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 A B S T R A C T

A mathematical model of the flow through a catalytic chamber to be used in rocket engines is presented. 
The model is based on a Lagrangian approach and a homogeneous description of the phases. The equation 
for the decomposition process is expanded to consider the pressure influence on the chemical reaction and 
the influence of the mass transfer effects (diffusion, adsorption and desorption). For the vaporization and the 
temperature determination the enthalpy is used. The pressure drop is calculated through a relation between 
the resistance coefficient and Reynolds number. Polynomial approaches are applied for the thermodynamic 
and transport properties. The heat transfer between the flow and the chamber wall as well as the flow and the 
catalytic material is considered. Finally, a comparison between the experimental test data and the simulation 
results is provided. The steady state values of temperature and pressure match the experimental data. The 
temperature data are in a range of 8K, while the pressure data are in the uncertainty of the pressure sensors 
(±1 bar). The transient behavior of the model shows a good agreement with the experimental data.
1. Introduction

Catalytic chambers are filled with catalytic material. Here the cham-
ber is used to decompose the hydrogen peroxide into oxygen and water 
vapor. In monopropellant rockets, the catalytic chamber with a nozzle 
produces the thrust. In hybrid rocket engines, it is positioned in front 
of the combustion chamber that holds the fuel. Thus the decomposition 
products are injected directly.

A typical catalytic chamber design is shown in Fig.  1. It consists 
of two holding plates (gray) between which the catalytic bed with the 
catalytic material is arranged (light blue circles). Sometimes an injector 
(yellow) is used to give the exiting flow a specific direction. At the inlet, 
the hydrogen peroxide is liquid, and at the outlet the hydrogen peroxide 
is decomposed.

Hydrogen peroxide gains importance for rocket engines because 
of its environmental friendly properties [1]. It is nontoxic and non-
carcinogenic [2,3]. Therefore, the handling of hydrogen peroxide is 
less complicated, given that some general rules are respected. Besides 
the environmental friendliness, the high volume specific impulse is 
another advantage [1]. Due to the high density (1.45 g cm−3 [4]) it is 
possible to use small tanks and overall compact systems. Hydrogen 
peroxide is not cryogenic, thus it can be stored for many years in a 
controlled environment (see also [4,5]). Through the reaction heat of 
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Fig. 1. Schematic design of a generic cylindrical catalytic chamber.

the decomposition, the system auto-ignites. In addition, re-ignition of 
the engine is possible and the system is less complex compared to a 
system with igniter [2].

The performance prediction of catalytic chambers under real appli-
cation conditions is the main goal of the developed tool in this article. 
With it, the chamber design can be optimized and the development of 
new configurations is possible.

First, an overview of the state of the art of existing models is given. 
Then, the methodology is explained. After, the experimental set-up is 
shortly described. Finally, the model is validated with experimental 
results and some considerations to the pressure influence are discussed.
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2. State of the art of decomposition models

Many gaps are still to be closed in modeling of hydrogen peroxide 
decomposition [6]. A simple homogeneous model was developed by 
Pasini et al. [7]. This model has a detailed reaction description with 
adsorption and desorption as well as diffusion limitation. However, 
the pressure drop calculation deviates from the experimental data [8]. 
Later the model was extended to include uncertainty [9] and a new 
pressure drop model [10]. Koopmans et al. [11,12] developed a het-
erogeneous model with a more detailed pressure drop calculation and 
a reduced reaction description. Diffusion limitation is not considered in 
their model. The heat transfer between the catalytic material and the 
flow is neglected. All models mentioned above assume a steady state 
of the flow.

Reid et al. [13] developed a transient heterogeneous model. This has 
a similar detail of the reaction mechanism compared to Refs. [7,11] 
but without adsorption and desorption. However, it included a new 
diffusion limitation description. The heterogeneous characteristic of the 
model refers to the distinction between the solid phase of the catalyst 
and the flow. The flow itself is modeled homogeneously. It stresses the 
importance of diffusion limitation although there is no experimental 
validation of their model yet.

In addition to the detailed simulation models also straight-forward 
pre-design models exists. One example is the model of Granado et al. 
[14] which has a 0-dimensional model approach and calculates the 
exit temperature and a pressure drop. For the mass flow rate a single 
equation is used.

This article presents an extended version of our own model from 
[15]. The main modification is the pressure correction of the reaction 
velocity due to the high catalytic chamber pressures. Moreover, the 
description of diffusion, adsorption and desorption has been added.

In contrast to the models in the literature, the present model has 
the capability to simulate the transient behavior. Therefore, it uses the 
Lagrangian approach for the start up process. Furthermore, it is to the 
knowledge of the authors the first model which considers the pressure 
influence on the reaction velocity which allows the experimental vali-
dation with data from engines with high mass flow and high chamber 
pressures. In addition, the model considers the heat exchange between 
the flow and the catalytic material as well as between the flow and the 
chamber wall. For the pore diffusion, the impact of bubble evolution for 
high concentrations is considered for the first time in a decomposition 
model.

3. Methodology

In the catalytic chamber, the liquid hydrogen peroxide (H2O2
1) is 

decomposed in gaseous oxygen (O2) and water vapor (H2O) [2] 
2H2O2 → 2H2O + O2 𝛥ℎ𝑟𝑘𝑡 = −196.14 kJ/2mol. (1)

The hydrogen peroxide decomposition is an exothermic process. To 
reduce the high activation energy a catalyst is used [16]. Therefore, 
in the present work, an aluminum oxide pallet is considered which is 
covered with platinum.

The flow in the catalytic chamber is a multi-phase and multi-species 
flow [17], because the exothermic decomposition process energizes 
the liquid hydrogen peroxide to gaseous products. Consequently, the 
vaporization of the liquid needs to be considered. The solid catalyst is 
treated as steady.

The second aspect – multi-species flow – describes the presence of 
more than one species [18]. Table  1 summarizes the species and their 
possible phases.

Several analytical concepts to describe the multi-phase flow exist. 
The two-fluid approach is the most realistic one. It models the phases 

1 See Nomenclature at end of paper.
2 
Table 1
Considered phases and species in the catalytic chamber.
 Species Liquid Gaseous 
 H2O2 x x  
 H2O x x  
 O2 x  

separately, for each phase three equations exist: one equation for mass, 
momentum and energy, respectively. Additionally, there are closing 
equations called jump-conditions [19]. A less complex approach is 
the homogeneous model. It is a pseudo-fluid consideration which uses 
averaged flow parameters [19]. Therefore, the number of equations is 
reduced to the three conservation equations.

The interfaces between the two phases involve many physical and 
chemical effects which are often unknown even until today [17]. There-
fore, in this article, a homogeneous model with some simplifications 
(see Section 3.4) is used. The Eqs. (2) to (5) show the general conser-
vation equations for a one-dimensional, homogeneous flow. The first 
equation is for global mass conservation, the second for the continuity 
for the species mass, the third for momentum conservation and the 
fourth for energy conservation [20]:

𝜕
𝜕𝑡
𝜌𝑚 + 𝜕

𝜕𝑥
𝜌𝑚𝑣𝑚 = 0 , (2)

𝜕
𝜕𝑡
𝛼𝜌𝑔 +

𝜕
𝜕𝑥

𝛼𝜌𝑔𝑣𝑚 = 𝛤 , (3)

𝜕
𝜕𝑡
𝜌𝑚𝑣𝑚 + 𝜕

𝜕𝑥
𝜌𝑚𝑣

2
𝑚 = −

𝜕𝑝
𝜕𝑥

+ 𝜕𝜏
𝜕𝑥

, (4)

𝜕
𝜕𝑡
𝜌𝑚ℎ𝑚 + 𝜕

𝜕𝑥
𝜌𝑚ℎ𝑚𝑣𝑚 = −

𝜕𝑞
𝜕𝑥

. (5)

The density is 𝜌, the velocity 𝑣, the phase ratio 𝛼 and the enthalpy 
ℎ. 𝛤  is the generated mass due to the decomposition of the hydrogen 
peroxide. 𝑝 is the pressure. The heat flux is 𝑞 and the shear stress tensor 
is 𝜏. The subscript 𝑚 is for the averaged value between the liquid and 
gas flow and 𝑔 is for the gaseous flow parameter. The reaction enthalpy 
ℎ𝑟𝑘𝑡 is included in Eq. (5). As simplification to the homogeneous model, 
the momentum Eq. (4) is replaced with an empirical approach (see 
Section 3.4).

An averaging method is necessary, so that the mean values of 
the flow can be studied [20]. An often used method is the Eulerian 
average. There, time and space coordinates are independent [20]. 
Another approach is the Lagrangian averaging, which is related to the 
Lagrangian description of mechanics. The time and space coordinates 
depend on each other [20]. In this article, a Lagrangian averaging is 
chosen, because the start of the decomposition is of interest. The model 
to study is shown in Fig.  2. The time 𝑡1 to 𝑡3 show rising time points 
(𝑡1 < 𝑡2 < 𝑡3). At every time step an additional particle is added to the 
chamber, calculated and moves one position forward until it exits the 
chamber at the right side.

In Fig.  3 the detailed calculation algorithm is shown. First, a new 
gas and fluid particle is added. The particles are initialized with the 
starting conditions. Then, the decomposition of the particles is calcu-
lated. After, the physical state is checked. It is now possible to calculate 
the temperature of the particles. Thereafter, the pressure drop can be 
estimated. Consequently, all unknown parameters are computed, so 
that the thermodynamic and transport properties of the particles, like 
density and viscosity, can be determined. Finally, the heat transfer 
calculation is done and the new positions of the particles are computed. 
The loop is running through every time step. In Sections 3.1 to 3.6 the 
main calculations are explained in detail.

3.1. Decomposition of hydrogen peroxide

The global differential equation for the decomposition of hydrogen 
peroxide (Reaction (1)) is shown in Eq. (6) [16]: 
𝑑[H2O2] = −𝑘 ⋅ [H O ] . (6)
𝑑𝑡 2 2
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Fig. 2. Lagrangian flow model.

Fig. 3. Algorithm.
3 
[H2O2] is the molar concentration of the hydrogen peroxide. 𝑘 is the 
reaction velocity, which has a temperature dependency, described by 
the Arrhenius equation [16]: 

𝑘 = 𝐴 ⋅ 𝑒
−𝐸𝑎
𝑅𝑇 . (7)

In Eq. (7), the symbol 𝐴 is the pre-exponential factor, 𝐸𝑎 the activation 
energy, 𝑅 the universal gas constant and 𝑇  denotes the temperature. 
Additionally to the temperature influence on the reaction velocity 𝑘
(see Eq. (7)), the following impacts are considered in this article and 
explained below: pressure, condition of the catalytic material, external 
diffusion, internal diffusion, adsorption and desorption process.

The reaction velocity of palladium catalysts has both a pressure 
and a temperature dependency [21]. According to the principle of Le 
Chatelier [16], the reaction velocity in Reaction (1) reduces at higher 
pressures. Chemically, the relation of Planck and van Laar (Eq. (8)) 
describes the pressure (𝑝) influence on the chemical equilibrium con-
stant (𝐾) [22]. 𝛥𝑉 ◦ is the reaction volume and can be calculated for 
an ideal gas mixture with Eq. (9) [22]. It depends on the stoichiometric 
coefficients 𝜈𝑟 of the reaction:
( 𝜕ln𝐾

𝜕𝑝

)

= −𝛥𝑉 ◦

𝑅𝑇
, (8)

𝛥𝑉 ◦ = 𝑅𝑇
𝑝

∑

𝑟
𝜈𝑟 . (9)

Eqs. (8) and (9) applied on Reaction (1) results in Eq. (10). Now, 
the chemical equilibrium constant (𝐾) at different pressures can be 
calculated. From the chemical equilibrium constant at pressure 𝐾2 a 
proportional correction of the reaction velocity 𝑘 is made: 

ln𝐾2 = −
𝑝2 − 𝑝1
2𝑝2

+ ln𝐾1 . (10)

The influence of the pressure on the simulation results can be seen in 
Section 5.1.

The reaction velocity 𝑘 is an experimental measured value. It de-
pends on temperature, the catalytic material quantity and the catalytic 
material preparation. A common evaluation criterion for the catalytic 
material preparation is the BET (Brunauer, Emmett and Teller [23]) 
area. The three aspects (temperature, catalytic material quantity and 
preparation) are considered through a correction factor [24].

For the mass transfer, a boundary layer is formed on the outer sur-
face of the catalytic material [6]. The transport through this boundary 
layer is called external diffusion. After this, the pore diffusion in the 
pores of the catalytic material takes place. Then, the hydrogen peroxide 
has to be adsorbed from the active area of the catalytic material. 
Now, the chemical decomposition takes place (Reaction (1)). After, the 
reaction products run through the process backwards: desorption, pore 
diffusion and external diffusion. The whole process is shown in Fig.  4.

The external diffusion coefficient 𝜂𝑒𝑥 for high hydrogen peroxide 
concentrations can be assumed equal to one [25]. The pore diffusion 
coefficient 𝜂pore can be calculated based on two methods. The Thiele 
module [26] is used for small hydrogen peroxide concentrations. For 
high hydrogen peroxide concentrations an approach from Ref. [25] is 
used which considers the bubble evolution. The Thiele module (𝜙) for 
spherical particles can be calculated with [26]:

𝜙 = 1
3
𝑟cat

√

𝑘∕𝐷eff , (11)

𝐷eff =
𝜀
𝜏2

𝐷 . (12)

𝑟cat is the radius of the catalyst particles, 𝐷 the diffusion coefficient and 
𝜏 the tortuosity of the material. The pore efficiency is then [26]: 

𝜂pore,𝑇 =
tanh𝜙
𝜙

. (13)

The calculation of the pore diffusion coefficient (𝜂pore,𝐵) from Ref. [25] 
is based on the assumption that the rate of reaction in a pore is equal to 
the rate of diffusion out of the pore. For the calculation, the mean pore 
diameter of the catalyst has to be determined in the laboratory with 
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Fig. 4. Mass transfer process of the heterogeneous catalyst reaction based 
on [6].

Fig. 5. Pore diffusion coefficient of Thiele and Bubble over the concentration 
of hydrogen peroxide.

Table 2
Efficiency coefficient on the reaction velocity due to mass transfer.
 Mass transfer Coefficient Value  
 External diffusion 𝜂ext constant  
 Pore diffusion (low concentrations) 𝜂pore,𝑇 calculated 
 Pore diffusion (high concentrations) 𝜂pore,𝐵 calculated 
 Adsorption/desorption 𝑛𝑢 calculated 

a gas adsorption and a subsequent BJH (Barrett, Joyner and Halenda) 
method [27]. Both pore diffusion coefficients are shown in Fig.  5. It 
is noticeable that the Thiele coefficient (𝜂pore,𝑇 ) is not concentration 
dependent while the Bubble coefficient (𝜂pore,𝐵) depends on it.

A standardization is used for 𝜂pore to adapt the literature values of 
𝑘 to the one used in this article.

For the inclusion of the adsorption and desorption the Langmuir 
equation [16] is used: 

𝛩 = 𝐾 ⋅ 𝐶
1 +𝐾 ⋅ 𝐶

=
𝑛𝑢
𝑛𝑎

. (14)

𝐶 is the weight percent concentration of hydrogen peroxide. 𝛩 is a 
value for the ratio of the number of used adsorption places 𝑛𝑢 to 
the number of available adsorption places 𝑛𝑎. Converted to 𝑛𝑢, the 
adsorption efficiency coefficient depends on: 

𝑛𝑢 = 𝑛𝑎𝛩 . (15)

The value 𝑛𝑎 is integrated in the pre-exponential factor 𝐴 [12]. The 
value 𝛩 can be calculated with the known values, 𝐾 and 𝐶. A summary 
of the efficiency coefficients due to the mass transfer is shown in Table 
2.
4 
Fig. 6. Phase diagram of hydrogen peroxide for a pressure of 1 bar [15].

In the reaction model, only the catalytic decomposition is consid-
ered. The thermal decomposition of hydrogen peroxide is neglected 
and can be considered with a second reaction velocity for the thermal 
decomposition process.

Additional to the change of mole fraction of the hydrogen peroxide, 
the reaction enthalpy: 

ℎrkt = 28.83 kJ/kg C , (16)

is added to the actual enthalpy of the particle. It depends on the weight 
percent concentration (𝐶) of the hydrogen peroxide and is important 
for the temperature calculation later (Section 3.3). The Eq.  (16) as-
sumes for the complete decomposition of 100% hydrogen peroxide a 
reaction enthalpy of 689 cal/g [2]. This corresponds to an enthalpy 
of 2882.8 kJ/kg. For a concentration of 0% a reaction enthalpy of 
0 kJ/kg is assumed. A linear interpolation for the other concentrations 
is considered.

3.2. Vaporization

For the vaporization process a categorization of the particles is 
carried out. The enthalpy of each particle is categorized in the pressure 
corrected phase diagram of hydrogen peroxide (see Ref. [15]). The 
phase diagram for a pressure of 1 bar is shown in Fig.  6 [28]. If the 
enthalpy is below the boiling enthalpy the particle is still liquid (𝛼 = 0). 
If the enthalpy is higher than the condensation enthalpy the particle 
is fully gaseous (𝛼 = 1). If the enthalpy is between the boiling and 
the condensation enthalpy, the particle has two phases and the phase 
ratio 𝛼 is between 0 and 1. Depending on the categorization, a different 
temperature calculation procedure is selected. It should be mentioned 
that the oxygen is always gaseous independent from 𝛼.

3.3. Temperature

The temperature calculation is based on the enthalpy. For the 
fully liquid particle (𝛼 = 0) the enthalpy is composed of the en-
thalpy of formation ℎ0 and the enthalpy of the mass fraction at the 
current temperature calculated with the specific heat capacity (see 
Eq. (17)) [16]:

ℎ𝐼 = ℎ0 + 𝑚𝑓𝐻2𝑂2
⋅ ∫

𝑇𝐼

𝑇0
𝑐𝑝,𝐻2𝑂2 ,𝑙dT + 𝑚𝑓𝐻2𝑂 ⋅ ∫

𝑇𝐼

𝑇0
𝑐𝑝,𝐻2𝑂,𝑙dT

+ 𝑚𝑓𝑂2
⋅ ∫

𝑇𝐼

𝑇0
𝑐𝑝,𝑂2

dT . (17)

For 𝛼 = 1 (fully gaseous) the enthalpy is dependent on the enthalpy 
of condensation ℎ  and the enthalpy of the mass fraction at the 
cond
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current temperature calculated with the specific heat capacity (see 
Eq. (18)) [16]:

ℎ𝐼𝐼𝐼 = ℎcond + 𝑚𝑓𝐻2𝑂2
⋅ ∫

𝑇𝐼𝐼𝐼

𝑇cond
𝑐𝑝,𝐻2𝑂2 ,𝑔dT + 𝑚𝑓𝐻2𝑂 ⋅ ∫

𝑇𝐼𝐼𝐼

𝑇cond
𝑐𝑝,𝐻2𝑂,𝑔dT

+ 𝑚𝑓𝑂2
⋅ ∫

𝑇𝐼𝐼𝐼

𝑇cond
𝑐𝑝,𝑂2

dT . (18)

For the two-phase particle (Eq. (19)), the enthalpy additional depends 
on the phase ratio and enthalpy of vaporization 𝐻𝑉 . The starting point 
is the enthalpy of the temperature 𝑇𝑏𝑜𝑖𝑙, where the vaporization of 
the liquid starts (ℎboil). For the solution of the equation a zero-point 
method is used. Therefore, the enthalpy of the particle is subtracted 
from Eqs. (17) and (18). Then, the new equation can be solved for 𝛼 = 0 
(fully liquid) and 𝛼 = 1 (fully gaseous) with a Newton’s method [29]. 
For the two-phase particle a bisection method [29] is used to find the 
new temperature iteratively (see also Ref. [15]):

ℎ𝐼𝐼 = ℎboil + 𝑚𝑓𝐻2𝑂2
⋅ (1 − 𝛼) ⋅ ∫

𝑇𝐼𝐼

𝑇boil
𝑐𝑝,𝐻2𝑂2 ,𝑙dT

+ 𝑚𝑓𝐻2𝑂2
⋅ 𝛼 ⋅

[

𝐻𝑉 ,𝐻2𝑂2
+ ∫

𝑇𝐼𝐼

𝑇boil
𝑐𝑝,𝐻2𝑂2 ,𝑔dT

]

+ 𝑚𝑓𝐻2𝑂 ⋅ (1 − 𝛼) ⋅ ∫

𝑇𝐼𝐼

𝑇boil
𝑐𝑝,𝐻2𝑂,𝑙dT

+ 𝑚𝑓𝐻2𝑂 ⋅ 𝛼 ⋅
[

𝐻𝑉 ,𝐻2𝑂 + ∫

𝑇𝐼𝐼

𝑇boil
𝑐𝑝,𝐻2𝑂,𝑔dT

]

+ 𝑚𝑓𝑂2
⋅ ∫

𝑇𝐼𝐼

𝑇boil
𝑐𝑝,𝑂2

dT . (19)

The enthalpy ℎboil and ℎcond describe the two-phase area according to 
Fig.  6.

3.4. Pressure

The law of resistance is the relation between the resistance coeffi-
cient 𝛹 and the Reynolds number 𝑅𝑒 [30]. For packed catalyst beds, 
the resistance coefficient is defined as shown in Eq. (20). The Reynolds 
number for particles is defined in Eq. (21):

𝛹 ≡ 𝜀3

1 − 𝜀
𝛥𝑝
𝜌𝑣2

𝑑cat
𝑙

, (20)

𝑅𝑒 ≡
𝑣 𝑑cat
𝜈

⋅
1

1 − 𝜀
. (21)

𝜀 is the void fraction, 𝜌 the density, 𝑑cat the catalytic particle diameter, 
𝑣 the velocity, 𝜈 the kinematic viscosity and 𝛥𝑝 the pressure drop. 
The laws of resistance are empirical estimations [30]. Ergun [31] 
established a relation between the two numbers for granule layers: 

𝛹 = 150
𝑅𝑒

+ 1.75 . (22)

Tallmadge [32] modified the empirical constants 150 and 1.75 of 
Eq. (22) for high Reynolds numbers, the approach was often discussed 
in the past (see Ref. [33]): 

𝛹 = 150
𝑅𝑒

+ 4.2
𝑅𝑒1∕6

. (23)

Wu et al. [33] developed a model, which replaces the empirical con-
stants by two expressions with a clear physical meaning. These ex-
pressions are based on the average hydraulic radius model and the 
contracting-expanding channel model [33]. The relation is shown in 
Eqs. (24)–(27):

𝛹 = 71𝜏
𝑅𝑒

+
3𝜏

[

(3∕2) + (1∕𝛽4) − (5∕2𝛽2)
]

4
, (24)

𝜏 = 1
2

[

1 + 1
2
𝑏 + 𝑏

√

(1∕𝑏 − 1)2 + (1∕4)
1 − 𝑏

]

, (25)

𝑏 =
√

1 − 𝜀 , (26)
5 
𝛽 = 1∕(1 − 𝑏) . (27)

The tortuosity (𝜏) can be computed with Eq. (25). The shape parame-
ter (𝛽) is calculated with Eq. (27). With some mathematical modifica-
tions of Eq. (20) and (24) the pressure drop (𝛥𝑝) can be calculated.

3.5. Thermodynamic and transport properties

For the different flow parameters, like density, thermal conductiv-
ity, viscosity and heat capacity, standard equations are used A. First, the 
parameter for each species in each phase is calculated. Then, averaged 
parameter values are computed with the mass fractions of the species 
for the two phases.

3.6. Heat transfer

According to the first law of thermodynamics, heat is the energy 
which is carried over the system border due to temperature differ-
ence [34]. In general, there are three kinds of heat transfer: heat 
conduction, heat convection and heat radiation. The heat conduction 
is a diffuses energy transfer between two particles [34]. In the model 
heat conduction is only considered in the wall (see Section 3.6.1). The 
convective heat transfer requires the movement of a medium [34]. 
This heat transfer is considered between the flow and the wall (see 
Section 3.6.1) as well as the flow and the catalytic material (see Sec-
tion 3.6.2). Heat of radiation is caused by electromagnetic waves [34]. 
This heat transfer mechanism is not considered in the model, because 
of relatively low temperatures.

After the rates of heat are computed, the new enthalpy of the 
particle can be calculated. This is shown in Eq. (28): 

ℎnew = ℎ −
𝑄̇conv,wall + 𝑄̇conv,cat

𝑚̇
. (28)

3.6.1. Wall heat transfer
The wall of the catalytic chamber has a convective heat transfer 

with the flow: 
𝑄̇conv, wall = 𝑑𝑖 ⋅ 𝜋 ⋅ 𝛥𝑝𝑝 ⋅ 𝛼 ⋅ (𝑇 − 𝑇wall) . (29)

Hereby 𝑑𝑖 is the inner wall diameter and 𝛥𝑝𝑝 the position of the 
particle alongside the wall. The heat transfer coefficient 𝛼 depends not 
only on the material but also on the flow condition. It is computed 
with Eq. (30) [34]. 𝑁𝑢 is the dimensionless Nusselt number which is 
calculated for the flow in packed catalyst beds (see also [34]). The 
thermal conductivity 𝜆tot is known from Section 3.5 and 𝑑cat is the 
diameter of the catalyst particle. The temperature difference in Eq. (29) 
is between the flow temperature 𝑇  and the wall temperature 𝑇wall: 

𝛼 =
𝑁𝑢 ⋅ 𝜆tot

𝑑cat
. (30)

At the beginning, the wall temperature is at ambient temperature. 
Through conduction the temperature changes. Therefore, the aver-
aged particle temperature from the particle based coordinate system 
is transformed to the wall cylindrical coordinate system. The different 
coordinate systems are shown in Fig.  7. Then, the heat conduction equa-
tion (Eq. (31)) [34] is computed with the Crank–Nicolson method and 
the Thomas algorithm [35]. Afterwards the coordinate transformation 
is reversely calculated and 𝑇wall is known:
𝜕𝑇
𝜕𝑡

= 𝑞 ⋅
( 𝜕2𝑇
𝜕𝑥2

+
( 𝑟𝑖+1

𝑟𝑖

)2
⋅
𝜕2𝑇
𝜕𝑟2

)

, (31)

𝑞 = 𝜆
𝜌 𝑐𝑝

. (32)

As the catalytic chamber wall is a cylindrical component the equation 
has a correction factor in r-direction. An example segmentation of the 
wall is shown in Fig.  7.
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Fig. 7. Wall grid vs. particle system.

Fig. 8. CAD model of the VISERION engine [38].

Table 3
Input values from the test data.
 Parameter Engine test Catalytic chamber test 
 Mass flow rate 5 kg/s 4.8 kg/s  
 HTP concentration 88.2% 87.9%  
 Calculated inlet pressure 58 bar 67 bar  
 Environment temperature 21.6 ◦C 18.7 ◦C  

3.6.2. Convective heat transfer with the catalyst material
The convective heat transfer between the catalyst material and the 

flow can be computed with Eq. (33). The contact area between the 
catalyst particles and the flow is given through the ratio between the 
surface and the volume of the particles (6 ⋅𝑚cat∕𝑑𝑝 ⋅𝜌𝑝). 𝑚cat is the mass 
of catalyst and 𝜌cat is the catalyst density: 

𝑄̇conv, cat =
6 ⋅ 𝑚cat
𝑑cat ⋅ 𝜌cat

⋅ 𝛼 ⋅ (𝑇 − 𝑇cat) . (33)

At the beginning, the catalyst material is at ambient temperature. With 
initial condition, the one-dimensional heat equation (compare Eq. (31)) 
is used to calculate the heating.

4. Experimental set-up

The experimental validation is carried out on the VISERION en-
gine [36]. It is a hybrid rocket engine with a propellant combination of 
87.5 wt.% High-Test Peroxide (HTP) and Hydroxyl-Terminated Polybu-
tadiene (HTPB). It has an average thrust of 11.5 kN over 27 s [37]. The 
engine is shown in Fig.  8 [38]. It consists of the catalytic chamber, the 
combustion chamber with the fuel, the swirl plate (white), the post-
combustion chamber (green) and the nozzle throat (gray). The test 
data from two test campaigns are used in this article. First, a catalytic 
chamber test is shown in Fig.  9. This was a catalytic chamber test 
without the HTPB block to validate the performance of the catalytic 
chamber. Additionally, the data of one full engine test (see Fig.  10) 
are used. From this test, the thrust, mass flow, combustion chamber 
pressure and catalytic chamber exit temperature over time are shown 
in Fig.  11. Characteristic values of both tests are presented in Table  3. 
These are used as input for the tool.

The outer hull of the catalytic chamber for the chamber test and 
the engine test is different. In the engine test the hull is more heavy, 
because it is the test bench configuration. The hull of the catalytic 
chamber test is lighter due to the planned use in a flight engine. The 
6 
Fig. 9. Catalytic chamber test of the VISERION engine.

Fig. 10. Full engine test of the VISERION engine [36].

Fig. 11. Measured data during the VISERION engine test [36].

inner catalytic chamber design is equal for both tests and corresponds 
to the schematic design of Fig.  1. The catalyst bed is filled with 
commercial granules of aluminium oxide pellets which are coated with 
platinum resulting in a 5 weight percent platinum content. The average 
particle diameter is 1.7 mm. The catalyst bed loading (𝐶𝐵𝐿) is defined 
in Ref. [39]: 
𝐶𝐵𝐿 = 𝑚̇

𝐴
. (34)

For both tests, the CBL is approximately 277 kg/sm2 which is a rel-
ative high value compared to other literature values (for example in 
Ref. [39]). This is due to the application of the catalytic chamber in a 
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Table 4
Input values from the catalyst.
 Parameter Value  
 Support material aluminium oxide 
 Catalyst material 5% platinum  
 Shape granules  
 Averaged diameter 1.7mm  
 Reaction velocity 0.0015m3/s kg  
 Activation energy 49 kJ/mol  

Fig. 12. Overview of the experimental set-up.

hybrid rocket engine instead of a monopropellant thruster. The input 
parameters for the simulation are shown in Table  4. The value for the 
reaction velocity and the activation energy is taken from Ref. [24].

The fluid system (blue) and the VISERION engine (green) is
schematically shown in Fig.  12. The hydrogen peroxide inside of the 
vessel is pressurized and transported into the engine. The VISERION 
engine consists of the catalytic chamber (CAT), the combustion cham-
ber (including the fuel, swirl plate and post-combustion chamber) and 
the nozzle. The sensor data before and after the catalytic chamber 
are recorded. The temperature upstream the catalytic chamber (𝑇1) 
corresponds to the environment temperature of the hydrogen peroxide. 
The temperature downstream the catalytic chamber (𝑇2) is used for the 
validation of the simulation. The pressure drop can be calculated with 
the input pressure (𝑝1) and the exit pressure (𝑝2).

5. Results and discussion

In this section, the results are presented and discussed. First, the 
influence of the pressure on the chemical reaction and the impact on 
the model is presented. Then, the numerical results are compared to 
theoretical and experimental results for validation of the accuracy of 
the model.

5.1. Pressure influence

The influence of the chamber pressure on the reaction velocity 𝑘
is made with a proportional factor from Eq. (10). The proportional 
factor for the hydrogen peroxide decomposition is shown in Fig.  13. 
The influence on the reaction velocity decreases from a factor of 1 at 
1 bar to an asymptotic value of 0.6. To evaluate the influence on the 
model, the difference in exit temperature from a simulation with and 
without corrected reaction velocity is illustrated in Fig.  14. The final 
temperature of an adiabatic simulation without pressure correction is 
980K whereby the final temperature of an adiabatic simulation with 
pressure correction is 986K. With the pressure correction, the final tem-
perature is increased by 6K. Secondly, the pressure correction delays 
the temperature increase by 5ms. Due to the difference in the final 
temperature, the pressure correction is considered for the validation 
cases in this article.

5.2. Validation with experimental data from the VISERION engine

For the validation of the simulation results, temperature and pres-
sure data of the VISERION engine are used. In Fig.  15 a comparison 
of the simulation (with and without heat transfer) and test data from 
the VISERION catalytic chamber test for the temperature is shown. 
The simulation data are shifted along the 𝑥-axis by 0.36 s to account 
7 
Fig. 13. Pressure influence on the reaction velocity.

Fig. 14. Pressure influence on the reaction velocity for the adiabatic simula-
tions.

Fig. 15. Temperature (𝑇2) over time for the experimental and simulation data 
from the VISERION catalytic chamber test (upper image: full test time, lower 
images zoomed in sections).

for the main valve actuation time. The blue dotted line represents the 
experimental data. The adiabatic simulation data are indicated as gray 
dot-dashed line and the simulation with heat transfer is illustrated as 
yellow continuous line.

The data of the adiabatic simulation reaches the steady state temper-
ature almost immediately and have no plateau in the beginning (at 1 s), 
while the data of the simulation with heat transfer shows the plateau. 
The plateau of the experimental data is suspected to be induced by a 
ramp up phase at the start of the catalytic decomposition process. In the 
corresponding time of the test videos (screenshots shown in Fig.  16), 
a white spray exiting the nozzle is visible. After one second the spray 
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(a) Shortly after opening of the main valve

(b) After approximately 1 s

Fig. 16. Screenshot from the test video of the VISERION catalytic chamber 
test at different times.

Table 5
Catalytic chamber exit temperature.
 Scientific method Catalytic chamber test [K] Engine test [K] 
 Experiment 966.0 ± 2.8 975.6 ± 2.8  
 Adiabatic simulation 985.9 982.8  
 Simulation with heat transfer 977.0 979.4  

becomes less visible and then at 2.5 s it is fully transparent. Thus, the 
heat exchange model can map the transient behavior.

At the end of the experiment, different exit temperatures (𝑇2) are 
reached. These are shown in the center column of Table  5.

The adiabatic simulation exit temperature (𝑇2) from the catalytic 
chamber test (Fig.  15) is slightly higher than the theoretical adiabatic 
decomposition temperatures calculated with the chemical equilibrium 
with applications code (CEA) [40]. For the catalytic chamber test the 
theoretical adiabatic temperature is 976.3K. The difference could be 
introduced due to the fact that the CEA code has no variation in start 
enthalpy of hydrogen peroxide for different start temperatures. The 
final temperature from the catalytic chamber test (Fig.  15) with heat 
transfer is 20K lower than the adiabatic simulation. Furthermore, the 
simulation with heat transfer reaches the final temperature approxi-
mately 4 s later compared to the adiabatic one. The difference between 
the simulation with heat transfer and the experimental results for the 
catalytic chamber test in the final state is 11K. It is to be considered 
that the experimental temperature value is subject to an uncertainty. 
For a thermocouple element type N [41] the uncertainty over 650K is 
calculated with: 

±0.004 ⋅ |𝑇 − 273.15K| . (35)
8 
Fig. 17. Temperature (𝑇2) over time for the experimental and simulation data 
from the VISERION engine test (upper image: full test time, lower images 
zoomed in sections).

Fig. 18. Pressure vs. position in the chamber from the VISERION catalytic 
chamber test at 20 s.

Following the uncertainty for the catalytic chamber test can be calcu-
lated to ±2.8K. Considering the uncertainty the experimental tempera-
ture and the simulation results have a difference of 8K.

Generally the behavior of the validation case with the engine test 
(Fig.  17) is similar to the catalytic chamber test. The experimental 
data of the VISERION catalytic chamber test (Fig.  15) and engine test 
(Fig.  17) differs in the temperature rise in the beginning because of 
two reasons. First, the engine test is done with a catalytic chamber 
which has a thicker wall, therefore the increase of the temperature 
is slower in comparison to the catalytic chamber test. Second, the 
VISERION engine test has no plateau in the temperature increase due 
to a thicker thermocouple diameter and a related slower reaction time 
of the thermocouple.

The adiabatic simulation exit temperature (𝑇2) from the engine test 
(Fig.  17) is coherent to the theoretical adiabatic decomposition temper-
atures calculated with the chemical equilibrium with applications code 
(CEA) [40]. For the engine test the theoretical adiabatic temperature is 
984.5K. The final numerical values are compared to the experimental 
values in Table  5 in the right column. Considering the uncertainty the 
experimental temperature and the simulation results with heat transfer 
concur for the engine test (1K difference).

Next, the pressure data are investigated. In Fig.  18, the pressure 
drop vs. the catalytic bed length for the catalytic chamber test is shown. 
In Table  6 the pressure drop of the simulation and the pressure drop of 
the experiment are listed in absolute values in the center column. The 
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Table 6
Pressure drop of the catalytic bed.
 Scientific method Catalytic chamber test [bar] Engine test [bar] 
 Experiment 18.5 ± 1.0 15.3 ± 1.0  
 Simulation 17.6 14.7  

Fig. 19. Pressure vs. position in the chamber from the VISERION engine test 
at 28 s.

Fig. 20. Mole fraction of the species at different positions in the chamber from 
the VISERION catalytic chamber test.

experimental pressure drop is calculated with the pressure difference 
between two pressure sensors (𝑝1 and 𝑝2 represented by the blue lines 
in Fig.  18) considering the calculated pressure drop of the inlet plate. 
The resulting catalytic bed inlet pressure is indicated as gray dashed 
line. The pressure sensors have an uncertainty of 0.5% of the full 
scale value therefore the pressure drop value is ±1.0 bar for both tests. 
Comparing the experimental and the numerical data, the inlet and the 
outlet pressure values are in good agreement.

The behavior of the pressure for the engine test (Fig.  19) is similar 
to the catalytic chamber test and maps also the experimental pressure 
drop (see Table  6).

Since there are no experimental values inside the catalytic bed, they 
cannot be compared. Thus, the mole fraction of the different species are 
shown in the bar chart in Fig.  20 to show coherence.

The blue bars represent the hydrogen peroxide mole fractions, the 
yellow bars the water mole fractions and the gray bars the oxygen mole 
fractions. All species from Table  1 are taken into account, whereby their 
state of aggregation is not shown in the diagram. The sum of all mole 
fraction needs to be one. It should be noted that the distance between 
the bars is representative for the distance between the calculation 
9 
points in the chamber. At the entrance of the chamber, a mixture of 
hydrogen peroxide and water is present. At the exit, the hydrogen per-
oxide is fully decomposed in water vapor and oxygen. The mole fraction 
of the VISERION engine test shows a similar behavior. For a more 
detailed comparison between the experimental and simulation data, 
a catalytic chamber with sensors in the catalyst bed is planned [42]. 
In the future, the temperature and pressure values over the chamber 
length can be compared as well.

6. Conclusion

In this article, the preliminary results from an improved transient 
decomposition model for hydrogen peroxide is presented. It takes into 
account multi-species and multi-phase decomposition. The model is 
suited for high pressure and high mass flow application. It is a homoge-
neous model and is based on a Lagrangian approach. The mathematical 
equations used for the calculation of the decomposition, vaporization, 
temperature, pressure drop, thermodynamic and transport properties 
and the heat transfer are presented. Some unique features in the 
simulation are the influence of pressure on the chemical reaction and 
the detailed heat transfer between the flow and the catalytic material 
as well as the flow and the wall. Furthermore, the influence of mass 
transfer on the reaction velocity is considered.

The analysis of the pressure influence on the reaction velocity has 
revealed that the pressure influence should be taken into account for 
hydrogen peroxide decomposition models.

The presented model matches steady state experimental data from 
the hybrid rocket engine VISERION well, both for cases with and 
without combustion chamber. The transient behavior of the model 
shows a good agreement with the experimental data, because of the 
detailed modeling of the heat transfer.

Summarizing, the presented model can be a promising evolution of 
the decomposition modeling that also considers transient behavior. Its 
validity has been preliminary proven, but needs to be further evaluated 
on broader experimental data from inside of the catalytic chamber.
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Appendix A. Thermodynamic and transport properties calculation

A.1. Density

The density 𝜌 is calculated with the ideal gas Eq. (A.1) [43]: 
𝜌 =

𝑝
𝑇 ⋅ 𝑅s

. (A.1)

Hereby, 𝑝 is the pressure, 𝑇  the temperature and 𝑅s the specific gas 
constant.
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A.2. Thermal conductivity

The thermal conductivity 𝜆 is calculated for each species separately. 
For water and oxygen, a polynomial approach is used (Eqs. (A.2)) [44]. 
The coefficients 𝑎1 to 𝑎4 [24] are determined with experimental data 
from Ref. [45]: 
ln(𝜆) = 𝑎1 ⋅ ln(𝑇 ) + 𝑎2 ⋅ 𝑇

−1 + 𝑎3 ⋅ 𝑇
−2 + 𝑎4 . (A.2)

For hydrogen peroxide, an approach and experimental data from
Ref. [46] are used. This approach is shown in Eqs. (A.3) and (A.4):

log(𝜆𝑙) = 𝑎1 + 𝑎2 ⋅
(

1 − 𝑇
𝑎3

)27 , (A.3)

𝜆𝑔 = 𝑎1 + 𝑎2 ⋅ 𝑇
−1 + 𝑎3 ⋅ 𝑇 + 𝑎4 ⋅ 𝑇

2 . (A.4)

A.3. Viscosity

The viscosity 𝜂 is approximated equivalent to the thermal conduc-
tivity. The mathematical approach for water and oxygen is shown in 
Eq. (A.5) [44]. The viscosity of hydrogen peroxide is computed with 
Eq. (A.6) and (A.7) [46]:
ln(𝜂) = 𝑏1 ⋅ ln(𝑇 ) + 𝑏2 ⋅ 𝑇

−1 + 𝑏3 ⋅ 𝑇
−2 + 𝑏4 , (A.5)

log(𝜂𝑙) = 𝑏1 + 𝑏2 ⋅ 𝑇
−1 + 𝑏3 ⋅ 𝑇 + 𝑏4 ⋅ 𝑇

2 , (A.6)

𝜂𝑔 = 𝑏1 + 𝑏2 ⋅ 𝑇
−1 + 𝑏3 ⋅ 𝑇 + 𝑏4 ⋅ 𝑇

2 . (A.7)

A.4. Heat capacity

The heat capacity 𝑐𝑝 is represented by a polynomial approach equiv-
alent to the thermal conductivity. The approach is shown in Eq. (A.8) 
to (A.10) [44,46]. For the calculation of the heat capacity of water and 
oxygen, pressure depended data from Ref. [45] are used. For the heat 
capacity of hydrogen peroxide, data at 1 bar are used:
𝑐𝑝 = 𝑐1 ⋅ 𝑇

−2 + 𝑐2 ⋅ 𝑇
−1 +⋯ + 𝑐7 ⋅ 𝑇

4 , (A.8)

𝑐𝑝,𝑙 = 𝑐3 + 𝑐4 ⋅ 𝑇 + 𝑐5 ⋅ 𝑇
2 + 𝑐6 ⋅ 𝑇

3 , (A.9)

𝑐𝑝,𝑔 = 𝑐3 + 𝑐4 ⋅ 𝑇 + 𝑐5 ⋅ 𝑇
2 + 𝑐6 ⋅ 𝑇

3 + 𝑐7 ⋅ 𝑇
4 . (A.10)

Appendix B. Nomenclature

Greek symbols

𝛼 Heat transfer coefficient [W/m2K]
𝛼 Phase ratio [–]
𝛽 Shape parameter [–]
𝜀 Void fraction [–]
𝜂 Efficiency coefficient [–]
𝜂 Viscosity [Pas]
𝛩 Occupacy [–]
𝛤 Generated specific mass [kg/m3s]
𝜆 Thermal conductivity [W/mK]
𝜈 Kinematic viscosity [m2/s]
𝜈 Stoichiometric coefficient [–]
𝜌 Density [kg/m3]
𝜏 Shear stress tensor [N/m2]
𝜏 Tortuosity [–]
𝛷 Thiele module [1/m]
𝛹 Resistance coefficient [–]

Latin symbols

𝐴 Pre-exponential factor [1/s]
𝑎 − 𝑎 Factor [diverse]
1 4

10 
𝑏1 − 𝑏4 Factor [diverse]
𝐶 Weight percent concentration [–]
𝑐1 − 𝑐7 Factor [diverse]
𝑐𝑝 Heat capacity [J/K]
𝐶𝐵𝐿 Catalyst bed load [kg/sm2]
𝐷 Diffusion coefficient [1/m]
𝑑 Diameter [m]
𝐸𝑎 Activation energy [J/mol]
ℎ Specific enthalpy [J/kg]
𝐻𝑉 Vaporization enthalpy [mol/J]
[H2O2] Molar concentration of hydrogen peroxide [mol/m3]
𝐾 Chemical equilibrium constant [mol0.5]
𝑘 Velocity constant [1/s]
𝑙 Length [m]
𝑚̇ Mass flux [kg/s]
𝑚 Mass [kg]
𝑚𝑓 Mass fraction [–]
𝑛 Number [–]
𝑁𝑢 Nusselt number [–]
𝑝 Pressure [Pa]
𝑝𝑝 Position of the particle alongside the wall [m]
𝑄̇ Heat flux [J/s]
𝑞 Specific heat flux [J/m2s]
𝑅𝑠 Specific gas constant [J/kgK]
𝑟 Radius [m]
𝑟 radial coordinate [m]
𝑅𝑒 Reynolds number [–]
𝑇 Temperature [K]
𝑡 Time [s]
𝛥𝑉 ◦ Reaction volume [m3/mol]
𝑣 Velocity [m/s]
𝑥 x-coordinate [m]

Indices

0 Ambient state
1 State 1
2 State 2
𝑎 Available
𝐵 Bubble
boil Boiling
cat Catalyst
cond Condensation
eff Effective
ext External
𝑔 Gaseous
𝐼 Category I
𝑖 Inner
𝐼𝐼 Category II
𝐼𝐼𝐼 Category III
conv Convective
𝑙 Liquid
𝑚 Mixture
new New
pore Pore
𝑟 Reaction partners
rkt Reaction
𝑇 Thiele
tot Total
𝑢 Used
wall Wall

Abbreviations

CEA Chemical equilibrium and application code
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HTPB Hydroxyl-Terminated Polybutadiene
HTP High Test Peroxide
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