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Abstract

A particle-based mathematical model is proposed. It contains a one-dimensional approximation of the
flow with heat transfer in the chamber wall and the catalytic material. It is designed for packed bed
reactors with spherical granulated catalytic materials and is customized for high-test peroxide as fluid.
The unsteady flow in the cold start phase can be analyzed. The temperature values increase over the
time and the mass fraction of the chemical components are useable for a better understanding of the
process inside and a precise design of new catalytic chambers with an improved functionality.

1. Introduction

In the last years hydrogen peroxide (H20) gains in importance as a “green” rocket propellant, because of its nontoxic
properties and the decomposition to pollution-free components. Hence, for monopropellant engines it is an
environmentally friendly alternative propellant. The storage suitability over a long time and the safety in the direct
handling (nontoxic, noncarcinogen) are further advantages [1, 2]. For hybrid rocket engines it has in combination with
hydroxyl-terminated polybutadiene (HTPB) the benefit that the specific impulse over the oxidiser-fuel ratio gives a
flat curve. Out of it the active regulation of the thrust is possible in an attractive range. Because hydrogen peroxide is
not cryogenic, it is an appropriate alternative to liquid oxygen. The main advantage of hydrogen peroxide is the
possibility to waive on additional ignition systems which makes the ignition process reliable. In contact with some
materials, for example Platin, it decomposes exothermically to oxygen (Oz) and water vapour (H20) [2]. This steam
heats up the HTPB and start the combustion process without additional ignition systems. In addition, the catalytic
chamber assures a homogenous combustion process within the combustion chamber. The chemical decomposition
process takes place in catalytic chambers.

The department Spacecraft of the DLR Institute of Aerodynamics and Flow Technology developed the software tool
AHRES (Advanced Hybrid Rocket Engine Simulation) [3, 4]. It is a pre-design software for complete hybrid rocket
engines. The calculations of the software are validated with experimental data from ground tests at the DLR site Trauen
(Germany) and numerical simulations of the inner flow and combustion with the DLR TAU-Code. The submodule
SHAKIRA (Simulation of High-test peroxide Advanced C(K)atalytic Ignition system for Rocket Applications)
calculates the decomposition process inside the catalytic chamber of a hybrid rocket engine [5]. For the validation
experimental data from different catalytic chambers are available [6]. To date a mass flow of 4.5 kg/s in the catalytic
chamber is the maximum which was tested at the testbench with a cold start procedure.

In literature several decomposition models of catalytic chambers with hydrogen peroxide exist. In the following some
important models will be presented. Pasini et al. [7] introduce a steady state, one-dimensional homogenous flow model
with a decomposition model which respects the adsorption and desorption processes. They investigate the general
behaviour by the variation of basic parameters. Later the model of Pasini et al. was used by other research groups and
modified in some ways. Jung et al. [8] alter the model to consider the particle size. Therefore, an equation which
connects the particle size to the porosity is added. Then the results are compared to experimental data. They found
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deviations in the pressure description [8]. Kerr et al. [9] make an uncertainty analysis of the parameter in the model.
For every input parameter a Gaussian distribution is allocated. The sensitivity analysis shows that the propellant mass
fraction is the most sensitive parameter [9]. Another model is presented by Koopmanns et al. [10]. It is a one-
dimensional heterogenous model which considers the liquid and gas phase separately, but it has a deficit in the
treatment from the heat transfer between the particle and the fluid. The decomposition model respects the adsorption
and desorption processes too. Reid et al. [11] shows a steady state, one-dimensional heterogenous model which
separate the particle and the mixture fluid flow. For the decomposition process the diffusional limitations are
considered. The model of Reid et al. is not yet been validated with experimental data.

All presented models in the literature have a main similarity: the spatial treatment. The models above divide the space
in equal discrete volumes. The idea of SHAKIRA is to model the space with a particle-based approach. Thereby, the
unsteady flow in the cold start phase of the catalytic chamber can be modelled. This is a very important transient
behaviour of a catalytic chamber. Its understanding is essential for the optimal design of the catalytic chamber to
achieve the best performance. Furthermore, the model considers the heat exchange between the solid catalytic particles
and the fluid. Also, a two-dimensional heat equation in the catalytic chamber wall is solved for the heat transfer between
the wall and the fluid.

2. Flow Model

2.1 General Features

In the catalytic chamber the hydrogen peroxide is upstream in liquid state, then it is partially liquid and partially gaseous
and downstream it is fully gaseous. Therefore, the flow cannot be treated as a single-phase flow. It is a multiphase
flow, which consists simultaneous of several phases and molecules [12]. In the special case of two different phases,
such flows can be designated as two-phase flow. The simplest method to model such flows is the homogenous flow
theory [12]. It treats the fluid as pseudo fluid with averaged properties. This approach is used in this paper. Hence, the
liquid and gaseous phase of high-test peroxide are modelled as mixed fluid. The solid catalytic particles are simulated
as spatially fixed.

For a better simulation of the cold start phase of the catalytic chamber, the one-dimensional particle-based approach is
used. Therefore, the radial extension of the slices in the catalytic chamber is reduced to one particle. Each particle has
averaged properties for the space which it represents. The space of each particle depends on the own velocity. An
example particle formation can be seen in figure 1.

=

Figure 1: Schematically drawing of the flow model

SHAKIRA is a submodule coded in the language python. It has one loop for the time progress and a sequence of
calculations for each time step. A flow chart of this sequence is shown in figure 2. First, each time step starts with the
calculation of the new mass fractions as result of the chemical decomposition. Then, the new fluid temperature of each
particle is computed. Following the pressure drop can be calculated. Moreover, the flow parameter like density, heat
capacity and thermal conductivity are worked out. Finally, the heat conduction in the wall and the resulting heat flux
are calculated. In the following the detailed mathematical modelling of the different parts of the sequence are explained.
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Figure 2: Sequence of the calculations for each time step

2.2 Detailed Mathematical Modelling

For the one-dimensional mixture model the equations for mass, momentum and energy conservation are the same as
for a single-phase flow just mixture properties have to be used. The differential form of the conservation equations is

the following [13]:

9pm |, 9PmVUm
ZPm 4 CPmVm _ 1
at + ax 0 ( )
pmvm | Opmvi _ _0p | Ot @)
at ox dx  Ox
9pmhm | 0pmhmvm _ dq
a0 T ax T ax )

Here, p,, is the mixture density, v, is the mixture velocity, t is the time, x is the space, p is the pressure, h,, is the
mixture enthalpy and q is the heat flow. The shear stress 7 is neglected. In the particle-based view the convective terms
do not exist. Therefore, the equations simplify itself.

2.2.1 Decomposition

The catalytic decomposition of the liquid hydrogen peroxide to gaseous oxygen and water vapour follows the reaction
equation [14]:

2H,0, > 0, + 2H,0 + 196.14 kjJ/mol (@)

It is an exothermic reaction which can be mathematically described with the Arrhenius equation [15]:

k=Aexp (%ET“) 5)
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Hereby, A is the pre-exponential factor, E, is the activation energy which depends on the catalytic material, R the
universal gas constant and T the temperature of the reactant. With the backward difference quotient, the change of
mass fraction of hydrogen peroxide AH,O, can be calculated from the differential equation [16]:

f(t,{H,0,}) = 2% ©)

A{H,0,} = At k; [{H,0,}(t,_1)]" i€ (0,1) (7)

Here, k is the velocity coefficient of the reaction, i is the reaction order and {H,0,} is the particle density of hydrogen
peroxide. Pirault-Roy et al. [17] have shown that the reaction (1) with Platin catalyst is a first order reaction; i = 1.

It should be noted that the experimental determined velocity coefficient depends on the temperature, the catalytic
material quantity and the catalytic material preparation. For the preparation the Brunauer-Emmett-Teller surface
(BET) [18], is a common parameter. These three aspects got attention for the determining of the input values.

The micro kinetics mechanism of a heterogenous catalytic reaction like diffusion inside the porous particle and the
adsorption and desorption mechanism [15] is not yet implemented in SHAKIRA. For further software versions it
should be considered.

2.2.2 Fluid temperature

For the calculation of the fluid temperature the phase diagram is used. In figure 3, the phase diagram for a pressure of
one bar is shown [19]. The pressure in catalytic chambers for rocket applications is usually higher than one bar. To
overcome this shortcoming, the phase diagram has to be scaled with the pressure. The scaling factor is calculated with
equation 8 [16]. The constants a, b and ¢ (table 1) are computed with the findings of Coker [20].

s(p)=ap’+c ®)

Table 1: Constants for the scaling factor in equation 8

Value
a 0.3436
b 0.2102
c 0.6566

boiling temperature ——condensation temperature

430
420
410
400

390

Temperature [K]

380
370
0 0.2 0.4 0.6 0.8 1
Mass weight concentration of H,O; [-]

Figure 3: Phase diagram of hydrogen peroxide
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With the knowledge of the enthalpy as well as the enthalpy of boiling and condensation for each particle, it can be
ordered in the phase diagram. If the enthalpy is higher as the condensation enthalpy, the particle will be in the gaseous
phase. If the enthalpy is lower as the boiling enthalpy, the particle will be in fluid phase. If the enthalpy is between the
boiling and condensation enthalpy, the particle is in a mixture state. For the first two cases, the temperature can be
computed with the Newton's method based on the enthalpy [21]. The exemplary equations for the first case are shown
in the following. The second case use the same equations with another boundary conditions for the integration. The
Newton's method is a calculation algorithm for computing the solution of the function [21]. Therefore, the overall
particle enthalpy is subtracted from the enthalpy equation (see equation 9). The new temperature for the next iteration
step can be calculated with equation 11.

T T T
f(T) = hy +my; fTO €p02dT + My fTO Cpu20dT + My0, fTO Cpu202dT — hyoy )
f/(T) = Mgy¢02(T) + My20€, 520(T) + Myz02Cp 0202 (T) (10)

o D
Tnew - T f’(T) (11)

For the third case, the phase diagram has to be used to calculate the concentrations of the gaseous and the liquid part
of the particle. First, a second order polynomial equation for the boiling temperature and a third order polynomial for
the condensation equation is set. With the temperature of the first iteration step, the concentration can be calculated
over a zero-point finding method. For the second order polynomial equation, the pg-formula can be used. For the third
order polynomial equation the formula of Cardano [22] is applied. Thereby, the enthalpy can analogically to equation 9
be calculate by the bisection method [21], which leads iterative to the temperature.

2.2.3 Pressure drop

The pressure drop is usually calculated with the momentum conservation equation. Due to the complexity, that the
interfacial friction depends on the interfacial area and relative velocity of the different phases [10], the momentum
equation is replaced with an empirical equation for the pressure drop: the Ergun equation [23]. By reason of high
Reynolds numbers, the extension of the Ergun equation from Tallmadge can be used. The formulation is shown in
equation 12 [24].

Ap _ (150 | 42\ (1-2) pv?
L~ (Re Re1/6) 8 d (12)
dpv
= _°Pv 1
€= G-om (13)

Here, Ap is the pressure drop, L the catalytic bed length, Re the Reynolds number, calculated with equation 13, € the
void fraction volume, d the particle diameter and u the dynamic viscosity. The pressure drop is the sum of the viscous
and the kinetic energy losses [23].

2.2.4 Flow parameter

The mixture flow properties ®,, are calculated with a weighted average of the liquid ®; and the gaseous @, properties.

D, =1- P+ xP, (14)
D@, = My202Pr202 + My20Ph20 (15)
Dy = Myz0Ppz0 + Mo2Po2 (16)
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The symbol @ is an arbitrary flow parameter and y is the steam content. First, the averaged properties of each phase
have to be computed. These average calculations are made with the mass fraction m of the different chemical
components.

The density of the chemical components is calculated with the ideal gas equation (equation 17). For the calculation of
the thermal conductivity A, the dynamic viscosity and the heat capacity the equations used in the CEA Source Code
are applied [25]:

P=is (17)

In(A) = L In(T) + LT + L,T2 + 1, (18)

In() = e, In(T) + e,T 1+ e;T %2+ e, (19)

Cp = 1T 2+ 6T 1+ 3T + ¢4T! + ¢5T? + ¢T> + ¢, T* (20)

The coefficients [, to l,, e;to e, and c,to ¢, are constants, which can be determined from data of the NIST chemistry
WebBook [26]. For hydrogen peroxide only data from Coker [20] are available at higher pressures. These data have
partially a different polynomial approach. Details can be seen here [20].

2.2.5 Heat transfer

For the calculation of the heat flows, the temperature of the catalytic chamber wall has to be computed first. Therefore,
a two-dimensional heat equation inside of the wall is used. The wall has a spatial discretisation in the flow direction
(x-coordinate) and a spatial discretisation normal to the flow direction (y-coordinate) (see figure 4). To reduce the
problem, the circumferential direction is neglected. In equation 21 the heat conduction equation in two-dimensional
form is shown [27]. Dirichlet boundary conditions are applied. The environmental temperature and the temperature of
the fluid within the catalytic chamber are used.

L

-y
- -y

Figure 4: Wall grid

aT _ A (azr+azr) @1)

o = oy o2 T o2

First, the temperature of the flow has to be transformed from the particle-based system to the wall grid. Then the heat
conduction in the wall can be computed with the heat equation. Finally, the temperature from the wall grid has to be
retransformed to the particle-based system.

The heat flow from the wall to the fluid and the heat flow from the catalytic particle to the fluid can now be calculated.
With the Fourier’s law the heat flow equation is the following [27]:

2—aT,-T)S (22)
Hereby, Q is the net heat energy transfer, « is the heat transfer coefficient, which can be calculated for the flow with
the Nusselt number and S is the transfer area between the fluid and the solid. The transfer area of the wall with the
fluid results from the surface area of a cylinder. The transfer area between the catalytic particle and the fluid results
from the ratio particle surface to particle volume.
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3. Exemplary results

To illustrate the application of the submodule SHAKIRA, some exemplary results of an assumed catalytic chamber
are shown. In figure 5, the temperature of the particle over the particle position in the catalytic chamber is shown at a
time of one second after calculation begin. Each point in the diagram is one particle in the chamber. It can be seen that
the particles at the beginning are closer to each other in comparison to the end. This results from the different velocities
in the chamber. Upstream the velocity is lower than downstream because the density of the fluid decrease. The
temperature rises with the forward position in the chamber. At the inlet the temperature of the particle is the ambient
temperature and the aggregate condition is full liquid. With the temperature increase the two-phase condition is
achieved at the temperature plateau. Then the full gaseous state is reached and the temperature increase more to the
steady state decomposition temperature which depends on the high-test peroxide concentration. If the last particle in
the chamber is observed over the time, the temperature values at the beginning of the combustion chamber are known.
In figure 6, the mass fractions of the species H.O», H-O and O are displayed over the particle position. The particle
positions of figure 5 and 6 are the same. At the inlet of the catalytic chamber the high-test peroxide in aqueous solution
has the start concentration. First the decomposition of the high-test peroxide starts slowly. After some particle
positions, the H,O, mass fraction decreases fast and the mass fraction of H,O and O, increase. At the outlet of the
catalytic chamber the mass fraction of H,O; is equal to zero and the high-test peroxide is fully decomposed. A mixture
of gaseous H,O and O is injected in the combustion chamber.

temperature [K]
®

particle position [m]

Figure 5: Temperature over particle position for a fictional catalytic chamber after one second

e H202
\ [s2} H20
. 02
o
- ™ = = @

massfraction of the species [-]

particle position [m]
Figure 6: Mass fraction of the species over particle position for a fictional catalytic chamber after one second

Figure 7 shows the increasing wall temperature over time at the inner surface. The points in the diagram are not
equivalent to the particles: they represent nodes in the wall grid. Therefore, every point has the same distance to each



DOI: 10.13009/EUCASS2023-861

PARTICLE-BASED MODELING OF THE UNSTEADY FLOW

other. At the time of zero seconds the wall has the ambient temperature. With increase in time, the temperature at the
boundary wall increases too.
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wall section in flow direction [m]
Figure 7: Temperature profile at the wall boundary for different times

4. Conclusion

To sum up this paper, a particle-based mathematical model of the flow in a catalytic chamber is presented. The model
uses a simple decomposition design and an enthalpy approach for the temperature calculation. Further, a heat
conduction in the wall is implemented. Exemplary results from a fictional catalytic chamber are shown.

With the presented model the decomposition of high-test peroxide in a catalytic packed bed can be simulated. The
particle-based formulation opens the opportunity to study the unsteady temperature rise in the chamber before
experimental tests. This is very important because it is a relevant value for the ignition delay in the engine. The
temperature development for example can be applied as input value for a program to calculate the ignition delay time
of a hybrid rocket engine. With the mass fraction of the components known to every time the catalytic bed length can
be designed in optimal matter for best performance of the catalytic chamber. Consequently, the particle-based approach
offers new opportunities in contrast to the steady-state description.

For a more detailed description of the chemical kinetics, the micro kinetics mechanism has to be taken into account.
Therefore, the adsorption and desorption as well as the diffusion limitations have to be considered. Also, the
homogenous description is an issue for the pressure drop calculations. As next step, it will be studied, if a heterogenous
particle-based approach is possible.

Nomenclature

Latin Symbols

A preexponential factor m3/(kg s)
a,b,c constants -

Cp heat capacity JI(K kg)
C1 constant J K/kg
C2 constant Jikg

Cs constant JI(K kg)
Cq constant JI(K?kg)
Cs constant JI(K2Kg)
Ce constant JI(K*kg)
Cr constant JI(K%kg)
d particle diameter m

Ea activation energy J/mol
e1—e4 constants diverse

h specific enthalpy m2/s?

i reaction order -

k reaction velocity m3/(kg s)
L length m

l-1s  constants diverse
m mass fraction -

p pressure kg/(m s?)
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Q net heat flux W

q heat flux W/m?

R universal gas constant kg m?/(s? K mol)

Rspec  Specific gas constant JI(kg K)

Re Reynolds number -

S transfer area m?

S scaling factor -

T temperature K

t time S

v velocity m/s

X axial direction m

y vertical to the axial direction m

Greek Symbols

a heat transfer coefficient W/(m?K)

A difference -

€ void fraction volume -

A thermal conductivity W/(m K)

u dynamic viscosity kg/(m s)

p density kg/m?®

T shear stress N/m?

() arbitrary variable -

X steam content -

Subscripts

g gaseous

HO  water

H,O,  hydrogen peroxide

| liquid

m mixture

new start for the next iteration

0, oxygen

tot total

0 initial
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