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Figure 5-11: The amount of wall boundary displacement caused by deposition in NIFTR
tube for different time

The modelling results presented in Figure 5-11 clearly depict that the highest amount of
displacement occurs in the location corresponding to the maximum value of autoxidation
rate in a steady state calculation. Explicitly, the boundary displacement starts form a zero
value at the tube inlet and increases moderately during the first 0.05 m after fuel inlet
along heated tube then reaches to its maximum value followed by a relatively dramatic
decrease till approximately 0.6 m downstream the fuel inlet followed by a moderate drop
until tube exit.

A closer look at the position of fuel-deposit interface for the different periods of time
(Shrs, 15 hrs, 30 hrs and 72 hrs) indicate that the formation of deposit becomes significant
after 15 hrs. Comparing the magnitude of the displacements values for 5 hrs (0.003 pm),
15 hrs (0.065 um) and 30 hrs (1.8 um) prove that there is an invariant zone of the
deposition for the first 15 hrs of test run. The invariant zone is justified by the existence
of a period known as “induction period” or “deposit hold off” which manifests itself in

most of the experiments carried out on the heated tubes for the investigation jet fuel
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thermal stability. Although the growth of deposit within the entire process of jet fuel
thermal exposure is believed to be non linear and very smooth, the simulated results
presented in Figure 5-12 depict that the profile of deposit growth becomes linear for the
rest of the duration. This limitation of the CFD code can be ascribed in terms number
factors.

An important factor is the lack of understanding of the physics of fuel deposit interface
as the function of time and temperature. In reality the tube surface cannot be treated as a
homogeneous surface with the same sticking probability.

In addition, for simplicity, physical complexities associated with the surface deposition
such as agglomeration, nucleation, collection, and fusion are all consolidated in an
oversimplified scheme composed of 1-3 Arrhenius type reaction steps. Therefore, the
choice of a single value for the rate parameter for the entire duration of experiment is not
appropriate.

Another important factor is the choice of appropriate polynomial functions for the
thermal properties such as thermal conductivity, density, and heat capacity of deposit
with respect to the time and temperature. Due to the lack of these functions, in this
research they were considered as constant values. Accordingly with the application of
thermal properties as constant values for both deposit and stainless steel and also with the
use of dynamic viscosity and density as the polynomial functions for jet fuel, the
predicted temperature of the jet fuel and fuel-deposit interface showed no changes
throughout the calculation. However, due to the thermal insulative characteristics of
deposit, when it is subject to the constant temperature at outer wall, the expectation was
to observe a drop of temperature at fuel-deposit interface as deposit forms. This is

indicated in Figure 5-13.

Stainless Steel

Thermal conductivity(W/m.K) 16 0.1-0.16
Density(kg/m*) 8030 1000
Heat Capacity(j/kg.K) 500 800
Dynamic Viscosity(kg/m.s) - z

Table 5-4: the values of thermal properties of stainless steel, deposit
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Figure 5-12 : Simulated maximum boundary displacement over different period of time
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Figure 5-13: Contour of temperature for different zones within the NIFTR tube magnified
with a scale factor 0f 150 in radial direction

5.5.2 Validation of Dynamic Mesh Model with AFTSTU Heated Nozzle

A steady state calculation was performed to imitate the temperature profile across the
external wall and for the bulk fuel. The thermal and momentum boundary conditions
were set up on the basis of the test conditions of the AFTSTU heated nozzle module for
the baselinel test stagel corresponding to the lowest power supplied by the RF heater
unit presented in the Table 4-1. Accordingly the uniform inlet velocity of the 1.557 m/s
with a fixed temperature of 423k was considered for the inlet velocity. With respect to the
value of viscosity of jet fuel at fuel inlet temperature, the calculation of Reynolds number
indicate that the fluid flow falls in turbulent regime .Therefore, k-¢ turbulence model was
used to simulate the impact of turbulence on the flow filed. Correspondingly the value of
10% was used for the turbulent intensity and for the hydraulic diameter the value of
0.001408 m was considered. The set up of the wall boundary condition was in a way to

establish an energy generation rate through the second segment of the stainless where is
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subject to the heating by RF unit heater to be corresponding to the amount required for
approximately 13-15k temperature rise within bulk fuel. For the steady state calculation,
the sandwich zone representing the growing deposit layer was not included.

In Figure 5-14, predicted results of the temperature distribution along the external wall
together with the bulk fuel temperature are plotted. These results indicate that on the
whole, there are upward trend for both external wall and bulk fuel temperature. The
temperature profile for the external wall depicts that a slightly decrease of temperature is
observed for the first segment of heated tube. This temperature drop is due to the
inclusion of natural convection and radiative heat transfer sub models applied at the
external wall boundary. Since there is no temperature measurement performed on the first
segment of the external wall, the justification of the model results for this region is
inappropriate. The temperature drop through the first segment is followed by an
approximately 120°C temperature rise starting from 0.1 m up until 0.125 m. Such a
dramatic increase is due to the high amount of heat generated via the second segment of
the tube representing the RF heater. From the axial distance of 0.125m until 0.225m a
moderate temperature rise of about 30 k is observed which is followed by a very sharp
temperature drop of 100k within 0.05 m for the third segment of the external wall. Such
temperature drop is due to the natural convection and radiative heat transfer through the
external wall boundary.

In the CFD model, it was wrongly assumed that there is axial heat convection through the
tube exit, however, in reality, AFTSTU heated nozzle is attached to the rest of the fuel
line; therefore, conductive heat transfer for this region seems to be more appropriate. To
sum up, the simulated results of the external wall proved relatively a good consistency
with the experimental points throughout the second segment.

The simulated temperature profile indicate an invariant temperature zone from the nozzle
inlet until approximately 0.11 m downstream of the fuel inlet followed by nearly a linear
temperature rise up to the nozzle exit. A total temperature rise of 13-15k is observed
within the bulk fuel matching up with the experiment. Figure 5-15 represents the contour
of temperature for various segments throughout the AFTSTU nozzle. Figure 5-16
represents a cross sectional temperature profile for an axial location at 0.0005m

downstream of the fuel inlet.
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Figure 5-14: Temperature profile across the wall and the bulk fuel in heated nozzle module
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Figure 5-17, Figure 5-18 and Figure 5-19 represent the cross sectional temperature profile
for the axial location at 0.140 m downstream of the fuel inlet corresponding to the first
thermocouple (TA), 0.165 m downstream of the fuel inlet corresponding to the second
thermocouple (TB) and 0.190 m downstream of the fuel inlet corresponding to the third
thermocouple (TA). It is observed that in the all three graphs, a curvature temperature rise
occurs within the jet fuel in radial direction which is followed by a linear temperature rise

within the solid zones (stainless steel).
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Figure 5-17: Cross sectional temperature profile for an axial location at 0.140 m
downstream of the fuel inlet corresponding to the first thermocouple (TA)
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Figure 5-18: Cross sectional temperature profile for an axial location at 0.165 m
downstream of the fuel inlet corresponding to the second thermocouple (TB)
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Figure 5-19: Cross sectional temperature profile for an axial location at 0.190m downstream
of the fuel inlet corresponding to the third thermocouple (TC)

Figure 5-20 represents the prediction of the dissolved oxygen depletion in thermally
stressed jet fuel within the heated tube. With respect to the length of fuel passage through
the AFTSTU heated nozzle and the velocity of fuel, the residence time for a fluid element

within the tube is about 0.16s. Under this circumstance, the total amount of oxygen
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depletion is approximately 0.02 of initial value. Qualitatively, the rate of autoxidation is
very low, almost negligible, within the first segment of AFTSTU heated nozzle followed
by a sharp increase of rate throughout the second segment. The irregular behaviour
observed within the third segment is more likely to be a computational error. Another
possibility is that the change of temperature regime from the second segment to the third
causes the reaction step responsible for the thermal decomposition peroxide radical to be

slightly more significant as presented below.
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Figure 5-20: The profile of oxygen consumption in AFSTTU heated nozzle at the fuel-
deposit interface
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Figure 5-21 represents the prediction of the insoluble species (deposit precursor) for an
axial location of 0.190m downstream of the fuel inlet corresponding to the location of the
third thermocouple (TC). It is observed that as a consequence of mass diffusion the
amount of deposit precursor increases from the axis towards the fuel-deposit interface
where the surface reaction occurs. The values that have been employed for the impact of
sticking probability on surface reaction were as 0.015E-3 m for the absolute surface
roughness of stainless steel, 2.11E-3 m for hydraulic diameter, 16600 for the Reynolds
number. The values for the mass diffusion coefficients of species were taken form Wade
(2005).
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Figure 5-21: Cross sectional profile of mass fraction of insoluble species(de_posit precur;fng
for an axial location of 0.190m downstream of the fuel inlet corresponding to the thir
thermocouple( TC)

In the next step, the unsteady state calculation with dynamic mesh was carried out. The
same observation with regard of negative volume was occurred for after a computational
time equal to 10 h. The values of 1 for the relaxation factor together with 25-50 numbers
of iterations in Laplace smoothing approach can overcome such difficulty. With the
application of same computational power explained for the NIFTR simulation, for a total
number of 25500 cells, 1275 axially located with the same interval count, 10 cells for the

fluid zone with the interval count of 0.85(denser towards the fuel-deposit interface), 2
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cells for deposit layer with the 1 interval count value and 8 cells equally distributed along
the stainless steel, a time space of 3 hours was required for the steady state calculation to
converge. Also, 18 hours time for the unsteady state calculation was required.

Figure 5-22 represents the simulated results of the total amount of displacement for four
different thermal stressing times. It is observed that regardless of the duration of thermal
exposure, the amount of fuel-deposit boundary displacement is insignificant for the first
segment of the tube while, for the second segment, the boundary displacement becomes
meaningful. It is observed that the rate of deposition is higher from the beginning and
becomes slightly lower in the course of process. The maximum amount of displacement
occurred at the point where the rate of autoxidation was the highest followed by a
dramatic decrease in the third segment. These results indicate that the duration of thermal
€xposure has a significant impact upon the amount of displacement. By a closer look at
Figure 5-22 it can be observed that the amount of displacement becomes significant after
20h of thermal exposure time. The results of displacement for the first 15 hours are not
plotted in the figure as they appeared in the order of 1E-12 and effectively overlapped
with the first position of fuel-deposit interface at t=0.
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Figure 5-22: Boundary displacement due to deposition in heated nozzle of AFTSTU

Figure 5-23 depicts the simulated amount of deposit thickness for different thermal
exposure time. These are enable to qualitatively represent the induction period occurred
during the first stage of deposition. The growth of deposit in heated tube exhibits a sharp
rise between 15 hrs and 20 h; while, the experimental results of temperature rise in Figure
4-11 indicate a smooth increase of temperature for the entire period of thermal stressing.
Such unrealistic jump was due to the lack of accuracy of displacement calculation for the
shorter thermal exposure period. It has to be mentioned that this also happened between
15-20 h thermal exposure time in the results of deposit amount in Katta and Roquemore.

Following on the induction period, the predicted results for the higher duration of thermal
exposure showed a linear behaviour. This might be related to the lack of appropriateness
of the surface deposition sub mechanism applied. It was previously mentioned that there
are multitude of surface and bulk interactions leading to the formation of deposit.
Perhaps, the application of three step mechanism cannot realistically describe the surface

phenomena.
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Secondly, the reliable mathematical polynomials for the thermal properties of deposit as
function of time and temperature are very crucial for the right prediction of heat transfer

throughout the deposit layer.
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Figure 5-23: The amount of deposit thickness in heated nozzle of AFTSTU

5.6 CONCLUSION

The CFD model based on the dynamic mesh approach proved to be capable of predicting
of the deposit growth in a real time calculation for a two dimensional cylindrical passage.
This model can be applied to the different experimental conditions for which the fuel
passage is considered to be cylindrical.

There are a number of limitations in terms of the application of this model for the
modified geometry such as elbow shape or contraction/expansion nozzle as in this
technique the boundary movement was considered to be only in radial direction. Hence,
for the application presented approach, the formulation for the new boundary after each
time step must be modified. One suggestion is to consider that the displacement occurs in
the direction normal to the boundary. However, a fluid flow calculation in association
with the chemistry must be carried out to identify the regions where the deposition rate is

the highest.
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The actual code has not been validated so far with the quantified amount of deposited
carbon on inner surface of AFTSTU heated nozzle as such facility has not been available
during this research.

More focus ought to be on finding the reliable functions for the thermal properties of the
deposit. Accordingly, a morphological analysis ought to be carried out in order to identify
the 3D profile as well as the elemental analysis of the deposit.

In order to include the appropriate contribution of variant surface roughness in dynamic
mesh technique, the suitable measurement based on the pressure drop across the
AFTSTU heated nozzle has to be performed.

Since the propensity of deposit formation may vary significantly from one jet fuel sample
to the next, the chemical composition of the fuel sample used for the thermal stress must
be accurately identified. Accordingly, the more quantified picture of jet fuel influential
constituents upon thermal stability such as active sulphur(Sulfide and disulfide), naturally
and synthetic antioxidants, dissolved metals and hydroperoxide compounds results in
more accurate amount of predicted result of deposit.

Since the validation of pseudo-detailed mechanism has been mostly performed in the
laminar flow regime, the reaction rate parameters have to be optimised by the application
of technique developed by Wade (2005).

The simplistic reactor/CFD approach which was developed in this thesis has also to be
validated with the results of carbon burn off. The ease of use and low expense of
computation makes this approach to be very practical for the preliminary analysis.
Another possible mathematical formulation which is slightly closer to the physics of
deposition is proposed to include a suggestive factor called as “surface coverage factor”
whicﬁ accounts for the change of the area covered by the deposit throughout the time

dependent modelling.
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CHAPTER 6

DISCUSION AND SUGGESTION FOR FUTURE WORK

6.1 Thesis Recapitulation
A literature survey has been provided in Chapter 2 addressing the physico-chemical

aspects of jet fuel autoxidation process along with the surface deposition phenomena. The
significance of these processes in aviation has been discussed. The impact of various
constituents of fuel on thermal degradation process has also been highlighted. Various
chemical schemes for the description of processes have also been provided. Moreover,
different techniques, apparatus, and rigs for the experimental investigation of process
have been addressed. At the final section of the Chapter 2, several computational fluid
dynamic techniques for simulation of jet fuel thermal degradation have been reviewed.

In Chapter 3, a mathematical formulation for calculation of the rate of the equations has
been presented. Based on the mathematical model, a MATLAB computer code was
developed to integrate the non linear system of the equations representing the jet fuel
autoxidation mechanism, namely pseudo detailed mechanism. The model results showed
reasonably good agreement with the experimental data based on the results of the NIFTR
which are publicly available; see Jones and Balster (1993). Furthermore, a formulation
for the sensitivity analysis has been presented and applied to the pseudo detailed
mechanism in order to compute the dependence of the oxygen depletion and
hydroperoxide species formation on the rate of the reactions. The calculated results
indicated that the rate of three reaction steps are insignificant to these two species, hence,
the chemical scheme was further reduced.

The description of AFTSTU, experimentation method, and the results has been addressed
in Chapter 4. The experimental data have been analysed and based on the previous
physical models and theories of jet fuel thermal stability an explanation has been
provided to address the typical behaviour of surface deposition along the AFTSTU heated

nozzle.
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In Chapter 5, two modelling approaches have been addressed. The first model is based on
the combination of the reactor modelling and CFD. A MATLAB computer code was
generated to read the local values of velocities and temperature from Fluent solver. By
the use of the global chemistry scheme for fuel thermal degradation, it was attempted to
calculate the total amount of deposit over the entire volume of the tube. Because this
model is incapable of prediction of temperature distribution across the wall, it was not
included for the further calculations in this thesis.

In the other modelling approach, based on the dynamic mesh technique a CFD simulation
was performed. With the application of this technique, it was assumed that the fuel-
deposit interface boundary is subject to a real time displacement caused by the growth of
the deposit. A mathematical formulation has been presented to address the sticking
probability of the precursor species on the surface. All these issues were considered in
two user define functions. These functions were compiled and implemented into Fluent to
imitate the surface deposition in both NIFTR and AFTSTU tubes.

Experimental results of AFTSTU heated nozzle module indicate that the temperature
along the external wall increases dynamically throughout the thermal exposure time for
all thermocouples. The increase of temperature at the external wall can be explained in
terms of the thermally insulative characteristics of the deposit layer while the constant
heat flux is generated across the tube wall. The recorded data by the farthest
thermocouple show that three stage behaviour is clearly manifested for this point when
the highest thermal load is supplied. It is, however, believed that if the duration of
exposure is increased enough, is more likely to observe such three stage behaviour for all
of the thermocouples.

Interpretation of the initial stage, namely induction period is complicated. The
thermocouple at the tube exit proved that the fuel temperature at this point remains
unchanged during the entire experiment. In addition, the chemistry of jet fuel for each
stage of the tests, at any instant, should be the same as jet fuel is not subject to the
recirculation. However, there was no facility to measure the temperature of the fuel-
interface during the test. Katta and Roquemore (1993) reported that the temperature at the
interface remains undisturbed for the entire duration of the test. In this way, if both

chemistry and temperature in the deposit adjacent layer are constant, the reason for the
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induction period may be related to the unknown interaction of precursor particle and wall
surface. Hazlett (1990) reported that a number of phenomena contribute to the surface
deposition. It is assumed that the ensemble of surface deposition processes is a non linear
process. Induction period may be a sticking retardation phase as a consequence of
agglomeration, collection, and fusion. Throughout the agglomeration step, the insoluble
products which are generated during the autoxidation are transformed to the micro
spherical species ranging from 500 to 3000 A in size. The micro spherical particles then
settle or collect on surfaces after impingement from the moving fluid. Loss of volatile
fuel can leave non-volatile particles on surfaces. Following on collection, particles
undergo coalescence and plastic flow to form varnish like substrate on which additional
particles collect. Further oxidation may take place to form ‘coke’ like deposits. Probably,
during the temperature rise stage, the surface interaction with the precursor will be
higher. The third stage, namely level off, might be related to the partially and then fully
coverage of the stainless steel surface resulting to a decrease in surface deposition.

For the baseline test 2, the fuel temperature was increased by the application of High
Pressure (HP) heater. In this case, the higher amount of precursor which is favoured by
higher temperature results in the more pronounced temperature. In particular, the higher
temperature at the fuel inlet increases the rate autoxidation in heated tube. Under this
situation, the formation of precursor species is higher and hence more deposition takes

place.

6.2 Theoretical Investigation of Carbon Deposition in AFTSTU Heated
Nozzle Module

Application of pseudo detailed mechanism of jet fuel thermal oxidative stability in a zero
dimensional modelling, which has been carried out in this thesis, indicates that the initial
step of the mechanism, that is, (I-R") is extremely slow reaction and it supplies a very
low concentration of alkyl radicals (R that are not enough to interfere with the overall
oxidation process. Hence, this step can be effectively removed from the mechanism as
thermal decomposition of very low levels (micro molar) of hydroperoxides found in jet

fuels are sufficient to initiate the chain without including the "fake" initiation step. The
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results of sensitivity analysis depicts that the alkyl radical is significantly sensitive to the
reaction step 9 and 18 of the pseudo detailed mechanism as presented in Table 2-3.

In this mechanism, the equal number of moles for both alkoxy radical (RO") and hydroxyl
radical (OH") is expected to be generated through the hydroperoxide decomposition steps.
However, further participation of alkoxy radical (RO") in more reactions (10, 11, 13)
compare to the contribution of hydroxyl radical (only reaction 12) is the reason for the
concentration of hydroxyl radical being significantly higher throughout the autoxidation
process. There is a schematic similarity between the two of the propagation step
reactions, namely, reaction steps 10(RO'+RH—ROH+ R") and reaction 12(OH'+RH
—H,0+ R’) in terms of alkyl radical (R") formation, however, as the molar concentration
of bulk fuel (RH) is approximately constant during the process, the rate for the reaction
step 12 is noticeably higher than reaction stepl0 due to the higher concentration of
hydroxyl radical (OH").

By setting the pre exponential factor of the reaction 10 equal to zero no changes were
observed in the profile of species of interest, namely dissolved O, and hydroperoxide
species. Although the reaction 12 is an important step to carry on the chain, the complete
elimination of alkoxy radical (RO") results that the species of interest to be under
predicted. Further contribution of alkoxy radical (RO’) to the mechanism is described in
the pseudo-detailed mechanism thorough the steps (10, 11, 13 and 14). However, by
elimination of reaction steps (10 and 13) or (11 and 14) no changes were observed in the
concentration species of interest.

Although this model is commonly applicable for any two dimensional cylindrical
passages with moving boundaries, this is not ready to accurately reproduce the
temperature distribution across the external wall. There are also a number of limitations
in terms of the application of this model in modified geometry such as elbow shape or
contraction/expansion nozzle. In the presented model the boundary movement was
assumed to be only in radial direction. Hence, in order to apply it to the non cylindrical
Passages further assumptions ought to be considered. One assumption is to consider that
boundary displacement occurs in the direction normal to the flow direction. In addition, a
fluid flow calculation in association with the chemistry must be carried out to identify the

regions where the deposition rate is the highest.

162



A major drawback of the CFD modeling based on the moving boundary technique
performed in this thesis was the application of inappropriate thermal property values for
deposit layer as function of temperature. To date there is no available functions for
thermal conductivity, heat capacity and density of growing deposit. Therefore, a
sensitivity analysis must perform to investigate the impact of these properties on the
predictive power of the model.

An arbitrarily function for thermal conductivity of the deposit was assumed and
implemented in to the CFD model. Although, the simulated results showed that the code
is capable of predicting the temperature rise for the external wall in a non linear manner,
the calculation was crashed due to the occurrence of negative cell volume. Therefore, the
suggested function was not included in this thesis, however, will be published separately

once the problem with negative volume is fixed and the problem is optimized.
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The actual code has not been validated so far by the quantified amount of deposited
carbon on inner surface of AFTSTU heated nozzle as such facility was not available

during this research.
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6.3 Suggestion for the Future Works

Reliable polynomials for deposit thermal properties must be provided to represent their
change with temperature and time. For doing this, analysis with Scanning Electron
Microscope (SEM) is recommended to be applied. By the application of SEM, firstly
three dimensional topography of the deposit for some regions of the heated tube can be
provided. Secondly, the application of Energy-dispersive X-ray spectroscopy (EDS)
which is an analytical technique used for the elemental analysis or chemical
characterisation of the sample can more precisely determine gain information about the
constituents of deposit. In this research, it was assumed that the deposit is fully made
from carbon.,

Once the reliable thermal properties of the deposit are available, the CFD model needs to
be slightly modified to be capable of imitating more accurate temperature distribution
across the external wall as well as along the fuel-deposit layer. Accurate prediction of
heat transfer from the stainless steel to the deposit and to the fluid gives the right
temperature profile at fuel-deposit interface. Once this is provided, then the typical three
stage behaviour of the deposition can be justified.

Chemistry of autoxidation is highly sensitive to some of the fuel’s constituents.
Therefore, the quantitative analytical chemistry tests ought to be performed to measure
these species. However, throughout different compartments of AFTSTU, jet fuel faces
with diverse thermal regimes at various residence times, hence, changes its composition.
Online sampling and instrumental analysis a test are certain solutions for quantification of
chemical composition of jet fuel at heated tube entrance. Alternatively, if chemical
composition of fuel is given at fuel tank, a reactor calculation can approximate the
constituents of the jet fuel at tube entrance.

Once more accurate heat transfer prediction can be obtained, based on the assumption
that deposit is fully made from the carbon; Carbon Burn off (CBO) ought to be used to
quantify the total amount of deposit for each heated tube. As the experiment performed in
this thesis includes two baseline tests, each consists of four stages; surface deposition can
be presented against power supplied.

A more comprehensive sub mechanism for the surface deposition needs to be provided.

Therefore, in order to include a more realistic physic of sticking probability for the longer
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duration of thermal exposure, another possible mathematical formulation which accounts
for a suggestive factor named as surface coverage ought to be implemented into the
dynamic mesh udf.

To sum up , in order to be able to reproduce the level off period during the deposition,
that is the decrease of deposition rate for the third stage of deposition as was shown in
experimental results, the surface coverage factor ¢ is proposed to considers that the
formation of deposit varies between two limits when the surface metal is clean (¢=0) and
the situation when is fully covered (p=1).Consequently, deposit formation in the time
interval between these two limits can be described by any combination of the first and the

second terms in the following equations.

d[prcursor]

= (- ¢)exp< ')+¢ p(———) Eq.0-1

Therefore inclusion of surface coverage factor ¢ in above results in following equation.

d(deposit) _ C 'mf _ Ea i ) (—' Ea .in )]
dt T ertce [ MP ]I:(l ¢)exp( RT +(bexp RT Eq0-2
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APENDIX A
Description of the Integrator Code

AFTS integrator is a rather straight forward code which integrates the non linear system
of ordinary differential equations representing the chemical kinetic scheme. The code is
able to integrate the system for both directions (forward and backward) however, as Jet
Fuel Autoxidation reactions is unlikely to reach to the equilibrium state only the forward
reactions are considered. Once the reliable thermodynamic data base for the species is
available the backward reactions can be included, however, the associated function with
AFTS.m (dCdt) ought to be slightly modified.

The solution of energy balance is not considered in the integration as it was assumed that
the energetic of the process is not significant. For the mole balance calculation, in order
to overcome the stiffness associated with integration which is caused by different time
scales of existing reaction steps, the predictor corrector method, namely Gear’s method
Wwas.(See chapter 3)

Theory

The matrix notation of the reaction rates has been comprehensively discussed in chapter

3. Here the equation is re written.

iaijAj =0
i

i=1.M
Where:

N is the number of species and M is the number of reactions and a; is the stoichiometric

coefficient of species jin reactioni

By convention ;<0 for reactants and ;>0 for the products

The integrable form of ordinary differential equations can be written as in:

' o
0
h
(L)
i
IR
-
1~

.
—
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Where a' is the transpose of stoichiometric coefficients and ris the matrix of reaction

rates. According to the above equation, the integrable form a chemical kinetic scheme,
for instance, the scheme representing liquid phase autoxidation of jet fuel can be written

as following:

Nurmber of reactions

[ I ][00 06 0000OCOCOO0O0O0O0 000 0 O]
R* 1j-11 0 o 1 0 0 0 -20 1 01 0 1 0 1 -1
0, 0-10000—1000000000010[’]&1”
RO o|l1 -1-2-10 0 0 6 0 0 0 0 C 0 O 0 -1 ~liRy
RH 0fo <10 0-10 060 0 0-10+-t0-1020 0}R
RO.H 0jJo 1 o I 0 0 0 0 0 -1 0 0 0 O 0O -1 0 OfRy
Tuamnain| [O0f0 0 1 0 0 0 0 0 0 0 6 0 0 0 O O O 1f{Rs
R, olo o o o o 0 0 0 1 O O OO0 C O O O OfRg
RO* olo o o oo 0o 0o 0 0 1 ~1-10-200 0 OfRy
OH* clo o o oo 0o 0o 0 0 1 D O-1 OO OO0 OfRg
4| RoH olo o o oo 0 0 0 0 01 0O OC O 0 O OfRp
3| FRwins [=]j0J0 0 0 0 0 0 0 6 0 0 0 1 0 0 ~10 0 OfRp
Carbonyl ol]o o o oo 0 0 0 0 0 D11 O OO0 O 0 OfRL
H0 olo o o oo oo o 6 0 0O 1 000 O O0fRn
ROtm olo o6 o 0 6o 0 0 0 6 0 00 G 1 0 0 0 OfRn
illare 0ojl]o 6 o 0 0 6 0 0 0 0 0 O 0 0 I O O OfRu
AH ojlo 0 0 -10 0 -10 0 0 OO O OO O O OFfRis
A" ofo o o 1 0 -11 0 0 0 0 6 O 0 0 0 O OfRy
A0y* 0lo o 0 0 ~11-1-20 00D 0 0 0 0 0 OfRy
AO.H oj]o o o 01 011 0 0O 0O O G O O O O O OfRsp
ProutdAH | JO}O 0 0 0 0 0 ¢ 1| 0 0 0 0 O ©€ O O O OfiRy]
SH ojJ]o o o 00 000 0 OWOTU OO OCO-100
| ProductH ) |00 0 0 © 0 06 6 0 6 0 0 0 0 0 0 1 0 O]
Number of species
Traspose of alpha

It ougtit to be mentioned that the stoichiometric matrix a; is constructed by the code

automatically based on the mechanism which has to be provided by the user.
There are also two text files, which have to be located in the same directory as the

integrator code and the functions are.
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The text files are named as AFTS.txt and mechanism.txt respectively.

AFTS.txt contains 7 columns. The first column is the species index (i=1...N), the second,
third and forth are the coefficients for the calculation of specific heat (Cp) as the
polynomial functions. The fifth is the enthalpy of formation, sixth entropy and the last
column is the species name. This file is considered as the thermodynamic data base for
the species. The reason why the coefficients and the columns of the enthalpy and entropy
are put in the table is mainly due the future calculation of the backward reactions. In fact,
a data base for these values has been provided by the author of this thesis on the basis of
Benson methods (group additivity), however; these values are not reliable enough and
should be recalculated and validated with some similar and well known species whose
properties are already available. Anyway, theses columns 2-6 are not of used by the
integrator code at this stage.

However, if one desires to eliminate for the text file, the following modification in

AFTS.m code must be considered.

[ho abc HS speclstextread('AFTS.txt','sf %f Sf %f %£ %€ %8',-1):
into:
[{no spec]etextread('AFTS.txt','sf %s',-1):

mechanism. txt

From the AFTS.txt we know that every single species has an index number. So in the
mechanism.txt, species appear with the index rather than with the formula, name or etc.

Conventionally as a.; <0 for reactants and a ;>0 for the products the sign for the reactant

species in every elementary step is negative and positive signs are assigned to the
products. The mechanism.txt file has 8 columns. The first one obviously is the reaction
index. The second and the third columns are for the reactant species and the fourth, fifth
and sixth are for the product species. The seventh is assigned for the pre exponential

factors and the last column is for the activation energy respectively.
lar br er drer fr A_a E_a]=textread('mechanism.txt','%f %f %f %f %f %f %f %f',-1);
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This portion of code receives the necessary textual information for the construction of
stoichiometric matrix from the mechanism.txt and will treat them as the integers. The
reason why two positions (br and cr) are specified for the reactants is because the most of
the reactions in the case of autoxidation mechanism are bi molecular except for the
reaction steps (1, 11, and 18) which are the “fake” initiation step and the mono molecular
decomposition. '

For produét species there are three positions specified (dr, er, fr), however, accordm.g to
the most of the autoxidation scheme, usually only one or two species are required.
Therefore, the last position in mechanism.txt is considered as null. .

So in order to correctly set the text file for mechanism.txt the user has to do following:

For instance for a reaction step like reaction step 1: o
-Decide which species are involved in the reaction step (I,R*) and what the indices are
assigned to the species in the AFTS.txt. .

S0 in our example the assigned index for I in the AFTS.txt is (1) and for R*is (2). .

-If the species is reactant, it is required to assign a minus (-) prior to it (By Con.v.entlon)-
If there is no any other species involved in the reaction step for the other positions we
simply type (0) followed by the prexponential factor and activation energy. o
Hence, the reaction step (1) in the pseudo detailed mechanism for the application in the

mechanism. txt must be written as:

1 -1 0 2 0 0 1E-3 0.0000
Reaction / l
Index
I R
Reactant Products

o entered for
After the two text files are constructed, then the numerical input have to be
the code as followings: Ik mol"), texp
H . ‘mo )
Temperature (in Kelvin), R (Universal Constant of Gases in kca - gy
. speciiied.
(residence time), number of species as well as number of reaction steps must be sp

Finally the initial concentration (at t=0) of species must be specified.
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APPENDIX B

Technical Drawing of AFTSTU Heated Nozzle
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Combinatorial CFD/Reactor Modelling
%lImport your data file from Fluent as 'data’

%Element Organiser

ElementList =[00 0 0];

%Number of elements in the z and r direction
iMax = 248;

jMax = 10;

%n= counter
n=1;

%StartX is the x indentation due to missing the first column
StartX = 0.001;
dx =0.001;

%data is the array imported from Fluent

data = sortrows(data,[2 3]);

data(:,2) = convergent(data(:,2)*1000)/1000;
%y position List is position of the rows of nodes
yPositionList = data(10:20,3)

for i = 1:iMax

for j = 1:;jMax
%These are the Node Coordinates of the corners of the rectangular
%elemeents
xNodel = convergent(i *dx*1000)/1000;
xNode2 = convergent((StartX + i *dx)*1000)/1000;
yNodel = yPositionList(j);
yNode2 = yPositionList(j+1);

%finding the values at each node point

%searches for x values that coincinde with x values above
xTemp1 = data(find(data(:,2)==xNodel),:);

xTemp2 = data(find(data(:,2)==xNode2),:);

%finding the data values at each of the corners of the elements

TemperatureNode11 = xTemp! (find(xTemp1(:,3)==yNodel),5);
TemperatureNode 12 = xTempI (find(xTemp1(:,3)==yNode2),5);
TemperatureNode21 = xTemp2(find(xTemp2(:,3)==yNode1),5);
TemperatureNode22 = xTemp2(find(xTemp2(:,3)==yNode2),5);

VelocityNodel1 = xTempl(find(xTemp1(:,3)==yNodel),4);

VelocityNode12 = xTemp1(find(xTemp1(:,3)==yNode2),4);
VelocityNode21 = xTemp2(find(x Temp2(:,3)==yNode1),4);
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VelocityNode22 = xTemp2(find(xTemp2(:,3)==yNode2).4);

%Averaging all the values at the corners to give an element average

ElementVelocity = (VelocityNodel1 +VelocityNode12 + VelocityNode21
+VelocityNode22)/4;

ElementTemperature = (TemperatureNode11 +TemperatureNode12 +
TemperatureNode2 1 +TemperatureNode22)/4;

%Putting the values into a list
ElementList(n,1)=i;
ElementList(n,2)=j;

ElementList(n,3)=dx/ElementVelocity;
ElementList(n,4)=ElementTemperature;
n=n+l;
end
end

ElementList = sortrows(ElementList, [2 1]);

Yeruns the element organiser to collate the element details

ElementOrganiser;

ElementListSize = size(ElementList)

%Setting up the initial conditions

CO=zeros(26,1);

CO(1)=1e-8;

C0(3)=0.00168;

CO(5)=4.4;

CO(17)=1E-3;

%Data Reading from File

[noabcHS spec]=textread(' AFTS.txt','%f %f %f %f %f %f %s',-1);

[ar br cr drer fr A_a E_a]=textread('mechanism.txt','%f %f %f %f‘%f %f %f %f',-1);

Y%construction of Stoichiometric matrix based on reaction mechanism
=length(ar); % no of reactions

m=26;

alpha=zeros(n,m);

for ii=1:n

if br(ii)~=0 i
alpha(ii,abs(br(ii)))=alpha(ii,abs(br(ii)))+abs(br(ii))/br(ii);

end

if cr(ii)~=0
alpha(ii,abs(cr(ii)))=alpha(ii,abs(cr(ii)))+abs(cr(ii))/cr(ii);

end

if dr(ii)~=0
alpha(ii,abs(dr(ii)))=alpha(ii,abs(dr(ii)))+abs(dr(ii))/dr(ii);

end
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ile;g}ila(i_i abs(er(ii)))=alpha(ii,abs(er(ii)))+abs(er(ii))/er(ii):
end .

o Z‘;‘J;O abs(fr(ii)))=alpha(ii,abs(fr(ii)))+abs(fr(ii))/fr(ii):

end

end

ConcentrationArray i B
Concln = Co; . i tigate
%(l){n:v:/]Number is the number of the row wishto investig
RowlIndex =10
NumberOfRows = 10 s fRows +
forj= (I]?(,w[ndex- 1)*ElementListSize(1 )r/gf;l{n(;b:sro
l:Rowlndex"‘ElementListSize(1)/Nllmbe AT
e List(i,4),ElementList(i,3),ConcIn,alpha,A_aE_a,
AFTSElements(Element 1st(1,4),
ConcIn = Conc;

. Conc'];
ConcentrationArray = [ConcentrationArray
end

hold ajj
plot(ConcentrationArray(li))

X ElementList)

fu tionArray = ElementPSRF U“C"‘:jn(R.?;vmdex’

nction Concentratio o t detai
eruns the element organiser to collate the elemen
%ElementOrganiser; ]

lementListSize = size(ElementList)
“oSetting up the initial conditions

0=zeros(26, 1);
C0(1)=1e-8;
C0(3)=0.00]68;
CO(5)=4.4;
CO(17)=1E-3; ; S
“Data Reading from File 'AFTS. txt''%f %F %f %f %f'f’f Z;szé))f’% £%f %f'-1);
[foabcHs spec}qext;"ad( AI -ad(mechanism.txt', %f %f A'fh;nism

A_aE a]=tex 2 tion mec
‘[’/?;(l))l:s?r.:crtf;nf;f Stoichiometric mé}m’;ct:?ssg Sr e
re

N=length(ar); 4
m=26;
alpha=zeros(n,m);
for ii=1

if br(iiy~=0
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a:jl pha(ii,abs(br(ii)))=alpha(ii,abs(br(ii)))+abs(br(ii))/br(ii);
en

3 (:i(pi:l);(?i(,)abs(cr(ii)))=alpha(ii,abs(cr(i i)))+abs(cr(ii))/cr(ii);
end

o (:l‘gga?abs(dr(i i)))=alpha(ii,abs(dr(ii)))+abs(dr(ii))/dr(ii);
end

i Zz(;;);(i:i(,)abs(er(ii)))=alpha(ii,abs(er(i i)))+abs(er(ii))/er(ii);
end

: farl(;ijlz;(:ii(fabs(fr(ii)))=alpha(ii,abs(fr(ii)))+abs(fr(ii))/fr(ii);
end

end

ConcentrationArray = [];
Concln = C0; ; ’
%RowNumber is the number of the row wish to investigate
%RowlIndex =1
NumberOfRows = 10
for i = (RowIndex-1)*ElementListSize(1)/NumberOfRows +
1:RowIndex*ElementListSize(1)/NumberOfRows
Conc = :
AFTSElements(ElementList(i,4), ElementList(i,3),ConcIn,alpha,A_a,E_a,ar,br.cr);
Concln = Conc;

ConcentrationArray = [ConcentrationArray Conc'];
end

hold all
%plot(ConcentrationArray(26,:))

ConcRows = [J;
ElementOrganiser
forj=1:1
Conc = ElementPSRFunction(j,ElementList);

ConcRows = [ConcRows; Conc(3,:)]
end

grid on
plot(sum(ConcRows))
SpeciesSummation = sum(ConcRows);
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APPENDIX D
Dynamic Mesh User Define Functions
/*This UDF must be implemented to the shadow which is subjected to move*/

DEFINE_GEOM(AFTS,domain,dt,position)
{

# define rho_deposition 1000
# define mw_precursor 402
# define pre_exp 3000
# define Active_energy 16.3
# define rou_precursor 780
# define Gas_Constant 1.9858775¢-3
# define inlet_velocity 1.557
# define n /*varies between 0.1-0.7*/

real flow_time_step = RP_Get_Real("physical-time-step");

int No_of _Faces; /* the number of faces in this thread */
int j;

real deposition; /*this is the deposit rate for the given wall position*/

int array_Position;  /* this is the position in the spec array that corresponds to
the wall point we are moving*/

real Xx[ND_ND]; /* this is required for the face positions*/

real deltaX;

real tau;

real temp;

face_t f;

Thread *t;

t=DT_THREAD(dt);
FILE *fp;

tau=; /* use the proper value*/

/* This is a counter of the number of faces in the dynamic thread*/
=0
begin_f loop(f, t)
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=t
end_f loop(f, t);

No_of Faces = j;

real spec[No_of Faces]; /*this is an array that contains the deposition rate at

the positions along the wall*/
real xPosition[No_of Faces];/*this is an array that contains the xPosition of the

face cells*/

/* this loop calcs the deposition rate at each of teh points along the wall*/
i=0;

begin_f loop(f, t)
{

spec[j] = F_YI(f,7);
spec[j]=(1/tau) * ((spec[j])*(rou_precursor)/(mw_precursor*le-3))

* (pre_exp)*exp(-Active_energy/(Gas_Constant*F_T(f}t)));
/* This bit above calculates the species concentration*/

F_CENTROID(x,f.t);
xPosition[j] = x[0];

il
}

end_f loop(f, t);
/*points are added into the array from the rightmost end of the model so the first

element in the array corresponds
to the maximum x coordinate */

deltaX = xPosition[ 1]-xPosition[0];
array_Position = 1+ No_of Faces + (xPosition[0]-deltaX/2 - position[0])/deltaX;
deposition = spec[No_of Faces - array_Position];
temp = sqrt(1 - 2 * deposition * flow_time_step / (rho_deposition *
position[1])) ;
position[1] = position[1] * (temp);

/* Write data file*/
fp=fopen("data.txt","a");
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fprintf(fp,"x Position: %f, yPosition: %f\n",position[0], position[1]);

fclose(fp);

#include "udf.h"
#include "unsteady.h"
#include "mem.h"
#include "prop.h"
#include "math.h"

DEFINE_GEOM(WallMoverl ,domain,dt,position)
{

# define rho_deposition 1000

# define mw_precursor 402

# define pre_exp 3000

# define Active_energy 16.3

# define rou_precursor 780

# define Gas_Constant 1.985877e-3

# define inlet_velocity 1.557
# define n 0.1

real flow_time_step = RP_Get_Real("physical-time-step");

int No_of Faces; /* the number of faces in this thread */
int j;

real deposition; /*this is the deposit rate for the given wall position*/
int array_Position;  /* this is the position in the spec array that corresponds to
the wall point we are moving*/
real x[ND_NDJ; /* this is required for the face positions*/
real deltaX;
real tau;
real temp;
real temp2;
face tf;
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Thread *t;
Thread *tShadow:
t=DT_THREAD(dt);

tau=1;

tShadow = Lookup_Thread(domain,19); ; ‘
/* This is a counter of the number of faces in the dynamic thread*/

J=0;
begin_f loop(f, t)
{
=it
end_f loop(f, t);
/*printf("The Value of j in this wall, %i ",j);*/

No_of Faces =j;

real spec[No_of Faces]; /*this is an array that contains the deposition rate at

the positions along the wall*/ . ition of the
real xPosition[No of Faces]; /*this is an array that contains the xPosition of the
face cells*/

/*tShadow = Thread Shadow(t);*/

/* this loop calcs the deposition rate at each of the points along the wall*/
temp2 = position[1];

j=0;

begin_f loop(f, tShadow)
{

spec[j] = F_YI(f,tShadow,7);

jl= j /(mw_precursor*le-3))
spec[j]=(1/tau) * ((spec[j])*(rou_precursor) _
* (pre_exp)*exp(-Active_energy/(Gas_Constant*F_T(f;tShadow)));

F_CENTROID(x,f,tShadow);
xPosition[j] = x[0];

i
)
end_f loop(f, tShadow);

/*printf{"The Value of j, %i \n"j);*/
*printf("The value of the precurser %f \n",temp);*/
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/*points are added into the array from the rightmost end of the model so the first
element in teh array corresponds

to the maximum x coodinate */

deltaX = xPosition[1]-xPosition[0];

array Position = 1+ No_of Faces + (xPosition[0]-deltaX/2 - position[0])/deltaX;

deposition = spec[No_of Faces - array Position];

temp = sqrt(1 - 2 * deposition * flow_time_step / (tho_deposition * position[1])) ;

position[ 1] = position[1] * (temp);

/*printf("The old Y position %f \n",temp2);*/
/*printf{"The new Y position %f \n", position[1]);*/
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