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Abstract 

Solar thermochemical hydrogen using the ZnO reduction – Zn hydrolysis cycle offers the 
possibility of hydrogen production free from greenhouse gas emissions or electricity. In the first 
step, oxygen is removed from a metal oxide at temperatures in excess of 2000K. In the second 
step, oxygen is returned to the metal from water, thereby liberating hydrogen. 
In this work, a novel reactor was analyzed, designed and experimentally evaluated for 
accomplishing the second reaction. Specifically the reactor was to form and hydrolyze in-situ Zn 
nano-particles from the condensation of Zn vapour. The goal of the design was to achieve small 
particle formation to provide high specific surface area, high mixing intensity and maintain 
elevated reaction temperatures. The reactor – called the HQRR (High Quench Rate Reactor) - 
was analyzed using CFD tools for speed of vapour quench, mixing intensity and flow field 
characteristics and the most favourable version was selected for construction. 
In the HQRR, a steam-nitrogen mixture, injected through two 2.5mm nozzles, delivered 
quenching and mixing. Due to high flow speeds and sharp temperature profiles quench rates in 
excess of 1,000,000 K/s were possible. The quench products passed into a large diameter tube 
heated to 350oC to improve reaction kinetics and lengthen the residence time behind the 
quenching zone and the aerosol was collected on a filter with the product gasses passing on to 
analysis by a gas chromatograph. 
Experiments were carried out evaluating conversion, particle yield, filter ZnO content and 
particle characteristics. Varied parameters were quenching gas flow rate; quench rate and oven 
evaporation temperature. The conversion was largely parameter independent with a maximum of 
75.6% and a minimum of 55.5%. Lower quench gas flow rates corresponded to lower particle 
yields due to inferior aerosol transport capacity. The maximum particle yield was 41.6% which 
corresponded to a conversion of 64.4% and a filter ZnO mass fraction of 26%. 
Filter deposits showed large agglomerates of small particle formed by rapid quenching and 
subsequent agglomeration due to high turbulence and elevated temperatures. BET diameters 
were virtually constant between 200nm and 250nm with quench gas flow rate however increased 
significantly with increasing evaporation temperatures from 200nm to over 500nm. 
The HQRR demonstrated consistent and high conversion and particle yield over a wide range of 
operation parameters and thus proves the merits of rapid quenching and intense mixing and the 
reactor design. Recommendations are presented for the improvement of reaction temperatures, 
particle yield through lower deposition and quenching rate without dilution from high quench 
gas flow rates. 
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Nomenclature 

oC – Degree Celsius 
β – Collision frequency for diffusion 
ρ – Density 
ρZn –Pure Zn density (7140 kg/m3) 
ρZnO – Pure ZnO density (5606 kg/m3) 
υ – Kinematic viscosity [m2/s] 
κ – Turbulent kinetic energy [J/kg] 
ε – Energy dissipation rate of turbulent kinetic energy[J/s], total emissivity 
σ _ Surface tension [Nm], Stefan-Boltzman Constant 5.67e-8 [J/m2K4] 
μ – Dynamic viscosity [kg/ms]  
CG – Carrier Gas 
cm – Centimeter 
D – Diffusion coefficient [m2/s] 
Dh – Hydraulic diameter 
dp – Particle diameter 
dP

* - Kelvin diameter 
H2 – Molecular hydrogen 
h – Convective heat transfer coefficient 
J - Joule 
GL,GV  - Gibbs free energy in condensed phase and vapour 
∆G – Change of Gibbs free energy 
g – Number of molecules present in condensed phase 
K – Degree Kelvin 
kb –Boltzmanns Constant, 1.38e-23 J/molK 
L – Litre 
lInt – Integral Length Scale 
lK – Kolmogorov Length Scale 
mZn, filter – Mass of Zn recovered on the filter 
mZn, evaporated – Mass of Zn evaporated 
MZn, MZnO – Molar masses of zinc and zinc oxide 
mbar - millibar 
mg - Milligrams 
min – Minute 
mol - Mole 
mm – Millimetre 
nm – Nanometer 
Nu – Nusselt number 
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O – Atomic oxygen 
O2 – Molecular oxygen 
P, PV – Pressure, Partial Vapour Pressure 
PSat – Saturation Pressure 
Pr – Prandtl Number 
QG – Quench Gas 
Re – Reynolds number 
s – Solid state,  second 
SR - Saturation Ratio 
SSA – BET specific surface area[m2/g] 
t – Time 
u’ – Turbulent Intensity 
v – Vapour 
vL – Volume of condensed phase (liquid) molecule 
wt% - Weight percentage 
Zn – Zinc 
ZnO – Zinc Oxide 
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1 Introduction 

The world is entering a critical period of debate on the future of its energy supply. On one hand 
there has been a gradual increase in the past 15 years of the ratio of known oil reserves to 
production [Tester et al, 2005] and there is considerable consensus that oil and gas production 
will not be significantly affected in the next 50 years [Tester et al, 2005]. Conversely, even 
ignoring the potentially catastrophic effects of climate change induced by these fuels, from a 
long term sustainability viewpoint, 50 years of energy security is hardly a solution. More 
alarmingly, the dispersion, sheer size and cost of current energy infrastructure will require 
enormous investments of both time and money in order to be converted to handle new fuels. 
Viable alternatives need to be developed as rapidly as possible. 
One of the most promising fuels for the future is hydrogen. It has much higher energy content 
per unit mass than both oil and natural gas. It is readily available in enormous quantities in the 
form of liquid water and its combustion produces no harmful emissions1. However current 
methods of hydrogen production are largely inefficient and rely on fossil fuels or purpose 
generated electricity. 
A process that shows great promise for hydrogen production is solar thermochemical water 
splitting by means of metal hydrolysis. Several oxides of metals such as titanium, manganese and 
cobalt have been investigated, however hydrogen yields were too low to be practical and the 
temperatures required for disassociation were prohibitive [Steinfeld, 2002]. Zinc oxide and zinc 
have shown to be favourable materials for this process due to a temperature of self-disassociation 
at a relatively moderate 2235 K [Steinfeld, 2002].  The reaction is composed of two steps. Firstly 
zinc oxide is reduced to zinc and oxygen.  

22
1)()( OvZnheatsZnO +→+  

The heat for this reaction can be easily and economically supplied by concentrated solar thermal 
energy. The second step occurs in a separate reaction vessel at temperatures between 500 K and 
900 K. In this exothermic reaction the zinc is hydrolyzed with water steam to produce hydrogen 
and ZnO which is recovered and recycled to the first step. 

heatHZnOvOHZn ++→+ 22 )(  

                                                
 
 
1 Due to appreciably higher flame speeds than fossil fuels, hydrogen can be burned very lean which leads to lower 
flame temperatures and highly reduced NOx production. 
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This two step hydrogen production has several key advantages over current methods. Firstly, 
hydrogen and oxygen are produced in separate steps in separate chambers which removes the 
challenges imposed by high temperature gas separation and of course, the possibility of ignition. 
Secondly, this reaction produces only oxygen as an emission while the zinc oxide can be 
recovered and re-used in the first step. Finally, zinc metal acts in effect as an energy carrier. Zinc 
may be mass produced economically in locations with high quality solar resources and 
transported to areas where hydrogen is in demand but lack economically exploitable solar 
resources. The transport and storage of zinc metal poses no technical challenges and the 
equivalent hydrogen content per unit mass and volume of zinc far exceeds that of hydrogen high 
pressure storage or liquefaction.  
There remains still significant work to be done on the hydrolysis reaction in improving the 
reaction completion and the recoverable ZnO mass. A number of concepts have been applied to 
this reaction however the most promising seems to be based on Zn particles. In this process, a Zn 
vapour is cooled to below the vapour saturation temperature and forms pure Zn particles which 
are hydrolyzed with water steam. The main advantage of this process is the theoretically 
enormous reaction areas that can be attained with small metal particles. For this reason, nano-
particles (10-9m) are particularly attractive. 
This work presents a new reactor high quench rate jet reactor for the hydrolysis reaction. A 
detailed design and analysis procedure is presented along with a thorough analytical parametric 
study to evaluate reactor performance. Finally an experimental campaign investigates the actual 
reactor. As this new reactor is a successive improvement step on previous designs, it is 
instructive to see the background to this latest development. 
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2 Literature Review 

The zinc particle in-situ hydrolysis reaction has been studied in various forms over the years. In 
1979, Clark and Fray [1979] reacted zinc vapour and water vapour over the temperature range of 
773 - 1073 K. They utilized a continuous flow reactor with separate evaporative and reaction 
furnaces used to maintain temperatures constant over these areas. They observed up to 1 mm 
ZnO deposits on the reactor walls and thus concluded that the zinc hydrolysis reaction is a 
reaction on solid surfaces rather than a gas phase reaction. To that end, it was concluded to 
pursue very large reaction areas in the form of metal nano-particles. 
Wegner et al. [2002] focused principally on particle formation. They produced particles by 
quenching bismuth vapour with Argon. The quench device used a water cooled jacket and thus 
helped cool the hot metal stream as well as the Argon downstream of the mixing zone. The result 
was a steep temperature drop over a short distance. It was found that higher quench gas (QG) 
flow rates gave faster quenching – in units of temperature drop per time - and smaller particles. 
For a given mass, small particles provide a much larger reaction area than large ones. Cooling 
rates induced by the quench gas varied between 12,000 and 18,000 K/s producing particles 
between 12 and 37nm in diameter as determined by BET methods. The highest quenching gas 
flow used was 20 L/min. It was also found by Wegner that regions in the flow that exhibited 
recirculating flows at temperatures below the saturation temperature were responsible for large 
particle diameters due to extended residence times. 
Ly and Weiss [2004] used the experimental setup of Wegner to quench Zn vapour with Argon 
for purposes of Zn particles production as well as study the hydrolysis reaction. As with the 
reactor of Wegner, a water cooled jacket was employed leading to a sharp temperature drop. A 
Zn aerosol of a minimum particle diameter of 72nm was achieved at a quench flow rate of 30 
L/min.  
Rate limiting aspects of the hydrolysis reaction were investigated by Bermann and Epstien, 
[2000] who passed water vapour bubbles in an un-reacting carrier gas through molten zinc. The 
reaction site was the phase interface; the bubble surface. They found that at low water partial 
pressures, the rate limiting step was the diffusion of Zn ions from the molten metal side, through 
a formed layer of ZnO to the water vapour side of the bubble. At higher water partial pressures, 
the rate limiting step was rather the diffusion of water vapour through the ZnO to the molten 
metal side. In both cases, the ZnO passivating layer served as a barrier to the reaction. This leads 
to the conclusion that reactions can proceed to greater completeness on small particles. A 
reaction limiting ZnO layer will comprise a larger mass fraction of a small particle in comparison 
to a large one. 
The Zn in-situ hydrolysis was also studied by Wegner and Weiss [2006, 2005] with the original 
reactor of Wegner. The hydrolysis reaction achieved conversion values up to 70% for both 
studies however the reaction was found to mainly occur as the hydrolysis of vapour deposited 
Zn. 
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For this reactor, the quenching gas was a steam-argon mixture which was injected through the 
body of the reactor. As the steam would have condensed, it had been impossible to use a water 
cooled jacket. The reported temperature profile therefore shows very flat cooling. As a result, at 
temperatures in excess of the Zn saturation temperature, the hydrolysis reaction occurred on 
vapour deposited Zn on the walls. Below the saturation temperature, due to relatively high 
temperatures being maintained for long time periods, particle growth was rapid up to sizes of 
100nm. Particles of 130nm were collected on the filter [Weiss, 2005] with a near zero ZnO mass 
content. With the goal of maximizing the reaction rate, it was concluded that the optimal reaction 
temperature for the in-situ hydrolysis should be just below the zinc vapour saturation 
temperature. 
 
Ernst et al. [2006] studied reaction zone temperatures with two ovens separated by a cooling 
zone at the end of which steam was injected. At temperatures above the Zn vapour saturation 
temperature, Zn vapour deposits on the reactor walls were hydrolyzed leading to high H2 yields 
but very low percentages of recoverable mass. For the highest hydrogen yield of over 90%, 3% 
of input Zn mass could be recovered as Zn/ZnO as loose particles. Conversely, at temperatures 
below the saturation temperature, particles formed in the cooling zone were subsequently 
hydrolyzed. However the hydrogen yield dropped while the recoverable mass fraction increased. 
The quench rate in the reactor was also quite modest due to the reliance on convective cooling, 
the absence of a water jacket and by having the low temperature determined by the temperature 
of the reaction zone. Minimum BET particle diameters reported were 125nm for reaction zone 
temperatures below the saturation temperature.  
From the works conducted there are a number of key conclusions related to in-situ Zn 
nanoparticle hydrolysis. 

• The reaction occurs best on solid surfaces. 
• Small particles provide very large surface areas per unit mass. 
• The smaller the particle, the greater the reaction area and the higher the reaction rate for a 

given reaction temperature.  
• Very small nanoparticles are best produced with fast cooling of the metal vapour to a low 

temperature. 
• The ZnO layer that forms on a Zn particle serves to inhibit the reaction. With a given 

layer thickness, a small particle will undergo more a higher degree of conversion than a 
large one. 

• The best reaction temperature should be just below the Zn vapour saturation temperature 
where particles are just formed but reaction kinetics are most favourable. 

These conclusions were instrumental in the development of the new reactor and were 
supplemented by theoretical considerations of reaction phenomena.  
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3 Background 

The two principle processes instrumental to affording good hydrolysis reaction conditions are 
based on mixing and particle formation. It is therefore instructive to consider the theory of these 
phenomena. The theories yield important information on the necessary characteristics of such a 
device. 

3.1  Mixing Theory 

The reaction of steam with Zn vapour is un-premixed reaction. To that end, the species are 
present in discrete volumes before interaction where only one of them is present. To bring about 
successful, rapid and complete reaction, these volumes must be made to interact. Of course, the 
simplest way to do this is to allow a long time for diffusion to homogenize the mixture and create 
a pre-mixed mixture. However, as has been shown in the section 2 – Literature Review, long 
mixing is not a beneficial situation due to vapour deposits.  
The alternative is to use turbulent flows which are able, due to high energy fluctuations, to break 
apart the discrete specie volumes. Turbulence is characterized by fluid velocity fluctuations away 
from the mean flow velocity: the more aggressive the fluctuations, the more intense the 
turbulence. There are a number of mixing parameters which shall be discussed to explain 
desirable mixing characteristics. 
In a mixing reactor with two streams, we wish to, as thoroughly as possible, homogenize the two 
species. However, turbulence can only reduce in-homogeneities down to the size of the smallest 
eddies – the so called ‘Kolmogorov scale’. This scale is still much larger than the molecular path, 
so exchange processes and interaction of species between heterogeneous regions must occur 
through diffusion [Brodkey, 1975].  
It has also been determined that turbulence does not affect chemical kinetics from the point of 
Arrhenius driven reaction rates. If species exist at a point in turbulent flow they will react at 
exactly the same temperature dependant rate as they would in a fluid at rest in the same 
concentrations [O’Brien, 1975]. However, turbulence serves to break up homogenous regions 
and increase species interactions areas. The result is an increase of mass diffusion rates which 
generates faster reaction rates with kinetics unaffected [O’Brien, 1975]. Good mixing not only 
allows for high specie interaction, but also rapid temperature homogenization.  
There a number of turbulence parameters which are helpful in qualifying this phenomenon. 
Heywood provides a detailed derivation of critical turbulence mixing parameters [1984]. The 
most important measure is the turbulence intensity; u'. It is the root mean square of flow velocity 
fluctuations about a mean at a location in the flow over N samples.  
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The assumption of isentropic turbulence intensities says that the kinetic energy per unit mass (κ) 
of fluid can be defined as: 
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With a reference point in space defined, turbulent structures are considered at a distance r 
removed. At this point and the reference point, the mean over N samples of the departure from 
the mean velocity as well as the turbulence intensities is taken. With flow data of N samples a 
value called the ‘integral length scale’ (lInt) can be defined. This value is based on the 
autocorrelation function RL which indicates to what extent an event in one part of the flow 
influences another location. The integral length scale is therefore also a measure of the size large 
scale flow structures in a flow field as these will have the most far reaching influences. To a 
surprisingly good approximation, the integral length scale can be assumed to be of the same size 
as the main turbulence generator [Boulouchos, 2006]. 
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It is clear that higher turbulence intensities (u'), therefore higher local velocity fluctuations, yield 
a smaller integral length scale and thus an overall lower size turbulent structure population. 
On the other end of the turbulent structure size spectrum lays the Kolmogorov (lK) scale which 
represent the smallest turbulent eddies present in the flow. Kolmogorov scale theory says that 
turbulent kinetic energy is dissipated in the smallest scale structures and thus turbulent mixing is 
viscous friction limited. This lower limit is therefore dependant upon the flow characteristics as 
well as the energy dissipation properties of the fluid. The rate of energy dissipation (ε) in 
turbulent flows and the Kolmogorov length scale are given as: 
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In practice, the Kolmogorov scale is 100-1000 times as small as the integral length scale. It is 
seen from this that the smallest scale turbulent structures decrease in size with increasing 
turbulent intensity. Of course, high Reynolds number flows are the best methods of 
implementing highly turbulent flows. 
The turbulence intensity formulation shows an important fact. By defining turbulence parameters 
based on velocity fluctuations, one is not limited to only high flow velocities in order to achieve 
small Kolmogorov scales and integral length scales. One may also achieve high fluid fluctuations 
at lower speeds over rough surfaces or through flow disrupting structures. Of course, such 
measures do not affect the bulk volume as well as high Reynolds number flows and are also 
difficult to technically implement. However, in applications where space and speed are limited, 
this provides an interesting technical option. 



  7 

It is useful to see the influence of turbulence exchange processes against purely diffusion 
processes. Boulouchos provides an example for internal combustion engines which serves to 
indicate the enormous benefit of turbulent exchange processes over diffusion driven processes 
[Boulouchos, 2006]. The products have the dimension of diffusivity. 
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There is thus an increase in diffusivity of three orders of magnitude in going from diffusion 
driven exchange to turbulence driven exchange. Although an internal combustion engine is a 
very different reactor than the hydrolysis reactors have up till now been, it may be said that the 
similarities with respect to the size of turbulent generators flow speeds are sufficiently marked. 
As has been mentioned, a first approximation of the integral length scale is the characteristic 
diameter of the main turbulence generator. So for a nozzle, the diameter can be treated as a rough 
estimate of this size. 
Of course, in addition to specie homogenization, good mixing and stream interaction provides 
good thermal exchange which is of principle importance for particle formation. 

3.2  Particle Formation Theory 

A substance will exist in a stable vapour phase as a component of a mixture as long as its partial 
vapour pressure is below the saturation vapour pressure for a given temperature. The saturation 
pressure is an exponential function of temperature. It represents the vapour pressure at which 
there will be no net mass transfer (evaporation or condensation) between a gas and liquid phase 
of the same medium [Hinds, 2001].  
For Zinc, this formulation is given by the Antoine equation [Yaws, 1999]: 

2
54103

2
110 )(log)(log TCTCTC

T
CTCPSat ⋅+⋅+⋅++⋅= ; with T in Kelvin 

Table 1 - Constants for formulation of Zn vapour saturation pressure [Yaws, 1999]. 

C1 C2 C3 C4 C5 

-20.314 -4636.2 10.073 -0.0038085 4.89e-7 

It is useful to define the saturation ratio as: 

)(TP
PS

Saturation
R =  
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At vapour pressures exceeding the saturation ratio SR is greater than 1 and the fluid is said to be 
supersaturated. In such cases, there exists a probability for the formation of a condensed phase. 
In cases of so called heterogeneous nucleation, condensation is initiated by nucleation points 
which can be very small suspended solid particles which serve as binding points for 
oversaturated gas. For example, rain and snow formation occurs when supersaturated water 
vapour condenses on particles of atmospheric dust. Statistically, heterogeneous nucleation will 
occur at SR values of very nearly but just over 1. For example, water condenses in the atmosphere 
at values of 1.02 [Hinds, 1982] 
A more complicated case arises when speaking of homogenous nucleation which occurs without 
nucleation points. In these cases, molecular clusters form and are held together by Van der Walls 
forces. However a portion of molecules escape the cluster. Under supersaturation conditions, the 
frequency of collision of molecules is sufficiently higher than the rate of escape to bring about a 
net increase in size [Hinds, 1982]. Normally such systems require much higher SR values in the 
range of 2 to 10. For example, pure water vapour will spontaneously form water droplets at SR 
values of 3.5 [Hinds, 2001]. In the hydrolysis reactor, Zn vapour exists as a mixture with high 
purity inert gas. Therefore, nucleation can be considered as being homogenous. 
The minimum particle size which can be attained in homogenous nucleation can be determined 
by considering the energy levels in changing phases. As a vapour condenses we can say that the 
change of Gibbs free energy will be the Gibbs energy of the condensed system minus the Gibbs 
energy of the pure vapour plus the energy of forming a condensed phase-gas interface associated 
with a surface energy [Pratsinis, 2006]. Here the subscript L stands for condensed phase liquid. 
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Where VL represents the total condensed phase volume, vL is the molecular volume in the 
condensed phase, Sigma (σ) the energy associated with surface tension and dP is the condensed 
phase particle diameter. 
The Gibbs energy difference between the liquid condensed phase and the vapour can be written 
from kinetic gas theory as: 

RBVL STkGG ln)( −=−  ; with kB: Boltzman’s constant. 

And the overall change of Gibbs energy can be written as: 

σπ
π 2

3

ln
6 PRB

L

P dSTk
v
dG +⋅−=∆  

This function increases monotonically with dP for SR less than one indicating that the energy of 
the system would increase in going from the gas to the condensed phase. This of course then 
does not occur. 
For SR greater than one, the function has a maximum at a diameter called the Kelvin diameter: 
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∆∂ ∗ ; For Zn, σ = 7e6Nμm [Terzieff, 2005] and vL = 1.52e-11 μm 

[Barbalace, 2006]. 
The Kelvin diameter represents the minimum possible condensed phase particle diameter than 
can form when undergoing homogenous nucleation. This definition holds true for liquid particles 
however solid particles are subject to the additional limitation that the particle size cannot be 
smaller than the minimum crystal size. 
It has been shown that the saturation ratio is uniquely a function of temperature. As the pressure 
in a constant volume is also only a function of temperature, it is therefore possible to relate the 
Kelvin diameter to temperature assuming ideal gas behaviour as: 
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In reality the molecular volume in the condensed phase and the surface tension will also be 
affected by temperature. This has been assumed constant however may be taken into 
consideration with the ‘fugacity’ formulation. 
A plot of the Kelvin diameter and Saturation Ratio for Zn for various temperatures is shown in 
Figure 1. Note that the sharp rise which begins at roughly 1400 K, corresponds to saturation 
ratios of nearly 1. This plot shows the sharp decrease in Kelvin diameter up to saturation ratios of 
roughly 2. 
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Figure 1 - Kelvin diameter for condensed phase Zn droplets and particles as a function of temperature. 
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Once a particle has formed, its growth is driven by coagulation. Coagulation is a process 
whereby numerous particles collide and stick together to form a larger particle. This process is 
driven by diffusion and flow factors. 
The collision frequency (β) for monodisperse (single size populations) particles: 

µ
π

β
3

8 BP kTd ⋅⋅⋅⋅
=   

The diffusion coefficient, D, is determined from the Einstein equation as shown. Although the 
mono-disperse assumption is simplistic, it has been shown that it covers the majority of diffusion 
phenomena quite well [Pratsinis, 2006]. It is seen therefore that diffusion driven coagulation 
increases in intensity with temperature. Under the same concentrations, particles grow faster due 
to coagulation in high temperature environments. 
When particles are present in flows, they also undergo diffusion however the flow effects may 
have a higher impact on their motion. Coagulation in turbulent flows is dominated by two 
competing effects. Firstly, flow fluctuations statistically reinforce particle collisions which lead 
to higher collision frequencies and faster particle growth. Conversely, turbulent fluctuations 
carry enough energy to break apart particles and prevent colliding partners from sticking 
together. Together these two factors tend to cancel each other. Overall turbulence does not affect 
individual particle size though it does affect the size and shape of particle agglomerates.  
 



  11 

4 Reactor Requirements 

From the Literature Review and Background section a complete list of reactor performance 
requirements can be formulated based on theoretically and technically desirable traits. 

• The reactor must deliver high velocity quench gas to the Zn vapour stream for fast and 
thorough mixing to achieve homogenization of specie concentrations and temperatures. 

• The reactor must cool the hot Zn vapour from above the saturation temperature to below 
the saturation temperature over a very short distance and over a very short time to limit 
particle growth. 

• All high temperature surfaces must be above the temperature suitable for vapour deposits 
and must be completely isolated from water. 

• Medium temperature flows in the reactor must be non-recirculating to the highest extent 
possible to minimize residence times and particle growth. 

• The quench device should be able to deliver quench gas and steam simultaneously so that 
the hydrolysis reaction can occur simultaneously as Zn particles are growing. 

• The hydrolysis reaction should occur at the highest temperature possible below the 
saturation temperature. 

The reactor was given the name High Quench Rate Reactor (HQRR) and a detailed analysis and 
design process served to develop the most important component: the Quench Assembly.   
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5 HQRR Analysis and Design 

The most important component of the HQRR is the Quench Assembly. This device serves to 
cool the Zn vapour rapidly to form particles, deliver steam and serve as the reaction site. It was 
realized that in order to ascertain that all requirements had been met, analysis techniques would 
be necessary. Equally important was to ensure that the behaviour of the quench device was not 
preventative to proper reactor operation.  
Of principle importance in the Quench Device is the Quench Cap which serves to deliver the 
quench gas mixture to the Zn vapour and produce Zn particles. Phenomena arising in this region 
include thermal and flow dynamics over a wide velocity and temperature range. This task was 
thus a perfect candidate for a computational fluid dynamics (CFD) parametric study. 

5.1  Quench Cap CFD 

The goal of the Quench Cap parametric study was to determine quench cap geometry capable of 
delivering a fast quench rate over a useful temperature range with little or no recirculating flows. 
Such a study is characterized by simple geometry and analytical idealizations to increase speed 
of calculation and allow a high throughput of configurations. Various parameters are defined as 
being highly influential on the desired performance and these are adjusted while keeping other 
parameters constant. All analysis was performed in ANSYS ICEM/CFX 10.0. 

5.1.1 Performance Parameters 

The most important performance parameter – and indeed the whole reason for conducting the 
parametric analysis - is the quench rate. Quench rate is a measure of how fast the nozzle cools 
the gas. As was mentioned in Section 2 - Literature Review and 3.2 - Particle Formation Theory, 
quench rate is integral to defining particle sizes which in turn define reaction rates, completion 
and reactant utilization. Quench measurements are important in space (dT/dx) and in time 
(dT/dt). The time quench rate can be expressed as: 

)(xV
dx
dT

dt
dT







=  

This equation represents a local quench rate. It must be mentioned that for this process a much 
more important measure is the quench rate over a useful temperature range delimited by a high 
and low temperature. The high temperature is above the saturation temperature and the low 
temperature is significantly below it.  Therefore, it is also critical to consider the temperature 
range over which the quench acts.  
Five geometric factors were identified as being influential on the operation of the nozzle.  

• Number of quench gas injectors; heretofore called nozzles 
• Nozzle diameter 
• Angle of nozzle. Defined as the angle between the centerline and a normal to the main 

through-flow direction (See Figure 2). 
• Nozzle offset from centerline. Best way to cause swirling flow. Called “Perpendicular 

Offset” (See Figure 2). 
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• Nozzle offset parallel to flow in cases of more than one nozzle. The nozzle pattern is not 
axially symmetric. Called “Parallel Offsett” (See Figure 2). 

 
Figure 2 – Nozzle parallel offset and nozzle angle (left window). Nozzle perpendicular offset (right window). 

5.1.2 Geometry and Mesh Generation 

The base nozzle geometry was designed for speed of analysis, ease of modification and, in more 
than one aspect, to reflect desired or unalterable reactor characteristics. The geometry and key 
surfaces are shown in Figure 3 and was designed and modified in Solidworks 2003. 

 
Figure 3 -Generic quench cap geometry in cross seciton view with marked surfaces used in boundary 
condition definitions. This geomety is for quenching cap with 4 x 5mm diameter nozzles at 20 degrees. 

The entire solid body shown in Figure 3 will be heretofore called the “quench cap”.  
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The Zn Inlet diameter was set at 50mm and was unchanged throughout the parametric study. The 
Outlet Tube diameter was set at 5mm and also unchanged. The Inlet Cone angle and position 
was geometrically defined based on the nozzles and therefore was automatically adjusted as the 
nozzles were modified. In all cases the nozzles are evenly distributed through 360 degrees 
around the quench device centerline. In a 4 nozzle configuration, the nozzles are 90 degrees 
apart, with 3 nozzles, the space was 120 degrees. 
The region marked “Zn Inlet” shows the inlet surface to the model and is bounded by the inner 
diameter. This conical volume “Inlet Cone” represents the conical inlet to the quench cap. In this 
region, the flow consists of Zn vapour and carrier gas at cumulative flow rates on the order of 1e-
5 kg/s at temperatures of 900oC. The inlet cone angle was influenced by the nozzle angle. This 
region is characterized by a relatively large volume and high temperature homogeneity driven by 
very low flow speeds and the presence of the oven which acts as a very dominant boundary 
condition. Additionally, this region was not of analytical interest but was required to establish 
steady flow entry into the model. Therefore, the maximum allowable element size was 
significantly larger in this region than anywhere else in the model. 
The region marked “Nozzles” consists of the quench nozzles as well as a portion of the outlet 
tube up to three diameters downstream from the nozzles. The nozzle region was the area of 
greatest interest in this parametric analysis as well as the region of highest temperature and flow 
heterogeneity. To that end, the nozzles and the associated portion of the outlet tube were given 
very small maximum element sizes to achieve a highly refined mesh capable of showing small 
details. 
The region marked “Quench Gas Inlet” represents the inlet for quench gas and the outer 
boundary of the gas distribution volume. Although this volume is not representative of the final 
configuration, it allowed for rapid modification in Solidworks and despite its size was not 
exceedingly computationally demanding due again to a relatively large mesh size.  
It must be mentioned that the ANSYS mesh generation engine automatically creates element size 
transition regions to assure good element connectivity and continuity between regions of varying 
maximum sizes.  
The mesh used was the Tetra mesh based on tetrahedral elements. This mesh allowed for rapid 
and nearly automatic meshing of the fluid volume. It was found that result differences arising 
from grid type are virtually negligible even with element quantities differing by over 10%. 
[Hausenner, 2006].  
An example of the meshed fluid volume is shown in Figure 4. Note that the solid body which 
was used to define the fluid volume was deleted as it was not necessary for the analysis. 
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Figure 4 - Typical nozzle geometry with Tetra-mesh. The case shown in 4, 5mm diameter nozzles with a 20 
degree angle. 

5.1.3 Types of Analyses 

Two types of analysis were performed during the parametric runs. It was essential to investigate 
whether a nozzle would blow against the inlet flow of Zn and carrier gas. Such behaviour would 
be very detrimental to flow patterns and temperature fields. To that end, a run type was defined 
as “Nozzlecheck’ that would provide the most favourable conditions for counter blowing and 
determine the behaviour of the nozzle. The evaluation of these runs was a pass-fail criterion. A 
nozzle that blew against the carrier gas flow was not further considered. 
The second type of run replicated the operation of the reactor during a hydrolysis experiment and 
investigated how effectively the nozzle cooled the gas as well as the mixing and inlet flow 
qualities. Time quench rates were calculated over a suitable temperature range from extracted 
values of temperature and velocity according to the following equation.  
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The variable i represents the number of discrete points along the x-axis (See Figure 4) between 
the high and low temperatures. It can be generally said that the high and low temperatures 
represented the beginning and end of the steep temperature drop visible in the temperature 
profile. The high temperature quench limit was usually taken at temperature between 1100K and 
1170K however it depended on the temperature profile. The low temperature quench limit was 
commonly taken as the first temperature point below 600K however this also depended on the 
temperature profile. Temperature and velocity point values were output every 0.1mm along the 
centerline through the outlet tube. 
Inlet flow characteristics were also investigated through comparison of recirculation zones and 
the time associated with streamlines. As regards recirculation zones, nozzles that demonstrated 
significant recirculation tendencies were also not considered for further assessment. It was 
shown in Section 2 - Literature Review that recirculation areas within metal vapour flows 
produce large particle diameters due to long residence times. 

5.1.4 Boundary Conditions and Solver 

Standard boundary conditions were applied for the both Nozzlecheck and Hydrolysis type runs. 
They were applied on surfaces representing the fluid-solid interface. Figure 3 shows surface 
positions and Tables 2 and 3 show boundary condition definitions. Recall from Section 2-
Literature Review and 3.2-Particle Formation Theory that it was desired to use cold walls for 
cooling and deposit prevention. 
Table 2 - Hydrolysis Run Boundary Conditions. 

Surface Type Quantity 

Zn Inlet Mass flow inlet 0.000055kg/s corresponding to 2 L/min Argon at STP, 
Inlet temperature – 1200 K 

Inlet Cone  No slip wall at 
Temperature 

1100 K 

Quench Gas Inlet Mass flow inlet 0.00055kg/s corresponding to 20 L/min Argon at STP, 
Inlet temperature – 500 K  

Quench Space No slip wall at 
Temperature 

400 K 

Nozzles No slip wall at 
Temperature 

400 K 

Outlet Tube No slip wall at 
Temperature 

400 K 

Outlet Outlet 0 Pa relative pressure 
 



  17 

Table 3 – “Nozzlecheck” Run Boundary Conditions. 

Surface Type Quantity 

Zn Inlet Opening at 
temperature 

 0 Pa relative pressure, 298K 

Inlet Cone  No slip wall at 
Temperature 

298 K  

Quench Gas Inlet Mass flow inlet 0.00055kg/s corresponding to 20 L/min Argon at STP, 
Inlet temperature – 298 K  

Quench Space No slip wall at 
Temperature 

298 K 

Nozzles No slip wall at 
Temperature 

298 K 

Outlet Tube No slip wall at 
Temperature 

298 K 

Outlet Opening 0 Pa relative pressure, 298 K 

The fluid for all cases was Argon modelled as an ideal gas. Heat transfer was modelled with the 
“Thermal Energy” model which considers the enthalpy of a fluid associated with its temperature 
but does not consider any thermal changes arising from compressibility. Turbulence was 
modelled for all runs with the so called “κ-ε” model which is a robust, widely applicable and 
accepted turbulence model. It will be recalled from Section 3.1 – Mixing Theory that kappa and 
epsilon were the turbulent kinetic energies and the dissipation rate of turbulent kinetic energy 
respectively. Therefore this model is an energy conservation model which considers the overall 
energy associated with turbulence and how fast and where it is dissipated. 
In addition to the temperatures and velocities which yield the quenching performance, it is useful 
to know the mixing intensity throughout the quench process. To that end, the turbulent kinetic 
energy was also solved. As has been shown in Section 3.1-Mixing Theory, higher turbulence 
intensities correspond to smaller scale turbulent structures which promote better fine scale 
mixing. Therefore, the turbulent kinetic energy is a method of considering the quality of mixing. 

5.1.5 Parametric study procedure 

The design procedure was an iterative process of the following steps: 
1) Check for counter flow from nozzle. If yes, variant is abandoned. If no, perform hydrolysis 
run. 
2) In hydrolysis run, check for significant recirculation areas. If present, variant is abandoned. If 
not present, move on. 
3) Calculate quench rate and investigate flow and temperature field at quench location. 
Modify nozzle and restart at 1). 
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The design configurations and basic results are shown in Table 4. The “Turbulent Energy in 
Quench Zone” is an area averaged value taken at a plane within the outlet tube at the point of 
intersection of the nozzle centerlines and the outlet tube centerline. When no intersection was 
possible (as in offset cases), appropriate approximations were made. For perpendicular shifts, a 
“small” offset is a nozzle centerline offset from the centerline of 0.5mm while a “big” offset is 
1.5mm such that the nozzle jet flow is largely tangent to the wall of the outlet tube. 
The reference geometry was comprised of 4 nozzles at 5mm diameter with a 20 degree angle. 
The subsequent configurations were developed based on analysis results. 
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Table 4 - Design and configuration procedure and basic results. The configuration demarcated by the heavy line is the final selected configuration. 

.Number 
of Nozzles 

Nozzle 
Diameter 

[mm] 

Nozzle 
Angle 

[deg] 

Parallel 
Offset 

 

Perpendicular 
Offset 

 

Nozzlecheck 

[Pass/Fail] 

Recirculation 

[Pass/Fail] 

Quench 
Rate 
[K/s] 

Quench 
Temperature 
Range [K] 

Turbulent Energy 
in Quench Zone 

[J/kg] 

4 5 20   Fail     

4 3 20   Fail     

4 3 30   Fail     

4 3 40   Fail     

4 2 20   Pass Pass 9.74e5 1170-582 20.9 

3 2 20   Pass Fail    

2 2 20   Pass Pass* 6.85e5 1170-594 45.6 

2 3 20   Pass Pass 5.7e5 1160-575 13.0 

2 1.5 20   Pass Fail    

2 2.5 20   Pass Pass 3.8e5 1030-558 24.3 

2 2.5 20  X - small Pass Pass 2.1e5 929-571 21.8 

2 2.5 20 X  Pass Pass 1.55e6 1161-580 22.4 

2 2 20 X  Pass Pass* 3.6e6† 1100-518 37.6 
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2 2.5 20 X X - small Pass Pass* 1.48e6† 1020-599 22.0 

2 2.5 30 X X – small Pass Pass 1.2e6† 1100-570 20.6 

2 2.5 10 X X – small Pass Pass 1.1e6† 1050-597 24.3 

2 2 20 X X - small Pass Fail    

2 3 20 X  Pass Pass 1.15e6 1160-579 13.2 

2 3 30 X X - small Pass Pass 1.45e6 1170-600 14.7 

2 2.5 20 X X - big Pass Fail    
 
* - Special cases where small recirculation regions were observed that did not affect the inlet volume temperature distribution however were  considered 
detrimental for overall particle size distribution due to the local temperatures and POTENTIAL residence times. 
† -Only along centerline of quench device. Additional quench rate calculation conducted on non center located lines through recirculation zone were all 
roughly 10 times lower. I.e. for 2, 2, 30 with parallel offset, the side line quench rate is 3.5e5 K/s.
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5.1.6 CFD Results 

Flow Behaviour Series 

The first series of configurations had the aim of finding favourable nozzle configurations 
which would show good inlet stream and quench stream behaviour. 
The first four nozzle geometries did not pass the “Nozzelcheck” run for blowing against 
the Zn Inlet stream directions. An example of the flow field in is shown in Figure 5 as 
traced streamlines originating from the Quench Gas Inlet. In this example shown, 45% of 
the inlet mass flow exits through the Zn Inlet surface.  

 

 
Figure 5 – Streamline results of a failed "Nozzlecheck" run performed for the 4, 5mm diameter 
nozzles at 20 degrees.  

This behaviour may be explained with looking at the pressure field taken on the XZ plane 
(note coordinate system in lower right corner of Figure 6. A circular region is recognized 
at the intersection of the nozzles with higher pressure than the surroundings in all 
directions. The region is due to the gas deceleration upon collision with other quench gas 
streams. However, critical is the space between this circular region and the sharp corner 
delimiting the Inlet Cone and the Nozzle. As there is a lower pressure region in the 
vicinity of this corner, the flow is able to flow through this gap and into the Zn Inlet 
volume. In Figure 5, the streamlines are seen to pass through a small space near the 
corner. 
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Figure 6 - Pressure field for failed "Nozzlecheck" run performed for the 4, 5mm diameter nozzles at 
20 degrees. 

Increasing the velocity of individual jets was considered as an option for alleviating the 
countering blowing. However with 4 nozzles and a fixed quench gas mass flow the 
diameter reduction required was very significant. Additionally, it was considered to 
increase the angle of the nozzle jet so as to better direct the flow. However, angles 
exceeding 40 degrees were deemed impractical from a construction standpoint and no 
improvement was achieved through this modification. Table 4, shows that increasing the 
angle and decreasing the diameter did not improve the counter blowing characteristics up 
till nozzle diameters of 2mm. 
The 4 x 2mm nozzle diameter configuration passed the “Nozzlecheck” and showed good 
characteristics in the “Hydrolysis” run as in shown in Figure 7 and 8. 

 
Figure 7 - Hydrolysis run streamline results for 4, 2mm, 20 degree tilt nozzles. 
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Figure 8 - Temperature field for 4, 2mm, 20 deg tilt nozzles with superimposed quench gas velocity 
vectors. 

The inlet flow shows no recirculation. The temperature field shows that the entire inlet 
volume remains above very close to 1200K followed by a sharp and localized drop in 
temperature under the influence of the quench jets. The quenching rate of this 
configuration was 9.7e5 K/s from 1170 K to 580 K as calculated. 
Figure 9 shows an example of a high quench rate temperature profile for the nozzle 
configuration 2, 2.5mm, 20 deg with a 1mm parallel offset. 
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Figure 9 – Centerline temperature profile based on exported values for a quench device with 2, 
2.5mm nozzles at 20 degree tilt and 1mm offset. 

Of note is the nearly constant temperature within the Zn Inlet volume followed by the 
near step wise temperature reduction occurring over 3mm from the entrance to the outlet 
tube. 
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The quench rate values must be cautiously approached if looking to compare with real 
world behaviour. The quench rate values are calculated based on point temperature and x-
direction velocity values extracted as samples off the quench device centerline. They thus 
represent highly local phenomena. In a quench device with a largely homogenous 
velocity and temperature distribution taken over a plane perpendicular to the flow 
direction, local values can be easily extrapolated to the total space. However, in the 
presence of recirculation and narrow jets, both temperature and velocity can be strongly 
altered locally and a single quench rate is a less reliable measure for overall behaviour. 
It was observed that the quench streams were not completely able to meet in the center of 
the outlet tube and well interact. It was thus thought that the mixing would be improved 
with a higher jet velocity. A 3 nozzle was considered. This would have two counter 
acting effects. On one hand, the nozzle gas velocity would increase which would 
potentially serve to cause recirculation by increasing the static pressure at the jet 
impingement point. Conversely however, the area available for through-flow within the 
5mm outlet tube would increase in the spaces between the nozzle jets, thus decreasing the 
likelihood of recirculation. To that extent, a 3 x 2mm diameter nozzle configuration with 
a 20 degree angle was tested. The configuration passed the “Nozzlecheck” run but failed 
the “Hydrolysis” run with significant recirculation zones. The Zn Inlet originated 
streamlines are shown in Figure 10. Note that the velocity scale has been inverted from 
Figure 10 to better highlight the flow pattern. 

 
Figure 10 - Recirculation zones originating from Zn Inlet surface for the 3 x 2mm nozzle 
configuration. 

The effect of recirculation on the temperature field can also be very clearly seen in the 
temperature field taken along the mid XZ plane. Figure 11 shows the cooling that arises 
from the inlet stream being partially cooled and re-injected into the inlet volume. As the 
flow velocities are so low in this region, heat is not effectively transferred from the walls 
of the Inlet Cone to the main volume. Therefore, a large volume of cool gas builds up 
which in combination with a long residence time is a perfect combination for very large 
particles. 
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Figure 11 - Temperature field for 3 x 2mm quench device showing impact of recirculation zones on 
the temperature distribution. 

A 2 x 2mm nozzle configuration at 20 degrees was tried next continuing with the aim of 
increasing local turbulent mixing by further increasing the jet velocity and completely 
stopping all recirculation zones. The nozzle was successful in the “Nozzlecheck” run and 
caused one very small and admissible recirculation zone with a very minor impact on the 
temperature distribution in the inlet volume. The quench rate was 6.85e5 K/s over them 
temperature range 1000 – 540 K and more markedly the Turbulent Kinetic Energy at 45.6 
J/kg was more than two times higher than the 4 nozzle case. This result is largely driven 
by the doubling of jet velocity with the halving of the total nozzle area. As shown in 
Figure 12, the impaction of the nozzle jets was achieved in this configuration which also 
yields significant turbulent energy. 

 
Figure 12 - Quench jet impaction in mid plane of outlet tube for 2 x 2mm nozzles at 20 deg. 
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It was thought that a smaller nozzle diameter of 1.5mm would be advantageous for 
mixing and cooling however the recirculation imposed in the inlet volume was strong. 
Therefore a larger nozzle was analyzed at 2.5mm which performed well though with 
lower cooling rate than the 2mm and obviously also lower turbulent kinetic energy. 

Large Scale Turbulence Results 
The next series of configurations applied large scale mixing through offset nozzle 
geometry. For instance, perpendicular nozzle offsets produces swirling flow within the 
outlet tube while parallel offset nozzles would produces a type of tumbling flow. Both 
were thought to serve to increase the mixing intensity which is favourable for quenching 
and reaction kinetics.  
The first nozzle configuration used a small perpendicular offset of 0.5mm from the 
centerline for both of the 2.5mm nozzles. The nozzle performed well in both runs though 
the influence of the swirl seemed to bring neither an improvement in quench rate nor 
turbulent energy. 
The second nozzle was designed to investigate the effect of a 1mm parallel offset for 
2.5mm nozzles. This nozzle performed far better than the any previous configuration with 
a massive cooling rate of 1.55e6 K/s over a temperature range 1160-580 K, no inlet 
volume recirculation and an ideal temperature field shown in Figure 13. It is to be noted 
that the temperature transition from the orange area (1200K) to the light blue (600K) area 
takes place across roughly 2-3 mm. Refer to Figure 9 for detailed temperature profile. 

 

 
Figure 13 - Mid plane temperature profile for 2x 2.5mm diameter nozzles with 1mm parallel offset. 
Quench and Zn Inlet flow stream lines superimposed. 

To see a cumulative effect of both offsets, the parallel and perpendicular offsets were 
combined in a quench device with 2, 2.5mm nozzles at 20 degrees. This nozzle 
performed well with a quench rate of 8.5e5 K/s though the addition of swirl inducing 
structures was not advantageous. The main cause of this is the inlet flow behaviour which 
was affected by the swirling flow in the outlet tube and imposed a swirl in the inlet 
volume. A small recirculation region was observed between the entrance of the outlet 
tube and the second nozzle as indicated in Figure 14. 
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Figure 14 - Mid plane temperature plot with superimposed Quench and Zn Inlet flow streamlines. 
Indicated is region of recirculation leading to lower temperatures before nozzles. 2 x 2.5mm by 20 
degrees, 1mm parallel offset AND 1mm perpedincular swirl causing offset. 

In this region, of roughly 2mm size, hot gasses are cooled in contact with the quench 
streams but do not penetrate into the outlet tube and are caused to swirl. Therefore there 
is a volume of partially cooled gas with a temperature of 800K. The calculated quench 
rate is difficult to evaluate because of negative velocities present in the recirculation. 
Nevertheless, it is clear that the residence time is much higher in this region than for 
streams that do not enter this region. Although the main inlet volume temperature is not 
affected by this zone, such a zone would be responsible for large particle sizes and should 
be avoided. 
A higher and lower angle was also tried with no significant change on cooling rate and 
more importantly on the small inlet swirl region shown in Figure 14. Therefore 20 
degrees was held constant for the other nozzles. 
A decrease of nozzle diameter to 2mm was aimed at increasing mixing intensity and a 
very sharp temperature drop. Along with the diameter decrease the swirl inducing 
perpendicular offset was removed. The result was the highest centerline quenching rate of 
all nozzles studied at 3.6e6 K/s. However, a recirculation region was present similar 
(though slightly smaller) than that shown in Figure 14. To determine a “best case” 
quench rate in this region, an x-direction velocity and temperature was exported and a 
quench rate of 3.5e5 K/s was determined. This is the absolute best case for a stream that 
penetrates the recirculation zone without recirculating; a phenomenon that is highly 
unlikely. Therefore, the quench rates in this region are significantly lower than this value. 
Despite the huge centerline quench rate, this recirculation region was deemed to strong a 
detriment to proceed with this nozzle. 
 
Nozzle size was also increased to 3mm with the goal of using the lower quench jet speed 
to decrease the swirling indicated in Figure 14. It was also predicted that the turbulent 
kinetic energy and thus the mixing quality would decrease. The nozzles performed well 
for a number of configurations although in all cases the cooling rate and the turbulent 
kinetic energy were lower than already seen. 
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A run was analyzed with a large nozzle perpendicular offset. The nozzles were placed 
such that the quench stream would enter nearly tangential to the wall of the outlet tube. 
The idea behind this was to increase the swirl intensity and turbulent exchange processes. 
However, very significant recirculation and temperature reductions were present in the 
inlet volume (see Figures 10 and 11) which made this configuration inapplicable. 
The nozzle which was selected was the 2 x 2.5mm by 20 degree with a parallel offset. It 
demonstrated the best quench rate with the most orderly, recirculation free flow and a 
good turbulent kinetic energy. 
It remained to be seen what the impact of the quench stream was against the cold walls. 
To that end, a run was conducted with the best nozzle geometry however utilizing only 
1L/min quench gas flow rate. The mid plane temperature plot is shown in Figure 15 from 
which it is clear that the quench gas at high flow rates has a massive effect on the cooling 
of the inlet stream. 

 
Figure 15 - Mid plane temperature plot for 2, 2.5mm, 20 deg with parallel offset at 1 L/min quench 
gas flow rate. 

As was shown, the best nozzle determined from this parametric study was the 2 nozzle 
configuration with 2.5mm diameter, a 20 degree tilt and a parallel offset. Due to time 
restrictions, a detailed parametric analysis could be not conducted on this specific 
geometry with fine parameter adjustments. It is likely however that no significant quench 
rate improvement could be effected. With this specific nozzle geometry determined, 
detailed design of the actual experimental nozzle and peripherals was started.  

5.2  HQRR Design 

The portion of the reactor that needed to be designed to accommodate the new quench 
finger is found between the furnace/furnace tube and the filter as shown in Figure 16. 
This portion shall be referred to as the Quench Assembly.  
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Figure 16 - Reactor components carried over from the old reactor. 

The detailed design of the quench finger and quench assembly was conducted in 
Solidworks 2003. Like all advanced CAD packages, Solidworks allows virtual 
assemblies of all components to be built. In this way, geometric relations, interferences 
and assembly-disassembly can be investigated.  
Further functionality lies in the ability to develop relations whereby components are 
automatically updated and rebuilt to new dimensions as influenced by a change of driving 
components. As there were 19 mutually dependant components in the complete reactor 
assembly and 16 components in the quench assembly, it was an ideal task for CAD. 
Figure 17 shows the quench finger in transparent view and Figure 18 a section view with 
of the finished Quench Assembly. 

 
Figure 17 - Quench Finger. 
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Figure 18 - Section view of the Quench Assembly with all components except O-rings. 

One of the first design requirements was to maintain the overall length of the quench 
assembly as short as possible. The aim here was to limit particle deposits. There were 
however a number of construction limitations that defined the length. The length was 
determined by obvious factors such as the position of the quench cap within the over and 
oven envelope dimensions. Additionally, the O-rings of the sealing and mountings 
fittings have limited high temperature resistance and needed to be sufficiently removed 
from the oven. Space for quench gas delivery tubes and cooling water fittings also 
defined the space between the sealing and mounting fittings and the outlet fittings. The 
entire Quench Assembly from quench cap to the end of the expansion cone is 33 cm long. 
The top quartz tube was set on top of the existing furnace tube. The quench finger was 
mounted to the top quartz tube by the sealing and mounting flanges. Sealing was 
accomplished with o-rings on the glass, and quench finger. The quench gas delivery tubes 
were sealed with silicon sealant which was reapplied as necessary. 
There were a number of particular challenges in this device which called for novel 
solutions. The first was related to the provision of a high temperature quench gas-steam 
mixture. Passing the quench gas-steam mixture in a space cooled by water would 
doubtlessly cause the water to condense. To that end, it was necessary to pass the mixture 
through a space removed from the quench finger main body. The mixture delivery tubes 
are shown in Figure 18 as two silver tubes exiting the assembly through the sealing and 
mounting fitting.  
Due to the cooling water, the outer walls of the quench finger were cold and would 
condense huge quantities of Zn if allowed to contact the gas. Thus, the Zn laden quench 
gas had to be prevented from entering the volume bounded between the outer wall of the 
quench finger and the inner wall of the top quartz tube. For this purpose a ceramic disk 
was placed inside the top quartz tube surrounding the quench cap. Though this did not 
provide a very tight seal, deposits were nearly completely prevented on both the quench 
finger outer surface and the inner surface of the top quartz tube. 
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Parametric analysis runs showed that the velocity within the 5mm diameter outlet tube of 
the quench finger would be roughly 30m/s (see Section 6.3-Quench Cap CFD Figure 7). 
As the inner diameter of the filter tubes is 41mm, such a sudden jump in flow area would 
cause a massive recirculation zone and lead of significant particle deposition. To alleviate 
this, an anti-recirculation expansion cone was built which linearly increased the diameter 
of the flow area from 5mm to 41mm over 70mm.  
It was decided to build the quench cap out of Inconel 625 alloy. Like all Inconel alloys, it 
has a very good high temperature resistance. This alloy is also particularly resistive to 
corrosion due to a stable passivating layer which forms under elevated temperatures. As it 
was desired to weld the quench finger, 625 was also selected for its good welding 
properties which allowed it to be welded with conventional stainless steel TIG (Tungsten 
Inert Gas) techniques. Additionally, Inconel 625 has relatively poor thermal conductivity 
(9 W/mK) which allows the cap to remain at elevated temperatures closer approaching 
that of the furnace environment despite the cooling water in the rest of the quench finger. 
This was favourable because it avoided Zn condensation near the inlet walls of the 
quench cap until it passed through the quench jet. Inconel was also used for the reactor of 
Wegner, Ly and Weiss and Weiss [2005, 2004, 2002]. 
The remaining quench finger components were built from a standard austenitic stainless 
steel (304 and 316). Swagelok, 6mm male pipe weld fittings were used for the cooling 
water fittings and standard parts from the Vacotec sealing system were utilized for 
flanges. 
The quench finger was TIG welded as were the elements comprising the anti-
recirculation expansion cone. Appendix A shows detailed part and assembly drawings of 
the final configuration.  
The final experimental configuration was assembled with the peripheral devices and the 
experimental campaign was conducted over the course of one month. 
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6 Experimental 

The experimental campaign had the goal of characterizing the hydrolysis reactor. Key 
parameters affecting the most important reaction conditions were varied. A novel 
approach to the design of the complete reactor including peripherals was therefore 
required. 
A number of initial runs were conducted to confirm the correct operation of the reactor. 
After these first tests, changes were made to the installation geared towards improving 
performance and reliability. 

6.1  Apparatus and Operation 

The complete hydrolysis reactor with peripheral devices is shown in Figure 19. 

 
Figure 19 –Hydrolysis reactor with peripheral gas and water delivery and gas analysis equipment. 

The apparatus can be broken down into three main sections: evaporative, reaction, 
filtering and gas analysis. The evaporative zone is delimited by the head of the crucible 
and the inlet to the quenching finger. The reaction zone is contained within the quenching 
finger and the tubes extending towards the filter. The filtering and gas analysis section 
consists of all components downstream of the filter including the filter itself as well as 
the flow meter and the gas chromatograph. 
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The evaporation of solid zinc is contained by the quartz furnace tube which is sealed on 
the balance box. A ceramic crucible holds the zinc (Riedel-de Haeen Granulated) during 
evaporation at a height which corresponds to the center of the furnace (Carbolite VST/17 
Series). In order to record evaporation rate as well as overall mass, the crucible is placed 
on a balance (Mettler-Toledo) within the balance box. Nitrogen (Messer 4.5 and 5.0) is 
used as a carrier and quench gas. Originally, argon was to be used. Nitrogen however has 
a specific heat roughly twice that of argon which renders quenching more effective as the 
inlet hot stream loses more heat to the same quantity of nitrogen as argon. Secondly, 
nitrogen is significantly cheaper than argon which, given the large flow rates 
investigated, proved to be a strong advantage. The carrier gas flow rate is controlled by a 
0-10 L/min Argon Mass Flow Controller (MFC) which establishes a rising flow inside 
the furnace tube as well as serves as a medium into which the zinc can be evaporated. 
The nitrogen is introduced into the base of the balance box. A pressure gauge and a 300 
mbar pressure valve are linked to the carrier gas inlet line as safety components in the 
event of blockages in the outlet of the reactor. 
Oven temperature is controlled by the Carbolite oven controller however an additional 
ceramic shielded type-K thermocouple (‘Toven’) was inserted into the oven chamber to 
measure as well as record temperature to the data acquisition system. 
The nitrogen and evaporated Zn flow upwards towards the inlet of the quenching finger. 
In the quench finger, the inlet zinc stream is quenched to form particles with a steam-
nitrogen mixture. The quench stream is composed of two parts. The first part is controlled 
by a 0-3 L/min Argon MFC (Bronkhorst EL Flow) and serves the steam generator 
(Bronkhorst W-202-330-P). As the steam generator is limited to 3 L/min volume through 
flow, it is necessary to introduce as second quench stream controlled by a 0-50 L/min N2 
MFC (Bronkhorst EL Flow) after the steam generator to increase the total volume flow 
rate to the desired level. Water is supplied as steam through the water mass flow 
controller (Voegtlin Instruments) and evaporator (Voegtlin Instruments). The three way 
valve allows the 50 L/min N2 device to be applied to purging the large volume of the 
balance box. The combined quench streams flow into the gas heater. 
The gas heater consists of a coiled stainless steel tube within a second oven (Carbolite 
VST/17 Series). This setup is used to preheat the quench stream to the required 
temperature prior to injection. The temperature of the oven is controlled by the oven 
controller and measured just before passage into the quench assembly by the type-K 
thermocouple ‘Tq’ in Figure 19. 
The quench and reaction products pass through the anti-recirculation expansion cone and 
particles are collected on the filter (Whatman GF/A). After the filter, the gasses are 
cooled and de-humidified (AGT Thermotechnik) before passing through a flow meter 
(Voegtlin Instruments RSM AV291) and the Gas Chromatograph (GC) (Agilent 
G2890A). The GC provides values of volume percentage at high accuracy. However, 
data points are only available every 90 seconds. 
The vacuum pump provides suction for the entire setup as a method of combating flow 
obstructions from settled Zn as well as decreasing overpressure in the apparatus. 
Additionally, as up to 5 grams of Zn were evaporated during experiments, the pump 
served to overcome the flow resistance associated with the filter and the deposited zinc. 
The pump was fitted with a parallel bleed valve whereby the suction power could be 
controlled. To achieve higher suction, the valve was fully closed and gradually opened as 
less suction was required. 
Municipal water is used as cooling water, the temperature of which was measured at the 
outlet with a type-K thermocouple as a safety measure against boiling. 
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The data acquisition system is based on the Delphin system and the Messhaus software 
package. The signals connected to this system are: 

• Oven temperature 
• Quench gas temperature post gas heater 
• Outlet cooling water flow temperature 
• Outlet gas volume flow rate 

The quench assembly is shown in Figure 20 as built. 

 
Figure 20 - Quench assembly as built (without top quartz tube). 

The quench gas delivery tubes between the outlet of the gas heater and the sealing and 
mounting fitting were insulated with ceramic wool and covered with a glass cloth. During 
operation with the thermocouple Tq (positioned just before the gas heater outlet fitting) 
showing temperatures of 500oC, the surface of the glass cloth was roughly at 50oC 
indicating small heat losses of the quench gas. 
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After the initial operational tests, the main installation change was the addition of a 
heated “reaction” tube directly downstream of the expansion cone. This consisted of a 
straight stainless steel tube 50cm in length of 45mm inner diameter around which was 
wound a high temperature heating band. The goal was to provide a high temperature 
environment where the particles produced within the quench finger would have a long 
residence time. Both factors were designed to improve reaction conditions. This matter is 
again addressed in detail in Section 7.3 – Hydrolysis Initial Operational Test and 
Installation Modifications with reference to the temperature profiles and initial hydrolysis 
experiments conducted. 

6.2  HQRR Evaluation 

The designed reactor evaluation plan had the goal of determining the influence of 
operating parameters on hydrogen conversion and particle yield. The reactor evaluation 
was based on parametric temperature profiles and hydrolysis experiments. As the 
temperature so heavily affects the formation of particles, the first task was to determine 
the local temperature in key locations within the apparatus. 

6.2.1 Temperature Profiles 

The goals of the temperature profiles were threefold: 
Determine the actual quench rate of the nozzle under a variety of quench flows. 
Determine the influence of the cooling water on the quench finger temperature. 
Determine local temperatures within the quench finger. 
Local temperatures along the reactor centerline were measured from the middle of the 
anti-recirculation expansion cone to within the oven, 2 cm past the inlet of the quench 
finger. Previously conducted temperature profiles conducted without the quench 
assembly and a ceramic shielded temperature probe showed that the internal oven 
temperature changed very little (< 20oC) within the oven. Therefore, it was deemed not 
necessary to conduct the full oven temperature profile for each run. 
A type-K thermocouple was used for this task. Due to the small internal diameter of the 
quench assembly outlet tube, it was not possible to cover the thermocouple with a 
ceramic shield to protect it from thermal pollution.  
The thermocouple was raised from within the oven to the middle of the expansion cone. 
For the 5cm, corresponding to the vicinity of the nozzles, the step was 5mm. Past 5cm, 
the step was changed to 1cm and after 10cm the step was increased to 2cm. 
The temperature profiles were taken under the variable parameters shown in Table 5 with 
the evaporation furnace set at 950oC. 
Table 5 - Temperature profile experimental parameters. 

Gas Heater Temperature [oC] Quench Flow [L/min] 

300 25 with and without water cooling, 5 

900 25 with and without water cooling, 5 

After the implementation of the heating tube behind the expansion cone, temperature 
profiles were repeated to determine the actual gas temperatures in this region. 
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6.2.2 Hydrolysis Experiments 

The two most important hydrolysis evaluation parameters were conversion and particle 
yield. The conversion efficiency of the reactor shows how effectively the reactor converts 
the feedstock Zn to hydrogen and how much of the evaporated Zn can be recovered on a 
filter.  

100[%] 2 ⋅=
evaporatedZnMoles

producedHMoles
nConvervsio  

This ratio was calculated based on the total moles of hydrogen evolved and the total 
moles of zinc evaporated. During normal runs, very small amounts of residual hydrogen 
were being measured after the end of evaporation. This hydrogen was taken into account 
for two measurements – roughly three minutes after evaporation end however – however 
the concentrations were less than 5% of the concentration during evaporation and 
therefore contributed little to the overall conversion value. 
The particle yield defines how much of the evaporated Zn feedstock was recoverable on 
the filter. It may be defined on a molar or mass basis. 
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It is clear that this measure is not only serves to evaluate the reactors capability to react 
particles rather than wall deposits, but also is a measure of reactor complexity. Long 
tubes, sudden expansions and elbows all serve to decrease the particle yield, without 
necessarily indicating anything about reactor performance as regards the hydrolysis 
reaction. It will therefore be recalled from Section 5.2 - Reactor Design that the length 
from the quench device to the filter was maintained as short as possible and sudden 
expansions were avoided.  
It was necessary to design experiments that would drive the conversion and particle yield 
behaviour. Table 6 shows the conditions of the hydrolysis experiments. 
Table 6 – Quench gas parametric hydrolysis experiment conditions. 

Quench Gas Flow 
Rate [L/min] 

Quench Gas 
Temperature [oC] 

Furnace Temperature 
[oC] 

Carrier Gas Flow 
Rate [L/min] 

5, 10, 15, 20, 25 145 – 185 950, 875 2 

The quench gas temperature was maintained as constant as possible by means of the gas 
heater. The quench gas flow rate is the most important parameter in this analysis as it 
influences the temperature of the reacting species, the intensity of mixing, the onset of 
condensation and the size of particles. Higher flow rates of quench gas, through dilution, 
accomplish the same function as higher carrier gas flow rates and lower furnace 
temperatures in decreasing the Zn partial pressure. 
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Higher quench gas flow rates however also serve to increase the flow velocity in the 
reactor, thereby decreasing the residence time of the reacting species in higher 
temperature environments. This leads to the possibility of insufficient time for the 
reaction despite favourable kinetics and particle sizes. Higher quench gas flow rates also 
lead to a decrease in water partial pressure which is a reaction limiting factor (Section 3.2 
– Literature Review). 
The furnace temperature, with all other parameters being held constant, defines the 
evaporation rate and thus the Zn partial pressure in the gas mixture. This therefore 
determines the saturation temperature and the point at which the saturation condition is 
reached in the reactor. Higher evaporation temperatures lead to higher Zn relative 
pressures, higher saturation temperatures and thusly temperatures at which the hydrolysis 
reaction occurs. This effect was studied in the second parametric study which was 
conducted at one quench flow rate and carrier gas flow rate, but with varying oven 
temperatures. The parameters are shown in Table 7.  
Table 7 - Evaporation furnace temperature parametric hydrolysis experimental conditions. 

Quench Gas Flow 
Rate [L/min] 

Quench Gas 
Temperature [oC] 

Furnace Temperature 
[oC] 

Carrier Gas Flow 
Rate [L/min] 

20 187 875, 890, 910, 930, 950 2 

High oven temperatures serve to prevent deposits on the quench cap inlet cone by 
assuring high surface temperatures. This point will be addressed in Section 7.1 – Initial 
Observations. Oven temperature does not have a significant impact on the temperature 
profile due to the nozzles which serve, to a large extent, to isolate the reaction zone from 
the oven.  
The carrier gas flow rate influences the Zn partial pressure by changing the mass of 
carrier gas into which the Zn evaporates. Higher carrier gas flow rates decrease the Zn 
partial pressure and therefore lower the saturation temperature. Subsequently, the 
temperatures at which the hydrolysis of particles can occur are also lowered. A constant 
carrier gas flow rate of 2 L/min was selected for two reasons. This relatively low value 
also yields a relatively high Zn partial pressure which allows particle condensation to 
begin at higher temperatures – again a favourable reaction condition. However it is to be 
remembered that with quench gas flow rates exceeding 20 L/min, whether the carrier gas 
is 2 or 5 L/min has a small effect. 
Table 8 shows the impact on saturation temperature as calculated from the Antoine 
equation for four extreme cases of total volume through-flow and evaporation furnace 
temperature (evaporation rate). The high furnace temperature affords a four times higher 
evaporation rate than the low temperature. 
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Table 8 - Calculated saturation temperatures for extreme cases of volume flows and evaporation 
temperatures considered during hydrolysis experiments. 

Total Flow [L/min] Saturation 
Temperature [oC] 

25 Quench + 2 Carrier 5 Quench + 2 Carrier 

950oC 489 549 Furnace 
Temperature 

875oC 441 493 

As is expected, high evaporation rates and low volume flows lead to an increase in 
saturation temperatures. Of course, as was shown in section 3.2 – Particle Formation; 
homogenous nucleation requires values of SR greater than one; meaning lower 
temperatures than the saturation temperature. Nevertheless, supersaturation temperatures 
are appropriately higher with increased saturation temperatures. 
It was also decided to try to decouple the reaction temperature from the quench gas flow 
rate by the inclusion of the Gas Heater as described in Section 6.1 – Apparatus. However, 
as will be explained in Section 7.2 – Temperature Profiles, it proved to be impossible to 
achieve a complete decoupling. To that end, it was decided to maintain as constant as 
possible the quench gas temperature as measured by thermocouple Tq.  

6.3  Procedure 

All parametric experiments were conducted with roughly 3.0 – 3.5 grams of Zn. The 
mass of zinc and a fresh filter were both recorded. Once the balance had been zeroed to 
the crucible mass, the zinc was placed in the crucible and the remaining components were 
assembled. Once all tubes were in place, nitrogen flow was started to purge the reactor of 
oxygen and any residual hydrogen in the lines. Simultaneously, the gas heater was turned 
on and set to the necessary target temperature. The three way valve from the 0-50 L/min 
N2 MFC was turned to direct the flow to the balance box. The water evaporator gas flow 
and carrier gas flow were set to the values used for the experiments. Simultaneously, the 
GC was set to recording gas concentrations as it requires an hour long warm up period 
and also to know the O2 concentration in the reactor. The inlet nitrogen pressure to the 
flow controllers was set at 2.5 bar. It was sought to maintain an overpressure of at least 
75mbar in the installation. The bleed valve on the pump was adjusted accordingly. With 
this overpressure it was possible to reach 0.002% O2 volume fraction which was the 
background oxygen content in the gas. 
The gas heater oven was also set to heating to reach the target temperature necessary for 
the desired quench temperature. With low quench gas flow rates, the final quench gas 
temperature was only achieved after a very long transient. Additionally to the gas heater, 
the reaction tube heating band behind the expansion cone was set to 400oC. 
Once a stable O2 level had been attained at 0.002% or less, the three way valve was 
shifted to direct the flow through the gas heater and the total quench gas flow as 
established. Once the quench gas temperature, as measured by the thermocouple Tq, had 
stabilized, the furnace was turned on and data logging was started.  
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The furnace heating rate corresponded to approximately 70oC/min until temperatures 
over 600oC after which the heating rate decreased significantly. Heating to the target 
temperature normally required 30 minutes. The water mass flow was set to 20 g/h 
(maximum setting on the evaporator) once thermocouple Toven had exceeded 250oC. This 
water flow provides an over stochiometric ratio of water to Zn between 60 at the 
minimum evaporation rate to 12.5 at the maximum.  
The actual mass and rate of mass loss were recorded and displayed by the Mettler-Toledo 
balance. Once all zinc had been evaporated, the rate fell rapidly to zero. After 
evaporation end, two more GC measurements were conducted with a total duration of 
roughly three minutes. The aim here was to determine the extent of H2 arising from Zn 
deposit hydrolysis. If the hydrogen concentration dropped rapidly after evaporation, then 
it could be said with reasonable confidence that evaporated zinc was rapidly converted to 
zinc oxide and hydrogen. 
Experience with similar reactors had shown that oxidation of Zn with air borne oxygen 
could occur after the end of the experiment. To combat this, during disassembly, the 
setup was allowed to cool to room temperature while still assembled, with a small N2 
through flow. The filter was weighted to determine the mass of deposits and deposits 
were collected. If significantly different deposits were found on the filter in different 
areas, these were collected separately. Collection locations of deposits from within the 
quench assembly, cone, heated reaction tube and filter are shown in Figure 21.  

 
Figure 21 - Collection deposit sites within the quench assembly, heating tube and filter. 

Deposits of sufficient mass from all four zones were analyzed with XRD (X-Ray 
Diffraction) for Zn/ZnO composition and Zn/ZnO crystal size. All filter deposits were 
analyzed for particle sizes using the BET method based on the effective area of 
absorption of an inert gas. The values provided are specific area per unit mass from 
which a particle diameter can be found.  

][96 nm
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The density applied to this calculation is the density of the Zn/ZnO mixture with the mass 
fractions being determined from XRD measurements. 

ZnOZn wtZnOwtZn ρρρ [%],[%], +=  

Finally, samples were analyzed with SEM/TEM techniques to determine structure and 
agglomeration extent. 
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7 Experimental Results and Discussion 

The HQRR demonstrated performance that was consistent with design expectations. High 
conversion values were achieved with consistent and favourable particle yield values. 
Rapid quenching and aggressive mixing led towards elevated reaction extent and particle 
recovery. Certain reactor characteristics need to be adapted to best utilize the HQRR over 
a wide range of operation parameters. 

7.1  Initial Observations 

With the initial tests of the reactor it was realized that certain modifications needed to be 
made which could otherwise strongly influence results. The first of these and the most 
serious were the flow characteristics of the nozzles. 
Despite results to the contrary from CFD calculations, the chosen nozzle blew against the 
inlet Zn stream flow. This was later determined to stem from the manner in which the 
nozzle was modelled. In the CFD model, the outlet tube was extended 10 diameters 
behind the nozzles. In the actual device, the outlet tube is 50 diameters long. The 
increased length poses a marked flow resistance which worked to divert the flow of the 
nozzles. The CFD of the selected nozzle was again modelled at its full length and a small 
forward blowing stream indeed was shown in the results. 
This property was noticed with the first temperature profiles which demonstrated too low 
temperatures at distances up to 3 cm from the nozzles. This was a very undesirable 
property as it would have lead to premature Zn condensation and possibly also Zn vapour 
deposits and subsequent hydrolysis on the reactor walls. The addition of the vacuum 
pump created a sufficient pressure reduction at the outlet of the reactor that this flow 
characteristic could be reversed or very significantly minimized. The pump of course was 
originally intended to combat overpressures however it also proved useful in reversing 
the unfavourable nozzle flow field. 
One slight side effect of the pump was that air was pulled into the system through the 
sealing fitting between the quench assembly and the quartz glass tube. The selected o-
ring for this seal had too small a cross section. This was rectified after the first 
experiment with silicon sealant. 
There were also a number of design and construction difficulties that arose during the 
course of experiments which should serve as lessons for further reactor designs. Below is 
a short list. 
1) Threads in aluminium at high temperatures will seize. The threads should be selected 
to be coarse rather than fine class or have Heli-coils installed. Soft alloys and tempers 
should be avoided as they are particularly prone to seizing and stripping under torque. In 
all cases, anti-seize compounds should be applied to screw threads prior to installation. 
2) Two piece sealing of metal to glass where an o-ring is squeezed between the tapered 
surfaces of two plates requires more parts than circumferential sealing (which is shown in 
Appendix A – Sealing Flange). However, it is much easier to work with and more robust. 
Particularly during disassembly glass components sealed with the two pieces are much 
less loaded and therefore less prone to breakage.  
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3) The o-ring of the sealing and mounting fitting (See Figure 17) responsible for sealing 
the quartz glass to the metal sealing flange, was determined to be the source of high 
concentration particle emissions to the laboratory environment. The reason was found to 
be the temperatures in this location which, through rudimentary measurements, were 
determined to be in excess of 200oC.   
The o-ring had been selected in a rubber called Viton which is resistive to sustained 
maximum temperatures of 200oC.  The o-ring failed after approximately 10 hours due to 
hardening and cracking. Tests of the o-ring itself in a controlled environment also showed 
100 fold increases in particle emission concentrations with elevated temperatures 
(>250oC). The Viton o-ring was therefore replaced with KALREZ o-ring capable of 
withstanding sustained temperatures up to 315oC. Additionally, a wound copper cooling 
spiral was placed on the top quartz tube directly below the sealing and mounting fitting 
with the aim of further reducing the glass and sealing surface temperatures in this region. 
Through these measures, particle emissions were sharply reduced to acceptable levels. 

7.2  Temperature Profiles 

The temperature profiles are shown for various flow rates and conditions in Figure 22. 
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Figure 22 - Temperature profiles of HQRR with superimposed quench assembly at extreme cases of 
gas heater temperature (oC), quench flow rate (L/min) and quench gas temperature (QGT) (oC) with 
and without water cooling. QGT is shown as measured by the thermocouple Tq (See Figure 19).  
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The temperature profiles show particularly good behaviour for high flow rates. The very 
rapid drop in temperature associated with a 25 L/min quenching flow crosses through the 
saturation temperature very quickly which supports the formation of small particles. 
Additionally, and indeed very conveniently, the temperature remains high for the length 
of the quench finger after a slight climb behind the nozzles. It is however to be 
remembered that although the reaction kinetics are favourable from a temperature 
standpoint, the residence time within this high temperature zone may be rather the 
limiting factor. Conversely, the 5 L/min quench flow temperature profiles show a much 
shallower temperature drop. Nonetheless, due to high flow velocities brought on by low 
gas densities at high temperatures, the quench rate is significant. 
The quench rates were calculated from the entrance to the quench finger (high 
temperature) to the end of the significant temperature drop (low temperature). The 
calculations required significant assumptions about the velocity field particularly in the 
vicinity of the nozzles. The following therefore should be treated only as indicative of the 
order of magnitude.  
Table 9 - Calculated quench rates based on the 6 temperature profiles performed. The temperature 
extremes spanning the quench range as well as the quench distance are shown. 

Case (Quench Flow, Gas Heater Temp, Water 
On/Off) 

Quench Rate [K/s], Temperature [oC] 
and Distance [mm] 

25 L/min, 900 oC, water cooling off 1.0e6, 806 – 492  over 1.5mm 

25 L/min, 900 oC, water cooling on 1.2e6, 676 – 317 over 1.5mm 

25 L/min, 300 oC, water cooling off 8.7e5, 760 – 436 over 1.5mm 

5 L/min, 900 oC water cooling off 4.1e4, 892 – 312 over 24.5mm 

5 L/min, 900 oC, water cooling on 2.2e5, 677 – 384 over 2.5mm 

5 L/min, 300 oC, water cooling off 4.5e4, 901 – 260 over 24.5mm 

These calculated quench rates based on the measured temperature profiles show good 
consistency with the simulated quench rates described in Section 5.1.6 – CFD Results. 
It should be noted that profiles involving water cooling have high temperatures that 
border on the saturation temperatures of zinc vapour in the 2 L/min carrier gas – 
significantly lower than the furnace evaporation temperature. It was foreseen that the 
surfaces of the quench cap could be cold enough to condense zinc which under such 
conditions would represent heterogeneous condensation on a surface. 
Nevertheless, the massive increase in cooling rate brought on by cooling water usage is 
of particular importance because it can be achieved without increasing the quench gas 
flow rate. Specifically, a 5 L/min quench gas flow is able to achieve a quench rate of the 
same order of magnitude as a 25 L/min quench gas flow without water cooling. The 
immediate benefit is that the reactants undergo a much less significant dilution which 
serves to increase the saturation temperature as well as the water partial pressure. 
Secondly, the residence time is massively lengthened in the reaction zone. 
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The differences between the profiles for various gas heater temperatures stem naturally 
from differences in quench gas enthalpy flow. Thermocouple Tq showed 500oC for the 25 
L/min case at 900oC gas heater temperature and 190oC for the 300oC gas heater 
temperature. Naturally, mixing with lower temperature gases will produce lower final 
temperatures. The heat losses to the environment and heat gains from the oven of the 
quench finger both decrease in significance as heat transfer mechanisms with increasing 
flow rates. 
The higher flow rates have an obviously much stronger impact on the temperature drop 
across the nozzles than the low flow rates. This is determined by the final temperature of 
the mixture of furnace and quench gasses. The residence time in the quench finger outlet 
tube also plays a significant role.  High mass flow rates lead to higher heat transfer 
powers but also shorter residence times which correspond to lower overall total energy 
transfers. Therefore, the 25 L/min flow simply loses less heat in the time it takes it to 
cross the space between the nozzles and the outlet and thusly the profile remains flatter 
over this portion. 
It is also to be noted that the influence of various quench gas temperature is mainly seen 
at the high quench gas flow rates. At the lowest flow rate there was no difference in 
temperatures both upstream and downstream of the nozzles. 
The profiles conducted with cooling water showed the expected behaviour of a very steep 
and deep temperature drop driven by the near constant low wall temperatures determined 
by the water flow. 
Finally, these sorts of temperature profiles make it meaningless to speak of decoupling 
the reaction zone temperatures from the quench gas flow rates. This could only be 
accomplished by a fixed wall temperature as shown in the water cooling case or by using 
only high flow rates. 
There were a number of particularities about this measurement which doubtless cause the 
real local temperature values to deviate from the measured values shown.  
The first factor has to do with the pump. Across the nozzles, the pump was able to 
generate a slight under pressure so as to pull in the gasses at the inlet from the furnace 
into the quench finger. However, in order to perform the temperature profile, a 
thermocouple needed to be inserted from the top of the reactor through a fitting which 
was not fully sealed. The impact was that the effective pump suction power was reduced. 
It is therefore foreseeable that actual hydrolysis experiment temperatures, with this upper 
fitting fully sealed, are higher in the vicinity of the inlet to the quench finger.  
The pump also pulled cold air through the sealing flange before it was modified. This 
cold gas would have flowed past the ceramic sealing cap and then into the nozzle. The 
temperature profile would have been disrupted by this flow of cold gas. 
Secondly as the inner diameter of the outlet tube was too small to use a ceramic shield, 
there was no way of guaranteeing that the temperature probe tip did not touch the walls. 
For the profiles with water cooling, the impact could be very significant due to the 
difference between gas and surface temperatures. For the profiles without water cooling, 
the wall temperatures were likely closer to the actual gas temperatures. In both cases, 
wall contact would have lead to lower temperatures being recorded. 



  44 

Thirdly and assuredly most difficult to evaluate was the impact of radiative heat transfer 
to or from the thermocouple. Attempts were made to adjust for this effect however 
detailed knowledge of local quench finger wall temperatures was required. As this was 
not available, the precise error cannot be determined. However it is possible to estimate 
the error induced through radiative heat transfer. The detailed calculations are shown in 
Appendix C, but the error based on 50oC temperature difference between gas and wall 
(gas higher than wall temperature) is shown to be between 3oC and 40oC. This effect is 
more pronounced at high temperatures. Secondly, high flow rate cases experience smaller 
errors than low flow rate cases due to massive increases in convective heat transfer. Said 
increases also lead to smaller differences between gas and wall temperatures. In all cases, 
the error leads to measured temperatures below that of the real gas temperature.  

7.3  Hydrolysis Initial Operational Tests and Installation 
Modifications 

A number of initial test of the reactor were conducted to determine what parameters wuld 
be interesting to vary but mainly to verify that the reactor worked. Within the first few 
runs, it was clear that the reactor did function, however modifications were required to 
achieve the final operational configuration. The results of all runs are tabulated in 
Appendix B – Experimental Results. 
The first run (Run 1 in Appendix B) conducted showed a conversion efficiency of 20.4%. 
5.6 grams were evaporated. There were however significant deposits on the inside of the 
furnace tube at the lower edge of the furnace – below the crucible height. The deposits 
totalled 55% of the evaporated mass. In this location, the local temperature was 
sufficiently low to condense zinc on the quartz glass. As this location was below the 
crucible, it was clear that an internal recirculation zone had been established within the 
furnace tube possibly caused by a high pressure impaction point of the quench gas jets. 
In order to decrease the deposits, two measures were applied. Firstly, less zinc was 
evaporated and secondly, a lower oven evaporation temperature was applied. This 
partially solved the problem for runs with high quench gas flow rates although it seems 
that the nozzles still are the cause of the recirculation. At quench gas flow rates up to 20 
L/min, less than 5% of evaporated mass was found on the inside of the furnace tube even 
with the maximum evaporation temperature considered. 
Run 2 was conducted at the same conditions as Run 1 however demonstrated markedly 
different behaviour. After only 0.3 grams had evaporated and conversion efficiency was 
bordering on 70%, a rapid and complete drop in hydrogen concentration was observed 
with an associated increase in pressure. The experiment was stopped and during 
disassembly it was found that condensed zinc droplets had collected on the quench cap 
inlet cone surface. The naturally lower temperatures in the vicinity of the nozzles (the 
nozzles are offset only 0.5mm from the inlet to the quench finger), then served to build 
solid Zn or ZnO deposits which grew and blocked the inlet preventing further reaction. 
The culprit was eventually found to be the ceramic sealing cap (See Figure 17, pg. 30). 
This component had an original twofold purpose. Firstly it was a means of preventing 
zinc from passing into the cold space between the top quartz tube and the quench finger. 
Secondly it was a method of reducing heat losses from the quench cap to the cold space 
above. However, while the cap proved beneficial in the first respect, it was a complete 
failure in the second.  
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Fortunately during the assembly of Run 4, the ceramic sealing cap was pushed too far 
down the shaft of the quench finger leaving the outer walls of the quench cap exposed. 
This was not considered at the time of have a significant effect however Run 4 showed 
good performance and no blockages were formed. With the outer walls of the quench cap 
exposed to the oven, all the quench cap surfaces were able to reach higher temperatures 
than was possible with the ceramic sealing cap acting as insulation. This prevented 
unwanted zinc condensation which prevented blockages. Although the ceramic sealing 
cap was still used to prevent zinc from flowing into the dead volume, from that point on, 
all experiments were conducted with the walls of the quench cap exposed. 
It was also found that with the gas heater set at 900oC, the particle emission 
concentrations from the installation were still excessively high. To this end, it was 
decided that this operation temperature would be avoided and the maximum temperature 
allowable for the pre-heat oven would be 700oC whereby the particle concentrations 
emitted by the installation were of the same order of magnitude as the background 
concentrations in the laboratory. It was however necessary to assure that in all cases, the 
quench gas temperature remained above 100oC to prevent steam condensation. This 
placed a limitation on the maximum quench gas temperature achievable with low quench 
gas flow rates. 
Finally, the pump was a source of complication at low quench gas flow rates. To deliver 
the lowest quench gas flow rate of 5 L/min, a much lower overpressure was required than 
that for 25 L/min. At the pump pulling the maximum possible vacuum, the high quench 
gas flow rates were still able to maintain an overpressure in the installation which 
allowed near or zero oxygen concentrations. Conversely, even with the pump bleed valve 
fully open, the low flow rates where not able to deliver the necessary overpressure to the 
installation. An under pressure resulted which caused immediate high peaks of the 
oxygen concentrations registered by the GC. Therefore, the pump was either not used for 
any cases where its function would cause oxygen to be pulled into the reactor or was 
adjusted accordingly with the bleed valve. Generally, the same pressure was sought for 
all experiments, but in practice over-pressure varied between 75 and 200 mbar. 
Deposits in the quench tube were of two kinds, a large grained powder which could be 
very easily removed with mechanical agitation and a hard ZnO layer which could only be 
removed by boring through the outlet tube with a 5mm drill. Depending on the case run, 
the condensation temperature would be achieved in various locations within the outlet 
tube making this aggressive cleaning necessary. This boring operation was necessary 
after every 2 or 3 experiments.  
Once these issues had been resolved, the experiments showed steady performance and 
conversion. An example of a typical run is shown in Figure 23.  
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Figure 23 - Hydrogen production and Zinc evaporation against run time for Run 6 (875oC 
Evaporation Temperature, 25 L/min Quench Flow and 188oC Quench Gas Temperature). Total 
conversion 57% and 15.6% particle yield. 

A number of characteristics are important. Firstly, the H2 production follows Zn 
evaporation closely both at the beginning and at the end of evaporation. This indicates 
that the reactor is converting Zn in real time. It remains to be determined whether the 
reaction is one consisting of hydrolyzing Zn particles or Zn vapour deposits.  
Also beneficial is that the Zn evaporation molar rate and the H2 molar production rate are 
the same order of magnitude wand this run corresponds to 57% conversion. 
It is of note that deposits recovered from the quench finger were found to be virtually free 
of hard ZnO deposits and all deposits collected were loose, highly compacted particles 
which were easily removed with light mechanical agitation. The Zn and ZnO mass 
fractions for Run 6 and Run 9 are shown in Figure 24 for three deposit collection sites. 
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Figure 24 – Run 6 and Run 9 Zn and ZnO mass fractions in 3 locations. 

It is also important to note that quench finger deposits comprised between 25% and 40% 
of the total evaporated mass, making them as important as the filter deposits in terms of 
recoverable mass. From Figure 24 therefore it may be concluded that the majority of the 
evolved H2 stems from hydrolysis arising in the quench finger. However as the deposits 
recovered from the quench finger were principally loose, particles, it may be concluded 
that indeed the reactor was reacting particles rather than vapour deposited Zn. Generally, 
all the first nine runs showed the same development of Zn/ZnO mass fraction - very high 
ZnO mass fraction within the quench finger and sharply decreasing thereafter.  
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Run 7 was the only run in the first nine that was conducted with internal water cooling of 
the quench finger. The run showed very poor conversion. Upon disassembly it was 
discovered that this was due to Zn condensation on the inlet cone surface of the quench 
cap (even with the ceramic sealing cap withdrawn to expose the walls). More that 80% of 
the evaporated mass had settled on this surface and condensed in the form of Zn drops. 
Naturally this Zn had no role in the hydrolysis reaction. This run showed a conversion of 
12% a particle yield of 11.5% - both based on total mass evaporated - and surprisingly, 
also the highest filter ZnO fraction (25%) of all initial test runs. This clearly demonstrates 
that the massive cooling rate (See Figure 22 pg. 42 – Section 7.2 – Temperature Profiles) 
provided by the internal cooling is able to produce particles which are conducive to the 
reaction. 
It was immediately clear that the Zn condensation was due to the quench cap being 
excessively cooling by the cooling water flowing on the inside of the quench finger. 
Although this is a characteristic which prevents using cooling water meaningfully for this 
reactor it is reasonable to imagine a reactor where the quench cap would be better 
thermally insulated from the cooling water chamber, making its implementation possible. 
As was mentioned in Section 7.2 - Temperature Profiles, the principle advantage of the 
cooling water scheme is that a very rapid quenching may be achieved without 
significantly diluting the reactants and prohibitively shortening the reaction time. 
Experiments conducted with water cooling will be discussed in Section 7.6. 
There remained one more modification to implement related to reaction conditions down 
stream of the quench finger. While the temperatures in this zone were of a good value the 
problem of extremely short residence time was unaddressed. It may be shown through 
mass conservation that a quench flow to 5L/min and a carrier flow of 2 L/min, leads to a 
residence time within the quench finger of 0.014ms. With 25 L/min quench flow, the 
residence time is only 4ms. These calculations assume that formed particle follow the 
flow speeds and patterns directly which given the normally very small Stokes numbers 
for sub micron particles is likely an accurate.  
Therefore as was mentioned in Section 6.1 – Apparatus and Operation, the inclusion of 
the heating tube behind the expansion cone served to delay the particles and steam in a 
high temperature environment to allow for greater reaction time. The residence time in 
the 50cm, 40mm inner diameter tube was 2.5s by 5 and 2 L/min quench and carrier gas 
respectively and 0.7s with the quench gas set to 25 L/min. It was important to implement 
the highest temperatures possible in this region in order to have the most favourable 
reaction kinetics. With this goal, a heating band was fitted and further insulated with 
ceramic cloth to maintain an elevated temperature. The impact was very positive with 
increased conversion and particle recovery. 
After the implementation of the heated reaction tube, a new set of temperature profiles 
were conducted. The profiles shown in Figure 25 begin where the quench finger profiles 
of Figure 22 end. They encompass half the length of the expansion cone and the entire 
reaction tube length. Points were taken at 5cm intervals. 
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Figure 25 - Heated reaction tube temperature profiles for four cases. # Quench indicates the quench 
gas flow rate in L/min. QGT is quench gas temperature and Evap. is the evaporation furnace 
temperature. 

The profiles are largely independent of operational conditions and the temperatures that 
they show are favourable for reaction kinetics. The initial drop in temperature is due to 
the last portion of the expansion cone which is not heated. Thereafter, the profile shows 
the length of the reaction tube with increasing and then maintained temperatures. It is 
interesting to note that the higher flow rate manages to even out variations in the 
temperature field better than the lower flow rate due to better internal heat transfer. It 
may be concluded that the reaction tube is an important component of the reactor due to 
the provision of long residence times and high favourable reaction temperatures. 
Therefore the reactor was left in this configuration for the duration of the parametric 
experiments. The actual apparatus is shown in Figure 26. 
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Figure 26 - HQRR installation with new heated reaction tube. 

A number of things were also observed in the operation of the HQRR which reflected on 
the design. Firstly, the expansion cone was often covered with a fine layer of particles 
however very little mass was actually lost in expansions and crevices. Thus this 
component thus accomplished its purpose. The use of this component should be 
continued. 
The quench gas tubes were sealed with silicon sealant against the two halves of the 
sealing and mounting fitting. This solution worked very well although it was somewhat 
tedious to prepare and clean. If it is necessary to seal in the manner required by the 
HQRR, silicon sealant is a cheap and practical substitute to o-rings. 
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7.4  Hydrolysis Parametric Experiments 

The parametric hydrolysis runs showed very favourable reactor performance over a wide 
range of flow and temperature operating conditions.  
Certain challenges arose during the parametric runs that applied to all experiments and 
shall be here discussed.  During runs with higher flow rates, a decrease of total flow was 
observed with time due to the build-up of hard flow deposits in the outlet tube. In runs at 
the high evaporation temperature and 25 L/min quench gas flow rate, there was a 
complete blockage of the inlet to the quench finger. This was characterized first by a 
steady decrease in flow which culminated with a loss of total flow of 2 L/min. This loss 
corresponds to a complete loss of the carrier gas flow and therefore the Zn vapour. 
Subsequently, a rapid and complete loss in H2 concentration was observed. For this 
reason, runs 15 and 16 which were both at 25 L/min quench gas flow rate and 950oC 
evaporation furnace could not be considered in the overall analysis. 
The case of the low evaporation furnace temperature and therefore evaporation rates were 
less affected by this characteristic however runs with 25 L/min quench flow still showed 
total flow decreases. However as the flow loss did not equal 2 L/min, the carrier gas flow 
was never fully blocked off and the H2 concentration did not undergo the same kind of 
rapid drop. This makes the run analytically useful from the standpoint of hydrogen 
production but naturally such flow blockages severely affect particle yield. 
The quench gas temperature was maintained largely constant throughout all the runs. 
Quench gas flow rates of 10, 15, 20 and 25 L/min all had temperatures within 5 degrees 
of 185oC. Due to gas heater high temperature limitations imposed by particle emissions 
the 5 L/min cases all had quench gas temperatures of 145oC +/- 2oC. It will be recalled 
however from Section 7.2 – Temperature Profiles that the quench gas temperature at the 
5 L/min case had no impact on the temperature profile between quench gas temperatures 
of 77oC to 190oC. Therefore, this deviation from the other four cases was judged 
insignificant. 
The low evaporation temperature runs showed collectively the best performance. The 
best run showed a conversion rate of 64.4% and a particle yield of 41.6% with a filter 
ZnO content of 26%. The best conversion was 75.6%. 

7.4.1 Quench Flow Parametric – Low Evaporation Temperature 

The low furnace temperature parametric runs were completed over the entire range of 
quench flows. The conversion efficiency, particle yield and filter ZnO mass fraction were 
all excellent over the entire range with the only exception occurring at the 25 L/min 
quench gas flow rate. These measures are shown in Figure 27. 
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Figure 27 - Conversion, filter particle yield and filter ZnO mass fraction for low evaporation 
temperature (875oC) experiments against quench gas flow rates. 

Figure 27 may also be interpreted from the point of view of quench rate. The quench rate 
at 5 L/min is at 45e3 K/s and at 25 L/min, 8.5e5 K/s. 
There are three factors that drive the conversion curve. Firstly, higher quench gas flow 
rates produces faster quenching and therefore smaller particle formation which is 
favourable for the reaction. However, the shorter residence times and lower reaction zone 
temperatures driven by higher quench gas flow rates clearly offset the improved 
reactivity of the particles. The flattening out of the conversion curve may be attributed to 
the relative increases in flow rates and decreases in residence times. From 5 to 10 L/min, 
the residence time in the reaction zone is halved but between 20 and 25, the decrease is 
only 20%.  
Figure 28 shows the progress of Zn evaporation and H2 evolution for Run 19. This run 
was conducted at 20 L/min Quench gas as part of the low furnace temperature quench gas 
flow parametric study. 
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Figure 28 - Run 19 Zn evaporation and H2 production rate - conversion efficiency 64.4% with 41.3% 
particle yield. 

As before we see a rapid H2 response to changes in Zn evaporation rate and a very high 
conversion but there seem to be two conflicting phenomena in this profile. On one hand 
the very rapid fall of H2 with evaporation end shows that the evaporated Zn is the main 
hydrogen source rather than Zn previously deposited on the walls. However, it is 
observed that the hydrogen production does not decrease with decreasing Zn evaporation 
which suggests a type of buffer; most likely in the form of wall deposits. Such deposits 
would serve to sustain the reaction while the availability of Zn vapour, and thus particles, 
decreased. In the low furnace temperature parametric study, all experiments showed this 
behaviour. However such a buffer would not allow for such a rapid drop in hydrogen 
concentration at the end of evaporation. 
The peak of evaporation followed by the decreasing rate is likely due to how the zinc 
pellets melt and evaporate. With individual small pellets melting the surface is much 
larger than that afforded to evaporation by a pool formed by pellets which melted 
together. 
 
Particle yield in Figure 26 is strongly affected by increasing quench flow rates in three 
significant ways. Firstly, greater dilution leads to the onset of Zn condensation by lower 
temperatures. This could support the build up of a vapour deposit layer in areas where Zn 
vapour is mixed with water vapour. However it should be remembered that the residence 
times in these transition regions are extremely short and that in all cases, the temperature 
falls significantly below the saturation temperature once downstream of the sealing 
fitting. It must be mentioned that hard white deposits were much more prevalent in the 
quench finger after a low quench rate run than after a high quench rate. This observation 
seems to uphold this explanation. Nevertheless, this factor seems to have played a small 
role.  
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Secondly, with reference to Section 3.2 – Particle Formation Theory, particle 
agglomeration increases with increasing turbulence. These agglomerates are built through 
impaction and diffusion. Where mechanical interaction of particles is the primary binding 
force they fall into the class of soft-agglomerates. Additionally, the high temperatures 
imposed in the environments of the heated reaction tube and even at the filter promote the 
formation of hard agglomerates through sintering. Both agglomerate classes are 
characterized by high values of specific surface area and thus low Stokes numbers 
making them particularly sensitive to flows.  
High velocity flows therefore build agglomerates more effectively than low velocity 
flows and also transport them better. It was observed during cleaning of the reaction tube 
that large (0.1-1mm) flakes of agglomerates rose very easily on natural convection 
currents from the cooling tube. Figure 29 shows the sponge like soft agglomerates on the 
filter after a run at 25 L/min quench gas. The mass on the filter in this case was 1.14g 
although the agglomerates had a very low density. At lower flow rates, although the filter 
masses were similar, the agglomerates were present to a much lower degree. 

 
Figure 29 – Spongy soft agglomerates on the filter built up due to high flow turbulence. Run 21: 25 
L/min quench gas flow, 875oC evaporation furnace, 2 L/min carrier gas. 

Finally, high velocity flows generate high near wall shear stresses which are more 
effective at removing deposits than low velocity flows.  It therefore comes as no surprise 
to find increasing filter particle yields with increasing quench gas flow rates.  
For all runs, loose particle masses collected from the quench finger were 25% to 40% of 
evaporated mass. These deposits were almost entirely ZnO in all cases. It may be 
concluded that the main source of H2 production is particle hydrolysis within the quench 
finger. Also, the increase in ZnO mass fraction on the filter may be partly explained again 
by particle transport in high velocity flows from the quench finger.  
which cannot be attributed to an improvement in transport biased towards ZnO. The key 
lies in the ZnO content of the four deposit zones as shown in Figure 30– quench finger, 
expansion cone, reaction tube and filter.  
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Figure 30 - ZnO mass fraction for four deposit collection sites for five quench flow rates in L/min. 

Firstly, if transport from the quench finger were the only mechanism, the ZnO content 
would have to proceed monotonically - i.e. it could not decrease and then increase as it 
does between the quench finger and the reaction tube. Such a phenomenon would call for 
drastically and prohibitively different particle dynamics. 
Therefore, the reaction tube must be creating its own ZnO. Following the quench, the 
reheat applied in the reaction tube increases the reaction rate which converts small 
particles to ZnO. Increasing flows increase the particle mass that is transported into this 
zone where they are reacted and then carried onto the filter. Again, the run at 25 L/min 
remains an outlier due to flow blocking deposits. 
In summary, increasing flow rates strongly improve particle production and improve the 
transport of those particles from regions of production to regions of collection. However, 
they have a detrimental effect of decreasing the residence time and reaction temperature. 
The high evaporation temperature runs showed poorer performance than the low 
evaporation temperature runs. It was anticipated that as the Zn partial pressure increases 
the associated increase of saturation – and therefore reaction – temperatures would serve 
an earlier onset of condensation and better reaction extent.  
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7.4.2 Quench Flow Parametric – High Evaporation Temperature 

The high evaporation cases were on the whole more sensitive to blockages due to the 
high Zn vapour content in the carrier gas. As was mentioned earlier, the highest quench 
flow rate - 25 L/min was particularly prone to blockages due to the very rapid cooling 
and pressing action of the flow jet. This characteristic was only strengthened by the 
presence of higher Zn vapour content. The 25 L/min case was conducted but needed to be 
stopped after half the mass had been evaporated due to complete blockage of the inlet to 
the quench finger. Although a conversion could be calculated, particle yield could 
obviously not be meaningfully determined. It should also be mentioned, that the 20 L/min 
case also demonstrated significant flow loss and build-up of deposits however a complete 
blockage did not arise. The complete parametric results are shown in Figure 31. 
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Figure 31 - Conversion, filter particle yield and filter ZnO mass fraction for high evaporation 
temperature (950oC) experiments against quench gas flow rates. 

All considerations discussed for the low evaporation temperature case with respect to the 
progress of the curves with quench flow rate apply to the high temperature case. The 
principal difference lies in the Zn partial pressure which due to a four-fold higher 
evaporation rate is also four times higher. Nevertheless, the impacts of increasing quench 
rate leading to faster quenching, higher dilution, lower reaction temperatures and better 
particle transport and recovery are still present. 
In light of the propensity of the reactor to suffer blockages it is advantageous to operate 
the HQRR at lower evaporation rates at which this phenomenon was only encountered at 
very high flow rates. 
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7.4.3 Evaporation Temperature Parametric 

The evaporative temperature parametric runs were conducted at a quench rate of 20 
L/min which was considered to yield the best overall results. The increase in evaporation 
temperature from 875oC to 950oC increases the evaporation rate and the Zn partial 
pressure four fold. The progress over the evaporation temperatures considered is shown 
in Figure 32. 
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Figure 32 - Conversion, filter particle yield and filter ZnO mass fraction for 20 L/min quench gas 
flow rate against evaporation furnace temperature. 

For the data shown no clear trend can be determined. If anything can be said is that the 
reactor has the highly favourable property of operating consistently over a wide range of 
operating parameters. However, the particle yield is to be noted as being always above 
40% which is an attractive number for this measure. 
The furnace temperature itself affects the reaction zone temperature very little because 
the nozzle jets at 20 L/min quench gas are very effective at isolating the furnace 
temperature field from the reaction zone. Additionally, a carrier gas flow rate of 2 L/min 
has a small impact on the overall mixture temperature. 

7.5  Particle Analysis 

Particle sizes were analyzed for the filter using BET techniques. What is to be 
remembered about the BET diameter is that it is the effective surface area for absorption. 
Significant sintering and bonding with neighbouring particles will decrease the effective 
surface area measured and thus overestimate the particle size. Figure 33 shows the 
progress of BET particle size as well as Zn and ZnO crystal sizes for the low evaporation 
temperature parametric series against quench gas flow rate. 
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Figure 33 - Filter deposit BET particle diameters, Zn and ZnO crystal sizes against quench flow rate 
for low evaporation temperature parametric series. 

There is no clear trend to be determined. There are two conflicting effects present. 
Firstly, increasing quench flow rate should produce higher particle concentrations of 
smaller particles. However increasing flow turbulence also increases the agglomeration 
extent. The virtually constant values indicate that these effects seem to be in balance. 
Additionally size distributions were determined for samples collected from the filter, heat 
tube and the quench finger. A typical distribution is shown in Figure 34. 
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Figure 34 - Agglomerate size distribution for samples collected for Run26 from the quench filter, 
heated reaction tube and the filter 
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Values of the order of magnitude of 100nm were expected for particle sizes. As the sizes 
determined from the distribution measurements were two orders of magnitude greater it 
was concluded that the particles had formed agglomerates due to the processes of 
collusion and sintering. The methods to break apart agglomerates available from the size 
distribution measurement device did not affect distribution. Therefore these graphs show 
the size distribution of agglomerates at the locations indicated. 
It is instructive to note that the heat tube and filter distributions have a higher mean than 
the quench tube showing the growth of agglomerates as they progress from through the 
reactor.  
The distribution is a narrow band normal distribution indicating similar flow residence 
times and growth intensities for the agglomerates. It is important to differentiate between 
the flow residence time, which is the time required for particle of pass through a section 
while suspended in the flow and the static residence time which is the time that a deposit 
sits on a surface. It is likely that both flow driven mechanical agglomeration as well as 
thermally driven sintering were occurring. However it is impossible to determine which 
effect had a driving force on the distribution.  
It is also interesting to see the effect of varying evaporation temperature on the measured 
BET particle diameter and Zn and ZnO crystal sizes. Figure 35 shows the progress of 
these three measures. 
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Figure 35 - Filter deposit BET particle diameters, Zn and ZnO crystal sizes against furnace 
evaporation temperature at 20 L/min quench gas flow rate. 
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As the Zn and ZnO crystal sizes remain relatively unchanged over the considered range it 
shows that the crystals grow in a very similar fashion and do not undergo chemical 
bonding with neighbouring particles – in the process forming larger crystals. Though 
crystal size is not directly linked with individual particle size, the diversion of the BET 
diameter indicates rather increasing agglomeration. This may be attributed to the increase 
in Zn vapour pressure with increasing evaporation temperature. For the given quench gas 
flow rate of 20 L/min, and therefore quench rate, it is logical to expect higher particle 
concentrations with high Zn vapour pressures and therefore more intense agglomeration. 
However faster and larger particle growth is also to be expected.  
The questions raised from the particle analysis could only be answered by seeing the 
particles and agglomerates. With that purpose SEM photographs were performed of filter 
samples from the low evaporation temperature parametric series in order to ascertain the 
extent and type of agglomeration. Figures 36 show two extreme cases; 5 L/min and 20 
L/min quench gas flow rates. 

              
Figure 36 - SEM photographs of filter deposits from cases at 5 L/min (Left) and 20 L/min (Right) at 
low evaporation furnace temperature (875oC). 

What is first noticed is the scale of these structures. They are far in excess of the expected 
nano-meter sizes for individual particles, which supports the concept of heavy 
agglomeration. Secondly, it is meaningless to speak of individual particles. Figure 37, 
shows a high magnification of a filament from the 10 L/min quench gas flow case. It is 
seen that no individual particles can be discerned in the body, indicating either very hard 
agglomerates or progressive deposit reaction processes. 

 
Figure 37 - Filaments collected from filter for 10 L/min quench gas flow case. 
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It appears that these long filamentary structures may have been the result of wall growths 
and the reaction of deposits which subsequently broke off and were carried away by the 
flow. This makes it impossible to speak of a particle size and thereby determine the 
impact of the quenching. It is noticed from Figure 36 that the filamentary structures in 
both cases are generally the same size. 
However, if this type of growth is actually occurring, then it is very favourable for 
conversion and for recovery. Surface reactions of deposited zinc provide very favourable 
conversions followed by the break off of these filaments and the formation of large 
agglomerates – a condition very favourable for mass recovery.  
Such a conclusion also means that it is not useful to speak of aerosol in-situ hydrolysis 
because the reaction is no occurring on the aerosols. Rather the goal would be support 
this growth and reaction mechanism through high reactor surface area and high flows. 
The remainder of the SEM photos are shown in Appendix D. 

7.6  Internal Water Cooling Runs 

Two more runs were conducted with internal water cooling. The quench rate was set at 
10 L/min which provided a quench gas temperature of 187oC; being comparable to the 
parametric runs. Secondly, with the goal of ensuring little dilution but still rapid quench, 
the quench flow rate was maintained at the lower end of the scale. The expected quench 
rate is on the order to 5e5 K/s. 
Figure 38 shows the zinc evaporation and hydrogen production profiles for Run 28. Two 
oven temperatures were investigated in this experiment with the quench rate held 
constant: 875oC and 910oC – the higher offering an increase by roughly a factor of two in 
evaporation rate.  
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Figure 38 - Zinc evaporation and hydrogen production profiles for two evaporation furnace 
temperatures. 

The most surprising feature is that the hydrogen production appears to be completely 
decoupled from the evaporation rate indicating exclusively the hydrolysis of wall 
deposits. Further proof to this idea is given by the very slow increase in hydrogen 
production with evaporation. Any increase in evaporation was rapidly counteracted by 
the cold walls. 
The main culprit was determined to be the surfaces of the quench cap that were cooled 
sufficiently by the internal water circulation to fall below the condensation temperature of 
the Zn vapour. For both runs, new ceramic sealing caps were made with the goal of 
shielding the cold surfaces from the Zn vapour however in both runs more than 35% of 
evaporated Zn was found condensed in the form of Zn drops between 0.1mm and more 
than 1mm in diameter.  Run 29 was conducted at evaporation temperatures up to 950oC 
with a ceramic cap that shielded the entire quench cap – inlet cone and sides. Zinc 
condensates were found on the surface of the ceramic cap as well as on the inside of the 
quench finger in the vicinity of the nozzles.  
It seems therefore safe to say that the produced hydrogen arose from Zn that had 
condensed in the vicinity of nozzles with access to steam. In contrast to vapour deposits 
which through very thin layers offer very high effective surface area per mass, the 
conversion of large condensed drops is much less effective.  
Sudden spikes in the hydrogen concentration were associated with dislodging blow-
through events where the pressure build-up on the furnace side of the quench finger broke 
off deposits. As these events were quite short, and the GC sampled once every 90 
seconds for 20 seconds, it was simply good luck that the hydrogen peak before 3000 
seconds was recorded. Deposits at the inlet to the expansion cone were found to consist 
of large Zn drops which were likely blown through. Both runs showed very poor 
performance with efficiencies between 9% and 4%. 

910oC 875oC 
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The poor performance of the water cooling runs does not change the fact that this 
operation mode offers the best theoretical conditions for particle production and 
subsequent reaction – very high quench rate and low reactant dilution. With improved 
thermal design of the reactor in the vicinity of the quench cap, Zn condensation could be 
completely prevented. This matter is further discussed in detail in Section 9 – 
Recommendations. 

7.7  Experimental Conclusions 

On the whole, the HQRR is a massive step forward in reactor design. With the provision 
of rapid quenching and high flow velocities, high conversion and particle recovery have 
been achieved. The parametric tests have showed consistent reactor operation over a 
large range of parameters. 
Values for conversion, particle recovery and filter ZnO content match well with the 
values reported by Ernst [2006], although the HQRR reaction zone temperatures are 
significantly lower. Increasing reaction zone temperatures and residence times has shown 
to be very favourable and methods for affecting this improvement will be discussed in 
detail in Section 10 – Recommendations. 
BET diameters of filter deposits also are consistent with those reported by Ernst [2006]. 
It is observed that agglomerate sizes as determined from size distribution measurements 
were roughly 100 times larger than BET diameters which is a favourable condition for 
particle recovery because large agglomerates are easier to gather and are more sensitive 
to flows which decreases deposits. SEM images show large agglomerates of filamentary 
growths which seem to indicate reactions at the wall followed by their break away due to 
flow forces, somewhat negating the aerosol in-situ hydrolysis concept. 
Internal water cooling prevented the hydrolysis reaction from successfully being 
accomplished due to prohibitive Zn condensation on cold surfaces. However this was 
rather a flaw of reactor design rather than an indication of the processes. The massive 
quenching affording by low quench gas volume flow rates theoretically serves to offer 
the best possible reaction conditions and should be pursued. 
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8 Conclusion 

The HQRR was designed as a reactor to provide good reaction conditions for Zn nano-
particle in-situ hydrolysis. It was designed to generate very fast quenching of Zn vapour 
and intense mixing of the vapour with water steam as a way of producing small particles. 
In order to find the best performance without negative side characteristics, CFD analysis 
was performed to study the quenching and mixing properties. 
The reactor was tested over a range of quench gas flow rates corresponding to between 
45,000 K/s to 850,000 K/s quench rate. The hydrolysis reaction was also studied at a low 
(875oC) and high (950oC) evaporation temperatures which gave a four-fold difference in 
evaporation rate. The evaporation temperature was also varied at a constant quench gas 
flow with the goal of determining the effect of varying Zn vapour pressure. Additional 
tests were carried out with internal water cooling which provided a very fast quench rate 
at low quench gas flow rates.  
The low temperature cases showed increasing particle yield due to improved particle 
transport and formation while conversion rate decreased slightly due to decreasing 
residence times and reaction zone temperatures. A maximum conversion of 75.6% was 
achieved and a best run was performed with 64.4% conversion, 41.6% particle yield and 
26% ZnO fraction on the filter. The high temperature cases showed very similar 
behaviour and indeed the values determine for conversion, particle yield and ZnO filter 
fraction were very closely matched. The evaporation temperature parametric runs showed 
no clear trend in performance with conversion, particle yield and ZnO filter fraction 
remaining virtually constant.  
BET diameters remained constant with quench rate at between 200nm and 250nm which 
indicates a conflict between particle growth and agglomerate growth. BET diameters 
increased from 200nm to 500nm with evaporation rate which is caused by increasing 
vapour pressure and particle concentrations. SEM images show large agglomerates of 
filamentary growths which seem to indicate reactions at the wall followed by their break 
away due to flow forces a condition which is favourable for conversion as well as particle 
recovery. Additionally, such a mechanism seems to negate the in-situ hydrolysis concept 
and if it actually determined to be the real reaction mechanism, it would be favourable to 
increase the reactor surface to promote it. 
The HQRR fulfilled the requirements of providing good reaction conditions by assuring 
fast mixing and quenching. It was also showed to work consistently over a wide range of 
parameters. Where it failed was in maintaining a high reaction zone temperature. The 
heated reaction tube allowed this deficiency to be partially overcome. Runs with internal 
water cooling offer the best theoretical reaction conditions, but were plagued by 
prohibitive Zn condensation on excessively cooled surfaces. To that end, a short 
discussion of modifications for the next generation HQRR2 is presented in the next 
section. 
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9  Recommendations 

The principle recommendation of this work is the progress of the HQRR design with 
respect to the reaction temperatures and support of water cooling. While the current 
HQRR addressed quenching and mixing it did not do much for reaction temperatures. 
The design presented here – the HQRR2 - has the goal of addressing this deficiency 
while retaining fast cooling and intense mixing. 

 
Figure 39 - Next generation HQRR with process zones and major components indicated. 

The Evaporative zone remains unchanged from the current HQRR. It contains the Zn 
bearing crucible and is where the rising carrier gas flow with Zn vapour is developed.  
The Quenching zone is composed of the appropriate nozzle geometry – the 1D parallel 
offset of the current HQRR serves as a good starting point for development – and an 
enclosed cooling water circulation chamber. The water cooling chamber contacts the 
nozzle structure in the same way as in the current HQRR and therefore should provide 
the same steep quenching rate at low flow rates. The closer the water chamber is 
positioned to the nozzles, the stronger will be the cooling effect. However, it must be 
observed that the surface temperatures before the nozzles but already within the quench 
zone do not fall below the saturation temperature due to the proximity of the water 
chamber. 
The Isolation Gap between the Evaporative and Quenching zone poses a significant 
thermal resistance which should prevent the inlet cone surface temperature from sinking 
to below Zn condensation temperatures under the influence of water cooling. As with the 
current HQRR, the quenching zone must be placed well within the oven. Therefore, the 
outside of the evaporative zone will be heated by the oven from the outside as well as 
from the inside. The gap also allows heat transfer to the surface of the quench zone which 
may offset cooling from the water in undesired locations. 
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The overall length of the small diameter tube within the quench zone should be as short 
as possible. It was shown in Section 7.2 - Temperature Profiles that the sharpest 
temperatures drop was complete after about 5 cm downstream from the nozzles and there 
is therefore no reason to make this tube any longer. There are two reasons for maintaining 
this tube short. Firstly, it posses a flow resistance to the outlet flow. The larger this 
resistance the more difficult it will be to prevent the nozzles blowing against the inlet 
Zn/carrier gas flow (See Section 5.1.6 – CFD Results). Secondly, as was seen, deposits in 
the quench finger outlet tube easily totalled 25-40% of total evaporated mass. Less area 
for accumulation should serve to decrease the mass of deposits in the quench finger and 
thus increase particle yield. 
The diameter of the quenching zone tube must also be considered. The current HQRR 
had a 5mm tube which was chronically prone to blockages at flows over 20 L/min. A 
larger diameter tube will be less prone to blockages at higher flow rates but will afford 
slower quenching due to lower gas velocity. As the goal of this new design is to utilize 
low flow rates for rapid cooling, high flow rates should not be of principle interest. The 
design process should determine the largest tube diameter for which a very high 
quenching rate can be maintained at low gas flows. 
The Reaction zone serves to boost to or maintain the temperature of the reaction 
environment at a level where chemical kinetics are favourable but under no condition 
above the saturation temperature of the Zn vapour. This may be done with additional heat 
provision in order to achieve very high reaction zone temperatures.  
Alternatively, this zone may be simply well insulated and the outlet temperature from the 
cooling zone maintained. As was shown in Section 7.2 - Temperature Profiles, a 5 L/min 
quench gas flow rate case with water cooling provides a fast quench to about 350oC 
within 5cm behind the nozzles. Further temperature decrease in the HQRR was due to the 
cold walls. The thermal design of the HQRR2 should find the shortest cooling water 
chamber length that still accomplishes the very fast temperature drop but does not 
continue to cool the gas at a slower rate.  
The expansion to the larger diameter tube of the Reaction zone provides a continuous 
area increase and reduces the likelihood of recirculation zones. This worked will with the 
HQRR and is strongly recommended. The far larger diameter of the Reaction zone 
contrasted with the quenching zone provides long residence times which are beneficial 
for the reaction. It must also be observed that the water chamber does not negatively 
affect the reaction zone temperatures. Therefore a gap must be maintained. 
It is suggested that the HQRR2 be built as one metal piece. This will avoid problems 
associated with high temperature sealing of metal on quartz glass and will also facilitate 
the use of metal seals. For the evaporative and quenching sections an Inconel alloy (625) 
is recommended so as to be resistive to high temperatures, hydrochloric acid used in 
cleaning as well as ease of manufacture. The reaction section can be made from 300 
grade stainless steel as the temperatures it will see will be significantly lower and it 
should also never be exposed to liquid Zn or ZnO deposits.  
The complexities of thermal and flow management in such a reactor cannot be overstated. 
It is imperative that any build be preceded by a stage of thermal and flow analysis and 
design to determine the most useful and functional geometry without unfavourable 
characteristics. 
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Appendix A – Quench Assembly Drawings 

This section contains assembly and part drawing for the quenching assembly. Dimensions which appear without parenthesis are design 
dimensions uniquely driven by the part design. Dimensions shown in parenthesis are ‘reference’ dimensions which are driven by other 
components in the quench assembly 

 
Figure 40 - Quench Finger  
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Figure 41 – Quench assembly external tube (Aussere Rohr) . 



  71 

 
Figure 42 - Quench assembly exit cap (Ausslass Kappe). 
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Figure 43 - Quench assembly outlet tube (Innere Rohr). 
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Figure 44 - Quench Cap (Kappe) 
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Figure 45 – Quench assembly quench gas mixture delivery tubes (Dampt-Argon Leitungen) 
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Figure 46 – Quench assembly Swagelok 6mm cooling water weld couplings ( Schweiss Anschluss) 
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Figure 47 - Quench Assembly anti-recirculation cone assembly. 
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Figure 48 - Quench assembly expansion cone flange (Vergroesserungs Flansch) 
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Figure 49 - Quench assembly expansion cone housing (Vergroesserungs Rohr) 
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Figure 50 - Quench assembly anti-recirculation expansion cone (Vergroesserungs Kegel) 
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Figure 51 – Intial Quench assembly sealing and mounting fittings (Dichtungsstuck) thread and bore components. Final configuration did not utilize 
3.5mm o-ring groove. 
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Figure 52 - Quench assembly quartz tube. 
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Appendix B – Experimental Results 

Runs marked with * indicate runs that needed to be repeated due unforeseen events arising during the initial experiment. Most often 
the inlet of the quench finger would become plugged either due to air infiltration or the ceramic sealing cap covering the walls of the 
quench cap. Entries without values for particle yield are those entries where the mass of deposits collected from the filter were 
insufficient for XRD methods. 

Initial Operation Test Group 

Run # Water 
Cooling 
[Y/N] 

Upper 
Heating 

Band [Y/N] 

Evaporation Oven 
Temperature [oC] 

Quench 
Flow 

[L/min] 

Quench Gas 
Temperature 

[oC] 

Efficiency 
[%] 

Particle 
Yield [%] 

ZnO 
Fraction 

Filter [%] 

1 N N 950 25 508 20.4 Not determined 

2* N N 950 25 508 9.8 Not determined 

3* N N 875 25 188 34.9 Not determined 

4 N N 950 25 508 22.9 Not determined 

5 N N 950 25 188 20.3 5.3 8 

6 N N 875 25 188 57.2 15.6 11 

7 Y N 875 25 508 NA 11.5 25 

8 N N 875 5 147 51.7 26 10 

9 N N 950 5 147 52.9 15.3 5 
* - Runs 2 and 3 experienced blockage due to the ceramic sealing cap insulating the quench cap.
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Parametric Group High Furnace Temperature 

Run # Water 
Cooling 
[Y/N] 

Upper 
Heating 

Band [Y/N] 

Evaporation Oven 
Temperature [oC] 

Quench 
Flow 

[L/min] 

Quench Gas 
Temperature 

[oC] 

Efficiency 
[%] 

Particle 
Yield [%] 

ZnO 
Fraction 

Filter [%] 

10 N Y 950 5 147 60.2 ~ 15%  - 

11 N Y 950 10 200 50.25 26.4 6 

12 N Y 950 15 177 62.4 25.1 16 

13* N Y 950 20 186 56.5 30.3 13 

14 N Y 950 20 186 59   

15* N Y 950 25 187 33.3 ~15% - 

16* N Y 950 25 187 Not determined 

Parametric Group Low Furnace Temperature 

17 N Y 875 10 186 68.3 33.8 18 

18 N Y 875 15 186 65.2 35.9 21 

19 N Y 875 20 185 64.4 41.3 26 

20 N Y 875 5 150 75.6 26.3 12 

21 N Y 875 25 187 63.8 35.9 16 
* - Run 15 experienced significant blockage of the quench finger inlet which prevented further access of Zn vapour leading to decreasing H2 concentration 
and total flow. As run 16 showed identical behaviour it was concluded that rather the 25 L/min quench gas flow was responsible for building hard deposits in 
the quench finger. Both runs 15 and 16 were not considered in overall assessment. 
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Run # Water 
Cooling 
[Y/N] 

Upper 
Heating 

Band [Y/N] 

Evaporation Oven 
Temperature [oC] 

Quench 
Flow 

[L/min] 

Quench Gas 
Temperature 

[oC] 

Efficiency 
[%] 

Particle 
Yield [%] 

ZnO 
Fraction 

Filter [%] 

22 N Y 950 10 186 63.9 27.6 9 

23 N Y 950 5 145 62.1 23.2 3 

24* N Y 950 25 187 54.2 Not determined 

Parametric Group Temperature Parametric 

25 N Y 930 20 185 55.3 47.2 18 

26 N Y 910 20 185 55.2 41.6 10 

27 N Y 890 20 185 57.9 46 12 

28† Y Y 890 / 910 10 186 9.4 / 5.3   

29† Y Y 890 / 910 / 950 10 186 6.2 / 4.3   
* - Run 24 showed rapid blockage of the inlet to the quench finger. As per usual, this was characterized by a loss of 2 L/min from the total flow and an 
immediate decrease of H2 concentration registered by the GC. The evaporated mass prior to full blockage was 65% of the original given Zn mass. The conversion 
value for Run 24 is shown based on the hydrogen evolved during the zinc evaporation phase prior to blockage. 
 
† - Conversion values are listed with respect to the evaporation temperature and are based on the hydrogen evolved and the zinc evaporated during the time space 
during which the evaporation temperature was fixed -  i.e. Conversion at 890 / Conversion At 910.  950OC evaporation for run 29 was not achieved due to very 
rapid blockage of the inlet by condensed Zn. 
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Appendix C – Calculations of the effect of thermal radiation heat 
transfer on temperature profiles within the quench finger. 

As the quench finger temperature profiles were performed without a radiation shield due to space 
constraints, it is necessary to see the effect of radiation heat transfer to or from the walls of the reactor 
on the measured signal. The final equation for such a system is: 

)( 44
walltc

tc
tcgas TT

h
TT −+= σ

ε  [Steinfeld, 2006] 

The subscript ‘tc’ stands for thermocouple, h is the convective heat transfer coefficient, epsilon is the 
total emissivity and sigma is the Stefan-Boltzmann constant: 5.67e-8 [W/m2K4]. It is seen that the 
worst thermal pollution occurs with high temperatures and low convective heat transfer. The low 
quench gas flow rate cases are should therefore be most affected. The 5 L/min flow rate case will be 
considered. 
 
As the wall temperatures are unknown, for the moment a temperature difference of 50oC has been 
assumed. The area of greatest interest is directly behind the nozzles and in this space this analysis shall 
be performed. It is first necessary to correctly model the thermocouple within the quench finger. As 
this is a cylinder within a tube, the model of an annulus has been used for convective heat transfer 
calculations [Cengle, 2003].  
The convective heat transfer coefficient is defined: 

D
kNuh =  

In the case of the annulus, the D is replaced with Dh; the hydraulic diameter. For an annulus, this is 
defined as: 

innerouterh DDD −=  
The inner diameter is the 1mm thermocouple and the outer diameter is the 5mm quench finger outlet 
tube. So Dh = 0.004m. 
The Nusselt number is heavily dependant upon the Reynolds number. Taking the measured 
temperature 1cm behind the nozzles of 841oC as a starting point, the Reynolds number is found to be: 
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As this case represents internal flow, this Reynolds number means that the flow is laminar and the 
thermal entry length must be considered. The thermal entry length is found from the following 
relation: 

mmDL hthermalEntry 109.0][004.0698.077705.0PrRe05.0, =⋅⋅⋅==  
So fully developed laminar flow does not occur until more than 10cm behind the inlet to the quench 
finger. The Nusselt number is determined under such conditions from the following relation with L 
defined as the total length of the quench finger = 0.25m: 
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The emissivity of stainless steel is shown in Steinfeld [2006] as between 0.05 and 0.25. A value of 
0.15 will be used. With these values it is determined that the real gas temperature is: 

][1153)10641114(867.5
42.55
15.0])[1114( 44 KeKTgas =−⋅−⋅+=  

As the thermocouple is at a higher temperature than the walls of the reactor it sees a heat loss to the 
walls and thus underestimates the gas temperature by 40oC. As a comparison, a high flow rate case of 
25 L/min was also calculated. Due to the much higher convective heat transfer, turbulent flow and 
lower temperatures, the effect of thermal pollution was an underestimation of 3oC.  
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Appendix D – SEM photos of low evaporation rate case 

Quench Flow Rate = 5 L/min 

     
 

     
 
Quench Flow Rate = 10 L/min 
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Quench Flow Rate = 15 L/min 
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Quench Flow Rate = 20 L/min 
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Quench Flow Rate = 25 L/min 

    


