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The LUMEN project at the DLR Institute of Space Propulsion has the goal of producing a bread-board demonstrator engine
powered by LOX/LNG. This paper describes the design of the baseline injection system for the LUMEN thrust chamber which uses
the advance porous injector (API) concept. Numerical analysis of internal flow characteristics and acoustics of the injector used in the
design phase are presented. The injection system was designed to avoid injection-coupled combustion instabilities. A prediction of
the low-frequency stability characteristics is also presented.
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1. Introduction

The LUMEN project at the German Aerospace Center
(DLR), Institute of Space Propulsion has the goal of producing
a bread-board demonstrator engine powered by LOX/LNG.8)

The engine features an expander bleed cycle, an advance porous
injector (API),2, 10, 24, 30) and a laser ignition system.3) Initial
testing of the new injector design is currently underway at the
European Research and Technology Test Facility P8 for cryo-
genic rocket engines at the DLR Lampoldshausen site. This
article provides an overview of the design of the LUMEN in-
jection system and its predicted performance.

The LUMEN breadboard engine is designed to operate over
a wide range of operating conditions. The operational envelope
is defined by a pressure range of 35 to 80 bar and a propellant
mixture ratio range of 3.0 to 3.8. The nominal point is defined as
a mean combustion chamber pressure (pCC) of 60 bar and ratio
of oxidiser to fuel mass flow rate (ROF) of 3.4. The LUMEN
requirements call for an injection system which

• provides stable combustion of LOX/LNG over the whole
operational domain with a maximum allowable combus-
tion roughness (RMS) of 2.5% of pCC ,
• provides stable combustion with a maximum pressure drop

of ∆pLOX = 15%pCC and ∆pLNG = 10%pCC ,
• provides combustion efficiency in excess of 95% at nomi-

nal conditions with the shortest possible combustion cham-
ber length,
• provides the necessary heat flux to the chamber walls to

cover the power requirements of the two LUMEN turbines
with the shortest possible combustion chamber length, and
• is compatible with a cylindrical chamber diameter of

80 mm.

Due to the existing heritage in injector technology at DLR,
two concepts were considered for the LUMEN injector: clas-
sical shear-coaxial injectors and the advanced porous injector
(API). The favorable characteristics of API with respect to com-
bustion efficiency, operation at low injection pressure drop, and
its distinct wall heat flux distribution10) made this concept the

preferred choice for the LUMEN system. Nevertheless, a shear-
coaxial injector design will serve as a back-up solution for the
project.

The occurrence of injection coupled combustion instabilities
during transient and/or steady-state operation is considering the
largest technological risk for the development of the LUMEN
injection system. Therefore, the injector design process focused
largely on measures to avoid injection-coupled combustion in-
stabilities.

The problem of combustion instabilities has troubled many
engine development programmes throughout the history of liq-
uid rocket engines (LREs).17, 33) Predicting and preventing
high-frequency combustion instability is a difficult task, be-
cause the detailed coupling mechanisms leading to the dan-
gerous pressure oscillations are usually not fully understood
and in most cases are hard to identify. In the 1960s the in-
vestigation of combustion instabilities in the US J2-S engine
was one of the first cases in which coupling of chamber modes
with LOX-post acoustics was identified as the driving mech-
anism.20) Since then, LOX-post coupling has been identified
in more and more cases from single-element experiments us-
ing LOX/H2

26, 27) and LOX/CH4,22) as well as multi-element
sub-scale chambers,13, 19, 21, 22, 25) through to the recent Japanese
main stage demonstrator engine LE-X.32) From the scope of
published examples it can be seen that LOX-post coupling is
a prevalent potential source of high-frequency combustion in-
stabilities in cryogenic rocket engines. Recent work as DLR
has focussed on the measurement and prediction of injection
coupled instabilities, and so the developed methodology was
applied in the design phase of the LUMEN injector.

This article presents the injection system for LUMEN. First,
the selected design of the injector is described, and the distribu-
tion of LOX among the injection posts is analysed with CFD.
Then, the acoustic modes of the injector and combustion cham-
ber are estimated and the potential for coupling of the reso-
nance systems is assessed. This is supplemented with an acous-
tic modal analysis of the injector head to check if distribution
volumes could be a source of resonant coupling. Finally, low
frequency stability characteristics are estimated with the well-



Fig. 1. CAD model of the LUMEN porous injector head.

known modelling approach from Crocco.

2. Injector head design

2.1. Porous injector
The design of the LUMEN injection system is driven by the

propellant inlet conditions defined by the engine cycle. The
LUMEN breadboard demonstrator is an expander bleed cycle
with partial fuel remixing, similar to the LE-5B LOX/LH2 en-
gine. Part of the heated coolant flow is remixed into the main
fuel mass flow to the injector, thus raising the injection temper-
ature above the pump outlet temperature. The target injection
conditions for the nominal load point are given in Table 1.

Table 1. Injection conditions for the LUMEN injector at nominal condi-
tions.

Unit Value
Chamber pressure bar 60
Chamber fuel mixture ratio - 3.4
LOX mass flow rate kg/s 5.95
LNG mass flow rate kg/s 1.75
LOX injection temperature K 98
LNG injection temperature K 215

The porous injector arrangement designed for the LUMEN
demonstrator consists of 127 LOX injectors and a porous face
plate for LNG injection covering the entire chamber cross sec-
tion of 80-mm diameter. The porous face plate itself is divided
into three plates of 12-mm thickness which are made of a sin-
tered steel mesh.

The inner injector cartridge is located in a massive main body
of the injector head which also provides the mechanical inter-
faces to the P8 test facility and the downstream thrust chamber
components. The LUMEN injector design is depicted in Fig. 1.

Fig. 2. Relative LNG mass flow rate at the outlet of the porous face plate
(injection plane).

2.2. CFD analysis
For a homogeneous distribution of injected ROF, an even

mass flow distribution of propellant to each injector element is
crucial. Moreover, a non-uniform distribution can lead to com-
bustion instabilities.6) The uniformity of injector mass flow was
evaluated numerically using the commercial software ANSYS
CFX 18.0 for LOX and LNG side, respectively.

While the LOX injector pattern exhibits a 60 degree symme-
try, the LOX side had to be modelled as a 180-degree section to
capture the influence of internal elements with a different sym-
metry. For the nominal operating condition the numerical re-
sults indicate a maximum mass flow deviation of 5.58% for the
LOX side. The median value for the deviations is about 1.77%.
These deviations are considered to be acceptable.

The fuel side was modelled in full 360 degrees and used a
fluid as well as a porous domain to simulate the correct cross-
wise mass flow inside the porous media. The necessary per-
meability parameters were calculated from earlier tests with the
same face plate material. The resulting mass flow deviation are
shown for the nominal condition in Fig. 2. For the largest part
of the face plate area, the absolute mass flow deviation is well
below 5%. Only the outer row of LOX injectors is located in
a face plate area where higher LNG mass flow rates can be ex-
pected. In this region, the calculated relative mass flow ranges
from 94% at the chamber wall to about 108% of the mean mass
flow rate in the vicinity of the outer row of LOX injectors. The
outer row of LOX injectors can therefore be expected to operate
at a slightly lower mixture ratio.

A similar analysis has previously been performed for the
’L42’ injector head at DLR. L42 has 42 shear coaxial injector
elements. The LOX manifold is designed to achieve a uniform
mass flow distribution. The design process was mainly guided
by CFD simulations performed with the commercial software
ANSYS CFX 18.0.

Figure 3 shows the pressure distribution inside the LOX man-
ifold from such a simulation. The flow enters from the left side
and spreads around the circumference of an outer distribution
ring. The fluid then enters the main manifold that narrows to
the centre. One can see that the pressure distribution is already
very even. The LOX then passes through a distribution plate
and comes into another manifold where it finally enters the in-



Fig. 3. Pressure distribution in the LOX manifold.

Fig. 4. Pressure distribution onto the final throttling plate.

jection elements.
Figure 4 shows the pressure distribution on this plate. The

small pressure peaks between some of the injection elements
are due to jets that are formed by the holes of the upstream dis-
tribution plate. The pressure distribution at the elements them-
selves on this plane is very even and therefore also the mass
flow distribution. The deviation between elements is less then
2% of the average mass flow.

This result has been validated by tests with water as a substi-
tute for LOX that were performed after manufacture and prior to
combustion tests. Figure 5 shows the experimental setup. The
flow of water through each injection element is collected in a
separate canister. These canisters are weighed to calculate the
average mass flow for each injector. The total volume flow is
measured with a turbine flow meter and a pressure sensor dis-
plays the pressure loss.

The CFD approach is considered to be well validated by such
tests. This provides confidence in the calculation of the LU-
MEN injector head, although a similar experimental measure-
ment has not yet been performed.

3. Injector head acoustic analysis

Past experience at DLR has demonstrated how the acoustic
resonance modes of injection manifolds can be unexpectedly
excited and cause unwanted injection oscillations.16) It was also
shown how a fully detailed acoustic model of the injectors and
coupled volumes can be used to predict and design remedies
for such effects. To assess the potential for resonance in the
LUMEN injector head, a modal analysis of the LOX injection

Fig. 5. Experimental setup to measure the mass flow distribution of the
injection elements with water.

system was performed in COMSOL Multiphysics.
Using the pressure acoustics interface in the frequency do-

main, a full 3D model was created for the LOX injection vol-
umes and posts with a tetrahedral mesh consisting of 2.5 mil-
lion elements. Material properties for the linear-elastic fluid
model were taken from REFPROP23) for the nominal load point
at 60 bar chamber pressure. The exits of the injectors into the
chamber volume were considered sound soft, while all other
boundaries were treated as a hard wall. With only low Mach
numbers in the LOX system, background flow was considered
negligible. The Helmholtz Eigenfrequency solver was used to
find the resonance modes of the system.

Several coupled modes in the manifolds and injectors could
be identified. Some could be considered dangerous because the
amplitude in the manifold and injectors were close, for example
for the manifold first tangential (1T), post first longitudinal (1L)
coupled mode shown in Fig. 6. With the estimated 1T mode
of the chamber in the same frequency range as this and other
transverse modes of the LOX manifold, they were considered
to present a risk to combustion stability.

Fig. 6. Coupled longitudinal tangential mode of the initial LUMEN LOX
injection system with the FEA acoustic model.

It was therefore considered prudent to implement a counter-
measure. A baffle design was implemented into the LOX pre-



injection volume. The model geometry was updated and the
analysis repeated. The damping effect of the baffles cannot be
estimated due to the inviscid fluid model. However, the impact
of the baffle on the pressure distribution and frequency resulted
in a reduction in the amplitude in the manifold volume by about
25% relative to the LOX posts. Past experience at DLR with
similar measures in another experimental combustor16) provide
confidence that it will be effective.

In order to investigate LOX-injection coupling, the longitudi-
nal LOX post mode frequencies were obtained from the COM-
SOL results for the full LOX system model. The 1L of the LOX
posts has a frequency of 6.6 kHz with the pressure distribution
shown in Fig. 7. The post mode frequencies will be compared
to combustion chamber mode frequencies in the next section.

Fig. 7. LOX post 1L mode of the updated LUMEN injection system with
the FEA acoustic model.

4. Thrust chamber coupled acoustics

The potential for acoustic coupling between the chamber and
LOX posts was addressed early in the design phase of the LU-
MEN injector head. Whereas identifying LOX-post coupling
in experimental data has already been realised by several re-
search groups, it is a difficult task to accurately predict cham-
ber and injector frequencies in order to assess the potential for
injection-coupling in a new thrust chamber. The approach taken
for LUMEN is explained in this section.

4.1. Combustion chamber acoustic model
A common method to predict the frequencies of the cham-

ber acoustics is to simplify the combustion chamber as a closed
cylinder and use the analyitcal equation for cylinder aocustics,
as given in Eq. 1, where R is the radius and L the length of
the chamber. Here, m, n, and q are integer variables for radial,
tranverse and longitudnal modes. Combination modes are also
possible. The values for αmn are given in Table 2.12)

f =
cCC

2

√(
αmn

R

)2
+

( q
L

)2
. (1)

The speed of sound of the combustion products in the com-
bustion chamber (cCC) can be estimated with NASA CEA
(cCC,CEA). However, using this value in Eq. 1 assumes uniform

Table 2. Values for αmn

αmn n/m 0 1 2 3
0 0 1.220 2.333 3.238
1 0.586 1.697 2.717 3.726
2 0.972 2.135 3.173 4.192
3 1.337 2.551 3.612 4.643
4 1.693 2.995 4.037 5.082

cCC in products at chemical equilibrium. Furthermore, Eq. 1 ne-
glects the influence of flow through the chamber, both assump-
tions leading to inaccuracy in the calculated mode frequencies.
In various experiments it was observed that the measured fre-
quencies vary from those predicted by Eq.1. In Russia this dis-
crepancy was attributed to a ”cold zone” close to the injector
faceplate where the relatively cold propellants are injected and
have to be atomised, mixed and combusted until chemical equi-
librium is achieved.11)

Due to the length of the combustion zone the effective c
close to the injector face plate is lower than at the end of the
combustion zone. Reductions of 15% to 30% have been pub-
lished.11, 14, 19, 21) Nevertheless, this reduction depends on mul-
tiple parameters such as the length of the combustion zone, the
combustion efficiency, the temperature of the injected propel-
lants and the geometry of the combustion chamber.

Greatly improved accuracy of the chamber frequencies can
be realised with fully 3D numerical simulations. This has al-
ready been shown for a multi-element DLR combustion cham-
ber.31) Nevertheless, this approach requires an extreme amount
of computational resources and is therefore currently regarded
as infeasible for the stability analysis of a LRE during its de-
velopment phase in which changes in the geometry and the op-
erating conditions are likely to occur. At TU Munich, a hybrid
CFD/CAA approach is used, where a single flame is modelled
with CFD and the radially averaged sound speed profile is then
applied to a 3D linearised Euler equation (LEE) solver.29) A
similar methodology has also successfully been used by DLR
and ArianeGroup.15)

A typical radially averaged axial cCC profile for LOX/H2

combustion is shown in Fig. 8. As can be observed, the cCC

distribution leads to a reduced effective cCC in the range of the
combustion zone c̄cz and also over the full length of the cham-
ber c̄. Here, the length of the combustion zone can be defined
as the length before the final plateau of cCC where chemical
equilibrium is reached. Usually the transverse modes inhabit
the region close to the injector and are therefore mainly influ-
enced by c̄cz, whereas longitudinal modes are influenced by c̄.
For LOX/H2, the ratio kl = c̄/cmax was typically in the range
of about 0.9-0.95 and kt = c̄cz/cmax around 0.8-0.88. However,
these values depend on many parameters including the injection
conditions and the length of the chamber.

For the development of the LUMEN injector head, there was
no CFD solution of the flame available at the time this acoustic
analysis was required. Therefore, the approach was simplified
to approximate the influence of the cCC distribution in the cham-
ber using a choice of appropriate kl and and kt factors. The
influence of flow in the chamber was simplified to a uniform,
mean axial flow, and both adjustments were implemented in the



Fig. 8. Typical radially averaged speed-of-sound profile of a DLR
LOX/H2 combustion chamber calculated with the DLR flow solver TAU,
adapted from.15)

analytic equation for mode frequencies in a cylindrical volume:

f =
c(ηc∗)

2

√(
αmn

R

)2
(1 − M̄a2)k2

t +

( q
L

)2
(1 − M̄a2)2k2

l .

(2)
4.2. Injector acoustic model

Compared to the combustion chamber acoustics, the estima-
tion of LOX-post mode frequencies is simpler because the fluid
properties inside the injector are well defined. The expected
LOX temperature for the LUMEN nominal load point at 60 bar
is 97.9 K,9) with fluid properties from NIST REFPROP 9.123)

of cLOX = 872.3 m/s and ρLOX = 1116.8 kg/m3.
The simplest estimate of the longitudinal mode frequencies is

obtained by approximating the LOX post as an open-open tube.
Previous experimental measurements from a DLR LOX/H2 re-
search combustor showed that this assumption gives acceptable
accuracy.13) Since the Mach number of the LOX flow in the
post is less than 0.02, the assumption of a standing mode holds.
Therefore, the mode frequencies can be calculated with

fnL =
ncLOX

2L
. (3)

In literature an end correction of ∆L = 0.8d is added to the
injector length,11) leading to

fnL =
ncLOX

2(L + ∆L)
. (4)

Another possibility would be to use published experimentally
measured wave numbers of LOX posts of a DLR research com-
bustor of similar scale13) and adjust them according to the LU-
MEN injector length. However, these simplified methods do not
account for specific geometrical features of the LUMEN injec-
tors. The previously described FEA acoustic modelling of the
injector head captures the influence of such features. However,
the influence of flow is neglected, which will have an impact
especially at area changes in the injector.

In order to account for both geometrical and flow effects in
the LOX posts, an acoustic network model was used. Acous-
tic network models are often used in the stability analysis of
gas turbine combustors18, 28) and LREs.1, 12, 29) The acoustic net-
work model is based on linear acoustic theory and only plane

waves in axial directions of the injectors are considered. There-
fore the complex geometry of the injector head has to be decom-
posed into an arrangement of simple acoustic elements. Trans-
fer matrices for different types of elements, such as a straight
tube or a sudden area change, can be found in literature.18, 28)

Analytic solutions for the wave propagation in the elements ex-
ists in terms of the Riemann invariants with the f wave trav-
elling in positive direction and g in negative direction. Finally
a system matrix S including the individual transfer matrices of
each element can be formed. The resonance modes of the sys-
tem are calculated by finding the eigenvalues of

det(S (ω)) = 0. (5)

with

S =


T fg,1 . . . 0
...

. . .
...

0 . . . T fg,n

 . (6)

A network model of a single LUMEN LOX injector was con-
structed. A simplified one-dimensional flow solver assuming
isentropic flow is used to estimate the axial distribution of Mach
number and pressure, with rhoLOX and cLOX from REFPROP.
The exit of the post was set as acoustically open. Fig. 9 shows
the resulting acoustic pressure distribution of the LOX post 2L
mode calculated with the acoustic network model for different
phases of the oscillation.

Fig. 9. Acoustic pressure distribution of the LOX post 2L mode calculated
with the acoustic network model.

Table 3 summarises the calculated 1L and 2L LOX post fre-
quencies for the different methods. Although the LOX post
acoustics seem to be simpler than in the combustion cham-
ber, there are discrepancies between the different methods up to
±6%. Only the network model and the FEA take into account
the geometry of the LUMEN injectors, and are therefore con-
sidered more accurate. Thus the LOX post 1L mode is predicted
to fall in the range 6.3–6.7 kHz and the 2L from 12.8–13.3 kHz.

Table 3. Estimated LOX post mode frequencies.

Method Eq. 4 Exp. based13) FEA NM
f1L [Hz] 7130 7070 6630 6390
f2L [Hz] 14250 13580 13250 12880



4.3. Coupling analysis
The frequencies of the LUMEN combustion chamber modes

were estimated with Eq. 2. The combustion efficiency was cho-
sen as 95% and the baseline geometry of the combustion cham-
ber is R = 40 mm and L = 307 mm with a contraction ratio of
εc = 2.3. The effective speed of sound factors kl and kt are de-
termined using in-house and published axial cCC profiles.5, 15, 29)

The combustion zone was assumed to be 25% of the chamber
length. The resulting frequencies for some modes are presented
in Tab. 4.
Table 4. Estimated LUMEN chamber mode frequencies according to
Eq. 2

Chamber mode Frequency [Hz]
1L 1610
1T 5040
1T1L 6290
1T2L 6730
2T 8360
1R 10490

The calculated transverse mode frequencies are around 40%
lower than with Eq. 1 and a constant value of cCC,CEA. While
this difference seems extreme, the approach with Eq. 2 was val-
idated with test data from another DLR combustor of similar
scale operated with LOX/LNG and shear coaxial injectors. The
significant impact on transverse modes illustrates the impor-
tance of a detailed model of the acoustic field in the chamber.

Predicted frequencies for the combustion chamber and injec-
tor modes can now be compared for their potential to couple
and mutually amplify. The fundamental LOX post mode (1L)
lies above both the fundamental chamber modes 1L and 1T,
which precludes the most dangerous coupling combinations,
and should be between the chamber 1T1L and 1T2L modes. In
the range of the LOX post 2L mode there are only higher order
combination modes in the chamber, which are typically better
damped than the primary modes. Based on the results of this
analysis the design should be robust with respect to injection-
coupled instabilities. However, the acoustic models of both the
post and the chamber need to be verified by experimental data
after the initial tests with the LUMEN injector head at the P8
test bench.

A key requirement in the design of expander cycle engines
is the extraction of sufficient enthalpy from the thrust chamber
cooling circuit to drive the turbines. Since a P8 test campaign to
measure the heat flux profile of the LUMEN injector head with
a calorimetric combustion chamber is currently in progress, the
length of the LUMEN combustion chamber may change from
the baseline design. For that reason a parametric sweep of the
chamber length in the chamber acoustic analysis has been per-
formed with the goal of identifying lengths which should be
avoided based on potential coupling with the LOX post modes.

The chamber length was varied between 250 and 460 mm.
Fig. 10 shows the frequencies of the longitudinal chamber
modes (1L to 10L) compared to the LOX post 1L and 2L fre-
quencies. For the baseline chamber length of 307 mm, the LOX
post 2L and chamber 9L have similar frequencies. However, it
is generally assumed that higher order longitudinal modes are
more highly damped and therefore a significant excitation of
this mode is not expected. For various other chamber lengths,

the LOX post 1L mode coincides with the chamber 4L, 5L, or
6L. From this analysis is was concluded that chamber lengths of
250 mm, 340–350 mm, and around 420 mm have the potential
to drive chamber longitudinal modes and should be avoided if
possible.

Fig. 10. Chamber longitudinal mode frequency dependence on chamber
length, compared with LOX injector modes.

5. Low frequency stability

Low-frequency (LF) instabilities can also have a major im-
pact on the safe operation of LREs. Therefore the LUMEN
injector head design was analysed to investigate the potential
for oscillatory coupling between the combustion chamber and
injector head.

5.1. Low-frequency stability model
A common approach to predict LF instabilities is the refined

time-lag model of Crocco,7) which approximates the response
of the combustion processes to varying inflow conditions as a
single time delay τ and interaction index n. One of the most
significant developments of this approach was the division of
the total time lag τt into the insensitive time-lag τi, which is not
affected by operating conditions of the combustion chamber,
and the sensitive time-lag τs, which varies with different cham-
ber conditions such as temperature and pressure. The extent
of the influence on the combustion processes is described by
the interaction index n. The modelling approach describes the
combination of feed lines and combustion chamber as a coupled
system of oscillators according to control theory. Knowing the
transfer function G(iω) therefore enables the dynamic response
Y(iω) of a given input X(iω) to be calculated according to

G(s) =
Y(s)
X(s)

. (7)

Based on the conservation of mass for the combustion cham-
ber, the transfer function of the combined feed and combustion
chamber system can be expressed as

ṁb(t)
¯̇mtot

=
ṁe(t)
¯̇mtot

+
1

¯̇mtot

d
dt

Mg(t). (8)

Here, ṁb describes the mass flow of burned propellants, ṁe the
mass flow of cumbustion products exiting through the nozzle,



and Mg the fraction of gases remaining in the combustion cham-
ber. Equation 8 is further normalized by the total massflow ¯̇mtot.
Following Casiano4) and Crocco,7) Eq. 8 can be stated more
precisely as

0 = 1 + θgs − n · (1 − e−sτs )

+

1
2

( T b

ṁbT b
ṁox

+
ṁox + ṁ f

ṁbT b
ROF

( dTb

dROF

)
n

∣∣∣∣∣
ROF

)
e−s(θg+τs)

−
( T b

ṁbT b
ṁox

+
ṁox + ṁ f

ṁbT b
ROF

( dTb

dROF

)
c

∣∣∣∣∣
ROF

)
e−sτs

−
ṁox

ṁtot
e−sτt

]
Gox(s)

+

1
2

( T b

ṁbT b
ṁ f

−
ṁox + ṁ f

ṁbT b
ROF

( dTb

dROF

)
n
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ROF
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−
( T b
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−
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)
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ROF
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−
ṁ f

ṁtot
e−sτt

G f (s).

(9)

Here, θg represents the residence time in the chamber, Tb the
temperature of the burnt propellants, ṁox the oxidizer and ṁ f

the fuel mass flow rates. The indices n and c describe the state
at the nozzle entrance and combustion front. Modelling of the
transfer function Gox for the oxidizer and G f for the fuel feeding
systems is done with a lumped-parameter approach based on a
serial connection of the transfer functions of the building blocks
found in Harrje and Reardon.17)

5.2. Stability analysis
For the model of the LUMEN thrust chamber and supply sys-

tem, τt was chosen to be the residence time of the gases in the
combustion chamber. In previous post-test modelling of LF in-
stabilities in DLR combustors, this choice of time lag resulted in
good agreement with the experimentally observed frequencies
and stability characteristics.

Due to the lack of a transfer function for a porous injector, the
analysis was restricted to the LOX injection and supply system.
To keep the bi-propellant formulation of the model but exclude
the influence of porous injector dynamics, an artificially high
pressure drop was introduced on the fuel side which suppresses
its influence on the system response.

The model was solved for a range of pCC and ROF extending
below the specified LUMEN envelope. For each LP, values of
τi, τs, and n were swept within reasonable limits. If instabilities
were predicted for any combination of these values, the LP was
labelled as unstable. Figure 11 shows the resulting stability map
with respect to pCC and ROF. LF instabilities are possible in the

low pCC and ROF ranges where LOX injection pressure drop is
also low, but the nominal LP at 60 bar, ROF 3.4 is expected to
be stable.
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Fig. 11. Predicted low-frequency stability boundaries with respect to pCC

and ROF

6. Summary and outlook

The design of an injection system for the LUMEN demon-
strator engine with LOX/LNG was presented. The main aspects
of the design treated in this article were the distribution of LOX
among the injection posts, and the consideration of both high
and low frequency combustion instabilities. The propellant dis-
tribution was predicted with CFD, and the acoustic modes of
the injector and combustion chamber were estimated with FEA
and low-order modelling methods. Low frequency stability was
predicted with a model of the coupled injection-chamber sys-
tem following the Crocco n − τ approach.

A campaign to test the ignition transient and stationary oper-
ating characteristics of this new injector head is currently under-
way at the European Research and Technology Test Facility P8
for cryogenic rocket engines at DLR Lampoldshausen. When
the test data are available, the measured characteristics of the
injector will be compared to the predicted values, for exam-
ple injection pressure drop and acoustic mode frequencies, and
the combustion efficiency will be assessed with respect to the
project requirements.
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