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ASTRACT
One of the problems frequently encountered in a
coal gasifier operation is fuel injector failure. Operating
in extreme high pressure and high temperature, the
typical fuel injector life span is 6 to 12 months.
Numerical simulations are performed to study the flow
and temperature fields in the vicinity of the injector tip
and the metal temperature of two different fuel injector
designs -- one with conical-nozzle tip and the other with
a blunt tip -- in a dry-fed, entrained-flow coal gasifier.
The complete 3-D Navier-Stokes equations are solved.
The simulation models the gasification process with
three global heterogeneous reactions and three
homogeneous reactions, including volatile combustion.
The results show the two different injectors give very
different temperature and species distributions inside the
gasifier. In the gasifier with the conical injector tip, the
highest temperature inside the gasifier occurs at the
center of the gasifier; whereas, in the gasifier with the
blunt-tip injector, the highest temperature occurs near the
wall. There is a potential of flash back combustion in the
nozzle at the tip of the conical injector due to its
premixing feature of fuel and oxidant in the nozzle. The
highest temperatures on both injectors are the same,
which is around 1600K.
However, the highest
temperature on the conical-tip injector is concentrated at
one location with an extended region of 30 mm between
1600K and 1100K; whereas on the blunt-tip injector hot
spots scattered and the hot region (1600K - 1100K) only
extends about 3 mm. Experimental results support
simulated results and has demonstrated a short life of the
conical-tip fuel injector and much extended life for the
blunt-tip fuel injector.
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of the most important research goals in the gasifier
industry. ITRI's demonstration gasifier has faced this
similar problem and has modified its fuel injectors in an
attempt to lengthen the injector life expectancy and
minimize the fuel injector failure problems.
The
objectives of this study are to (a) use CFD to analyze the
flow and temperature fields in the vicinity of the injector
tip and the metal temperature of two different injectors
and (b) conduct experiments to verify the CFD results.
Figures 1 and 2 show the schematics of fuel
injectors before and after modification. The conical
injector consists of two concentric pipes. Fuel (dry
pulverized coal) along with the transporting medium,
nitrogen, is injected through the center pipe, while
oxidant (95% O2 and 5% N2) is injected through the
outer pipe. The conical-nozzle design of the injector
allows the fuel and oxidant to premix before entering the
gasifier. Due to the operational failure of this design, the
conical tip of the injector was thought to be the culprit
because it could become too hot and burned out; hence,
on the second fuel injector the conical nozzle was
removed as shown in Fig. 2. Without the nozzle, the
modified injector has a blunt tip. The outer pipe is sealed
at the tip and small holes are drilled at the tip of the outer
pipe to create a similar pressure drop as before the
modification. Fuel enters the gasifier through the center
hole, while oxidant enters through the 8 small outer
holes. In the modified injector, the fuel and oxidant do
not mix before entering the gasifier. CFD study has been
performed to investigate the heat transfer on both
injector designs. In this paper, the simulation of the
conical-nozzle injector design is referred as Case 1, and
the simulation of the blunt-tip injector design is referred
as Case 2.

1.0 INTRODUCTION
2.0 COMPUTATIONAL MODEL
Fuel injectors in a gasifier operate in a very harsh
environment.
Extreme high pressure and hot
temperatures often cause the injectors to fail in a short
period of time, typically in 6 to 12 months. Each
occurrence of a failed injector has caused an unwanted
operation interruption that results in undesired expenses
and reduced profit margin.
Improvement of the
operating life of fuel injectors has been identified as one

2.1 Physical Characteristics of the Model and
Assumptions
The physical characteristics of the model are:
1.
2.

Three-dimensional
Buoyancy force and radiation are considered

3.
4.
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The turbulence models are valid for the turbulent
core flows, i.e. the flow in the regions not in the
immediate proximity of the wall. The flow very near the
walls is affected by the presence of the walls. In the
viscous sublayer, where the solution variables change
most rapidly, is not solved in this study. Instead, wall
functions, which are a collection of semi-empirical
formulas and functions, are employed to connect the
viscosity-affected region between the wall and the fullyturbulent region [Lauder and Spalding, 1974]. The wall
functions consist of (i) laws-of-the-wall for mean
velocity and temperature (or other scalars) and (ii)
formulas for near-wall turbulent quantities. The standard
wall functions for velocity, temperature, and species are
employed in this study. See Silaen and Wang [2005 and
2006] for details.

The following general assumptions are made in this
study:

4.
5.

(3)

The standard k-ε turbulence model is used in this
simulation due to its suitability for a wide range of wallbound and free-shear flows. The standard k-ε turbulence
model is robust, economic for computation, and accurate
for a wide range of turbulent flows. The turbulence
kinetic energy, k, and its rate of dissipations, ε, are
calculated from the equations from the paper by Lauder
and Spalding [1972]. Both buoyancy and minor
compressibility effects on the turbulence model are
considered.

Figure 2 Schematic of new fuel injector design
(scale: mm).
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2.3 Turbulence Model

Figure 1 Schematic of the original fuel injector
design (scale: mm).

1.
2.

(1)

The flow is steady.
No-slip condition (zero velocity) is imposed on wall
surfaces.
Chemical reaction is faster than the time scale of the
turbulence eddies: eddy dissipation model is
adopted.
Walls are insulated (i.e. adiabatic).
Slagging is not considered.

2.4 Radiation Model
The P-1 radiation model is used to calculate the flux
of the radiation at the inside walls of the gasifier. The P1 radiation model is the simplest case of the more
general P-N radiation model that is based on the
expansion of the radiation intensity I. The P-1 model
requires only a little CPU demand and can easily be
applied to various complicated geometries. It is suitable
for applications where the optical thickness aL is large
where “a” is the absorption coefficient, and L is the
length scale of the domain. See FLUENT user guide for
details [2007].

2.2 Governing Equations
The equations for conservation laws of mass,
momentum, and energy are given as:

2

and releases CO. If a significant amount of steam exists,
gasification (R1.3) and water shift reaction (R1.6) occur
and release H2.

2.5 Gasification Process and Reaction Model
The global chemical reactions of coal gasification
[Smoot and Smith, 1985] can be generalized as below:

The experimental data shows methanation is
insignificant in the studied gasifier, so reactions R1.6 and
R1.7 are not included in the simulation. All of the
species are assumed to mix in the molecular level. The
chemical reactions inside the gasifier are modeled by
calculating the transport and mixing of the chemical
species by solving the conservation equations that
describe convection, diffusion, and reaction of each
component species. The general form of the transport
equation for each species is

Heterogeneous (solid and gas) phase:
C(s) + ½ O2 → CO,

ΔH°R = -110.5 MJ/kmol

C(s) + CO2 → 2CO,

ΔH°R = +172.0 MJ/kmol (R1.2)
(Gasification,Boudouard reaction)

(R1.1)

C(s) + H2O(g) → CO + H2, ΔH°R= +131.4 MJ/kmol
(Gasification)
(R1.3)
C + 2H2 → CH4

ΔHoR = -87.4 MJ/kmol
(Direct methanation)
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In this study, the eddy-dissipation model is used.
The assumption in this model is that the chemical
reaction is faster than the time scale of the turbulence
eddies. Thus, the reaction rate is determined by the
turbulence mixing of the species. The sources term S in
equation (5) is calculated using the eddy-dissipation
model based on the work of Magnussen and Hjertager
[1976]. The net rate of production or destruction of
species i as the result of reaction r, Ri,r, is given by the
smaller of the two expressions below

Homogenous gas phase:
CO + ½ O2 → CO2 ,

ΔH°R = -283.1 MJ/kmol (R1.5)

CO + H2O(g) → CO2 + H2 , ΔH°R = -41.0 MJ/kmol
(Water-shift)
(R1.6)
CO + 3H2 → CH4 + H2O,

ΔHoR = -205.7 MJ/kmol
(Methanation)
(R1.7)

VM + O2 → CO2 + H2O
(VM is assumed as CH3.086O0.131)

(5)
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where v´ is the stoichiometric coefficient of reactant and
v´´ is stoichiometric coefficient of product.

Reactions given in R1.1, R1.5, and R1.8 are three
exothermic reactions that provide the complete energy
for the gasification. Based on these global reactions,
approximately 22% of the stoichiometric oxygen is
required to provide sufficient energy for gasification
reactions.
In real applications, 25~30% of the
stoichiometric oxygen is provided to ensure highefficient carbon conversion. Methanation (R1.4 and
R1.7) is assumed to be negligible in this study, so it is
not included in the computational model in this study.
The volatile matters (VM) are assumed as CH3.086O0.131
which has a medium heating value. The ideal operation
intends to burn the volatile but not chars, so all the
carbon could be used for gasification, not for
combustion.

In equations (6) and (7), the chemical reaction rate is
governed by large-eddy mixing time scale, k/ε. The
smaller of the two expressions, (6) and (7), is used
because it is the limiting value that determines the
reaction rate. In this study, the solid particles are
assumed to be gasified instantaneously, so the eddydissipation model can be applied. This instantaneous
solid-gasification approach will provide results between
the finite-rate reaction approach and chemically
equilibrium approach.
The procedure to solve the reactions is as follows:

Partial combustion occurs when the VM and coal
mix with oxygen (R1.1 and 1.8). The energy released
from (R1.1 and 1.8) also heats up any coal that has not
burned. When the coal is heated without oxygen, it
undergoes pyrolysis during which volatiles are released.
At the same time, char gasification (R1.2) takes place

1.
2.

3

The net local production or destruction of species in
each reaction (R1.1 to R1.5) is calculated by solving
equations (6) and (7).
The smaller of these values is substituted into the
corresponding species transport equation (5) to
calculate the local species mass fraction, C.

3.
4.

C is then used to calculate the net enthalpy
production of each reaction equation.
The net enthalpy production becomes the source
term in energy equation (3) that affects the
temperature distribution. In an endothermic process,
the net enthalpy production is negative, which
becomes a sink term in the energy equation.

Table 1 Mass flow rates and mass fractions at
each inlet

Mass flow rate, (kg/s)
Mass fraction:
C
O2

The CFD model for each of the fuel injector design
is divided into two steps: (1) calculate the fluid
mechanics and reactions inside the entire gasifier and (2)
use the calculated flow and thermal results as the
boundary condition to calculate the heat transfer around
and within the injector itself. Other than to provide
boundary conditions, the purpose of performing step (1)
is to investigate the effect of fuel injector designs on the
gasification process. This will be explained in the next
section.
2.6 Computational
Conditions

Domains

and

Center pipe Outer pipe
0.01022
0.004972

H2O
H2
volatile
N2

0.287
0.060
0.091
0.050
0.290
0.222

0.000
0.950
0.000
0.000
0.000
0.050

Outlet

Boundary

The meshed computational domain for Case 1 is
shown in Fig. 3. The slag tap and the quenching section
are not included in the calculation domain because we
are interested in the region near the injectors. Finer
meshes are created near the injectors and coarser mesh is
used towards the bottom and the top (exit). The
computational domain includes a small part of the
injector which is outlined with red lines. Figure 4 shows
the computational domain for the injector heat transfer
simulation. Temperature distributions on the injector
outside/tip walls and at the mouth of the injector hole
obtained in the entire gasifier flow computation in step 1
is used as the boundary conditions in step 2, as shown in
Fig. 4. A total of 2,266,187 mesh cells are used for
gasifier simulation and 890,556 mesh cells are used for
injector heat transfer calculation.

Injector
Inlets

O2+ N2

Coal + N2

Figure 3 Meshed computational domain for entire
gasifier simulation with the conical injectors (Case 1).

The meshed computational domains for Case 2 are
presented in Figs. 5 and 6. Similar to Case 1 with the
conical-tip fuel injector, the temperature distributions on
the blunt-tip injector's wall and at the mouth of the
injector holes in step 1 are used as boundary conditions
in step 2.

Injector hole wall
(adiabatic)
Constant temperature
wall (from step 1)

2.7 Inlet Conditions
Coal
+
N2

The mass flow rates of coal and oxidant at each
injector is shown in Table1.

O2 + N2

Injector pipe base
(adiabatic wall)

Outlet

Figure 4 Meshed computational domain for heat
transfer simulation within the conical fuel injector
(Case 1).
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3.0 COMPUTATIONAL RESULTS

Outlet

Gas temperature and species distributions inside the
gasifier at the injector level for Case 1 are presented in
Fig. 7. In the temperature distribution, the blue regions
are located at the inside of the injectors, where the fuel
and oxidant mix before being injected into the gasifier.
In eddy-dissipation combustion model, which was used
in this study, reaction occurs as soon as fuel and oxidant
mix. This created a problem during the initial stage of
this simulation.
The jump in temperature combined
with the contraction of the flow path caused the
calculation to diverge. To resolve this problem, the
reaction calculation inside the injector was removed so
that the reaction calculation only takes place after the
fuel and oxidant enter the gasifier. This computation
difficulty might also reflect in the real situation as flash
back could occur in the injector nozzle when fuel and
oxidant mix. The high temperature generated by the
flash-back combustion inside the nozzle could have
caused earlier failure of the injectors witnessed in the
actual operation.

O2 + N2
Coal + N2

Inlets

The temperature distribution in Fig. 7 shows that
there is a core of very high temperature at the center of
the gasifier. A close-up view of the injector’s outside
surface and its surrounding flow temperature is presented
in Fig. 8 in two opposite sides. The temperature is
observed higher on one side of the injector than the other
side. This is due to the swirling flow created by the
tangential injection, which pushes the hot air to penetrate
deeper into one side of the injector passage hole.

Figure 5 Meshed computational domain for fluid
mechanics and reactions simulation inside gasifier
for the blunt-tip injector design (Case 2).

The contour of fixed C in Fig. 7 indicates that C is
immediately reacted. This is due to the fact that the fuel
and the oxidant have already premixed in the converging
nozzle of the injector and C undergoes the exothermic
reaction C + ½ O2 → CO. The CO and CO2 distributions
presented in Fig. 7 show that the distributions of CO and
CO2 are almost opposite to each other. CO fraction is
highest when the CO2 fraction is lowest. There is no CO
in the center of the gasifier; on the other hand, the CO2 is
highest in the center of the gasifier. At the same time,
the temperature is highest at the center of gasifier. This
is due to the exothermic reaction CO + ½ O2 → CO2.
The volatiles are reacted very quickly, which will
provide energy for gasification. Hydrogen is richly
produced up to approximately 40% by moles at this
stage.

Injector hole wall
(adiabatic)
Constant temperature
wall (from step 1)

Coal
+
N2
O2 + N2

Injector pipe base
(adiabatic wall)

Outlets

Figure 6 Meshed calculation domain for heat transfer
simulation within the blunt-tip fuel injector (Case 2).
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Figure 7 Temperature and species distributions on the horizontal fuel injection plane for Case 1.
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injector decreases to 1100K within 30 mm. This is
sufficient to melt the injector tip. Figure 10 presents
temperature distribution on the outside wall of the
injector. It shows the location where the highest
temperature occurs on one side of the injector. This
highest-temperature location is the side where the hot
temperature hits from the adjacent injector as mentioned
earlier.

Horizontal
center
plane

Vertical
center
plane

Figure 9 Temperature distribution on the horizontal
and vertical center planes of the injector for Case 1.
This is the result of step 2 focusing on the entire
injector.

Figure 8 Temperature distribution on the injector
outside surface and its surrounding flow for Case 1
seen from two opposite sides. Due to the tangential
flow injection from the adjacent injector, one side has
higher temperature than the other side. This is the
result of the gasification simulation in the entire
gasifier in step 1.

The injector heat transfer study result is shown in
Fig. 9. In this simulation, any potential flashback
combustion in the nozzle is removed. The heat source is
assumed to be entirely located outside the injector as
being calculated in step 1. Temperature which was
obtained from the step 1 of the simulation mentioned
earlier is imposed on the outside wall of the converging
part of the injector at constant values. This constant
temperature boundary condition allows thermal energy to
transfer into step 2 computational domain without a
limit, like a constant temperature reservoir. The fuel and
oxidant moving inside the pipes actually act as coolants
to carry away the heat conducted through the pipe walls.
The gas in the narrow space between the outer pipe wall
and the gasifier is almost stationary. The heat transfer in
this air layer is dominated by heat conduction mode.
Figure 9 shows the temperature distributions on the
horizontal and vertical center planes of the computational
domain, which include both the fluid and solid regions.
The temperature calculated in the injector shows a very
hot temperature, around 1600 K, near the tip of the
injector. The hot temperature on the surface of the

Figure 10 Temperature distribution on the injector
outside wall for Case 1.
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Figure 11 Temperature and species distributions on the horizontal fuel injection plane for Case 2.
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in Case 2 is less likely to fail due to the extreme
temperature compared to the injector in Case 1.

The results of blunt-tip injector (Case 2) are given in
Fig. 11. The distribution of fixed carbon (C) shows that,
very different from Case 1, C is not immediately
consumed (reacted) because it is not premixed inside the
injector as in Case 1. It is noted that O2 injected facing
the center side of the injector is immediately consumed
and produces CO, while CO2 is produced in the near wall
region. Judging from the high temperature (near 3600K),
high CO2 and H2, and low O2 and volatiles in the near
wall region, it can be concluded that two exothermic
reactions, which are gasification of volatiles (VM + O2
→ CO + H2) and CO + ½O2 → CO2, prevail in the nearwall region and produces a lot of heat there. As soon as
CO is produced by the gasification of volatiles, it is
burned by O2 to produce CO2. Production of hydrogen is
not as much as in Case 1. Healthy amount of H2 and
CO are produced at this stage with H2. An enlarged
velocity vector plot superimposed with temperature in
color is shown in Fig. 12. Interaction of injected jet flow
and the tangential momentum from the adjacent injector
can be clearly seen in this figure.

Exit gas temperature and compositions for both
Cases 1 and 2 are tabulated in Table 2. Even though the
temperature and species distributions at the injection
level seem very different, the exit syngas for both cases
are pretty close to each other.

Figure 13 Temperature distribution on outside wall of
injector for Case 2.

Horizontal
center
plane

Figure 12
Velocity vectors and temperature
distributions on the horizontal fuel injection plane for
Case 2.

Fig. 13 presents the temperature contour on the
outside wall of one of the injectors for Case 2. Again,
this temperature contour was obtained from the
gasification simulation of the entire gasifier. It was then
used as the wall boundary condition at the injector tip.
Similar to Case 1, the highest temperature observed is
around 1600 K. However, this high temperature seems
to be scatteringly distributed, as opposed to concentrated
at one location in Case 1. Furthermore, Fig. 14 shows
the high temperature quickly decays to 1000 K within 2
mm (vs. 30 mm in Case 1). This means that the injector

Vertical
center
plane

Figure 14 Temperature distribution on the horizontal
and vertical center planes of the injector for Case 2.
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Table 2 Gasifier exit gas
compositions for Cases 1 and 2
Parameters

and

Case 1

Case 2

1265
72%

1215
86%

73%

80%

Exit temperature, K
Carbon fuel conversion
efficiency, %
Fuel conversion
efficiency, %
Components at exit:
Mole
fraction

CO
H2
CO2
VM
H2 O
N2
C
Heating value (MJ/kg)

temperature

41.9%
33.4%
12.0%
0.7%
0.0%
12.0%
0.0%
10.2

Mole no.
(mole)

0.30
0.24
0.08
0.00
0.00
0.08
0.00

Mole
fraction

Mole no.
(mole)

40.0%
30.7%
10.1%
7.2%
0.0%
12.0%
0.0%
10.3

0.30
0.23
0.08
0.05
0.00
0.09
0.00

Figure 15 Exterior wall of the gasifier using fuel
injectors with pre-mixed fuel nozzles. Red spot
indicates heat penetration through worn-out brick
caused by premixed flash back combustion in the
nozzle.

4.0 EXPERIMENT
As shown in the schematic of the original fuel
injector in Fig. 1, oxidant, transport gas and coal powder
enter the gasification chamber in a premixed condition.
This premixed type injector has not always been stable
during operation. In test conditions, gasifier temperature
reaches over 1400°C. During operation, sometimes coal
particles have blocked the annular space in the injector,
preventing continuous feed of coal into the gasifier.
Flashback in the annular space of injector can potentially
damage the injector. Shown in Fig. 15 is the exterior
wall of the gasifier where the red spot above the injector
indicates the heat penetrates refractory insulation caused
by the combustion of coal particles inside the injector.
Figure 16 shows fuel injectors that failed due to very
high operating temperature. It was speculated that the
high temperature in the injector was caused by flash back
combustion due to premixed combustion inside the
conical nozzle. To remove this premixed design, the
nozzle has been cut off as shown in Fig. 17. The revised
fuel injectors have performed stably and reliably for
several months at 15 bars without any complication.
However, after a long period of testing, the thickness
of the refractory-liner wall has been worn away and
became thinner than the original contour of gasifier
inside wall. The nozzle tip eventually protruded over the
worn-out refractory-liner and is exposed to the extreme
high temperature in the gasifier. As a result, the injector
tips were eventually burned out as shown in Fig. 18.
Based on the test experience, it is suggested that the
length of coal injector should be less than the thickness
of refractory-liner by at least 10 mm. This will help
ensure the gasifier will operate at a safe, continuous and
stable condition.

Figure 16 Burned out conical-tip fuel injectors.

Figure 17
Blunt-tip (non-premixed) coal injector.
Outer eight holes transport oxygen and the inner hole
transports coal powder and nitrogen.
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Figure 18 The right blunt-tip injector shows it is in
mint condition after a short service and the left
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5.0 CONCLUSIONS
The two different fuel injector designs give very
different temperature and species distributions inside the
gasifier. In Case 1, the highest temperature inside the
gasifier occurs at the center of the gasifier; whereas, in
Case 2, it occurs near the wall. Case 1 produces high H2
and low CO; whereas, Case 2 produces both rich H2 and
CO. There is a potential of flash back combustion in the
nozzle at the tip of the conical injector due to its
premixing feature of fuel and oxidant in the nozzle. The
highest temperatures on both injectors are the same,
around 1600 K. However, the highest temperature on the
conical-tip injector (Case 1) is concentrated at one
location with an extended region of 30 mm between
1600 K and 1100 K; whereas on the blunt-tip injector
(Case 2), the maximum temperature distribution is
scattered and the hot region (1600K - 1100K) only
extends about 3 mm. Therefore, the blunt-tip injector is
less likely to fail. Experimental results support simulated
results and has demonstrated a short life for the conicaltip fuel injector and an extended life for the blunt-tip fuel
injector. However, eventually the blunt-tip fuel injector
did burn out after extended service when the refractory
brick was worn away and the fuel injector tip protruded
from the wall without any protection.
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