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 Concentrically arranged multiple-tube reactors with different dimensions were 

built for synthesizing nano-sized silicon nitride powder via the ammonolysis of SiO 

vapor.  The reaction was operated at temperatures ranging from 1350 to 1400C and 

pressure slightly above atmospheric pressure.  Silicon monoxide (SiO) vapor was 

generated by charging argon gas through a bed of SiO particles packed in the 

innermost feeding tube and reacted with ammonia gas introduced through a separate 

feeding tube into the concentrical arrangement.  Additional argon was fed into the 

annular space between SiO feeder and ammonia feeder to prevent the two reactant 

gases from reacting instantly at the feeder outlets and forming whiskers.   

 None of the reactors with micro-scale dimensions (less than 1 mm) could be 

operated stably due to whisker formation at the SiO feeders.  On the other hand, a 

meso-scale reactor with a 3.25 mm ID innermost tube for feeding SiO vapor was 

successfully operated for synthesizing nano-sized powder at measurable quantities.   



 The velocity feed ratio of argon through a bed of SiO particles/NH3 was 

maintained at 8.5 for effective production, maximizing nano-sized powder production 

and minimizing whisker formation.  The arrangement of the feeding tubes of reactor 

was one of the most important parameters that have a direct influence on nano-sized 

powder formation. When a SiO generating tube was extended out of the annular Ar 

feeder, the highest efficiency of nano-sized powder production was obtained.  The 

mean residence time of the reactants in the reacting zone was adjusted by the length of 

product collection tube placed in the uniform temperature zone and set to be about 

0.04 seconds. 

 High reaction temperature promoted the SiO utilization, leading to more nano-

sized Si3N4 powder as well as Si3N4 whiskers at the outlet of the SiO generator.  The 

apparent activation energy for the formation of nano-sized powder was 211 kJ/mol, 

based on an assumption of first-order with respect to the SiO concentration.  The 

average particle size of nano-sized powder decreased with an increase in the reaction 

temperature, lying in the same range as obtained in the preceding work. 

 The flow of a gaseous mixture in the reactor was simulated with a math 

software as an effective aid for identifying a reactor structure and operating variables 

suitable for synthesizing nano-sized silicon nitride powders.  The simulated results 

suggested the optimal configuration of reactor and operating conditions to be 

employed in the experimental runs.  It also revealed that locations where whiskers 

form corresponded to those appeared in the experimental runs. 
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FLOW CHARACTERIZATION OF MULTIPLE-TUBE 

REACTORS FOR SYNTHESIS OF NANO-SIZED SILICON 

NITRIDE POWDER VIA SILICON MONOXIDE AMMONOLYSIS 

 

CHAPTER 1   INTRODUCTION 

 

Silicon nitride (Si3N4) was first developed in the 1960s and ‘70s in a search for 

fully dense, high strength and high toughness materials. The earliest motivation for its 

development was to replace metals with ceramics in advanced turbines and 

reciprocating engines to give better operating conditions and efficiencies. This work 

led to the development, successful testing, and, in some cases, commercial marketing 

of a wide range of silicon nitride components for internal combustion engines. 

Silicon nitride, with its unique properties, is one of the most promising ceramic 

materials for design and use in high temperature applications because of its excellent 

physical and mechanical properties in severe environment. With its properties of high 

temperature strength, superior thermal shock resistance, good fracture toughness and 

oxidation resistance, silicon nitride has been used in a number of industrial 

applications, such as engine components, bearings, and cutting tools. 

Silicon nitride exists in two hexagonal polytypes denoted as alpha () and beta 

(β) phases. They can be regarded as consisting of layers of silicon and nitrogen atoms 

in the sequence ABAB… in β-Si3N4 or ABCDABCD… in -Si3N4, respectively. 
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Generally, -Si3N4 is considered to be a metastable low-temperature product which 

transforms to β-Si3N4 at higher temperature because it requires a lower Gibbs free 

energy of formation [Weimer, et. al., 1997]. 

There are several routes for synthesizing silicon nitride including carbothermal 

nitridation of silica, direct nitridation of silicon powder, and liquid- and gas-phase 

reactions. Most of these processes are conducted at high temperatures ranging from 

1350C to 1800C. It is believed that controlling the size of silicon nitride in nano-

scale will lead to a wider range of its applications and more interesting physical 

properties. Nano-sized silicon nitride powder enhances its sintering process and 

increases the plasticity, strengths, and toughness of sintered parts. Due to these 

advantages, the growing interest in current techniques for producing high-purity 

silicon nitride powder has motivated engineers and scientists to develop several 

processes for silicon nitride production. 

In previous studies on nano-size silicon nitride powder synthesis, it was found 

that a tubular flow reactor could be employed to produce nano-sized powder via the 

ammonolysis of SiO vapor at low cost [Lin and Kimura 1996; Vongpayabal and 

Kimura, 2005]. However, the yield of silicon nitride powder was found to be low due 

to the formation of silicon nitride whiskers and crystals. Also, the products obtained 

have a wide range of size distributions because of the wide range of residence time 

distributions of reactants in the reactor [Vongpayabal, 2003].  

It is believed that using a micro-scale reactor enhances achieving uniform 

residence time and narrow size distributions because of its configuration in small-sized 

dimensions. Micro-scale reactors also provide a better control over the reaction 
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conditions such as temperature, reaction time, and flow rate. In addition, a reactor in a 

small scale can achieve high heat and mass transfer rates in short, uniform residence 

time due to a large surface area to volume ratio. High heat transfer allows precise 

temperature control during the reactions.  

The goal of this research is to design a micro-scale reactor that can synthesize 

nano-sized silicon nitride powder via the ammonolysis of SiO vapor and investigate 

optimal operating conditions for the reaction.  Different reactor structures and 

operating conditions affect the production rate as well as the morphologies of product 

silicon nitride.  In order to enhance the production of nano-sized powder and eliminate 

the formation of whiskers, suitable design and operating conditions need to be 

established. When there are a variety of reactor configurations, a number of design 

parameters, and a wide range of operating conditions, it is not practical to seek for 

optimal design and operating conditions experimentally. Rather, mathematical 

simulation, a virtual reactor, should be used as an effective aid for identifying reactor 

structures, arrangements, and operating variables suitable to synthesize nano-sized 

silicon nitride powders.  In this thesis, experimental work has been carried out in 

conjunction with mathematical simulation. 

There are 6 chapters in this thesis, that develop a set of configurations of a 

micro-scale reactor for the synthesis of nano-sized silicon nitride powder. In Chapter 

2, a literature survey of relevant studies shows the history of the synthesis of silicon 

nitride powder and reviews the current methods for nano-sized silicon nitride 

production. The experimental set-up, the design of reactors, and detailed procedure of 

the experiment are described in Chapter 3. Experimental results and discussion are 
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presented in Chapter 4.  Chapter 5 explains the use of mathematical simulation and 

shows the simulation results in conjunction with experimental data and observations 

obtained under different reactor design and operating conditions. Finally, Chapter 6 

presents conclusions and recommendation for future work. 
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CHAPTER 2   LITERATURE SURVEY 

 

Silicon nitride (Si3N4) has been studied intensively for more than 40 years. The 

development of Si3N4 ceramics as potential high temperature structural engine 

materials markedly accelerated, in the early 1960s, the outcome of a deliberate and 

structured search for new materials with good high-temperature properties, of which 

resistance to thermal shock was most important. This work led to the development, 

successful testing, and commercial marketing of a wide range of Si3N4 components for 

internal combustion engines [Riley, 2000].  In recent years, there have been growing 

interests and development in manufacturing silicon nitride, especially in pure powder 

form [Barsoum, et. al., 1991; Andrievski, 1994; Lee, et. al., 1999]. Silicon nitride is 

one of the promising materials for use in the environment that requires excellent 

oxidation resistance, mechanical strength, and extreme hardness at high temperatures. 

In particular, nano-sized silicon nitride has several advantages over regular sized 

powder including sinterability at lower temperature, better plasticity, and easier 

machining of sintered products. The demand for technologies to synthesize nano-sized 

silicon nitride of high-purity and uniformity at lower cost has become much stronger 

and acquired much attention [Danforth, et. al., 1981, 1988; Orthner, et. al., 2000]. 

2.1 Synthesis Routes of Nano-Sized Silicon Nitride Powder 

Currently, there are three main gas-phase reaction routes to produce nano-sized 

silicon nitride powder of high purity and quality: (1) chemical vapor deposition (CVD) 
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process, (2) carbon dioxide laser-induced reaction process, and (3) plasma synthesis.  

2.1.1 Chemical Vapor Deposition (CVD) Process 

 Chemical vapor deposition methods have been developed and become a major 

route for surface coatings in various microelectronics processes. Commonly, 

crystalline -Si3N4 can be synthesized at temperatures higher than 1300C using 

nitrogen-containing precursor mixtures.  

 Lee et al. [1990] examined the deposition of -Si3N4 on the graphite rods 

placed in a vertical hot-wall reactor. The overall reaction is expressed by the following 

equation: 

3 SiF4 (g) + 4 NH3 (g)  =  Si3N4 (s) + 12 HF (g) 

 The reaction was conducted at temperatures ranging from 1300C to 1410C. 

Deposition of amorphous and crystalline phase mixtures was formed. The deposition 

rate is essentially influenced by the reaction temperature and the excess amount of 

NH3 over SiF4. Silicon nitride powder obtained from this method is dense and high-

purity polycrystalline. However, this method requires the use of expensive devices at a 

low production rate due to low reactant partial pressure. 

 Silicon nitride powder can be produced by the reaction of silicon tetrachloride 

(SiCl4) and ammonia (NH3). Performing the reaction at high temperature in excess of 

NH3 has been attempted to avoid the formation of hydrogen chloride. The overall 

reaction then becomes 

3 SiCl4 (g) + 16 NH3 (g)  = Si3N4 (s) + 12 NH4Cl (s) 

 As a consequence, amorphous silicon nitride powder of an average particle 

size of 40 nm was obtained at 1200C, and the product contained diverse amounts of 
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volatile ammonium chloride as a by-product [Orthner, et al., 2000]. The powders 

obtained also had purity problems. 

 The ammonolysis of silicon monoxide was first proposed as a process using 

common chemicals to produce nano-sized silicon nitride powder at low cost and large 

quantities by Lin and Kimura [1996]. The main reaction is  

3 SiO (g) + 4 NH3 (g)  =  Si3N4 (s) + 3 H2O(g) + 3 H2 (g) 

 A horizontal-tubular flow reactor was used to test the feasibility of this 

reaction. The reaction temperatures conducted ranged from 1300 to 1400C, yielding 

three different kinds of silicon nitride at different locations in the reactor: (1) fine 

powder with an average particle size of 5 – 20 nm at the filter mounted in the reactor 

gas outlet line, (2) whiskers at the NH3 feeder outlet, and (3) crystals right downstream 

the whiskers. Product nano-sized powder obtained was in amorphous phase.  The 

powder was collected in nitrogen atmosphere and then crystallized at temperatures 

between 1300 and 1560C in a stream of dissociated NH3, N2, or N2/H2 mixture-gas. 

When dissociated NH3 was used, nano-sized powder was crystallized to be -Si3N4 at 

1300C in 5 hours. The crystallization of powder in N2 progressed when they were 

heated at 1560C for 2 hours.  The product was also -Si3N4 [Lin and Kimura, 1996]. 

 The method for supplying NH3 into the reacting zone is one of the most 

important factors, as it affects the formation of nano-sized Si3N4 powder. Geometries 

of reactant feeders also have an influence on the morphologies of product silicon 

nitride powder. However, Si3N4 crystals are found to be the major product in the 

system and observed to be pure -phase Si3N4, while the unheated whiskers and 



  8

powder are amorphous. The yield of nano-sized silicon nitride powder was found to be 

at most 43% because of the formation of whiskers and crystals. 

 It has been evidenced by Vongpayabal [2003] that the ammonolysis of silicon 

monoxide vapor can produce nano-sized silicon nitride powder, using a vertical 

tubular flow reactor operated at temperatures ranging from 1300 to 1400C. It has 

been found that ammonia plays a more important role in the conversion of SiO vapor 

into Si3N4 than intermediates (NH and NH2) or N2– H2 gas mixtures do. Also, the 

molar feed rate of NH3 was maintained 2-3 orders of magnitude in excess of the 

stoichiometric ratio over SiO to investigate the kinetics with respect to SiO vapor 

concentration.  

2.1.2 Carbon Dioxide Laser-Induced Reaction 

 This process involves a gas-phase pyrolysis reaction of precursors containing 

silicon and nitrogen, such as silane and ammonia in most cases. The reaction occurs in 

a restricted region with rapid heating and cooling rates [Wang and Liu, 1994; Suzuki, 

et al., 1993]. The main reaction can be represented by the following equation: 

3 SiH4 (g) + 4 NH3 (g)  =  Si3N4 (s) + 12 H2 (g)  

 Apparently, it has appeared that powder agglomerates when two steps are 

involved in the above equation: the dissociation of silane into silicon and hydrogen 

and the reaction of silicon with ammonia. This leads to amorphous product powder 

along with some amounts of free silicon. Furthermore, this method results in high 

production cost because of the use of expensive silane as raw materials. 
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2.1.3 Plasma Synthesis 

 The thermal plasma process is used for Si3N4 synthesis because of the ability 

of maintaining a high degree of purity of reactants and the powder obtained. It can 

also be operated at controlled high temperature that can be reached with steep 

temperature gradients, i.e. rapid heating and quenching rates. 

 The process was first proposed by Canteloupet. al. [1974] to produce ultra-fine 

Si3N4 powder using silicon and ammonia as reactants in an argon radio frequency (RF) 

plasma torch. The overall reaction is 

3 Si (s) + 4 NH3 (g)  = Si3N4(s) + 6 H2 (g) 

 Ammonia was injected directly into the tail of plasma flame in order to avoid 

its thermal decomposition, while solid silicon was introduced into the reactor with 

cold plasma. 

 Later on, there has been an attempt to use SiH4/Ar or SiH4/N2 in excess of NH3 

as the nitriding agent for nano-sized Si3N4 powder production in the RF plasma 

system. The reaction is given as 

3 SiH4 (g) + 4 NH3 (g)  = Si3N4(s) + 12 H2 (g) 

 Powders obtained are typically in the amorphous phase and the particle size is 

about 25-45 nm with a narrow size distribution [Viera, et al., 1998]. However, large 

size dispersions and agglomerations are always observed. Because of the high-cost of 

silane as a starting material, this method is still uncertain for commercial processes. 

 In addition, the reaction of silicon tetrachloride (SiCl4) with ammonia is most 

normally used in the thermal plasma route. The two chemical reactions involved are 

represented by 
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3 SiCl4 (g) + 4 NH3 (g)  = Si3N4 (s) + 12 HCl (g) 

HCl (g) + NH3 (g)  =  NH4Cl (g) 

 Though this route is more desirable for production at large quantities, the 

powder contains NH4Cl as a by-product that must be eliminated. 

2.2 Ammonia Dissociation 

At high temperature, ammonia dissociates into hydrogen and nitrogen as  

2 NH3 (g)  =  N2 (g) + 3 H2 (g) 

 The study on NH3 dissociation was conducted at temperatures ranging from 

1185 to 1382C using a 1/4” alumina tube as an NH3 feeder [Lin and Kimura, 2003]. 

A rate expression for NH3 dissociation is represented by 

rA  =  k CA
1/3 mol/(m3.s) 

where k is the rate constant and given as 

k =  4.456  109 e-246000/RT (mol/m3)2/3/s 

and CA denotes the concentration of ammonia (mol/m3). 

 The non-integer exponent to the NH3 concentration indicates that the NH3 

dissociation is promoted by heterogeneous reactions of surface activation and 

deactivation in the alumina tube. Once ammonia flows into a reacting zone, it is 

believed that the NH3 dissociation caused by the heterogeneous-surface reaction is 

significantly reduced, because of the reduction of the frequency of contact of NH3 with 

the solid surface due to the supply of argon gas along the reactor tube. Hence, in this 

case the homogeneous thermal decomposition of NH3 should be taken into 

consideration. 
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 The homogeneous thermal decomposition of ammonia has been largely studied 

using a stainless-steel shock tube with mixtures of NH3 and inert gas argon [Roose, et 

al., 1980]. Although the true mechanism is so complex, the thermal decomposition 

rate of NH3 can be simplified as 

1k

3 2NH  (g) + M  =   NH  (g) + H + M  

2k

3 2NH  (g) + M  =   NH + H  (g) + M  

where M is argon gas. The experimental results are represented at temperatures 

ranging from 2200 K to 3450 K as 

k1  =  2.52  1016 e-47200/T      (cm3/mole.s) 

k2  =  3.46  106  (cm3/mole.s)  at 2798 K  

Obviously, it was found that k1/k2  100 over a temperature range from 200 to 

3450 K. Thus, the rate of thermal decomposition of ammonia becomes as shown 

below, in the range of temperature investigated by Roose, et al. [1980]. 

-rA  =  k1 [NH3]
3/2 [Ar]1/2           (mol/cm3.s) 

2.3 Generation of Silicon Monoxide 

 The generation of SiO from the reduction of SiO2 has been studied by Lin and 

Kimura [1996], in which most of SiO2 is reduced by Si, C, or H2. A previous review 

of this process described the generation of SiO by using silicon (dp  36 m) and 

crystalline silicon dioxide (dp  15 m) powders at temperatures between 1270 and 

1600 K. The powders were well mixed at an equivalent molar ratio and compressed 

into pellets under a pressure of about 600 MPa in a steel die [Kubaschewski and Chart, 

1974]. It was found that the measured data of SiO vapor pressure can be given as 



  12

log PSiO  =  13.613 – 17850 / T 

where PSiO is the vapor pressure of SiO (Pa) and T is the system temperature (K). 

 Because it is difficult to characterize SiO vapor due to its instability at low 

temperature, solid-phase SiO is believed to be a stoichiometric mixture of Si and SiO2.  

2.4 Macro-scale Reactor Versus Micro-scale Reactor 

 It is obvious that the reactor used by Vongpayabal [2003] has larger 

dimensions, not only the diameters of reactor tubes but also the length of reacting 

zone, than those of a reactor that can be identified as a micro-scale reactor. The mean 

residence time of reactant gas mixture in the reacting zone becomes very small in a 

micro-scale reactor because of the confined heating-reacting zone in the micro-scale 

reactor.  The powder obtained from a micro-scale reactor has been found to be very 

small in size due to a short residence time. It has been proved by Hirayama [2006], 

using a micro-sized reactor, that the reduction of residence time to less than 100 msec 

leads to a smaller average particle size down to about 10 nm. The prime advantage of 

using the micro-scale reactor is that a smaller particle size is obtained from shorter 

residence time. Moreover, a certain reactor structure may lead to a narrowly 

distributed particle sizes.  Unfortunately, however, the micro-scale reactor used by 

Hirayama got clogged by whiskers in less than 10-15 min and could not be used to 

collect nano-sized powder at measurable quantities for any further investigation.   

2.5 Objectives of This Research 

 It is indispensable to design a reactor that can be operated for a long enough 

time without whisker-clogging problems. The main objectives of this research are to 
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investigate different configurations of micro-scale reactor and find operating 

conditions that allow production of nano-sized silicon nitride powder at measurable 

quantities. The major attempts of this research are listed below: 

1. To identify any limitations inherent to micro-scale reactors.  

2. To use of mathematical simulation to assist in determining suitable configurations 

of a reactor and finding appropriate operating conditions suitable for nano-sized 

powder production. 

3. To characterize the product powder obtained in the micro-scale reactor in terms of 

average particle size changing with the mean residence time in comparison with 

that obtained in the macro-scale reactor. 
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CHAPTER 3  EXPERIMENTAL APPARATUS AND PROCEDURE 

3.1 Configurations of Reactor 

3.1.1 Materials 

  SiO vapor was generated by sublimation from SiO particles (Aldrich, St.Louis, 

MO).  SiO particles were first ground in a mortar, and the ground particles were then 

sieved with a set of Tyler mesh 20 and 35 (meshes to the inch).  Thus, SiO particles in 

the size-range of 425 – 833 µm were used for generating SiO vapor. 

  Ammonia gas from a cylinder of unhydrous ammonia of a regular grade, 

purchased from a local dealer, was used for the reaction.  Argon gas, used as a SiO 

vapor carrier as well as an inert, was of a pre-purified grade, also purchased from a 

local dealer.  Nitrogen gas, often used for purging, was also a pre-purified grade. 

These gases were used with no further treatment. 

  Micro filters for collecting product silicon nitride powder had an average pore 

size of 0.5 μm (Milipore, Bedford MA).  An average mass of a single filter was 0.4345 

g. 

3.1.2 Micro-scale Reactor 

 In preliminary experiments, micro-scale reactors with seven-inner and four-

inner tubes were first built, as shown in Figure 3.1 (a) and (b). It is clearly indicated in 

these figures that the reactant feeders used for the 7-tube set are of micro-sizes, while 

those for the 4-tube set are of mili-sizes. Argon gas is fed through a bed of SiO 

particles to generate and carry SiO into the core of each seven- or four-inner tubes. 
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When the reactor shown in Figure 3.1 is used, ammonia gas flows along the annular 

space of concentric tubes and reacts with SiO vapor at the outlet of the feeders. When 

the reactor schematically illustrated in Figure 3.2 is used, ammonia flows through the 

outer-most annular space, while argon flows through the inner annular space, to avoid 

SiO vapor and ammonia from reacting at the SiO vapor outlet.  Thus, argon is used as 

a gas curtain. 

 All the tubes used for building reactant feeders are made of 99.8% alumina 

(CoorsTek, AD-998 Cast Tubings), which is the most versatile engineered ceramic 

because of its high melting point and ability to withstand at very high temperature.  

These tubes are glued together with a high-temperature alumina cement.   

 A product collection tube, made as a combination of 3/4" and 1/4" tubes, is 

placed downstream the SiO and ammonia outlets, as illustrated in Figure 3.2. The gas 

flow is restricted and the reacting zone can be adjusted in the range between the SiO 

outlet and the outlet of the product collection tube. The average residence time of 

reactant gas can be modified by the distance between the SiO or ammonia outlet, 

whichever located downstream, and the inlet of the 1/4" tube connected to the 

collection tube, because the gas velocity through the 1/4" tube is 13 times the velocity 

through the 3/4" tube, and the residence time in the 1/4" is negligible.  In addition, the 

1/4" tube of the collection tube is outside the uniform temperature zone, where the 

temperature sharply drops, and quenching gas terminates the reaction.  The major 

objectives of the collection tube are to confine the reacting zone inside the uniform 

temperature zone and discharge the product powder through the 1/4" tube as quickly 

as possible. 
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 To investigate size-effects on the reactor operability, a set with a single SiO 

feeder was also built, as shown in Figure 3.3.  In addition, central tubes of two 

different sizes were used to increase the velocity of argon gas carrying SiO vapor, 

maintaining the SiO concentration unchanged.  In all the reactor configurations, argon 

gas through the inner annular space was expected to act as a diffusion barrier to 

prevent SiO vapor and ammonia from reacting instantly at the SiO outlet.  

 Ammonia dissociates at high temperature, as described in an earlier chapter, 

and its residence time before reaching the reacting zone should be as small as possible.  

In this light, a 1/4" tube was used for feeding ammonia right at the entrance of the 

reacting zone, as illustrated in Figure 3.4.   

 The whole reactor system set-up is shown in Figure 3.5.  The product formed 

in the reacting zone and collected into the collection tube was carried out of the system 

and collected with a set of two filters placed in the exhaust line.  A single filter was 

used in turn for product collection, while the other is removed for product mass 

measurements and replacement.  The exhaust line is connected to a vacuum pump.  

The level of vacuum was adjusted along with an increase in the pressure drop through 

a filter so that the system was operated at a pressure slightly above atmospheric 

pressure.  The filter was changed every 10 min in most cases.  When the product 

build-up was quick, the filter exchange was done more frequently.  

 

 

 

 



  17

 

 

     

 

    OD, mm  ID, mm 

  1  1.27   0.51    

  2  2.35   1.60 

  3  12.70   9.53 

  4  19.05   14.30 

 

7igure 3.1 (a)   Dimensional details of individual tubes at the end of the 7-tube set. 
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    OD, mm ID, mm 

   1 2.5  1.60 

   2 4.2  3.30 

   3 11.13  7.95 

   4 19.05  14.30 

Figure 3.1 (b) Dimensional details of individual tubes at the end of the 4-tube set. 
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1 19.05  14.30 

2 6.35  3.96 

Figure 3.2 Detailed structure of the reactor. 
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NH3
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Ar

Ar

Ar

Alumina wool

Collection tube

1

2  

   OD, mm ID, mm 

Type I  1 11.30  8.20 

  2 6.40  4.20 

Type II  1 11.30  8.20 

  2 4.66  3.25 

 

Figure 3.3 Detailed structure of the reactor with additional argon gas flow between 
SiO vapor and ammonia gas. 
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It has been proved that the methods for supplying reactant gases influence the 

product formation [Vongpayabal, 2003]. Based on this findings, three different 

configurations of inner tube are employed to find the most appropriate structure to 

produce nano-sized powder: (1) even lengths of feeding tubes, where the SiO vapor 

and inert argon exits are flash; (2) recessed inner tube, where the SiO vapor exit is 

recessed in the inert argon feeder; and (3) extended inner tube, where the SiO vapor 

exit is outside the inert argon feeder, as illustrated in Figure 3.6. Several preliminary 

runs were conducted by changing the relative locations of SiO feeder to investigate 

any changes in the formation of products and the optimal arrangement of SiO feeder in 

the inert argon feeder was selected. 

 All the SiO particle bed, reactant feeding tubes, and 3/4" portion of the 

collection tube were placed inside the 250 mm uniform-temperature zone within a 5C 

deviation at the center of furnace. 
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Figure 3.4 Dimensional details of individual tubes used for large-scale: (a) larger-
scale and (b) smaller-scale. 
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Figure 3.5 Schematic diagram of the reactor set-up. 
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Figure 3.6 Three different configurations of inner tube: (a) even lengths of feeding 
tubes; (b) recessed inner tube; and (c) extended inner tube. 
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3.1.3 Mathematical Simulation  

Recently, simulation of flow allows engineers to analyze flow characteristics in 

realistic geometries, and makes it easier to improve process and reactor designs 

[Meeks, 2000]. Based on the principles of kinetics and transport phenomena 

integrated, mathematical simulation may be useful for determining optimal reactor 

structures and arrangements feasible to synthesize nano-sized silicon nitride powders 

by considering the flow characteristics obtained, with variations of operating 

conditions. The optimal reactor arrangements and operating conditions can be 

determined in order to maximize product nano-sized powder and minimize whisker 

formation.  Reactor configurations were determined in conjunction with mathematical 

model with better understandings of the reactions and gas flow dynamics taking place 

in the reactor.  The mathematical model will be described in detail in a later chapter. 

3.2 Procedures and Operating Conditions of Reaction Experiment 

3.2.1 Experimental Procedures 

 For each run, a prescribed amount of SiO particles, ranging from 1.05 to 5.53 

g, were put into the SiO feeder, the inner tube, on top of a thin layer of alumina wool 

used as a particle holder, and the set of reactor was heated up to a desired reaction 

temperature at a rate of 15C/min. At the same time, argon gas was fed to purge all the 

feeders for 10-15 minutes in order to eliminate any air remaining inside. When the 

system had reached the targeted temperature and become stable, argon gas was 

introduced into the annular space between the SiO feeder and ammonia feeder, 
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followed by the feed of ammonia gas. The SiO generation was then initiated by 

supplying argon gas through the bed of SiO particles. The reaction was controlled 

under a pressure slightly higher than atmospheric pressure. The flow rates of reactant 

gases were fixed in each run, depending on required conditions.  

 The product powder was collected by a set of filters. Because an accumulation 

of product powder caused an increase in the pressure drop through the filter, filters 

were switched to collect product powder every 10 minutes or a desired period of time. 

The reaction was terminated by stopping the flow of argon through the SiO feeder, and 

then the reactor was cooled down to room temperature at a rate of 30C/min. 

 In each run, product powder sampled over an each length of time was weighed 

by a balance with a reading accuracy of 0.00001 gram. By a weight measurement of 

filter beforehand, the mass of product collected was determined in each run. 

3.2.2 Temperature Setting 

 The synthesis of silicon nitride takes place over a range of temperature from 

1000 to 1600C thermodynamically [Lin and Kimura, 1996]. Additionally, it was 

found that the effective temperature used for nano-sized silicon nitride powder 

synthesis was in the range of 1310 to 1390C [Vongpayabal, 2003]. However, the 

thermal decomposition of ammonia increases with temperature even though the 

equilibrium vapor pressure of SiO becomes significant at temperature above 1000C. 

Based on the results by the previous research, 1350C was selected as a standard for 

preliminary experimental runs to operate the ammonolysis reaction.  
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 Higher reaction temperatures of 1375, 1385, and 1400C were used for 

investigating temperature effects on the reaction kinetics and product particle size.  

When operating temperature becomes higher, SiO vapor concentration increases 

accordingly due to an increase in the SiO saturated vapor pressure, and the formation 

of the product is expected to be enhanced.  

3.2.3 Flow Rates of Reactants 

 In the preliminary experimental runs, the volumetric flow rates of argon gas 

through SiO bed, argon through the annular space, and ammonia gas were randomly 

selected to maintain stable operation during the ammonolysis reaction. The volumetric 

flow rates of gases were adjusted properly, and gas velocities were significantly varied 

depending on the reaction temperature and the individual cross-sectional areas of 

feeder tubes through which the reactants were conveyed. 

 Based on several preliminary experimental runs, appropriate volumetric flow 

rates of reactants were used and maintained unchanged. Argon was introduced through 

the bed of SiO particles at a flow rate of 2.85 L/min, argon gas through the annular 

space at a flow rate of 1.0 L/min, and ammonia gas at a flow rate of 3.0 L/min. 

 As stated earlier, an argon stream between argon containing SiO vapor and 

ammonia is expected to work as diffusion barriers to prevent SiO vapor and ammonia 

from reacting instantly at the SiO exit to form whiskers there.  

 Several experimental runs were made and consequently suitable flow rates of 

reactants as well as argon through the annular space were discovered. Flow rate of 

argon through the SiO feeder was selected to be 2.85 L/min, leading to linear 
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velocities of 13.37 m/s at1350°C, 13.47 m/s at 1375°C, 13.52 m/s at 1385°C, and 

13.58 m/s at 1400°C, respectively, 1.0 L/min of argon through the annular space, 

leading to linear velocities of  1.89 m/s at 1350°C, 1.90 m/s at 1375°C, 1.91 m/s at 

1385°C, and 1.92 m/s at 1400°C, respectively, and 3.0 L/min of ammonia, leading to 

1.575 m/s at 1350°C, 1.587 m/s at 1375°C, 1.592 m/s at 1385°C, and 1.6 m/s at 

1400°C, respectively. The velocity ratio of argon through the SiO feeder to ammonia 

was then set to be 8.5 and maintained for the whole experimental runs. 

3.3 Characterization of Nano-sized Powder 

 The product powder obtained was collected individually. The size of particles 

randomly selected from each filter in each experimental run was determined by 

transmission electron microscopy (TEM).  

 TEM photographs were scanned into digital copies to examine the individual 

sizes. The particles observed on the photographs were measured with a ruler and 

analyzed for average sizes.  The number of particles measured ranged from 36 to 47, 

depending on photographs. 
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CHAPTER 4     EXPERIMENTAL RESULTS AND DISCUSSIONS 

4.1 Preliminary Experiments 

4.1.1 SiO Vapor Generation 

 SiO vapor can be generated and controlled by the flow of argon gas through a 

bed of SiO particles. It has been reported that without supplying carrier gas argon 

through the bed of SiO particles, the mass of particles hardly changes over a long 

period of time [Vongpayabal, 2003]. 

 In this study, a series of runs with different initial amounts of SiO particles 

were carried out by using a seven-inner-tube reactor, four-inner-tube reactor, and a 

single-inner-tube reactor. It was found that when the seven-inner-tube and four-inner-

tube reactors were employed, no product powder was produced whereas only whiskers 

formed. Whisker formation during the reaction leads to clogging the outlet of SiO 

feeder, simply causing termination of the nano-sized powder production. Very little 

SiO vapor could come out and react with ammonia gas to produce silicon nitride 

powder.  It is considered that the clearance between the SiO and ammonia feeders is 

too small (380 µm for the seven-inner-tube reactor and 450 µm for the four-inner-tube 

reactor) to avoid their reaction at the exits.  The flow of argon through the annular 

space (400 µm) between the two feeders is not effective as a barrier, when the sizes 

become very small. 

 When the single-inner-tube reactor was used and argon through the SiO feeder 

was supplied at a low flow rate of 2.1 m/s, nano-sized powder was not produced. 
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Similarly, only whiskers formed at the outlet of SiO feeder, as shown in Figure 4.1 (a) 

and (b). 
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Figure 4.1(a) Whisker formation at the SiO feeder outlet when a low flow rate of 
argon through a bed of SiO particles was employed. 
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Figure 4.1(b) The formation of whiskers around the outlet of the SiO feeder tube 
when supplying a low flow rate of argon gas through the SiO feeder. 
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 The whisker formation, when using a low flow rate of argon through a bed of 

SiO particles, was also evidenced by mathematical simulation as described in detail 

later. The mathematical simulation suggested the use of high flow rates of argon 

through the SiO feeder to prevent whiskers from forming at the outlet. Based on this 

finding, a smaller inner tube was employed for feeding SiO at a higher velocity, 

because there was a limited flow rate. 

4.1.2 Ammonia Gas Feed 

 Ammonia plays an important role in converting SiO into Si3N4 products in the 

ammonolysis of silicon monoxide. Thus, ammonia must be maintained at high 

concentration in the reacting zone because ammonia can dissociate in the feeder tube. 

The feed rates of ammonia and SiO vapor as well as argon through the annular space 

were systemically adjusted and controlled to inspect changes in the formation of nano-

sized Si3N4 products. 

 It has been revealed that use of the single-inner-tube reactor with a low flow 

rate of ammonia can lead to whisker formation at the outlet of SiO feeder and also 

around the external wall of the SiO feeder in the annular space, as shown in Figure 

4.2.  When the velocity of argon carrying SiO vapor is low, it would be easy for 

ammonia to reach the SiO exit by convection and/or diffusion. In addition, a certain 

amount of ammonia also seems to have diffused back into the annular space because 

of its low flow rate.  
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Figure 4.2 Whisker formation at the outlet of SiO feeder and partly around the 
annular NH3 feeding tube. 
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 A high gas velocity ratio of argon through the SiO feeder to ammonia was 

recommended in the experiment. 

4.1.3 Argon Through the Annular Space 

 In preliminary experimental runs made using the seven-inner-tube reactor or 

four-inner-tube reactor without supplying additional argon gas through the annular 

space, as illustrated in Figure 3.1, SiO vapor directly reacted with ammonia 

immediately once both the reactants reached out of the feeders. This caused whisker 

formation at the outlet of SiO feeder. After adding argon gas through the annular 

space, as shown in Figure 3.2, some powder was produced, though its amount was not 

significant. Ammonia could have possibly decomposed before reacting with SiO 

vapor. 

4.2 Effect of Reaction Temperature  

 One of the parameters that influence the powder production is the reaction 

temperature. It is believed that more powder is produced at high temperature, because 

SiO vapor concentration becomes higher as temperature rises. 

 Selected reaction temperatures of 1350, 1375, 1385, and 1400C were 

employed in a series of experimental runs. As temperature was adjusted to be higher, 

more powder product was obviously obtained. However, at high temperatures of 1385, 

and 1400C, the time available for the reaction experiment appeared to be short. Due 

to an increase in the pressure drop through the SiO feeder, the reaction had to be 

terminated in less than half an hour. Higher reaction temperature seems to have 
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promoted the SiO utilization in converting SiO vapor into silicon nitride whiskers as 

well. 

4.3 Production Rate Versus Temperature 

 Mass of product was measured and then divided by the reaction time to 

determine the average powder production rate for each product collected with a filter.  

Arrhenius plot was then used to analyze the effect of temperature on the production 

rate of Si3N4 via the ammonolysis reaction of SiO vapor. 

 It has been found by Vongpayabal and Kimura [2003] that the SiO 

ammonolysis reaction is of first order with respect to SiO concentration. Based on this, 

the saturated vapor was estimatedusing the equation proposed by Kubaschewski and 

Chart [1974] at individual reaction temperatures, and the average powder production 

rates were divided by the respective saturated vapor pressures. The quantities 

“rate/PSiO” determined at individual temperatures of 1350, 1375, 1385, and 1400C are 

shown in Figure 4.3. The average powder production rates determined at these 

temperatures are summarized in Table 4.1. An apparent activation energy is evaluated 

from this plot to be 211 kJ/mol. Though the value is 17% higher than 180 kJ/mol 

obtained by Vongpayabal [2003], the agreement is fairly good considering the size and 

structure differences between the reactors. 
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Figure 4.3 Arrhenius plot of pseudo-first order rate constant for nano-sized 
powder synthesis. 
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4.4 Product Morphologies 

 Figure 4.4 shows sample TEM pictures of nano-sized powder obtained at 1385 

and 1400C, respectively, using a single-inner-tube reactor with a separated ammonia 

feeder, as shown in Figure 3.4 (b). Because sample TEM pictures of 1350 and 1375C 

are not apparent enough to differentiate particles from each other, they are not shown 

here. Particle sizes obtained at 1385C are in a range of 21 – 63 nm with an average 

size of 47 nm while those obtained at 1400C are from 7 – 52 nm with an average size 

of 18 nm. For these two cases, sizes of 10 - 60 particles were measured. The sample 

TEM pictures show that the average particle size of nano-sized powder decreases with 

an increase in the reaction temperature, i.e. the average particle size of product powder 

obtained at 1385C is larger than that obtained at 1400C. In general, high temperature 

enhances burst nucleation, leading to the formation of more and smaller particles, 

while low temperature enhances slow nucleation as well as growth, leading to larger 

particles. In addition, the distribution curves of the number of particles measured at a 

variety of particle sizes at 1385C and 1400C are represented in Figure 4.5 and 4.6, 

respectively. Because the number of particles measured is limited in both the cases, it 

is not appropriate to predict any distribution curves.  Therefore, a simple arithmetic 

average was calculated for each case. 

 The operating conditions employed in the experimental runs and the respective 

results are summarized in Table 4.1. 
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Figure 4.4(a) TEM picture of particles obtained at 1385C. 
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Figure 4.4(b) TEM picture of particles obtained at 1400C. 

 

 

 



  41

 

 

 

Figure 4.5 The variation plot of number of particles against particle sizes 
synthesized at 1385°C. 
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Figure 4.6 The variation plot of number of particles against particle sizes 
synthesized at 1400°C. 
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Table 4.1  Listed the operating conditions of the reaction and results obtained in each run. 

Temp. 
( C) 

 

Run 
No. 

Ar through SiO feeder 
Ar through annular 

space 
Ammonia 

Production 
rate 

(mg/min) 

Average 
particle size 

(nm) 
Volumetric 

flow rate 
(l/min) 

Velocity 
(m/s) 

Volumetric 
flow rate 
(l/min) 

Velocity 
(m/s) 

Volumetric 
flow rate 
(l/min) 

Velocity 
(m/s) 

1350 

1 2.85 13.37 1 1.89 3 1.575 0.0962 N/A 

2 2.85 13.37 1 1.89 3 1.575 0.129 N/A 

3 2.85 13.37 1 1.89 3 1.575 0.073 N/A 

1375 1 2.85 13.47 1 1.90 3 1.587 0.167 N/A 

2 2.85 13.47 1 1.90 3 1.587 0.198 N/A 

1385 1 2.85 13.52 1 1.91 3 1.592 0.271 47 

2 2.85 13.52 1 1.91 3 1.592 0.330 N/A 

1400 

1 2.85 13.58 1 1.92 3 1.600 0.289 18 

2 2.85 13.58 1 1.92 3 1.600 0.195 N/A 

3 2.85 13.58 1 1.92 3 1.600 0.642 N/A 

4
3
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4.5 Effect of Residence Time 

 The residence time of reactant gas mixture plays an important role in 

determining the size of nano-sized particles. The residence time in this study is 

defined as the distance from the outlet of SiO feeder to the end of 3/4″ collection tube, 

which is 9.08 cm, divided by the average linear velocity of the total gas flow. The 

mean residence time could be as short as 0.04 s, depending on reaction temperature, as 

listed on Table 4.2. 

 Figure 4.7 plots the average particle size obtained in this research against the 

individual mean residence time together with data obtained in a larger scale reactor by 

Vongpayabal [2003] and a micro-channel reactor by Hirayama [2007]. 

 Both the data obtained by Hirayama [2007] and Vongpayabal are only at 

1350°C and different from the current work at 1385 and 1400°C. However, the trends 

of average particle size changing with the residence time seem to be the common 

between the current work and that by Hirayama. The results of the large-scale reactor 

at 1350°C deviating from those obtained in small-sized reactors could be attributed to 

the method for evaluating the residence time in the large-scale reactor. 
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 Table 4.2 Correlations between mean residence time and mean particle sized 

obtained at different reaction temperatures. 
 
 

Temperature 

(°C) 
Mean Residence Time (s) Average Particle Size (nm) 

1350 0.0416 N/A 

1375 0.0411 N/A 

1385 0.0409 47 

1400 0.0405 18 
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Figure 4.7 Average particle size varying with mean residence time. 
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CHAPTER 5 SIMULATION RESULTS AND DISCUSSION 

5.1 Mathematical Simulation 

5.1.1 Mathematical Model 

 Because there are a number of operating parameters in addition to a variety of 

reactor configurations, including layouts and dimensions, it is not an easy task to 

determine optimum operating conditions together with optimum reactor configurations 

in terms of minimizing whisker formation and thus maximizing powder production.  It 

is rather easier to use a mathematical model to simulate the flow and reactions in the 

reactor if realistic reactor geometries can be simulated in the mathematical model.  On 

the other hand, solving a mathematical model, being composed of a set of partial 

differential equations for momentum, material, and energy conservation for such 

complex geometries is not practical even under isothermal conditions.  A commercial 

model has been selected in this research for simulating the velocity and concentration 

profiles as well as product distributions in the domain of actual reactor operation and 

configurations.  

 This section describes the mathematical equations that are used in the 

simulation to express the flow-reaction system. The assumptions that are made to 

simplify the equations involved in this study are listed below. 

(1) The system is operated at steady state. However, when whisker formation and 

growth are dealt with, transitional state was used. 
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(2) The system is isothermal. Though the actual temperature variations in the reactor 

were not measured, it was assumed that the reacting zone was in an about 200 mm 

long uniform temperature zone within a 5C deviation. 

(3) The flow is laminar and Newtonian. The Reynolds number is typically 45 – 222. 

(4) The gas is an incompressible fluid. 

(5) The effective diffusion coefficient of species i in major component j is constant. 

(6) The flow is axially symmetric.  The central axis of the reactor tubes concentrically 

arranged was selected as the z-axis in the direction of major gas flow.  There is no 

angular velocity component in the reactor. 

 The equations of change consist of the equations of continuity, momentum 

conservation, energy conservation, and individual species conservation. Under the 

assumption of isothermal operations in addition to the assumptions stated above, they 

reduce to: 

  continuity:   0 v       (1) 

  motion:    vgPvv 21






   (2) 

  species:     0 iijii rCDvC    (3) 

Equations (1)-(3) can be simplified further in the axially symmetric cylindrical 

coordinates to 
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There are three reactive components in the reactor, SiO vapor, ammonia, and 

silicon nitride, in addition to the major inert component, argon.  Component 1, SiO 

vapor, reacts with component 2, ammonia, forming component 3, silicon nitride, in the 

bulk phase.  The rate of reaction, ri, is assumed to be of first order with respect to each 

component concentration as 

 for component 1 and 2: 21121 3

4
CCkrr      (8) 

 for component 3:  2113 3

1
CCkr       (9) 

Because the commercial software is not capable of handling solid products, the 

product silicon nitride is assumed to be in a molecular form, i.e. gas.  It is considered 

that there is an equilibrium stage between molecules of silicon nitride and their 

aggregates, recognized as clusters – the first stage of solid.  Once the size of clusters 

exceeds a critical size, they start growing towards nano-sized particles.  However, the 

equilibrium between molecules and their aggregates was not considered in the 

simulation.   Dissociation of ammonia is not included in the model, either. 

 The additional important reaction of interest is the formation of whiskers.  

Though the software used cannot directly handle solid formation, it was attempted to 

simulate the growth of whiskers in terms of the surface reaction.  Thus, the location of 

the surface moves as the reaction takes place, the movement of the surface is treated as 
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the deformation of boundary, and the rate of deformation is proportional to the surface 

reaction rate.  Thus, the rate of whisker growth was treated as the rate of boundary 

deformation as 

 for whiskers:  3ker Ckr dswhis       (10) 

where C3 is the concentration of silicon nitride (component 3) on the boundary 

(surface), and kd is the  whisker deposition rate constant.  The change in the location of 

boundary (deformation) is represented as 

    boundaryatrN
t

r





     (11) 

    boundaryatzN
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z





     (12) 

    3,( , ) r z d boundaryat boundary
N N N k C    (13) 

where Nr and Nz are diffusion fluxes of component 3 (silicon nitride) in the r and z 

directions, respectively.  The initial conditions for these differential equations are the 

last location of boundary in each time increment increase. 

5.1.2 Reactor Arrangements 

 As evidenced by the experimental runs, described in the earlier chapter, the 

location where most whiskers form is the outlet of the innermost tube, the exit of SiO 

vapor.  It is important to know whether the whisker formation at this location is 

inherent or there are some configurations that can avoid whiskers from forming.   

There are several parameters that seem to affect the whisker formation, including 

relative velocities of SiO carrier gas, annular Ar, and ammonia as well as relative 

locations of these gas outlets. Three different configurations of the feeding tubes, as 
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mentioned in Chapter 3, were first modeled to seek for locations where whiskers form 

and for conditions for minimal whisker formation at the outlet of SiO feeder.  A 

typical reactor configuration is shown in Figure 5.1.  The modeled zone is between the 

ammonia inlet and the outlet of product collection tube, as indicated with broken lines 

in Figure 5.1.  The detailed arrangements of the reactant feeders are illustrated in 

Figure 5.2 (a) – (c).   It should be noted that the scale in the axial (z) direction is 

different from that in the radial (r) direction because of the significant differences in 

the reactor dimensions between the two, which are normalized in the model.  The 

major differences among the three models are the locations of the innermost tube (SiO 

feeder) relative to the annular Ar feeder: (a) the SiO feeder outlet is at the same 

location of annular Ar outlet, (b) the SiO feeder indents inside the annular Ar feeder 

by 10 mm, and (c) the SiO feeder sticks out of the annular Ar feeder by 10 mm. 

 In this section, results of velocity and concentration profiles in the reactor 

obtained with no surface reaction are described first.  Boundary conditions set for each 

case are common as described below:  

 For the Navier-Stokes equation for incompressible fluids 

1. Symmetric axis: the central axis of the concentrically arranged tubes is the axis of    

    symmetry 

2. Inlet of inner tube: v10, the average z-component velocity of argon through SiO     

    feeder.  There is no r-component velocity. 

3. Inlet of annular tube: v20, the average z-component velocity of argon through the    

    annular space between SiO vapor flow and and ammonia flow.  The r-component     

   velocity is zero. 



  52

4. Inlet of outer tube: v30, the r- component velocity of ammonia flowing into the outer  

    annular space.  The z-component velocity is assumed to be zero. 

5. Outlet of product (inlet of collection tube): the reference pressure equals to zero. 

6. All the walls in the reactor: no slip condition, i.e. all the velocities are zero. 

 For the conservation of individual species 

1. Symmetric axis: the central axis is the axis of symmetry 

2. Inlet of inner tube: C10, the concentration of SiO in argon flowing through the SiO       

   generator, while the concentrations of ammonia and product, C20 and C30,  

   respectively, are zero. 

3. Inlet of inner annular space C10, C20, and C30 are all zero. 

4. Inlet of outer annular space: C20, the concentration of ammonia, while C10 and C30        

   are zero. 

5. Outlet of product (inlet of collection tube): convective flux. 

6. Walls of reactor: insulation conditions (impermeable) with no surface reactions 

 All the parameters used for the simulation are summarized in Table 5.1. It 

should be noted that these parameters do not necessarily represent the actual values in 

the reactor. Some of them rather arbitrarily selected to enhance the concentration as 

well as velocity profiles to clearly identify the location of whisker formation. 
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Table 5.1 Listed the parameters used for the simulation. 

Parameters Magnitude Units 

C10 0.1 mol/m3 

C20 0.1 mol/m3 

C30 0 mol/m3 

v10 

13.37 (1350°C)  

m/s 

 

13.47 (1375°C) 

13.52 (1385°C) 

13.58 (1400°C) 

v20 

1.89 (1350°C)  

m/s 

 

1.90 (1375°C) 

1.91 (1385°C) 

1.92 (1400°C) 

v30 

1.575 (1350°C)  

m/s 

 

1.587 (1375°C) 

1.592 (1385°C) 

1.600 (1400°C) 

D1 5 × 104 m2/s 

D2 5 × 104 m2/s 

D3 5 × 104 m2/s 

ρAr 0.296 kg/m3 

ρNH3 0.2076 kg/m3 

ηAr 7.697 × 10-5 Pa.s 

ηNH3 5.666 × 10-4 Pa.s 
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Figure 5.1 Modeling of the reacting zone. 
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Note: the dimension is in millimeter unit and the scales are normalized. 

Figure 5.2 (a) Detailed arrangements of the equal length of reactant feeders. 
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Note: the dimension is in millimeter unit and the scales are normalized. 

Figure 5.2 (b) Detailed arrangements of the recessed SiO feeder of the reactor. 
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Note: the dimension is in millimeter unit and the scales are normalized. 

Figure 5.2 (c) Detailed arrangements of the extended length of SiO feeder of the 
reactor. 
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 The velocity of Ar gas through the innermost tube (SiO feeder) was set at 8 

m/s, while that through inner annular space was set to be 1.89 m/s and that of 

ammonia through the outer annular space was set to be 1.58 m/s, as used in the actual 

experimental runs.  All the feed gas velocities were set constant at 1350C. 

 The distinction of silicon nitride formed in three different arrangements of 

reactor was shown in Figure 5.3. It is evident that product silicon nitride, as indicated 

in red in Figure 5.3 (a), tends to concentrate around the outlet of SiO feeder, when a 

reactor with a recessed inner tube arrangement is used.  This arrangement seems to 

have enhanced ammonia to possibly reach the SiO exit, by diffusion and/or 

convection, react with SiO vapor there, and form silicon nitride particles.  This, in 

turn, implies that the possibility of whisker formation there is very high in the 

environment of high silicon nitride concentration. The same phenomena were 

observed in the experiment, when the arrangement of indented SiO feeder was used.   

Experimental runs made using this configuration needed to be terminated in a short 

period of time because of a sharp increase in the pressure drop through the SiO feeder.   

 The reactor with the SiO exit arranged flash with the annular Ar exit is slightly 

better than the recessed one, where the concentration of product silicon nitride around 

the SiO exit is lower, as the red color turns out to be lighter (yellow color). On the 

other hand, when the SiO feeder exit extends over the annular Ar outlet, the tendency 

in silicon nitride formation at the outlet of SiO feeder becomes very minor, as 

indicated in its low concentration (light blue color).  

 The concentration profiles of silicon nitride are also graphically represented in 

Figure 5.3 (a) – (c).  The peaks at the outlet of SiO feeder represent high concentration  

58 



  59

 

of silicon nitride, implying that the higher the concentration the higher the chance of 

whisker formation. These results suggest that a reactor with the configuration of the 

extended inner tube should be employed for making reaction runs to avoid whiskers 

from forming at the SiO exit and eventually maximize the powder formation. 

 

 

 

 

 

 



  60

 

 

 

 

 

 

Figure 5.3(a) Product silicon nitride distribution in the reaction zone in a reactor with 
recessed inner tube. 
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Figure 5.3(b) Product silicon nitride distribution in the reaction zone in a reactor with 
even lengths of tubes. 
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Figure 5.3(c) Product silicon nitride distribution in the reaction zone in a reactor with 
extended inner tube. 
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5.1.3 Effects of Operating Conditions 

5.1.3.1 SiO Vapor  

 In the modeling, the velocity of argon through SiO feeder was varied, in a 

range of 2.8 – 13.37 m/s at 1350C, corresponding to the actual values in the 

experiment, to investigate the influence of the velocities on the product formation in 

terms of its concentration as well as location.  The flow rates of annular Ar and 

ammonia are both maintained unchanged.  The arrangement of the inner tube (SiO 

feeder) outlet being extended out of the annular Ar feeder is used for this simulation.  

As shown in Figure 5.4, increasing the argon flow rate through SiO feeder can reduce 

the silicon nitride formation at the outlet of SiO feeder and push the product formation 

downward. These results suggest that a high flow rate of argon through a bed of SiO 

particles is suitable for the nano-sized powder production.  However, to maintain the 

concentration of SiO high enough, the length of SiO bed needs to be increased as the 

Ar flow increases or the diameter of the SiO feeder needs to be reduced.  

5.1.3.2 Ammonia Gas 

 The velocity variation of ammonia through the outer annular space was also 

tested on mathematical simulation, in which the flow rates of Ar through the SiO 

feeder and inner annular space were maintained constant. The model displays that 

decreasing the relative velocities of ammonia gas enhances the product powder 

formation, as shown in Figure 5.5. In the experimental runs using a low flow rate of 

ammonia, it was observed that both powder and whiskers tended to form more at the 
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outlet of SiO feeder than the case at higher ammonia flow rate, corresponding to the 

results obtained with the simulation. 

5.1.3.3 Argon Through Annular Space  

 Subsequently, the significance of increasing argon flow in the inner annular 

space was examined in the mathematical simulation to investigate any changes in 

product formation.  As a result, no matter how high or low the argon flow is, the 

concentration of product (C3) at the SiO exit was not much different, as shown in 

Figure 5.6.  Consequently, the rate of argon flow through the annular space was 

maintained to be on the same order-of-magnitude as that of ammonia gas.  

5.1.3.4 Reaction Temperature 

 It is expected that SiO vapor concentration becomes higher with an increase in 

the reaction temperature, and this would lead to more product formation.  However, 

high SiO concentration may not be a good condition in terms of whisker formation, 

because some of the product silicon nitride formed may attach to the wall of the SiO 

feeder and grow as whiskers. In the experimental runs, the outlet of SiO feeder tended 

to get clogged over a long period of time as an increase in the reaction temperature, 

i.e., the concentration of SiO vapor. This was confirmed on mathematical simulation, 

as demonstrated in Figure 5.7.   In the model, the SiO concentration (concentration of 

component 1) was increased by setting C10 higher rather than increasing the reaction 

temperature.  Thus, the increase in the rate constant with an increase in the reaction 

temperature is rather embedded in the increase in the SiO concentration, leading to an 

increase in the overall reaction rate. The increase in the concentration of product 
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silicon nitride (component 3) becomes pronounced towards the outlet of reacting zone 

with an increase in the SiO concentration.  On the other hand, the increase in the 

product concentration around the SiO exit slightly increases with an increase in the 

SiO concentration.  This would explain the experimental facts that the reaction could 

be operated for some extended time without SiO feeder clogging problem. 
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end of reacting zone              SiO feeder outlet    inlet of reactants 

Note: the coordinates of simulated figure is not similar to the real one. 

Figure 5.4 Concentration of product (C3) formed along the tube when different 
SiO vapor velocities were used. 
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end of reacting zone   SiO feeder outlet    inlet of reactants 

Note: the coordinates of simulated figure is not similar to the real one. 

Figure 5.5 Illustration of the product concentration (C3) along the tube by varying 
ammonia flow rate with constant argon through SiO feeder and argon 
through annular space flow rates.  
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 end of reacting zone           SiO feeder outlet       inlet of reactants 

Note: the coordinates of simulated figure is not similar to the real one. 

Figure 5.6 Concentration of product (C3) formed along the tube when additional 
argon gas through annular space was used. 

 

 

 

 

 



  69

 

 

 

 

 

 

 

 

 

end of reacting zone             SiO feeder outlet    inlet of reactants 

Note: the coordinates of simulated figure is not similar to the real one 

Figure 5.7 Illustration of product formation in the reacting zone at different SiO 
vapor concentrations (different temperatures). 
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 Based on the results of simulation, it has been suggested that the SiO feeder 

should be extended out of the annular Ar feeder to avoid the whisker formation at the 

SiO outlet.  As the optimal reactor design has been figured out, conditions of gas 

velocities through the SiO feeder suitable for the reaction need to be determined as 

well. The simulated results obtained by setting the velocity of argon through the SiO 

feeder at 5, 8, 10, and 13.37 m/s are represented in Figure 5.8.  The velocities of Ar 

through the annular space (1.89 m/s) and that of ammonia (1.58 m/s) were maintained 

unchanged.  Different product distributions (C3) are evidently shown that at a lower 

velocity product formation tends to be higher at the outlet of SiO feeder than that at a 

higher velocity, as illustrated in color (the red color denotes a high concentration of 

product while yellow to blue colors denote a low concentration of product).  

 The results are demonstrated graphically in Figure 5.9, where it is obvious that 

product formation becomes minimized at the outlet of SiO feeder when using a high 

velocity of argon through the SiO feeder. The peak of product formation at the outlet 

of SiO feeder becomes higher with a decrease in the velocity of argon through the SiO 

feeder. Based on these simulated results, the velocities of 13.37 m/s of argon through 

the SiO feeder, 1.89 m/s of argon through the annular space, and 1.575 m/s of 

ammonia were selected as the appropriate conditions for the reaction with a minimized 

amount of whisker formation and a maximized amount of nano-sized product powder.
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(a) (b) 

(c) (d) 
Figure 5.8  Product distribution in the reaction zone where the argon gas through a bed of SiO particles was varied from (a) 5 m/s, 
(b) 8 m/s, (c) 10 m/s, and (d) 13.37 m/s. 
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Figure 5.9 Concentration profile of product with different velocities of argon 
through SiO bed. 
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5.2 Deposition of Whisker 

 When the products are forming during the course of reaction, part of them are 

depositing at the outlet of SiO feeder and consequently converting into whiskers.  It is 

evident from the reaction experiment that, as time goes by, more whiskers tend to 

form and deposit at the outlet of SiO feeder until they almost clog up the outlet.  Since 

the relative amounts of product powder and whiskers cannot be estimated, as the 

product growth rate is unavailable at this stage, the whisker formation was modeled as 

deformation of boundary due to the surface reaction so as to demonstrate where and 

how whiskers grow over a period of time. 

 In order to incorporate the whisker formation in the model, the moving mesh 

application was added in the model described in the preceding sections. Hence, the 

equations of change, consisting of the continuity, momentum conservation, and 

individual species conservation equations, remain the same.  However, the system was 

operated under the transient condition with the boundaries changing with time.  Thus 

time dependent terms must be added to Eqs. (5) – (7) as: 
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 The rate of boundary movement was directly related to the rate of deposition of 

whiskers in proportion to the concentration of silicon nitride (component 3) at the 

boundary, described earlier.  
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 The boundary conditions for the continuity and momentum conservation are 

identical to those for the preceding section.  On the other hand, the boundary 

conditions for the conservation of individual species need to be slightly modified as: 

1. Symmetric axis: the central axis is the axis of symmetry 

2. Inlet of inner tube: C10, the concentration of SiO in argon flowing through the SiO 

generator, while the concentrations of ammonia and product, C20 and C30, are zero. 

3. Inlet of annular tube: C10, C20, and C30 are all zero. 

4. Inlet of outer tube: C20, the concentration of ammonia, while C10 and C30 are zero. 

5. Outlet of product (inlet of collection tube): convective flux. 

6. Walls of reactor: flux to the surface (boundary) is equal to the surface reaction rate 

given by Eq. (13). 

 Because the model used failed in handling step changes in velocities and 

concentrations at the inlet boundaries in the boundary deformation mode, all the feed 

gas velocities and concentrations were treated as rapid changes as: 

v1 = v10 (1-exp(-kt.t)) 

v2 = v20 (1-exp(-kt.t)) 

v3 =  v30 (1-exp(-kt.t)) 

c1 = c10 (1-exp(-kt.t)) 

c2 = c20 (1-exp(-kt.t)) 

c3 = c30 (1-exp(-kt.t)) 

where kt determines how quickly the final level is reached from time zero. In the 

model kt = 0.1 was used.  
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 The simulated results are illustrated in Figure 5.10.  The new boundary that has 

deformed from the originally straight surface at the outlet of SiO feeder clearly 

corresponds to the formation of whiskers.  It is interesting to know that whisker 

formation (boundary deformation) is limited to the inside exit of the SiO feeder.  Little 

deformation is observed at the outside exit of the SiO feeder, indicating no whisker 

formation there.  This was exactly observed in the reaction runs whenever whiskers 

formed at the SiO outlet, as shown in Figure 4.1. 

 Mathematical simulation has resulted in providing very useful information for 

choosing reactor operating as well as design conditions.  The simulated results agreed 

very well with the experimental results.  As long as the simulation can model realistic 

reactor dimensions together with realistic flow and concentration properties, 

simulation can be used as a very powerful tool when complex reactor design and 

operations are involved. 
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Figure 5.10  Illustrated the deposition of whisker at the outlet of SiO feeder over a 
period of time.  (The SiO feeder is in 3.25 mm ID.) 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATION 

FOR FUTURE WORK 

6.1 Conclusion 

 Reactors of different arrangements were built to study the synthesis of nano-

sized silicon nitride powder via the ammonolysis of SiO vapor at temperatures ranging 

from 1350 to 1400°C. Argon gas carried SiO vapor, generated from amorphous SiO 

particles, through SiO feeder into the reacting zone where it met and reacted with 

ammonia. The additional argon gas through the annular space was introduced to act as 

a barrier between SiO vapor and ammonia. The effects of gas feed velocities and 

reaction temperature were investigated experimentally. Mathematical simulation was 

used to simplify the way to discover the optimal operating conditions as well as 

reactor configurations in order to maximize the product powder formation and 

minimize whisker formation. The results are summarized below. 

(1) It is difficult to avoid whisker formation when reactor dimensions become very 

small. Use of concentric arrangements of multiple tubes of millimeter size is 

recommended. 

(2) A high velocity of argon gas through a bed of SiO particles helps preventing 

whisker formation and leads to high nano-sized powder formation. 

(3) The additional argon annular flow plays an important role as a barrier between SiO 

vapor and ammonia to react instantly. Increasing its flow rate slightly helps 

increase nano-sized powder formation. However, though it is necessary, it does not 

have strong influence on the reduction of whisker formation. 
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(4) The arrangements between SiO vapor feeding and NH3 feeding are an important 

factor for the silicon nitride formation. The configuration of the SiO feeder being 

extended out of the annular argon feeder is the best arrangement in maximizing 

nano-sized powder formation while minimizing whisker formation. 

 (5) The flow simulation agrees well with experimental results, confirming the 

optimum arrangements between the SiO feeder and the annular argon feeder, as 

proposed in (4). A high flow rate of argon through the SiO feeder over the 

ammonia fee rate is also recommended. 

(6) The mean particle size of nano-sized powder decreases with an increase in the 

reaction temperature. 

(7) The apparent activation energy of the nano-sized powder formation is 211 kJ/mole, 

17% larger than the value preciously evaluated. 

6.2 Recommendations for Future Study 

(1) The experiment shows that at high reaction temperature more nano-sized powder is 

obtained. Finding appropriate operating conditions may achieve a higher 

efficiency for nano-sized powder production with elimination or reduction of 

whisker formation. 

(2) Vary the residence time of reaction to investigate the correlation between the 

particle size and residence time. 
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