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Abstract 

Hydrogen-fuelled combustion engines with water-injection, or dual-fuel combustion provide an 
alternative to fossil fuels in the heavy-duty vehicle sector. However, the complex interplay between 
injection, mixture formation, ignition delay, and combustion under high-pressure, high-temperature 
conditions remains insufficiently understood to consistently realize high engine efficiencies. 
Conventional engine test benches limit optical access and cannot provide controlled conditions to 
understand spray and combustion processes. To address this gap, this work presents the systematic 
development of a constant-volume combustion chamber (CVCC) capable of reproducing engine-
relevant conditions for fundamental studies on. The chamber design followed a structured 
engineering approach starting with a functional analysis and a morphological design matrix to 
identify feasible concepts for pressure containment, thermal conditioning, optical diagnostics, 
injector integration, and safety systems. Design requirements include peak pressures exceeding 200 
bar, gas temperatures above 800 K, and compatibility with gaseous fuels. Finite element (FE) 
analyses were conducted to evaluate structural integrity, thermal stresses, and deformation of the 
pressure vessel and optical window assemblies under combined pressure and temperature loading. 
The FE results informed material selection, wall thickness dimensioning, sealing concepts, and 
window mounting geometry. Optical access is provided via high-strength quartz windows enabling 
Schlieren and shadowgraph visualization. Thermodynamic calculations were used to define target 
pre-combustion states, while the measurement concept includes high-speed pressure transducers, 
thermocouples, and synchronized injector triggering. The resulting CVCC represents a purely 
conceptual and simulation-based test rig design capable of generating reproducible, isochoric 
pressure–temperature states with peak pressures exceeding 200 bar. FE simulations indicate 

mailto:julius.hollerith@stud.fra-uas.de
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sufficient structural safety margins and acceptable thermo-mechanical deformation within the 
intended operating envelope. The modular injector interface concept supports the integration of 
one or two injectors and enables theoretical investigations of different injection strategies, including 
hydrogen injection, combined hydrogen–water injection, and dual-fuel injectors. At this stage, no 
experimental implementation or commissioning has been performed; all findings are based 
exclusively on analytical considerations and numerical simulations. The developed CVCC constitutes 
a versatile platform for repeatable investigation of hydrogen injection under engine-like conditions. 
The results of system design and FEA-Analysis support the realization of the CVCC for manufacturing 
and subsequent experimental investigations. 

Keywords: hydrogen combustion, constant-volume combustion chamber, optical diagnostics, spray 
and ignition, sustainable mobility 

 

I. INTRODUCTION 

The decarbonization of the transport sector represents a central challenge for achieving national 
and European climate targets. In particular, heavy-duty transport contributes disproportionately to 
CO₂ emissions while offering only limited potential for full electrification based on battery systems. 
Consequently, hydrogen is increasingly regarded as a key energy carrier for climate-neutral mobility 
pathways (Schrank et al., 2021). 

In addition to fuel cell systems, hydrogen internal combustion engines are discussed as a 
technologically viable option, especially for applications requiring high power density, long 
operating times and robust system behavior (AVL & ZSW, 2021). Hydrogen exhibits favorable 
combustion properties such as a high gravimetric heating value, wide flammability limits and high 
laminar flame speed. At the same time, these properties impose significant challenges regarding 
mixture formation, injection control, ignition behavior and safety, while NOₓ emissions remain a 
critical issue at high temperatures (Klell et al., 2018). 

A detailed understanding of hydrogen injection and combustion processes under engine-like 
conditions is therefore essential. Experimental investigations in real engines, however, are limited 
by restricted optical accessibility, complex coupled phenomena and limited reproducibility of 
boundary conditions (van Basshuysen & Schäfer, 2015). Constant Volume Combustion Chambers 
(CVC/CVCC) provide an attractive alternative, as they allow well-defined initial pressure and 
temperature conditions, optical access to the combustion process and the decoupled investigation 
of individual physical and chemical mechanisms (Truong et al., 2024). 

Nevertheless, many existing CVCC designs are tailored to specific applications and lack geometric 
flexibility, particularly with respect to chamber volume and injector integration (Caricato et al., 
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2023). This paper addresses this gap by presenting the development, design and numerical 
validation of a modular and optically accessible CVCC specifically intended for hydrogen injection 
and combustion studies under engine-like conditions. The paper is structured as follows: Section 2 
presents the design requirements and applied methods, Section 3 summarizes the numerical 
results, and Section 4 discusses the findings and provides conclusions and outlook. 

 

II. METHODS 

II.1 Requirements and functional analysis 

The development of the CVCC is based on a structured requirement definition derived from the 
intended experimental use. The most relevant requirements can be summarized as follows: 

• Maximum operating pressure approximately 280 bar. 
• Operating temperature up to approximately 900 K. 
• Adjustable combustion chamber volume in the range of approximately 0.1–0.5 L. 
• Two opposing optical windows enabling Schlieren, Shadowgraph and related optical 

diagnostic techniques. 
• Interfaces for various injector types (passenger car and heavy-duty injectors, potentially 

dual-fuel configurations). 

From a system perspective, the CVCC setup can be described as a black box with material inputs 
(air, hydrogen, alternative fuels, water, inert gas), energy input (electrical power), and control 
signals, while outputs consist of exhaust gases and measurement data (Verein Deutscher 
Ingenieure). The functional structure derived from this analysis includes the functions of media 
storage, conditioning (pressure and temperature control), transport, injection, ignition, 
measurement and purging. These functions are distributed between two main subsystems: the 
conditioning unit and the CVCC itself. A simplified functional overview of the CVCC system is shown 
in Figure 1. 

 
Figure 1. Functional overview of the CVCC system including conditioning unit, media supply, and measurement signals. 
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2. Concepts variants and selection 

Based on the functional analysis, three principal design variants were developed (Bender & Gericke, 
2021): 

• Variant 1: Cylindrical reaction chamber with continuously adjustable volume, two circular 
opposing windows, modular injector adapters and conventional media supply. 

• Variant 2: Cylindrical chamber with discrete volume adjustment using inserts, simpler 
single-injector integration and reduced flexibility. 

• Variant 3: Spherical-segment chamber with highly configurable geometry, coaxial injector 
arrangement and advanced ignition concepts, but significantly increased complexity. 

The concepts were evaluated using weighted criteria derived from the requirement list. The criteria 
included structural integrity, safety, optical accessibility, variability, measurement capability, 
maintainability, cost and development time. Weighting was performed using a dominance matrix, 
with safety and mechanical integrity receiving the highest priority (Verein Deutscher Ingenieure, 
1998). The evaluation followed the VDI 2225 scoring approach on a scale from 0 to 4. 

Variant 1 achieved the highest weighted score and approximately 96% fulfillment of the defined 
objectives. It was therefore selected for further development and detailed design. 

 

3. Thermodynamic sizing and construction 

The thermodynamic dimensioning of the CVCC was derived from typical pressure and temperature 
conditions encountered in gasoline and diesel engines as well as reported hydrogen engine studies 
(AVL, 2022) and a heavy duty diesel reference engine OM471 (Daimler Truck AG, 2022). Target 
combustion pressures in the range of approximately 200–300 bar were defined (van Basshuysen & 
Schäfer, 2015). Based on stoichiometric requirements and typical injected fuel masses, the required 
reaction volumes for different fuels were estimated, resulting in the selection of a variable volume 
range between 0.1 and 0.5 L. The thermodynamic sizing is based on simplified zero-dimensional 
considerations. Local in-chamber temperature gradients, transient wall heat transfer, and detailed 
chemical kinetics are not explicitly resolved at this conceptual design stage. 

The chamber body material was selected as quenched and tempered 42CrMo4 steel due to its high 
strength, good machinability and compatibility with hydrogen environments. Quartz glass was 
chosen for the optical windows owing to its high temperature resistance and favorable optical 
transmission. The mechanical layout consists of a cylindrical chamber body with an attached 
volume tube, a removable cover incorporating the window seats, a large adjustment screw (M42) 
for volume control, and interchangeable injector adapters. A simplified sectional representation of 
the chamber design is shown in Figure 2. 
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Figure 2. Sectional views of the CVCC design: (a) Detail of injector interfaces and volume adjustment; (b) Overall 

assembly showing optical windows and chamber cover. 1 – Large injector adapter, 2 – Spark plug & inert gas injector 
adapter, 3 – Sensor mounting, 4 – Air & inert gas inlet, 5 – Volume adjusting screw, 6 – Chamber body, 7 – Optical 

windows, 8 – Bolted cover. Manufacturing considerations include conventional turning and milling operations, defined 
surface quality requirements at sealing interfaces, and an appropriate welding and heat treatment sequence for the 

assembled pressure components. 

 

III. RESULTS 

The mechanical feasibility of the design was assessed using Altair Hyperworks (2026 Altair 
Engineering Inc) for the finite element analysis. The numerical model was created as a three-
dimensional section model and discretized using tetrahedral elements with local mesh refinement 
in critical regions such as window seats and threaded connections. Material models included elastic 
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properties and thermal expansion coefficients for both steel and quartz glass, and contact 
interactions between glass and steel components were considered. The analyses assume linear-
elastic material behavior and idealized boundary conditions. Manufacturing tolerances, local notch 
effects beyond the modeled geometry, dynamic pressure oscillations during combustion, and 
transient thermal gradients are not considered. 

Three primary load cases were analyzed: 

• Internal pressure load of 280 bar. 
• Thermal load corresponding to an inner wall temperature increase up to approximately 830 

K (ΔT ≈ 570 K). 
• Combined pressure and thermal loading. 

Under pure pressure loading, the maximum von Mises stresses occurred at geometrical stress 
concentrators but remained clearly below the admissible material limits. Thermal and combined 
loading resulted in higher stresses due to thermal expansion effects; however, all evaluated 
stresses remained within acceptable limits for the selected materials. The predicted global 
deformations were below 0.1 mm and did not indicate any critical deformation behavior in the 
window or cover regions. Representative stress and deformation distributions are illustrated in 
Figure 3 and 4. 

 
Figure 3. FEA results for the CVCC under combined pressure (280 bar) and thermal loading (ΔT ≈ 570 K) von Mises stress 

distribution. 
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Figure 4. FEA results for the CVCC under combined pressure (280 bar) and thermal loading (ΔT ≈ 570 K): total 

deformation. 

 

Overall, the numerical results indicate the structural feasibility of the proposed CVCC design under 
the considered operating conditions, within the limits of the applied modeling assumptions. 

 

IV. CONCLUSION 

The presented CVCC concept fulfills key requirements for hydrogen injection and combustion 
studies under engine-like conditions, including pressure and temperature capability, optical 
accessibility, geometric variability and structural integrity (Chau et al., 2023, 2023; Haq et al., 2022, 
2022; Truong et al., 2024, 2024; Zhang et al., 2010, 2010). The adjustable chamber geometry 
enables systematic investigations of different fuels and operating points without the need for 
multiple dedicated chamber designs. 

Compared to many existing CVC/CVCC systems reported in literature, the proposed design 
emphasizes modularity with respect to injector integration and operating media while maintaining 
a strong focus on optical accessibility and mechanically validated window integration. This 
combination supports both qualitative and quantitative optical diagnostics for hydrogen and liquid 
fuels. 

The main limitations of the present work lie in the absence of experimental validation. The 
thermodynamic sizing and numerical analyses rely on simplified assumptions, including idealized 
temperature distributions and neglect of local notch effects. These aspects should be refined in 
future development stages. 

In conclusion, the conceptual development of a flexible, optically accessible CVCC for hydrogen 
injection and combustion studies was successfully achieved, and the structural integrity was 
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demonstrated numerically for relevant load cases. Future work will focus on prototype 
manufacturing, integration of the complete media and safety system, and stepwise experimental 
validation of the design assumptions. This includes inert gas pressure testing, hydrogen 
compatibility testing, and first optical injection and combustion experiments to validate the 
numerical thermo-mechanical predictions and window-sealing integrity. 
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