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Abstract 
 

The solar driven carbothermal reduction of ZnO is a promising pathway 

to convert and store solar energy in form of metallic Zn. Zinc can be thereby 

produced with intention to serve as metal commodity or find use as 

intermediate fuel storage via thermochemical cycles. Application of vacuum 

is expected to positively influence the thermodynamics of the chemical 

reaction and to facilitate increased reaction rates compared to ambient 

pressure. In the framework of this thesis, several aspects of a solar vacuum 

aerosol drop-tube reactor, to carry out the carbothermal ZnO reduction, are 

experimentally and numerically investigated. 

The reactor concept consists of a graphite transport reaction tube that is 

heated from the outside with concentrated solar radiation. Aerosolized zinc 

and carbon particles are introduced to the reaction tube by means of a rotary 

valve feeder. The particles are rapidly heated to reaction temperature as they 

fall through the tube, and reduced within residence times of less than 1 s. 

Peak graphite tube wall temperatures close to 2200 K were obtained within 

minutes of initiating the radiative power source, and sustained operation was 

possible without significant material degradation. It was found that a 

reduction in system pressure down to 1 mbar has a detrimental effect on the 

reaction performance. Insufficient particle residence time at low pressure  

(1 mbar) was proposed as hypothesis for the diminished reaction 

performance. Particle residence time and flow characterization experiments 

were conducted in order to elucidate this issue. Residence time at 1 mbar is 

reduced to 0.05 s from 0.16 s at ambient pressure. The clearance time of the 

particles, a key indicator for the degree of axial particle dispersion along the 

tube, varies from ≈0.5 to ≈4 s for pressures of 1 and 960 mbar, respectively. 
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Furthermore, the reaction capacity of the drop-tube reactor was assessed 

across a wide experimental parameter range. Experiments with the solar 

drop-tube reactor were conducted at pressures between 1 and 960 mbar by 

varying the reactant feed rate between 4 and 56 g∙min-1. A steady state 

reaction model was developed to investigate the effect of pressure dependent 

particle residence time and radiative input power on the zinc production rate. 

Radiative heat transfer to the particle cloud is solved by Monte Carlo ray 

tracing, accounting for spectral and directional optical properties and 

temperature dependent chemical kinetics. Experiments show that the zinc 

production rate is maximal at around 100 mbar and significantly diminishes 

under higher vacuum. Model and experimental results indicate that the 

reaction at 1 mbar is inhibited due to insufficient residence time and heat up 

of the particles in the reaction zone. Maximum experimental zinc production 

rate was 51.4 mmol∙min-1
, while feeding 56 g∙min-1 of solid reactants and 

operating the reactor at 100 mbar with 9.8 kW of radiative power input. 

Extrapolation to higher feed rates with the reaction model predicts a peak 

zinc production capacity of 52.1 mmol∙min-1 at a feed rate of 68 g∙min-1, 

achieving a net thermal efficiency of 3.2 %. The drop-tube reactor concept 

yields continuous zinc production rates which are comparable to peak 

production rate values of solar batch and semi-batch reactor concepts. In 

contrast to batch and semi-batch concepts, the drop-tube is capable to 

operate continuously on demand at its peak production rate, and the 

production capacity can be easily scaled by the number of reaction tubes and 

the length of the hot reaction zone. 
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Zusammenfassung 
 

Die solare, karbothermische Reduktion von ZnO ist ein 

vielversprechender Weg zur Umwandlung und Speicherung von 

Sonnenenergie in Form von metallischem Zink. Zink kann dabei als 

metallischer Rohstoff produziert werden oder zur Erzeugung von solaren 

Treibstoffen mit Hilfe von thermochemischen Zyklen dienen. Die 

Durchführung des Prozesses unter Vakuumbedingungen soll das 

thermodynamische Gleichgewicht der chemischen Reaktion günstig 

beeinflussen und im Vergleich zu Umgebungsdruckbedingungen höhere 

Reaktionsraten ermöglichen. Im Rahmen dieser Dissertation werden 

verschiedene Aspekte eines solar beheizten Vakuum-Fallröhren-Reaktors 

zur Durchführung der karbothermischen ZnO-Reduktion experimentell und 

numerisch untersucht. 

Das Reaktorkonzept basiert auf einer Graphit-Reaktionsröhre, welche 

von der Aussenseite mit konzentrierter Sonnenstrahlung beheizt wird. Fein 

zerstäubte Zink- und Kohlenstoffpartikel werden kontinuierlich mit Hilfe 

eines Zellradschleusenförderers in die Reaktionsröhre geleitet. Während die 

Partikel durch die Röhre fallen, erreichen sie rasch die Reaktionstemperatur 

und werden innerhalb von Verweilzeiten reduziert, die weniger als 1 s 

betragen. Nach Hinzuschalten der thermischen Strahlungsquelle erreichte die 

Graphit-Röhre in wenigen Minuten Temperaturen von nahezu 2200 K und 

ein durchgehender Betrieb ohne signifikante Materialermüdung liess sich 

realisieren. Im Zuge erster Experimente zeigte sich, dass eine Reduktion des 

Drucks (1 mbar) einen nachteiligen Effekt auf das Reaktionsverhalten zur 

Folge hat. Als Ursache für das verminderte Reaktionsvermögen wurde als 

Hypothese eine unzureichende Partikelverweilzeit aufgestellt. Um diesen 
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Sachverhalt weiter zu untersuchen, wurden Partikelverweilzeitmessungen 

und Experimente zur Charakterisierung der Partikelströmung durchgeführt. 

Die Experimente ergaben, dass die Partikelverweilzeit bei 1 mbar auf 0.05 s 

reduziert ist im Vergleich zu 0.16 s bei Umgebungsdruck. Zudem ergab sich, 

dass die absolute Durchgangszeit der Partikel – ein Schlüsselmerkmal für 

den Grad der axialen Partikelverteilung entlang der Röhre – von ≈0.5 bis 

≈4 s variiert für 1 bzw. 960 mbar Umgebungsdruck. 

Darüber hinaus wurde das Reaktionsvermögen des Fallröhren-Reaktors 

innerhalb eines weiten Parameterbreichs untersucht. Die durchgeführten 

Experimente mit dem Fallröhren-Reaktor umfassten einen Druckbereich von 

1 bis 960 mbar und eine Variation der Förderrate zwischen 4 und 56 g∙min-1. 

Ein stationäres Model des Reaktors wurde entwickelt, um den Effekt der 

Strahlungseingangsleistung und der druckabhängigen Partikelverweilzeit auf 

die Zinkproduktionsrate zu bestimmen. Die Experimente ergaben, dass die 

Zinkproduktionsrate bei einem Druck um ca. 100 mbar maximal und bei 

höherem Vakuum signifikant reduziert ist. Modell und experimentelle 

Ergebnisse zeigen, dass die Reaktion bei 1 mbar wegen unzureichender 

Verweilzeit und zu kurzer Aufheizzeit in der Reaktionszone limitiert ist. Die 

maximale, experimentell bestimmte Zinkproduktionsrate ergab einen Wert 

von 51.4 mmol∙min-1 bei einer Förderrate der Reaktanden von 56 g∙min-1, 

während der Reaktor bei einem Druck von 100 mbar mit 9.8 kW 

Eingangsleistung betrieben wurde. Eine Extrapolation zu höheren 

Förderraten mit Hilfe des Modells ergab ein maximales 

Zinkproduktionsvermögen von 52.1 mmol∙min-1 bei einer Förderrate von 

68 g∙min-1, was einer thermischen Effizienz von 3.2 % entspricht. Das 

Fallröhren-Reaktorkonzept erreicht kontinuierliche Zinkproduktionsraten, 
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die vergleichbar sind mit Spitzenwerten von solaren Batch- und Semi-Batch-

Verfahren. Im Gegensatz zu diesen Verfahren erlaubt das Fallröhren-

Reaktorkonzept jedoch eine bedarfsgerechte und kontinuierliche 

Betriebsweise bei maximaler Produktionsrate. Zudem kann die 

Produktionskapazität mit der Anzahl der Reaktionsröhren und der Länge der 

heissen Reaktionszone einfach skaliert werden.  
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Nomenclature 
 

ag  Speed of sound of argon [m∙s-1] 

a  Absorption coefficient [m-1] 

aP  Planck mean absorption coefficient [m-1] 

At  Inner wall surface of discretized tube segment [m2] 

cp  Specific heat [J∙mol-1∙K-1] 

CD  Drag coefficient [-] 

Cov  Covariance 

Corr  Correlation 

dp  Particle diameter [µm] 

dv  Diameter of metering valve [mm] 

d10,50,90  Diameter on cumulative particle size distribution [µm] 

EA  Apparent activation energy [kJ∙mol-1] 

FD  Drag force [N] 

fKn  Knudsen correction factor [-] 

fv  Particle phase volume fraction [-] 

g  Standard gravity [m∙s-2] 

h  Peak height [m] 

∆Hrxn  Reaction enthalpy [kJ∙mol-1] 

0

RH   Reaction enthalpy at standard conditions [kJ∙mol-1] 

I1,2   Signal of detector 1 or 2 [V] 

Ib  Detector signal baseline [V] 
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λ
ˆ( , )I r s   Intensity of emitted radiation [W∙m2] 

kw,p,f  Thermal conductivity [W∙m-1∙K-1], w=wall, p=particle, f=fluid 

k01,02  Arrhenius pre-exponential factor [mol∙s-1∙m-2·Pa-1; mol∙s-1∙g-1·Pa-1] 

kS  Kinetic parameter solid state reaction model [min-1] 

Knp  Particle Knudsen number [-] 

m  Cumulative fed mass [g] 

m   Reactant feed rate [g∙min-1] 

Mp  Particle Mach number [-] 

MWAr    Molecular weight of argon [g∙mol-1] 

MWC    Molecular weight of carbon [g∙mol-1] 

MWZnO    Molecular weight of ZnO [g∙mol-1] 

n+
ZnO  Amount of ZnO introduced to reactor [mol] 

ni  Species amount [mol], i = ZnO, CO, CO2, Zn, C 

ni  Reacted amount [mol], i = ZnO, CO, CO2 

Np  Number of particles [-] 

Nrays  Number of rays in MC ray tracing simulation [-] 

Nseg  Number of discretized tube segments [-] 

 p  System pressure [mbar] 

 pCO,CO2  Partial pressure of CO and CO2 [Pa] 

PPump  Vacuum pump power [kW] 

Qabs  Absorbed power by particle phase [W] 

Qa  Mie theory absorption efficiency factor [-] 

Qs  Mie theory scattering efficiency factor [-] 



           xv 

 

Qext  External heat source of radiation emitted by tube [W] 

Qint  Internal heat source of radiation emitted by tube [W] 

Qnet  Net incident radiative power on graphite tube [kW] 

Qrad  Incident radiative solar power through reflector aperture [kW] 

Qray  Radiative power assigned to a single ray [W]  

qrad  Incident radiative flux across reflector aperture [kW∙m-2] 

qz  
Circumferentially averaged axial radiative power distribution 

[kW] 

q  Axially averaged angular power distribution [kW] 

rq   Divergence of radiative flux [W∙m-3] 

r  Reaction rate [mol∙s-1], tube radius [mm] 

R  Gas constant [J∙mol-1∙K-1] 

i   Random number [-] 

Rep  Particle Reynolds number [-] 

s  Scattering coefficient [m-1] 

sext  Extinction length [mm] 

ŝ   Ray direction vector [-] 

λ
ˆ( , )S r s   Source function [W∙m-2] 

SRPC  Surface area of RPC obstruction element [m2] 

Srxn  Surface area of inner tube envelope of reaction zone [m2] 

t  Experimental time [min] 

tc,10,50  Clearance time at 10 % or 50 % peak height [s] 

t1,2  Start/end time for gas analysis peak integration [min] 

∆t  Time lag between detector signals [s] 
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∆tf  Feeding time interval [min] 

T  Temperature [K], Transmission of signal [-] 

TPyro  Pyrometer temperature [K] 

Tp  Particle phase temperature [K] 

Tw  Tube wall temperature [K] 

Tg  Gas temperature [K] 

TR  Mean temperature of reaction zone [K] 

Tf  Transmission during feeding [-] 

Vmol  Molar volume at standard conditions [l∙mol-1] 

Vp  Particle volume [m3] 

Vt  Volume of tube segment [m3] 

totV   Total volume flow [l∙min-1] 

vg  Mean gas velocity [m∙s-1]  

vp  Particle velocity [m∙s-1] 

w  
Relative particle velocity [m∙s-1],  

width of particle feed pulse [mm] 

X   Oxygen conversion [%] 

∆X ⃰     Change in normalized oxygen conversion [-] 

X∞  Final conversion [-] 

yCO,CO2  Molar fraction of CO and CO2 [-] 

z*  Normalized axial tube coordinate [-] 

   

Acronyms 

C1  Carbon source 1, Sigma Aldrich Supelco 31616 
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C2  Carbon source 2, Cabot Corp Norit CA1 

CSIRO  Commonwealth Scientific and Industrial Research Organization 

DAQ  Data acquisition 

DSLR  Digital single-lens reflex camera  

D1,2  Detector 1, 2 

ETH  Swiss Federal Institute of Technology 

GC  Gas Chromatograph 

GHG  Greenhouse gas 

HFSS  High-Flux Solar Simulator 

IR  Infrared 

IQR  Interquartile range, 2nd and 3rd quartiles around median of dataset 

KF  Kleinflansch 

LE  Leading edge 

LN  Normal liter, volumetric flow rate at standard conditions  

MC  Monte Carlo 

PSI  Paul Scherrer Institute 

PSD  Particle size distribution 

RPC  Reticulated porous ceramic 

RMSE  Root mean square error 

SSA  Specific surface area 

SEM  Scanning electron microscope 

TC  Thermal conductivity  

XRD  X-ray diffraction 
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Greek symbols 

α  Fractional conversion [-] 

  Molar fraction of CO2 [-] 

  Extinction coefficient [m-1] 

γ  Specific heat ratio [-] 

δ  Background attenuation [-] 

ζ  
Mie scattering theory size parameter [-],  

thermocouple axial position [mm] 

η  Dynamic viscosity [kg∙m-1∙s-1] 

ηth  Thermal efficiency [%]  

  Ray scattering angle [-] 

  Wavelength [µm] 

Λ  Mean free path of gas molecule [µm] 

µ  Sample mean [-], relative sample weight [-] 

  Equivalent zinc production rate [mmol∙min-1]  

ρb  Bulk density [g∙cm-3] 

ρC  Carbon density [g∙cm-3] 

ρg  Gas density [g∙cm-3] 

ρp  Particle density [g∙cm-3] or [mol m-3] 

ρZnO  Zinc oxide density [g∙cm-3] 

σ  
Standard deviation of sample mean [-],  

Stefan-Boltzmann constant [W∙m-2∙K-4] 

τr  Particle residence time in reaction zone [s] 

τ10,50  Particle residence time at 10 % or 50 % peak height [s] 
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φ  Feed pulse rate [min-1] 

φ*  Normalized circumferential tube coordinate [-] 
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Scattering Phase function [-]  

   Random ray arc angle [-] 
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Introduction 

1.1 Motivation 

Inexpensive, immediate and secure energy resources are crucial for a 

thriving economy and to expand prosperity and opportunity. The primary 

world energy demand was 13559 Mtoe1 in 2013 and is expected to increase 

by 45 % towards the year of 2040, according to current policy scenario in the 

recent world energy outlook by the International Energy Agency (IEA) [1]. 

Key drivers for the expanding world energy demand are the rapid growth of 

the world population and the continuous economic development of emerging 

markets. Although nuclear power and renewable energy sources, such as 

hydropower, wind and solar have experienced significant growth in the last 

decade, today more than 82 % of the global energy demand is still satisfied 

by fossil fuels [2]. Despite the convenience of their use and a well-

established industrial infrastructure, the combustion of fossil fuels represents 

a major source of anthropogenic CO2 emissions and other pollutants into the 

atmosphere. Since the industrial revolution, and more pertinent over the past 

decades, heavy use of fossil fuels contributed to a steady increase in the 

atmospheric CO2 concentration. Because CO2 acts as a greenhouse gas 

(GHG), its increase in the atmosphere has a significant environmental impact 

in terms of global average temperature, affecting regional and global climate 

                                                      

1 million tons of oil equivalent, 1 Mtoe = 41.868 PJ  
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[3]. Apart from the negative environmental effects, the reliability and 

security of fossil fuel energy supplies are of growing concern due to finite 

resources and uneven distribution around the world. 

In contrast to other sectors, transport can be considered to be virtually 

dependent on fossil fuels. More than 96 % of the transport energy fuel 

consumption is based on oil from fossil fuels [4]. The transportation sector is 

considered as one of the major emission sources, constituting up to about 

19 % of the world’s energy demand and 23 % of energy related CO2 

emissions. In light of current trends, the emissions in this sector are still 

growing and the energy demand for motorized mobility is expected to 

increase by nearly 50 % by 2030, and by more than 80 % by 2050 [5]. 

Within the industrial sector, the largest source of CO2 emissions can be 

found in the branch of the mineral processing and extractive metallurgical 

industries. These industries are major consumers of fossil fuel derived 

electricity and process heat for the production of basic materials and 

commodities such as cement, steel, aluminum, zinc and copper. The 

cumulative annual CO2 equivalent for the latter commodities is ≈5240 Mt 

which attributes to about 20 % of the global fossil fuel emissions [6]. 

Reducing CO2 emissions from either the transportation or the industrial 

minerals and metals sector represents a difficult challenge in order to satisfy 

current climate change regulations and policies to restrict global warming.  

Although electric mobility is attracting much attention in the 

transportation sector, especially for passenger cars, it is not yet practical for 

aviation, heavy machinery, and marine transportation of goods. In these 

domains the strong reliance on liquid fossil fuels can be expected to continue 

in the future, which urges the need for a transition towards carbon-neutral 
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fuels. In the minerals and metals industry, technological progress is 

contributing to improved process efficiencies and improved material 

recycling strategies, which can reduce the environmental impact by 

eliminating the need for mining new unexploited ores. However, a 

substantial reduction of the amount of released CO2 can only be obtained by 

adaption of renewable energy sources.  

In this context, solar energy is a promising alternative as a sustainable 

energy resource. Solar energy is ecologically friendly, freely available, and 

essentially inexhaustible for generations. However, as solar energy is dilute, 

intermittent, and unevenly distributed across the globe, its large-scale 

utilization is challenging. In order to bypass these difficulties, favorable 

thermochemical conversion methods have to be identified and developed so 

that solar energy can be utilized or stored in a concentrated form.  

 

1.2 Solar thermochemical fuels  

Typically, incident solar radiation that reaches the earth’s surface 

exhibits a maximum energy flux of about 1 kW·m-2. This dilute radiation can 

then be concentrated by use of mirrors that project the solar radiation onto a 

smaller area where it is absorbed by a receiver unit, thus enabling conversion 

from sunlight to high temperature process heat as shown in Fig. 1.1. 

Concentrated solar energy technology can be used for solar electricity 

generation, for ore processing and pyrometallurgical extraction processes, or 

as a source of high temperature process heat to drive highly endothermic 

chemical reactions such as the reduction of metal oxides.  
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Figure 1.1: Schematic illustration of (a) solar tower and (b) parabolic dish 

concentrators to convert solar radiation into high temperature process heat absorbed 

by a receiver unit or a solar thermochemical reactor (red). 

 

 

High temperature solar thermochemical processes present a sustainable 

and economical route for the production of chemical fuels by harnessing the 

energy of the entire solar spectrum. Potential target fuels are syngas and in 

the long term solar hydrogen. Syngas is a gas mixture of H2 and CO, which 

can be further processed to liquid hydrocarbon fuels via Fischer-Tropsch 

synthesis or other catalytic reforming processes. In theory, the entire branch 

of conventional fuels such as gasoline, diesel and kerosene can be derived 

from syngas as a precursor material. Among the solar target fuels, hydrogen 

is desirable, because it can be converted to electricity in a fuel-cell with high 

efficiency and the resulting emissions are harmless water vapor. However, 

regarding the technical feasibility, the production of synthetic hydrocarbon 

fuels via solar syngas is preferred in the near future. Solar based 

hydrocarbon fuels offer the advantage of being able to utilize existing engine 

technology and infrastructure. Although the technical feasibility of hydrogen 

fuel-cell driven passenger cars and public transportation vehicles is proven, 

they are not yet economically competitive.  
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The thermochemical production of solar syngas is envisioned to follow 

two parallel process routes. The first route comprises the use of solar energy 

in order to upgrade the energy content from carbon-rich feedstocks. Typical 

processes following this approach include the steam-gasification of biomass 

[7,8], carbonaceous waste materials [9,10], coal [11,12], and petroleum coke 

[13]. The final, long-term route is targeted at the production of syngas or 

hydrogen using solar thermochemical H2O/CO2-splitting cycles. 

The foundation for research on solar thermochemical cycles is based on 

early research aiming to carry out the direct thermolysis of water [14]. Very 

high temperatures exceeding 2500 K are necessary to dissociate H2O into 

gaseous hydrogen and oxygen. Although these extreme temperature 

conditions do not pose a conceptual problem for concentrated solar energy 

applications, the direct splitting of H2O was discouraged by the need for a 

high temperature gas separation technique to avoid an explosive H2/O2  

product mixture [15,16]. In order to circumvent this problem, the splitting of 

H2O (and later CO2) was proposed to be carried out via thermochemical 

cycles [17,18]. Thermochemical cycles are multiple-step processes, in which 

the production of H2 (CO) and O2 is realized in two or more spatially and 

temporally separated reactions. An additional advantage of thermochemical 

cycles is that the typical operating temperatures are less than those needed 

for direct thermolysis of water. This mitigates material constraints of the 

thermochemical reactor/receiver and reduces reradiation losses, which 

typically increase with the fourth power of temperature. 
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The group of two-step thermochemical splitting cycles based on metal 

oxide redox reactions has attained large attention because of their potential 

to reach high energy conversion efficiencies [19,20]. Figure 1.2 displays a 

schematic representation of a typical two-step solar redox cycle utilizing the 

Zn/ZnO redox pair. In the first step of the cycle, concentrated solar radiation 

is used to drive the endothermic thermal reduction of zinc oxide (i): 

 
2

1
ZnO Zn O

2
    (1.1) 

In the second, non-solar step, the produced zinc is then oxidized by H2O and 

CO2 at lower temperature to produce syngas (H2+CO) and the initial metal 

oxide, ZnO: 

 
2 2 2Zn CO (1 )H O ZnO CO (1 )H            (1.2) 

where 0 ≤ β ≤ 1 denotes the molar fraction of CO2 in the feed of the 

reduction step. In order to close the material cycle and to render the entire 

cycle carbon neutral, CO2 has to be directly captured from atmospheric air 

[21,22]. In a modified process, the first solar reduction step is carried out 

with carbon (ii), which acts indirectly as a reducing agent for the 

decomposition of ZnO, shown in Fig. 1.2. This allows to further reduce the 

reaction temperatures for the reduction of ZnO and helps to diminish 

recombination of reaction products [23–25]. When the reduced metal is in a 

vapor state, the parasitic recombination of gaseous zinc and oxygen poses a 

significant obstacle and fast quenching of the product gases is required [26]. 

If carbon is supplied from carbonaceous waste process streams or from 

sustainable biomass sources, the cycle becomes again carbon neutral [27]. 
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Figure 1.2: Schematic illustration of a two-step solar thermochemical cycle for the 

production of syngas using the Zn/ZnO redox pair, showing both (i) thermal and (ii) 

carbothermal reduction of ZnO.  

 

 

Metal oxide redox pairs that are utilized in thermochemical cycles can 

be classified as volatile, if the metal is present as a vapor after the reduction 

step, or non-volatile, if the oxide remains in a solid state between the two 

reaction steps. Promising candidates for volatile redox pairs are Zn/ZnO and 

Sn/SnO2 as they feature fast dissociation kinetics and a high specific oxygen 

reaction equivalent [28,29]. The latter means that during the solar reduction 

step 0.5 or 1 mole of O2 is released for ZnO and SnO2, respectively. 

However, in order to avoid product recombination, fast quenching with inert 

gas is required, which is considered to be a serious energetic and economic 

penalty [30,31]. Because of this difficulty, the focus of research has shifted 

from volatile to non-volatile oxide materials. Among the non-volatile metal 

oxides, researchers are currently investigating with growing interest the  
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non-stoichiometric reduction of CeO2 [32]. In principle, the CeO2/CeO2-δ 

thermochemical cycle offers fast reaction kinetics and high selectivity, but 

suffers from low specific O2 release as the ceria is only partially reduced. In 

order to reach a reaction equivalent that is similar to volatile cycles, the 

surface area of the ceria has to be significantly increased on a macro- and 

microporous scale [33]. Experimental demonstration of simultaneous 

CO2/H2O splitting and subsequent Fischer-Tropsch fuel synthesis was 

recently reported with solar to fuel energy conversion efficiencies reaching 

ηsolar-to-fuel = 1.72 % [34]. The solar to fuel energy conversion efficiency is 

defined as ratio of the higher heating value of the produced fuel with respect 

to incident solar power input and additional energy penalties. Despite these 

promising results on the lab scale, it will be necessary to show that non-

volatile metal oxides can be also utilized on a pilot plant level. Maintaining 

sufficient reactive surface area that is not diminished by sintering across 

repetitive cycles at high temperature, and homogeneous heating of the bulk 

reactive oxide will be crucial to demonstrate in future research. 

Despite the trend to non-volatile metal oxides, considerable progress in 

research and technological reactor development has been made in the last 

twenty years for volatile oxides such as ZnO. A variety of different reactor 

concepts have been reported, comprising packed beds [24,35,36], aerosol 

and entrained flows [37–39] and rotary semi-batch designs [40–44]. The 

most recent achievement was the experimental demonstration of a 100 kW 

pilot plant for the thermal dissociation of ZnO developed by the Paul 

Scherrer Institute (PSI) [26,45]. First commissioning experiments were 

primarily hampered by limited dissociation rates because of insufficient 

power delivery through the quartz window. Solar reactors are typically 
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equipped with a transparent quartz window to firstly allow the concentrated 

solar radiation to enter the reaction cavity and secondly to hermetically seal 

the reaction atmosphere from oxygen in ambient air. Keeping the quartz 

window clean from reactant particle and product deposition is of paramount 

importance in order to realize stable reaction conditions and sufficient power 

delivery [46]. Improved efforts in aerodynamic window protection allowed 

to reach significant ZnO dissociation rates (as high as 28 g/min) and peak 

solar to chemical energy conversion efficiencies ηsolar-to-chemical = 3 %, defined 

as chemical energy stored during ZnO dissociation with respect to solar 

power input and energy penalty due to quenching of the product gases. High 

inert gas use for quenching remains the primary limitation in order to reach 

higher solar-to-fuel energy conversion efficiencies [26]. 

 

1.3 Solar pyrometallurgy 

Besides utilization of concentrated solar energy for renewable fuel 

production, other potential applications include mineral calcination and 

metal extraction at high process temperatures. A pertinent example, where 

solar energy can be used to significantly reduce CO2 emissions, is the 

calcination of minerals as encountered in the cement industry. The 

production of cement accounts for about 5-7 % of the global GHG emissions 

[47], where the most energy intensive step is attributed to the thermal 

decomposition of limestone (CaCO3). The reaction is carried out at 

temperatures of 1450°C in rotary kilns, which are fired with natural gas: 

 
3 2CaCO CaO CO   0

RH = 239.9 kJ·mol-1 (1.3) 
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The amount of CO2 released from the chemical reaction is about 60-

65 % of the total emissions of the process, while the remainder is attributed 

to heat generation via fossil fuel combustion. Although the reaction itself is 

prone to high release of CO2, the use of concentrated solar radiation as a heat 

source has the potential to reduce overall emissions by 20 % [48]. 

Experimental demonstration of the solar-driven limestone decomposition 

was accomplished in a 10 kWth reactor at PSI’s solar furnace [49]. The 

reactor concept was based on a rotary kiln and indirect irradiation of the 

limestone transported within 16 absorber tubes made of recrystallized silicon 

carbide [50]. The limestone particles exhibited an average size of 1-5 mm 

and were fed at a rate of 2-8 kg·h-1. Calcination with 98 % purity lime was 

achieved at decomposition temperatures between 930 and 1130°C. It was 

estimated that the price of solar lime produced at a commercial plant level of 

20-25 MWth would be 2-3 times more expensive compared to the 

conventional production process. In order make solar-driven lime production 

economically advantageous it would be necessary to reduce the capital 

investment cost for the solar power plant [48]. In addition, the introduction 

of a CO2 tax could stipulate the financial incentive to consider this type of 

technology in the future.  

Apart from the calcination of limestone, concentrated solar energy can 

be also applied to other ore refinement or roasting processes, in which metal 

oxides are derived from their respective carbonate or hydroxide form at high 

temperatures. One example is the production of magnesium oxide from 

magnesium hydroxide rich brine or magnesite, due to the required high 

temperatures (700-2000°C) for calcination [51]. In addition, the water 

removal of aluminum hydroxide to yield aluminum oxide is a potential 
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process where 30-35 % of CO2 emission savings could be realized [52]. The 

major applications of magnesium and aluminum oxide are there use in 

refractories because of their high specific melting points 

(MgO: Tp = 2852°C, Al2O3: Tp = 2072°C). Furthermore, aluminum oxide is 

also used as abrasive material or milling agent in industry because of its high 

hardness. Besides the calcination of minerals to yield refined metal oxides, 

concentrated solar energy can be analogously utilized to deliver high 

temperature process heat for commodity metal production. 

In principle, the solar-driven reduction of metal oxides can be carried 

out via the thermal or carbothermal process route as shown previously, for 

the solar reduction step of a two-step thermochemical cycle (Fig. 1.2). 

Especially in the case of carbothermal reduction, where a carbonaceous 

feedstock is used as a reducing agent to lower the reaction temperature, 

significant savings in CO2 emission can be reached compared to 

conventional smelting processes. In traditional high temperature smelting 

processes, the carbonaceous reducing agent is partially combusted to 

generate the primary process heat in order to drive the endothermic chemical 

reaction from the metal oxide to its respective metal. A great variety of solar 

reactor concepts in combination with different carbonaceous reducing agents 

have been investigated for the carbothermal production of common metals. 

Iron and steel are produced through the carbothermal reduction of 

hematite Fe2O3 or magnetite Fe3O4 in blast furnaces and can be considered as 

the backbone of our modern society. The solar driven reduction of Fe2O3 

was investigated at temperatures between 1300 and 2390 K yielding 

maximum Fe contents of 78 % [53]. In addition, the coproduction of iron 

and synthesis gas was studied in exploratory experiments by reacting Fe3O4 
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with CH4 in a directly irradiated fluidized bed reactor [54]. Maximum Fe 

purities of 68 wt% were achieved at 1 bar and reaction temperatures in the 

range between 1073 and 1273 K.    

Conventional aluminum production is carried out according to the Hall-

Héroult process. Al2O3 is blended with cryolite and reduced with graphite 

anodes in molten-salt electrolysis. The overall process is characterized by 

large energy consumption (15 MW·h-1) and considerable amounts of GHG 

emissions, reaching to a CO2 equivalent of 7 kg CO2/kg Al [55]. As an 

alternative reaction pathway, the carbothermal reduction of Al2O3 was 

investigated with solar process heat [56]. The pressure in the reaction 

chamber was reduced in order reduce the onset temperature of reaction. 

Pellets made from alumina powder, charcoal and sugar as a binder were 

exposed to high flux irradiation. Up to 90 % of Al2O3 conversion was 

obtained at an average temperature of 1525°C, however the complicated 

Al2O3-C chemistry led to the formation of aluminum carbides and oxy-

carbides, thus reducing the overall yield of the desired metallic aluminum 

product. 

The production of magnesium via solar driven carbothermal reduction 

of MgO is also an attractive candidate for utilizing high temperature process 

heat from concentrated solar radiation. Silicothermic reduction, pioneered by 

Pidgeon in the late 1940’s [57], is the primary commercial magnesium 

production process used today. Although the process is relatively simple and 

has a low infrastructure cost, silicothermic production is also associated with 

high GHG emissions, requiring the consumption of 14-20 tons of coal per 

1 ton magnesium produced [58]. The carbothermal reduction of MgO has the 

potential to produce high quality magnesium with lower energy use and 
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fewer greenhouse gas emissions [59,60] but has to be carried out at very 

high temperatures (2073 K). Preliminary results investigating the vacuum 

carbothermal reduction of MgO in a solar thermogravimeter are presented in 

Appendix A. Additional experiments at vacuum pressure have shown that 

relatively high purity Mg (≈95 wt%) could be obtained at temperatures in the 

range between 1532 to 1600°C utilizing efficient quenching of the gaseous 

products at the reactor outlet [61].  

Amongst the many potential applications for concentrated solar energy 

in the field of renewable fuel or commodity metal production, the 

carbothermal reduction of ZnO has attracted considerable attention. The 

possibility to function as intermediate fuel storage and a commodity in 

accordance with its thermodynamic favorability and simple chemistry 

renders this metal oxide a prime candidate for further research in the field of 

solar reactor development and solar driven high temperature chemistry.  
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1.4 Solar carbothermal ZnO reduction 

As illustrated in the previous sections, the solar driven carbothermal 

reduction of ZnO to Zn is an interesting pathway to convert and store solar 

energy. Zinc can be thereby produced with intention to serve as metal 

commodity or find use as intermediate fuel storage. The latter could be 

realized directly in Zn-air batteries, or by production of syngas via H2O and 

CO2 splitting cycles [19,62]. The overall chemical reaction that describes the 

reduction of zinc oxide with carbon is,  

 ZnO(s)+C(s) Zn(g)+CO , ∆HR,1400K = 352.5 kJ∙mol-1 (1.4) 

where reaction heat is provided by concentrated solar radiation to reduce 

ZnO at temperatures greater than 1400 K. In the conventional 

pyrometallurgical zinc production through the Imperial Smelting process, 

ZnO is fed with excess amounts of coke (4-5 times the stoichiometric ratio) 

into a blast furnace [63]. Oxygen is injected at the furnace bottom in order to 

combust the excess coke to generate the necessary heat for reaction. The 

primary reaction route for the carbothermal ZnO reduction proceeds through 

two gas-solid reactions, where CO and CO2 cycle as gaseous intermediates. 

At first, solid ZnO is reduced by CO (Eq. (1.5)) to gaseous Zn, and CO2. The 

produced CO2 then reacts with carbon following the Boudouard reaction 

(Eq. (1.6)) [35,64] to replenish the initial CO,  

 
2ZnO(s)+CO(g) Zn(g)+CO  (1.5) 

 
2C(s)+CO (g) 2CO  (1.6) 

The thermodynamics of the reaction can be positively influenced by 

operation under vacuum [42,56,60], or by using inert gas for dilution, both 
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of which result in a reduced operating temperature [35,45,65]. According to 

Le Chatelier’s principle, a reduction in system pressure favors a shift of the 

chemical equilibrium to the right hand side of reactions (1.5) and (1.6) as the 

net amount of gaseous molecules is increasing. This can be also explained by 

means of the definition of the Gibbs free energy G and its dependence on 

temperature T and pressure p for a generic species and assuming ideal gas 

behavior,  

 
i i iG H T S   (1.7) 
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The specific heat is denoted by cp, and R is the ideal gas constant. The 

enthalpy and entropy of formation at standard conditions is denoted by 0

fH

and 0

fS , respectively. Whereas the enthalpy H is only a function of 

temperature, the positive effect of vacuum can be seen in the entropy term S 

where the pressure correction term increases when the pressure is reduced. 

Figure 1.3 displays the Gibbs free energy change ΔGR of reaction (1.5) as a 

function of temperature and different reaction pressures between 1 and 1000 

mbar. It can be seen that the thermodynamic favorability, meaning that ΔGR 

is becoming negative, is shifted towards lower temperatures in accordance 

with lower reaction pressures. The visible point of discontinuity is related to 

the boiling point of Zn at Tb = 1180 K and the respective change in heat of 

vaporization.  
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Figure 1.3: Gibbs free energy change ΔGR of reaction (1.5) as a function of 

temperature T and different reaction pressures in the range of 1 to 1000 mbar.  

 

 

Despite the fact that pumping to lower system pressures is associated 

with an energy penalty due to the additional mechanical work required, it 

can be considered beneficial as it eliminates the need for high amounts of 

inert gas for dilution and purging of the reaction products. Although the 

carbothermal reduction of metal oxides alleviates the recombination of the 

reaction products, there is still the possibility of reoxidation of Zn with CO2 

if the partial pressure of the latter becomes too high. Usually, dilution of the 

reaction atmosphere with inert gas is utilized to keep partial pressures at low 

levels and to quench the reaction products. However, this procedure comes 

at the expense of additional downstream gas recycling measures or 

additional costs, if inert gas is considered as a necessary feedstock for the 

process [66]. However, if the absolute pressure is reduced, the necessary 
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amount of inert gas can be significantly reduced as well. In order to maintain 

a certain volumetric flow rate V  at pressure p it follows from the ideal gas 

law that,  

 
nRT

V
p

   (1.10) 

where n  is the molar flow rate of an inert gas such as argon or nitrogen. If 

the absolute pressure is reduced by three orders of magnitude to 1 mbar, the 

necessary amount of inert gas is reduced proportionally, thus leading to a 

significant reduction in the required amount for the process. As an overall 

pressure reduction immediately leads to smaller partial pressures of each 

reaction species, application of vacuum aids to circumvent product 

recombination and to extract the product gases from the reaction system. 

As the reaction mechanism for the ZnO reduction involves the cycling 

of CO and CO2 as gaseous intermediates, vacuum could also offer a potential 

benefit in terms of mass transfer. Under consideration of equal partial 

pressures, the mobility or diffusion of gaseous molecules is increased 

inversely proportional to the absolute pressure, as can be seen by the mean 

free path   of a gas molecule, 

 B

2

M2

k T

pd
   (1.11) 

where kB denotes the Boltzmann constant and dM is the molecular diameter 

of the gaseous species. The mean free path denotes the average distance 

which a molecule travels until it collides with a neighbor molecule or the 

wall of the containing domain. The concept of mean free path is typically 

applied to describe rarified flows in vacuum chambers or pore-diffusion 
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processes in heterogeneous catalysis, where the gas molecule under 

consideration is not subject to a continuous flow, but rather to Knudsen 

diffusion, characterized by frequent molecule–wall collisions. 

Hypothetically, the reaction rate could be increased as the gaseous 

intermediates exhibit less molecular collisions along the way between the 

two solids, ZnO and carbon. Recent experimental work on carbothermal 

reduction of metal oxides suggests that application of vacuum is 

advantageous as increased reaction rates are observed [61,67,68], (see 

Appendix A). However, the advantage of vacuum operation could also be 

related to lower local partial pressures of the reaction products. This would 

again favor the reaction in terms of Le Chatelier’s principle and attribute the 

improved reaction behavior to entropic gains rather than enhanced mass 

transfer. 

 

1.5 Solar reactor concepts 

A variety of solar reactor concepts have been developed and tested for 

continuous decomposition of volatile metal oxides. The reactors can be 

categorized by horizontal or vertical (beam down) orientation to the 

incoming concentrated sunlight. Additionally, reactors can be distinguished 

by whether the incoming solar radiation is directly or indirectly used to heat 

the reactants. The French CNRS-PROMES Laboratory has developed a lab-

scale solar reactor for continuous dissociation of ZnO and SnO2 [28]. 

Compressed reactant pellets forming a moving rod are continuously 

dissociated in ablation mode while exposed to direct irradiation in a beam-

down reactor configuration. The University of Delaware has developed a 

beam-down reactor based on a cavity comprised of downward sloping 
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reaction tiles that interlock and form an inverted conical shape [38,69]. A 

moving bed of ZnO or combined ZnO and carbon particles is fed by gravity 

on the reaction tiles and directly exposed to incoming solar radiation. Sandia 

National Laboratories proposed a moving bed reactor concept that consists 

of a vertical screw with a hemispherical quartz dome located at the top of the 

reactor [70]. Reactant particles are conveyed upwards where they are 

directly exposed to concentrated solar radiation. The reactor concept allows 

for operation under vacuum to reduce the partial pressure of O2 which results 

in increased reaction extent. The Paul Scherrer Institute and ETH Zurich 

developed a semi-batch reactor consisting of a rotating cavity exposed to 

horizontal solar radiation with a moving bed of ZnO particles [43,44]. This 

reactor concept was scaled up and tested at the 100-kWth level [26,45] by 

PSI. All of the aforementioned reactor types expose the reactants directly to 

concentrated solar irradiation via a transparent window, which enables fast 

and efficient heat transfer to the chemical reaction [71]. This benefit comes 

at the expense of frequent particle deposition on the reactor window that can 

reduce transmittance and, in the worst case, lead to failure of the reactor.  

Alternatively, tubular particle-flow reactor concepts offer the potential 

to operate continuously and isothermally under vacuum, utilizing an opaque 

reaction tube [72–75]. The use of the reaction tubes originates in early work 

on the rapid carbothermal reduction process for synthesis of non-oxide 

ceramic powders as reported by Weimer et al. [76,77]. Furthermore, tubular 

reactors offer the potential for simple scale-up by utilization of multiple 

reaction tubes [78,79]. The University of Colorado has developed and tested 

an aerosol reactor for the thermal dissociation of ZnO [37]. The reactor 

design was based on an electrically heated transport tube to simulate high 
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temperatures typical for solar applications. ZnO particles (1 µm) were 

introduced by a spinning wheel feeder into an Al2O3 reaction tube, obtaining 

a maximum conversion of 18 % in residence times of less than 2 s. The 

observed reaction rates in the aerosol reactor were three orders of magnitude 

higher than those obtained in semi-batch stationary reactor configurations 

[80]. A similar reactor concept for the vacuum carbothermal reduction of 

Al2O3 was recently reported by ETH Zurich [74]. Alumina and carbon 

particles were continuously dispersed in an aerosol downward flow within a 

graphite absorber tube. Operation within a reduced pressure range of 18 to 

240 mbar resulted in a reactant conversion of 17.6 % compared to 8.5 % at 

ambient pressure. Exploratory experiments for the carbothermal reduction of 

ZnO utilizing the same reactor concept confirmed a positive effect of 

reduced pressure, resulting in reactant conversions of 51.9 % compared to 

37.5 % achieved under ambient conditions [75]. These results motivated 

further research and a more thorough investigation of the drop-tube reactor 

concept. 

In this work, an improved solar-driven vacuum aerosol reactor for the 

carbothermal reduction of zinc oxide and other metal oxides has been 

designed, constructed and tested. The lab-scale reactor design is based on a 

dual-zone concept featuring a graphite absorber tube within a quartz tube 

enclosure, which forms the boundary of the vacuum zone [74,75]. ZnO and 

carbon particles are dispersed and aerosolized above the reaction tube and 

travel downward inside an inert gas flow and under the influence of gravity. 

This reactor concept offers fourfold advantage: (i) The reaction zone is 

separated from the transparent quartz tube in two discrete regions; (ii) it is 

suitable for continuous operation at pressures below 1000 mbar; (iii) it offers 



Introduction         21 

 

low thermal inertia and robustness against thermal shock; and (iv) it is 

highly modular and thus easily scalable. The drop-tube reactor concept is 

foreseen to be implemented in a larger scale as a multiple-tube receiver 

arrangement as shown in Fig. 1.4. In such an arrangement, solar radiation is 

projected on the central receiver by many heliostats and further concentrated 

in a second step by compound parabolic concentrators (CPC). The absorber 

tubes are heated to very high temperatures and the reactants are introduced at 

the top, whereas the reaction products leave the system at the bottom. This 

study focuses on characterizing the reaction performance of a single tube 

element. Experiments were conducted at PSI’s High-Flux Solar Simulator 

(HFSS) [81] in order to characterize the system under conditions similar to 

those expected in a concentrated solar power tower installation.  

 

 

 

Figure 1.4: Schematic illustration of a multiple-tube receiver arrangement on top of 

a solar tower installation. Solar radiation is projected from the heliostat field onto 

the receiver and further concentrated by compound parabolic concentrators (CPC) 

before it impinges on the outside surface of the drop-tubes.   
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1.6 Thesis outline 

This thesis focuses on the carbothermal reduction of zinc oxide in a 

solar vacuum drop-tube reactor. The drop-tube reactor concept is thoroughly 

investigated by means of experimental and numerical work in order to 

explore the reaction performance of a single tube at reduced and ambient 

pressure. Zinc oxide serves as a model reactant to examine the possibility of 

utilizing  the proposed reactor concept at a larger scale for the continuous 

carbothermal reduction of ZnO and other metal oxides using concentrated 

solar radiation as process heat. 

In Chapter 2, a detailed description of the vacuum drop-tube reactor 

concept is presented. Continuous particle feeding strategies are introduced 

and the properties of the materials are given. Details about the peripheral 

equipment are provided to accommodate and test the drop-tube reactor in 

PSI’s High-Flux Solar Simulator.  

In Chapter 3, the results from initial commissioning experiments are 

reported and discussed. A simple particle model is developed in order to 

elucidate the effect of reduced particle residence time on the reaction.  

Chapter 4 presents a thorough particle flow analysis to study the effect 

of reduced system pressure on particle residence time and dispersion. Laser 

transmission measurements and high definition video are utilized to 

characterize the axial and radial dispersion of the particle cloud formed by 

the aerosolized reactant particles and to extract bulk particle residence time. 

In Chapter 5, the focus is shifted to a detailed reaction model in order to 

better understand the complex interplay between chemical reaction and 

particle flow inside the reactor. The model directly utilizes residence time 

data obtained from experiments presented in the previous chapter. In the 
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reaction model, radiative heat transfer to the particulate system is resolved 

with Monte Carlo ray-tracing. The ray-tracing approach and governing 

reaction equations are presented. 

Chapter 6 presents the results from further reactor characterization 

experiments to validate the reaction model and to explore the reaction 

capacity of the given system across a wide range of input parameters. 

Finally, Chapter 7 summarizes the key findings and conclusions of this 

study and provides the reader with an outlook for further research activities 

and reactor development. 
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Experimental setup and materials2  

 

The purpose of this chapter is to provide the reader with the main 

features of the solar vacuum drop-tube reactor technology, which was 

designed to carry out the continuous carbothermal reduction of ZnO at 

reduced operating pressures. This reactor concept was chosen and developed 

due to its ability to operate continuously and robustly at reduced pressures. 

Furthermore, because of its inherent scalable design, the reactor concept is 

envisioned to be easily adapted at industrial scale by utilization of multiple 

single transport reaction tubes. 

 

2.1 The solar drop-tube reactor 

A schematic description of the vacuum aerosol reactor used in this 

study is shown in Fig. 2.1. The reactor incorporates a free hanging graphite 

                                                      

2Material from this chapter has been published in:  

M. Brkic, E. Koepf, A. Meier, Continuous Solar Carbothermal Reduction of 

Aerosolized ZnO Particles under Vacuum in a Directly Irradiated  

Vertical-Tube Reactor, J. Sol. Energy Eng. 138 (2016) 021010–1/14. 

M. Brkic, E. Koepf, I. Alxneit, A. Meier, Vacuum powder feeding and dispersion 

analysis for a solar thermochemical drop-tube reactor, Chem. Eng. Sci. 152 (2016) 

280–292. 
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drop-tube (Avion Europe, MNC graphite, outer diameter 26 mm, thickness 

1.5 mm, length 550 mm) within a quartz tube enclosure (GVB GmbH, 

EN09NB, outer diameter 70 mm, thickness 2.5 mm, length 500 mm). The 

quartz tube is sealed by Viton O-rings and water-cooled metal flanges to the 

stainless steel reactor housing. High-flux radiation from the HFSS is 

transmitted through the quartz tube and impinges on the outside surface of 

the graphite absorber tube. A gold plated, cylinder-shaped reflector with a 

rectangular opening (width 70 mm, height 140 mm) is used to minimize re-

radiation losses from the graphite absorber tube in the IR range. The tube 

section covered by the reflector constitutes the hot reaction zone. 

Aerosolized ZnO and carbon particles are introduced at the top inlet of the 

graphite tube in a downward flow by a rotary valve particle feeder. The 

particles are rapidly heated through radiative heat transfer with the hot wall 

of the graphite tube while entering the reaction zone where the carbothermal 

reduction of ZnO begins. The produced zinc vapor is precipitated by a 

condenser made of a stainless steel cooling jacket (outer diameter 63 mm, 

wall thickness 9 mm, length 70 mm) located at the lower end of the graphite 

tube. The non-condensable product gases, CO, CO2, and unreacted feed 

material leave the system through a circular opening at the reactor outlet. 

The temperature is measured with a C-type thermocouple probe, enclosed in 

a Mo sheet (Connax Technologies, accuracy +/- 1 %), which is inserted 

inside the graphite tube. The tip of the thermocouple is located at the focal 

height of the HFSS. 
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Figure 2.1: Schematic of the vacuum aerosol reactor as a cross-sectional view, and 

an enlarged view of the graphite absorber tube showing the hot reaction zone and 

particle flow. The graphite tube radial and vertical axes are denoted by r and ζ, 

respectively. 

 

 

The major technical design improvements of the reactor concept 

presented here are the incorporation of (i) standard vacuum Kleinflansch 

(KF) connections at the inlet and outlet of the reactor, and (ii) water cooled 

quartz mount flanges to prevent the O-ring seals – between housing and 

quartz tube – from melting. Both measures were employed to ensure leak 

tightness up to 10-4 mbar upon evacuation and stable operation at hot 

operating conditions. In addition, as will be described in Section 2.2, the 

continuous powder delivery system was completely re-designed in order to 

ensure reliable, stable and tunable reactant feed rates as input to the drop-

tube reactor.   
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2.2 Continuous particle feeders 

2.2.1 Ultrasonic vibratory feeder 

Cohesive powders with a small particle size are well known to build 

tight agglomerates and powder bridges that impede continuous extraction 

from powder storage containers. If the fine powder is intended to be 

dispersed through a sieve with a small mesh size, in order to generate an 

aerosolized particle cloud, clogging frequently occurs and maintenance is 

required to clean the sieve. Ultrasonic excitation offers the potential to 

significantly improve the particle flow behavior and to reduce clogging of 

the sieve by using high frequency mechanical vibrations. Figure 2.2 shows a 

schematic of a custom-developed ultrasonic vibratory feeder and an enlarged 

view of its working principle. Commercially available stainless steel sieves 

with a diameter of 50 mm and mesh sizes of 25, 45 and 80 µm (Linker 

Industrie-Technik) are cased in a custom-made sieve holder that is connected 

to a sound-conducting sonotrode. A digital high frequency generator (Artech 

Ultrasonic Systems AG, DGS35-50) powers the ultrasonic transducer 

(Artech Ultrasonic Systems, C35-LP1), in which a piezoelectric disk 

converts high frequency electric energy into micro-mechanical oscillations. 

The mechanical oscillations are transferred to the attached sonotrode, which 

then excites the sieve. The oscillation frequency is varied automatically by a 

proprietary algorithm between 30 and 38 kHz to prevent formation of hot 

spots in the mechanical structures. Material failure due to local overheating 

is thus averted by the constant change of the oscillation frequency. Zinc 

oxide particles are loaded in the sieve and agitated by wall pulsations, which 

mechanically fluidize the powder and improve its flowability. A custom-

designed stirrer driven by an electric motor rotates at 25 rpm and distributes 
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the ZnO particles evenly across the mesh. The vibration disperses the 

particles as they pass through the sieve. The sieve and stirrer are placed into 

a vacuum-tight housing. A KF 40 flange welded to the sonotrode acts as a 

seal to the environment so that the ultrasonic transducer resides outside the 

vacuum housing. While the ultrasonic feeder offers fine and homogenous 

particle dispersion for a fixed sieve size, it was found to be limited to a 

narrow feed rate range. Further, difficulties to realize reproducible operating 

conditions, which will be discussed in Chapter 4, led to the development of a 

second particle feeder based on a rotary valve. 

 

 

Figure 2.2: Schematic of ultrasonic sieve feeder assembly and an enlarged cross-

sectional view of the working principle of the sieve. Zinc oxide particles are 

distributed over the vibrating mesh with the stirrer and dispersed into a cloud of fine 

particles below the mesh. 
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2.2.2 Rotary valve feeder 

Rotary valves are commonly used in industry to discharge granular 

solids from storage containers to subsequent processing steps. Typically, the 

cross-section of a rotary valve exhibits a gear or star-like geometry. Pockets 

that are arranged in a circular pattern function as cavities to hold small 

batches of powder. Powder flows into the cavities by gravity through an 

opening in the top of the valve housing. As the valve rotates, batches of 

powder are transported to the opposite side and are then discharged through 

an opening to a subsequent process step. A major advantage of this feeding 

concept is that a wide range of feed rates can be realized by changing the 

rotation frequency of the valve. Further, the rotary valve acts as a lock that 

spatially separates powder storage from the subsequent processing 

environment. An illustration of the rotary valve feeder design used in this 

study, and a cross sectional view of the valve housing, can be seen in 

Fig. 2.3. The rotary valve consists of a partially hollow stainless steel shaft 

(outer diameter 30 mm, inner diameter 24 mm) with eight cylindrical 

pockets (diameter dv, 8 mm, depth 3 mm) that are evenly distributed along 

the valve’s circumference and allow for precise metering of the powder 

flow. The valve shaft is attached to a belt pulley that is driven by a stepper 

motor (Trinamic Motion Control, QSH4218) located on the top of the feeder 

assembly. The rotary valve is mounted axially on the valve stator, which is 

attached to the valve housing (height and width 60 mm, depth 52 mm). The 

intention of this design is to reduce accumulation of residual powder in the 

valve pockets. Sealed ball bearings ensure concentricity of the rotating parts 

so that accuracy is not diminished. The hopper is made of an aluminum tube 

(outer diameter 70 mm, inner diameter 62 mm, length 240 mm), which is 
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capable of holding up to 800 g of reactant powder loaded loosely. Two 

vibration motors (Precision Microdrives, 320-102) with eccentric 

counterweights are located at the lower end of the hopper to avoid formation 

of powder bridges across the hopper outlet and to improve the powder flow 

behavior. The ZnO and carbon particles thus flow by gravity through a 

conical taper to the valve metering pockets and are discharged on the 

opposite side into the drop-tube. Control of the stepper and vibration motors 

is realized with a programmable logic controller (Beckhoff Automation, 

CX9020, KL2541). 

 

 

Figure 2.3: Schematic of the rotary valve feeder and magnified cross-sectional view 

of the rotary valve. The valve moving parts are highlighted in green, whereas the 

stationary part is colored in red.  
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2.3 Experimental setup 

2.3.1 PSI’s High-Flux Solar Simulator 

Experimentation was carried out at PSI’s HFSS, which is comprised of 

an array of ten Xe-arc lamps [81]. The Xe-arc lamps are close-coupled to 

truncated ellipsoidal reflectors, providing an external source of intense 

thermal radiation primarily in the visible and infrared (IR) spectra. The 

radiation closely approximates the heat transfer characteristics of highly 

concentrating solar systems such as power tower and dish collectors. The 

radiative flux density distribution at the focal plane was measured optically 

using a calibrated CCD camera focused on a diffusely emitting Lambertian 

target. The amount of radiation incident on the receiver can be regulated 

with a vertical blinds type shutter. 

 

2.3.2 Solar reactor configuration and peripheral equipment 

An overview of the experimental setup is illustrated in Fig. 2.4. The 

particle feeder is attached above the reactor and is concentrically aligned 

with the graphite absorber tube. Argon is injected at the feeder outlet by 

means of a steel capillary with the aim of aiding aerosol dispersion of the fed 

particles. Unreacted particles leaving the hot reaction zone are collected 

below the condenser. Product gases leave the system through a KF 40 

vacuum flange, which is mounted on the side of the reactor outlet. Fine 

particles (smaller than ≈1 μm) entrained in the gas flow are retained by filter 

paper placed across the outlet. A dry vacuum pump (Adixen, ACP 40) is 

connected to the gas outlet. A particle trap (Mass-Vac, Posi-Trap) is installed 

in front of the pump to provide additional protection against particle 

contamination. The system pressure inside the reactor and absorber tube is 
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adjusted with a needle valve (Balzers, EVN116), and measured by a 

combined Pirani and capacitance transmitter (Oerlikon, Thermovac TTR 

101) at the reactor top. A secondary pressure transmitter is installed at the 

pump inlet in order to monitor the vacuum quality. Inert gas (Ar) is added to 

the system via two mass flow controllers (Bronkhorst HIGH-TECH B.V., 

EL-FLOW) and with a needle valve (Balzers, EVN010H1) for pressures 

below 10 mbar. Gases leaving the vacuum pump are cooled by a gas cooler 

(AGT Thermotechnik GmbH, MAK 10) and subject to gas analysis after 

passing through the reactor system. The gas analysis is comprised of an IR-

analyzer (Siemens, Ultramat 23; CO, CO2, CH4) and thermal-conductivity-

analyzer (Siemens, Calomat 6; H2) connected in series, followed by a micro 

gas chromatograph (MTI, Micro GC). An overpressure relief valve provides 

safety when the setup is pressurized at the completion of an experiment. 
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Figure 2.4: Schematic layout of the experimental setup, showing the solar vacuum 

aerosol reactor at PSI’s High-Flux Solar Simulator. Reactants are introduced by a 

rotary particle feeder (1) into the graphite absorber tube (2). Reaction products are 

precipitated on the condenser (3). Particles exiting the reactor are collected in a 

collection vessel (4) and entrained fine particles are withheld by means of filter 

paper (5). Inert Ar gas flows are controlled by mass flow controllers (FC), and the 

system pressure is recorded at the top of the reactor (P). Online gas analysis includes 

infrared (IR: CO, CO2, CH4) and thermal conductivity detectors (TC: H2) as well as 

a micro gas chromatograph (GC). Additional instrumentation consists of needle 

valves to adjust system pressure (6) and Ar gas flow at p < 10 mbar (7). An 

overpressure relief valve (8) provides safety when the setup is pressurized at 

completion of experiment. 
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2.4 Materials 

To ensure accurate and repeatable feeding characteristics, along with 

stable operation of the thermochemical reactor, preparation of the reactant 

powders was performed carefully. Important parameters in reactant 

preparation are bulk density, moisture content, and chemical purity. The 

reactant materials used in this study were ZnO (American Elements, USA, 

Zn-OX-03) which was blended with two sources of activated carbon (C1: 

Sigma Aldrich, Switzerland, Supelco 31616; C2: Cabot Corporation, USA, 

Norit CA1). In order to improve powder flow behavior, fumed silica 

(Evonik, Germany, Aerosil R972) was added to the ZnO/carbon mixture in 

low concentration (1 wt%). 

First commissioning experiments, described in Chapter 3, focused on  

carbon type C1 as carbonaceous reducing agent. The powders were mixed 

with stoichiometric ZnO:C ratio into batches of 30 g. Although a ZnO:C 

ratio of 1:0.5 would be sufficient considered that all oxygen atoms are 

converted to CO2 [25], a higher C content was chosen to protect the graphite 

tube from corrosion through Eq. (1.6). The reactant mixture was 

homogenized in a swing mill for 10 min and dried under vacuum for 1 hour 

at 150°C to remove possible adsorbed humidity. The dried powder mixture 

was then sealed in Ar-flushed containers before being used in the 

experiments. Figure 2.5 illustrates the volume-based and cumulative particle 

size distributions (PSD) of the activated charcoal and ZnO powder both as 

raw materials and after being blended in a swing mill. The particle size 

distributions were measured by laser scattering in aqueous solution (Horiba, 

LA-950 analyzer).  
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Figure 2.5: Volume-based density (left) and cumulative (right) particle size 

distributions of activated charcoal (C), ZnO powder, and the blend of the two after 

stoichiometric mixing in a swing mill for 10 min. 

 

 

For further reactor characterization experiments, described in Chapter 6, 

modifications to the powder preparation became necessary because of the 

increased processing quantities. The powdery reactants were pre-sieved 

(125 µm mesh size) to break up agglomerates, and dried for a minimum of 

4 hours at 180°C to remove adsorbed water. Zinc oxide was blended with 

each of the carbon sources in a stoichiometric ZnO:C ratio. The powder 

mixture was homogenized by passing it several times through a vibrating 

stack of test sieves (Retsch Technology GmbH, Germany, AS 200 digit) 

together with the free flow additive. 

A summary of physical properties from the reactants used in this study 

is listed in Table 2.1. Statistical particle diameter values are taken from the 

cumulative particle size distribution, where the d10 value denotes that 10 % 
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of the entire particle population is smaller than this characteristic particle 

diameter. Similar considerations apply for the d50 and d90 particle diameters. 

The overall mean particle diameter is designated by dp. 

With introduction of the solar drop-tube reactor concept established, the 

results from first commissioning experiments with the rotary valve particle 

feeder will be described in the next chapter.  

 

 

Table 2.1: Physical properties and characteristic particle size distribution of 

reactants. 

Material       ZnO C1(Supelco) C2(Norit CA1) 

Description 
 

Units Symbol 
   

Statistical 

particle   

Cumulative 

 < 10 % 
µm d10 1.7 12.1 3.8 

diameters Cumulative 

 < 50 % 
µm d50 4.9 38.3 24.3 

 Cumulative 

 < 90 % 
µm d90  9.0 142.4 70.7 

 

Mean µm dp 5.2 59.9 31.6 

Density Material g∙cm-3 


5.6 2.1-2.3 2.1-2.3 

  
Loose fill g∙cm-3 


0.34 0.25-0.55 0.25-0.35 
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Commissioning experiments3 

 

Previous research on the solar-driven vacuum drop-tube reactor concept 

[74,75] motivated further investigations to study the positive thermodynamic 

effect of vacuum on the continuous carbothermal reduction of ZnO. With the 

intention to continue further research on the drop-tube reactor concept, an 

improved reactor prototype, together with a rotary valve particle feeder, was 

designed, constructed and assembled as presented in Chapter 2. In order to 

get a better understanding of the new reactor prototype behavior, initial 

commissioning experiments were conducted at PSI’s High-Flux Solar 

Simulator. One of the key objectives of the experiments was to test the 

reactor against severe conditions typical to an environment of intense 

thermal radiation. In addition, the experiments focused to reproduce 

previously observed experimental findings, considering an improved 

reaction performance at lower than ambient reaction pressures [75]. 

  

                                                      

3Material in this chapter has been published in: M. Brkic, E. Koepf, A. Meier, 

Continuous Solar Carbothermal Reduction of Aerosolized ZnO Particles under 

Vacuum in a Directly Irradiated Vertical-Tube Reactor, J. Sol. Energy Eng. 138 

(2016) 021010–1/14. 
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3.1 Experimental procedure 

For all experiments dried ZnO and carbon reactant particles were loaded 

into the particle feeder and the system was evacuated to ensure the absence 

of gas leaks before starting the experiment. The sweep gas flow rate and the 

pressure of the reactor were adjusted at cold conditions to the targeted 

pressure levels between 1 mbar (vacuum pressure) and 960 mbar (ambient 

pressure). After ensuring that the O2 concentration was below 100 ppm, the 

HFSS was turned on, utilizing six Xe-arc lamps simultaneously. The reactor 

was heated to the desired temperature, ranging between 1615 K and 1992 K 

as measured by the center-positioned thermocouple. The reactor temperature 

was indirectly controlled by varying the incident radiative power by 

adjusting the orientation of vertical blinds between the reactor and lamps. 

Initially, pulse-feeding experiments were conducted to study the 

influence of reactant feed rate on the carbothermal reduction of ZnO at 

system pressures of 1, 10, 100, and 960 mbar. Several feed pulses lasting for 

1 min in duration were carried out and the feed rates were varied at 0.68, 

1.36 and 2.04 g∙min-1. The radiative input power Qrad was varied between 

two levels, 5.9 and 8.8 kW to yield mean temperatures of 1400-1600 K in 

the reaction zone. Volumetric inert gas flow through the reactor was 

maintained at 5 l∙min-1 for uniformity at all pressures investigated. A second 

set of experiments was performed to study continuous feeding of ZnO and 

carbon. The radiative input power was varied between 5.9 and 11.7 kW to 

yield mean temperatures of 1400-1700 K. A constant Ar volume flow of 

5 l∙min-1 was fed through the reactor at system pressures of 1, 10, 100, and 

960 mbar. Particle feeding was initiated for a period of 10 min at a feed rate 

of 0.68 g∙min-1 once the reactor temperature was stabilized. For the 
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continuous feeding experiments, select experimental runs at low pressure 

(1 mbar) were also performed with an obstruction to particle flow inserted 

into the reaction zone of the graphite tube in order to elucidate the influence 

of particle residence time at low pressure. 

A final experiment was conducted to investigate the long-term feeding 

behavior under constant experimental conditions. The system pressure was 

set to 100 mbar at a mean temperature of ≈1600 K, and reactants were fed 

for 30 min at a rate of 0.68 g∙min-1. The HFSS was shut down 

simultaneously with termination of the feeding as to preserve deposits inside 

the graphite tube and downstream in the reactor. After the HFSS was 

switched off, the system was allowed to cool in an inert atmosphere. 

Samples were collected from different reactor sites, as shown in Fig. 2.4 

(1-5), and stored in Ar-flushed containers. The collected samples were 

analyzed by X-ray powder diffraction (XRD, Phillips, X’Pert-MPD, Cu Kα, 

λ=1.54 Å, 2θ = 30°-80°), and their micro morphology was characterized by 

scanning electron microscopy (SEM, SmartSEM, Carl Zeiss Supra 55VP). 

The Zn content was estimated by dissolving the collected particles in HCl 

(Zn + 2HCl = ZnCl2 + H2) and quantifying the evolved H2 pressure. 

 

3.2 Results 

3.2.1 Pulsed feeding experiments 

A typical experimental run is illustrated in Figure 3.1, where measured 

temperature at the focal height and evolved product gases at 100 mbar 

system pressure is depicted. In this experiment, pre-mixed reactants (ZnO 

and C) were fed into the reactor over 1 min long increments. Three one 

minute long feed pulses of 0.68 g∙min-1 and two pulses with 1.36 and 
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2.04 g∙min-1 were introduced at temperatures of 1623 and 1800 K (left axis). 

The temperature was measured at the focal height of the HFSS, which is the 

maximum value of the temperature distribution along the reaction zone. 

Each feed pulse was accompanied by the subsequent evolution of CO and 

CO2 (right axis), which indicates that ZnO was reacted to Zn. Minor amounts 

of released H2 are associated with outgassing of the carbon source. An 

increasing evolution of CO is consistent with increasing feed rates and 

increasing temperature, as expected.  

 

 

 

Figure 3.1: Temperature at the focal height of the HFSS and molar flow rates of 

evolved gases for a typical pulsed feeding experiment at p = 100 mbar. Arrows 

denote gas species at select peak heights, where solid lines are CO, dashed lines are 

H2, and filled peaks are CO2. Segment (A) corresponds to 3 feed pulses with 

m = 0.68 g∙min-1. Segments (B) and (C) correspond to 2 feed pulses with m = 1.36 

g∙min-1 and m = 2.04 g∙min-1, respectively. 
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The extent of reaction can be estimated by accounting for the transfer of 

oxygen atoms from ZnO to CO and CO2. The oxygen-based conversion is 

defined as, 

  2ZnO CO CO

ZnO ZnO

2n n n
X

n n 

   
   (3.1) 

where n+
ZnO and ∆nZnO denote the introduced and reacted amount of ZnO, 

respectively. ∆nCO and ∆nCO2 denote the amount of produced CO and CO2 

that was released after each feed pulse and was obtained by integration of the 

gas analysis signal as, 
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Here, yCO and yCO2 are the molar fractions of CO and CO2 measured by the 

IR-analyzer. 
totV is the total volume gas flow in the reactor (i.e., 5 l∙min-1 

inert sweep gas and generally less than 5 % evolved product gases) and Vmol 

denotes the ideal gas volume equal to 22.4 l∙mol-1 at standard conditions. 

The integration for each peak was carried out from the beginning of the feed 

pulse (t1) to the start of the subsequent feed pulse (t2). 

It was found that decreasing pressure had a diminishing effect on the 

extent of the reaction. The average oxygen conversion as a function of 

system pressure is shown in Figure 3.2. Maximum conversion of X = 16 % 

was achieved at a pressure of 1000 mbar. It can be seen that conversion 

gradually reduces with decreasing pressure. At a pressure of 1 mbar, reactant 

conversions fell into a narrow range (1 % < X < 2 %) for a mean temperature 

of ≈1600 K (8.8 kW) in the reaction zone. For the case of a lower mean 

temperature of ≈1400 K (5.9 kW), the results indicate that almost no reaction 
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occurred. According to thermodynamic considerations, it is anticipated that 

the conversion increases at lower reaction pressures, as reduced pressure in 

the reactor would shift the thermodynamic equilibrium of Eq. (1.4) to a 

lower temperature. Further, mass transfer of reaction products increases at 

lower pressure as gas diffusivities are inversely proportional to pressure, thus 

more reaction products should have formed at low pressure compared to 

ambient pressure at equivalent reaction temperatures. As discussed in 

Section 3.2.2 below, this result is likely due to shorter particle residence time 

in the reaction zone with decreasing reaction pressures. 

 

 

 

Figure 3.2: Oxygen conversion for pulsed feeding experiments, investigating effect 

of system pressure, feed rate, and mean temperature TR of the reaction zone. Feed 

rates are indicated by marker type. The error bars denote the standard deviation 

within feed pulses. 
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At pressures higher than 10 mbar, it is evident that oxygen conversion is 

increased with higher reaction temperatures, as expected. However, 

increasing the reactant feed rate reveals the beginning of a conversion 

limitation for the conditions tested. In fact, oxygen conversion reaches 

nearly the same values for pulsed feed rates of 1.36 and 2.04 g∙min-1. Two 

possibilities exist for diminished reaction extent at increased feed rates: (i) 

Insufficient heat transfer from the tube wall to the denser particle cloud as 

the feed rate is increased, resulting in lower particle temperatures; (ii) only a 

fraction of reactant particles with sufficiently small particle diameter 

undergo reaction, as small particles exhibit higher specific surface area that 

is beneficial for radiative heat exchange [82]. Consequently, small particles 

are heated rapidly enough to react inside the reaction zone, while larger 

particles – or agglomerates that were formed during feeding – exhibit a 

much smaller specific or effective surface area and thus react to a much 

lesser extent. As the size distribution of particles introduced to the reactor 

can be assumed to be comparable across all feeding rates, the influence of 

particle size on reaction extent may explain the capacity limitation revealed 

in the experimental data. Another possible reason for the capacity limitation 

is reduced particle residence time at higher feed rates. 

 

3.2.2 Continuous feeding experiments 

In order to determine the continuous feeding behavior of the vacuum 

aerosol reactor, feeding intervals were increased to 10 min. A characteristic 

experimental run displaying the temporal variation of temperature, incident 

radiative flux, and evolved gases at a pressure of 10 mbar is depicted in 

Fig. 3.3. Upon ignition of the HFSS, the temperature at the focal height (left 
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axis) increased rapidly to a value of 1200 K after 3 min. The incident flux 

density qrad (left axis) was then adjusted to 600 kW∙m-2 (5.9 kW) by 

regulation of the HFSS shutter. A feed rate of 0.68 g∙min-1 was initiated after 

a stable temperature of ≈1646 K had been reached, as measured at the focal 

height of the reactor. This procedure was repeated at flux densities of 

900 kW∙m-2 (8.8 kW) and 1200 kW∙m-2 (11.7 kW), corresponding to 

temperatures of ≈1827 K and ≈1965 K, respectively. As expected, the 

released product gases (right axis) increase with higher temperatures in the 

reaction zone. Measurement of the gases released in the reaction exhibit a 

latency of approximately 60 sec due to the time it takes for gases to be 

transported from the reactor to the gas analysis equipment.  

A summary of experimental results for the continuous feeding 

experiments as a function of incident power and reactor pressure is listed in 

Table 3.1. In total, 11 experiments were conducted. The variation in 

temperature has a standard deviation of ≈20 K, indicating good repeatability. 

It was found that the pressure at ambient conditions increased from 960 to 

about 1000 mbar at the highest input power due to heating of the internal gas 

atmosphere. A minor increase in pressure was also observed at the initial set 

point of 100 mbar which was considered negligible. The highest ZnO 

reaction rates (≈0.25 g∙min-1) were attained at ≈1000 mbar with an incident 

power of 11.7 kW and peak temperatures close to 2000 K. As evident from 

the pulsed feeding experiments, the reaction extent at 1 mbar is insignificant 

compared to the reaction extent at higher system pressures across all of the 

reaction temperatures investigated. 
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Figure 3.3: Temperature T at the focal height of the HFSS, incident flux density qrad 

and evolved gases CO, CO2, and H2 for a typical continuous feeding experiment at  

p = 10 mbar (experiment #8 in Table 3.1). Feeding intervals with feed rate 

m  = 0.68 g∙min-1 for duration ∆tf = 10 min are indicated by vertical dashed lines. 

 

 

Table 3.1: Summary of experimental results for continuous feeding experiments, 

varying input power Qrad and reactor pressure p. Mean values of focal height 

temperature T, ZnO reaction rate 
ZnO+C

m , and partial pressures of product gases are 

displayed. 

Test # p  T  ZnO+C
m   pCO  pCO2  pH2 

 [mbar] [K] [g∙min-1] [mbar] [mbar] [mbar] 

       Qrad,1 = 5.9 kW 

       5 1 1615 0.006 0.28 0.00 0.12 

6 1 1637 0.013 0.45 0.00 0.12 

7 9 1647 0.064 1.69 0.22 0.51 

8 10 1646 0.049 2.22 0.05 0.51 

9 103 1694 0.114 5.57 0.21 1.18 

10 104 1675 0.100 5.10 0.15 0.44 
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Table 3.1 continued: 

11 971 1656 0.079 3.50 0.34 0.65 

12 983 1627 0.084 4.73 0.46 0.76 

13*a 2 1639 0.027 0.77 0.19 0.48 

14*b 5 1647 0.072 3.24 0.23 0.57 

15† 1 1647 0.004 0.05 0.01 0.03 

       Qrad,2 = 8.8 kW 

       5 1 1797 0.013 0.48 0.00 0.16 

6 1 1815 0.019 0.60 0.01 0.10 

7 10 1822 0.138 3.64 0.24 0.60 

8 11 1827 0.110 3.76 0.06 0.48 

9 106 1864 0.169 8.51 0.23 1.06 

10 103 1861 0.156 7.75 0.19 0.59 

11 997 1838 0.162 7.06 0.86 0.89 

12 993 1802 0.173 7.85 0.75 0.62 

13*a 4 1838 0.093 2.99 0.24 0.46 

14*b 9 1844 0.139 7.23 0.18 0.63 

15† 1 1798 0.010 0.13 0.01 0.05 

       Qrad,3 = 11.7 kW 

       5 1 1945 0.028 0.79 0.05 0.19 

6 1 1948 0.026 0.69 0.04 0.20 

7 10 1913 0.164 4.38 0.17 0.54 

8 12 1965 0.165 5.26 0.06 0.47 

9 112 1969 0.234 12.20 0.22 1.05 

10 112 1989 0.217 11.52 0.18 0.56 

11 1014 1992 0.239 10.91 1.12 0.93 

12 1002 1973 0.258 12.02 1.00 0.62 

13*a 7 1971 0.126 4.97 0.22 0.53 

14*b 9 1980 0.182 7.87 0.16 0.54 

15† 1 1913 0.029 0.13 0.01 0.05 

       
* Experiments with RPC particle flow obstruction,  (a) 1 RPC and (b) 2 RPC elements. 

† Experiments with no argon sweep gas at 1 mbar. 
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The oxygen-based conversion obtained for the continuous feeding 

experiments displays a diminished reaction extent with decreasing system 

pressure, as can be seen in Fig. 3.4. The highest conversion (X = 44 %) was 

obtained at a system pressure of 1000 mbar at an incident power level of 

11.7 kW. At 100 mbar, the oxygen conversion appears to be slightly 

decreased except at a power level of 5.9 kW. Reducing the system pressure 

to 1 mbar yielded significantly lower conversions (2 % < X < 4 %) over all 

input power levels. This observed low conversion can be explained by a 

substantial decrease in particle residence time with decreasing system 

pressure. As system pressure is decreased, particles are no longer able to be 

suspended and entrained in the fluid flow, and they approach free fall 

velocities. This relationship is illustrated by the Knudson number Knp, which 

relates the mean free path length of gas molecules to a representative 

physical length scale – such as wall distance, pore or particle diameter.  
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Figure 3.4: Oxygen conversion (left) and particle Knudsen number (right) for 

continuous feeding experiments investigating the effect of system pressure and mean 

temperature of reaction zone TR. Input power levels Qrad are  indicated by marker 

type: squares refer to experiments at 5.9 kW corresponding to reactor mean 

temperature TR≈1400 K, circles to 8.8 kW with TR ≈1600 K, and triangles to 

11.7 kW with TR ≈1700 K, respectively. The error bars denote the standard deviation 

between two replicate experiments.   



Commissioning experiments           51 

 

A continuum approximation of the particle flow behavior (indicating 

that a particle would be entrained in the fluid flow) is valid for Knp< 10-2, 

whereas a decoupling between particle flow and fluid flow can be assumed 

for high Knudsen numbers, i.e. Knp >1. For a more detailed discussion the 

reader is referred to the work of Loth [83]. The relative particle velocity w in 

a flowing gas is defined as, 

  g p -w v v   (3.3) 

were, vg and vp denote gas and particle velocity, respectively. The particle 

Reynolds and Mach numbers are then, 
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where ρg is the gas (Ar) density calculated by the ideal gas law. η denotes the 

gas (Ar) dynamic viscosity and ag is the speed of sound of argon, the latter 

given by, 
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Argon is considered as ideal mono-atomic gas with a specific heat ratio 

γ = 5/3. R is the gas constant and MWAr denotes the molecular weight of 

argon. The relationship between the particle Reynolds and Mach numbers 

can be expressed as the particle Knudsen number [83], 
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The dimensionless number Knp defines the ratio between the mean free 

path of the gas molecules Λ, and the diameter of a particle dp that is 

entrained in the gas flow. For Knudsen numbers in the range 10-2 < Knp < 1, a 

slip and transition flow behavior between particle and gas continuum occurs. 

In the reactant particle size distribution (Fig. 2.5), the highest mode of 

ZnO:C particle size is 50 µm. The corresponding particle Knudsen number 

with a particle diameter of 50 µm obtained from Eq. (3.7) exceeds unity at a 

pressure below 2 mbar, as depicted in Fig. 3.4. In contrast, at a system 

pressure of 1000 mbar, the Knudsen number for a 50 μm diameter particle is 

1.6×10-3. At a system pressure of 1 mbar, particles are decoupled from the 

fluid flow and achieve residence times in the reaction zone that approach 

free fall (0.06 s for a 50 μm diameter particle), resulting in substantially 

decreased reaction extents due to shorter residence time than at ambient 

pressure (0.43 s). Although only a single particle is considered here, the 

observed flow decoupling reveals valuable insight for the continuum of 

particles investigated in this study. 

A fluid dynamic analysis of a spherical particle entrained in a gas flow 

at different pressures can elucidate the decoupling between fluid and particle 

phase, resulting in reduced particle residence time in the reaction zone at low 

pressure. The model developed here considers a single spherical particle that 

is falling under the influence of gravity within the graphite absorber tube, 

beginning with zero velocity at the height of the particle feeder. Drag on the 

particle exerted by the fluid flow, in addition to buoyancy, is taken into 

account. The particle diameters considered are taken from characteristic 
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values of the particle size distribution of the reactant ZnO:C mixture, as 

shown in Fig. 2.5. At each pressure level, a constant downward-directed 

volume flow of 5 l∙min-1 is assumed within the graphite absorber tube. This 

volume flow corresponds to an average gas velocity of vg = 0.20 m∙s-1 across 

the tube cross sectional area. The spherical particle is assumed to be solid 

with mean density ρp as given by, 

 ZnO ZnO C
p

ZnO

C

C

=    
MW MW

MW MW

 





  (3.8) 

with molecular weights MWZnO and MWC and densities ρZnO and ρC of the 

reactants zinc oxide and carbon, respectively. Applying a force balance on 

the particle yields a first order differential equation for the particle velocity 

vp along the vertical tube axis, 

 
p

p D g p p

dv
m F V g m g

dt
    (3.9) 

Here, mp denotes the particle mass, and FD is the drag force exerted on 

the particle. The second term on the right-hand side applies to buoyancy, 

denoted by fluid density ρg, particle volume Vp, and standard gravity g, with 

the last term representing the weight of the particle. Using the volume-

definition for particle mass, mp = ρp Vp, Eq. (3.9) becomes, 
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where ρg is calculated by the ideal gas law. The drag force FD exerted on the 

particle by the fluid flow is denoted by [83], 
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For Rep < 45 and Mp < 1 the drag coefficient CD can be found as [83], 

 
0.687

p Kn

p

24
(1 0.15 )DC Re f

Re
    (3.12) 

where fKn describes the Knudsen correction factor accounting for rarefaction 

effects at reduced pressure [83], 

 Kn

p p

1

1 [2.514 0.8 ( 0.55 / )]
f

Kn exp Kn


  
 (3.13) 

The time-dependent particle velocity was calculated at various system 

pressure levels by solving Eq. (3.10) numerically, subject to the initial 

condition vp = 0 m∙s-1 at t = 0 s. The resulting particle velocity vs. time 

profiles were then numerically integrated to yield the traveled particle 

distance with respect to time. The particle residence time τr was obtained by 

determining the time interval in which the particles travel through the hot 

reaction zone (-70 mm < ζ < 70 mm) with height of 140 mm, as depicted in 

Fig. 2.1. 

Figure 3.5 plots particle residence times in the reaction zone as a 

function of system pressure for characteristic values of the cumulative 

reactant particle size distribution as listed in Table 2.1. A sigmoidal decrease 

in residence time with decreasing system pressure is evident for all particle 

sizes considered. For the average particle diameter pd = 34.3 µm, residence 

time begins with ≈0.54 s at 1000 mbar and decreases to ≈0.09 s at 1 mbar. τr 

is nearly stable in the pressure range 100 to 1000 mbar, and is followed by a 
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pronounced reduction towards lower pressures. Particles greater than the 

median (d50 = 18.3 µm) approach an asymptotic residence time of 0.04 s at a 

pressure of 0.1 mbar indicating that they approach their terminal velocity. As 

expected, the residence times of fine particles (dp < d10) are less affected by 

pressure reduction than those of large particles. The progression of particle 

residence time with system pressure shows a very similar decreasing 

sigmoidal characteristic as observed for oxygen conversion vs. system 

pressure from experiments described previously and depicted in Fig. 3.4. 

 

 

 

 

Figure 3.5: Particle residence times in the reaction zone as a function of system 

pressure for spherical particles of different size. Equivalent particle diameters 

considered were taken from characteristic values of the reactant particle size 

distribution in Fig. 2.5. 
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A statistical comparison between the experimental oxygen conversion, 

the modeled particle residence time data, the delivered solar input power, 

and the system pressure for a mean particle diameter of pd  = 34.3 µm 

supports this finding. First, for each of the four investigated pressure levels, 

the covariance 
rr,i[ ( )( )]/ ( 1)i Xi

Cov X n       and correlation 

/ XCorr Cov    between conversion Xi,, and residence time, τri, are 

computed against the three input power levels, Qrad,1-3 [84]. The mean value 

is denoted as, 
r

,X   , and the standard deviation of Xi and τri is denoted by 

X and 
  respectively. By definition, the correlation is bounded within 

range -1 ≤ Corr ≤ 1, indicating that a high degree of correlation exists close 

to +/- 1. Table 3.2 is a summary of the obtained covariance and correlation 

data at each pressure level. A high correlation (Corr > 0.85) is found 

between X and τr across the three input power levels, indicating that their 

characteristic shape is significant. Second, the relationship between 

conversion and residence time as a function of system pressure is explored 

by calculating the correlation between the change in normalized X, ∆X ⃰, and 

the change in normalized τr, ∆τr⃰, as a function of the change in system 

pressure, ∆p. These results are tabulated in Table 3.3. Here again, a very 

high degree of correlation (Corr > 0.93) is found between the changes in 

system pressure and the resulting change in conversion and residence time. 

This result further supports the preliminary hypothesis that reduced 

residence time as a result of reduced system pressure could be a primary 

cause for low reactant conversion. 
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Table 3.2: Statistical comparison of oxygen conversion X from continuous feeding experiments and modeled particle 

residence time τr. Mean values of pressure p, along with X and τr are displayed for three input power values of 5.9, 8.8, and 

11.7 kW (Q1-Q3). For each p the sample mean µ, standard deviation σ, covariance Cov, and correlation Corr of X and τr are 

displayed. 

p   X [-] τr [s]  µX µτr σX στr Cov Corr 

[mbar]  Q1 Q2 Q3 Q1 Q2 Q3 [-] [s] [-] [s] [s] [-] 

1  0.016 0.026 0.044 0.0856 0.0893 0.0988 0.029 0.091 0.012 5.6E-03 6.6E-05 0.995 

10  0.091 0.197 0.284 0.3169 0.3360 0.3396 0.191 0.331 0.079 1.0E-02 7.5E-04 0.951 

107  0.181 0.275 0.381 0.5131 0.5134 0.5150 0.279 0.514 0.082 8.3E-04 6.4E-05 0.941 

993  0.160 0.294 0.437 0.5374 0.5375 0.5375 0.297 0.537 0.113 4.7E-05 4.6E-06 0.857 

 

Table 3.3: Statistical analysis of change in normalized oxygen conversion, ∆X ⃰ vs. change in normalized particle residence 

time, ∆τr ⃰ against system pressure. Mean values of pressure change ∆p, along with ∆X ⃰ and ∆τr ⃰ are displayed for input power 

values of 5.9, 8.8, and 11.7 kW (Q1-Q3). For each ∆p the sample mean µ, standard deviation σ, covariance Cov, and 

correlation Corr of ∆X ⃰ and ∆τr ⃰ are displayed. 

∆p   ∆X  ⃰ ∆τr⃰  µX µτr σX στr Cov Corr 

[mbar]  Q1 Q2 Q3 Q1 Q2 Q3 [-] [-] [-] [-] [-] [-] 

9  0.415 0.581 0.548 0.4349 0.4583 0.4460 0.515 0.446 0.088 1.2E-02 9.6E-04 0.934 

97  0.499 0.266 0.223 0.3688 0.3296 0.3248 0.329 0.341 0.148 2.4E-02 3.6E-03 0.999 

886  -0.114 0.064 0.127 0.0354 0.0462 0.0462 0.026 0.043 0.125 6.2E-03 7.5E-04 0.968 
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Figure 3.6 depicts the mean particle velocity along the reaction zone 

(left axis) and its ratio to the fluid gas velocity (right axis) as a function of 

system pressure. The particle velocities increase to a maximum value of 

2.7 m∙s-1 at the lowest pressure investigated (1 mbar). This increase in 

particle velocity is close to a factor of 13 times larger than the mean fluid gas 

velocity of 0.20 m∙s-1. Fine particles (dp < d10) display a particle to gas 

velocity ratio of unity at 1000 mbar, which indicates that they are well 

entrained in the gas flow with a relative velocity of zero. By contrast, coarser 

particles (dp > d10) exhibit a much higher relative velocity at high pressure 

that is further increased towards lower pressures. This increase is less 

evident in case of fine particles, where the relative velocity increases only 

marginally as the system pressure falls below 100 mbar. These results 

indicate that the residence time in the reaction zone for the majority of the 

reactant particles is significantly reduced at low pressure. As a consequence 

of increased relative velocity, considerably less time is available for the 

chemical reaction, thus explaining the low conversion observed in the 

experiments. Therefore, although thermodynamic considerations indicate the 

benefit of system operation at decreasing pressures, fluid dynamic 

considerations indicate the necessity to consider the effect of vacuum 

pressure on particle residence time. Of course, the thermochemistry of the 

reactant particles is an important aspect that needs to be considered as well 

and will be discussed in Chapter 5.  
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Figure 3.6: Mean particle velocity vp in the reaction zone and its ratio to the fluid gas 

velocity vg as function of system pressure for spherical particles of different size. 

Equivalent particle diameters considered were taken from characteristic values of 

reactant particle size distribution in Fig. 2.5. 

 

 

There are multiple pathways to improving reaction extent at low 

pressure. The size of the particles could be further reduced by a longer 

milling period in order to increase their specific surface area. A larger 

particle specific surface area would enhance heat transfer between the hot 

tube wall and the particle cloud, thus a higher fraction of reactants could 

participate in the reaction. Additionally, a smaller average particle diameter 

would result in a high fraction of particles obtaining a longer residence time. 

Other measures can be taken that increase particle residence time in the 

reaction zone. For example, counter flow of inert sweep gas can be utilized 

in the reactor concept, similar to that developed by Scheffe et al. [85]. An 

additional option to increase residence time in the reaction zone is to 
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physically restrict the fluid and particle flow somewhere along the tube 

length. Recently, Kruesi et al. investigated a trickle bed concept for biomass 

gasification in a solar drop-tube reactor [86]. The reactant particles were 

retarded by means of a reticulated porous ceramic (RPC) inset made of high-

temperature resistant SiC foam. Such a structure decreases momentum of the 

falling particles and thus leads to longer residence time in the reaction zone. 

In this case, particle residence time is increased while radiation is still able to 

reach the reacting particles throughout the medium. As long as reactants can 

be continuously fed into such a system without clogging (i.e., high reaction 

rate capacity), the reactor maintains all of the same benefits as would be 

implied with a continuously fed drop-tube reactor without an obstruction. 

To address low conversion at low system pressure, a particle flow 

obstruction was introduced, and two additional experiments were performed 

at 1 mbar. Cylindrical ceramic RPC elements (diameter 22 mm, height 

10 mm) with average pore diameter of 3.6 µm and porosity of 87 % were 

placed in the graphite tube at focal height. The pore diameter was estimated 

by optical image analysis [87], and porosity was measured by displaced 

volume after immersion in water. The surface area of the inserted ceramic 

was estimated by a correlation for triangular concave struts as proposed by 

Inayat et al. [88]. The degree of physical flow obstruction, Φ, is defined as, 

  RPC

rxn

S

S
    (3.14) 

given by the ratio of RPC surface area, SRPC, to the tube envelope surface 

area inside the reaction zone, Srxn. The influence of physical obstruction on 

reaction extent was tested by placing one and two RPC elements in the 

reaction zone, resulting in Φ of 14 % and 28 %, respectively. Nominal 
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pressure of the experiment was 1 mbar, although actual pressure in the 

reactor increased to a maximum of 9 mbar during reactant feeding due to a 

substantially higher amount of product gases released during the reaction, 

thus exceeding the capacity of the vacuum pump available for the 

experiments. Sweep gas (Ar volume flow of 5 l∙min-1) was used, similar to 

previous experiments. The particle feed rate was 0.68 g∙min-1. After feeding 

was halted, the system pressure level returned immediately to 1 mbar. 

In addition, one experiment at 1 mbar pressure without obstruction 

elements and sweep gas was performed to eliminate the possible negative 

effect on residence time of the latter. Figure 3.7 shows the experimental 

results for the various cases: (i) no sweep gas and no obstruction; (ii) sweep 

gas and a degree of physical obstruction indicated by Φ equal to 0, 14 %, 

and 28 %. It can be seen from the experiments without obstruction that the 

addition of sweep gas only marginally affects conversion. The positive effect 

of increased physical obstruction Φ on reaction extent, however, is evident 

from augmented oxygen conversion as a function of incident power. 

Conversion with no obstruction at 1 mbar remains at X < 5 %, and increases 

to as high as X = 30 % for input power values of 11.7 kW and flow 

obstruction of 28 %. The experiments with 28 % obstruction at 1 mbar 

nominal pressure show comparable oxygen conversion as in experiments 

with no obstruction at 10 mbar (see Fig. 3.4). System pumping limitations at 

a set point of 1 mbar inhibited attaining lower pressures with flow 

obstruction. The primary operational advantage of flow obstruction is the 

potential to reduce or eliminate the use of inert sweep gas at low pressure 

while maintaining a sufficient particle residence time in the reaction zone. 

These results indicate that flow obstruction is a potentially attractive way to 
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overcome the residence time limitation imposed by operating a continuous-

feed reactor at low pressures, however it is likely that the system production 

capacity would be diminished due to obstruction. In an optimized solar 

reactor system, a balance between achieving high conversion and high flow 

of product gases would have to be investigated thoroughly. 

 

 

 

Figure 3.7: Oxygen conversion at 1 mbar nominal pressure and various incident 

power levels for four flow conditions, two of which contain obstruction to particle 

flow within the reaction zone and one no argon sweep gas. Conversion increases 

with higher degrees of flow obstruction Φ. 
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3.2.3 Prolonged feeding experiment 

A final experiment with an extended feeding time of 30 min was 

conducted with the aim of investigating the prolonged operation of the 

reactor under close to steady-state operating conditions. The reactor was 

operated at 100 mbar pressure without the addition of flow restriction. 

Reactant feeding was halted simultaneously with shut down of the HFSS so 

that particle samples could be collected from various locations of the reactor 

after it had cooled. Figure 3.8 illustrates the measured temperature, incident 

radiative flux density and evolved product gases as a function of time. The 

measured temperature at the focal height increased quickly to close to 

1800 K in accordance with step-wise increases of incident flux density from 

0 to 900 kW∙m-2 (8.8 kW). Particle feeding was initiated with a feed rate of 

0.68 g∙min-1, and subsequent evolution of CO, H2, and CO2 (right axis) was 

observed. CO appears to slightly increase linearly over time after the initial 

sharp rise (t ≈20 min). As the feed cycle progresses, reactant particles 

accumulate on the tube wall and begin to contribute to the carbothermal 

reduction in addition to particles reacting directly while falling. These 

deposits are exposed to the high temperature environment in the reaction 

zone for longer periods of time, and as they react off of the wall slowly, they 

are replenished by additional falling particles. Over a much longer period of 

time, it is expected that a quasi-steady deposition pattern would be 

developed on the wall and the evolved gases would reach a characteristic 

constant value. After shutdown, product gases were still measured, which is 

attributed to a delay caused by the transport of gases from reaction zone to 

online gas analysis, along with some residual reaction from particles adhered 

to the graphite tube.  
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Figure 3.8: Temperature T, at the focal height, incident flux density qrad and evolved 

gases for a long feeding experiment at p = 100 mbar. Feeding interval with  

m  = 0.68 g∙min-1 for ∆tf = 30 min is indicated by vertical dashed lines. The HFSS 

was shut down simultaneously with the feeding system. 

 

 

After the system was allowed to cool, samples were collected from 

different reactor locations along the path traveled by the reactants and 

products. XRD analysis, as shown in Figure 3.9, indicates that samples 

collected from the condenser were predominantly zinc. Samples that were 

scraped off from the condenser (1.53 g) were analyzed by HCl chemical 

analysis, indicating a zinc content of 98 wt%, which corresponds to 1.50 g 

Zn. Samples from the collection vessel (particles that fell completely through 

the tube length, 15.51 g) and on the filter paper (reactor outlet, 0.36 g) 

resulted in a low Zn content of 6 wt% (0.93 g Zn) and 58 wt% (0.21 g Zn), 

respectively. Samples deposited within the graphite tube were negligible in 
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quantity (30 mg) and were determined to be composed of ZnO and Zn2SiO4. 

Formation of the latter is attributed to the Aerosil free-flow additive mixed 

with the reactants and participating in the reaction. Diffraction patterns taken 

from the reactant mixture in the feeder and from raw ZnO powder showed 

good agreement. Carbon could not be detected by XRD analysis due to its 

non-crystallinity. The Zn amount retrieved from the condenser and filter 

paper accounts for more than 60 % of the overall Zn produced. It is expected 

that a residual Zn content (< 10 %) in the collection vessel does not affect 

the reusability of the powder as a reactant. Operation of the reactor at higher 

feed rates with use of unreacted material (looping) is expected to reduce 

overall oxygen conversion but to increase the CO flow rate and thus the total 

amount of Zn produced. An optimum operational strategy must be found that 

balances the trade-off between reactant feed rate and reactant conversion in 

order to obtain maximum energy conversion efficiency [38]. 
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Figure 3.9: XRD patterns of ZnO reactant and product samples taken from the long-

term feeding experiment, collected at different locations as shown in Fig. 2.4. 

Samples were taken from powder remaining in the particle feeder (1), graphite tube 

(2), condenser (3), particle collection vessel (4), and particle filter paper (5). 

 

 

Micrograph images of samples from the various collection points are 

shown in Fig. 3.10. Significant changes in morphology are evident; particles 

collected from the condenser are predominantly of spherical shape with 

diameters smaller than 10 microns (Fig. 3.10 (A)). Detailed inspection shows 

that the spheres exhibit flattened sides and step-like growth patterns  

(Fig. 3.10 (B)). Similar morphologies were described by Buckle and Pointon 

[89] and confirmed to originate from solidified Zn droplets. The small size 

of the Zn droplets can be regarded as beneficial for usage in the second 

reaction step of the thermochemical cycle (Eq. (1.2)); due to the small 
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particle size, a high reaction surface area is available for reduction of H2O 

vapor and CO2. As can be seen in Fig. 3.10 (C), particles that were sampled 

from the collection vessel are one order of magnitude larger and less 

homogenous than samples collected from the condenser. These particles 

appear to be large agglomerates that mostly consist of accumulated ZnO and 

carbon fragments, as depicted in Fig. 3.10 (D). The considerably larger size 

of particles implies that they passed the hot reaction zone too quickly and 

underwent only partial reaction, also evidenced by their low Zn content of 

6 wt%. The round shape of the agglomerates can be an indicator that 

sintering occurred as they were exposed to the high temperature environment 

in the reaction zone. Particulate matter collected from the particle filter is 

small in size (Fig. 3.10 (E)) and comparable to samples collected from the 

condenser. This is to be expected as the particles had to be entrained in the 

gas flow in order to be retained by the filter paper. Particles collected from 

filter paper show zinc droplets and hexagonal prisms [90] (Fig. 3.10 (F)) that 

condensed on fine carbon fragments visible as integral black fragments. 
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Figure 3.10: SEM images of collected samples from the long-term feeding 

experiment at different reactor locations described in Fig. 2.4. (A) Overview and (B) 

detail of precipitated reaction products on the condenser (location 3). (C) Overview 

and (D) detail of agglomerated particles collected in collection vessel (location 4) 

below the reactor. (E) Overview and (F) detail of fine particles collected from filter 

paper on the gas outlet (location 5). 
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3.3 Conclusions 

The initial commissioning experiments have shown that the graphite 

drop-tube performs extremely well in the HFSS environment with low 

thermal inertia, sustained temperatures close to 2000 K, and heating rates as 

fast as 1400 K∙min-1. Continuous operation and reactant feeding under 

vacuum and high temperature conditions was feasible for extended time 

periods (>30 min). A reduction in system pressure was found to have a 

negative impact on final reactant conversion due to decreased particle 

residence time with decreasing system pressure. While maintaining a system 

pressure of 1000 mbar, increasing the temperature of the reaction zone from 

≈1400 to ≈1700 K resulted in an increase in final reactant conversion from 

16 to 44 %. While operating at the lowest system pressure of 1 mbar, the 

same increase in temperature resulted in a marginal conversion increase 

(2 % < X <4 %). A simple, single-particle model was developed to show that 

reduced particle residence times at high vacuum could be linked to low 

reaction performance. A high correlation was found between the 

experimentally determined reactant conversion extent and the modeled 

residence time as a function of system pressure. The experimental findings 

indicate clearly that further research into the issue of particle residence time 

is necessary. Further than considering an idealized single model particle, it is 

of great importance to obtain experimental evidence based on particle flow 

characterization from the actual feeding system used for the solar reactor. 
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Particle flow investigation4 

 

The first commissioning experiments and results from a simple particle 

model have shown that poor reaction performance of the vacuum drop-tube 

reactor at low system pressures could be linked to a significantly reduced 

particle residence time. This chapter aims to investigate how the bulk of the 

particles moving through the drop-tube are affected by low pressure. In order 

to visualize the axial and radial distribution of the particles and to 

experimentally verify a reduction in particle residence time, the experimental 

setup was modified to accommodate visual access. Online characterization 

of particulate flows can be achieved by using laser based techniques [91]. 

Dry laser diffraction [92] and particle imaging [93] are common techniques 

to obtain information on in-situ particle size distribution of moving particle 

streams. The generic particle concentration can be obtained by an optical 

laser transmission measurement, in which light is attenuated according to 

Beer’s law [94,95]. If two beam lines are implemented in a laser 

transmission measurement setup, the particle residence time can be easily 

obtained from the time shift between the two transmission signals.  

                                                      

4 Material from this chapter has been published in: M. Brkic, E. Koepf, I. Alxneit, A. 

Meier, Vacuum powder feeding and dispersion analysis for a solar thermochemical 

drop-tube reactor, Chem. Eng. Sci. 152 (2016) 280–292. 
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4.1 Experimental setup and transmission measurement apparatus 

An overview of the experimental setup for the vacuum powder feeding 

and characterization experiments is shown in Fig. 4.1a. The particle feeder 

(ultrasonic or rotary valve) is situated in a vacuum tight housing made from 

standard stainless steel iso-K-100 parts. The particles are introduced to the 

measurement zone through a discharge tube (20 x 19 mm, length 250 mm). 

Optical access to the dispersed particles is gained via two stainless steel 

KF 40 crosses mounted with two borosilicate windows (Vacom, KF-

Schauglas DN40). Two laser beams (L1, L2), separated axially by 140 mm, 

cross the path of the falling particles perpendicularly. The amount of 

transmitted light is registered by two detectors, D1 and D2 (Thorlabs, 

PDA36A: Si switchable gain detector), which are placed at height of the top 

and bottom reflector edge position of the drop-tube reactor setup (Fig. 2.1). 

Particles exiting the reactor are collected in a vessel after the measurement 

zone. Particles that remain entrained in the gas flow are retained by filter 

paper mounted downstream before the vacuum pump. The setup is operated 

under dynamic vacuum provided by a rotary pump (Pfeiffer, Duo 016 B: 

16∙m3∙h-1). A particle trap (Mass-Vac, Posi-Trap) is installed in front of the 

pump to provide additional safety against particle contamination. The system 

pressure inside the reactor is measured by a Pirani gauge (Balzers, TPR 010 

gauge, TPR 100 controller) and by a combined Pirani and capacitance 

transmitter (Oerlikon, Thermovac TTR 101) that is mounted at the top of the 

vacuum housing. A minimum steady state pressure of 0.3–1 mbar is 

typically reached within 2 min. The pressure in the setup can be adjusted by 

means of a needle valve (Balzers, EVN116), which limits the effective 

pumping speed of the vacuum pump.  
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A schematic of the optical system required for the transmission 

measurements is shown in Fig. 4.1b. The optical setup is mounted on rails as 

to ensure accurate alignment relative to the particle feeder. The output of a 

He-Ne laser (Hughes Aircraft, 3203H-PC-01) operating at 632.8 nm is 

attenuated by a neutral density filter (Andover) to prevent saturation of the 

detectors (D1, D2) and is passed through a chopper (operated at 1200 Hz). 

The beam is then expanded in a Galilei telescope arrangement with plano-

concave and convex lenses. The beam is expanded to a width of 20 mm to 

ensure that all particles pass through the measurement volume and that the 

exit window does not act as a limiting aperture. A beam splitter is used to 

split the laser into two separate beams. The first beam marks the beginning 

of the measurement zone, and the second beam passes the vacuum housing 

140 mm below the first beam and marks the end of the measurement zone. 

Biconvex lenses focus the laser beams onto the detectors. The signals of both 

detectors and the reference signal from the chopper controller unit are fed 

into lock-in amplifier modules (AMKO, Mini Lock-in-Modul) and then 

recorded by a data acquisition (DAQ) system (12 bit, 2.5 mV resolution). 

Although the laser transmission measurements are capable of determining 

the particle residence time with a high temporal resolution of a few 

milliseconds, the technique lacks the ability to assess the radial expansion of 

the particles as they fall through the tube. Therefore, the particle flow was 

also visualized with high definition video recording using a DSLR camera 

(Nikon, D5200, lens AF-S DX Nikkor 18-105mm/3.5-5.6G). For these 

experiments, the KF steel crosses were replaced by a quartz tube (outer 

diameter 70 mm, wall thickness 2.5 mm, length 500 mm), similar to on-sun 

operation of the solar thermochemical drop-tube reactor. A second quartz 



74           Chapter 4 

 

tube (outer diameter 25 mm, wall thickness 1 mm) is inserted serving as the 

drop-tube to confine the particle flow to the same diameter as used in the 

high temperature reacting environment. The DSLR camera is positioned 

perpendicular to the tube center line axis at the height of the laser 

measurement zone, allowing a sufficient view field to capture the radial 

particle expansion. 
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Figure 4.1: (a) Schematic layout of the experimental setup to investigate the particle flow. Two laser beams (L1, L2) cross the particle 

stream perpendicular to its flow direction; the transmitted light is measured with two detectors (D1, D2). (b) Illustration of the optical 

setup for the transmission measurement. The laser beam is modulated with a chopper, expanded and split into two single beams that 

cross the particle flow. Detectors register the amount of transmitted laser light and transfer the data to the DAQ system. 
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4.2 Experimental procedure and data analysis 

4.2.1 Ultrasonic vibratory feeder experiments 

Before each experiment, the feeder sieve was loaded with a sufficient 

amount of pre-treated powder (typically 13 g) to allow for ten experiments, 

each lasting 60 s. The setup was evacuated until a stable pressure of around 

1 mbar was reached. Data collection was then initiated and the zero-

transmission signal of both laser beams was recorded for at least 60 s. Once 

this was accomplished, the ultrasound generator was turned on and the 

particles were dispersed for 60 s. Then, the ultrasound generator was turned 

off and the zero-transmission signal was again registered for at least 60 s. 

The setup was purged with air and the weight of the powder in the collection 

vessel was determined. This procedure was repeated ten times to obtain 

average mass flow rates and the corresponding average transmission values 

across a range of sieve mesh sizes (25, 45 and 80 µm) and vibration 

amplitudes (50 % and 100 %). For the ultrasonic feeder experiments, only 

one laser beam was used to probe the particle stream. The second beam was 

used to register variations of the laser power. The raw signals were recorded 

at 100 Hz and subsequently smoothed with a moving average filter to 

remove high frequency noise. These data did not give transmission values in 

the range 0-1, as the two signals I1 and I2 were recorded by different 

detectors and lock-in amplifiers. Rather, each component had a different 

sensitivity and was operated at its optimal gain setting, resulting in 

transmission data that needed to be normalized in order to be comparable. 

Additionally, variations in the laser power output made it necessary to 

detrend the recorded signals for further analysis. The signal baseline Ib was 

acquired by a piecewise linear approximation. Six equidistant support time 
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points were selected each for the zero signal before and after feeding. A 

mean estimate at each time point was obtained by averaging 50 samples 

locally. Ib was then computed by linear interpolation between the mean 

support points. The transmission signal T was then obtained as, 

  
b b b( ) /T I I I I    (4.1) 

where I is the raw detector signal, Ib the linear approximated baseline, and 

bI  its mean value. Three average transmission values, T, and their standard 

deviation were calculated from the raw data: T1 from the zero signal before 

feeding, Tf during feeding, and T2 from the zero signal after feeding. This 

process is depicted visually in Fig. 4.3 (Section 4.3.1), where it is shown 

how Ib (left axis, red curve) is acquired from the raw detector data and how 

T1, Tf, and T2 are specified. Due to the generally low absolute attenuation of 

the laser light (<1 %), data was regarded as above the noise threshold if the 

band spanned by the mean value of Tf plus one standard deviation was below 

the band of the zero signals T1 and T2 plus their corresponding standard 

deviations. Measurements that did not match this acceptance criterion were 

discarded. The attenuation of the laser beam during feeding, 1-T, is 

proportional to the instantaneous feed rate of ZnO and was used to estimate 

the cumulative fed ZnO mass as, 

  ZnO

0

( ) (1 ( )) (1 )

t

m t m T d T d        (4.2) 

in which m(t) is the time dependent cumulative amount of ZnO fed and 

∆mZnO is the weight change externally determined before and after feeding. 

Despite low absolute signal attenuation due to low mass flow rates (relative 

to the size of the drop-tube), the method is effective in characterizing the 
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particle flow because the transmission measurement is sensitive enough to 

capture the homogenous and finely dispersed particles. The particle 

dispersion of the ultrasonic feeder is further characterized by obtaining the 

PSD online by a laser diffraction measurement system (Sympatec, Helos 

Vario). In case of a 45 mm mesh size, the particles exhibit a clear maximum 

peak frequency at a particle diameter of 50 mm. However, this technique is 

not applicable to the rotary valve feeder due to its inherent pulsating mass 

flow that prohibits stable measurement conditions for the in-situ laser 

diffraction measurement system. 

 

4.2.2 Rotary valve feeder experiments 

Pre-sieved and dried ZnO and carbon reactants were carefully loaded 

(loosely filled) into the hopper before each experiment. The particles were 

passed through a 500 µm sieve during loading to avoid powder compression 

in the hopper. Feed rate calibration experiments were conducted by placing a 

balance (Mettler Toledo, PM480) below the feeder discharge tube to collect 

and measure mass accumulation. The rotation frequency of the rotary valve 

was varied in ten steps to achieve feed rates m  between 3.4 and  

42.0 g∙min-1. For selective transmission measurements, the rotary valve 

frequency had to be reduced to ≈1.25 rpm in order to observe well resolved 

feed pulses. A feed pulse is defined as a single batch of powder discharged 

from the rotary valve. As a feed pulse passes through the two laser beams 

used in the experiments, each detector records a characteristic dip in the 

transmission curve. This characteristic dip is referred to as a “peak” in the 

following text. Particle residence times were determined on the basis of the 

time lag between the signals recorded with the two detectors. The particle 
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residence times, τ10 and τ50, were measured from the peak leading edges (LE) 

at 10 and 50 % of the peak height, respectively.  

In addition to the laser transmission measurements, the particle flow 

was characterized with high definition video recordings. The video 

recordings were conducted in darkness, and the quartz tube was illuminated 

with a single point white LED positioned below the camera and pointing up 

towards the quartz tube at a 60° angle. A matte black background was 

provided 10 cm behind the quartz tube by a suspended black fabric. High 

definition videos of short feed pulse sequences were recorded at system 

pressures of 1, 100, and 960 mbar with a temporal resolution of 25 frames 

per second and an ISO setting of 2000. For further analysis, individual 

frames were extracted and converted to 8-bit grayscale images. The degree 

of radial dispersion of the particles was determined by analyzing horizontal 

intensity profiles across the quartz drop-tube. The particle cloud width was 

determined based on the length that covers 90 % of the area under the curve 

of the intensity profile along the horizontal measurement axis.  

 

4.3 Results  

4.3.1 Ultrasonic vibratory feeder 

Reproducible and adjustable feed rates are important parameters for a 

particle feeding system intended to be used in a solar thermochemical 

reactor. Figure 4.2 shows the mass of the dispersed powder accumulated in 

the collection vessel and the feed rates obtained from the mass increase 

during each cycle for the ultrasonic vibratory feeder. Three experiment trials 

consisting of 10 feeding cycles are depicted, each with a sieve mesh size of 

45 µm and 100 % vibration amplitude. The three trials were conducted under 
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nominally identical conditions and their results are typical for the setup. All 

three curves exhibit a high degree of linearity (R2=0.9993) and clearly 

demonstrate that stable feeding conditions are reached. Two curves almost 

perfectly coincide and correspond to a feed rate of 117 mg∙min-1. One curve, 

however, corresponds to an almost doubled feed rate of 207 mg∙min-1. This 

is due to the difficulty in consistently assembling the mechanical 

connections of the sonotrode (depicted in Fig. 2.2). In order to load the sieve 

with fresh powder, the feeder unit has to be disassembled, including the 

sonotrode that couples the sieve and the ultrasonic transducer. It is difficult 

to ensure that the mechanical connections between the different parts of the 

reassembled unit are identical between experiments. Thus, resonance 

frequencies in the feeder unit can vary between experiments and are likely to 

have caused the observed deviation in the absolute feed rate. 

In Figure 4.3, an overview of the raw and detrended transmission signal 

T (left y-axis) as well as the cumulative mass of ZnO (right y-axis) is 

provided for three representative feed cycles. A sieve mesh size of 45 µm 

and 50 % vibration amplitude was used to obtain the data depicted. The time 

axis has been broken in Fig. 4.3 to focus on the individual feed cycles. It is 

clear that the absolute decrease of T is generally low (<1 %) with a slight 

decrease towards the end of the feeding period. This decrease in attenuation 

towards the end of the feeding cycle corresponds to a negligible deviation 

from linear mass increase, as evident from the cumulative fed ZnO mass 

shown on the right y-axis of Fig. 4.3. The smooth mass gain and uniform 

decrease of T indicates that the particles are finely dispersed, i.e. not falling 

in agglomerations. Rather, the particles drizzle continuously in the collection 

vessel with no pulsation of mass flow.  
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Figure 4.2: Accumulated mass, m (left y-axis), and feed rate, m  (right y-axis), for 

the ultrasonic feeder and 45 µm sieve mesh size at 100 % vibration amplitude setting 

for nominally identical conditions. The symbols denote weight measurements after 

each feeding cycle. 

 

 
Figure 4.3: Raw I1 (black), baseline Ib (red), and trend corrected transmission signal 

T (blue), (left y-axis) for three representative runs with a 45 µm mesh size at 50 % 

amplitude setting and p = 1 mbar. Cumulative fed mass of ZnO, m (right y-axis).  
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Figure 4.4 summarizes the data obtained by varying sieve mesh size and 

vibrational amplitude with statistical Tukey boxplots [96]. Transmission, T, 

during feeding is displayed in Fig. 4.4a, whereas the corresponding mean 

feed rates, m , are shown in Fig. 4.4b. The boxes indicate the interquartile 

range (IQR) of each data set, displaying 50 % of the data and its dispersion 

around the median (horizontal line). The whiskers denote the maximum and 

minimum values from the data set, within 1.5 IQR around the median. Data 

values exceeding the range of +/-1.5 IQR are considered to be outliers. With 

50 % vibrational amplitude, it is evident that transmission T decreases 

consistently with increasing sieve mesh size from 0.997 to 0.994. At the 

same time, m  increases inversely proportional to sieve mesh size, from 57 

to 288 mg∙min-1 for meshes of 25 and 80 μm, respectively. This result is to 

be expected, as a larger sieve mesh inherently disperses the particles more 

coarsely. The increased particle size is linked to a higher scattering area that 

attenuates the incoming laser light to a greater extent. The observed increase 

in mass flow is due to a higher specific particle volume that is generated 

with a larger sieve mesh size. No correlation between transmission T or ZnO 

feed rate m  to sieve mesh size seems to exist at vibrational amplitude of 

100 %. The signal attenuation is weaker for the sieve mesh size range 25 to 

80 µm, varying between values of 0.997 to 0.996. At high vibrational 

amplitude, the mass flow through the sieve seems not to be determined by 

the mesh size of the sieve but by the intensity of the agitation of the particles 

in the sieve. This is evidenced by the median values of T and m  that are 

located closer together with overlapping IQRs. 
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Figure 4.4: Statistical Tukey boxplot of the transmission Tf during feeding for different conditions (a) and ZnO feed rate m  (b), both 

for the ultrasonic feeder. The parameters varied are sieve mesh size and vibration amplitude. The individual data points are plotted to 

the left of the corresponding boxplot. 
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It is observed that feed rates differ between trials for the same sieve 

size, despite being reasonably similar within one trial (Fig. 4.2). The 

vibrational characteristics of the feeder unit, and thus the way in which the 

ultrasound waves are propagated from the transducer to the sieve, depend on 

its resonance frequency. The resonance frequency, in turn, depends on the 

exact mechanical assembly of the feeder, most crucially the connection 

between the sonotrode and the sieve, which is difficult to assemble 

consistently. Various options are available to overcome this difficulty. The 

implementation of a sensor unit or method that can measure the actual 

vibrational amplitude and frequency at the site of the sieve would be 

valuable. This would provide further insight into the actual system 

characteristics, compared to applying the system’s nominal settings. 

Eventually, it could be feasible to adapt the ultrasonic excitation with a 

feedback control loop capable of maintaining a constant reactant feed rate 

irrespective of assembly resonance frequency. Additionally, an improved 

mechanical sieve holder design which reduces the number of manually 

connected parts could help to decrease variation in the assembly’s resonance 

frequency. While beyond the scope of the current study, it is clear that 

further investigation is necessary to implement and confirm the effectiveness 

of the proposed solution to obtain repeatable feed rates with an ultrasonic 

vibratory feeder. 

However, a major advantage of the ultrasonic feeder is the uniform 

dispersion of particles under vacuum without use of shear forces created by 

high velocity gas jets. Further, it is possible to feed very small amounts of 

powder, in the mg∙s-1 range, with the current ultrasonic feeder configuration. 

Another advantage is that the feed capacity scales with the area of the sieve 
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screen, which is small in our experimental setup (50 mm) compared to 

standard industry-scale applications (500 to 1500 mm). It is feasible to 

extend the operating range of this setup to even lower pressures, for example 

with addition of a turbo-molecular pump, as the atomization of powder into a 

particle cloud is accomplished by mechanical forces alone. Such high 

vacuum systems are not suitable for large gas flows as they are typically 

used in particle atomizing systems that operate at ambient pressure, therefore 

making the ultrasonic method highly appropriate for vacuum systems. 

 

4.3.2 Rotary valve feeder 

The range of attainable feed rates with the rotary valve feeder is 

considerably larger than the range achieved with the ultrasonic feeder. A 

high feed rate range is desirable as it allows exploring the reactant 

conversion and product yield over a broad spectrum of reactant throughputs. 

Figure 4.5 shows the temporal evolution of accumulated mass (left y-axis) 

and instantaneous feed rate m (right y-axis) as a function of feed pulse rate, 

φ. The mass accumulation exhibits a remarkably high degree of linearity as 

shown by linear regression (R2 = 0.9997). Slopes indicate that the feed rate 

range is between 3.4 and 42.0 g∙min-1 for feed pulse rates between 12 and 

132 min-1, respectively. The instantaneous feed rates were obtained by 

numerical differentiation of the raw data that was sampled from the balance 

with a frequency of 1 Hz. The feed rates are not perfectly smooth and 

display small oscillations. The oscillations can be attributed to non-

homogenous particle feeding or oscillations of the balance. In general, the 

standard deviation σ is smaller than 2.9 g∙min-1. Table 4.1 gives an overview 

of the feed rate data obtained for all investigated feed pulse rates. 
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Fluctuations in the feed rate are maximal at the lowest φ, revealing close to 

85 % deviation from the mean value. This behavior can be attributed to the 

design of the rotary valve, which features discrete metering pockets, 

resulting in a characteristic pulsing in the powder discharged from the 

feeder. This behavior becomes more apparent at low rotational speeds, and is 

smoothed out at higher rotational velocities. Further sources of variation in 

feed rate are likely attributed to inhomogeneity and agglomerations in the 

reactant powder. The process of filling and discharging the metering pockets 

is strongly affected by the stochastic nature of powder flow and other 

mechanical characteristics such as hopper vibration [97,98]. 

 

 

 

Figure 4.5: Accumulated mass m (left y-axis) and instantaneous feed rate m (right y-

axis) for the rotary valve feeder, varying the feed pulse rate φ within range 12, 36, 

72, and 132 min-1.    
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Table 4.1: Summary of rotary valve feed rate calibration experiments, reactant feed 

rate, m , as a function of average rotary valve feed pulse rate,  . 

    Trial 1-3 Average   Standard deviation 

  
 1m  

2m  
3m  m  

 
σ rel. 

[min-1]   [g∙min-1] [g∙min-1] [g∙min-1] [g∙min-1]   [g∙min-1] [%] 

12 
 

3.4 3.5 3.4 3.4 
 

2.9 84.8 

20 
 

6.3 6.6 6.1 6.3 
 

1.9 30.0 

36 
 

12.0 11.9 11.8 11.9 
 

2.2 18.6 

48 
 

16.7 15.9 15.5 16.0 
 

2.3 14.1 

60 
 

21.0 19.6 19.6 20.1 
 

1.5 7.2 

72 
 

24.9 23.5 23.3 23.9 
 

2.0 8.5 

84 
 

26.9 27.4 26.1 26.8 
 

0.9 3.5 

96 
 

30.9 31.3 29.0 30.4 
 

1.7 5.7 

106 
 

35.3 35.0 33.1 34.5 
 

1.9 5.4 

132 
 

42.0 43.8 40.1 42.0 
 

2.2 5.2 

 

 

The average feed rate increases linearly with φ, as can be seen from 

Fig. 4.6. The high degree of linearity implies that powder slip in the rotary 

valve can be considered negligible, and that the valves are on average filling 

appropriately. The deviation from the overall linear fit of the φ– m

relationship is well bounded with a maximum relative error smaller than 

12 %. The small relative error indicates good repeatability and consistent 

reactant feed behavior, which is important for the stable operation of the 

solar drop-tube reactor. 
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Figure 4.6: Rotary valve feed rate m  (left y-axis) as a function of feed pulse rate φ 

for three experimental trials. The red curve shows the linear fit obtained from all 

data. The deviation from the fit is depicted as relative error (right y-axis). 

 

Powder flow characterization using the transmission measurement 

apparatus was completed at system pressures ranging from 1 to 960 mbar, 

and ZnO/C feed rates between 3.4 and 42.0 g∙min-1. Figure 4.7 displays the 

temporal evolution of the transmission signal for increasing reactant feed 

rates m . Three typical data curves are shown, each for a system pressure of 

1, 100, and 960 mbar. The transmission signal, T, exhibits initially a form of 

discrete spikes. The spike pattern can be explained by the low rotational 

velocity and the associated characteristic pulsed powder discharge from the 

feeder. As the valve rotation frequency is increased, the time between 

individual spikes decreases accordingly, which can be clearly seen by T 

forming a continuous black band at increased m . The offset between the 

reduction of T during feeding and the zero transmission signal (T =1.0) 

increases both with higher feed rates and system pressure. This offset can be 
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considered as background attenuation δ (defined as 1-Tf, where Tf is the 

mean transmission during feeding). Figure 4.8 shows the values of δ 

obtained as a function of feed rate for system pressures of 1, 100, and 

960 mbar. It is evident that the background attenuation exhibits a 

considerable degree of linearity with increasing m  at 1 and 100 mbar. 

Further increase to a pressure of 960 mbar shows a significant increase in 

background attenuation and deviation from linearity with a maximum value 

of δ ≈0.18 at m = 23.9 g∙min-1. The background attenuation is increased at 

high pressure as a relatively dense cloud of particles is maintained in a 

turbulent state inside the tube volume after a pulse of particles passes. This 

phenomenon will be discussed later in more detail by means of discrete feed 

pulse experiments. 

 

Figure 4.7: Transmission T for the rotary valve feeder for system pressures of 1, 

100, and 960 mbar. The ZnO/C feed rate m  is increased in five consecutive steps: 

3.4, 11.9, 23.9, 30.4 and 42.0 g∙min-1.  
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Figure 4.8: Background attenuation δ for increasing ZnO/C feed rate m of the rotary 

valve feeder at system pressures of 1, 100, and 960 mbar. The shaded error region 

denotes the standard deviation from the mean. 

 

 

Evaluation of the feed pulse residence time within the investigated 

range of feed rates revealed a significant influence of system pressure. 

Figure 4.9 displays the time lag, Δt, between the detector signals 1 and 2 as a 

function of m  at pressures ranging from 1 to 960 mbar. It is evident that Δt 

is nearly unaffected by the feed rate at operation of 1 mbar. In addition, the 

spread in the data is exceptionally small. However, at higher feed rates a 

characteristic initial decrease of the residence time is evident for both 

pressures of 100, and 960 mbar. Residence times close to those measured at 

high vacuum (1 mbar) are achieved at feed rates between 25 and 30 g∙min-1. 

This is likely due to drafting, whereby falling pulses in close proximity of a 

previous feed pulse are spared aerodynamic resistance. However, during 

operation at 960 mbar the residence time rises again at the highest feed rate 
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of 42.0 g∙min-1. Also clearly visible in the figure is the increase of the spread 

of the residence time with increasing pressure. Thus, the influence of system 

pressure on individual feed pulses, such as the length of its trailing wake or 

axial elongation, are important characteristics of a drop-tube reactor. 

 

 

Figure 4.9: Residence time as a function of ZnO/C feed rate m  for the rotary valve 

feeder at system pressures of 1, 100, and 960 mbar. The residence time is 

determined as the time difference t between the detectors D1 and D2. The shaded 

error region denotes the standard deviation from the mean.  

 

 

It is valuable to consider low rotation frequencies of the rotary valve to 

generate discrete and discernable feed pulses in order to fully characterize 

the behavior of the powder in the drop-tube. Discrete release of powder from 

the metering pockets at low rate (i.e. ~10 min-1) and low pressure resulted in 

the cleanest signal. Smooth, almost symmetrical peaks that are well defined 

and separated clearly in time are observed. A typical peak sequence recorded 
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by the detectors D1 and D2 at a system pressure of 1 mbar is depicted in 

Fig. 4.10. The time axis has been broken so that multiple peaks could be 

depicted simultaneously in one plot. As expected, the decrease in 

transmission is more pronounced (T≈0.840) than in the signal obtained from 

the ultrasonic feeder (T≈0.995, Fig. 4.3). This is explained by significantly 

higher total mass flow rates provided by the rotary valve feeder  

(range 3.4 to 42.0 g∙min-1) compared to the ultrasonic feeder (range 57 to 

288 mg∙min-1). Additionally, lower dispersion and more discrete powder 

discharges created by the rotary valve result in larger absolute attenuation of 

the laser beam. The amplitude of the signal from detector D2 is reduced to a 

lower degree than the signal from detector D1, which is a combined result of 

radial and axial dispersion of the particles (as dispersion occurs, the particles 

cover the cross section of the laser beam more completely). Additionally, the 

signal is observed to widen slightly between the two detectors. This is 

attributed to axial dispersion along the drop-tube. The time lag between the 

two detector signals is a metric related to the effective residence time of the 

falling particles, if only from a statistical point of view (i.e. while a classical 

single particle would have a well-defined residence time between two 

detectors, it can be said that the moving/falling group of particles in the tube 

is well characterized by the time lag between reference points of the two 

transmission signals). The particle residence time between the laser beams is 

exceptionally small (∆t = 0.048 s) for the case of m = 3.4 g∙min-1 at 1 mbar 

and close to free fall conditions (0.040 s). In the solar thermochemical 

reactor, the reaction zone with length of 140 mm is located between the two 

laser beams. The implication of a small particle residence time is that the 

particles are passing too fast through the reaction zone to undergo 
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appreciable reaction extent, if any at all as observed in the commissioning 

experiments in Chapter 3. The average particle velocity along the reaction 

zone is ≈ 2.9 m∙s-1, which is 83 % of its theoretical free fall limit. However, 

aside from the quick passing of the bulk of the particles through the reaction 

zone, the particle cloud remaining in the tube in the wake of this particle 

flow (as measured by the background attenuation of the laser signals) can 

also be of significance. 

 

 

 

Figure 4.10: Typical time resolved transmission T for the rotary valve feeder at 

1 mbar and ZnO/C feed rate m  = 3.46 g∙min-1. The rotation frequency of the valve is 

reduced below normal operation to visualize the discrete powder release.  
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As a consequence of low pressure, the particles travel considerably 

faster through the measurement zone defined by the two laser beams. The 

resulting residence times, τ10 and τ50, defined as the time difference between 

the peak’s leading edges measured at 10 % and 50 % peak height, are shown 

as Tukey boxplots for each investigated system pressure in Fig. 4.11. The 

median residence time at 1 mbar system pressure (τ10≈0.05 s) is 

approximately one third of the median residence time at 960 mbar 

(τ10≈0.16 s). Residence times at 50 and 100 mbar are nearly equal 

(τ10≈0.11 s), with negligible differences and overlapping IQRs. The spread in 

the datasets is increasing at higher pressures; this is to be expected as the 

particle flow is more perturbed in a denser gas phase. The particle residence 

times τ10 and τ50 are particularly consistent, suggesting that the way in which 

the residence time is defined is not affected by the spatial distribution of the 

particle cloud. It is also an indication that the distribution of the particles 

does not change significantly between the positions of detectors D1 and D2, 

implying that some degree of axial dispersive steady state has been achieved 

by the time the particles reach the position of detector D1 (570 mm below 

the rotary valve discharge location of the feeder). 
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Figure 4.11: Statistical Tukey boxplot of particle residence times, τ10 and τ50, for 

system pressures between 1 and 960 mbar. The residence times were determined as 

the time lag between the peak leading edges recorded by detector D1 and D2 at 10 

and 50 % peak height, respectively.  

 

 

Increasing system pressure from 1 to 960 mbar has a significant effect 

on the observed peak shape and particle clearance time as registered by the 

transmission measurements. Figure 4.12 illustrates the time resolved 

transmission signal at pressures of 1, 50, 100 and 960 mbar (a-d, 

respectively). Individual peaks have been aligned and overlaid with each 

other in order to highlight the average peak shape. The average peak shapes 

recorded by detector D1 and D2 are shown as red curves. The peak shape is 

particularly smooth and symmetric at 1 mbar, and the time lag between the 

two signals is clearly visible, Fig. 4.12a. With increasing pressures the peaks 

begin to develop a long tail. In addition, random oscillations become clearly 

visible, most particularly pronounced at ambient system pressure of 
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960 mbar (Fig. 4.12d). It is apparent that the mean peak clearance time, tc,10 

(peak width at 10 % peak height), defined as the time in which the signal 

remains attenuated by more than 10 % of the baseline, increases significantly 

from 516 ms at 1 mbar to 3975 ms at 960 mbar pressure. Interestingly, there 

seems to be no significant change in clearance time between system 

pressures of 50 and 100 mbar (Fig. 4.12b and 4.12c, respectively). The peak 

height, h (defined as maximum signal attenuation), at 50 and 100 mbar 

pressure is noticeably reduced to similar values (T ≈0.93) compared to 

system pressures of 1 and 960 mbar (T≈0.86). While the time lag between 

the two signals is perceptible at the peak leading edges for all investigated 

system pressures, it becomes undiscernible at the peak tails at a pressure of 

960 mbar. 
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Figure 4.12: Peak shape of the transmission signal during feeding at different system 

pressures of 1, 50, 100 and 960 mbar (a-d, respectively). Individual peaks from 

discrete powder release events are overlaid over each other to emphasize average 

peak shape. The red curves denote the average transmission signals of detectors D1 

and D2, respectively. 
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The increase in axial particle dispersion and oscillating local particle 

density can be confirmed by statistical comparison of the clearance time as 

shown in Fig. 4.13. The clearance times at 10 % peak height, tc,10 (left y-

axis), and at 50 % peak height, tc,50 (right y-axis), exhibit very little spread at 

1 mbar compared to ambient pressure. The spread in the datasets increases at 

higher pressures in accordance with the observed oscillations of the 

transmission data (Fig. 4.12c-d). As the gas phase density increases, the 

particle flow becomes more perturbed. As the initially compact batch of 

particles accelerates in the confined atmosphere, strong eddies start to 

develop. These eddies create the necessary shear forces to break up the 

particles into larger aggregates. A highly dispersed cloud develops in the 

wake of the feed pulse as evidenced in the almost exponential relaxation of 

the transmission signal. This interpretation is supported by the oscillation 

observed in the individual transmission signals, which are above the noise 

threshold and a result of local density fluctuations.  
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Figure 4.13: Statistical Tukey boxplot of peak clearance time at 10 % peak height, 

tc,10 (left y-axis), and at 50 % peak height, tc,50 (right y-axis), for system pressures 

between 1 and 960 mbar.  

 

 

A conceptual illustration of the dispersion of particles as a function of 

increasing system pressure is shown in Fig. 4.14. Averaged values of 

transmission T(t) for system pressures of 1, 100 and 960 mbar are displayed 

on the left. Associated parameters that statistically describe the peak shape 

are indicated on the transmission curves. These parameters are used to 

qualitatively describe the changes in the average particle cloud density 

distribution. The main characteristics are peak height h, clearance time at 

10 % peak height, tc,10 , and clearance time at 50 % peak height tc,50. A 

schematic description of how the transmission data relates to the average 

density distribution of a single feed pulse within the drop-tube is displayed 

on the right. At 1 mbar system pressure, the observed sharp and symmetric 

peak is caused by a dense and small cloud of particles passing through the 
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laser beam. Due to the low pressure, the particles are able to fall under close 

to free fall conditions, and remain largely unperturbed. After being 

discharged at the rotary valve, the particles gain momentum under the 

influence of gravity, but their relative position to each other does not change 

considerably. At higher system pressure, above 1 mbar, it appears that drag 

effects from the gas phase become important. A longer tail that is trailing the 

peak density of the particle cloud develops. This results in a droplet-like 

shape of the cloud if radial symmetry is assumed. This assumption is made 

for qualitative description only; the particle cloud distribution is measured 

accurately in the axial direction, but only integrally in the radial direction. 

With a single detector, the difference between a group of particles tightly 

packed at the center of the tube versus the same number of particles more 

evenly spaced radially cannot be completely distinguished. At a system 

pressure of 960 mbar, aerodynamic forces increase considerably, resulting in 

further spreading of the particles in both the axial and radially directions. 

The particle cloud is stretched out considerably in the axial direction, with 

tc,10 approaching approximately eight times the value observed at a pressure 

of 1 mbar. Because of increased axial dispersion, it is reasonable to assume 

that the particle number density in the cloud is reduced. The similar peak 

height for 1 and 960 mbar (0.146 and 0.141, respectively) is a result of the 

unidirectional probing by the laser beam. Nevertheless, the changes of the 

peak shapes resulting from pressure increase from 1 to 100 to 960 mbar 

indicate that the radial density distribution changes. This change can be only 

reasonably assumed to progress from a dense to a more disperse radial 

distribution of particles. This change in particle number density is 

highlighted by the gray level of the particle clouds depicted. 
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Figure 4.14: Conceptual illustration of the correlation between average peak shape 

characteristics of the transmission data and corresponding average particle cloud 

density at system pressures between 1 and 960 mbar. 
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In order to confirm the hypothesis of an increase in radial dispersion, 

flow visualization experiments using high-definition video were conducted 

at system pressures of 1, 100, and 960 mbar. Figure 4.15 shows a side by 

side comparison of a typical feed pulse for each pressure. The displayed data 

depicts the frames where the maximum intensity was observed within the 

video sequence for a specific pressure. The drop-tube walls are highlighted 

by vertical white lines. Pseudo-coloring is used in order to enhance the 

contrast in the images. It is clearly visible that particles are less dispersed in 

the radial direction at 1 mbar compared to higher pressures. The radial width 

of the feed pulse, w, based on the area that covers 90 % of the area under the 

intensity profile extracted at a height of 36 mm (dashed line, indicated as t0), 

is rather narrow, ≈4.4 mm at 1 mbar, and increases significantly to ≈8.9 and 

≈13.3 mm for system pressures of 100 and 960 mbar, respectively. The 

recorded intensity values are highest at 1 mbar, corresponding to a dense 

particle cloud, and are decreased at pressures of 100 and 960 mbar. The 

observed increase in radial dispersion and the accompanied reduction in 

peak intensity, with increasing system pressure, confirm the previously 

discussed average particle cloud density based on the laser transmission 

measurement data (Fig. 4.14). A summary of the transmission and flow 

visualization results is provided in Table 4.2. 
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Figure 4.15: Flow visualization of the particle cloud radial distribution at maximum 

intensity and system pressures of 1, 100 and 960 mbar. The inner quartz tube walls 

that confine the particle flow are indicated. Horizontal intensity profiles are 

extracted at a height of 36 mm (dashed line, indicated as t0) for each frame 

(see Fig. 4.16).  

 

Table 4.2: Summary of rotary valve discrete feed pulse characterization. The median 

particle residence times, τ10 and τ50, and clearance times, tc,10 and tc,50, are shown. In 

addition, the median peak height h, area A, and radial width w are displayed.  

p 
 

τ10 τ50 
 

tc,10 tc,50 
 

h A 
 

w 

[mbar]   [s] [s]   [s] [s]   [-] [-]   [mm] 

1 
 

0.048 0.053 
 

0.516 0.316 
 

0.146 0.048 
 

4.4 

50 
 

0.114 0.114 
 

1.266 0.549 
 

0.078 0.086 
 

NA 

100 
 

0.116 0.122 
 

1.225 0.390 
 

0.075 0.073 
 

8.9 

960   0.159 0.130   3.975 1.637   0.141 0.268   13.3 
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From the video data, the temporal evolution of the radial distribution of 

the particle cloud can be investigated on a frame-by-frame basis, elucidating 

the true shape of the powder cloud. Figure 4.16 depicts horizontal intensity 

profiles along the inner tube width for selected time steps of the video 

recordings at each system pressure. All profiles were extracted at the same 

position (36 mm, dashed line in Fig. 4.15, indicated as t0). The profile with 

the highest intensity is referenced as t0 (red curve) and the preceding and 

following frames are labeled relative to it. A high temporal resolution was 

chosen close to the maximum intensity while larger time steps were selected 

at later times in order to cover the different peak clearance times. At 1 mbar, 

it is evident how a single, well defined peak builds up and spreads out within 

≈0.4 s. Its position is shifted slightly to the right from the tube center line, 

which is a result of the fact that the pockets of the rotary valve open from 

right to left as it rotates. At higher pressures, the profiles are significantly 

broadened and display lower intensity values. After t0 at 960 mbar, the 

particles are observed throughout the whole width of the tube. The large 

intensity oscillations indicate local particle density fluctuations also 

observed in the transmission signal (Fig. 4.12d). These fluctuations are most 

likely caused by the formation of eddies that perturb the particle flow in the 

dense gas phase. The radial distribution data reasonably explains the 

previously observed similar peak heights at 1 and 960 mbar (h ≈0.14). At 

low pressure, the particles are packed close together with a high particle 

cloud density. The attenuation of the laser light occurs within a thick 

particulate media on a relatively short optical path. In contrast, particles at 

higher pressure are distributed along the entire tube width. The average 

particle density is lower but the optical path is longer compared to 1 mbar 
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pressure, resulting in a similar attenuation. However, an intermediate radial 

dispersion as is the case at 100 mbar yields a significantly smaller 

attenuation (Fig. 4.12c). Apparently, aerodynamic forces in the transition 

regime from rarified flow at 1 mbar to ambient pressure do not disperse the 

particles enough to provide an equivalent scattering area for the incident 

laser light. 

 

Figure 4.16: Intensity profiles along inner quartz tube width at height of 36 mm 

(Fig. 4.15, t0) extracted for subsequent time steps from video recordings at system 

pressures of 1, 100, and 960 mbar. 
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4.4 Conclusions 

The methods presented for characterizing the powder flow clearly 

demonstrate that system pressure significantly affects the particle cloud 

dispersion and effective particle residence time. The results from this chapter 

show that the particles are virtually decoupled from the gas phase and 

approach close to free fall conditions at 1 mbar system pressure. The 

particles appear to be barely influenced by the remaining gas phase. This 

consideration is in line with the observed smooth and narrow symmetric 

peak shapes. At higher pressure, the number of gas molecules in the tube 

increases, which exerts higher dispersive forces on the particles due to 

eddies forming in the confined space. As more and more gas molecules are 

available, the molecule-particle collisions become dominant, reducing the 

particle momentum and dispersing the particles in the radial and axial 

directions. Although characterized in cold conditions, ongoing flow 

visualization experiments at high temperature indicate that particle clearance 

times at 1 mbar are almost the same for the hot and cold conditions (cold, 

tc,10≈0.4 s; hot, tc,10≈0.5 s). The extremely short residence and clearance 

times highlight a potential limitation to the drop-tube reactor concept for 

operation below 1 mbar. The benefit of vacuum on the thermodynamic 

equilibrium might be offset by an insufficient particle residence time. 

However, it is worth noting that particle residence time increases 

substantially already at a slightly higher pressure of 50 mbar. Thus an 

optimum pressure regime is expected to exist, which takes into account the 

conflicting influences of residence time and operating pressure, i.e. kinetics 

versus thermodynamics. A thermochemical reaction model can be useful to 

better understand the complex interplay between chemical reaction and 

particle residence time. 
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Reactor model5 

 

Depending on objective, mathematical models of chemical reaction 

systems can include widely varying levels of detail. In the case of systems 

dealing with very high operating temperatures, close attention has to be paid 

to radiative heat transfer, which is applicable in two areas for the drop-tube 

reactor: (i) Firstly, the distribution of the radiation emitted from the HFSS 

incident on the outside surface of the graphite drop-tube has to be 

determined, including specular reflection at the quartz tube and reflector 

envelope. (ii) Secondly, radiative heat transfer between the hot graphite tube 

walls and the aerosolized particles that are falling within the tube must be 

resolved in order to obtain the particle temperature – which is needed to 

solve the chemical rate equations. Monte Carlo (MC) ray tracing techniques 

have been proven as accurate tools to solve problems in radiative heat 

transfer [99,100]. Relevant MC modelling studies have been applied to coal 

furnaces [101], solar reactors for gasification of carbonaceous materials 

[82,102,103], and dissociation of zinc oxide [104]. Although 

computationally expensive, MC models capture the physics and stochastic 

nature of a particulate system very well. 

                                                      

5Material from this chapter has been submitted as: M. Brkic , E. Koepf, A. Meier, 

Solar Carbothermal Reduction of Aerosolized ZnO Particles under Vacuum: 

Modeling, Experimentation, and Characterization of a Drop-Tube Reactor, Chem. 

Eng. J. 313 (2017) 435–449. 
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5.1 Model strategy  

The model domain consists of the 465 mm long graphite drop-tube with 

an internal diameter of 23 mm. The bottom end of the graphite tube is 

located 50 mm below the gold-plated reflector. The graphite tube is 

considered as a black body surrounded by a quartz tube, which is transparent 

to radiation. The model is developed as steady state and one-dimensional in 

space (vertical, on axis with the drop-tube). Plug flow and no slip between 

the particles and gases is assumed, and gases are ideal and transparent to 

radiation [100]. The radiative properties of the particles are spectrally 

resolved using Mie scattering theory and are derived with the BHMIE 

Fortran subroutine [105]. The particles are small with equal size and 

therefore considered to be isothermal [82]. This assumption is justified by 

comparing the relative relaxation time of a spherical particle’s core 

temperature for conductive and radiative modes of heat transfer. The 

relaxation time for conduction [106], conduction p p

2

pp / (4 )c d k   is 3 to 5 

orders of magnitude smaller than the relaxation time for radiative heat 

transfer [82], p

3

radiation p p / (24 )c d T    for particles with diameters of 100 

to 1 µm, respectively. In addition, the relaxation time for convection 

convection p

2

p fp / (12 )c d k  is 1 to 3 orders of magnitude smaller than τradiation 

indicating that the temperature field is mainly controlled by the divergence 

of the radiative flux and only marginally by the heat transported by 

convection [82]. The graphite tube is discretized into a series of small disk 

segments with equal height. Gases and particles are homogenously 

distributed within each disk. The experimentally determined time-resolved 

transmission measurements of Chapter 4 were used as a basis to obtain the 

average particle residence time and velocity, vp, in the reaction zone. 
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5.2 Governing equations 

For each tube segment particle energy and species balances are 

evaluated with respect to temperature. The energy balance for a single tube 

segment, assuming steady state input power and heat conduction with the 

neighboring tube segments, results in the tube temperature Tw , written in the 

energy balance as: 

  
2

4w
int tw t ext net w2

2
d T

k V Q Q Q A T
dz

     (5.1) 

where kw is the temperature-dependent thermal conductivity of graphite and 

Vt is the volume of the tube segment. The first and second terms on the right 

hand side account for the heat source by internal (Qint) and external (Qext) 

radiation emitted by the tube wall. The third term Qnet represents the 

effective radiation from the HFSS that is incident on the tube. An illustration 

of the radiative heat source terms is shown in Fig. 5.1, Section 5.3. The last 

term accounts for the heat lost by radiation to the inside and outside of the 

tube segment surface At, and  is the Stefan-Boltzmann constant. The 

internal radiative heat exchange contribution Qint is determined by a view 

factor analysis for the enclosure [100], whereas Qext and Qnet are obtained 

with MC ray tracing. Assuming constant specific heat cp and molar particle 

density p within each segment, the energy balance for the particle phase is, 

  
p p p

r rxn

1 1p
q

dT
H r

dz v c
     (5.2) 

where Tp is the mean particle phase temperature. The first term on the right 

hand side denotes the divergence of radiative flux, which accounts for the 

difference of absorbed energy from the tube wall and reemission from the 
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particles. The last term represents the heat of reaction derived from the 

volume based chemical reaction rate r . The chemical reaction in each 

segment is defined by the two gas-solid reactions given in Equations (1.5) 

and (1.6). The ZnO reduction is represented by a general shrinking core 

model with first order dependence on the partial pressure of CO [35], 

 A1

2/3

ZnO,0 ( / )

1 01 CO

P ZnO

3

4
4 E RT

n

N
r pek

 

 
 
 

   (5.3) 

where nZnO,0 is the initial amount of ZnO entering the site. Np is the number 

of ZnO particles and ZnO is the molar density of Zn. The Arrhenius type pre-

exponential factor is denoted as k01 (1.89×1012 mol∙s-1∙m-2·Pa-1), EA1 is the 

activation energy (288 kJ∙mol-1), and R is the molar gas constant. The partial 

pressure of CO is pCO. The Boudouard reaction is modeled with first order 

kinetics proportional to the amount of carbon present, 

 A2( / )

C 02 CO22

E RT
m er k p


  (5.4) 

where mC is the mass of carbon and k02 (9.56×105 mol∙s-1∙g-1·Pa-1) and EA2 

(303 kJ∙mol-1) are the Arrhenius pre-exponential factor and activation 

energy, respectively [107]. The partial pressure of CO2 is denoted as pCO2. A 

limitation of the current model is that CO must be provided in the gas phase 

as an initial condition, otherwise the reaction is not initiated. It is believed 

that the initial CO evolution stems either from the direct solid-solid reaction 

of carbon particles that are deposited on ZnO, Eq. (1.4), or from the 

decomposition of char volatiles when the particles are heated in the reaction 

zone. Equations (5.5-5.9) are used to solve the molar species balances 

according to the stoichiometry of reactions (1.5) and (1.6), 
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The progress of the overall reaction is measured by the conversion of ZnO to 

Zn, X, 

 
Zn

ZnO

O,0 ZnO,

n

0

Z
( )

( 1)
n z n

X z
n n


    (5.10) 

indicating full conversion at unity. In Eq. (5.10), ∆nZn denotes the overall 

produced amount of zinc, which can be derived from the amount of 

produced CO and CO2 according to the stoichiometric oxygen balance of 

reactions (1.5) and (1.6) (∆nZn = ∆nCO + 2∆nCO2). Integration of the particle 

phase energy and species balance is carried out along the normalized axial 

tube coordinate z*. The experimentally determined average particle velocity, 

vp, determined in the previous chapter, is assumed to be constant as the 

particles fall through the tube. The particles enter the inlet of the graphite 

tube at room temperature (300 K), and an average particle size of 30 µm is 

assumed. The initial conditions for the model are listed in Table 5.1. 
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Table 5.1: Initial conditions for the model at different operating pressures: average 

particle phase velocity vp, initial CO partial pressure pCO, particle temperature Tp  at 

graphite tube inlet, particle diameter dp and mean density p. 

 p [mbar] 1 100 960 

 vp [m∙s-1] 2.9 1.2 0.9 

 pCO [mbar] 1 10 10 

 Tp(z*=0) [K] 300 300 300 

 dp [µm] 30 30 30 

 p [kg∙m-3] 5146 5146 5146 

 

 

 

5.3 Radiative heat transfer 

The calculation of the incident radiation on the graphite tube was 

performed with an open-source MC ray tracing code [108]. The total energy 

emitted by the HFSS is partitioned into a large number of rays (Nrays=108). 

During the MC simulation, the rays are emitted from the geometric Xe-arc 

position in random orientation and redirected to the reactor by the truncated 

ellipsoidal reflectors [81]. The rays arriving at the tubular reactor are subject 

to various possible pathways, illustrated in Fig. 5.1. Incident rays (red) pass 

through the quartz glass and hit the front part of the graphite tube. To a 

minor extent, some of the incident rays are refracted and redirected to the 

back side of the tube by the reflector envelope. In total, 44.1 % of the 

radiative input power that passes through the reflector aperture is absorbed 

by the tube. The remainder of the rays (gray) undergo multiple specular 

reflections and are lost to the surroundings.  
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Figure 5.1: Illustration of Monte Carlo ray tracing analysis. Cross sectional view of 

the graphite absorber tube within the quartz tube enclosure surrounded by the 

reflector envelope. Incident rays from the HFSS that hit the graphite tube are 

depicted in red. Rays that are lost to the surroundings are shown in grey. Reemitted 

rays from the graphite tube are orange.  

 

 

The recorded frequency of collisions by a ray on a surface results in a 

map of absorbed radiative flux. A flux map of the outside surface of the 

graphite tube is shown in Fig. 5.2a. Figure 5.2b depicts the 

circumferentially-averaged axial power distribution qz as well as the axially-

averaged angular distribution q along normalized spatial coordinates. The 

distributions of external radiation from the HFSS (black, index I) as well as 

the reradiated power from the tube to itself by the reflector (red, index R) are 

displayed (left axis). In addition, the axial tube wall temperature profile Tw 

(right axis) is shown for a representative 200 mm long tube section with its 

center at the HFSS focal height. The solar power input across the reflector 
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aperture is 9.8 kW. It is clear that radiation from the HFSS heats the tube 

predominantly from the front side, exhibiting a narrow Gaussian power 

distribution. Almost no direct radiation reaches the backside of the tube. This 

is attributed to the design of the cylindrically shaped reflector, where the 

purpose is to reduce IR-spectrum reradiation losses from the hot graphite 

tube, and not to function as a secondary concentrator for incoming rays from 

the HFSS. Such a reflector is chosen as it helps create the type of uniform 

tube temperature distribution that would be typical of a more practical 

installation of a multiple drop-tube reactor system inside a reaction cavity 

[109]. The high thermal conductivity of graphite aids in creating a more 

uniform axial and circumferential temperature distribution. 

 

 

Figure 5.2: (a) Incident radiative flux on the graphite tube outside surface (positive 

y-direction towards the radiation source) computed with Monte Carlo ray tracing 

analysis. (b) Tube wall temperature profile Tw (right axis), and axial and 

circumferential average power distribution, qz, and qφ, respectively (left axis), along 

normalized tube dimensions z* and φ* for a solar power input of 9.8 kW. Incident 

radiation from the HFSS (black) is denoted by index I, whereas reradiated power 

from the tube to itself (red) is denoted by index R. 
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Figure 5.3 shows a schematic description of the MC ray-tracing analysis 

for capturing the radiative heat transfer from the hot tube walls to the 

particles within the graphite tube. A representative batch of powder released 

from the rotary valve is displayed at two different time steps. Rays emitted 

from the hot tube walls either collide with the wall of neighboring tube 

elements or are attenuated by absorption and scattering within the particle 

cloud. The absorbed energy is recorded and incorporated as a volumetric 

heat source term in the particle phase energy balance (Eq. (5.2)). With 

increasing reactant feed rate, the discrete batches of powder begin to overlap 

and a quasi-steady continuous stream of particles is propagated through the 

graphite tube and the reaction zone.  

 

Figure 5.3: Schematic description of Monte Carlo ray tracing procedure to capture 

the radiative heat transfer from the hot tube walls to the particle cloud within the 

graphite tube. Two time steps are shown inside the tubular domain (right). 

Corresponding mass profiles are shown on the left, in addition to the tube 

temperature profile. 
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The spectral-dependent optical properties of the particle phase were 

obtained by applying Mie scattering-theory. The complex index of refraction 

data for ZnO was taken from [110] and the properties of carbon were 

extracted from [111] for wavelengths  in the rage of 0.4 to 4 µm. For a 

given size parameter dpthe scattering phase function  and the 

absorption and scattering efficiency factors were calculated using the 

BHMIE Fortran subroutine [105]. The scattering phase function is a measure 

of probability to determine in which direction  a ray is scattered compared 

to the orientation of the incident ray vector. Figure 5.4 shows the scattering 

phase function depending on  for ZnO and carbon computed for a particle 

diameter of 30 µm and select wavelengths. From Fig. 5.4a, it is visible that 

ZnO exhibits considerable forward and backward scattering. In comparison, 

carbon predominantly scatters in the forward direction, which can be seen in 

Fig. 5.4b. The spectral absorption, scattering and extinction coefficients of 

the particle phase are computed as [100]: 

 v
λ aλ

p

3

2d
a

f
Q   (5.11) 

 v
λ sλ

p

3

2

f
s Q

d
  (5.12) 

 λ λ λa s     (5.13) 

where fv denotes the volume fraction of the particles and Qaand Qsare the 

absorption and scattering efficiency factors, respectively. Figure 5.5 shows 

the extinction, absorption and scattering coefficients as a function of 

wavelength. For the case of ZnO, scattering is more pronounced below 

wavelengths of  2 µm, and absorption increases towards the far infrared, as 
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seen in Fig. 5.5a. Carbon exhibits a rather constant absorption and scattering 

behavior in the wavelength range of interest, as seen in Fig. 5.5b.  

 

 

Figure 5.4: Scattering phase function  of (a) ZnO and (b) carbon derived from Mie 

theory for a 30 µm spherical particle and selected wavelengths of 0.5, 1, and 4 µm. 

 

 

 

Figure 5.5: Extinction, absorption and scattering coefficients,  aand s 

respectively, as a function of wavelength for (a) ZnO and (b) carbon for a particle 

size of 30 µm and volume fraction of 2×10-5. 
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Radiative heat transfer to the particle phase is described by the radiative 

transfer equation, accounting for the difference between absorbed and 

emitted radiation [100], 

 λ λ λ
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rs q s s sS r I r d
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where λ
ˆ( , )I r s  denotes the spectral intensity of emitted radiation and 

λ
ˆ( , )S r s  is the source function at location r in ray direction ŝ . The first term 

on the right hand side of Eq.(5.15) accounts for emission from the particles, 

and the second term represents radiation that is scattered from direction iŝ  

into direction ŝ . In the following, the procedure for the MC ray-tracing 

simulation is described. For each computational step, a total number of Nrays 

= 8×107 rays are partitioned among the discretized tube segments. For 

emission from the tube wall a random starting point and orientation is 

assigned to each ray. The radiative power allocated to a single ray is then, 
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   (5.16) 

where Nseg is the number of tube segments. A series of random numbers i  

with values within range of 0 and 1 are computed in order to determine the 

ray trajectory according to the Monte Carlo ray tracing principle [100,112]. 

The wavelength of the ray, ray, is found by solving the integral equation, 
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where Ib,is the spectral emissive radiative power from a black body. Within 

a tube segment, the ray can be subjected to (i) local absorption and scattering 

in the particle phase, (ii) absorption and termination at the tube walls, or (iii) 

transmission to the neighboring tube segment. The penetration length of the 

ray, sext, is determined from: 
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    (5.18) 

If sext is smaller than the distance to the next face, i.e. the tube wall or the 

boundary face to the neighbor segment, a fraction of the ray energy is locally 

absorbed and the ray is scattered into a new direction, computed as: 

 ψ2     (5.19) 
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      (5.20) 

where  is a generic random arc angle and  is the scattering angle enclosed 

by the new and old ray directions. The power absorbed by the volume is 

then, 

 
abs ray λ(1 )Q Q    (5.21) 

where the scattering albedo  is defined as sas. The ray 

tracing procedure is repeated with the point of scattering being the origin of 

the new ray, until Qray is depleted below a specified threshold (0.1 %) of its 

initial value. Emission within the volume by the particle phase is treated 
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analogous to emission from the tube wall. Assuming that the solid particles 

are homogenously distributed over the tube segment, the radiative power 

assigned to a ray emitted from the particle phase is, 

 4

ray p
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   (5.22) 

where aP denotes the Plank mean absorption coefficient which is computed 

as, 
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Equations (5.16)–(5.23) are repeatedly applied for all rays so that the 

divergence of the radiative flux in the particle phase can be approximated as 

 
4abs

rays in
segmen

r P

t
t

4q
Q

a T
V

    (5.24) 

and thus the particle phase energy balance written in equation (5.2) is fully 

defined. Detailed results of the reaction model will be presented and 

discussed in Chapter 6 together with experimental results from reactor 

characterization experiments.  
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Reactor characterization6 

 

The commissioning experiments in Chapter 3 have shown that 

prolonged and stable reactor operation is feasible, but that reactant 

conversion at high vacuum (1 mbar) is extremely low (<1 %). Although 

some fraction of the poor performance can be attributed to reduced particle 

residence time and thus insufficient heat transfer, appreciable reaction 

performance could be achieved at an intermediate pressure level, where 

higher particle residence times allow to balance heat transfer and chemical 

reaction to maximize Zn production. This chapter further elucidates the 

understanding of the reactors performance at reduced pressures by a 

combined experimental and theoretical modelling effort. The experimental 

portion is focused on investigating the reactor concept across a wide range of 

process variables. This investigation encompasses high particle feed rates 

between 4 and 56 g∙min-1, radiative input powers between 6.7 and 9.8 kW, 

reaction pressures between 1 and 960 mbar, and two types of carbon 

                                                      

6Material from this chapter has been submitted as: M. Brkic , E. Koepf, A. Meier, 

Solar Carbothermal Reduction of Aerosolized ZnO Particles under Vacuum: 

Modeling, Experimentation, and Characterization of a Drop-Tube Reactor, Chem. 

Eng. J. 313 (2017) 435–449. 
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reducing agents. Modelling and experimental results are compared for 

validation and in order to identify the peak zinc production capacity of the 

drop-tube reactor concept at low pressure. 

 

6.1 Experimental procedure 

For all experiments, the dried reactant particles were loaded into the 

rotary valve feeder and the system was evacuated first to ensure the absence 

of gas leaks. The system pressure and corresponding Ar gas flow rates were 

adjusted at cold conditions for pressure levels between 1 and 960 mbar. The 

HFSS was turned on, using four Xe-arc lamps simultaneously, after the 

reactor was flushed with Ar and the O2 concentration fell below 100 ppm. 

The first phase of experiments focused on varying the reactant feed rate in 

five steps between 4 and 20 g∙min-1 at system pressures of 1, 100 and 

960 mbar. Within each experimental run, the radiative input power Qrad was 

varied in four steps between 6.7 and 9.8 kW and in random order. A 

summary of the experimental parameters is listed in Table 6.1. The purpose 

of these experiments was to find the reactor operating conditions with 

highest Zn production. After screening this parameter range, a second phase 

of experiments was conducted. The operating point at p = 100 mbar and 

Qrad = 9.8 kW was chosen to study the reaction capacity of the vacuum 

aerosol reactor as a function of reactant feed rate. For these reaction capacity 

experiments, the C-type thermocouple was retracted from the reaction zone 

after the temperatures reached steady state to avoid zinc condensing at the 

lower and colder end of the thermocouple and clogging the reaction tube. 

After successful retraction of the thermocouple, a feed rate sweep between 

15 and 56 g∙min-1 was performed with feed cycles lasting two minutes each. 
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The purpose of these experiments was to verify the hypothesis that zinc 

production is increased at elevated reactant feed rates. In fact, operation of 

the reactor at higher feed rates, despite implying lower reactant conversion, 

could be beneficial to the overall performance of the reactor if looping of the 

unreacted material is considered. Although reactant looping was not realized 

in the present study, it is valuable to investigate the reaction performance of 

the single graphite tube during high reactant throughputs. After the HFSS 

was switched off, the system was allowed to cool in an inert Ar atmosphere. 

In order to close the mass balance, samples were collected from different 

reactor sites, as shown in Fig. 2.4 (5–7), and stored in Ar-flushed containers. 

 

 

Table 6.1: Parameter space for first phase of experiments. 

Variable Unit 
 

Description Range 

p [mbar] 
 

Operating pressure 1, 100, 960 

m  [g∙min-1] 
 

Feed rate 4, 7, 12,15, 20 

Qrad [kW] 
 Radiative input 

power 
6.7, 7.8, 8.7, 9.8 

Ci [-] 
 

Carbon source 
Type 1: Supelco,  

   Type 2: Norit CA1 
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6.2 Reaction capacity experiments 

Carbothermal ZnO reduction experiments were carried out in two 

phases. The first phase focused on screening a range of parameters 

comprised of operating pressure, reactant feed rate, solar input power, and 

carbon type (parameters listed in Table 6.1). In each of the eight runs, the 

reactant feed rate m and radiative input power Qrad were varied in random 

order to reduce structural bias from experimental design. In the second 

phase, an operating pressure of 100 mbar and radiative power input of 

9.8 kW were chosen to study the Zn production capacity across feed rates 

ranging from 15 to 56 g∙min-1. The graphite tube performed well without 

significant material degradation based on weight measurements before and 

after the experiments. A typical experimental run representing the first phase 

of experiments is depicted in Fig. 6.1. Measured thermocouple temperature T 

and radiative flux qrad (left axis), and evolved gas production rates (right 

axis) are shown as a function of time at a pressure of 100 mbar. The 

radiative flux qrad is defined as incident radiative power Qrad divided by the 

reflector aperture area. Reactants, ZnO and carbon type C2, were fed into the 

reactor in time increments of two minutes. After each feed interval, the 

produced CO and CO2 amounts were recorded and allowed to level off 

before feeding was reinitiated.  
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Figure 6.1: Measured temperature T at the focal height of the HFSS and radiative 

flux qrad (left axis) and molar flow rates of evolved gases (right axis) for a typical 

reaction capacity experiment at p = 100 mbar using carbon type C2. 

 

 

The equivalent Zn production rate  can be derived from the 

stoichiometric oxygen balance of reactions (1.5) and (1.6) as: 

 
2CO

f

CO( 2 )n n dt

t







  (6.1) 

where 
COn  and 

2COn  denote the rate of evolved CO and CO2, and ∆tf 

represents the feed time interval. Figure 6.2 provides an overview of the 

equivalent Zn production rates obtained in the investigated parameter space. 

It was found that the average production rate is maximum at a pressure of 

100 mbar with  = 27.1 mmol∙min-1, and is slightly reduced at higher 

pressure (24.8 mmol∙min-1), seen in Fig. 6.2d. The slightly increased reaction 

performance at 100 mbar can also be observed across the other investigated 
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input power levels, Fig. 6.2a-c. The reaction at 1 mbar is significantly less 

productive,  <  mmol∙min-1, which is consistent with results from 

commissioning experiments. It is believed that two factors contribute to low 

Zn production at low operating pressure: (i) insufficient particle residence 

time, and (ii) low partial pressure of CO. Low Zn production will be 

discussed further in Section 6.3. Overall, increasing the incident radiative 

power from 6.7 to 9.8 kW has a considerable effect on the zinc production 

rate, as seen in Fig. 6.2a,d. At 100 mbar and with input power increased by 

31 %, the particles obtain a higher reaction temperature, resulting in a 37 % 

increased zinc production rate. However, an increase in input power from 

8.7 to 9.8 kW (11 % increase) results in a zinc production rate increase of 

3 % only, indicating a non-linear behavior as higher input powers are 

approached. This behavior is caused by the complex interplay between 

reactions (1.5) and (1.6), which can result in insufficient CO production by 

reaction (1.6) to facilitate the reduction of ZnO via reaction (1.5). Results 

from different carbon sources show overall reasonable agreement in 

reactivity, except at lower input powers of 6.7 and 7.8 kW, shown in 

Fig. 6.2a-b. As expected, the production rate of Zn increases with higher 

feed rates, implying that the system has not yet reached its full reaction 

capacity with respect to reactant feed rate. In addition, the reaction capacity 

of the system is sensitive to particle velocity, i.e. particle residence time in 

the reaction zone, as will be discussed in Section 6.3. Furthermore, the 

thermodynamics of the reaction is sensitive to the partial pressure of the 

reaction species that depend not only on attained vacuum pressure but also 

on carrier gas flow rate. 
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Figure 6.2: Equivalent zinc production rates  for various reactant feed rates, 

investigating the effect of reaction pressure, carbon source, and input power across 

the reflector aperture. Mean production rates for Supelco carbon (C1) are denoted by 

square markers and diamonds denote values for Norit CA1 (C2). The feed rate levels 

are denoted by 1m  to 5m and attributed to 4, 7, 12, 15, and 20 g∙min-1, respectively. 

Error bars indicate the uncertainty based on the pooled standard deviation among 

feed rates.  
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The reactant conversion in the drop-tube reactor is, in general, very low 

(X< 50 %) [39], and therefore it can be anticipated that practical operation of 

the reactor concept will involve looping [113] of unreacted material through 

the reaction zone to increase Zn production and overall performance 

efficiency. Consequently, it is valuable to assess the Zn production capacity 

of the drop-tube reactor as a function of feed rate. The second phase of 

experiments focused on varying the feed rate at the best performing 

parameter set that was found in the previous phase of experiments 

(Fig. 6.2d), i.e. p = 100 mbar, Qrad = 9.8 kW and carbon source Norit CA1 

(C2). Figure 6.3 shows the reactant conversion X (left axis) and Zn 

production rates  (right axis) obtained for feed rates varied in a range 

between 15 and 56 g∙min-1. Results from experiments are denoted by 

markers, whereas continuous lines represent model results which will be 

discussed in Section 6.3. It can be seen from the experimental results that  

exhibits a flattening behavior with increasing feed rate. Maximum 

experimental zinc production of 51.4 mmol·min-1 occurs at a feed rate of 

56 g∙min-1, with a reactant conversion of approximately 8.5 %. The 

conversion of ZnO to Zn is gradually reduced at higher feed rates, which is 

consistent with the observed development of the Zn production rate. It is 

anticipated that even with further increase of the feed rate, the Zn production 

rate would begin to decrease as heat and mass transfer limitations become 

more and more dominant, and reactant conversion continues to drop.  

There are multiple explanations for the observed stagnation in Zn 

production with increasing reactant feed rate: (i) Heat transfer from the tube 

walls to the bulk of the reactant materials is diminished because the particle 

suspension within the reaction zone becomes more opaque, thus leading to 
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lower average particle temperature. (ii) Reaction rate limitation occurs since 

reaction (1.6) does not advance fast enough to generate sufficient CO for the 

reduction of ZnO through reaction (1.5) before the particles leave the 

reaction zone. (iii) In addition to the residence time limitation connected to 

vacuum operation mentioned previously, the overall particle residence time 

is reduced at a fixed pressure level due to the increased frequency of feed 

pulses, i.e. batches of powder released from the rotary valve, which causes 

aerodynamic drafting and thus decreases flow resistance to the falling 

particles. This leads again to a heat transfer limitation due to insufficient 

residence time inside the reaction zone. The observed stagnation in Zn 

production rate is likely linked to a superposition of the proposed 

mechanisms (i-iii), with yet unknown specific influence. However, if 

reduced particle residence time alone due to aerodynamic drafting time 

accounted for the poor reaction performance, the experimental results at 1 

and 100 mbar would both indicate a low Zn production rate, which is not the 

case. Results on heat transfer modeling presented in Section 6.3 help explain 

the increased performance at 100 and 960 mbar.  
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Figure 6.3: Equivalent zinc production rate  (right axis) and conversion X (left 

axis) as a function of feed rate m  at a system pressure of 100 mbar. Markers 

indicate experimental results at 9.8 kW with error bars denoting the standard 

deviation among experiments. Solid lines denote results from the reaction model at 

radiative input powers of 9.8, 8.7, 7.8 and 6.8 kW (a-d). 
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6.3 Reaction model results 

There are many challenges in accurately capturing the underlying 

physics and chemistry of a high temperature falling particle system that is 

subject to chemical reaction. In the model developed within this study, a 

system of heterogeneous chemical reactions, particle residence time, and 

radiative heat transfer from the hot tube walls to the particles have been 

considered. Factors omitted in this study pertain to convective heat transport 

to the gas phase, which is of minor importance at high temperatures [114], 

radial particle cloud density gradients, and aerodynamic effects due to 

turbulent fluid flow. Physical features that have been simplified concern the 

treatment of the particle phase, which assumes uniform particle size, and the 

assumption of plug flow through the reactor without dispersive flows across 

the tube domain. The present model attempts to investigate the reaction 

behavior assuming a constant average reactant delivery from the rotary 

valve. Although the reactants are released batch wise from the rotary valve, 

the deviation in feed rate is minor at elevated rotational velocity of the 

feeder. While the model represents a simplification of the physical system, it 

is still able to capture the most pertinent phenomena for exploration of the 

high temperature reaction system. 

The energy balance for the graphite tube, Eq.(5.1), was solved using the 

finite difference method and the TDMA algorithm [115]. The tube bottom 

end (z* = 1) was modeled as adiabatic with a Neumann boundary condition, 

whereas the tube top end (z* = 0) was modeled with a Dirichlet boundary 

condition and held at a fixed temperature of 600 K. The particle phase 

temperature profile was obtained by applying the MC ray tracing method 

and solving a system of ordinary differential equations simultaneously 
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(Eqs. (5.2,5.5-5.9)). The integration was carried out using the ode15s solver 

function in MATLAB [116], featuring backward differentiation formulas. 

Comparison of the reaction rates from literature data [35], which were 

obtained from thermogravimetric experiments (characterized by a packed 

bed with predominantly convective and conductive heat transfer) and the 

experiments performed in the solar drop-tube reactor (characterized by a 

highly dispersed aerosolized particulate flow with predominantly radiation 

heat transfer) made it necessary to adjust the original apparent reaction rate 

values with non-linear least square minimization [117]. The fitted model and 

experimental conversion data show close agreement as can be seen in 

Fig. 6.3 (Root Mean Square Error, RMSE = 0.0091). At 9.8 kW radiative 

power input, the reaction model predicts the maximum zinc production rate 

of 52.1 mmol∙min-1 with a reactant feed rate of 68 g∙min-1, before gradually 

falling off (curve a). As expected, reducing the input power shifts the peak 

zinc production rates towards lower values of the reactant feed rate. High 

mass flow of reactants leads to a progressive cooling of the graphite tube in 

the reaction zone, thus limiting the amount of heat transferred to the particle 

phase. As a consequence, at high feed rates, the radiative energy supplied to 

the particle phase is not sufficient to maintain the particle phase temperature 

and the chemical reaction stagnates. Short particle residence time in the hot 

reaction zone limits the production of zinc by restricting the amount of heat 

being transferred to the particle phase. In order to elucidate the detrimental 

effect of insufficient particle heat up time, it is valuable to examine the 

spatial particle temperature profiles as a function of particle velocity, which 

may vary considerably with system pressure as found in Chapter 4. 
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Figure 6.4a illustrates the tube wall temperature profile Tw along the 

normalized axial tube coordinate z* with the model-based particle-phase 

temperature profiles Tp at pressures of 1, 100 and 960 mbar, and radiative 

input power Qrad = 9.8 kW. The results are shown for a representative 

reactant feed rate of 20 g·min-1. The tube wall exhibits a maximum 

temperature of about 2100 K, which is in close agreement to the pyrometer 

temperature measurement (Tpyro = 2124 K). The maximum tube wall 

temperature is found near the focal spot of the HFSS, at z* = 0.75. At 1 mbar 

pressure, it can be seen that particles do not heat to sufficient temperature 

(>1400 K) to undergo reaction. However, for the case of 100 and 960 mbar, 

peak particle temperature values of ≈1720 and ≈1850 K, are achieved, 

respectively. The peak particle phase temperature location is shifted slightly 

towards the tube outlet with decreasing operating pressure. In Figure 6.4b, 

the particle velocity for the higher pressure levels is artificially increased to 

that of high vacuum conditions (2.9 m·s-1). The obtained particle temperature 

distributions at 100 and 960 mbar become identical to that at 1 mbar, 

collapsing together onto a single curve, and the chemical reaction is 

completely inhibited. This result supports the assumption that the particles at 

high vacuum suffer from insufficient residence time in the hot reaction zone. 
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Figure 6.4: (a) Graphite tube temperature profile Tw and simulated particle phase temperatures Tp along normalized tube axis z*. 

Temperature profiles are shown for different operating pressures of 1, 100 and 960 mbar, and particle velocities of 2.9, 1.2 and 

0.9 m·s-1, respectively. (b) Artificial increase of particle velocity to 2.9 m·s-1 for the 100 and 960 mbar cases, to illustrate the impact 

of particle residence time. 

 



Reactor characterization        135 

 

The thermal performance of the solar drop-tube reactor can be 

determined by examining the average solar thermochemical energy 

conversion efficiency, defined as,  

 rxn
th

rad/net Pu p

Zn

m

n H

Q P






  (6.2) 

where the numerator denotes the energy required for the chemical reaction to 

convert ZnO to Zn. The denominator accounts for the incident radiative 

power input (either Qrad or Qnet) and the energy penalty for vacuum pump 

operation (PPump = 700 W, power rating of the vacuum pump). Figure 6.5 

displays the thermal efficiencies obtained for the radiative power across the 

reflector aperture Qrad (including spillage and conduction losses of the 

reflector) and the net incident power on the graphite absorber tube Qnet. 

Results are shown for the highest and lowest input power level of 9.8 kW 

and 6.7 kW, respectively. The thermal efficiency values are observed to 

increase with higher feed rates, which is due to the higher molar flow rates 

of Zn. At 9.8 kW and a feed rate of 68 g·min-1, peak thermal efficiency 

values of 3.2 and 1.5 % are obtained for Qnet and Qrad, respectively. The 

assumed vacuum pumping penalty of 700 W is rather conservative, as for an 

idealized pumping system [118] peak efficiencies would increase to 3.7 and 

1.6 %, respectively. Operation of the reactor at reduced input power leads to 

a significantly lower thermal efficiency, due to much lower reaction 

temperatures and therefore lower Zn production. A summary of results is 

presented in Table 6.2, where the peak thermal efficiency and peak zinc 

production rates are given. 
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Figure 6.5: Thermal efficiency ηth of the solar drop-tube reactor as a function of feed 

rate m  and two input power levels of 6.7 kW (black) and 9.8 kW (blue). The 

radiative power entering the reflector aperture is Qrad and the net incident power on 

the graphite absorber tube is Qnet. Markers denote experimentally determined 

efficiency values. 

 

Table 6.2: Summary of reaction model results at a pressure of 100 mbar for different 

input power levels, Qrad, and associated net incident radiation on the graphite tube, 

Qnet. Also shown are the respective peak thermal efficiencies ηth, reactant feed rate m

, maximum zinc production rate max and maximum conversion Xmax.  

Qrad  Qnet  ηth,rad  ηth,net  m   max Xmax 

[kW] [kW] [%] [%] [g·min-1] [mmol·min-1] [%] 

6.7 3.0 0.9 1.9 33 22.8 6.5 

7.8 3.4 1.1 2.2 36 29.9 7.8 

8.7 3.8 1.5 3.1 57 46.8 7.6 

9.8 4.3 1.5 3.2 68 52.1 7.1 
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Figure 6.6 illustrates the energy partition during a typical experiment 

with a prolonged feed cycle of 10 min and input power of 8.7 kW. The 

power distribution is assessed as a function of time using temperature and 

coolant flow data collected during the experiment. The reactant feed rate is 

12 g·min-1 and the results are shown from the start of feeding after the 

system has reached steady state. It can be seen that only a small fraction of 

energy is attributed to heating of the reactants and chemical reaction, in total 

4 %. This is due to the fact that the current experimental setup is not 

optimized for efficient power delivery; rather, it was designed to feature 

quick heat up times in a radiative environment in order to study the reaction 

performance of a small section of a single drop-tube. Major sources of 

energy losses are the water-cooled quartz tube mounts (23 %) and cooling of 

the reflector unit (29 %). Reflection at the quartz tube accounts for 8 %, and 

reradiation losses account for 36 %. The outside tube wall temperature is 

shown on the right y-axis. During reactant feeding, the tube wall temperature 

showed a mean temperature decrease of 20 K. As soon as the HFSS Xe-arc 

lamps are switched off, the absorber tube quickly cools down exhibiting a 

temperature drop of 1000 K in less than one minute due to its low thermal 

inertia. An optimized reactor would likely operate with multiple drop-tubes 

configured inside a windowed cavity receiver in order to significantly reduce 

reradiation losses and provide uniform heating to larger sections of the drop-

tube. While operation inside a cavity receiver could improve peak thermal 

efficiency, such an arrangement would also increase thermal mass and 

dampen the excellent thermal response seen in the current reactor setup. 

Finding a balance between increased heating uniformity and thermal 

response of the system would be necessary in a scale-up analysis.  
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Figure 6.6: Power flow and distribution analysis (left axis) for operating the reactor 

at a pressure of 100 mbar and 8.7 kW input power. The reactants are fed for 10 min 

at a feed rate of 12 g·min-1. Heat consumed by the chemical reaction and the 

sensible heat of the reactants, as well as the losses by conduction and reradiation, are 

indicated. The wall temperature at the focal spot of the HFSS, Tpyro, is also depicted 

(right axis). 

 

 

6.4 Conclusions 

The combined results from experimental characterization and modeling 

indicate that the vacuum drop-tube solar reactor is most efficiently operated 

at an intermediate pressure range (i.e. around 100 mbar) where a balance 

between thermodynamic gains and residence time losses is found. 

Appreciable production of zinc could be achieved by considering looping of 

the reactants at elevated feed rates. In such an approach, the reactants would 
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enter the reactor at a higher temperature. With increased reactant initial 

temperature, the fraction of particle residence time required for heat up 

would be spared for the chemical reaction, thus improving reaction 

performance. However, looping of the reactants will also require the 

development of strategies for continuous zinc product removal and cleaning 

of downstream particle filters. In addition, further processing of unreacted 

materials may be necessary in order to adjust stoichiometry and particle size 

of agglomerates if they are formed. The main intention of the current reactor 

setup was to characterize the particle flow and reaction behavior for a 

section of a single tube element under solar heating conditions. Improved 

reflector design, featuring a longer reaction zone and reduced spillage losses 

could lead to a substantially better reaction performance and thermal 

efficiency. A rough estimation considering a conversion of 8.5 % at a feed 

rate of 56 g∙min-1, together with a particle residence time of 0.12 s in the 

present reaction zone, would yield a conversion rate of 71 %∙s-1. Thus, nearly 

full conversion would require a residence time of ~1.4 s, which corresponds 

to a reaction zone length of approximately 1.7 m. The highest zinc 

production rate of about 51 mmol·min-1, experimentally observed with the 

drop-tube reactor, compares reasonable well to peak production rates of 

comparable batch [65] or semi-batch [38] reactor concepts, which attained 

up to about 81 and 146 mmol·min-1, respectively. Typical long heat-up times 

in batch and semi-batch processes, which can take up to several hours, are 

avoided however in the drop-tube reactor concept. Due to its low thermal 

inertia and easily varied feed rates, the drop-tube is capable of operating ‘on 

demand’ depending on the availability of solar radiation. In addition, the 

drop-tube concept is inherently scalable with parameters such as number of 
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tubes, tube diameter, and tube length that all can be easily varied for any 

specific application. Provided that each tube in a scaled-up system is 

designed to be equally irradiated and that the reactant loading is the same, 

the overall reactor behavior is well determined by the performance of a 

single tube. Thus, the characterization experiments and model presented in 

this study have immediate and valuable implication for the design of a 

multiple drop-tube solar receiver or reactor system. 
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Summary and outlook 

 

Solar produced zinc is considered as a promising pathway to convert 

and store solar energy for commodity metal or fuel production via 

thermochemical cycles. This thesis aimed at the investigation of solar-driven 

carbothermal reduction of zinc oxide in a continuous drop-tube reactor 

operated under vacuum. Experiments and numerical modelling were used in 

a combined effort to characterize the reactor concept by analyzing a single 

tube element in order to establish the framework for employing this reactor 

concept in a larger scale multiple-tube system. 

 

7.1 Summary 

The solar-driven vacuum carbothermal reduction of zinc oxide in a 

drop-tube reactor has been modeled and experimentally investigated across a 

wide range of operational parameters. The reactor concept consists of a 

graphite transport reaction tube situated within a quartz tube enclosure that 

can be evacuated for vacuum operation. Aerosolized zinc and carbon 

particles are introduced to the reactor by means of a rotary valve feeder. The 

graphite drop-tube is heated from the outside with concentrated thermal 

radiation, which reradiates to the absorbing particle cloud that is falling 

through the tube. Peak graphite tube wall temperatures close to 2200 K were 

obtained within minutes of initiating the radiative power source, and 
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sustained operation was possible without significant material degradation.  

The working hypothesis of this research was based on the assumption 

that operation at reduced pressure is beneficial, as it positively influences the 

thermodynamic equilibrium of the chemical reaction. Previous work with a 

similar experimental setup concluded that improved reaction performance 

was linked to reduced operating pressure [74,75]. In the current study, initial 

experiments revealed that low system pressure (1 mbar) has a detrimental 

effect on the reaction within a drop-tube reactor. While feeding reactants at 

0.68 g∙min-1 and maintaining a system pressure of 1000 mbar, increasing the 

temperature of the reaction zone from ≈1400 to ≈1700 K resulted in an 

increase in final reactant conversion from 16 to 44 %. While operating at the 

lowest system pressure of 1 mbar, the same increase in temperature resulted 

in an overall marginal conversion (2 % < X <4 %). Based on this 

observation, it was postulated that the reduced reaction performance is 

caused by insufficient particle residence time at low pressure (1 mbar). A 

single particle model was developed in order to provide evidence for the 

proposed hypothesis, and a high correlation between reduced model particle 

residence time and observed reaction conversion could be identified. 

In addition to the results from the particle model, residence time 

measurements and flow characterization experiments were conducted in 

order to provide further experimental evidence for a potential reaction 

limitation caused by insufficient residence time. Characterization of the 

influence of system pressure on the powder flow within the drop-tube was 

achieved with online transmission measurements supplemented by flow 

visualization. Transmission data obtained for discrete feed pulses revealed a 

substantial influence of system pressure on particle residence time and 
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dispersion. Particle residence time at 1 mbar is reduced to 0.05 s from 0.16 s 

at ambient pressure. The clearance time of the particles, a key indicator of 

the degree of axial particle dispersion along the drop-tube, varies from ≈0.5 

to ≈4 s for pressures of 1 and 960 mbar, respectively. Flow visualization 

experiments showed that the particles exhibit high density and low radial 

dispersion under vacuum conditions. At increased system pressure, the 

particles are distributed along the entire tube width resulting in a relatively 

low particle density.  

Further reaction characterization experiments conducted in a feed rate 

range of 4-56 g∙min-1 showed that the zinc production rate is maximum at 

around 100 mbar and slightly reduced at ambient pressure. Operation at 

higher vacuum of 1 mbar confirmed the significantly diminished reaction 

performance. A thermochemical reaction model was developed that 

considers pressure-dependent particle residence time and radiative heat 

transfer resolved by Monte Carlo ray tracing. The carbothermal reduction of 

ZnO is modeled with two coupled chemical reactions in which CO and CO2 

cycle as gaseous intermediates. The reduction of ZnO with CO is 

represented with a shrinking core model, and oxidation of carbon by the 

Boudouard reaction. Results from the thermochemical model indicate that 

the reaction at 1 mbar is inhibited due to insufficient heat up or residence 

time of the particles in the reaction zone. Operation of the reactor at a 

pressure of 100 mbar and elevated feed rates of 56 g∙min-1 yields a maximum 

Zn production of 51.4 mmol∙min-1. A gradual stagnation in Zn production 

can be observed at higher reactant feed rates related to progressive cooling 

of the graphite tube and diminishing heat transfer to the bulk of the reactant 

material. Extrapolation using the reaction model predicts the maximum 
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production rate to be 52.1 mmol∙min-1 at a reactant feed rate of 68 g∙min-1, 

while utilizing a net input power of 4.3 kW and a pressure of 100 mbar. This 

results in a net thermal efficiency of 3.2 %.  

Overall, it can be concluded that the specific benefit of vacuum 

compared to ambient pressure operation appears to be evident within 

intermediate pressure levels, i.e. around 100 mbar. However, due to 

significantly reduced particle residence time, operation at higher vacuum of 

1 mbar or less is not recommended for the drop-tube concept, even if 

significant particle dispersion can be achieved. An important result is that 

utilization of the drop-tube reactor yields continuous zinc production rates 

that are comparable to peak production rate values of batch and semi-batch 

reactor concepts. In contrast to such batch and semi-batch concepts, the 

drop-tube is capable to operate continuously on demand at its peak 

production rate, and the production capacity can be easily scaled by the 

number of reaction tubes and the length of the hot reaction zone. Thus, the 

drop-tube reactor concept offers promising features, which should be further 

investigated in future research. Moreover, the results presented in this work 

are directly applicable to design and scaling of a commercial scale solar 

reactor system, and are generally beneficial to the development and 

understanding of falling particle thermochemical reactors for solar fuel or 

commodity metal production. 

 

7.2 Outlook 

Future research should address the following experimental and 

numerical topics discussed in detail below: (i) Based on the experimental 

results, further developments should aim to increase effective particle 
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residence time. (ii) In addition, looping of unreacted material should be 

investigated in order to improve overall reactant conversion. (iii) This will 

also require incorporating strategies for continuous zinc product removal, 

which were beyond the scope of the current study. (iv) Since the investigated 

reactor concept is not limited to the carbothermal reduction of ZnO, it could 

be valuable to consider other metal oxides as feedstock or utilize the reactor 

concept for other pyrometallurgical processes. (v) Finally, further 

development of the particle feeding system for the vacuum drop-tube would 

be beneficial in order to improve overall process reliability, robustness, and 

possibly reactant conversion if higher particle dispersion can be achieved. 

(i) Experimental and numerical investigations have shown that the 

effective particle residence time in the reaction zone is rather small. Thus, 

depending on the pressure conditions, the chemical reaction is either limited 

by insufficient particle heat up time at very low pressure (1 mbar), or by a 

finite particle residence time at intermediate pressure levels. If the particles 

can be maintained at high temperature for longer times, the chemical 

reaction will proceed to a higher extent, and thus higher zinc production can 

be achieved. Multiple strategies can be envisioned in order to facilitate an 

increased reaction time. One approach could be to enlarge the reaction zone 

by extending the height of the current reflector envelope. This approach is 

targeted to reduce reradiation losses from sections of the graphite tube that 

are not yet covered by the reflector envelope. In addition, the irradiation of 

the graphite tube could be improved. The design of PSI’s High Flux Solar 

Simulator is optimized for reactor cavities with a circular aperture of 60 mm, 

concentrating the thermal radiation in a point focus mode. Transformation 

from a point focus towards a line focus solar simulator [119] could lead to a 



146          Chapter 7 

 

more efficient irradiation pattern, which is also more similar to how a drop-

tube reactor would be realized in a commercial application. If the graphite 

tube was irradiated by a line focus solar simulator, the temperature profile of 

the graphite tube would be broadened along its axis. Thus, the particles 

would exhibit longer reaction times due to an increased reaction zone. 

Optimization of the irradiation source would also imply redesigning the 

current reflector envelope, which would be beneficial for further 

characterization experiments. Additional efforts targeting to minimize 

incident reradiation losses have the potential to further improve the thermal 

efficiency of the current setup. In addition, it could be valuable to study 

different means of particle flow obstructions in order to reduce momentum 

of the particles. Carefully designed baffles [120] or rather coarse reticulated 

porous ceramics [86] could increase particle residence time without clogging 

the tube and thus lead to higher reaction extents.  

(ii) So far, the carbothermal reduction of ZnO has only been considered 

in a single pass-through mode. It would be worthwhile to consider strategies 

to loop [121] the unreacted materials several times through the reaction zone 

in order to achieve higher overall conversions and to make the process 

economically viable. Looping of the reactants will require to carefully design 

an internal transport system within the vacuum environment or utilization of 

large reactant amounts that are recycled within day to day operation of the 

reactor. The immediate reuse of unreacted material has the advantage that 

less sensible heat would be lost and, in addition, higher reaction extents 

could be achieved as the particles would enter the reactor already preheated. 

Potential challenges could include particle agglomeration and sintering, and 

maintaining a homogenous ZnO-carbon mixture. 
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(iii) In addition to reactant looping, further research efforts have to be 

devoted to develop effective strategies for continuous zinc removal from the 

product stream leaving the reactor. Currently, this is realized by a simple 

cold wall condenser that satisfied the needs of the experiments conducted. It 

could be interesting to examine whether the produced zinc could be 

extracted in a liquid state. This would require keeping the condensing 

surface well above 693 K, which is the melting point of Zn. Alternatively, 

the solidified zinc could be removed by mechanical scraping in order to 

replenish the available area for condensation. 

(iv) The solar thermochemical drop-tube reactor developed inside the 

scope of this thesis is not only applicable to the carbothermal reduction of 

ZnO. It could be beneficial to consider other metal oxides such as MgO and 

Al2O3 once the effective reaction time has been increased and looping of the 

reactants is accomplished [61,67,68]. In addition, the reactor concept could 

be utilized for other pyrometallurgical processes, such as the calcination of 

lime or the generation of different metal oxides from their respective 

carbonates and hydroxides that are yielded after ore refinement. 

(iv) Finally, further development and improvement of the current 

particle feeding and dispersion system has the potential to enhance reaction 

performance of the current setup. It would be interesting to investigate if the 

rotary valve and ultrasonic feeder concepts could be operated in tandem. 

Following this approach, the rotary valve feeder serves as reactant reservoir 

and metering unit, while the ultrasonic feeder, equipped with a coarser mesh 

size and positioned below the rotary valve, accomplishes an improved 

particle dispersion and homogenized particle flow. 
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Appendix A: Vacuum carbothermal reduction of MgO 

in a solar-driven thermogravimeter7 

A.1 Introduction 

This appendix departs slightly from the subject matter of a solar drop-

tube reactor previously described to carry out the vacuum carbothermal 

reduction of ZnO. Here, vacuum carbothermal reduction of MgO is 

presented, with results reported from a joint research effort between the 

University of Colorado at Boulder and the Professorship of Renewable 

Energy Carriers at ETH Zurich. The goal of the collaborative effort was to 

investigate the solar-driven carbothermal reduction of magnesia at reduced 

pressures with a solar-driven thermogravimeter developed at ETH Zurich. 

Magnesium is the second most common lightweight metal used in industry 

after aluminum [58], with a particular demand in the automotive sector 

because of the growing importance of reducing vehicle weight [122]. 

Industrial production routes for magnesium include electrolytic and thermal 

reduction processes, and the latter has emerged as a dominant manufacturing 

route due to simplicity and economic competitiveness [123]. Silicothermic 

reduction is the primary commercial magnesium production process used 

today; China is the world’s largest producer, with 85% market share and a 

capacity of about 700,000 tons annually [124]. Although the process is 

                                                      

7 M. Brkic conducted the experiments with the solar-driven vacuum 

thermogravimeter at ETH Zurich and wrote an internal report on the work 

performed.   
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relatively simple and has a low infrastructure cost, silicothermic production 

is also associated with high greenhouse gas emissions. A life cycle 

assessment of the process indicated that 42 kg of CO2 is released per 1 kg of 

Mg produced [125]. 

 Alternatively, carbothermal reduction of MgO has the potential to 

produce high quality magnesium with lower energy use and fewer 

greenhouse gas emissions [59,60]. For the carbothermal reduction of MgO, a 

carbonaceous feedstock, such as coke or charcoal, is used as a reducing 

agent in the reaction, 

 0 -1

298K = 4MgO+C Mg+C 91.1 kJm lO, oH   (A1) 

At ambient pressure the reaction proceeds at above 2073 K. The onset 

temperature of reaction can be lowered by working under inert gas 

atmosphere or at reduced pressure. The carbothermal reduction of MgO was 

implemented in large scale industrial trials, but it was not shown to be 

economically competitive against established electrochemical or thermal 

production methods [126–128]. High operating temperatures, recombination 

of products, and the difficulty in handling fine pyrophoric powders, as a 

result of rapid gas quenching, rendered the process too costly to employ. 

Ongoing efforts at CSIRO Australia have tried to overcome the 

recombination problem by supersonic quenching of the product gases [129]. 

Thermodynamic analyses showed the potential of performing the 

carbothermal reduction of MgO at reduced pressure, thus facilitating a lower 

operating temperature [60]. Further, the application of vacuum aids in 

magnesium vapor condensation without the formation of fine reactive 

powders [130]. Previous studies have investigated the reaction kinetics at 
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ambient pressure in inert atmosphere using standard thermogravimetric 

analysis [131–133]. Experimental results of vacuum carbothermal reduction 

of calcined dolomite (MgO·CaO) can be found in [134,135]. Typical 

reduction extents >70 % could be achieved for temperature ranges of 1400-

1700 K, yielding condensates with 75-85 wt% Mg content [134]. These 

experiments demonstrate that the MgO reduction can proceed at significantly 

lower temperatures under vacuum. Recently, the solar driven carbothermal 

reduction of MgO under vacuum was reported in literature for a limited 

number of experimental runs [61,68]. 

 The reaction between magnesium oxide and carbon, described in 

equation (A1), is highly endothermic. For the industrial production of 

magnesium, process heat is acquired from burning large amounts of coal 

[125]. Alternatively, concentrated solar energy can be utilized as the source 

of high-temperature process heat, thus significantly reducing the creation of 

greenhouse gases and other pollutants derived from the combustion of fossil 

fuels.  

 

A.2 Experimental 

A.2.1 Experimental setup 

 Experimentation was carried out at ETH’s High Flux Solar Simulator, 

which is comprised of an array of seven Xe-arc lamps. The design of this 

concentrating facility is similar to the one installed at PSI [81], previously 

described in Chapter 2.4. 

An overview of the complete experimental setup for the reduction 

experiments is shown in Fig. A.1. The solar vacuum thermogravimeter 

(Solar TG) used in this study incorporates a graphite crucible with a lid and 
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drilled gas-exit openings on the sides (1). The crucible is attached to an 

alumina tube stand (2) that is placed on top of a micro balance (3) (Mettler 

Toledo, WMS404C, maximum capacity 410 g, sensitivity 0.1 mg). The 

gravimetric unit is situated inside a vacuum-tight housing made of stainless 

steel. A cylindrical quartz dome (4) (Schmizo, outer diameter 70 mm, length 

150 mm, wall thickness 2.5 mm) with a tangential gas inlet is sealed to the 

housing by means of an O-ring and water cooled metal flanges. The crucible 

is surrounded by a condenser made of a brass cooling jacket (5) (outer 

diameter 89 mm, length 62 mm, wall thickness 8 mm) that is used for 

quenching and serves as a condensation site for the gaseous products. Gases 

leave the system through a KF 25 vacuum flange which is mounted on the 

side underneath the cooling jacket. A labyrinth metal sealing (6) is used to 

protect the balance from spillage radiation and product gas contamination. 

The temperature is measured with a S-type thermocouple (7). A wireless 

transmitter (8) (Omega, MWTC-A-S-868 and MWTC-REC6) is used to 

transfer the temperature signal in order to decouple mechanical disturbances 

from the weight measurements. The system pressure is measured by a piezo-

resistive absolute pressure sensor (Kistler Group, Type 4045 A2) in a range 

from 1000 to 10 mbar. Additionally, a Pirani-type vacuum pressure sensor 

(Oerlikon, TTR 101) is mounted to improve the accuracy of the pressure 

readings below 10 mbar. 
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Figure A.1: Schematic of the experimental setup of the solar-driven 

thermogravimetric analyzer at ETH’s High Flux Solar Simulator. (1) graphite 

crucible, (2) alumina tube, (3) micro balance, (4) quartz dome, (5) condenser, (6) 

labyrinth sealing, (7) S-type thermocouple, (8) wireless transmitter. FC: Flow 

controller, P: pressure transducer. 

 

 

 A water-cooled mirror, installed at an angle of 45°, is used to redirect 

the radiation from the HFSS to the top lid of the crucible. Inert gas (Ar) is 

added to the system via three mass flow controllers (FC in Fig. A.1) 

(Bronkhorst HIGH-TECH B.V., EL-FLOW). The primary carrier gas flow is 

injected at a rate of 0.5 LN·min-1 via the top gas inlet mounted on the quartz 

dome ((4) in Fig. A.1). A dry vacuum pump (Adixen, ACP 15) is connected 

to the gas outlet of the Solar TG. The system pressure is adjusted with a 

bonnet needle valve. A particle filter (Vacom GmbH, VISI-TRAP) is 

installed in-line for protecting both valve and vacuum pump from particle 
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contamination. Gases leaving the vacuum pump are cooled by a gas cooler 

(AGT Thermotechnik GmbH, MAK 10) and then passed to the gas analysis 

system. The gas analysis is comprised of an infra-red (IR) analyzer 

(Siemens, Ultramat 23, CO, CO2) and a thermal-conductivity (TC) analyzer 

(Siemens, Calomat 6, H2) connected in series, followed by a gas 

chromatograph (Varian, Varian CP-4900 Micro GC). Additional inert gas 

lines are connected to the balance housing and after the vacuum pump. The 

first line was used to purge the system before experimentation, and the latter 

assisted with carrying the product gases to the gas analysis system. An 

overpressure relief valve is installed for safety when the setup is pressurized 

after  termination of experiments.  

 

A.2.2 Materials 

 The reactant pellets used in this study were provided by the University 

of Colorado at Boulder. Two sources of MgO powder, MAGOX Super 

Premium (Premier Magnesia) and MagChem 10 (Martin Marietta Magnesia 

Specialties), were investigated. The sources varied in high specific surface 

area (HSSA) and low specific surface area (LSSA) of 148.2 and 53.9 g·m-2, 

respectively. The powders were mixed with carbon black (C-100 from 

Chevron Corp) to the desired C:MgO molar ratios and blended in a ball mill 

for 4 hours. Carbon was added in excess of the stoichiometric amount to 

ensure complete reaction. Demineralized water with 30 wt% starch C6H10O5 

(S4126, Sigma Aldrich) was added as binder. The slurry was then extruded 

into pellets of 10 mm diameter, dried at 150°C, and pyrolyzed at 300°C for 

2.5 h. The pellet types (I-IV) and their corresponding MgO specific surface 

area and final C:MgO molar ratio are summarized in Table A.1.  
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Table A.1: Pellet types used in the Solar TG runs, and their corresponding raw 

materials, specific surface area (SSA), and C:MgO molar ratio. 

Pellet type MgO SSA [m2·g-1] 
C:MgO 

molar ratio 

I HSSA, MAGOX Super Premium 148.2 6.6 

II HSSA, MAGOX Super Premium 148.2 3.4 

III LSSA, MagChem 10 53.9 6.1 

IV LSSA, MagChem 10 53.9 3.3 

 

 

A.2.3 Experimental procedure 

 Experiments were first conducted to identify the reduction extent of 

each pellet type. A second set of experiments focused to study the influence 

of pressure on the carbothermal reduction of MgO by operating at 1, 10, 50 

and 100 mbar. For the latter, only one pellet type was investigated that 

showed the highest extent of reduction from the first set of experiments. In a 

typical experiment, five to seven pellets of the same type were loaded into 

the reaction crucible and shaved in height if necessary to match the inner 

dimensions of the crucible. Initial trials indicated that a purge gas flow of 

0.5 LN·min-1 and system pressure of 10 mbar resulted in a stable balance 

signal, with indicated weight fluctuations below ±0.1 mg. After flushing the 

system with Ar and reaching an O2 concentration below 100 ppm, the HFSS 

was turned on. Temperature was indirectly controlled by adjusting radiative 

flux input. A pyrolysis step at 1100 K was maintained for 25 min to remove 

residual moisture and binder from the pellets. During this step in the 

experiments, the HFSS was operated with a radiative flux of close to 

700 kW·m-2. After the pyrolysis step, a reduction step followed where the 
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radiative flux was increased to close to 2100 kW·m-2, resulting in a 

temperature increase to 1400 K which was maintained for 95 min. After the 

HFSS was switched off, the system was allowed to cool in an inert 

atmosphere. The reaction products that deposited on the cooling jacket were 

collected, along with the residue of the reacted pellets. The samples were 

stored in Ar-flushed sample containers. 

 Blank runs with an empty crucible were performed following the same 

operating procedure outlined above, which allowed for the compensation of 

buoyancy effects on the weight measurement. As gas density decreases 

during heat-up, the weight indicated by the balance appears to increase. In 

addition, a slow heat-up of the balance housing occurs, which can also have 

an effect on the weight measurement. The corrected weight loss data was 

obtained by subtracting the blank run data from the weight loss curves 

obtained for full reduction experiments. The collected condensate samples 

were analyzed by X-ray powder diffraction. The Mg content was estimated 

by dissolving the collected particles in HCl and quantifying the evolved H2 

partial pressure (Mg + 2HCl = MgCl2 + H2).  

 

A.3 Results and discussion 

A.3.1 MgO SSA and C:MgO stoichiometry 

 Figure A.2 shows the measured crucible temperature, evolved product 

gases, and relative sample weight µ during a representative run at 

p = 10 mbar with pellet type I. Upon ignition of the HFSS, the temperature 

increased to 1115 K at a rate of 360 K·min-1, which was accompanied by the 

evolution of CO, CO2, H2 and CH4 as a result of the pyrolysis of carbon 

black and residual starch. Further heating to 1427 K induced the 
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carbothermal reduction of MgO, as evidenced by the evolution of CO. Minor 

release of H2 in this phase is attributed to outgassing from carbon black or 

residual Mg(OH)2. The weight loss is consistent with the measured gas 

evolution; quantitative results are further discussed in Section A.3.2. After a 

fast, step-wise drop towards a stable level at the end of pyrolysis, a 

prolonged weight loss period commences with a decreasing reduction rate. 

The final weight loss was verified by an external laboratory balance. The 

extent of reduction is defined as, 

 
MgO

0

MgO

n
X

n


  (A2) 

where n0
MgO and ∆nMgO denote the initial and reacted amount of MgO, 

respectively. The latter is obtained by assuming that the weight loss during 

reduction occurs according to stoichiometry of reaction (A1). 
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Figure A.2: Molar flow rates of evolved CO (blue), CO2 (red), H2 (magenta), CH4, 

crucible temperature T (dashed line) and relative sample weight µ for a 

representative run at p = 10 mbar with pellet type I. Indicators of evolved gases 

denote maximum peak height. (Full experimental length of 120 min is not shown). 

 

 

 The extent of reduction as a function of time is shown in Fig. A.3 for 

p  = 10 mbar and T > 1400 K for the four pellet types defined in Table A.1. 

The SSA has a significant effect on the final reduction extent, X, attained. 

Pellet type I, with HSSA and the highest C:MgO molar ratio reaches the 

highest reduction of X = 74 %. Pellet type II, with a lower C:MgO ratio but 

HSSA attains a reduction of X = 57 %. LSSA samples achieve similar final 

reductions of 52 and 49 %, respectively. XRD analysis of the collected 

deposits on the condenser, shown in Fig. A.4, reveals Mg as the only 

crystalline phase. Diffraction patterns of the reactants are also shown for 

comparison. One minor peak at ~42.5° 2θ is attributed to MgO, presumably 

formed during sample exposure to air. A summary of the experimental 

conditions is listed in Table A.2. 
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Figure A.3: Extent of reduction X as a function of time at p = 10 mbar and 

T > 1400 K for the four pellet types defined in Table A.1. Markers correspond to 

experimental data, solid lines correspond to the fitted D4 solid state reaction model 

presented in Section A.3.2. 

 

 

 

Figure A.4: XRD patterns of reactants (LSSA and HSSA samples) and of the 

condensed products after carbothermal reduction of the four pellet types. Markers 

indicate found peaks and match to substance pattern database.  
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Table A.2: Summary of experimental conditions for experiments investigating pellet 

types (experiments 1-5) and the effect of reaction pressure for pellet type I 

(experiments 6-10). 

Exp. # Pellet 
p Initial sample T [K] 

[mbar] mass [mg] pyrolysis reduction 

1 II 10 984.4 1086 1401 

2 I 10 921.0 1115 1427 

3 IV 10 898.5 1106 1416 

4 III 10 934.7 1107 1422 

5 II 10 895.2 1093 1400 

6 I 10 735.9 1117 1412 

7 I 50 1142.5 1148 1399 

8 I 100 1188.2 1154 1375 

9 I 1 1154.8 1110 1422 

10 I 1 1182.2 1098 1408 

 

 

 

A.3.2 Effect of reaction pressure 

The effect of pressure between 1 and 100 mbar was investigated for the 

reduction of pre-pyrolyzed pellet type I, which attained the highest reduction 

extent X compared to the other pellet types. The temporal variation of X is 

shown in Fig. A.5 for p = 1, 10, 50 and 100 mbar. As expected, X increases 

with reducing pressure. The highest extent of reduction obtained was 74 % 

for a pressure of 1 mbar. A comparison of the reduction step weight loss 

measured by the Solar TG and the amount of collected products for all 

experiments is listed in Table A.3. The amount of evolved gases was 

obtained by integration of the molar flows. The integration was started at the 

beginning of the reduction step and stopped when the HFSS was turned off. 
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The composition of evolved gases confirms CO as the predominant 

reduction product. This indicates that the carbothermal reduction of MgO 

was induced in all experimental runs. The measured weight loss and the 

mass of the collected products compare reasonably well, with a maximum 

relative error of 6 %. XRD analysis of the collected deposits from the 

condenser confirmed Mg being the only crystalline phase. 

 

 

 

Figure A.5: Extent of reduction X as function of time for the reduction of pre-

pyrolyzed pellet type I for pressure varying between 1 and 100 mbar. Markers 

correspond to experimental data, solid lines correspond to the fitted D4 solid state 

reaction model presented in Section A.3.2. 
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Table A.3: Comparison of reduction weight loss and collected products (deposits and gases), and composition of evolved gases for 

experiments investigating pellet types (experiments 1-5) and the effect of reaction pressure for pellet type I (experiments 6-10). 

Exp. Pellet 
p Reduction Collected products CO H2 CO2 CH4 

[mbar] weight loss [mg] deposits [mg] gases [mg] vol% vol% vol% vol% 

1 II 10 304.8 173.5 150.4 96.1 3.9 0.0 0.0 

2 I 10 300.9 164.6 141.4 96.1 3.9 0.0 0.0 

3 IV 10 302.1 161.5 141.7 96.3 3.7 0.0 0.0 

4 III 10 225.3 119.9 102.6 95.4 4.6 0.0 0.0 

5 II 10 328.0 172.5 163.1 96.8 3.2 0.0 0.0 

6 I 10 258.8 128.6 126.8 96.0 4.0 0.0 0.0 

7 I 50 178.2 90.8 92.1 96.7 3.3 0.0 0.0 

8 I 100 150.4 74.2 79.8 96.9 3.1 0.0 0.0 

9 I 1 233.0 109.0 110.4 94.1 5.9 0.0 0.0 

10 I 1 244.5 113.9 118.9 95.5 4.5 0.0 0.0 
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Examination of the reduction extent X vs. time reveals possible means 

to describe the reaction by using solid state reaction models. A solid state 

reaction can be described by the shrinking core model (R3) if structural 

changes dominate and diffusion of products is not rate limiting; in the case 

of diffusion control, the reaction can be described by the Ginstling-

Brounshtein (D4) model [136]. The model equations are,  

R3: 
1/3

S1 (1 ) k t    (A3) 

D4: 2/3

S

2
1 (1 )

3
k t    (A4) 

where α = X(t)/X∞ is the fractional conversion (X∞ is the final 

conversion) and kS is the temperature-dependent kinetic parameter. The D4 

model only slightly underpredicts the measured data for different pellet 

types. All reduction curves in Fig. A.3 show reasonable agreement when fit 

to the D4 model (Root Mean Square Error, RMSE <4.7 %). Better 

agreement between the D4 model and experimental data was found when a 

variation in reaction pressure was investigated (pellet type I), Fig. A.5 

(RMSE <2.2 %). In general, poor agreement was found between 

experimental results and the R3 model. While Galvez et al. [131] and 

Prentice et al. [129] applied the R3 model with some success, their studies 

were carried out at higher temperature and pressure. The D4 model 

incorporates the diffusion resistance through a boundary layer of a spherical 

particle. As the reaction products are gaseous, the resistance could be 

considered to be composed of gas diffusion through the porous carbon 

matrix of the pellet. Figure A.6 shows a micrograph of pellet type I after 

reaction at 10 mbar. The porous structure is clearly visible, with white 

particles nesting in cavities of similar peripheral shape. 
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Figure A.6: SEM image of post reaction pellet type I reacted at p = 10 mbar. White 

islands in cavities correspond to MgO embedded in amorphous carbon matrix as 

confirmed by EDS analysis. Image provided by the University of Colorado at 

Boulder. 

 

 

The solid state reaction model can be considered useful, as it provides 

simple means to qualitatively describe the reaction behavior with three 

variables: time, t, kinetic parameter, kS, and fractional conversion, α. 

However, the true reaction mechanism is believed to be of higher 

complexity. Besides direct solid-solid reduction, the reduction of magnesium 

oxide can proceed through the gaseous intermediate CO coupled to the Bou-

douard reaction as described through reactions (1.5) and (1.6) for the case of 

carbothermal ZnO reduction. According to a recent study of Chubukov et al. 

[67], the solid-solid reaction between C and MgO is dominant at low 

conversion (α < 20 %), whereas the reduction through gaseous CO becomes 

important after the contact of solid C and MgO diminishes in the course of 

reaction or due to sintering. After that, vacuum conditions limit the reaction 

rate because of high mass transfer that removes CO and CO2 from the pellet.  
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The reported results compare well with the findings of Xie et al. [135]. 

In their study, reasonable correlation between the D4 model and 

experimental data was established in the investigated pressure range of 0.1 to 

1 mbar. However, higher reaction extents were found in the present study at 

mean temperatures of 1400 K compared to that of Xie et al. This could be 

attributed to dissimilar reactant preparation techniques. Nusheh et al. [137] 

demonstrated that the reaction can be shifted to lower temperatures and 

higher reaction extents when the reactants are milled beforehand in a ball 

mill for several hours. This increase in reaction extent was attributed to 

refinement of the MgO crystallites and enlargement of the reaction surface 

area between the reactants. The characteristic slowdown of reduction 

towards termination of the experiment, as seen in Fig. A.3 and Fig. A.5, was 

also observed by Vishnevetsky and Epstein [61]. Their results for the solar 

carbothermal reduction of MgO showed a CO peak with a long decreasing 

tail, consistent with the data presented in Fig. A.2. This phenomenon was 

likely associated to reactant sintering, and thus, reduction of the SSA at high 

temperature exposure in the reduction step. 

 

A.4 Conclusions 

Solar-driven carbothermal reduction of magnesium oxide has been 

successfully demonstrated at reduced pressure inside a solar vacuum 

thermogravimeter (Solar TG). Operating under vacuum has revealed to 

significantly reduce the required operating temperature for reduction of 

MgO. Increasing magnesium oxide SSA was shown to have a significant 

effect on the final reduction extent, in contrast to increasing the C:MgO 

molar ratio, which had a less significant impact. For MgO with high SSA, an 
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increase in the C:MgO ratio by 52 % increased the reduction extent by 22 %, 

compared to an increase of 3 % for MgO with low SSA. Decreasing pressure 

from 10 to 1 mbar resulted in a negligible change in reduction rates, and 

yielded a reduction extend of above 70 % for both cases. Higher pressures of 

50 and 100 mbar correlated to lower reduction rates, and reduced the 

reduction extent to 51 % and 43 %, respectively. In the range of reaction 

parameters investigated, it was possible to condense and recover the majority 

of reaction products and to show that magnesium was the major component 

of the products collected. These results indicate the utility of vacuum 

application in the carbothermal reduction of MgO and will be of further 

benefit in deploying concentrated solar energy for the carbothermal 

reduction of other metal oxides.  

 

 

 



 

167 

List of figures 
 

Figure 1.1: Schematic illustration of (a) solar tower and (b) parabolic dish 

concentrators to convert solar radiation into high temperature process heat 

absorbed by a receiver unit or a solar thermochemical reactor (red). ............. 4 

Figure 1.2: Schematic illustration of a two-step solar thermochemical cycle 

for the production of syngas using the Zn/ZnO redox pair. …  ...................... 7 

Figure 1.3: Gibbs free energy change ΔGR of reaction (1.5) as a function of 

temperature T and different reaction pressures in the range of 1 to 

1000 mbar. .................................................................................................... 16 

Figure 1.4: Schematic illustration of a multiple-tube receiver arrangement on 

top of a solar tower installation. …  ............................................................. 21 

Figure 2.1: Schematic of the vacuum aerosol reactor as a cross-sectional 

view, and an enlarged view of the graphite absorber tube showing the hot 

reaction zone and particle flow. … . ............................................................. 27 

Figure 2.2: Schematic of ultrasonic sieve feeder assembly and an enlarged 

cross-sectional view of the working principle of the sieve. …  .................... 29 

Figure 2.3: Schematic of the rotary valve feeder and magnified cross-

sectional view of the rotary valve. The valve moving parts are highlighted in 

green, whereas the stationary part is colored in red. ..................................... 31 

Figure 2.4: Schematic layout of the experimental setup, showing the solar 

vacuum aerosol reactor at PSI’s High-Flux Solar Simulator. …  ................. 34 

Figure 2.5: Volume-based density (left) and cumulative (right) particle size 

distributions of activated charcoal (C), ZnO powder, and the blend of the 

two after stoichiometric mixing in a swing mill for 10 min. ........................ 36 

Figure 3.1: Temperature at the focal height of the HFSS and molar flow rates 

of evolved gases for a typical pulsed feeding experiment. … . .................... 42 

Figure 3.2: Oxygen conversion for pulsed feeding experiments, investigating 

effect of system pressure, feed rate, and mean temperature TR of the reaction 

zone. … ......................................................................................................... 44 

Figure 3.3: Temperature T at the focal height of the HFSS, incident flux 

density qrad and evolved gases CO, CO2, and H2 for a typical continuous 

feeding experiment. … . ............................................................................... 47 



168          List of figures 

 

Figure 3.4: Oxygen conversion (left) and particle Knudsen number (right) 

for continuous feeding experiments investigating the effect of system 

pressure and mean temperature of reaction zone TR. …  .............................. 50 

Figure 3.5: Particle residence times in the reaction zone as a function of 

system pressure for spherical particles of different size. …  ........................ 55 

Figure 3.6: Mean particle velocity vp in the reaction zone and its ratio to the 

fluid gas velocity vg as function of system pressure for spherical particles of 

different size. …  .......................................................................................... 59 

Figure 3.7: Oxygen conversion at 1 mbar nominal pressure and various 

incident power levels for four flow conditions, two of which contain 

obstruction to particle flow within the reaction zone and one no argon sweep 

gas. …  .......................................................................................................... 62 

Figure 3.8: Temperature T, at the focal height, incident flux density qrad and 

evolved gases for a long feeding experiment at p = 100 mbar. …  .............. 64 

Figure 3.9: XRD patterns of ZnO reactant and product samples taken from 

the long-term feeding experiment, collected at different locations as shown 

in Fig. 2.4. … . .............................................................................................. 66 

Figure 3.10: SEM images of collected samples from the long-term feeding 

experiment at different reactor locations described in Fig. 2.4. …  .............. 68 

Figure 4.1: (a.) Schematic layout of the experimental setup to investigate the 

particle flow. … (b.) Illustration of the optical setup for the transmission 

measurement. …  .......................................................................................... 75 

Figure 4.2: Accumulated mass, m (left y-axis), and feed rate, m  (right y-

axis), for the ultrasonic feeder and 45 µm sieve mesh size at 100 % vibration 

amplitude setting for nominally identical conditions. …  ............................. 81 

Figure 4.3: Raw I1 (black), baseline Ib (red), and trend corrected transmission 

signal T (blue), (left y-axis) for three representative runs with a 45 µm  mesh 

size at 50 % amplitude setting and p = 1 mbar. Cumulative fed mass of ZnO, 

m (right y-axis). ............................................................................................ 81 

Figure 4.4: Statistical Tukey boxplot of the transmission T during feeding for 

different conditions (a) and ZnO feed rate m  (b), both for the ultrasonic 

feeder. …  ..................................................................................................... 83 

 

 



        169 

 

Figure 4.5: Accumulated mass m (left y-axis) and instantaneous feed rate m  

(right y-axis) for the rotary valve feeder, varying the feed pulse rate φ within 

range 12, 36, 72, and 132 min-1. ................................................................... 86 

Figure 4.6: Rotary valve feed rate m  (left y-axis) as a function of feed pulse 

rate φ for three experimental trials. The red curve shows the linear fit 

obtained from all data. The deviation from the fit is depicted as relative error 

(right y-axis). ................................................................................................ 88 

Figure 4.7: Transmission T for the rotary valve feeder for system pressures 

of 1, 100, and 960 mbar. The ZnO/C feed rate m  is increased in five 

consecutive steps: 3.4, 11.9, 23.9, 30.4 and 42.0 g∙min-1. ............................ 89 

Figure 4.8: Background attenuation δ for increasing ZnO/C feed rate m of 

the rotary valve feeder at system pressures of 1, 100, and 960 mbar. The 

shaded error region denotes the standard deviation from the mean. ............ 90 

Figure 4.9: Residence time as a function of ZnO/C feed rate m  for the rotary 

valve feeder at system pressures of 1, 100, and 960 mbar. …  ..................... 91 

Figure 4.10: Typical time resolved transmission T for the rotary valve feeder 

at 1 mbar and ZnO/C feed rate m = 3.46 g∙min-1. …  .................................. 93 

Figure 4.11: Statistical Tukey boxplot of particle residence times, τ10 and τ50, 

for system pressures between 1 and 960 mbar. …  ...................................... 95 

Figure 4.12: Peak shape of the transmission signal during feeding at different 

system pressures of 1, 50, 100 and 960 mbar (a-d, respectively). Individual 

peaks from discrete powder release events are overlaid over each other to 

emphasize average peak shape. …  .............................................................. 97 

Figure 4.13: Statistical Tukey boxplot of peak clearance time at 10 % peak 

height, tc,10 (left y-axis), and at 50 % peak height, tc,50 (right y-axis), for 

system pressures between 1 and 960 mbar. .................................................. 99 

Figure 4.14: Conceptual illustration of the correlation between average peak 

shape characteristics of the transmission data and corresponding average 

particle cloud density at system pressures between 1 and 960 mbar. ......... 101 

Figure 4.15: Flow visualization of the particle cloud radial distribution at 

maximum intensity and system pressures of 1, 100 and 960 mbar. …  ..... 103 

 

 



170          List of figures 

 

Figure 4.16: Intensity profiles along inner quartz tube width at height of 

36 mm (Fig. 4.15, t0) extracted for subsequent time steps from video 

recordings at system pressures of 1, 100, and 960 mbar. ........................... 105 

Figure 5.1: Illustration of Monte Carlo ray tracing analysis. Cross sectional 

view of the graphite absorber tube within the quartz tube enclosure 

surrounded by the reflector envelope. …  ................................................... 113 

Figure 5.2: (a) Incident radiative flux on the graphite tube outside surface 

(positive y-direction towards the radiation source) computed with Monte 

Carlo ray tracing analysis. (b) Tube wall temperature profile Tw (right axis), 

and axial and circumferential average power, qz, and qφ, respectively (left 

axis), along normalized tube dimensions z* and φ* for a solar power input of 

9.8 kW. … .................................................................................................. 114 

Figure 5.3: Schematic description of Monte Carlo ray tracing procedure to 

capture the radiative heat transfer from the hot tube walls to the particle 

cloud within the graphite tube. …  ............................................................. 115 

Figure 5.4: Scattering phase function  of (a) ZnO and (b) carbon derived 

from Mie theory for a 30 µm spherical particle and selected wavelengths of 

0.5, 1, and 4 µm. ......................................................................................... 117 

Figure 5.5: Extinction, absorption and scattering coefficients,  aand s 

respectively, as a function of wavelength for (a) ZnO and (b) carbon for a 

particle size of 30 µm and volume fraction of 2×10-5. ................................ 117 

Figure 6.1: Measured temperature T at the focal height of the HFSS and 

radiative flux qrad (left axis) and molar flow rates of evolved gases (right 

axis) for a typical reaction capacity experiment at p = 100 mbar using carbon 

type C2. ....................................................................................................... 125 

Figure 6.2: Equivalent zinc production rates  for various reactant feed 

rates, investigating the effect of reaction pressure, carbon source, and input 

power across the reflector aperture. …  ...................................................... 127 

Figure 6.3: Equivalent zinc production rate  (right axis) and conversion X 

(left axis) as a function of feed rate m  at a system pressure of 100 mbar. 

Markers indicate experimental results at 9.8 kW with error bars denoting the 

standard deviation among experiments. …  ................................................ 130 

 

 



        171 

 

Figure 6.4: (a) Graphite tube temperature profile Tw and simulated particle 

phase temperatures Tp along normalized tube axis z*. Temperature profiles 

are shown for different operating pressures of 1, 100 and 960 mbar, and 

particle velocities of 2.9, 1.2 and 0.9 m·s-1, respectively. (b) Artificial 

increase of particle velocity to 2.9 m·s-1 for the 100 and 960 mbar cases, to 

illustrate the impact of particle residence time. .......................................... 134 

Figure 6.5: Thermal efficiency ηth of the solar drop-tube reactor as a function 

of feed rate m  and two input power levels of 6.7 kW (black) and 9.8 kW 

(blue). The radiative power entering the reflector aperture is Qrad and the net 

incident power on the graphite absorber tube is Qnet. Markers denote 

experimentally determined efficiency values. ............................................ 136 

Figure 6.6: Power flow and distribution analysis (left axis) for operating the 

reactor at a pressure of 100 mbar and 8.7 kW input power. The reactants are 

fed for 10 min at a feed rate of 12 g·min-1. …  ........................................... 138 

Figure A.1: Schematic of the experimental setup of the solar-driven 

thermogravimetric analyzer at ETH’s High Flux Solar Simulator. …  ...... 153 

Figure A.2: Molar flow rates of evolved CO (blue), CO2 (red), H2 (magenta), 

CH4, crucible temperature T (dashed line) and relative sample weight µ for a 

representative run at p = 10 mbar with pellet type I. …  ............................ 158 

Figure A.3: Extent of reduction X as a function of time at p = 10 mbar and 

T > 1400 K for the four pellet types defined in Table A.1. Markers 

correspond to experimental data, solid lines correspond to the fitted D4 solid 

state reaction model presented in Section A.3.2. ........................................ 159 

Figure A.4: XRD patterns of reactants (LSSA and HSSA samples) and of the 

condensed products after carbothermal reduction of the four pellet types. 

Markers indicate found peaks and match to substance pattern database. ... 159 

Figure A.5: Extent of reduction X as function of time for the reduction of 

pre-pyrolyzed pellet type I for pressure varying between 1 and 100 mbar. 

Markers correspond to experimental data, solid lines correspond to the fitted 

D4 solid state reaction model presented in Section A.3.2. ......................... 161 

Figure A.6: SEM image of post reaction pellet type I reacted at p = 10 mbar. 

White islands in cavities correspond to MgO embedded in amorphous 

carbon matrix as confirmed by EDS analysis. …  ...................................... 164 

 



 

172 

List of tables 
 

Table 2.1: Physical properties and characteristic particle size distribution of 

reactants. ....................................................................................................... 37 

Table 3.1: Summary of experimental results for continuous feeding 

experiments, varying input power Qrad and reactor pressure p. …  .............. 47 

Table 3.2: Statistical comparison of oxygen conversion X from continuous 

feeding experiments and modeled particle residence time τr. …  ................. 57 

Table 3.3: Statistical analysis of change in normalized oxygen conversion, 

∆X ⃰ vs. change in normalized particle residence time, ∆τr⃰ against system 

pressure. …  .................................................................................................. 57 

Table 4.1: Summary of rotary valve feed rate calibration experiments, 

reactant feed rate, m , as a function of rotary valve feed pulse rate,  . ...... 87 

Table 4.2: Summary of rotary valve discrete feed pulse characterization. The 

median particle residence times, τ10 and τ50, and clearance times, tc,10 and tc,50, 

are shown. …  ............................................................................................. 103 

Table 5.1: Initial conditions for the model at different operating pressures: 

average particle phase velocity vp, initial CO partial pressure pCO, particle 

temperature Tp  at graphite tube inlet, particle diameter dp and mean density 

p. ................................................................................................................ 112 

Table 6.1: Parameter space for for first phase of experiments. .................. 123 

Table 6.2: Summary of reaction model results at a pressure of 100 mbar for 

different input power levels, Qrad, and associated net incident radiation on the 

graphite tube, Qnet. …  ................................................................................ 136 

Table A.1: Pellet types used in the Solar TG runs, and their corresponding 

raw materials, specific surface area (SSA), and C:MgO molar ratio. ......... 155 

Table A.2: Summary of experimental conditions for experiments 

investigating pellet types (experiments 1-5) and the effect of reaction 

pressure for pellet type I (experiments 6-10). ............................................. 160 

Table A.3: Comparison of reduction weight loss and collected products 

(deposits and gases), and composition of evolved gases. … ...................... 162 

 



 

173 

References 
 

[1] IEA, 2015, World Energy Outlook 2015, IEA/OECD Publishing, 
Paris. 

[2] IEA, 2015, CO2 Emissions from Fuel Combustion 2015, IEA/OECD 
Publishing, Paris. 

[3] IPCC, 2014, Climate Change 2014: Synthesis Report, Geneva. 

[4] WEC, 2011, Global Transport Scenarios 2050, London. 

[5] IEA, 2009, Transport Energy and CO2 : Moving towards 
Sustainability, IEA/OECD Publishing, Paris. 

[6] Rankin, J., 2012, “Energy use in metal production,” High 
Temperature Processing Symposium 2012, Faculty of Engineering 
and Industrial Sciences, Swinburne University of Technology, 
Australia. 

[7] Lédé, J., 1999, “Solar Thermochemical Conversion of Biomass,” Sol. 
Energy, 65(1), pp. 3–13. 

[8] Kruesi, M., Jovanovic, Z. R., dos Santos, E. C., Yoon, H. C., and 
Steinfeld, A., 2013, “Solar-driven steam-based gasification of 
sugarcane bagasse in a combined drop-tube and fixed-bed reactor – 
Thermodynamic, kinetic, and experimental analyses,” Biomass and 
Bioenergy, 52, pp. 173–183. 

[9] Wieckert, C., Obrist, A., von Zedtwitz, P., Maag, G., and Steinfeld, 
A., 2013, “Syngas Production by Thermochemical Gasification of 
Carbonaceous Waste Materials in a 150 kWth Packed-Bed Solar 
Reactor,” Energy & Fuels, 27(8), pp. 4770–4776. 

[10] Matsunami, J., Yoshida, S., Yokota, O., Nezuka, M., Tsuji, M., and 
Tamaura, Y., 1999, “Gasification of Waste Tyre and Plastic (PET) by 
Solar Thermochemical Process for Solar Energy Utilization,” Sol. 
Energy, 65(1), pp. 21–23. 

[11] Piatkowski, N., and Steinfeld, A., 2008, “Solar-Driven Coal 
Gasification in a Thermally Irradiated Packed-Bed Reactor,” Energy 
& Fuels, 22(3), pp. 2043–2052. 

 

 



174          References                  

 

[12] Ng, Y. C., and Lipiński, W., 2012, “Thermodynamic analyses of 
solar thermal gasification of coal for hybrid solar-fossil power and 
fuel production,” Energy, 44(1), pp. 720–731. 

[13] Z’Graggen, A., Haueter, P., Maag, G., Romero, M., and Steinfeld, A., 
2008, “Hydrogen production by steam-gasification of carbonaceous 
materials using concentrated solar energy – IV. Reactor 
experimentation with vacuum residue,” Int. J. Hydrogen Energy, 
33(2), pp. 679–684. 

[14] Nakamura, T., 1977, “Hydrogen production from water utilizing solar 
heat at high temperatures,” Sol. Energy, 19(5), pp. 467–475. 

[15] Lédé, J., Lapicque, F., Villermaux, J., Cales, B., Ounalli, A., 
Baumard, J., and Anthony, A., 1982, “Production of hydrogen by 
direct thermal decomposition of water: Preliminary investigations,” 
Int. J. Hydrogen Energy, 7(12), pp. 939–950. 

[16] Diver, R., Pederson, S., Kappauf, T., and Fletcher, E. A., 1983, 
“Hydrogen and oxygen from water – VI. Quenching the effluent from 
a solar furnace,” Energy, 8(12), pp. 947–955. 

[17] Bilgen, E., Ducarroir, M., Foex, M., Sibieude, F., and Trombe, F., 
1977, “Use of solar energy for direct and two-step water 
decomposition cycles,” Int. J. Hydrogen Energy, 2(3), pp. 251–257. 

[18] Steinfeld, A., Kuhn, P., Reller, A., Palumbo, R., Murray, J., and 
Tamaura, Y., 1998, “Solar-processed metals as clean energy carriers 
and water-splitters,” Int. J. Hydrogen Energy, 23(9), pp. 767–774. 

[19] Steinfeld, A., 2005, “Solar thermochemical production of hydrogen–
–a review,” Sol. Energy, 78(5), pp. 603–615. 

[20] Abanades, S., Charvin, P., Flamant, G., and Neveu, P., 2006, 
“Screening of water-splitting thermochemical cycles potentially 
attractive for hydrogen production by concentrated solar energy,” 
Energy, 31(14), pp. 2805–2822. 

[21] Choi, S., Gray, M. L., and Jones, C. W., 2011, “Amine-Tethered 
Solid Adsorbents Coupling High Adsorption Capacity and 
Regenerability for CO2 Capture From Ambient Air,” ChemSusChem, 
4(5), pp. 628–635. 

[22] Wurzbacher, J. A., Gebald, C., Piatkowski, N., and Steinfeld, A., 
2012, “Concurrent Separation of CO2 and H2O from Air by a 
Temperature-Vacuum Swing Adsorption/Desorption Cycle,” 
Environ. Sci. Technol., 46(16), pp. 9191–9198. 



        175 

 

[23] Osinga, T., Frommherz, U., Steinfeld, A., and Wieckert, C., 2004, 
“Experimental Investigation of the Solar Carbothermic Reduction of 
ZnO Using a Two-cavity Solar Reactor,” J. Sol. Energy Eng., 126(1), 
pp. 633–637. 

[24] Wieckert, C., Frommherz, U., Kräupl, S., Guillot, E., Olalde, G., 
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