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Abstract 

In 2017, the German Aerospace Centre (DLR) initiated the Liquid Upper Stage Demonstrator Engine 

(LUMEN) project, aimed at developing an experimental expander-bleed cycle rocket engine tailored for 

LOX/LNG propulsion within the 25 kN thrust range. In early 2024, the final stage of development was 

completed with hot-fire testing of the entire LUMEN engine including turbopumps. By reaching this 

significant milestone LUMEN is now fully operational and can be used as a test bed for developing 

sophisticated technology such as intelligent engine control. The open research platform concept of 

LUMEN, free of IPs from other entities, allows DLR to offer LUMEN as a test bed for interested 

domestic and international partners. The modular design facilitates the rigorous evaluation of test com-

ponents in a representative environment. The whole engine can be used to develop engine related 

technologies which could not be tested otherwise. 
The test campaign started with run-in tests with progressively escalating in complexity to ensure optimal 

engine start-up sequences without compromising hardware integrity. The first tests were turbopump spin 

tests in which the turbines are driven by pressurized nitrogen from the test bench. In the spin tests, tur-

bopumps are started simultaneously, one discharging one propellant into the thrust chamber (TCA), while 

the other was using the chilldown line for dumping of the second propellant.  In subsequent tests the dis-

charge paths of the turbopumps were changed respectively. In this way the timing of pressure build-up was 

fine-tuned to ensure precise engine start-up. 

After the spin tests the ignition of the engine was initiated successfully and a steady operation point 

was reached. Subsequent objectives involved traversing the comprehensive test matrix encompassing di-

verse TCA pressures and oxidizer-to-fuel ratios. 
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1. LUMEN introduction 

 Based on the existing competences of DLRs Institute of 

Space Propulsion and its test capabilities, the LUMEN 

breadboard engine project was established in 2017. The LU-

MEN breadboard engine project is intended to provide an 

experimental platform open to partners from the institu-

tional as well as the industrial domain. Its focus on a modu-

lar design with an emphasis on a high level of instrumenta-

tion offers the possibility to test thrust chamber, turbopump 

or other engine components in a truly representative envi-

ronment. The LUMEN demonstrator will be operated as a 

test facility on its own, to be used in conjunction with the 

P8.3 test facility and open to potential partners. 

One of the design goals of the LUMEN engine is the 

demonstration of a large throttling range. For the chosen 

propellant combination of LOX/LNG, the LUMEN nominal 

load point is set to a combustion chamber pressure of 

pCC = 60 bar and a mixture ratio of ROF = 3.4. The throt-

tling range is 58% to 133% of nominal thrust. 

2. Engine architecture 

Fig. 1 shows a schematic representation of the LUMEN 

engine cycle. The choice of propellants, cycle and design 

features can be found in several publications [1], [2], [3], [4], 

[5].  

The LUMEN breadboard demonstrator is following an 

expander bleed engine cycle scheme. The combustion 

chamber is cooled with LNG in a counter-flow arrangement. 

The heated cooling fluid is partially remixed into the main 

fuel mass flow to actively control the fuel injection temper-

ature. The remaining cooling mass flow is further heated 

within the nozzle extension (co-flow arrangement) and then 

divided between the LOX and LNG turbines. The demon-

strator architecture also includes a number of purge valves 

for pre-conditioning of the system using LN2, which are not 
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shown in Fig. 1 for simplicity. An external GN2 supply will 

also be used as a turbine starter system to accelerate the en-

gine start-up transient. 

 
Fig. 1 Schematic representation of the LUMEN demon-

strator architecture. 

 

 

Fig. 2 LUMEN demonstrator engine layout 

To allow for a maximum degree of accessibility for in-

strumentation, the LUMEN demonstrator is designed with a 

lot of space between components. Fig. 2 shows the current 

layout of the LUMEN demonstrator engine as it will be 

tested at the P8.3 test facility. 

3. Main components overview 

3.1 Thrust Chamber assembly 

Two thrust chambers assemblies (TCA) have been manu-

factured: a “conventional” one and an additively 

manufactured one (AM). The conventional TCA uses a ma-

chined copper liner where the cooling channel are closed 

galvanically. Additionally, a thrust jacket is used to transmit 

the loads from the nozzle to the thrust frame of the test bench. 

The AM TCA is printed from a copper alloy without a thrust 

jacket. Both TCAs were designed in a way to behave the 

same from a system point of view regarding pressure losses 

and heat pickup in the cooling channels. Due to the higher 

roughness in the untreated cooling channels of the AM TCA, 

it is a few centimetres shorter than the conventionally ma-

chined one. 

Both TCAs use the same nozzle extension which is made 

from a nickel alloy. 

More information about various aspects of the LUMEN 

TCA development can be found in [6], [7], [8], [9], [10], 

[11], [12], [13], [14], [15]. 

3.2 Turbopumps 

The LUMEN turbopumps are unique in its design because 

they use oil lubrication. This was a early design choice in 

order to minimize resources needed for development by us-

ing off the shelf bearings with proven performance while at 

the same time increasing bearing life time to a calculated 

1000h. This exceeds by far typical turbopump life and is in 

favour of the test platform approach underlying the whole 

LUMEN engine.  

The reader may look into [16], [17], [18], [19], [20], [21], 

[22], [23], [24], [25], [26], [27], [28], [29] for more infor-

mation on the LUMEN turbopump development. 

4. Hot fire results 

The test campaign for the LUMEN engine started in end 

of 2023 with the installation of the engine at the test bench. 

Most of the engine parts were built for the TCA and TP test 

campaigns and only minimal hardware changes were neces-

sary. The setup of LUMEN is shown in Fig. 3. After the 

hardware installation the instrumentation was connected to 

the various interfaces of test bench acquisition system and 

additional data acquisition systems. The final step in prepa-

ration was to check the engine for tightness.  

In February 2024 the engine underwent its first test as a 

complete system by doing cold-flow checks without ignition. 

During these tests the final timing for the ignition sequence 

was defined.  
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The first ignition attempt was aborted by a redline at 1,5s 

but the second ignition was successful and the full test du-

ration was realized. This was the first time DLR had a suc-

cessful hot-fire of a rocket engine (see Fig. 4).  

The following tests were used to do several things. We 

adjusted engine parameters and improved system modelling 

at the same time. The start and stop sequence were fine-

tuned and some pre-tests for the next test campaign per-

formed.   

 

Here is a summary of the tests: 

- “cold-flow” 

o Spin-up of both TP with start gas from test 

bench (GN2) 

o LNG through combustor 

o LOX in dump 

o Change of configuration 

o LOX in combustor  

o LNG in dump 

- First ignition 

o Redline at 1,5sec 

- Second ignition 

o Successful 

o Nominal load point achieved 

- Fine adjustment 

o Optimization of engine parameters and 

load points 

o Optimization of start- and shut-down se-

quence 

- Pretests for next campaign 

o Self startability of cycle 

- Max. thrust 

- Intelligent control  

o Control of complete engine by machine 

learning algorithms 

o See next chapter 

o  

The pressure graph and the turbopump speeds of the sec-

ond test run can be seen in Fig. 5. It shows the starting time 

of the engine which is in the order of 1 to 2 seconds. After 

the start there are some open-loop adjustments to keep the 

TCA pressure at roughly the same level. From 15secs 

 

 

Fig. 3. LUMEN layout at test bench P8.3 

 

Fig. 4: Hot run LUMEN 
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onwards you can see the cycle reaching thermodynamic 

equilibrium.  

5.  Intelligent control of the LUMEN engine 

A major test with LUMEN was the research of engine 

control with machine learning algorithms. 

Today, technological progress happens mostly in soft-

ware, as can be seen in almost every situation of our daily 

lives. Cars are more or less fully developed from a mechan-

ical point of view but significant leaps in development are 

made by autonomous driving software for example. This 

principle should be adopted in the aerospace field especially 

in the rocket engine business where the engines and technol-

ogies are basically the same since decades. 

DLR is undertaking first steps to develop sophisticated in-

telligent control algorithms which are able to make real-time 

decisions based on monitoring and prediction systems that 

rely on machine learning amongst others to enable vastly 

improved engine control. The resulting full authority rocket 

engine controller (FAREC) would be a system which gives 

a significant technological advantage by improving the ro-

bustness, resilience and reusability of their rocket engines. 

One major step in the research activities with the LUMEN 

test bed is to control the engine with machine learning algo-

rithms. In this paper however, we will only give a short 

overview. More information will be published in the future. 

5.1 Test of intelligent control in the LUMEN Engine 

The method applied is based on training data created by 

simulation only, but the numerical tools are validated with 

experimental results. Domain randomization is used to en-

sure the controller is robust enough to not only work in sim-

ulation but also in reality. The computational power needed 

for the neural network is very low allowing for a control fre-

quency of 20Hz which is far beyond the reaction time of the 

electric control valves used in LUMEN. The tests presented 

here are the first of its kind so future optimization can easily 

increase the control frequency if necessary.  

 

The controller was trained to keep four values in the de-

sired range 

- Combustor pressure, 𝑝𝑐𝑐 

- Ratio of oxidizer to fuel, ROF 

- Injection temperature, 𝑇𝑖𝑛𝑗  

- Regenerative cooling mass flow rate, 𝑚̇𝑅𝐶 

 

The controller had to change the position of four control 

valves at the same time, namely FCV, TOV, TFV and BPV 

(see Fig. 2) to have enough degrees of freedom.  

In the engine test 𝑝𝑐𝑐 was changed in a ramp from 40 to 

60bar and back while the other three values were kept con-

stant. The test was successful and the control error was be-

low the predefined tolerance band.  

DLRs work on intelligent control can be found in [30], 

[31], [32], [33], [34] out of which [34] is to highlight, be-

cause it describes the first test on intelligent control per-

formed at DLR with the oxygen Turbopump.  

5.2 Outlook on intelligent control in rocket engines 

If we succeed in funding the activity, we want to develop 

the method even further into a so called “life enhancing con-

trol”. For this purpose, several building blocks will be de-

veloped: 

 

- Building block intelligent control  

o Optimal control  

o Maximizes Isp in all operational conditions 

o First step demonstrated in LUMEN test 

- Building block active constraints avoidance 

o Special controller training to incorporate 

the avoidance of critical system states like 

combustor wall temperature, critical 

speeds of turbopumps, etc.  

- Building block anomaly detection 

o Health monitoring feedback to controller  

o Virtual sensing to detect sensor errors [35] 

- Building block anomaly prediction 

Fig. 5: combustor pressure P_cc and rotational speeds of 

the TP in the second test run 
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o Give controller ability to react before 

something happens 

o Instability detection, proof of concept real-

ized [36] 

o Turbine flutter prediction  

 

The feedback from the building blocks to the intelligent 

controller involve the continuous assessment and reporting 

of the rocket engine's condition and performance parameters. 

Sensors embedded throughout the engine collect data on 

temperature, pressure, vibration, and other critical metrics, 

which are then analysed in real-time. Sophisticated algo-

rithms showed in the past that it is possible to predict the 

occurrence of devastating system faults in advance. For ex-

ample, DLR demonstrated the prediction of combustor in-

stabilities 500ms before they occur [36]. This was a first and 

important step and there are many more possibilities to ap-

ply these techniques to every part of the engine system. The 

feedback loop provides valuable insights into the engine's 

health status, identifying potential issues or anomalies early 

on. This proactive approach enables active avoidance of 

critical system states, minimizes the risk of failures, and en-

hances mission reliability. 

6. Next steps in LUMEN testing 

The next LUMEN test campaign will take place in begin-

ning of 2025. The test campaign has the following goals 

 

- Improve system modelling with regard to 

o Chilldown  

o System 

o Heat transfer 

- Life enhancing control 

o Intelligent control: Implementation of im-

provements 

o Virtual instrumentation 

▪ Development finalized 

▪ Implementation and test 

7. Conclusion 

The first LUMEN hot runs were successful. The engine 

was used in 8 tests showing its reliable and reusable design. 

During the test campaign all major requirements of the LU-

MEN projects were successfully finalized and a major step 

in engine research was undertaken. The complete LUMEN 

engine was closed loop controlled by an intelligent control-

ler, showing the versatility of the LUMEN research engine. 

The next steps in intelligent control and for the next LU-

MEN tests were presented. This makes LUMEN the ideal 

platform for interested international partners. 

 

 

 

References 

 

[1]  J. Deeken and G. Waxenegger, “LUMEN: 

Engine Cycle Analysis of an Expander-Bleed 

Demonstrator Engine for Test Bench Operation,” 

in Deutscher Luft- und Raumfahrtkongress, 2016.  

[2]  J. Deeken, M. Oschwald and S. Schlechtriem, 

“LUMEN Demonstrator- Project Overview,” in 

32nd International Symposium on Space 

Technology and Science, Fukui, Japan, 2019.  

[3]  T. Traudt, M. Börner, D. Suslov, W. 

Armbruster, R. Dos Santos Hahn, K. Dresia, A. M. 

Saraf, C. Groll, S. Klein, J. C. Deeken, J. Hardi 

and S. Schlechtriem, “LUMEN: Test Platform for 

Rocket Engine Technologies. Project Overview 

and Upcoming Steps in theDevelopment,” in 

International Symposium on Space Technology 

and Science ISTS, Kurume, 2023.  

[4]  T. Traudt, M. Börner, D. Suslov, R. H. Dos 

Santos Hahn, A. M. Saraf, S. Klein, J. C. Deeken, 

J. Hardi, M. Oschwald and S. Schlechtriem, 

“Liquid Upper Stage Demonstrator Engine 

(LUMEN): A test bed for space propulsion 

components,” in 3rd Ground-based space facilities 

symposium 2022, 2022.  

[5]  T. Traudt, M. Börner, D. Suslov, R. H. Dos 

Santos Hahn, A. M. Saraf, S. Klein, J. C. Deeken, 

J. Hardi, M. Oschwald and S. Schlechtriem, 

“Liquid Upper Stage Demonstrator Engine 

(LUMEN): Component Test Results and Project 

Progress,” in 73rd International Astronautical 

Congress, Paris, France, 2022.  

[6]  M. Börner, J. Hardi, D. Suslov, J. C. Deeken and 

M. Oschwald, “LUMEN Thrust Chamber – 

Ignition Characteristics and Thrust Chamber 

Transients,” in 32nd International Symposium on 

Space Technology and Science, 2019.  

[7]  M. Börner, J. Martin, J. Hardi, D. Suslov, J. 

Deeken and M. Oschwald, “Lumen thrust chamber 

- flame anchoring for shear coaxial injectors,” 

2021.  

[8]  K. Dresia, “Prediction of Heat Transfer in 

Methane for Liquid Rocket Engines Using 

Artificial Neural Networks,” 2018. 

[9]  K. Dresia, E. Kurudzija, J. Deeken and G. 

Waxenegger-Wilfing, “Improved Wall 

Temperature Prediction for the LUMEN Rocket 

Combustion Chamber with Neural Networks,” 

Aerospace, vol. 10, 2023.  

[10]  J. Haemisch, D. Suslov, G. Waxenegger-

Wilfing, K. Dresia and M. Oschwald, “LUMEN - 

Design of the Regenerative Cooling System for an 

Expander Bleed Cycle Engine Using Methane,” 

2021.  



75th International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.  
Copyright ©2024 by the International Astronautical Federation (IAF). All rights reserved. 

 

  IAC-24-C4.1.5.x86850                             Page 6 of 7 

 

[11]  J. Hardi, J. C. Deeken, W. Armbruster, Y. 

Miene, J. Haemisch, J. Martin, D. Suslov and M. 

Oschwald, “LUMEN Thrust Chamber - Injector 

Design and Stability Analysis,” in 32nd 

International Symposium on Space Technology 

and Science, 2019.  

[12]  J. Hardi, J. Martin, M. Son, W. Armbruster, J. C. 

Deeken, D. Suslov and M. Oschwald, 

“COMBUSTION STABILITY 

CHARACTERISTICS OF A SUB-SCALE 

LOX/LNG ROCKET THRUST CHAMBER,” in 

Proceedings of Aerospace Europe Conference 

2020, 2020.  

[13]  S. Klein, D. Suslov, A. M. Saraf, M. Börner, R. 

H. D. S. Hahn, K. Dresia, C. Groll, T. Traudt, J. 

Hardi and J. Deeken, “Investigation of the Chill 

Down Process in the LUMEN LOX/LNG 

Demonstrator Engine,” 2023.  

[14]  D. I. Suslov, J. Haubrich, J. Haemisch, K. J. 

Artzt, J. Munk, W. Armbruster, J. S. Hardi, J. C. 

Deeken and S. Schlechtriem, “Development and 

Qualification Testing of a Laser Powder Bed 

Fusion Manufactured 25 KN LOX/LNG 

Regeneratively Cooled Thrust Chamber,” 9th 

Edition of the Space Propulsion Conference, May 

2024.  

[15]  D. I. Suslov, H. .. Jan, E. B. Zametaev, W. 

Armbruster, M. Börner, R. dos Santos Hahn, S. 

Klein, K. Dresia, J. S. Hardi, T. Traudt, J. C. 

Deeken and S. Schlechtriem, “Design and placing 

into operation a 25 kN regeneratively cooled 

LOX/LNG thrust chamber for the LUMEN-

Project,” 9th Edition of the Space Propulsion 

Conference, May 2024.  

[16]  R. H. Dos Santos Hahn, J. Deeken, T. Traudt, 

M. Oschwald and H. Negishi, “LUMEN 

Turbopump – Preliminary Design of Supersonic 

Turbine,” in 32nd International Symposium on 

Space Technology and Science (ISTS), Fukui, 

Japan, 2019.  

[17]  C. Groll, T. Traudt, M. Oschwald and S. 

Schlechtriem, “Cavitation Prediction in the 

LUMEN LCH4 Pump,” in 11th International 

Symposium on Cavitation, 2021.  

[18]  C. Groll, T. Traudt, M. Oschwald and S. 

Schlechtriem, “Inducer Cavitation Control via 

Inlet Swirl,” in 33rd International Symposium on 

Space Technology and Science, 2022.  

[19]  M. T. Gulczynski, R. H. Dos Santos Hahn, G. 

Waxenegger-Wilfing, J. C. Deeken and M. 

Oschwald, “Parametric Optimization of 

Turbopump for Reusable Rocket Engine (RRE) 

Applications,” in 34th International Symposium on 

Space Technology and Science, 2023.  

[20]  M. T. Gulczynski, J. Riccius, E. Zametaev, R. 

H. Dos Santos Hahn, J. C. Deeken, G. 

Waxenegger-Wilfing and M. Oschwald, “Turbine 

Blades for Reusable Liquid Rocket Engines (LRE) 

– Numerical Fatigue Life Investigation,” in 2023 

IEEE Aerospace Conference, 2023.  

[21]  R. H. S. Hahn, J. Deeken, M. Oschwald and S. 

Schlechtriem, “Turbine Design and Optimization 

Tool for LUMEN Expander Cycle Demonstrator,” 

Journal of Physics: Conference Series, vol. 1909, 

p. 012053, May 2021.  

[22]  R. Hahn, T. Traudt, J. Deeken and S. 

Schlechtriem, “Validation of Performance 

Prediction Model at Off-Design Conditions for 

Partial Admission Supersonic Impulse Turbines,” 

in International Symposium on Space Technology 

and Science ISTS, Kurume, 2023.  

[23]  M. A. Müller, T. Traudt and S. Schlechtriem, 

“Numerical calculation of the rotordynamic 

coefficients of a LOX-Turbopump Seal for the 

LUMEN LOX/LNG demonstrator rocket engine,” 

Journal of Physics: Conference Series, vol. 1909, 

p. 012049, May 2021.  

[24]  H. Negishi, T. Traudt and R. dos Santos Hahn, 

“LUMEN Turbopump -Preliminary CFD Analysis 

of a Supersonic Turbine with Axisymmetric 

Nozzles,” in 32nd International Symposium on 

Space Technology and Science (ISTS), Fukui, 

Japan, 2019.  

[25]  A. M. Saraf, T. Traudt and M. Oschwald, 

“LUMEN Turbopump: Preliminary Thermal 

Model,” Journal of Physics: Conference Series, 

vol. 1909, p. 012052, May 2021.  

[26]  A. M. Saraf, T. Traudt, R. H. Dos Santos Hahn, 

C. Groll, J. C. Deeken and S. Schlechtriem, 

“LUMEN LOX Turbopump: Thermal Model 

Improvements and Water Test Results,” in Space 

Propulsion Conference 2022, 2022.  

[27]  T. Traudt, G. Waxenegger-Wilfing, R. dos 

Santos Hahn, B. Wagner and J. Deeken, “An 

overview on the turbopump Roadmap for the 

Lumen Demonstrator engine and on the new 

turbine test facility,” 68th International 

Astronautical Congress, Adelaide, 2017.  

[28]  T. Traudt, R. dos Santos Hahn, H. Negishi, F. 

Lindemann, S. Woidich, B. Wagner, D. Maier, C. 

Mader, G. Waxenegger-Wilfing, J. Deeken, M. 

Oschwald and S. Schlechtriem, “Status of the 

Turbopump Development in the LUMEN Project,” 

in 69th International Astronautical Congress, 

Bremen, 2018.  

[29]  T. Traudt, R. dos Santos Hahn, A. M. Saraf, C. 

Groll, Y. Miene, J. Deeken, M. Oschwald and S. 

Schlechtriem, “LUMEN Turbopump - Status of 

the Development and Testing,” in Space 

Propulsion Conference, Online, 2021.  

[30]  K. Dresia, G. Waxenegger-Wilfing, R. H. Dos 

Santos Hahn, J. Deeken and M. Oschwald, 

“Nonlinear Control of an Expander-Bleed Rocket 

Engine using Reinforcement Learning,” in Space 

Propulsion 2020+1, Virtual Event, 2021.  



75th International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.  
Copyright ©2024 by the International Astronautical Federation (IAF). All rights reserved. 

 

  IAC-24-C4.1.5.x86850                             Page 7 of 7 

 

[31]  K. Dresia, M. Börner, D. Suslov, S. Klein, T. 

Traudt, J. Hardi, G. Waxenegger-Wilfing and J. 

Deeken, “Design and Control Challenges for the 

LUMEN LOX/LNG Expander-Bleed Rocket 

Engine,” in International Symposium on Space 

Technology and Science ISTS, Kurume, 2023.  

[32]  K. Dresia, T. Hörger, J. Dauer, J. C. Deeken and 

G. Waxenegger-Wilfing, “Overview of Future 

Rocket Engine Control Systems,” 2024.  

[33]  K. Dresia, G. Waxenegger-Wilfing, R. H. dos 

Santos Hahn, J. Deeken and M. Oschwald, 

“Nonlinear Control of an Expander-Bleed Rocket 

Engine using Reinforcement Learning,” 2021.  

[34]  K. Dresia, A. Adler, A. Saraf, R. Hahn, E. 

Kurudzija, T. Traudt, J. Deeken and G. 

Waxenegger-Wilfing, “Rocket Engine Control 

with Neural Networks: Experimental Results of 

the LUMEN Turbopump Test Campaign,” in AIAA 

SCITECH 2023 Forum, 2023.  

[35]  E. Kurudzija, K. Dresia, J. Martin, T. Traudt, J. 

Deeken and G. Waxenegger-Wilfing, “Virtual 

Sensing for Fault Detection within the LUMEN 

Fuel Turbopump Test Campaign,” in 9th Edition 

of the Space Propulsion Conference, 2024.  

[36]  U. Sengupta, G. Waxenegger-Wilfing, J. Martin, 

J. Hardi and M. Juniper, Forecasting 

Thermoacoustic Instabilities in Liquid Propellant 

Rocket Engines Using Multimodal Bayesian Deep 

Learning, 2021.  

 

 


