead configuration ensures
that the hypergolic propellants get in contact at a well-defined
minimum pressure, avoiding excessive ignition delays and
propellant accumulation and thus decreasing the risk of startup
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anomalies [1,2]. In the absence of combustion, the pressure and
temperature levels in the preflow phase are predominantly controlled
by the evaporation rate of the liquid oxidizer and are far below the
respective levels at nominal operation of the engine. Because of the
severe pressure drop from oxidizer dome to combustion chamber,
the injected liquid is in a superheated thermodynamical state. As a
consequence, spontaneous vapor formation and expansionwithin the
liquid leads to flash atomization, a mechanism that is characterized
by extended spray cones and significantly reduced droplet sizes.
Accordingly, heat and mass transfer from the spray to the vapor flow
is governed by flash evaporation. In contrast to conventional droplet
evaporation, this evaporationmechanism is controlled by the transfer
of energy from the droplet interior to its surface.

Because of the limited energy content and the absence of other
energy sources and, to a lesser extent, due to the finite rate phase
change and the short residence time in the chamber, only a fraction of
the injected liquid actually evaporates in the combustion chamber
during preflow. A considerable fraction of the spray deposits on the
chamber walls, undergoing further flash evaporation and film
transport. These processes depend on the degree of superheat of the
deposit, the thermal state of the wall, the shear stress on the liquid–
vapor interface, and volume forces such as gravity or thrust. In the
expanding nozzle flow, the spray is accelerated and exposed to a
steep drop of pressure and temperature. In this region, the two-phase
mixture is again characterized by intense flash evaporation of the
spray droplets.

The phase transition from pressurized stored liquid to dispersed
two-phase mixture in the combustion chamber and expansion nozzle
is illustrated in Fig. 1 for the oxidizer N2O4 used in the present
analysis. Following the nearly isobaric flash evaporation at the
chamber pressurepstat, the thermodynamic nonequilibrium character
of the two-phase flow is further pronounced in the expansion nozzle.
This is indicated by the phase trajectory of subcooled vapor
proceeding from the equilibrium boiling state into the solid region
and that of a superheated flash-evaporating 50 �m droplet in the
gaseous region of the phase diagram.

The presented analysis has been conducted in the frame of a
comprehensive system-level investigation of upper-stage engine
startup behavior and has been motivated by the need for increased
reliability of multiple engine firings during complex mission
scenarios [3–7]. A major objective is the refined understanding and
modeling of the low-pressure two-phase flow dynamics in the
combustion chamber to provide an accurate system-level model of
the preflow that is capable of identifying potential causes of ignition
delay and combustion instabilities. The paper expands on previous
contributions [8,9] proposing a new semi-implicit treatment of the
spray source terms for high interphase transfer rates and a consistent
adaptation of themodeling framework to account for the superheated
state of the injected liquid propellant. Thus, a particular focus is on
the processes of flash atomization and flash evaporation of droplets
and liquid wall deposit. Deformation and breakup of droplets by

aerodynamic forces and droplet wall impact are covered by empirical
models originally developed to describe fuel preparation in lean-
premixed prevaporized (LPP) combustors [10–13]. Computational
results are presented for the Aestus upper-stage engine, which is
employed in the base configuration of the European launcher
Ariane 5. Following a detailed analysis and discussion of the two-
phase flowfield and wall-deposit distribution, the influence of the
spray initial conditions and wall conditions is evaluated by means of
a comprehensive parametric study. Transfer functions are derived to
describe the dynamic evolution of the vapor flowfield and the
influence of initial and boundary conditions on a system-analysis
level.

II. Computational Method

Mathematical models of dispersed two-phase flows can be
classified into two conceptual approaches [13]. In the Euler–Euler
approach, the gas phase and the dispersed liquid phase are described
as interpenetrating and interacting continua, whereas in the Euler–
Lagrange approach, the dispersed phase is regarded as a super-
position of individual droplet trajectories. Euler–Euler methods are
generally well-suited for strongly coupled two-phase flows, because
the discretized transport equations for gas and dispersed liquid
phases are solved simultaneously, accounting for interphase transfer
of mass, momentum, and energy [14]. However, to accurately
represent sprays that are characterized by droplets of widely varying
size and initial velocities, many separate phase continua may be
required and, as consequence, the computational effort can increase
substantially with the complexity of the spray. On the other hand, the
different mathematical models and solution procedures employed in
Euler–Lagrange methods introduce an artificial numerical phase
decoupling, which can lead to stability problems in the iterative
solution process, especially for high interphase transfer rates. Yet,
the major advantage of these methods is the accurate representation
of complex polydisperse two-phase flows involving liquid ato-
mization, secondary breakup, andwall interaction effects [15,16]. To
combine the advantages of both concepts, hybrid methods have been
proposed [17]. The presented analysis employs the computational
fluid dynamics package METIS-Ladrop, which has been developed
at the Institute for Thermal Turbomachinery of the University of
Karlsruhe on the basis of an Euler–Lagrange approach.

A. Iterative Euler–Lagrange Method

With liquid volume concentrations of around 1%, the oxidizer
preflow inmost parts of the combustion chamber can be regarded as a
dilute two-phase flow in which the droplet motion is controlled by
local aerodynamic forces [13,18]. Exceptions are the atomization
regions in the immediate vicinity of the propellant injectors, in which
the concentration approaches values that are characteristic of dense
two-phase flow and the effect of droplet collisions may not be
neglected anymore. In the present analysis, it is assumed that dense-
spray effects are covered implicitly by the empirical atomization
model. As a consequence, interaction between droplets is not
considered explicitly in the trajectory model, which reduces the
computational complexity substantially.

Furthermore, the volume fraction of the liquid phase is not taken
into account in the transport equations of the continuous phase, thus
limiting the effect of the spray on the vapor flow exclusively to the
spray source terms. At typical steady-state preflow conditions with
pstat � 30 kPa and Tstat � 290 K, around 10% of the N2O4

molecules are dissociated into NO2 [2]. Because of its short time
scale, this chemical reaction can be regarded as instantaneous. In the
present analysis, it is taken into account in the pressure- and
temperature-dependent correlations for thermophysical properties.

The basic setup of an Euler–Lagrange coupling cycle is illustrated
in Fig. 2. The vapor flow is described by the Reynolds-averaged
Navier–Stokes (RANS) equations combined with a standard k-"
turbulence closure model. To cover the evolution from low-subsonic
flow (M� 0:1) in the combustion chamber to supersonic flow
(M � 2) at the outflow boundary, a compressible formulation of the
SIMPLEC pressure-correction scheme is employed to represent the
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Fig. 1 Thermodynamic phase transition of N2O4.
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coupled pressure-velocity field [19]. The computational domain, a
180 deg section of the flow domain, is discretized by a contour-fitted
113 � 30 � 15 finite volume mesh. The convective terms of the
momentum and enthalpy equations, as well as the density at the faces
of the discretization volumes, are approximated by the second-order-
accurate monotonized-linear-upwind (MLU) scheme [20]. For
stability reasons, the convective terms of the pressure correction and
turbulence transport equations are approximated by an upwind
scheme. The final set of equations is cast into the general form

a�P�P �
X
nb

a�nb�nb � SC� � S�d; �� p0; u; v; w; h; k; " (1)

describing the linearized relationship between flow variables of
central volumeP and neighboring volumes nb. The constant part SC�
of the general source term includes higher-order terms, whereas the
spray source term S�d is computed as a statistical average of droplet
trajectory data according to

Sp0d � Smd �
XN
k�1

fk�min
d �mout

d 	k (2)

S�d �
XN
k�1

fk�min
d �

in
d �mout

d �
out
d 	k; �� u; v; w; h (3)

Droplet mass, momentum, and enthalpy on trajectory k are evaluated
on entry (in) and exit (out) of the discretization volumes [21].
Preliminary investigations showed that the effect of the spray source
terms on the transport equations of k and " is insignificant and,
consequently, a modulation of turbulence is not considered in the
present analysis. The central coefficients in Eqs. (1) are evaluated as

ap
0

P �
X
nb

ap
0

nb (4)

a�P �
X
nb

a�nb � SP� � Smd; �� u; v; w; h (5)

where SP� represents the proportional part of the general source term
and Smd represents an additional closing term as a result of interphase
mass transfer. The resulting system of linearized equations is solved
block-iteratively using a Bi-CGSTAB algorithm method with
standard incomplete lower/upper (ILU) preconditioning.

The droplet motion in the vapor flow is described by a modified
Basset–Boussinesq–Oseen equation assuming locally uniform flow,
neglecting the effects of added mass, Basset history, and unsteady
force terms and retaining only the steady-state drag term, as is
generally applicable for spray combustion processes [18,22]:

md

dud
dt
��	

8
D2�cDcrel�ud � u	 (6)

The effect of droplet deformation on the aerodynamic drag is
accounted for by an empirical correlation [23,24]:

cD � 0:28� 21

Re
� 6������

Re
p �We�0:2319 � 0:1579 log Re

� 0:047log2 Re� 0:0042log3 Re	 (7)

which is valid in the range of 5 
 Re 
 4000, with Reynolds and
Weber numbers defined as

Re� �crelD
�

; We� �c
2
relD

�
(8)

Equation (6) is integrated numerically using a Runge–Kutta–
Fehlberg (RKF45) method with adaptive step-size control. Droplet
initial conditions are generated on the basis of an empirical model
describing the flash atomization of superheated liquid propellant
from a plain-orifice injector. The procedure employing random
distributions for injection angle and droplet size is described in detail
in Sec. II.C. The droplet flash evaporation model is elaborated in
Sec. II.D. The effect of flow turbulence on spray dispersion is
simulated by velocity fluctuations that are generated stochastically
along the trajectories, according to local turbulence properties [25].
The wall impact of droplets is governed by a detailed set of
interaction mechanisms, including deposition, splashing, nucleate
boiling, film boiling, and reflection.

The theoretical framework has been employed in previous studies
[10] and is adapted to superheated liquid in Sec. II.E. Droplet
deformation and breakup by aerodynamic forces is accounted for by
empirical correlations describing classification, temporal and
spatial evolution, and secondary-fragment size spectra of various
mechanisms [10–12]. Although homogeneous condensation and ice
formation occur for certain operation modes of the engine, these
phenomena are not considered, because they affect only theflowpast
the throat, which exhibits a strong pressure drop.

The dispersed-phase flowfield is evaluated as a superposition of
trajectory data on the finite volume mesh [21]. Consequently, the
level of detail and the statistical quality of the resulting field data
improve with the number of computational droplets employed,
each representing a collection of physical droplets with similar
initial conditions. For optimal convergence of the Euler–Lagrange
coupling iterations and to achieve a required accuracy of the
computed two-phase flowfield, it is important to adjust the statistical
quality of the spray source terms to the computational accuracy of the
finite volume solver. The iterative procedure requiring semi-implicit
treatment and under-relaxation of the spray source terms is detailed
in the following section.

B. Semi-Implicit Treatment of Spray Source Terms

Because the vaporflow is generated entirely by evaporating liquid,
the spray source term is a dominant contribution in the transport
equations. Applying S�d directly to the right-hand side of Eq. (1)

Fig. 2 Main features of the iterative Euler–Lagrange method implemented in METIS-Ladrop.
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generally causes the numerical solution process to become unstable.
To increase the diagonal dominance of the systemmatrix, the source
term is decomposed into a proportional and a constant part

S�d � SP�d�� SC�d (9)

performing the following operations [26]:

1) For SP�d < 0, subtract SP�d from a
�
P and add S

C
�d to the right-hand

side of Eq. (1) (implicit treatment).
2) For SP�d > 0, add the full source term S�d to the right-hand side

of Eq. (1) (explicit treatment).
This formal decomposition can be regarded as a linearization of

the functional dependency S�d��	 in the vicinity of the current
solution value �i, with the effectiveness of the approach depending
on howwell SP�d approximates the derivative �@S�d=@��i. The present
analysis employs the concept of a zero-source state �0 representing a
virtual variation of the transport variable at which the source term
locally disappears [27]. The resulting linear approximation is
illustrated in Fig. 3 and defined by

SP�d �
Si�d

�i � �0
; SC�d ��

Si�d�0

�i � �0
(10)

For the spray source term to disappear, the two-phase flow has to be
in mechanical and thermal equilibrium. In this state, the gas-phase
velocity and temperature adopt the values of the dispersed phase:

p00 � 0 (11)

u0 � �ud; v0 � �vd; w0 � �wd; h0 � h� �Td	 (12)

The Eulerian mean values of the dispersed phase are defined as
statistical mass averages according to

�� d �
P

N
k�1 fk�tk�md�d	kP
N
k�1 fk�tk� �md	k

; �� u; v; w; h (13)

and the temperature �Td is computed from the mean enthalpy �hd by
an iterative Newton method. The droplet residence time per
discretization volume and the associated mean values are evaluated
as

�tk � �tout � tin	k (14)

� �md	k � 1
2
�min

d �mout
d 	k (15)

�md�d	k � 1
2
�min

d �
in
d �mout

d �
out
d 	k; �� u; v; w; h (16)

To account for the variation of �i along the subiterations of the
linear equation solver, the source-term decomposition has to be
continuously updated to ensure that the total effective value Si�d stays
constant throughout each Euler–Lagrange coupling cycle. Test
computations have indicated that instead of adapting SP�d and SC�d

according to Eq. (10), the robustness is improved by keeping SP�d
constant for each coupling cycle while adapting only the constant
part of the source term:

SC�d � Si�d � SP�d�i (17)

Additionally, the computed spray source terms need to be damped
by under-relaxation to avoid instability of the numerical solution due
to the strong coupling of vapor flow and spray:

Si�1�d � �Si
�d � �1 � �	Si�d (18)

In this formulation, Si�d and Si�1�d denote the source terms that are

effective in the transport equations of the current and the next Euler–
Lagrange coupling cycle, respectively, and Si
�d denotes the source
term computed by the trajectory method in the current cycle. Using a
relaxation factor of � � 3%, which is the maximum stable value for
the present flow problem, a large number of coupling iterations are
necessary to include 100% of the spray sources in the vapor flow
computation. This is demonstrated in Table 1, specifying the ratio of
effective and computed source terms, starting from S1�d � 0 and

assuming that Si
�d � const.

Thus, in the present analysis, 400 Euler–Lagrange coupling cycles
are performed in the first stage of the simulation to ramp up and
stabilize the interaction of continuous and particulate phases.
Because accuracy is not of highest priority at this stage, each cycle
consists of 100 iterations of the linear equation solver, followed by an
integration of 70,000 primary droplet trajectories and an additional
210,000 trajectories of droplets from secondary-droplet breakup
events and droplet splashing at the chamberwall. In the second stage,
95 Euler–Lagrange coupling cycles are performed, with the number
of primary trajectories increased to 700,000 per cycle to improve the
statistical quality of the spray source term distribution. In the final
stage, the linear equation solver operates on a frozen distribution of
the spray source terms until the residual norm is decreased by
4 orders of magnitude. This is generally achieved within 2000
iterations, as illustrated in Fig. 4, showing the evolution of the
pressure-correction residual toward the end of the Euler–Lagrange
coupling iterations.

Because the spray source term acts as a perturbation term in the
RANS equations, the residual at the begin of each coupling iteration
exhibits a characteristic jump that depends on the degree of
interphase coupling [28]. Another contributing factor is the statistical
noise in the spray source term field, which can be significant even
when a very large number of trajectories are employed. The total
simulation time is approximately 20 CPU days on a standard 3-GHz
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Fig. 3 Spray source term linearization.

Table 1 Under-relaxation with �� 3%

Iteration i Si�d=S
i

�d, %

1 0
100 95.098
200 99.767
300 99.989
400 99.999
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Fig. 4 Residual of the pressure-correction equation.
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Pentium 4 PC. Starting from an existing flowfield, a solution for
modified problem parameters is reached in 10 CPU days.

The described solution procedure has been developed on the basis
of previous research on two-phase flows in combustion engines
[10,14,16,17,29]. The mesh resolution and particle numbers
employed are the final result of a convergence analysis, which
indicated that further refinement resulted in only minor local
variations of the flowfields and did not influence the results of
interest, such as chamber temperature, pressure level, and spray
deposition density.

C. Empirical Flash Atomization Model

During preflow, the coaxial injector elements operate as plain-
orifice injectors in a flash atomization mode. Compared with
classical jet breakup, this mode is characterized by rapid internal
vapor formation, resulting in a burstlike expansion of the jet upon
entering the low-pressure environment of the combustion chamber.
Experimental visualizations, as shown in Fig. 5 (left), indicate spray
cone angles of about 
max � 50 deg for typical preflow conditions
[30]. The computational model of the flash atomization process is
depicted in Fig. 5 (right) by representative droplet trajectories.

Droplet initial conditions are generated from suitable random
distributions reproducing the solid cone structure of the oxidizer
spray. The offaxis angle is derived from a clipped normal distribution
with mean value �� 0 deg, variance � � 45 deg, and maximum

max � 50 deg. In this way, droplet density is high on the injector axis
and decreases toward the outer region of the spray. The constant
value of the droplet velocity cd;0 � 20 m=s is derived from the jet
exit velocity. Because of the destructive effect of vapor pressure
forces, droplet sizes are significantly reduced. Detailed analyses of
sprays with similar visual appearance, degrees of superheat, and
pressure drop indicate that droplet diameters hardly exceed 100 �m,
whereas Sauter mean diameters range from 10 up to 50 �m [31,32].

Recentmeasurements of droplet sizes from plain-orifice atomizers
at low-pressure preflow conditions have confirmed this [33].
Because of the uncertainties in the few available experimental data
for low-pressure flow conditions, the influence of initial droplet size
spectra is investigated by a parametric study. Assuming a Rosin–
Rammler size distribution [34,35] with a fixed width parameter
n� 2:4, this study covers size spectra with diameter parameters
ranging from 50 up to 150 �m in steps of 10 �m for a constant
injection temperature of Td;0 � 292 K. Three representative size
spectra are illustrated in Fig. 6.

A second parametric study addresses the influence of injection
temperature on preflow behavior. For a fixed droplet mean diameter
D63;0 � 100 �m, this study covers a temperature range from 274 K,
which is close to the triple point of the oxidizer, up to 300 K in steps
of 2 K. In a final step, the injector matrix on the base plate of the
combustion chamber is reconstructed based on this single-injector
model. The specific injector arrangement on the base plate used in the
present analysis is shown in the right part of Fig. 2.

D. Droplet Flash Evaporation Model

An essential component of the present study is an extension of
classicalD2 theory [36] to flash evaporation of superheated droplets.

The analytical framework is based on the assumption of spherically
symmetric quasi-steady transport in the vapor phase around the
droplet and a uniform temperature within the droplet. In this
idealization, the net energy flux and vapor mass flux leaving the
droplet are independent of the radial position. Both fluxes are
interlinked by the differential energy balance in the vapor phase

_Q� _mvaph�T	 � 4	r2�
dT

dr
; rs < r <1 (19)

and the integral energy and mass balances of the droplet:

dHd

dt
�mdcp;l

dTd
dt
� _mvaphl�Td	 � � _Q (20)

dmd

dt
�� _mvap (21)

where the droplet enthalpy is given asHd �mdhl�Td	. ClassicalD2

theory applies to a cold droplet (Td < Tb) exposed to a hot vapor
(T1 > Tb) and divides the droplet lifetime into a heat-up phase
(dTd=dt > 0 and _mvap � 0) and an isothermal evaporation phase
(dTd=dt� 0 and _mvap > 0). Consequently, Eq. (19) can be
integrated along the radial coordinate, leading to closed analytical
solutions for the heat-up and evaporation phases.

If the droplet is superheated, the surface temperature adapts
immediately to the boiling temperature at the ambient pressure, and
the evaporation process is controlled mainly by the energy transfer
from the droplet interior to its surface. For low degrees of superheat,
heat conduction and convection are the predominant transfer
processes within the liquid. For higher degrees of superheat, the
energy transfer is drastically intensified by nucleation of vapor
bubbles. Because of the complexity of these phenomena, the internal
energy transfer is modeled by an empirical heat transfer coefficient.
The corresponding energy flux

_Q i � 4	r2s�s�Td � Tb	 (22)

describes the transfer from the interior of the droplet to its surface and
contributes to the energy balance across the liquid–vapor interface:

_Q i � _mvaphl�Tb	 � _mvaph�Tb	 � 4	r2�
dT

dr
� _Q (23)

A schematic illustration of the model problem is given by Fig. 7,
attributing the enthalpy of evaporation�hv � h�Tb	 � hl�Tb	 to the
discontinuous change of enthalpy across the droplet surface.
Equation (23) may be rearranged into an expression for the vapor
mass flux:

_m vap �
_Qi

�hv
� 1

�hv

�
4	r2�

dT

dr

�
r�rs

(24)

which can formally be decomposed into a contribution _mvap;c due to
heat conduction from the vapor phase and a contribution _mvap;f due to
energy transfer from the droplet interior:Fig. 5 Flash atomization from a single injector (image from [30]).
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Fig. 6 Initial droplet size distribution.
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_m vap;c �
1

�hv

�
4	r2�

dT

dr

�
r�rs

; _mvap;f �
4	r2s�s�Td � Tb	

�hv

(25)

Eliminating _Q by combining Eq. (19) and the corresponding
boundary condition at the droplet surface given by the left-hand side

of Eq. (23) and substituting _mvap;f�hv for _Qi, an ordinary differential
equation for the temperature in the vapor phase is obtained:

4	r2�
dT

dr
� _mvapcp�T � Tb	

� � _mvap � _mvap;f	�hv; rs < r <1 (26)

To integrate this equation analytically, thermophysical properties
are evaluated at a reference temperature and treated as constant
according to the classical one-third rule [37]:

�ref � ��Tref	; cp;ref � cp�Tref	; Tref � 2
3
Tb � 1

3
T1 (27)

The final result is an implicit expression for _mvap as a function of the
Spalding heat transfer number BT and the mass flux contribution
_mvap;f:

_m vap � 2	rsNu

 �ref
cp;ref

ln
�
1� BT

1 � � _mvap;f= _mvap	

�

BT �
cp;ref�T1 � Tb	

�hv

(28)

The expression for classicalD2 theory [22] is recovered for the limit
_mvap;f � 0. With respect to spray droplets moving in the vapor at a
nonzero relative velocity, the energy transfer toward the surface is
significantly increased due to forced convection. In the present
framework, the classical Frössling correction [22] is employed to
account for this effect:

Nu
 � 2� 0:552Re
1
2Pr

1
3 (29)

which is based on the following definitions of the Reynolds and
Prandtl numbers:

Re� �1crelD
�ref

; Pr�
�refcp;ref
�ref

(30)

The heat transfer coefficient �s is specified by means of a correlation
derived from spray evaporation measurements in internal
combustion engines [38,39]:

�s �

8<
:
760�T0:26; 0 K 
 �T 
 5 K

27�T2:33; 5 K <�T 
 25 K

13800�T0:39; 25 K <�T
(31)

where �T � Td � Tb is the superheat. As indicated in Fig. 8, a
minimum value �s;min � 2�l=D, dependent on the droplet size, is
used as an order-of-magnitude estimate to account for the effect of
internal heat conduction. As a final result, the energy balance of the
droplet is given by

dTd
dt
�
�
_mvap � 4	r2s

�s
cp;l

�
Td � Tb
md

(32)

Concluding, the model is used to analyze the flash evaporation
dynamics of oxidizer droplets in an infinite quiescent-vapor
atmosphere. Initial and boundary conditions are representative of
engine preflow (compare Fig. 1): droplet initial temperature
Td;0 � 292 K, vapor temperature T1 � 269 K, and pressure level
pstat � 28 kPa, resulting in a boiling temperature Tb � 268:7 K
(these data are taken from actual computations presented in Sec. III).
Different initial droplet sizes are taken into account.

Figure 9 illustrates the results of simultaneous numerical
integrations of Eqs. (21) and (32). It is apparent that the smaller
droplets react significantly faster to the low-pressure environment.
The temperature of the 25 �m droplet adapts to the boiling
temperature within a few milliseconds, whereas the 150 �m droplet
reacts much slower. Because T1 � Tb, the dominant driving force
for heat andmass transfer is the superheat of the liquid and the droplet
approaches a thermal equilibrium with the vapor phase. This
asymptotic state of the droplet is determined by the energy balance
(assuming a constant mean value cp;l)

md;0cp;l�Td;0 � Tb	 � �md;0 � md	�hv (33)

and is independent of droplet size and thus reflects the global spray
behavior. For the specified preflow conditions, only a small fraction
of the injected liquid is actually evaporating, leading to a non-
dimensional mass loss 1 �md=md;0 � 10:4% and a corresponding
nondimensional droplet diameter D=D0 � 95:3%.

E. Spray–Wall Interaction Model

Because of the limited evaporation, a considerable fraction of the
spray impinges on the chamber walls. Because the time scales of
droplet motion and flash evaporation are comparable, the majority of
droplets are still superheated upon wall contact, and it has to be
assumed that this affects the mechanism of interaction. A second
important parameter is the surface temperature of the combustion
chamber walls. For an isothermal initial state of the spacecraft, this
temperature is initially equal to the injection temperature of the
liquid. The first liquid entering the chamber vacuum is immediately
vaporized, leading to a rapid pressure buildup. Reaching a certain

ṁvap hl (Tb) ṁvap h(Tb)

Q̇ i 4 rπ 2λ 4 rπ 2λdT
dr r = rs

ṁvap h(T )

dT
dr

r

[ ]
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pressure level, spray impinges on the chamber walls and the intense
local heat and mass transfer rates result in a rapid drop of surface
temperature. It seems plausible that the remaining superheat energy
mdcp;l�Td � Tb	 is converted immediately into vapor, with a certain
contribution Qw due to heat transfer from the wall.

The present modeling framework is based on droplet–wall
interaction models derived in the frame of previous research on fuel
preparation in a premix duct of an LPP combustor [10]. This
framework is extended by accounting for the superheated state of the
liquid and the potentially wide range of wall temperatures. The basic
classification of the interaction mechanisms is illustrated in Fig. 10
using visualization data from literature [40–42]. Two different
mechanism prevail at cold walls below the threshold temperature
T
w � 1:05Tb: droplet deposition and droplet splashing, which is a
partial deposition accompanied by an emission of secondary
droplets. Quantification of the degree of deposition is based on an
empirical correlation [43]

Re� 24SLa0:419 (34)

relating the splashing parameter S to the values of the impact
Reynolds number and the Laplace number:

Re� �lc


nD

�l
; La� �l�D

�2
l

(35)

where c
n � cd�sin�	0:63 represents a corrected normal velocity and
� is the impact angle measured from the surface normal. The deposit
mass fraction is then computed as �� S�0:6, resulting in the
following distribution of wall source terms:

Swmd �
XN
k�1

fk��md	k (36)

Sw�d �
XN
k�1

fk��md�d	k; �� u; v; w; h (37)

The emission of small secondary droplets is modeled as a stochastic
process, similar to the presented primary atomization model. A log-
normal distribution is used to describe the diameter of the droplets,
along with distributions for injection position and velocity. Droplet
splashing on the cylindrical chamber surface close to the injectors is
depicted in Fig. 11. As discussed previously, the superheat of
droplets is converted instantaneously into vapor and the remaining
deposit assumes the local boiling temperature.

Droplet impact on hot walls results in either nucleate boiling of the
deposit (below a modified Leidenfrost temperature T
L) or in
reflection of the droplet (above T
L). Nucleate boiling on hot walls is
idealized as an immediate evaporation of the impinging droplet by
heat transfer from the wall. The modified Leidenfrost temperature is
calculated from [10]

T
L � TL
TL

� 0:027
����������
Wed

p
(38)

where Wed � �d�c
n	2D=� denotes the impact Weber number and
TL � 1:2Tb is an approximation of the Leidenfrost temperature. The
reflection model for impact above T
L is based on an empirical
damping correlation.

As described, the wall surface experiences a significant tem-
perature drop during preflow. However, experimental data on
transient temperature and heat flux distributions are generally
unavailable, and a conjugate heat transfer analysis is out of the scope
of the present study. For this reason, the effect on the preflow has
been assessed by investigating the two physical limiting cases of
isothermal (Tw � Tinj) and adiabatic (Qw � 0) wall boundary
conditions.

For the investigated range of preflow conditions, isothermal wall
conditions lead to nucleate boiling and complete evaporation of
impinging droplets. In this case, the major fraction of the energy is
provided as a wall heat flux formally expressed as Qw �
mdcp;l�Td � Tb	. For adiabatic conditions, the partial evaporation at
the wall is driven solely by the internal energy of the impacting
droplet. This is an idealization of the case Qw � mdcp;l�Td � Tb	
and results in wall surface temperatures close to the local boiling
temperature. Based on the experimental chamber pressure and
temperature data presented in the following section, it can be
concluded that adiabatic wall conditions prevail during the preflow
phase.

III. Results

The results presented in the following sections describe the
oxidizer preflow during startup of the Aestus upper-stage engine.
Because the injector arrangement on the base plate is symmetric with
respect to an axis-aligned plane, it is assumed that the generated two-
phase flowfield is symmetric and that it is thus sufficient to consider
only a 180 deg section of the flow domain. Note that the result plots
illustrate only a part of the computational domain and that the
supersonic outlet boundary is not included.

A. Stationary Two-Phase Flowfield

The flowfield is illustrated in Fig. 12 by longitudinal sections
perpendicular to the symmetry plane for three initial droplet size
spectra and a constant liquid injection temperature. Contour plots of
the vapor temperature are arranged in the left column, and the right
column contains the corresponding plots of the Sautermean diameter
of the polydisperse liquid phase. It is obvious that the vapor tem-
perature is nearly uniform in the combustion chamber, decreasing
drastically in the expanding nozzle flow. As a significant difference
from single-phase nozzle flow, the Mach lines indicate an extension
of the subsonic core flow region into the divergent part of the nozzle,
an effect that is particularly pronounced for the fine spray
(D63;0 � 50 �m). On the other hand, the coarser sprays (D63;0 � 100
and 150 �m) show a distinct region of elevated vapor temperature
along the divergent nozzle contour.

As will be seen in the subsequent analysis, this is mainly a
consequence of droplet impact and splashing on the chamber wall
toward the nozzle throat, generating a large number of small
secondary droplets. This mechanism is reflected in the markedly low
value ofD32 in this region, as indicated by theD32 � 30 �m isolines.
Because of the small size of these droplets, they are easily dragged
with the flow along the nozzle contour, where they increase the

Fig. 10 Droplet–wall interaction mechanisms [10] (images from [40–

42].
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Fig. 11 Droplet splashing on chamber wall at Tw � Tb.
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temperature of the vapor flow by rapid flash evaporation. All three
cases are characterized by streaks of increased D32, which is an
obvious consequence of the finite number of injection elements and
the dense core structure of the plain-orifice sprays. Throughout
the combustion chamber, the dispersion of the spray droplets
perpendicular to the axis is less pronounced than the axial
propagation of the spray.

More detailed information on the evaporation dynamics is gained
from a single-droplet analysis. Based on the preceding flowfields for
three different initial droplet size spectra, Fig. 13 comprises
trajectory data of single droplets injected with the mean size D0 �
D63;0 and moving roughly along the chamber axis. Because the
150 �m droplet is destroyed by the increased aerodynamic forces in

the throat region, the trajectory data of a representative secondary
droplet are appended.

In general, the temperature of the smaller droplets drops faster to
the local boiling temperature, which is at a nearly constant level in the
combustion chamber and decreases with the static pressure in the
accelerated nozzle flow (the pressure in Fig. 13 ranges from 0 to
32 kPa). As remarked in the context of Fig. 9, the maximum
reduction of droplet sizes in the combustion chamber is about 5%. In
all three cases, the droplets leaving the combustion chamber are still
superheated. The decrease of the boiling temperature in the nozzle
flow leads to a second phase of flash evaporation. Closely linked to
the evaporation dynamics is the decrease of vapor temperature in the
nozzle flow. In the axis region, this decrease is less pronounced for
thefine spray, becausemass and energy release from smaller droplets
proceeds on a shorter time scale. Along the divergent nozzle contour,
the same mechanism is responsible for the increased vapor tem-
perature for the coarser sprays, due to small secondary droplets
generated by splashing, as already explained in the context of Fig. 12.

A three-dimensional representation of the Sauter mean diameter is
given in Fig. 14 for the computational base case of Tinj � 292 K and
D63;0 � 100 �m. The distribution indicates a significant inhomo-
geneity of the dispersed phase throughout the combustion chamber,
in which the cross-sectional pattern is closely associated with the
injector arrangement on the base plate. Corresponding to Fig. 12, the
Mach surface reaches far into the divergent part, in which it exhibits
considerable asymmetry.

A second parametric study is dedicated to the influence of
the injection temperature on the preflow. To characterize the
thermodynamic state of the vapor phase in the combustion chamber,
the temperature Tstat and pressure pstat are chosen at specific
measurement locations close to the base plate. Figure 15 depicts the
continuous increase ofTstat for increasing injection temperature, both
for adiabatic (Tw � Tstat) and for isothermal (Tw � Tinj) wall

Fig. 12 Longitudinal sections of the two-phase flowfield for Tinj � 292 K.
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conditions. At Tinj � 292 K, the additional effect of the initial
droplet size spectrum is indicated for two extreme deviations from
the base value of D63;0 � 100 �m. Also included are data of the
Trauen I and II test series. The comparison of computed and
experimental data supports the initial assumption that adiabatic wall
conditions are the appropriate boundary conditions for the preflow
regime. For increased injection temperatures, isothermal wall
conditions result in unrealistically high temperature and pressure
levels in the combustion chamber. The underlying reasons for this
behavior are nucleate boiling and droplet destruction on hot walls. In
Fig. 16, the nearly isobaric drop from the liquid injection temperature
Tinj to the vapor temperature Tstat � Tb in the chamber is depicted
(compare Fig. 1). Although the temperature of the flash-evaporating
droplets is monotonously decreasing, it is not actually reaching the
equilibrium boiling state in the chamber, due to the limited residence
time.

A similar representation is chosen to illustrate the effect of varying
initial droplet size spectra. Figures 17 and 18 depict the evolutions of
vapor temperature and chamber pressure for the computed range of
D63;0. In addition, Fig. 19 shows the corresponding evolutions of the
Sauter mean diameter of the spray along the axis. For the finer sprays
(D63;0 
 90 �m), the decrease of temperature and pressure with
increasing size spectra is a consequence of the longer time scales of
flash evaporation from larger droplets. However, for the coarser
sprays (D63;0 � 110 �m), temperature and pressure are again

increasing with increasing size spectra, an effect that is due to the
increasing generation of secondary droplets by droplets splashing on
the convergent chamberwall and aerodynamic droplet breakup in the
throat. The latter is obvious from Fig. 19, showing a distinct decrease
of D32 in the throat region for D63;0 > 100 �m. Consequently,
Figs. 17 and 18 indicate a minimum temperature and pressure for
D63;0 � 100 �m. If no secondary breakup is taken into account, Tstat
and pstat are decreasing monotonously.

B. Spray Deposition

Spray deposition on the inner surface of the combustion chamber
is characterized by a bimodal character. As illustrated in Figs. 20 and
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21, the normalized axial deposition density _mdep= _minj is highest on
the cylindrical part close to the base plate and decreases with
increasing distance from the base plate. This massive oxidizer
deposition is potentially dangerous, because it may lead to
considerable accumulation of liquid and uncontrolled effects on the
ignition phase, particularly when acoustic cavities are present. A
secondmaximum of the deposition density occurs on the converging
part of the nozzle toward the throat. The first maximum close to the
base plate is a consequence of thewide-angle flash atomization of the
injected liquid and contrasts the behavior at nominal operation of
the engine [44]. Because of the positioning of the injectors on
discrete coaxial rings, the deposition density shows considerable
fluctuations in the vicinity of the base plate. This explanation is also
evident from the inhomogeneity of the spray impingement pattern
illustrated in Fig. 10 and from the deposition density swmd depicted in
Fig. 22 for Tinj � 292 K and D63;0 � 100 �m.

Close to the base plate, the deposition density is increasing with
decreasing droplet size, which is a direct consequence of the
empirical correlations describing droplet–wall interaction. With
increasing distance from the base plate, aerodynamic drag forces
deflect the small droplets of the spray toward the nozzle throat.
Consequently, the coarse fraction of the spray increases and the
deposition decreases. This aerodynamicmechanism is also dominant
throughout the combustion chamber for the coarser sprays
(D63;0 � 110 �m), which are subject to secondary-droplet breakup
(compare Fig. 19). Again, the small secondary droplets generated in
the converging part of the nozzle are deflected in the flow direction,
preventing wall impact.

With respect to Fig. 20, this effect is evident from the less
distinctive rise of the deposition density for the coarse spray
(D63;0 � 150 �m). Maximum deposition occurs for D63;0�
100 �m, because this is the coarsest spray that is unaffected by
secondary breakup, as evident from Fig. 19. For increasing injection
temperature, the deposition density on the cylindrical part of the
chamber surface decreases. This effect is caused by increased
evaporation of droplets and inverses in the converging part, because
the reduced size of the droplets increases the deposition rate.
Accumulation on the base plate could not be assessed in the present
study, due to the limited resolution of the computational grid, which
does not allow for capturing of small-scale recirculation zones and
hence the possible entrainment and deposition of droplets.

C. Dynamic Spray Analysis

Based on the steady-state two-phase flowfield, a dynamic spray
analysis is performed. The propagation of the liquid volume
concentration is shown in Fig. 23 by four representative time levels.
The typical total duration of an engine preflow is about �t0�
200 ms, which is 1 order of magnitude longer than the depicted time
frame. The temporal evolution of the vapor generation in the
combustion chamber is of major importance for the analysis of
highly transient processes such as engine ignition and combustion.
To cast the computational results of the present study into amodeling

frame suitable to system-analysis tools [3–5], the integral vapor
generation is described by transfer functions.

Figures 24 and 25 illustrate these functions for varying injection
temperature and for varying initial droplet size spectra. The sudden
increase of the vapor mass flow rate at t� 15 ms is a result of the
spray passing the nozzle throat and thus being exposed to a severe
drop of the flow pressure (compare Fig. 23). With respect to the
indicatedmaximumvalue of _mvap= _minj � 10:4% (t < 15 ms), which
is valid for an injection temperature of Tinj � 292 K, it is evident that
the two-phase flow reaching the nozzle throat at t� 15 ms is not in
thermal equilibrium.

An evaluation of the transfer function in the divergent part of the
nozzle is depicted in Fig. 26. It confirms that the minimum chamber
pressure reached for the D63;0 � 100 �m spray coincides with a
minimum rate of evaporation in the expansion nozzle. Thisminimum
rate has been explained as a coupled effect of secondary-droplet
breakup and spray–wall interaction, whichmainly affects the coarser
sprays (D63;0 � 110 �m) and intensifies the evaporation of the spray
past the throat.

Summarizing, it can be stated that the variation of the injection
temperature has the most distinctive effect by basically shifting the

Fig. 22 Spray deposit density. Fig. 23 Evolution of the spray front surface.
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level of the transfer function. Variation of the initial size spectra, on
the other hand, has a predominant influence on the slope of the
transfer function in the combustion chamber.

IV. Conclusions

In contrast to nominal operation, the low-pressure preflow in an
upper-stage rocket engine is characterized by flash evaporation of
superheated liquid oxidizer. The objective of the presented
computational analysis is a refined understanding and modeling of
the phenomena during preflow as a contribution for an accurate
system-level description of the engine startup behavior. Based on an
iterative Euler–Lagrange method, particular importance is attributed
to the dynamics of the flash evaporation process and to secondary
effects such as aerodynamic droplet breakup and droplet–wall
interaction. The polydisperse character of the spray is taken into
account by an empirical flash atomization model.

Because of the finite time scale of flash evaporation, the dispersed
liquid phase is in a permanent state of superheat, ranging from
combustion chamber to nozzle exit. Consequently, an assumption of
local thermodynamic equilibrium would significantly overestimate
the degree of evaporation. The analysis indicates that pressure and
temperature levels in the chamber are controlled by many factors.
Basically, the levels increase with increasing injection temperature
of the liquid and increasing wall temperature, but decrease with the
initial droplet size spectrum of the spray.

A decisive effect of aerodynamic droplet breakup and droplet–
wall interaction is apparent for coarser sprays that counteracts the
effect of the initial droplet size spectrum by the generation of small
secondary droplets. Thus, minimum pressure and temperature levels
are reached for an initial size spectrum ofD63;0 � 100 �m, assuming
a Rosin–Rammler distribution with n� 2:4. This minimum
corresponds to a maximum viable mean size of droplets in the
combustion chamber. Hence, the evaporation rate is smallest,
resulting in the lowest levels of pressure and temperature.

Furthermore, the typical wide-angle character from flash
atomization causes massive liquid deposition on the cylindrical
part of the combustion chamber. The distribution is characterized by
a bimodal behavior. The first maximum of the deposition rate is
located next to the base plate, and the second maximum occurs on
the convergent part of the throat. The analysis is applicable to
bipropellant systems and to other technical flow processes involving
flash evaporation at low-pressure conditions. The computational
approach has been further substantiated and refined in several other
studies of experimental and computational nature [33,45].
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