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Nomenclature 

  

Ai Arrhenius Constant 

CD Concentration of Solid Deposit (mol/m2) 

Cd0 Initial Concentration of D in pipe (mol/m2) 

Cpg Heat Capacity of Gas (J/mol·K) 

Cps Heat Capacity of Solid (J/mol·K) 

CR Concentration of Deposition Precursor (mol/m3) 

Cr0 Initial Concentration of R in Pipe (mol/m3) 

Crin Feed Concentration of R (mol/m3) 

Crper(t) Generic Square Wave Function for R 

Cr0per(t) Cyclic Inlet Function of Cr0 (mol/m3) 

CW Concentration of Oxidizing Compound (mol/m3) 

Cw0 Initial Concentration of W in Pipe (mol/m3) 

Cwin Feed Concentration of W (mol/m3) 

Cwper(t) Generic Square Wave Function for W 

Cw0per(t) Cyclic Inlet Function of Cw0 (mol/m3) 

CZ Concentration of Intermediate Compound (mol/m3) 

Cz0 Initial Concentration of Z in Pipe (mol/m3) 

d Pipe Diameter (m) 

Der Diffusion Coefficient of R (m2/s) 

Dew Diffusion Coefficient of W (m2/s) 

Dez Diffusion Coefficient of Z (m2/s) 

Ei Activation Energy (J/mol) 

ha Ambient Heat Transfer Coefficient (W/m2·K) 

hs Interior Heat Transfer Coefficient (W/m2·K) 

Hi Enthalpy of Reaction (J/mol) 

ki Reaction Rate Constant 

L Pipe Length (m) 

R Ideal Gas Constant (J/mol·K) 

Tg Gas Temperature (K) 

Tg0 Inlet Gas Temperature (K) 

Ts Solid Temperature (K) 

Ts0 Initial Solid Temperature (K) 

u Gas Velocity (m/s) 

γ Wall Capacity to Hold Heat (J/m2·K) 

λe Thermal Conductivity of Gas (W/mol·K) 

ρg Gas Density (mol/m3) 
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Abstract: 

The chemical reactions occurring in the exhaust systems of the deposition reactors can 

potentially lead to the formation of problematic reactive compounds on the exhaust 

surfaces.  The accumulation of this deposit can cause clogging of the system and, more 

importantly, lead to some uncontrolled highly exothermic reactions.  Under certain 

conditions, these reactions become self-accelerating and form hot spots that would 

damage or even destroy the exhaust components.  These catastrophic events have been 

observed and reported by industry and are the focus of this fundamental study.  A 

comprehensive process model is developed that includes reactions as well as heat and 

mass transport processes that contribute to these energetic events.  The results show that 

the self-acceleration of these reactions takes place primarily due to the accumulation of 

reacting species on the surfaces, leading to conditions where the net generation of heat by 

the gas-solid reactions is greater than its dissipation by convective flow of gas and losses 

to the surroundings through the exhaust walls.  The model is shown to be valuable for 

predicting the range of safe operating conditions and for developing methods to mitigate 

the undesirable energetic events. 
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Background and Introduction: 

Chemical Vapor Deposition (CVD) is widely used in industry for various 

applications [1].  In particular, Low-Pressure Chemical Vapor Deposition (LPCVD), and 

mono-layer deposition, called Atomic-Layer Deposition (ALD), are among the widely 

used processes in fabrication of semiconductor devices [2, 3].   To reduce the cost and the 

environmental impact of these processes, efforts are made to optimize the process 

conditions for maximum utilization of the precursor inside the reactors.  However, in 

practice, a significant fraction of the precursors, such as metal-organic and organometallic 

compounds, leave the reactor unreacted and end up in the downstream exhaust and 

abetment sections of the system.  This presents a major technical issue in these processes 

due to the formation and accumulation of deposits on various surfaces downstream of the 

tools, including exhaust, pumps, and other components.  In addition to the unreacted 

precursors, some of the by-products of the deposition process also end up in the exhaust 

and accelerate the issue of post-reactor damaging reactions.  Often this deposit formation 

is enhanced due to change in the conditions of exhaust pipe, such as increase in the pressure, 

the cooling effect, or interactions among the species in the exhaust mix.   The exhaust in 

these systems is far from being a transport vent, and instead in many cases can act like a 

reactor itself, complicating the process control and post-process venting and abatement [3].   

A critical issue is that these reactions are uncontrolled, and the accumulation of 

deposits is sometimes followed by a sudden surge of uncontrolled fast energetic reactions 

in these locations. These reactions are not evenly distributed but happen in concentrated 

hot-spots, where temperature spikes violently [4].  In addition to causing process 

interruption, these exothermic reactions often damage exhaust components and generate 

hazardous compounds. There have been at least 70 reports of these dangerous reactions 

occurring [2, 5, 6].  Despite the reported occurrence and impact of these energetic reactions, 

the underlying conditions and causes are not clearly understood. This is due to the 

limitation and difficulty of dynamic measurement of these fast reactions at the time of 

occurrence and the difficulty of sampling and analyzing the culprit reactants and deposits.  

Another factor that contributes to the insufficient understanding of the fundamentals is the 

wide range of chemistries and system configurations that are used in various applications.  

Certain practices, such as the use of cold traps, heated sections, or on-line abatement 
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devices are usually expensive and may interfere with the efficient use of the deposition 

tools. 

Process simulation is a robust and practical approach for studying the fundamentals 

of the energetic processes in the exhaust section of the deposition tools.  A comprehensive 

process simulator would allow mapping a wide range of process conditions and chemistries, 

grant better understanding of the mechanisms of the damaging energetic reactions, and help 

identify the key controlling factors that can be utilized to mitigate the undesirable events 

[7]. The goal of this study has been to study the fundamentals of this process through 

modeling.  The process model is valuable for the analysis of data, determination of the key 

operational parameters, and most importantly, developing strategies and methods for 

prevention of the damaging run-away reactions.   

 

Process Simulation 

 a. Non-Cyclic Inflow 

 A simplified schematic of the system of interest is shown in Fig. 1. The process 

tool represents the reactor where ALD or CVD processes take place.  The exhaust gas is 

pumped out of the reactor into a pipe and finally into an abatement system. The primary 

domain of interest is the exhaust pipe downstream from the pump and before the 

abatement device.  

 

  

 

 

 

 

The processes that take place in the exhaust pipe between the pump and the 

abatement device involve four generalized compounds labeled as R, Z, D, and W.  The 

Fig. 1: Schematic of the System of Interest 
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compound R represents the unreacted or partially reacted precursor, such as tri-methyl-

aluminum (TMA) or tri-methyl-indium (TMI) in the gas phase.  The compound Z 

represents a gas-phase intermediate species formed during the process. Compound D is 

the solid that is deposited non-uniformly on the pipe walls.  Finally, the compound W 

represents the gas-phase oxidizers, most commonly moisture or ozone. These oxidizers 

could be the unreacted oxidizing precursor or from a leak in the piping system.  Fig. 2 

illustrates further details of the reactions as well as the various forms of heat and mass 

transport processes and their interactions. 

 

Fig. 2: Illustration of the Reactions and Transport Processes in the Exhaust System 

 

Unreacted, or partially reacted, deposition precursor (represented as generic R) is 

pumped into the exhaust pipes during operation.  Compound R undergoes a series of 

reactions that are shown in the generic form by Eqs. (1), (2), and (3).  In the first step, 

shown by Eq. (1), the compound R (such as TMA or TMI) reacts to form an intermediate 

compound Z in the gas phase.  This intermediate gas phase species then reacts further to 

form the condensed deposit D (typically in solid form) on the pipe walls.  The reaction of 

R to Z is exothermic and irreversible.  The adsorption reaction of Z to D is exothermic, 

while the reverse of it is endothermic.  The deposit, D, can participate in an oxidation 

reaction, shown by Eq. (2). In this reaction, the oxidizing agent in the gas phase can react 

with the condensed deposit.  To consider all possible pathways, a generic gas-phase 

reaction between the incoming reactive precursor, R and the oxidizing compound, W is 

also included; this reaction is shown by Eq. (3).  All these reactions are considered to be 
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first order, but higher order reactions could be easily modelled with only minor 

modifications to the specified rate equations. 

𝑅(𝑔)
𝑘1,𝐻1,𝐸1
→     𝑍(𝑔)

𝑘2,𝐻2,𝐸2
→     

𝑘3,𝐻3,𝐸3
←     

𝐷(𝑠)                                                                      (1) 

𝑊(𝑔) +𝐷(𝑠)
𝑘4,𝐻4,𝐸4
→     𝑃𝑟𝑜𝑑𝑢𝑐𝑡                                                                 (2) 

𝑅(𝑔) +𝑊(𝑔)

𝑘5,𝐻5,𝐸5
→     𝑃𝑟𝑜𝑑𝑢𝑐𝑡      (3) 

The first process model developed consists of a set of mass and energy 

conservation equations including reactions and transport processes.  The mass 

conservation equation for species R is shown in Eq. (4).  This equation includes 

accumulation, dispersion, convection, and reaction of R.  Furthermore, Eqs. (5) and (6) 

are the Danckwerts boundary conditions at the inlet and outlet, respectively, while Eq. (7) 

is the initial condition. The entry boundary conditions were used to represent a steady 

flow of compound R into the system. The model was later modified to account for a 

cyclic input. 

𝜕𝐶𝑟

𝜕𝑡
− 𝐷𝑒𝑟

𝜕2𝐶𝑟

𝜕𝑧2
+ 𝑢

𝜕𝐶𝑟

𝜕𝑧
= −𝑘1𝐶𝑟 − 𝑘5𝐶𝑟𝐶𝑤                                                        (4) 

𝑧 = 0, 𝐶𝑟,𝑖𝑛 = −
𝐷𝑒𝑟

𝑢

𝜕𝐶𝑟

𝜕𝑧
+ 𝐶𝑟                                                                   (5) 

𝑧 = 𝐿,
𝜕𝐶𝑟

𝜕𝑧
= 0                                                                               (6) 

𝑡 = 0, 𝐶𝑟 = 𝐶𝑟0                                                                             (7) 

The mass conservation equation for the oxidizing compound, W is shown by Eq. 

(8).  As mentioned previously, W generically represents all oxidizing species including 

the unreacted portion of the oxidizer precursors that are introduced into the deposition 

reactor (such as moisture and ozone). Compound W also accounts for oxidizers coming 

from unintentional sources such as the leakage of ambient air, which contains moisture 

and oxygen.  The boundary and initial conditions for this mass balance differential 

equation are the Danckwerts boundary conditions at inlet and outlet, given by Eqs. (9) 

and (10), and the initial condition is given in Eq. (11). Similar to compound R, the inlet 
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condition in Eq. (9) represent a constant influx. The model can also be modified to 

represent a cyclic input of W. 

𝜕𝐶𝑤

𝜕𝑡
− 𝐷𝑒𝑤

𝜕2𝐶𝑤

𝜕𝑧2
+ 𝑢

𝜕𝐶𝑤

𝜕𝑧
= −

4

𝑑
[𝑘4𝐶𝑤𝐶𝑑] − 𝑘5𝐶𝑟𝐶𝑤                                              (8) 

𝑧 = 0, 𝐶𝑤,𝑖𝑛 = −
𝐷𝑒𝑤

𝑢

𝜕𝐶𝑤

𝜕𝑧
+ 𝐶𝑤                                                             (9) 

𝑧 = 𝐿,
𝜕𝐶𝑤

𝜕𝑧
= 0                                                                           (10) 

𝑡 = 0, 𝐶𝑤 = 𝐶𝑤0                                                                          (11) 

The conservation for the intermediate compound, Z, is formulated in a similar 

fashion and given by Eq. (12).  Almost identical to the previous species, the Danckwerts 

boundary conditions and initial condition for Z are given by Eqs. (13), (14), and (15), 

respectively. 

𝜕𝐶𝑧

𝜕𝑡
− 𝐷𝑒𝑧

𝜕2𝐶𝑧

𝜕𝑧2
+ 𝑢

𝜕𝐶𝑧

𝜕𝑧
= −𝑘1𝐶𝑟 −

4

𝑑
[𝑘2𝐶𝑧 − 𝑘3𝐶𝑑]       (12) 

𝑧 = 0, 𝐶𝑧,𝑖𝑛 = −
𝐷𝑒𝑧

𝑢

𝜕𝐶𝑧

𝜕𝑧
+ 𝐶𝑧                                                         (13) 

𝑧 = 𝐿,
𝜕𝐶𝑧

𝜕𝑧
= 0                                                                         (14) 

𝑡 = 0, 𝐶𝑧 = 𝐶𝑧0                                                                        (15) 

The mass balance for the condensed deposit on the wall is shown in Eq. (16).  

Compound D is not introduced into the pipe and is only formed and consumed by the 

chemical reactions.  Eq. (17) is the initial condition for the mass balance of D. 

𝜕𝐶𝑑

𝜕𝑡
= 𝑘2𝐶𝑧 − 𝑘3𝐶𝑑 − 𝑘4𝐶𝑤𝐶𝑑                                                             (16) 

𝑡 = 0, 𝐶𝑑 = 𝐶𝑑0                                                                         (17) 

Both the gas and solid temperatures will vary along the exhaust pipe due to the 

variation of concentrations and reaction rates, as well as transport processes.  The 

temperature variation in the gas phase is determined by the heat balance in Eq. (18).  This 

equation includes the conductive heat transport along the pipe, the convective heat 

transport by gas flow, the heats of various gas-phase reactions, the heat exchange 
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between the gas and solid phases, and the heat accumulation (build-up) in the gas phase.  

Danckwerts boundary conditions and the initial condition for this heat balance equation 

are given by Eqs. (19), (20), and (21). 

𝜌𝑔𝐶𝑝𝑔
𝜕𝑇𝑔

𝜕𝑡
− 𝜆𝑒

𝜕2𝑇𝑔

𝜕𝑧2
+ 𝑢𝜌𝑔𝐶𝑝𝑔

𝜕𝑇𝑔

𝜕𝑧
=

4

𝑑
ℎ𝑠(𝑇𝑠 − 𝑇𝑔) − 𝐻5𝑘5𝐶𝑟𝐶𝑤 −𝐻1𝑘1𝐶𝑟               (18) 

𝑧 = 0, 𝑇𝑔 = 𝑇𝑔0                                                                        (19) 

𝑧 = 𝐿,
𝜕𝑇𝑔

𝜕𝑧
= 0                                                                          (20) 

𝑡 = 0, 𝑇𝑔 = 𝑇𝑔0                                                                        (21) 

The solid-phase temperature at the wall is of primary concern in this study since it 

is the key property that indicates the potential failure of the system due to run-away 

reactions. To model the solid pipe temperature Eq. (22) was formulated.  This equation 

includes the accumulation of heat in the solid phase due to net heat gain through surface 

reactions, interphase heat-transfer between solid and gas phases, and the heat transfer to 

the ambient surrounding the pipe. The initial condition for the energy balance is shown in 

Eq. (23). 

𝛾
𝜕𝑇𝑠

𝜕𝑡
= −𝐻4𝑘4𝐶𝑤𝐶𝑑 −𝐻2𝑘2𝐶𝑧 +𝐻3𝑘3𝐶𝑑 − ℎ𝑠(𝑇𝑠 − 𝑇𝑔) − ℎ𝑎(𝑇𝑠 − 𝑇𝑎)                        (22) 

𝑡 = 0, 𝑇𝑠 = 𝑇𝑠0                                                                       (23) 

Eqs. (1), (2), and (3) include the reaction rate coefficients (ki), heats of reaction 

(Hi), and activation energies (Ei), where “i” represents a particular reaction. The heats of 

reaction and activation energies for all reactions are constants along the pipe; but the 

reaction rate coefficients are functions of temperature and therefore vary along the pipe.  

The rate coefficients as functions of temperature are given by Eq. (24): 

𝑘𝑖 = 𝑒−
𝐸𝑖
𝑅𝑇                                                             (24) 

The temperature used in Eq. (24) for a reaction will be that of the phase in which that 

reaction takes place.  Therefore, for k1 and k5, it will be the gas-phase temperature, while 

for k2, k3, and k4 it will be the solid-phase temperature. 
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 b. Cyclic Inflow 

 To account for different fab operating conditions previous non-cyclical boundary 

conditions can be modified to represent a cyclic inflow for compound R and W. This can 

be done by implementing a shifted cyclic function to represent the inlet concentration. 

The new inlet function is more representative of the deposition-purge cycles used in fabs 

for atomic layer deposition. This repeating cycle represents the precursor and purge cycle 

used to sequentially deposit thin layers on the semiconductor surface. The function used 

creates square waves that can have the height and width specified by the user.  

Eq. (25) shows the function used to define the cyclic input of compound R, 

represented by Cr0per(t). Cr0 is used to specify the maximum amplitude of the square wave 

as well as the vertical shift. This vertical shift ensures the inlet concentration never 

exceeds the specified maximum (Cr0) or becomes negative. The time dependent function 

Crper(t) is the previously mentioned square wave function. The specifics of this can be 

modified and are described more in the Appendix A – Model Development. 

𝐶𝑟0𝑝𝑒𝑟(𝑡) = 𝐶𝑟0 ∗ (1 + 𝐶𝑟𝑝𝑒𝑟(𝑡))                                           (25) 

To incorporate Eq. (25) into the model, the boundary conditions must be altered. 

By replacing Eq. (5) with Eq. (26) the inlet boundary condition becomes cyclical. The 

condition is still in Danckwerts form, and both the exit boundary condition and initial 

condition remain the same. This alteration allows for cyclic input of compound R, with 

the ability to easily change the input cycle’s frequency, amplitude, and transition zone.                                      

                                                                                                      

𝑧 = 0,     𝐶𝑟0𝑝𝑒𝑟(𝑡) = −
𝐷𝑒𝑟

𝑢

𝜕𝐶𝑟

𝜕𝑧
+ 𝐶𝑟                                      (26)                                                                                            

 

 Compound W’s boundary conditions can be modified in a similar fashion to 

compound R. The square wave function and the Danckwerts boundary condition can be 

seen in Eq. (27) and (28), respectively. An important aspect to note is the waves are 

offset. The differing phases can be seen in Images 2 and 4 in Appendix A. This is done to 

institute an alternating inlet of compound R and then compound W.   
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𝐶𝑤0𝑝𝑒𝑟(𝑡) = 𝐶𝑤0 ∗ (1 + 𝐶𝑤𝑝𝑒𝑟(𝑡)
)                                         (27) 

                   𝑧 = 0,     𝐶𝑤0𝑝𝑒𝑟(𝑡) = −
𝐷𝑒𝑤

𝑢

𝜕𝐶𝑤

𝜕𝑧
+ 𝐶𝑤                                    (28)  

 

Discussion of Results 

 a. Non-Cyclic Inflow 

 

Fig. 3 shows the temperature of the gas as a function of the distance down the 

exhaust pipe. The gas temperature at the inlet is 298 K and increases due to convective 

heat transfer from the solid as the gas flows down the pipe. The lower curve shows the 

temperature profile at a time of 20,000 seconds with the outlet temperature at 

approximately 315 K. The top curve shows the temperature profile at 30,000 seconds 

with an outlet temperature of 322 K.  These results show that the overall process in the 

exhaust is exothermic, and as a result the temperature of the gas increases over time.  

Most of the heat generated in the solid phase is transported to the gas phase through an 

Fig. 3: Gas-Phase Temperature Profile 
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interphase transport mechanism.  The results also show that with sustained operation, the 

temperature of the gas will be at a maximum at the pipe outlet and will increase with 

time.  The actual process time in industrial tools depend on the specific system and its 

operating conditions, therefore profiles may differ quantitatively from Fig. 3.   However, 

the general trend of heat accumulation and transport mechanisms shown here is 

applicable to most systems.  

Fig. 4: Solid-Phase Temperature Profile 

 

Fig. 4 presents the temperature profile in the accumulated solid on the pipe wall. 

The 3 lines show solid temperatures at 24,000, 27,000, and 30,000 seconds from bottom 

to top, respectively. The solid starts at 300K at the pipe inlet and the temperatures peak at 

approximately 1.7 meters from the inlet. The peak temperature at 24,000 seconds is 412 

K, at 27,000 seconds is 431 K, and at 30,000 seconds is 475 K. The safe temperature of 

450 K was chosen based on safe operating temperatures for typical piping materials in 

device fabrication facilities. 
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The above graph clearly shows a runaway reaction occurring after 30,000 seconds 

of operation. Large temperature increases in a short time window are indicative of a 

runaway reaction [4]. The earliest time, 24,000 seconds, shows a consistent rise in 

temperature to a maximum and then a gradual decrease towards the outlet. As time goes 

on, a small temperature peak is developed which grows with time and results in a rapid 

temperature rise at that location.  At 30,000 seconds, the peak becomes a very sharp spike 

and the temperature goes beyond the safe operating limit. This rapid increase in 

temperature indicates the potential occurrence of a damaging runaway reaction and 

possibly an explosion-type failure of the exhaust system. The main driver of this 

uncontrolled process is the heat generated by the exothermic reaction, which raises the 

temperature of the solid, which in turn increases the reaction rate and heat generation in a 

self-accelerating manner. 

 

Fig. 5 depicts the concentration profile of the oxidizing compound down the pipe. 

The top line shows the concentration of compound W down the pipe changes very little 

for the first 15,000 seconds. As the reaction proceeds to a time of 20,000 seconds, as 

shown by the middle line, there begins to be a decrease starting approximately 1.5 meters 

Fig. 5: Concentration Profile of Oxidizing Compound 
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downstream. There is then a significant consumption of W between 20,000 seconds and 

30,000 seconds. The concentration of W approaches 0 mol/m3 as the runaway reaction 

occurs. Equation 2 describes the reaction taking place as the deposit reacts with W to 

produce heat. This reaction occurs so quickly that a large majority of compound W is 

consumed in the process, thus generating excess heat. This shows a possible prevention 

method would be to limit the amount of W present in the reaction. By minimizing the 

heat generated through this side reaction the runaway reaction can be slowed. 

 

Fig. 6: Concentration Profile of Deposit on Pipe Wall 

 

Fig. 6 shows the concentration of D (the solid deposit) on the pipe wall down the 

length of the pipe.  The compound D is not present in the gas phase at the inlet and is only 

formed in the pipe by the series of reactions shown in Eq. (1).  That leads to the 

concentration of D rising in the first section of the pipe.  The lower line shows the 

concentration profile at a time of 20,000 seconds, while the top line is at 30,000 seconds. 

This graph illustrates where and when the runaway reaction takes place within the pipe.  

The profile at 20,000 seconds shows a gradual accumulation down the pipe length. 
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However, the profile at 30,000 seconds shows the formation of a dip approximately 1.7 

meters from the inlet. This dip represents the location where the consumption of the solid 

deposit is substantially faster than its deposition. Furthermore, comparing the results in 

Figs. 5 and 6 shows the peak in Fig. 5 and the dip in Fig. 6 occur at the same point in the 

pipe.  This demonstrates that the fast reaction and subsequent consumption of the solid 

deposit is the main cause of hot spot formation and the runaway reaction. 

 

 

Fig. 7: Exhaust Pipe Clogging 

  

Fig. 7 displays the gradual clogging and the decrease in the open diameter 

(defined as the original diameter minus the deposit thickness) of the pipe over time. Each 

line indicates a different specific distance down the pipe, with the top line being at 0.5 

meters, the middle at 4 meters, and the bottom line at 2.3 meters down the pipe.  The x-

axis shows time in units of days as this graph was a long-term study to examine the 

effects of a non-reactive solid deposit.  To illustrate the worst possible scenario for 

clogging, the results in Fig. 7 are for the case where the deposition of solid is dominant 
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compared to its removal.  This graph also illustrates the utility of the present process 

model for predicting the location and timing of critical clogging.  In particular, the results 

show that when left to run continuously the clogging does not occur at the inlet or the 

outlet but at some point inside the pipe. By knowing the clogging timeline, a maintenance 

or cleaning schedule can be accurately planned to prevent clogging.  Once again, the 

current significance of the results is in showing the clogging trend. This model can be 

applied to specific processes to get different quantitative solutions.  The actual clogging 

time in practice varies with the system type and operating conditions in the fab, 

particularly since the operation of deposition tools is intermittent and not continuous. 

 

 

Fig. 8: Schematic of the Exhaust Pipe with a Purge Gas 

  

One benefit of this process model is the development of methods to reduce or 

eliminate the damaging runaway reactions.  One technique considered in this study was 

the introduction of an inert purge gas into the exhaust pipe. This purge gas, such as 

nitrogen, would dilute the concentrations of the reactants and could offer a possible 

solution to energetic events. Fig. 8 shows a schematic of a suggested configuration where 

the diluent purge gas is injected at the pipe inlet, immediately following the process tool 

and pump.  Fig. 9 shows the results of the proposed inert purge.  This graph is similar to 

Fig. 5, in showing the solid temperature over the length of the pipe. The top line in Fig. 9 

is the same as the top line in Fig. 5, which corresponds to operating with no purge.  The 

middle line shows the solid temperature profile when 17% purge gas is added and 

introduced with the feed gas. The bottom line shows the profile the purge is increased to 

33% in the feed. Purge percentage is defined as the purge flow rate divided by the feed 



 

21 
 

gas flow rate.  The temperature profiles are for 30,000 seconds, the time when the 

runaway reaction was observed for conditions without a purge.  The results show that the 

purge method is effective and promising.  The large temperature spike observed for the 

case with no purge is eliminated by adding the purge.  The addition of purge gas brings 

the maximum temperature well within a safe operating range. By increasing the purge 

from 17% to 33% of the feed, the maximum temperature achieved drops even further.  

This illustrates that the model offers a method to determine how much purge gas should 

be added to a system to bring the maximum temperature within an acceptable range. 

 It should be noted that injecting a purge gas will increase the pressure upstream 

from the process tool, which is under vacuum. This additional pressure may increase the 

energy required to maintain the low-pressure environment in the tool. The purge gas will 

also increase the flow through the abatement system. If this system is calibrated for a 

specific mass or volumetric flow new analysis will be required to account for the 

additional load put on the system. 

 

Fig. 9: Effect of Added Purge on the Solid-Phase Temperature Profile 
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Fig. 10: Effect of Purge Gas on Maximum Solid Temperature 

 

As shown in Fig. 10, the effect of purge can also be illustrated by looking at the 

maximum temperature in the deposited solid at any point in the pipe over time. The three 

lines on this figure represent the three different extents of purge. The top line is for a no 

purge situation while the middle and the bottom lines are for 17% and 33% purge, 

respectively. These results confirm the efficacy of introducing a purge gas. The top line 

(no purge) shows a gradual increase in temperature; however, around 25,000 seconds 

there is a sharp increase in temperature due to the onset of a runaway reaction. The 

maximum temperature quickly rises above the safe temperature and continues to rise as 

the reaction continues.  Introducing an inert purge gas moderates the rise in temperature 

throughout the domain over time.  Both 17% and 33% introduction of purge in the feed   

show a gradual increase in temperature over time but prevent the onset and occurrence of 

the run-away reactions.  
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 b. Cyclic Inflow 

 

Fig. 11: Gas-Phase Temperature Profile with Cyclic Inflow 

 

Fig. 11 shows the gas temperature profile for the system with a cyclic input of 

compounds R and W. The bottom line shows the temperatures at 3,000 seconds and the 

top line at 9,700 seconds. The cyclic nature of the input functions transfers to the 

temperature profile. The gas temperature will be affected by this cyclic input because as 

more of a limiting reactant is introduced, more heat will be generated. For example, as 

the compound W’s concentration goes to excess the temperature will drop, until the next 

cycle of compound R is introduced. This cycle continues as the temperature gradually 

increases. Compared to Fig. 3 the maximum temperature achieved is much higher in Fig. 

11, 356 Kelvin in Fig. 11 versus 322 Kelvin in Fig. 3. This increase in maximum 

temperature can also be seen in the solid temperature profile, below. 
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Fig. 12: Solid-Phase Temperature Profile with Cyclic Inflow 

 

Fig. 12 shows the solid temperature profile with a cyclic input. The bottom line 

shows the temperature at a time of 3,000 seconds, the middle line at 4,700 seconds, and 

the top line is 9,700 seconds into operation. Comparing this figure to Fig. 4 the early 

temperature profiles are similar in shape and temperatures achieved. However, the 

temperature increases much faster with a cyclic input than with a constant input. The top 

line shows temperature accumulation and eventual ignition of the solid approximately 0.5 

meters into the system. The safe temperature is surpassed much quicker with a cyclic 

inflow as well. 

This more rapid heat accumulation is a result of compound R having more time to 

deposit as solid D before reacting with compound W. With constant input, gaseous 

compounds R and W can react in the gas phase in a less concentrated reaction. This gas-

phase reaction occurs before R has ample time to deposit as a more concentrated solid. 

However, with cyclic input, compound R has time to deposit, as solid compound D, 

before the second reactant, W, is introduced to the system. When solid D reacts with 
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gaseous W heat is generated in a more concentrated area and is not easily removed from 

the system. This increased temperature increases the gas phase temperature by convection 

and decreases the time before a runaway reaction occurs, compared to the constant input 

scenario. 

Comparing the runaway reaction profile in Fig. 12 with Fig. 4 shows the peak is 

less smooth in the former. The sharp peak and then oscillating temperature immediately 

following is due to a combination of the cyclic input and COMSOL computations. In 

order to generate data where the solid temperature spikes as violently as shown in Fig. 12 

tolerances had to be specified. In order to obtain a solution that converged, tolerances had 

to be increased to account for the rapidly changing temperature. With too small of 

tolerances the program would fail to run because of supposed non-convergence. Using 

higher tolerances allowed the program to converge but also led to a jagged temperature 

profile post-ignition. The temperature profile following ignition is largely unimportant, as 

there likely will have been failure in the system containing this reaction. It is more 

important to predict when and where the runaway reaction will occur. 

 

Fig. 13: Concentration Profile of Oxidizing Compound with Cyclic Inflow 
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Fig. 13 shows the concentration of compound W down the length of the pipe. 

Compound W is input cyclically which is clearly shown in the top line at 3,000 seconds. 

The middle line at 4,700 seconds still shows a decaying cyclic concentration but with less 

amplitude. The gradual concentration decrease is due to W being consumed by reactions 

as it moves down the pipe. By 9,700 seconds the concentration spikes at that inlet but 

quickly drops to 0 mol/m3 approximately 0.5 meters into the pipe. At 9,700 seconds a 

runaway reaction takes place as shown in previous figures. During this runaway reaction 

W is consumed so fast that there is none left after 0.5 meters into the pipe. As time 

progresses the average concentration of W decreases. This is due to compound D 

accumulating on the pipe wall. As D accumulates W will be consumed rapidly and as 

shown below compound D’s concentration is much higher than compound W. 

 

Fig. 14: Concentration Profile of Deposit on Pipe Wall with Cyclic Inflow 

 

Fig. 14 shows the concentration of D on the pipe wall, similarly to Fig. 6. The 

bottom line shows the concentration profile at 3,000 seconds and the top line at 9,7000 

seconds. At 3,000 seconds the profile is similar to 20,000 seconds in Fig. 6. At 9,700 
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seconds there is rapid consumption of deposit D approximately 0.5 meters into the pipe. 

While D is continuing to be deposited, the consumption of the deposit is much faster than 

the deposition. At the same time and same distance in Fig. 12 there is a spike in 

temperature. This rapid consumption of compound D leads to generation of heat which 

only creates more consumption of D eventually leading a self-accelerating runaway 

reaction.  

Summary and Conclusions 

The comprehensive process model developed in this study and presented here is shown to 

be a versatile and robust tool for understanding the fundamental mechanisms and causes 

of energetic run-away reactions in the exhaust system of deposition tools.  The model 

captures the complex interactions among various gas-phase and gas-solid reactions as well 

as the heat and mass transfer processes in the exhaust. Furthermore, the model can be 

altered to account for different inlet specifications, offering a modifiable and 

comprehensive tool to predict mass and heat transfer. The results indicate that the primary 

cause of these self-accelerating energetic processes is the accumulation of heat and 

formation of a hot spot in the solid phase.  The highly exothermic nature of the gas-solid 

reactions is enhanced by convective transfer of heat. The heat transfer and accumulation in 

the exhaust are the key factors in the formation of the critical hot spot.  Once the hot spot 

is formed, the process becomes self-accelerating in a manner similar to ignition in 

combustion processes. Implementing a cyclic inflow decreases the time it takes for ignition 

and increases the maximum temperature achieved.  The formation of the solid deposit on 

the pipe walls also cause clogging of the exhaust system, which by itself is damaging to 

the desired operation of the deposition tool, even without the occurrence of the run-away 

reaction.  Both energetic events and pipe clogging can be mitigated by staying within the 

safe widow of operating conditions that can be determined by the application of the model 

to the specific system.  An effective method that is shown to be promising is the 

introduction of an inert purge stream at the inlet of the exhaust pipe after the tool and its 

pumping system.   
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Appendix A – Model Development 

 Image 1 shows the input to create a periodic input for the inlet concentration of 

compound R. This periodic input continues for the entirety of the run time. The periodic 

function used to create the waves is shown in Image 2. The maximum value allowed for 

the input is defined as constant Cr0, while the minimum input is 0. Image 3 graphically 

displays the oscillating input this function creates, where Cr0 is defined as 4 mol/m3. 

While the time period shown is 10 seconds, the oscillation will continue for the specified 

run time of the model. Any values shown as inputs can be easily altered to fit the system 

the model is analyzing. The displayed values were used to show the model can represent 

a more realistic scenario of a cyclic input during deposition processes. 

 

Image A.1: Setup of Periodic Inlet Concentration for Cr0 
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Image A.2: Periodic Function for Cr0’s Inlet 

 

Image A.3: Graphical Representation of Cr0’s Inlet Concentration 

Similarly, the inlet concentration of W is defined as a cyclic input. However, the 

phase is input as pi to shift the peaks to alternate with the inlet of compound R. Image 4 

shows the inputs for the periodic function of R. Cw0 is a constant defined as 0.2 mol/m3 in 

this example. Image 5 graphically shows the inlet concentration. Note the concentration 
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begins to increase at approximately 1 second, whereas the inlet in Image 3 is at 0 by 1 

second. 

 

Image A.4: Periodic Function for Cw0’s Inlet 

 

Image A.5: Graphical Representation of Cw0’s Inlet Concentration 

 To analyze Cr the “transport of dilluted species” (tds) physics was used. This was 

used because compound R is a dilute solute in in a solvent in the gas phase. Convection 

will be the primary transport mechanism down the domain for this species. The velocity 
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field, diffusion coeffecient, and initial concentration were all defined as constants. Image 

6 shows how the transport properties were defined for Cr. Symbols were used for all the 

values to allow easy modification. The initial concentration was simply defined as Cri 

 

Image A.6: Transport Properties for Cr 

Compound R’s mass balance, including the reaction, can be found in Equation 4, 

along with it’s subsequent initial and boundary conditions. The right side of Equation 4 is 

input into the reaction rates box because as seen under the equation section the general 

equation directly matches the form of Equation 4. It is important to note the sign of each 

reaction taking place, as compound R is only ever consumed as shown in reactions 1 and 

3. 

 

Image A.7: Reaction Equation for Cr 
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 A custom inflow node must be added to the entry interval point of the Cr physics 

to account for the cyclic input. Image 8 shows the inflow equation that was used to define 

the feed of Cr. Both the original inlet velocity, U0, and a secondary flow velocity, Us, are 

included. For the purpose of this simulation Us is defined as 0 m/s however, including the 

option to introduce a secondary flow allows for future testing of mitigation strategies 

such as introducing a purge gas. An outflow node should also be added at the end of the 

interval, it requires no inputs but the “No Flux” should be completely overridden. 

 

 

Image A.8: Inflow Node for Cr 

 Compound W will be in the gas phase and as such will be simulated similarly to 

compound R including using “transport of diluted species” and adding an inflow and 

outflow node. Image 9 shows the transport properties for Cw. Selecting the diffusion 

material as nitrogen is done because compound W is assumed to be introduced as an 

impurity in nitrogen purge cycles.  

One difference between how Cr and Cw are modelled can be seen in the inflow 

node. Recalling, compound W is defined as a generic oxidizer that will be present due to 

leaks or an impure feed. Image 10 shows how the feed of W into the system can be 

defined. Compound W can be present during the cyclic purge cycles into the system, see 

Image 5 for the graphical representation. The equation in the “Concentration” box 

accounts for both the periodic feed of W and a constant feed of W through potential leaks 

or additional purge gases. The velocity of this constant feed is defined by Us. 
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Image A.9: Transport Properties for Cw 

 

Image A.10: Inflow Node for Cw 

 The outflow node requires no modification other than overwriting the “No Flux” 

node. The reaction equation for compound W can be found in Equation 8 along with its 

subsequent boundary and initial conditions. Image 11 shows the reaction equation that 

was input into the model. It once again directly parallels the right side of Equation 8 and 

because compound W is only consumed all terms of the equation are negative. The 

variable “de” shown is the pipe diameter as a function of compound D deposited on the 

pipe wall. Due to a changing pipe diameter a constant was not able to be used. The 

equation used for pipe diameter can be found under “Parameters”. 

 

Image A.11: Reaction Equation for Cw 
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While compound Z is an intermediate it is still assumed to be in the gas phase. As 

such, the physics of “transport of diluted species” was used to represent Z. A custom 

inflow and outflow node will have to be added. The transport properties for Cz can be 

seen in Image 12 below, they are similar to the previous two components. 

 

Image A.12: Transport Properties for Cz  

 The inflow node for Cz specifies the inlet concentration as 0 mol/m3 due to the 

nature of intermediates and the boundary condition is a defined as Danckwerts. The 

initial and boundary conditions can be found in Equations 13-15. The outflow node 

requires no modification, but all outflow nodes must be specified at the same end point 

on the interval. 

 The reaction term for compound Z can be found on the right side of Equation 12. 

Image 13 shows what was input into the model for the reaction. Note that Cz is generated 

by some reactions and it is important to check the signs of the individual reactions. 

Similarly to compound W the pipe diameter affects the reaction rate and as the diameter 

changes as a function of deposited material a variable “de” was used in this reaction 

equation as well. See “Parameters” for the definition of the pipe diameter. 
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Image A.13: Reaction Equation for Cz 

 Unlike the previous compounds, Compound D is a solid. Due to this difference 

the physics used to represent it is “Domain ODEs and DAEs”. Image 14 shows the 

general equation and the reaction term used. There is no need to add an inflow or outflow 

node because D is not introduced in the gas phase and all that is needed is one initial 

condition. Multiple reactions involve D but the reaction is not dependent upon the pipe 

diameter, as such the reaction equation does not include the pipe diameter. 

 

Image A.14: Reaction Equation for CD 

  The central goal of this model is to identify hot spots within the system. This can 

be done by modeling the temperature of the solid (deposit) and gas within the system. 

First, to model the deposit temperature the “Domain ODEs and DAEs” was chosen as the 

physics. From there the right side of Equation 22 was input as the source term, as well as 

dividing by gamma to match the general equation form as seen in Image 15. The value of 

gamma can be found under “Variables”. The heat transfer effects included in the source 

term account for convection, conduction, and heat generated by reactions. The starting 

temperature can be added as the initial condition, which can be seen in Equation 23.  
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Image A.15: Heat Transfer and Accumulation Equation for Ts 

 The temperature of the gas down the pipe can also be modelled. The physics used 

to represent the gas phase was “Stabilized Convection-Diffusion Equation”. Equation 18 

shows the overall equation used and Image 16 depicts how the constants were input to fit 

the general equation form. The initial values and boundary conditions used are in 

Equations 19-21. A Dirichlet boundary condition was selected as the inflow and 

symmetry as the outflow condition. 
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Image A.16: Heat Transfer and Accumulation Equation for Tg 
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Appendix B – Model Development Stages and Results 

 

Model I.  

 The initial model that was developed is quite different from the final one 

explained in Appendix A. Initially, there were only 3 reactants; compounds A, B, and W. 

While similar to the updated compounds R, D, Z, and W there was less complexity 

involved in the program at first. Equation B.1 and B.2 show the reactions used to develop 

the graphs in this section. 

 

            𝐴(𝑔) + 𝐵(𝑠) 
     𝑘,   𝐸,    𝐻  
→         𝑝𝑟𝑜𝑑                                            (B.1) 

𝑊(𝑔) 𝐵(𝑠)
𝑘𝑑, 𝐸𝑑,𝐻𝑑
←        

𝑘𝑎, 𝐸𝑎𝐻𝑎
→                                                                    (B.2) 

 Eqns. (B.1) and (B.2) did not include an intermediate compound, but instead had 

compound A in the gas phase reacting with a solid deposit, B, to generate heat. 

Compound W represents a precursor that is introduced into the system at the inlet and 

deposits as compound B on the pipe walls. Later on, including an intermediate compound 

in the deposition reaction made the model more realistic, thus producing more accurate 

results. 

 The reaction constants found in Eqs. (B.1) and (B.2) do not account for 

temperature change in this model. Initially, the reaction rate constants were only 

calculated for the inlet temperature. The reaction rate was later changed, as seen in Eq. 

(24), to a function of temperature. As a result of these reaction simplifications the graphs 

generated from this model did not show an energetic event, but did provide insight into 

constants and software specifications that needed adjusting. 
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 Image B.1 shows the concentration profile for reactant A as it is introduced into 

the system and flows down the pipe. While the concentration does drop over time, the 

peak and valley nature of the concentration suggest that the function being used to 

calculated compound A has not been set to calculate at small enough time intervals. 

When too large of calculation intervals are used, it is common for oscillation to occur. 

Compound A is only a reactant with compound B, as such A should be steadily 

decreasing as it flows through the pipe. The initial drop in concentration could be due to 

the higher concentration of compound B at the inlet, as shown in Image B.2. This 

compound B would react quickly with A, but because small amounts of B makes it 

further into the pipe the concentration of A oscillates until the end of the domain. 

Image B.1: Concentration Profile of A Down the Pipe 
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 Image B.2 shows the concentration of compound B as it is deposited on the pipe 

walls down the entire length of the pipe. The steep initial drop in concentration can be 

attributed to the same reason for the quick consumption in compound A. The early 

consumption of B leaves little left towards the end of the domain, as the remaining B that 

is deposited is quickly reacted with the excess of compound A. Compound A’s 

concentration is 10 times that of B approximately halfway down the pipe.  

Image B.2: Concentration Profile of B Down the Pipe 
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 Image B.3 shows the concentration of compound W down the pipe. With 

compound W directly depositing as B onto the pipe walls the concentration profiles 

ended up being almost identical. The precursor, W, is input and quickly deposits onto the 

pipe walls. The rapid consumption of B, shown in the previous graph, allows for W to 

continue depositing at the inlet of the pipe. 

 Equations for the gas and solid temperature were not included in this first model. 

This model was developed to establish a baseline of what can be expected under simple 

conditions and mostly to become familiar with the functions and limitations of COMSOL 

as a modelling program. 

 

 

 

 

Image B.3: Concentration Profile of W Down the Pipe 
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Model II.  

 After the first run it was clear that temperature down the pipe must be accounted 

for. The intermediate compound of Z had still not been implemented. However, this 

model introduced Eqs. (18) and (22) in simpler forms accounting for the reactions in Eqs. 

(B.1) and (B.2). Reaction rate constant ratios were also adjusted in an attempt to establish 

a more gradual build-up and reaction of compounds. 

 

Image B.4: Concentration Profile of A Down the Pipe 

 Image B.4 shows the concentration of A through the domain at 30 minutes and 60 

minutes. At 30 minutes the profile is cyclic, similar to that in Image B.1, however there is 

no initial drop in concentration. The initial oscillation is centered around the feed 

concentration, but after 60 minutes the profile is a horizontal line at the feed 

concentration of 80 mol/m3. The lack of any substantial decrease shows that compound A 

was not being consumed in any noticable amount. Based on these results his meant the 
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reaction rates constants should be looked at, or the feed concentration is so high 

compared to how much is consumed that there is always excess A. 

 

Image B.5: Concentration of B Down the Pipe 

 Image B.5 shows the concentration profile of solid compound B down the pipe. 

The profiles at 2 and 5 minutes show a steep decline, but by 30 minutes the profile is a 

horizontal line across the length of the pipe. This decline could have been due to the 

initially empty pipe. At start-up, there is no B deposited in the pipe, but as W flows 

through the pipe, B will deposit. The profiles in Image B.5 show how far compound W 

had reached in the pipe during start-up. However, because the goal of this study was to 

determine the long-term build-up and potential runaway reaction, start-up behavior was 

not an important factor. The lack of rapid consumption of at any time during the study 

confirmed that the reaction rate constants should be modified. 
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Image B.6: Concentration of W Down the Pipe 

 Image B.6 shows the concentration profile of the precursor W down the pipe. 

Compound W is introduced and deposited on the pipe wall as B. Comparing Image B.5 

and B.6 the theory of start-up behavior is confirmed. There will only be compound B 

deposited where compound W has reached. The 2 minute and 5 minute profiles mirror 

the profile in Image B.5, which was promising to see there is a relationship between B 

and W. Futhermore, because the images show there is no delay in W depositing B the 

reaction rate constant for deposition is within a reasonable range. The deposition reaction 

should be dominant, compared to desorption.  
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 Image B.7 is the first time the gas temperature was plotted down the pipe. The 

results show temperature instability early in the operating process. By comparing the 

concentration profile and the gas temperature profile it is clear the instability in 

temperature lines up with the decrease in concentration in both Image B.5 and B.6 at 5 

minutes of operation. With the sudden drop in concentration for both compound B and 

W, temperature fluctuations are expected. However, the temperatures stay within 7 

Kelvin of the steady-state temperature shown at 30 minutes of operation. While the gas 

temperature was not expected to increase a large amount, there should still be a gradual 

build-up of heat as reactions occur. The temperature oscillations were unexpected and 

had to eliminated to produce clear and meaningful results  

Image B.7: Gas Temperature Profile Down the Pipe 



 

46 
 

 

Image B.8: Solid Temperature Profile Down the Pipe 

 The temperature profile of the deposited solid on the pipe is shown in Image B.8. 

The profile is similar in shape and temperatures achieved to Image B.7. However, the 

minimum temperature achieved in Image B.8 is higher than the minimum temperature in 

Image B.7. This shows that the reactions are occurring in the gas phase, rather than the 

solid phase. While there are desorption and adsorption reactions in the gas phase the solid 

phase reactions are more exothermic and concentrated. If there is more being heat being 

generated in the gas phase than the solid phase the reaction rate constants need to be 

modified to increase the solid phase reactions. 

 

Model III.  

 The next goal was focusing on generating results with 3 specifications: smooth 

curves, no unexpected temperature or concentration oscillations, and a non-horizontal 

temperature gradient across the domain. By narrowing the parameters to a point where 

these 3 aspects were present the model would more accurately be able to predict 

important trends in the system. Even without a runaway reaction occurring, being able to 
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understand how the compounds behave over time would be valuable to eventually 

modelling ignition. 

 To achieve these goals, first the method of solving was made to calculate values 

at much smaller intervals, otherwise called narrowing the mesh. By narrowing the mesh 

the time needed to compute the model greatly increased, but the curves were far more 

smooth with the increased data points. These smooth curves more accurately showed the 

trends that were taking place in both concentrations and temperatures. It eliminated 

unexpected peaks and valleys seen in previous models, meaning many of the previous 

unexpected spikes could be attributed to incorrect solver specifications. 

 

Image B.9: Concentration of A Down the Pipe 

 Image B.9 shows the concentration profile of compound A at the same operating 

times shown in the previous models. The lines are much smoother as a result of the new 

solver configurations. Compared with Image B.4 there is no longer any oscillation. The 

gradual decrease on A over time until it reaches steady state at 30 minutes is along the 

lines of what should be expected. Compound A will be input into the system, it will be 
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consumed gradually as it flows down the pipe until the concentration is at a minimum at 

the exit. This graph confirmed that the both the reaction rate constants and the solver 

methodology were becoming more accurate. 

 

Image B.10: Concentration of B Down the Pipe 

 The concentration profile of solid compound B in Image B.10 shows how quickly 

it is consumed at early operating times during start-up. At 1 minute and 5 minutes the 

concentration drops to 0 as it is in excess compound A. Looking at Image B.9 shows how 

at 1 minute and 5 minutes the concentration stops dropping, and remains constant, as all 

of compound B is consumed. Over time, the concentration of B goes to steady state at 30 

minutes where there is an almost linear decrease in concentration over the pipe length. 

While there is no runaway reaction occurring the more gradual decrease in concentration 

gives more evidence in the validity of our reaction rate ratios. 
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 Image B.11 shows the concentration profile of W as it flows down the pipe. The 

profiles are almost the same as the profiles in Image B.10. The deposition of W is quick 

at the beginning, but as time goes on W is deposited less rapidly. After 30 minutes 

compound W is deposited at the same rate as B is consumed. This model shows that A 

reacting with B does occur but is never fast enough to drop the concentration of A to 0 

mol/m3. Solid B continues to deposit on the pipe wall, until the surface area of the inside 

diameter drops to a point where compound B is depositing at the same rate as it is being 

reacted with compound A. Compound W can only replace the B that is consumed at 

steady state. 

Image B.11: Concentration of W Down the Pipe 
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Image B.12: Gas Temperature Down the Pipe 

 Image B.12 shows the gas temperature down the pipe. Surprisingly, the gas 

temperature for this model dropped gradually over time. This was unexpected as the 

exothermic reactions in the model should be generating excess amounts of heat. Similarly 

to the concentration profiles, the temperature profile stops changing after 30 minutes. The 

lack of temperature accumulation showed that the reactions may need to be more 

exothermic, or the convective heat transfer is too high. If convection is removing the 

generated heat more quickly than the reactions produce it there will be a gradual decrease 

in temperature. The temperature change from inlet to outlet was only 5 Kelvin meaning 

the changes would only have to be minor. 
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Image B.13: Solid Temperature Down the Pipe 

 The solid temperature profile shown in B.13 reinforces the idea that convective heat 

transfer, or the exothermicity of the reactions were incorrect. The temperature of the solid 

should only increase over time, that is what causes the runaway reaction occurs. If the 

temperature drops, the reactions will slow. This could be a huge contributing factor to the 

development of a steady-state system after only 30 minutes of operation. 

 

Model IV.  

 After the results of the previous model, the activation energies of the reactions were 

reevaluated and modified to make exothermic reactions more favorable. These more 

exothermic reactions increased how long it took to achieve steady state because reactants 

were more readily consumed. Furthermore, this study included an abatement device at the 

end of the pipe domain. A piece-wise function was used to specify that after 10 meters into 

the pipe the gas enters an area with high adsorption rates and low desorption rates. This 

was meant to model the abatement devices used downstream from deposition tools. 
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Image B.14: Concentration of A Down the Pipe 

 Image B.14 shows the concentration profile of gaseous compound A at 3 different 

times. At 10 and 30 minutes the sudden stop in consumption is due to a lack of compound 

B to react with. Compound B was consumed so rapidly at the beginning that there was 

nothing left for A to react with. As operation time progresses compound B begins to 

accumulate more, but as seen by the 50 mol/m3 minimum concentration, compound A is 

always in excess for this study. 
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Image B.15: Concentration of B Down the Pipe 

 Image B.15 shows the concentration for solid B down the length of the pipe. At 

early times of operation B is quickly consumed, as also shown in Image B.14. Compound 

A and B react when they are both present but when no more B is left compound A flows 

down the rest of the pipe unreacted. Over time, as B has more time to accumulate and 

deposit on the pipe wall a profile shown at 150 minutes develops. B is present at the 

beginning of the pipe but as compound A has time to disperse and react with B there is 

almost none left by the end of the domain. Compound B can be found past 10 meters 

because compound W be quickly deposited as B onto the adsorption material in the 

abatement device. 
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Image B.16: Concentration of W Down the Pipe 

 The profiles in Image B.16 are, as expected, like those in B.15. Compound W is 

quickly deposited as B on the pipe walls, but because B is reacted away so quickly W 

continues to deposit until there is none left at the early operation times. By 150 minutes 

the system has reached steady-state and any leftover W that flows into the abatement 

device is quickly adsorbed. The rapid consumption of compounds at early operation 

times show that the modification in activation energies did affect the availability of the of 

the reaction, but not so much that there is no development of a concentration profile 

down the pipe length. 
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Image B.17: Gas Temperature Down the Pipe 

 The gas temperature profile in B.17 shows a spike at 11 minutes. This spike is the 

first evidence of an event similar to a runaway reaction. However, looking at Image B.18 

the temperature in the gas phase is higher than that in the solid phase. This means the 

rapid rise in temperature is occurring in the gas phase. The only explanation for this 

phenomenon is that compound B is desorbing into compound W because of the extreme 

concentration gradient between solid and gas. This sudden increase in W in the gas phase 

would increase the gas temperature. However, because there is no spike in the 

concentration of W around 11 minutes it was determined the spike must be due to errors 

in the solver settings. While not shown, this spike in temperature reoccurs regularly every 

25 minutes. As such in can be concluded that solver settings must be altered, such as 

setting the solution to be found for seconds, rather than minutes, to leave far less time 

between each individual calculation. 
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Image B.18: Solid Temperature Down the Pipe 

 Image B.18 shows the temperature of the solid down the pipe. The spike in 

temperature was explained under Image B.17. The profiles at both 10 minutes and 150 

minutes show a decrease in temperature at the beginning and then minimal change for the 

rest of the domain. This shows that the exothermicity of the reaction is still not correct. 

While the reactions clearly take place and compounds are consumed at a more gradual 

rate, the heat generated is not enough to accumulate and start a runaway reaction. 

Model V.  

 After the development of the previous model it was found that a much more 

accurate way to model the reaction taking place was to include an intermediate 

compound during the deposition of the gas as a solid onto the pipe wall. Compounds R, 

Z, D, and W as described in the Process Simulation section were introduced into the 

model. Along with this, the previous model showed the importance of calculating values 

per second, rather than minutes. With runaway reactions occurring so rapidly it was 

crucial to be able to look at values at each second, rather than each minute. Finally, more 
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exact activation energies and reaction rates constants were obtained, meaning less 

guessing at the order of magnitude of those values.   

 

Image B.19: Concentration of R Down the Pipe 

 Image B.19 shows the concentration profile of R throughout the system. The 

earlier operating times of the system show a gradual decrease in R as it flows through the 

system, as expected. After 9000 seconds of operation the profile shows a more rapid 

decrease in concentration about 6 meters in. This profile shows the first time a reactant is 

consumed more rapidly after a period of operation. This is evidence of heat accumulation 

because as heat is accumulated reactions will occur more readily.  
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Image B.20: Concentration of Z Down the Pipe 

 The concentration profile of compound Z, shown in Image B.20, depicts the 

concentration gradually rising over time. With Z being the intermediate between R and D 

it means that R will decrease, and D will increase over time. At 9,000 seconds there is a 

small dip in Z approximately 7 meters into the pipe. This dip is due to a lack of R to 

deposit on the pipe wall. If too much R reacts with compound W there will not be enough 

R left to deposit on the pipe wall and compound Z is directly related to the amount of R 

depositing as compound D. 
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Image B.21: Concentration of D Down the Pipe 

 Image B.21 shows the concentration of compound D down the pipe. At 600 

seconds and 1,800 seconds the profiles are gradual accumulations. At 9,000 seconds there 

is the expected rise in concentration until about 5 meters into the pipe. At this point the 

concentration drops and almost reaches 0 mol/m2. This decrease in concentration is also 

shown in the dip of Z in Image B.20. The only way that compound’s R, Z, and D can all 

decrease at the same time is if R is consumed by another reactant. This is where 

compound W comes in. At 9,000 seconds into operation the temperature reaches a point 

where it is more favorable for R to react with W in the gas phase rather than deposit onto 

the pipe wall. When it reaches this point all concentrations of the compounds will 

decrease. As most of compound R is reacting with compound W there will be a 

substantial decrease in the deposition of D. The D that is already deposited will continue 

to react with compound W, thus decreasing the concentration of D. Compound Z will 

drop because R is no longer being deposited onto the pipe as D. Along with this, the 

temperatures will increase as all these exothermic reactions takes place. 
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Image B.22: Concentration of W Down the Pipe 

 Image B.22 shows the concentration profile of gaseous compound W down the 

length of the pipe. W’s concentration is largely constant at the earlier operation times. 

Eventually, as described under Image B.21, R reacting with W becomes more favorable 

than deposition. At this point the concentration of W will start to drop as it is consumed 

more quickly. To exacerbate this decrease in concentration, W will continue to react with 

the remaining solid deposit, D. This reaction only occurs after enough heat has 

accumulated in the system to create the ideal environment for this reaction to take place. 
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Image B.23: Gas Temperature Down the Pipe 

 Image B.23 shows how the gas temperature changes with time and length down 

the pipe. At 600 seconds the temperature slowly drops to the outlet, but after more 

operating time heat begins to accumulate, and by 1,800 seconds the temperature is almost 

constant. The decrease in temperature can be explained by convective forces. Most of the 

early reactions will take place at the inlet where concentrations are high. As the gas flows 

down the pipe the heat will be dispersed until the minimum temperature is achieved at the 

outlet. As more time passes the temperature continues to increase in the pipe. At 9,000 

seconds the temperature increases almost exponentially towards the outlet. This increase 

in temperature is described in previous sections but supports the theory that the reactions 

taking place continue to generate more heat over time. This gradual accumulation of heat 

is exactly what is necessary for a runaway reaction to occur. 
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Image B.24: Solid Temperature Down the Pipe 

 Image B.24 depicts the profile of the solid temperature, or deposit D, down the 

pipe. At 600 and 1,800 seconds there is some heat accumulation but nothing substantial. 

As operation continues, heat continues to accumulate as shown at 9,000 seconds. Like 

Image B.20 there is a slight increase in the slope of the profile approximately 6 meters 

into the pipe at 9,000 seconds. This slight increase in temperature accumulation is due to 

the combination of D being consumed at the same rate as usual but the gas temperature 

continuing to increase as seen in Image B.23. The gas temperature affects how much heat 

can be convectively transferred from the solid. As the temperature of the gas increases, so 

will the temperature of the solid. 

 This was the first-time heat accumulation was clearly displayed. In the previous 

models it was clear that compounds were being consumed, however the temperatures and 

concentrations reached steady state in a linear fashion. This model had slow 

accumulation of temperature until it reached a point where the favored reaction changed, 

and heat generation increased. Under the right circumstances this heat generation could 

cause a runaway reaction. 
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Model VI.  

The model used for the results below is the second to last model developed. These 

results are similar to the final results. Using the main body of the previous model reaction 

rates were modified to be slightly more sensitive to temperature. By doing this it was 

more likely that the reaction would accelerate itself at higher temperatures. These 

modifications created a scenario where a much longer than previous run-time was 

required but produced results that represented ignition and a runaway reaction. The pipe 

length was also decreased to 5 meters to increase the readability of the profile lines. 

 

Image B.25: Concentration of R Down the Pipe 

 Image B.25 shows the concentration profile of R down the length of the pipe. The 

concentration drops from the inlet towards the outlet. At the outlet the concentration is 

almost 0 mol/mol3. This means that there is always enough R in the system to react with 

W and deposit as D on the pipe walls. There is no evidence of a runaway reaction in this 

image. 
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Image B.26: Concentration of Z Down the Pipe 

 The profile of compound Z in Image B.26 shows a constant increase in 

concentration, with a small drop at the end of the system where compound R is starting to 

dwindle as well, as shown in Image B.25. At 30,600 seconds there is a dip in the 

concentration around 3.5 meters into the pipe. This dip is because of the increased 

temperature at this point in the pipe. With a higher solid temperature compound Z is less 

likely to deposit and will remain in the gas phase. This increase in temperature can be 

seen in Image B.30. 
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Image B.27: Concentration of D Down the Pipe 

 Image B.27 shows the profile of the solid deposit, D, down the pipe length. The 

profile shows a gradual accumulation of the deposit over time. The deposit reaches a 

maximum at all profile lines approximately 3.5 meters down the pipe. This maximum 

point remains constant at both 24,400 seconds and 28,800 seconds. After 30,600 seconds 

of operating there is a dip in concentration where the maximum concentration used to be. 

While this dip looks minimal, the effect of this consumption can be seen in Image B.30. 

This unexpected consumption of D generates excess heat also causing the dip seen and 

explained in Image B.26. 
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Image B.28: Concentration of W Down the Pipe 

 Image B.28 shows the concentration of oxidizing compound, W, down the length 

of the pipe. For the majority of the operating time, up to 24,000 seconds, the profile is a 

horizontal line at its feed concentration of 4 mol/m3. At 28,800 seconds there is a dip in 

the concentration starting approximately 3 meters into the pipe as the consumption of W 

increases marginally, as shown by the 0.05 mol/m3 decrease. At 30,600 seconds there is a 

substantial drop in concentration as W is consumed rapidly. This drop is at the same as 

the dip in compound D and Z. Compound D and W react readily in an exothermic 

reaction. This reaction will generate heat in the solid phase, as seen in Image B.30. 
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Image B.29: Gas Temperature Down the Pipe 

 Image B.29 shows the overall temperature of the gas as it flows through the pipe. 

The temperature increases from the inlet as compounds react and generate heat. At 

24,000 seconds the increase is mostly linear from the inlet. This trend continues at 28,800 

seconds. The profile at 30,600 seconds shows the expected temperature rise for the first 

half of the domain but at approximately 3 meters in the temperature rises rapidly. This 

rise in temperature occurs at the same time as the decrease in concentration for 

compounds Z, D, and W. This rise in temperature will only serve to further accelerate the 

reactions. 
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Image B.30: Solid Temperature Down the Pipe 

 Image B.30 shows the temperature profile for the solid deposit, D, down the 

length of the pipe. There is a gradual temperature rise at the beginning of operation. At 

24,400 seconds there is a gradual rise and small decrease in temperature towards the 

outlet. At 28,800 seconds the start of a temperature peak is beginning to form at 3.5 

meters in. This small peak is the beginning of ignition. Over the next 1,800 seconds there 

is ignition where the temperature rapidly rises in a concentrated area. This occurs as 

compound D is consumed rapidly, generating heat, thus making compound D be 

consumed faster. This self-accelerating reaction consumes W as well, as shown in Image 

B.28. 

 The runaway reaction shown in B.30 is responsible for the increase in gas 

temperature. The much higher solid temperature convectively transfers to the gas phase. 

The dip in compound D is a result of the rapid consumption occurring. Finally, the dip in 

Z is due to the increased temperature at that spot in the pipe. With this model created 

mitigation strategies can be tested to see what parameters can be adjusted to minimize the 

runaway reaction. 
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Mitigation Strategies 

 

Image B.31: Inlet Velocity Effect on Solid Temperature @ 30,600 seconds 

 With a model that can simulate a runaway reaction, parameters can be adjusted to 

minimize the temperature peak. Image B.31 shows the solid temperature profile down the 

length of the pipe. The line with the highest temperature peak is the exact same line as 

shown in Image B.30 at 30,600 seconds. The inlet velocity for that run is 0.3 m/s. By 

increasing the inlet gas velocity to 0.35 m/s the temperature peak is moved towards the 

outlet and spread out over a greater distance. To completely remove the spike in 

temperature from the domain the inlet velocity must be doubled. 

 Doubling the inlet velocity can not reasonably be done. The pipe is downstream 

from sensitive deposition tools and altering the pressure at the inlet by that much could 

have negative side effects. Overall, while the idea to increase gas velocity seemed 

reasonable it is not a feasible approach to solve the issue. Instead of eliminating the 

temperature peak it moves it downstream and requires unrealistic changes to operating 

conditions.  
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