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Abstract 
 
Ventilation of released gas from stabilized precursor during its carbonization is of importance for high quality carbon fiber 
manufacturing.  Careful consideration of the released gas from stabilized precursor during its carbonization is of im-
portance for design of the carbonization system.  The impact of the carbonization reaction on the process energy required, 
off-gas composition, atmosphere properties are important to the continued scale-up of higher production rate carbon fiber 
systems.   The carbonization of stabilized precursor typically takes place with nitrogen cover gas to protect the carbon fiber 
from oxidation. Defining the off-gas in carbonization performed in the furnace system is the first step in understanding the 
mixture of nitrogen and off-gas.  The thermodynamic and transport properties of this gas mixture and heat effect of reac-
tion are also defined in terms of the range of possible gas compositions at given thermodynamic variables.  Computational 
fluid dynamics (CFD) analysis was performed on the nitrogen cover gas and process off-gas to determine off-gas concen-
tration differences as well as flow uniformity within the process.  For carbon fiber carbonization uniformity of the process is 
of utmost importance. For economic processing of carbon fiber, the properties of the fiber must be consistent across the 
width of the tow band.  Maintaining consistent temperature and atmosphere conditions result in uniformity of processing 
carbon fiber. The detailed decomposition mechanism with consideration of temperature, time, and tension is not fully un-
derstood. For this CFD work a simplified model of the gas evolution was considered.  

 
1. Introduction 
 
Carbon fibers are defined as anisotropic carbon ranging from 92 to 100 wt%. Carbon fibers generally have excellent tensile 
property, low density, high thermal and chemical stability, good thermal and electrical conductivity, and excellent creep 
resistance [1].  These excellent properties make carbon fiber attractive for many industries, aerospace, military, construc-
tion, medical, sporting goods as well as automotive industry [2].  Although carbon fibers can be manufactured from variety 
precursors the most important precursor is polyacrylonitrile (PAN).  Global carbon fiber consumption is increasing, while 
automotive industry has been impeded by high costs and lack of high-speed fabrication techniques [2]. Scale-up challenge 
for reducing the manufacturing cost and large-volume production requires in-depth understanding of carbon fiber manufac-
turing process.   
 
The production of carbon fiber from polyacrylonitrile (PAN) is conducted in a carbonization line which includes three dis-
tinct process steps: ovens, LT, and HT.  Each of these process steps has their unique set of challenges.  For this work the 
focus is on the LT furnace where the bulk of the fiber mass loss occurs.  Within the LT furnace typical temperature ranges 
are between 400 and 800°C with mass loss of 30 to 40%.  The LT furnace has a single tow band with typical residence 
time between 60 and 90 seconds.  Achieving consistent fiber quality across the width of the system is of utmost im-
portance.  With increasing capacity requirements, the system widths have been steadily increasing.   A few years ago a 
typical width for LT furnaces was 1 to 2m wide.  For new systems a production scale is often 3 to 4m wide.  Considering 
the height of the system is minimal, achieving uniform conditions across these increasing widths is challenging. Maintain-
ing consistent temperature and process gas conditions to the fiber result in consistent fiber properties.  This work is con-
ducted in two parts: (1) definition of the properties of the off-gas; (2) CFD analysis of a unit cell along the length of an LT 
furnace system focusing on temperature and gas composition.  It is planned to continue this work for full, across the width 
models for uniformity considerations.    
 
2. CFD simulation setup 
 
2.1 Off-gas Constituents and Concentration  
 
Off-gas is released from stabilized PAN fiber (SPF) during carbonization inside the LT furnace.  Several papers show off-
gas constituents as a function of operating temperature [3-5].  The common chemical species are HCN, H2O, H2, NH3,  
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CO, CO2 and CH4 in this step of the carbonization process.  It is noticeable that the amount of each species is strongly de-
pendent on parameters in stabilization process (e.g. temperature, heating rate, residence time and oxygen amount).  There 
are many differences within the industry for the oxidation process, depending on the final properties of the fiber targeted.  To 
form a basis, the Stabilized PAN is assumed as  based on the analysis of Stabilized PAN fiber from Griffing and Overcash 
[6].   
 
In this simulation, the off-gas (also known as evolved gas and volatiles) are assigned as composing from 10 chemical species: 7 common 

components and N₂, C₂H₄, and C₂H₆.  Therefore, overall chemical reaction for carbonization of stabilized PAN (C2.99H1.16NO0.29 )n can 

be written as follow, 

 

 

 

where IF denotes intermediate fiber for the LT furnace, and γi denotes the stoichiometric coefficient for i
th
 chemical species.  

Unfortunately, the composition of intermediate fibers at the exit of the LT is unknown.  Chemical composition of the interme-
diate fiber is a complex function of LT furnace operating conditions (temperature, residence time and etc) and stabilized pre-
cursor as well.  The bulk of the mass loss is within the LT furnace system.  For the purposes of off-gas compositional analy-
sis a simplifying assumption was made that the mass loss within the HT furnace is much smaller than in the LT furnace.  As-
suming the entire mass loss is within the LT furnace the intermediate fiber is assumed to have an identical composition to 
the final product (containing 95wt% carbon and 5wt% nitrogen).  This assumption is applied in the current study.   
 
With the input fiber and output fiber defined the stoichiometric coefficients, γi, for all species needs definition for off-gas com-
position estimates.  There are 11 stoichiometric coefficients, product fiber and 10 off-gas species and 5 equations are availa-
ble: total mass balance and 4 atomic (C, H, O, N) balances.  6 more independent mathematical relationships are required for 
mathematical unique solution of 11 stoichiometric coefficients.   As mentioned previous, off-gas compositions are function of 
operating conditions mainly temperature of local fiber, residence time and fiber composition.  Therefore, temperature, resi-
dence time and local fiber composition effects should be considered in additional to the 6 independent mathematical equa-
tions.  Usually, these relationships are defined chemical reaction kinetics equations.  These chemical kinetic relationships for 
carbonization of stabilized PAN are not readily available through a literature search on the subject.  Some reference tackled 
this difficult subject and the results were used to form the basis of the composition. 
 
The literature of off-gas composition shows significant variation of potential composition.  This is no surprise considering the 
composition is a function of the exact composition of the PAN, stabilization process, time, temperature, and even tension to 
some extent.  With all these variables and different product types targeted, off-gas variations are bound to exist.  For this 
analysis the released amount of off-gas constituents are taken from Griffing and Overcash [6] and are presented in Table 1.  
These values are generated by using the conditions from Chung [4] to drive their analytical model.  

 

Table 1. Chemical composition of Stabilized PAN, product fiber and off-gas 
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2.2 Physical Properties of Off-Gas 
 
The physical properties of the off-gas including specific heat, diffusivity, viscosity, and thermal conductivity, are importance 
parameters in the modeling of the system.   
 

Pure gaseous substances are divided into two categories, namely ideal gas and real gas.  With ideal gas, many physical 
properties for pure substances are function of temperature only.  In general, ideal gas is typical when it is not close to a satu-
rated condition (which is under equilibrium condition with its liquid phase) and/or is a low density gas.  So gases at high tem-
perature and low pressure condition typically satisfy these conditions.  Two different criteria are used for determining ideal 

gas state using Reduced Pressure  and Reduced Temperature  as follow, 

 

 

Critical data (temperature and pressure) and its reduced temperature and pressure (@ 1bar and 300°C) are evaluated for all off-gas con-

stituents.  From these calculations, it is reasonable assumption that the off-gas is in ideal gas state inside LT furnace.  The NASA gas 

property data [7-8] was used for specific heat, thermal conductivity, and viscosity for this work.  

 

2.2.1 Mixing Law (Mixture properties) 

 
There are several mixing laws available for mixture property from its constituents: Wilke’s method, Brokaw’s method and ki-
netic theory of gases.  Also, more simple methods exist such as mole fraction weighted average, and mass fraction weighted 
average.  In this calculation, the mole fraction weighted average method was applied to calculate the physical properties for 
a mixture from its constituents.  Therefore, the physical properties are a function of mole fraction and temperature. However, 
the current solver (Autodesk CFD package) allows only one independent parameter per variable gas physical property [9], so 
each effect (variations due to temperature or mixing) was evaluated in full span for its contribution toward property change.  
The physical properties percent changes with temperature for several fixed mol fractions as well as the changes associated 
with mixing with at fixed temperatures (400, 600, and 800C) are presented in Table 1.  For viscosity and thermal conductivi-
ty, the temperature contribution is larger than the mixing effect. So temperature was picked as the independent variable for 
the CFD code.  The mixing had the greatest impact on the specific heat, so mixing was used as the independent variable for 
this case.  

 

Table 2. Gas Property Dependency due to temperature and mixing  
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2.2.2 Density of gas 

 
Since it satisfies ideal gas assumption from its reduces temperature and pressure, density of gas is evaluated from ideal gas 
law,  

 

 

where Mmix denotes averaged molecular weight for mixture and it is function of mole fraction of its constituents.  

 
2.2.3 Diffusion coefficient 

 

In Autodesk CFD solver, diffusion and/or mixing of fluids are limited into binary mixing [9].  Therefore, it model consists of 
binary mixing between purge-gas (nitrogen) and pseudo-pure gas (off-gas composing 10 chemical species).  There might be 
several approximation techniques available for evaluating binary diffusion coefficients involving pseudo-pure chemical spe-
cies but here the mixture averaged method for all 10 chemical species was applied.  Therefore, instead of A-B binary diffu-
sion coefficient with imaginary B species, it is evaluated that diffusion coefficient for A diffusing into mixture of 10 chemical 
species including A-species itself.  This process requires evaluating 9 binary diffusion coefficients among 10 chemical spe-
cies and application of the mixing rule.  For 9 binary diffusion coefficients, the kinetic theory of gases is applied and Wilke’s 
method is applied for mixing rule. 

 

 

where  is binary diffusion coefficients between A and B chemical species, T is absolute temperature, p is pressure, MAB 
and sAB are defined as follow 

 

 

 

 

And  is collisional integral as a function of dimensionless temperature, , where k is Boltzmann constant, e and 
s are Lennard-Jones potential parameters.  Two different forms of collisional integral are available, but in this calculation the 
following formula is applied [10].  

 

 

After evaluating 9 binary diffusion coefficients involving nitrogen, the nitrogen diffusion coefficient through the mixture is eval-
uated using Wilke’s method shown below, 

 

 

 

Where   denotes binary diffusion coefficient for nitrogen and pseudo-pure-off gas binary mixture, xi denotes mol 

fraction of i-th species, and  is binary diffusion coefficient for nitrogen and j-th species.  Figure 1 presents the diffusion 
coefficient with temperature for the mixture of the nitrogen and off-gas. Unfortunately, the current AutoDesk CFD solver only 
allows a single number for binary diffusion coefficient [9].  So the averaged-mixture diffusion coefficient (~ 1.28 cm²/sec) was 
selected for this fixed at arithmetic average temperature (600°C) of LT furnace operating range (400 ~ 800°C). 

Page 4 



 

 
 

 
Figure 1. Binary diffusion coefficient between nitrogen and pseudo-pure off gas as a function of temperature  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.4 Heat of Reaction 

Heat of reaction (a.k.a. standard enthalpy of reaction) is defined as enthalpy change occurring chemical reaction under 
standard condition based on one mole of limiting reactant.  It is calculated using standard enthalpy formation and stoichio-
metric coefficients for all involved chemical species.  However, it is very challenging to evaluate heat of reaction for carboni-
zation since enthalpies of formation for the intermediate fiber (product from LT furnace) and stabilized PAN fiber (reactant for 
LT furnace) are unknown.  Intermediate fiber exiting from LT furnace could be assumed as carbon fiber like previously by 
assuming mass loss is negligible inside the HT furnace.  A further approximation is required to evaluate standard enthalpy of 
formation for intermediate fiber product because it is also unknown.  By assuming carbon fiber consists of only carbon atom 
in spite of 5 wt% of nitrogen, the enthalpy can be calcualted.  From these two assumptions, standard enthalpy of formation 
for intermediate fiber product from LT furnace is approximated as identical to that of solid carbon, graphite.  
 
For stabilized PAN fiber, it is more complicated.  It requires successive evaluations from a well-defined state.  The standard 
enthalpy of formation for acrylonitrile is known for both liquid and gaseous states [11]. So estimation of standard enthalpy of 
formation for stabilized PAN fiber should be started from acrylonitrile.  Liquid acrylonitrile undergoes polymerization forming 
solid PAN (polyacrylonitrile) and the heat effect of this polymerization reaction is reported by Roberts as -17.3 kcal/(mol of 
monomer) @ 76.8°C [12].  Technically, it is not standard heat of formation since it was not measured at standard tempera-
ture, but here the assumption is made of negligible change in heat of polymerization.  Therefore, the standard enthalpy of 
formation for solid PAN fiber is 72.38 kJ/mol lower than liquid acrylonitrile since it is exothermic reaction.  Heat of formation 
for liquid acrylonitrile is 140 kJ/mol [11], therefore heat of formation for solid PAN fiber could be evaluated as 67.62 kJ/mol 
(of monomer).  Precursor PAN is stabilized when passing through oxidation ovens.  This process consists of several reac-
tions: Cyclization, Dehydrogenation and Oxidation [13].  Those reactions inside the oven are known to be exothermic reac-
tions so thermal management inside the oven is very critical.  There might be several different approaches to evaluate ther-
mal effect on stabilization.  In this study, we took the value reported by Dunham and Edie.  
 
Dunham and Edie [14] focused on well-defined reactions occurring in series and parallel and heat effects of each reaction.  
From Dunham and Edie [14], heat effect of PAN stabilization could be expressed as follow 

 

 

where  is standard heat of reaction for stabilization reaction, , ,  are heat of reac-

tions for cyclization, dehydrogenation and oxidation, respectively.  And  is extent of oxidation reaction.  From the  
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structure reported by Gupta [15], extent of oxidation can be obtained as 0.45~0.5 and taking 0.5 extent of oxidation total heat 
effect based on Dunham and Edie’s method could be obtained as –77.3 kJ/mol (of monomer).  The standard heat of for-
mation of stabilized PAN is 77.3 kJ lower than that of PAN per mole of monomer.  This process is illustrated in Figure 2.  To 
evaluate, standard heat of reaction, one needs standard heat of formations for products exiting from LT furnace.  The off-gas 
products of LT furnace are well-defined.  All standard heat of formations for 10 gaseous chemical species is taken from 
NASA database [8].  In this study, intermediate fiber is assumed as 95wt% carbon and 5wt% nitrogen but standard heat of 
formation is taken for pure solid carbon (graphite).  

 

Figure 2. Estimation of heat of carbonization reaction of stabilized PAN fiber 

 

 

 

 

 

 

 

 

 

 

 

Heat effect of actual chemical reaction is deviated from the standard heat of reaction discussed previously.  Standard enthal-
py of reaction is usually measured (or calculated) based on standard state, though actual reaction does not occur at that 
temperature.  Sensible heat effects for both reactants and products should be taken into account for actual heat effect of the 
chemical reaction.  Actual heat effect consists of 3 independent heat effects: sensible heat effect for reactant, heat of reac-
tion, and sensible heat effect for product (and unreacted reactant).  Heat capacities for products species to evaluate sensible 
heat effect for product are taken from NASA database [8].  The main difficulty is specific heat for stabilized PAN fiber.  
Zoltek’s whitepaper [16] has some thermal properties of their products (oxidized polyacrylonitrile fiber).  Heat capacity for 
Panex® 35 is provided in whitepaper from Zolteck.  Actually it (Panex® 35) is more like carbon fiber rather than oxidized 
PAN.  Zoltek’s whitepaper has specific heat @ 2 different temperatures (23 and 550 °C) and linearized specific heat is ap-
plied to heat capacity for stabilized PAN.  Those properties are very limited in publications.  Calculated standard heat of re-
action is 124 kJ/kg of StbPAN @ 25°C and heat effect converting stabilized PAN from 240°C into 500°C products would re-
quire 867.9 kJ/kg of StbPAN.   

 

3. Results 

3.1 Computational Domain 

For the modeling work presented here the temperature and gas compositional analysis focused on the differences along the 
length of the furnace.  The variations along the width are planned for future work.  A typical carbonization furnace (540 inch 
long) is modeled for this study.  To reduce computational demand, unit-cell approach is applied to computational domain ra-
ther than 2D.  The unit-cell is 3 inch wide and carbonization furnace with a 2.52 inch wide tow band.  The tow band is model 
as impervious to flow, leaving the gap between the tow bands for the connection of the upper and lower fluid volumes.  This 
approach is different than a 2D assumption.  With the 2D approach, the fiber separates furnace internal upper and lower fluid 
volumes resulting in no flow or mass transfer between upper and lower section. Computational domain, unit-cell of carboni-
zation furnace, is illustrated in Figure 3. 
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Figure 3. Computational domain, unit-cell of carbonization furnace  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 CFD Setup 

The temperature profile of the simulation is a constant boundary condition of 600°C.  Typical operation of LT furnaces have a 
ramped profile starting at ~400° and ending in the 700 to 800°C range.   
 
A new material is created for representing the mixing of two flows (nitrogen and pseudo-pure off-gas).  The mean molecular 
weights are similar for each (nitrogen: 28.0134 g/mol and typical off-gas: 25.0947 g/mol, 12% deviation), so variable density 
is set as a function of temperature rather than mixing.  Therefore, the mean molecular weight is assigned regardless of mix-
ing extent.  For this model a value of 0.646 kg of nitrogen purge gas was introduced per 1 kg of carbon fiber.  This results in 
an average molecular weight for 43.18 mol% nitrogen and 56.82% of off-gas of 26.3549 g/mol with a gas constant (mass 
basis) is 315.4636 m²/(s²K). 
 
There are two purge gas (nitrogen) inlets: front and back.  In practice these flows may be different, but for this analysis they 
are assigned identical flow rates.  Baseline nitrogen flow rate is assigned as a boundary condition of 0.5093 g/sec per inlet. 
The inlet temperature of the process nitrogen purge gas is set 300°C for both the front and back end of the system.  The sca-
lar variable (representing mass fraction of off-gas) is set as zero for purge gas inlets. Scaler value of 0 is pure nitrogen, and 
scaler value of 1 is pure off-gas. 
 
Off-gas release rate is one of the important boundary conditions.  As discussed above, the volatiles release rate is a function 
of many physical quantities and related with chemical kinetics of carbonization reaction.  For this analysis two simple cases 
are considered for simplicity: 1. Uniform release and 2. Tapered release.   Volatiles (off-gas) release rate is determined using 
the ratio of off-gas to feed-rate (or ratio of off-gas to production rate) reported by Griffing and Overcash (off-gas to Stabilized 
PAN input ratio: 43.234/100) and feed rate for unit-cell (10kg StbPAN/hr).  Total off-gas release rate is 1.2 g/sec per unit-cell in 
consistency with previous condition (Stabilized PAN input rate).  And it is assumed only 2 sides (top and bottom) release off-
gas, so each side releases 0.6g/sec for uniform release case.  

 

3.3 CFD Results – Uniform Off-gas Release 

As mentioned in previous section, uniform off-gas release case was modeled.  In this case the off-gas release rate and the 
endothermic reaction (heat absorbed) was applied as a boundary condition uniformly throughout the length of the furnace 
heating section. The magnitude of velocity vector at the center plane is illustrated in Figure 4. The lower part of figure is a 
close up for entrance region.  The no-slip boundary condition makes the fiber and gas velocity identical.  The velocity of the 
process gas is much faster than the fiber velocity so for this analysis the fiber velocity was set to zero. The furnace wall is 
also stationary so the gas velocity at this boundary is zero as well.  In real operational condition the fiber would have linear 
velocity direction from fiber entrance to fiber exit.  This fiber linear velocity would be for all practical purposes constant 
through the furnace.   
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The fiber may shrink or stretch due to tension, but it is a very small percent compared to the linear velocity of the fiber. The 
gas velocity appears to accelerate along its direction of progress.  This is due to the addition of releases off-gas from the fi-
ber.  So total mass flow rate of the gas is increasing along with flow direction until the gas exit (i.e. vent pipe located at the 
bottom of halfway downstream).  This addition of mass can be observed by the change in the scaler variable representing 
fraction of off-gas in Figure 5. The general scalar transport equation was used to capture volume fraction of off-gas.  As you 
can see in the figure, the top is more quickly saturated with off-gas than the lower part.  There are two reasons for this: 1. 
Vent pipe is located in bottom and 2. Bottom part has an expanded volume, so the purge gas from the fiber inlet tends to 
flow into the bottom part – resulting in increased gas mass rate in the bottom section.  The gas temperature contour is shown 
in Figure 6. This temperature profile looks very symmetric in this uniform off-gas release case.  The symmetric temperature 
profile is not unexpected due to the constant 600°C boundary condition and symmetric off-gassing.  For typical operations of 
LT where the temperature has a ramped profile, the gas temperature would be non-symmetric. 

Figure 4. Contour of velocity magnitude for uniform off-gas release.  

 

 

 

 

 

Figure 5. Contour of scalar variable for uniform off-gas release  
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Figure 6.  Contour of temperature for uniform off-gas release.  

 

 

 

 

 

 

 

 

 

 

3.4 CFD Results – Tapered Off-gas Release 

A tapered off-gas release case was run for comparison.  In this case the off-gas release is assigned linear function having 
maximum at the entrance and tapering to zero off-gassing halfway downstream where gas vent is located.  So, carbonization 
off-gassing is assumed to happen within the first half of the carbonization furnace.  It is often the case that most of the off-
gas occurs in the first half of the furnace, while a lesser amount within the second half.  So the off-gassing of a typical pro-
cess is something between the uniform release and this tapered case. The magnitude of velocity and scalar variable (Figure 
6 and Figure 7 respectively) is much higher in the first half of the model.  The gas velocity is increased due to the addition of 
mass in the first half of the system.  All process gasses exit the furnace at the vent located in middle.  The second half of the 
system is filled with only nitrogen purge gas.  Notice that the scalar variable in Figure 7 is zero after the vent location verify-
ing only nitrogen gas.   Some off-gas is found in the second half near vent pipe due to molecular diffusion.  But all the off-gas 
is exiting from the vent.  The tapered off-gas release has impacts the temperature distribution (shown in Figure 8) along the 
length of the furnace.   
 
 
Figure 7. Contour of velocity magnitude for asymmetric off-gas release.  
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Figure 8. Contour of scalar variable for asymmetric off-gas release. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Contour of temperature for asymmetric off-gas release.  

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions 

Results of the CFD simulation are shown for the carbonization furnace for PAN-based carbon fiber manufacturing process. 
Velocity, temperature and volatiles volume fraction are shown as contours.  CFD simulation is focused on the gas phase in-
side the carbonization furnace.  To support this work many scientific efforts were carefully considered to determine the physi-
cal properties of off-gas at carbonization process of stabilized PAN.  Fiber is excluded from the simulation for simplicity.  
However, many assumptions were made due to the exclusion of fiber, the off-gas release rate and the local fiber tempera-
ture etc.  This simplified off-gas release rate showed a composition variation from the top to bottom of the system.  The off-
gas volume fraction increased to a maximum at the vent as expected.  The off-gas release also affected the gas temperature 
as shown differences in temperatures in the tapered and uniform cases.  In this simulation, the coupling from the off gas to 
the temperature and flow is a one-way coupling with no feedback.  The off-gas release rate is given rather than evaluated  

Page 10 



 

 
 

from the temperature and local mass fraction of fiber.  Chemical kinetic of carbonization would provide this two-way coupling.  
In the literature, to the best knowledge of the author of this article, it is not available for general expression of chemical kinet-
ic of carbonization of stabilized PAN.  This kind of CFD simulation even with simplified condition would stimulate and encour-
age of development of kinetic expression and improve design and performance of industrial furnace. Further work is required 
to look at variation along the width of the furnace which would affect the system uniformity.  To continue to this variation 
along the width a tow band width model would be required. 
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