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In the application of CFD to turbulent reacting flows, one of the main limitations to
predictive accuracy is the chemistry model. Using a full or skeletal kinetics model may
provide good predictive ability, however, at considerable computational cost. Adding the
ability to account for the interaction between turbulence and chemistry improves the overall
fidelity of a simulation but adds to this cost. An alternative is the use of simple models, such
as the Magnussen model, which has negligible computational overhead, but lacks general
predictive ability except for cases that can be tuned to the flow being solved.

In this paper, a technique will be described that allows the tuning of the Magnussen
model for an arbitrary fuel and flow geometry without the need to have experimental data
for a particular case. The tuning is based on comparing the results of the Magnussen model
and full finite-rate chemistry when applied to perfectly and partially stirred reactor sim-
ulations. In addition, a modification to the Magnussen model is proposed that allows the
upper kinetic limit for the reaction rate to be set, giving better physical agreement with
full kinetic mechanisms. In order to improve the agreement with flame temperatures, the
thermal properties of the product species is adjusted to better match the mixture proper-
ties of the full mechanism. The combustion model is then applied to the simulation of a
representative scramjet flowpath, and the results compared to experimental data and other
kinetic models. This procedure allows a simple reacting model to be used in a predictive
manner, and affords significant savings in computational costs for CFD simulations.

Introduction

One of the challenges of performing simulations of reacting flows is the ability to model the chemical source
term. The direct approach of modeling a full set of kinetic equations is extremely expensive computationally.
For example, the GRI-Mech-3.0 mechanism for methane combustion® consists of 53 species and 350 rate
equations, which would be virtually intractable for anything but the simplest of flows. Because of the
complexity of these full mechanisms, different techniques have been proposed to simplify them, and thus,
reduce the computational cost. Skeletal mechanisms, reduced mechanisms and Intrinsic Low-Dimensional
Manifold (ILDM) methods are examples of existing techniques that reduce the work required to evaluate the
chemical source term. However, it is also known that, due to the nonlinearities of the chemical source term
and fluctuations introduced by turbulence, the time averaged source terms are not being calculated exactly.
Specifically, using the mean mass fractions and mean temperature to calculate the mean species source term
is an approximation, i.e.,

S](YP“T) NS](Y'“T), (1)
where S is the source term of the j-th species, Y; is the mass fraction of the ith species, 1" is the temperature
and the overbar denotes the average value of the quantity. Indeed it has been shown that the differences
in the mean reaction rate associated with assuming equality in Eqn.(1) can be several orders of magnitude
different from the exact solution.?

To address this issue, several models and numerical approaches have been developed in order to improve
the modeling inaccuracy. Models include the Direct Quadrature Moment Method (DQMOM),? the Assumed
Probability Density Function (PDF),* the Transported PDF® and the Linear Eddy Model.® All these
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approaches attempt to model the influence that turbulence has on chemical reaction to varying degrees of
fidelity. Unfortunately, as the modeling becomes more sophisticated, there is a corresponding increase in the
computational cost, especially when coupled with the added expense of chemical kinetics schemes.

One way to address the expense of kinetics modeling is to prescribe a simple method of accounting for
the heat release of chemistry, and modify that to address the interaction between the turbulence and the
chemistry source term. Such an approach was proposed by Magnussen in 1976, and due to the simplicity
of the model, the approach has proved to be very popular. However, the simplicity of the model results in
several undesirable features, namely that it needs to be tuned to the flow that it is modeling and it lacks
realizability in the modeled reaction rate. In addition, the fully burnt flame temperature of the Magnussen
model tends to be considerably higher than that predicted by a full chemical mechanism.

Magnussen Model

Consider a chemical reaction in a homogeneous reactor, defined by the mass fraction of fuel Y}, oxidizer Y,
and products Y. The rate of fuel consumption for the Magnussen model is given by:

dt =rmn A pYo/Ttrs (2)
AB pY, /T (1 +15)

where A and B are constants, r, is the stoichiometric ratio of fuel to oxidizer, p is the density of the mixture
and 7; is the turbulent time scale. The two terms, A pY;/7, and A pY,/7rs give the rate of change of
the fuel to be proportional to the availability of fuel or oxidizer, respectively. The constant A controls the
magnitude of the rate, while the turbulent time scale in the equation models the effect of turbulence on
reaction rates. As the turbulence becomes more intense, mixing of species will become more vigorous, and
so a faster reaction can be sustained. The third term, AB pY,/7(1 + r,) sets the rate of fuel consumption
to be proportional to the concentration of products in the gas mixture. This term is intended to account for
the effect of ignition delay and is often neglected in non-premixed reaction calculations.® The final reaction
rate for the fuel is taken as the minimum of the three rate expressions, and the reaction rates of the other
species, p, and pp, are simply proportional to the fuel reaction rate.

v, _  dv

at Cdt

ay, dyy

T —(1+7s) 7 (3)

An illustration of the Magnussen model is shown in Fig.1 where the reaction rate of the product species
is plotted against the mass fraction of the products for a stoichiometric mixture of fuel and oxidizer. The
first two parts of Eqn.(2) describe the part of the curve to the right of the peak value, while the third part of
the equation gives the curve to the left of the peak. The value of Y}, at which the peak reaction rate occurs
is determined by the value of B, where a value of 1 would give a peak value at Y, = 0.5. The effect on
the reaction rate due to changing the value of the turbulent time scale is also shown, with the reaction rate
increasing inversely proportional to the increase in 7¢. It should be noted that the shape of the reaction rate
in Fig.1 crudely matches what one would expect if the reaction rate of fuel, oxidizer or product obtained
from a full mechanism was plotted against the mass fraction of that species (Fig.(2))

The Magnussen model has a few issues that limit its effectiveness. First, it is not predictive. The
model needs to be tuned to individual geometries, conditions and fuels. Second, the model accounts for the
interaction of turbulence and chemistry by simply making the reaction rate inversely proportional to the
turbulence time scale. While for a certain range of time scales this is a reasonable approximation, chemical
reactions do have an upper limit for the speed of reaction. Once that limit is reached, no matter how quickly
the flow is mixed, the chemistry will not react any faster. Yet the Magnussen model does not have such
a limit. As the turbulent time scale goes to zero, the resulting reaction rate obtained from the Magnussen
model approaches infinity. Another issue is that the adiabatic flame temperature is often over-predicted
by a reduced mechanism, such as the Magnussen model. This is because the notional species used in the
Magnussen model are in effect representing the properties of a mixture of species, and consequently the
thermal properties of these notional species need to be adjusted. Consider the fuel species for example.
In a full mechanism one of the first steps is to break down the fuel molecules into smaller components, so
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Figure 1. The rate of product creation dYp/dt plotted against the product mass fraction Y, showing the effect
of varying turbulence time scale on the reaction rate.
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Figure 2. The rate of product creation dY/dt plotted against the product mass fraction Y, obtained from full
mechanism. Normalized product creation rate is based on fuel, oxidizer and product mass fractions shown.

the quantity of fuel in the mixture reduces quickly. However in the Magnussen model, the fuel transforms
directly into product, and so a fraction of the fuel molecules remain in the mixture throughout the combustion
process, thus the thermal properties of the mixture needs to be corrected.
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To address these issues, it is proposed that the Magnussen model be tuned against simple canonical
reaction simulations, where the use of a full chemical mechanism is tractable, and extrapolate those results
to a real flow situation. The simple canonical cases proposed are the Perfectly Stirred Reactor (PSR) and
the Partially Stirred Reactor (PaSR). These two cases were chosen because they represent a single cell in a
finite volume CFD code (PSR) and a single cell of a Eulerian Probability Density Function (PDF) transport
code (PaSR). In addition, an adapted Magnussen model will be proposed to address the issue of having a
potentially infinitely fast reaction rate. The process involved in tuning the model and limiting the rate has
been addressed in a previous paper,® however this work extends the methodology. In this paper, the chemical
kinetics of a surrogate cracked JP70 and air reaction will be considered and used to tune the Magnussen
model. The cracked JP7 chemical mechanism is represented by a reduced mechanism of 32 species and 206
rate equations.!! This mechanism is representative of the sort of complex hydrocarbon kinetics that represent
the chemistry of a scramjet combustor. The process of adjusting the thermal and transport properties of the
synthetic Magnussen model species will then be described and the resulting reaction kinetics will be applied
to the HIFiRE Direct-Connect Rig (HDCR)'?'13 scramjet flowpath.

Tuning

Consider a single computational cell in a finite-volume CFD solution with chemical reaction (Fig.3) where

m — mj, S —m

Figure 3. Schematic of single computational cell in a finite volume CFD solution.

m; is the mass of species j contained in the cell and S; is the rate of creation of species j due to chemical
reaction. Also shown is the mass flow rate of species j entering the cell, m’® and the mass flow rate leaving

the cell, mout The change in the mass of species j contained in the cell as a function of time is given by
dm; ‘
W = S + m m;’" . (4)

For a steady state situation, which would correspond to a steady state CFD solution, the left hand side of
Eqn.4 is zero, and it is apparent that there is a strong resemblance between this single cell and a Perfectly
Stirred Reactor, (PSR). The mass contained in the cell, divided by the mass flow rate into the cell gives a
residence time, 7,. for the volume. In a PSR, and also a single cell in a finite volume scheme, as the mass flow
rate into the reactor increases, the residence time decreases and the mass fraction of products of combustion
start to drop off. When the inflow becomes sufficiently large, the reaction is unable to be sustained, and the
reactor is said to have blown out. For a given volume, the reactor can be parameterized by just the residence
time and reaction rate.

Likewise, consider a single cell in an Eulerian PDF simulation as shown in Fig.4. The composition in
the cell is represented by a probability distribution of different values of scalars, F, which evolves due to
molecular mixing, M, chemical reaction, S and the inflow and outflow of distributions of scalars j, given by
Fin and Foul respectively. The evolution of the distribution of all the scalar quantities in the cell, F, as a
function of time is given by

-,

Ng
dF( w, Z% (B, 1) + S5 (B D)F (5, 1) + Fn () — Fou () 5
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Figure 4. Schematic of a single computational cell in an Eulerian Probability Density Function simulation.

where the 1; represents the scalar space of species j and temperature, and the number of scalars is given
by Ns. In a similar way as with the PSR, if the change of the distribution of scalars with time is zero,
corresponding to a steady state solution, the computational cell can be considered to behave the same as a
Partially Stirred Reactor, (PaSR). Like the PSR, the PaSR is parameterized by a residence time scale and
a reaction time scale, but also has a turbulent mixing time scale, 7. When simulating the PaSR model it is
also helpful to define the ratio of the residence time and the mixing time scale as a constant value. That is,

(6)

Da="t
T
where 7, and 7. are the turbulence and residence time scales, respectively.
Using the two reactors described above, and observing that the Magnussen model has a simple turbulence-
chemistry interaction model as part of its makeup, the tuning process proposed involves solving the PaSR
reactor with the full mechanism, and then using the results to tune the Magnussen model, run in the PSR
mode. That way the performance of the simple turbulence-chemistry interaction model can be tuned against
the physically exact model used by the full mechanism.
For the chemical mechanism used in this paper, the fuel consists of a mixture of CH4 and C2H4. The
properties of the synthetic fuel species, Y}, are given by mixture relations. For example, the mixture specific

heat at a given temperature, Cp(T), is given by

Ns
Cp(T) = Cpr(T)Yi (7)
k=1

where Y}, is the mass fraction of species k and Cpy(T) is the specific heat of species k at temperature T. The
values of Cpy(T) are commonly represented by a polynomial fit developed by Gorden and McBride.'* The
properties of the oxidizer are those of 02, and typically the product is represented by the combination of
CO2 and H20 in stoichiometric proportion. However, for the product, evaluating the specific heat in this
manner leads to an over-prediction of the fully burnt temperature since dissociation is neglected. This topic
will be further discussed later.

Application

The geometry for testing the modified Magnussen model will be the HDCR flow geometry, shown in Fig.5.
In the simulations performed in this paper, the geometry has been simplified to enable simulations using a
full chemistry mechanism. As a result, the modeled configuration is a slice containing two injectors, as shown
in Fig.6. To ensure the full mechanism could be run in a reasonable time, the grid resolution was made very
coarse, with the total domain being composed of only about 350,000 cells. Because of this, comparison with
experimental data was not considered valid, whereas the comparisons between the full mechanism and the
Modified Magnussen model are deemed appropriate.

The first part of the tuning process is to select the conditions that are representative of the flow. For the
HDCR case, this is the total temperature of the fuel and air inflows and a pressure that is representative of
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Figure 5. Internal lines of the HDCR flowpath.

Figure 6. Computational domain based on part of the HDCR flowpath.

the combustor pressure. The total temperature was chosen because a significant amount of reaction occurs
in cavity and flame holding regions where the flow is subsonic. In this case, the total temperatures for the
fuel and air inflow were 298K and 2800K, respectively, while the pressure was set at 1.5 atmospheres. Using
these values, the PaSR was run for various residence times, and for a variety of Da numbers. The results
are shown in Fig.7. The first observation is that the effect of the Da number on the reactor is significant.
This factor is a measure of the effect of turbulence-chemistry interaction, as high Da numbers, (Da > 10),
correspond to fully burnt results, while low Da numbers, (Da < 1), correspond to mixing-limited reaction.
The second observation is that the residence time where the reactor is unable to sustain chemical reaction
is similar for different values of Da.

The results of running the Magnussen model in the PSR with the same inflow conditions and pressure
as the PaSR are shown in Fig.8. The first observation is that because the reaction rate has no upper limit,
the temperature plots are constant for a given Da number. This is because a constant Da number has
the reactor residence time proportional to the reaction time of the Magnussen model. As the Da number
approaches a large number, the temperature asymptotes to a constant value which represent a fully burnt
state. Conversely, as the Da number approaches zero, the reaction time is much greater than the residence
time and so the temperature approaches the mixed, unreacted state. Note that for a finite rate mechanism in
a PSR, the reaction rate is not a function of €/k, and so the PSR result would yield only a single temperature
curve. The other observation to be made about the results in Fig.8 is that the temperature predicted for
each Da number is considerably higher than the value of the equivalent Da number in the PaSR result for
the full mechanism. These results illustrates two shortcomings of the existing Magnussen model, namely the
temperatures are over-predicted and that there is no reaction cut-off below a certain residence time.

The thermal properties of the Magnussen model components need to be adjusted to resolve the first
shortcoming. The fuel and oxidizer need not be changed, but the product specific heat needs to be adjusted
to account for the temperature over-prediction. For the existing Magnussen model, the thermal properties
of the product are simply obtained by considering the reaction:

9CH4 + 16C2H4 + 6602 => 41C0O2 + 50H20 (8)

Thus, the thermal properties are obtained by combining the thermal properties of CO2 and H20 in the

6 of 17

American Institute of Aeronautics and Astronautics



3200 }-

I i
3000 i
SN h
< i
£
5 i
® 2800 | p
Q =
o
E -

() |
Lo i
2600 |-
Da =20
— 85— Da=2
—F— Da=1
—&5— Da=05
24005 & Da=02
[EEEERET | SRR | Lol ol L

107 10° 10° 10* 10° 102
Residence Time (s)

Figure 7. Reactor temperature plotted against residence time for the full mechanism PaSR simulation.

stoichiometric proportion, and the results show a significant over-prediction of the temperatures. To overcome
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Figure 8. Reactor temperature plotted against residence time for the baseline Magnussen model, with no
adjustment to the value of Cpp(T). Open symbols correspond to the same Da number as in Fig.7. Solid
symbol line shows the full mechanism Da = 20 results that should match the red open symbol line.

this, the proposed method is to modify the product Cpp(T') polynomial function so that it returns a higher
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value and effectively results in the product requiring more energy to increase the temperature. To do this,
the linear temperature constant in the polynomial is adjusted by a factor as to give the new value of Cpp(T)

CP%@ =ay + (a2 + ap)T + a3T? + ayT? + asT* 9)
Correspondingly, the extra term in the enthalpy polynomial is then adjusted to keep the heat of formation
unchanged. The value of the adjustment factor a ¢ is obtained by trial and error using the standard Magnussen
model and matching the high Da lines at large residence times with the PaSR result. The resulting factor
for this case was found to be ay = 2.74 x 1073,

Once the value of C’i)p(T) has been set, the two Magnussen constants, A and B can be set. Constant A
is adjusted so the spacing between the Da > 1 lines at high residence time match those of the PaSR result.
The B constant is used to adjust the Da < 1 lines, but the results are less sensitive to the values chosen for
this constant. The result for the HDCR case is shown in Fig.9 where A = 1.5 and B = 2.0.
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Figure 9. Reactor temperature plotted against residence time for the baseline Magnussen model, with adjusted

Cpl;(T) and rate constants adjusted. Solid symbols shows full mechanism PaSR results that should match the
open symbol lines of corresponding color.

Having established the new product Cp 1; (T') and the two Magnussen model constants, the next item to
address is the Magnussen model having no upper reaction limit. A simple solution to this is to modify the
Magnussen model by establishing a limit on the value that 7 can take and thus ensuring that the reactor
will eventually blow out at small enough residence times. To obtain this limit, 7, the Da = 20 curve from
the PaSR is compared to the Da = 20 curve of the Magnussen model with different cutoff times. The results
are shown in Fig.10, and while the slope of the blowout is not predicted well, a reasonable approximation is
given to the blowout process. The value of 7, was chosen as 1.0 x 10~°. Putting all the adjusted and tuned
constants together gives the result shown in Fig.11. Comparing this result to the full mechanism result
shown in Fig.7 shows that the Modified Magnussen Model (M3) can be tuned to give a good approximation
to the full PaSR model. Moreover, by appealing to the similarity between a finite volume CFD cell and
the reactor models, it can be presumed that the results of a CFD simulation using the Modified Magnussen
model will approximate the values given by a full mechanism with the interaction of turbulence and chemistry
accounted for.

One variation that has been made to the M3 is to remove the turbulence-chemistry interaction component.
This is accomplished by replacing the 7, term with the upper limit 7; established earlier. This has the effect
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Figure 10. Reactor temperature plotted against residence time for the baseline Modified Magnussen model,

with adjusted Cpf-(T) and tuned rate constants for different values of the turbulent mixing time scale limit.
Solid line shows the Da = 20 result from the full mechanism.
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Figure 11. Reactor temperature plotted against residence time for the Modified Magnussen Model, with

adjusted Cpl-_: (T), tuned rate constants and tuned mixing time scale limit.

of reducing the M3 to a laminar chemistry approximation and thus gives a more direct comparison to a full
mechanism simulation with no turbulence-chemistry interaction. This variation of the M3 is referred to as
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the Laminar Modified Magnussen Model, LM3.

HDCR

In the previous section, the M3 was developed and a process of tuning against a full mechanism using simple
reactor models was outlined. In this section, the tuned model will be applied to a realistic, albeit simplified,
scramjet geometry to see how well the tuning process works when applied to a real CFD problem. In order
to make a consistent comparison, the full mechanism species were post processed into fuel, oxidizer, product
and dillutant mass fractions. The fuel was the sum of the two fuel components, CH4 and C2H4 while
the oxidizer was the O2 mass fraction. The product was the combination of the H20, CO2 and CO mass
fractions and everything else was put in the dillutant mass fraction, for which the major component was N2.
The timing of the the full mechanism run compared to the M3 and LM3 simulations was evaluated also,
with the reduced models running 56 times faster than the full mechanism case.

The first comparison to be made is between the LM3 and the full mechanism simulation because the
full mechanism could not be run with a turbulence-chemistry interaction model. The temperature results
of the two simulations are shown in Fig.12 for a slice through the center of the injector plane as well as a
plot showing the difference between the two fields. It can be seen that there is not much difference between
the two temperature fields for the majority of the flow field. The biggest difference is where the LM3 has
some reaction occurring along the first injector stream whereas the full mechanism does not. This is not
unexpected as the physics of ignition delay are not represented by the LM3 and this is an area that does
not have a flame holding region in close proximity. The other quantity of interest is the pressure field and
the comparison between the LM3 and the full mechanism for this quantity is shown in Fig.13. In general
the pressure fields show little difference except for a few peaks near the centerline and at the exit of the
combustor section. These peaks seem to correspond to shock structures, so it is reasonable to infer that the
changes in the thermal properties due to excess burning in the LM3 model may contribute to the difference
in pressure after shocks. It should be noted that the change in pressure at the exit of the combustor region
does not extend more than a few centimetres beyond the region shown, and it is postulated that the full
mechanism is burning more fuel in this region. Overall, the comparison between the two simulations is rather
good, considering the difference in the complexity of the models.

In an effort to quantify the difference between the two flow fields, the difference between the two compu-
tational domains was averaged for each cell with an axial location greater than 20 centimetres downstream
of the throat. This location was chosen as the cells upstream of this point have negligible differences. The
comparison of quantities are shown in Tablel. What is observed is that on average the LM3 model is over-
predicting the full mechanism temperature by about 2.0%, while under predicting the pressure by a similar
percentage. The product mass fraction is over-predicted by the LM3 model, though this is to be expected
as the definition of product for the full mechanism used in this paper does not include all possible species
and so results in an under-predicted mass fraction.

Table 1. Difference between the LM3 and full mechanism results averaged over all cells with axial localtion
greater than 0.2.

Difference ‘ Mean ‘ SD ‘ % of Maximum
Temperature(K) 68.0 158.0 2.4
Pressure (atm) -0.041 | 0.111 -2.0
Product (Mass frac) | 0.0164 | 0.0327 7.1

The next comparison made is between the LM3 and the M3 and the centerline temperature fields are
shown in Fig.14. Of interest in this comparison is that the effect of turbulence on reaction is to significantly
reduce the amount of reaction occurring at the primary injector, which is in agreement with the finite rate
mechanism. However this result is due to the turbulence-chemistry model suppressing reaction in a region
where it should not be occurring, rather than matching the full mechanism results. In addition, there is a
difference near the secondary injector, where the reaction is occurring behind the jet of fuel, rather than on
the leading face of the jet. This is analogous to the region above the primary injector, where the M3 model
is suppressing the reaction compared to the laminar chemistry model, and may represent a trend for the
effect of the interaction of turbulence and chemistry.

10 of 17

American Institute of Aeronautics and Astronautics



0.02 |
- Temperature [K]: 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
E 0 ‘ — - ————
e e | |
o . e s — T R
» -002 |
0
1]
o
3]
-0.04 |
r L L N L L
00643 0.25 0.3 0.35 0.4 0.45
Axial Distance (m)
0.02
Temperature Difference [K]: -1000 -800 -600 -400 -200 O 200 400 600 800 1000
E 0
£ : ot
S L ,A..rz‘.’v'=—
I
» -0.02
]
13
o
3]
0.04 |
} L L L L L
00807 0.25 0.3 0.35 0.4 0.45
Axial Distance (m)
0.02 |
Temperature [K]: 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
£
£
©
[
5
7]
0
[
o
2
o
y L L " L L
00857 0.25 0.3 0.35 0.4 0.45

Axial Distance (m)

Figure 12. LM3 model temperature results (top) and full mechanism temperature results (bottom) for center
line slice. Center plot shows difference between the two fields (LMS-Full).

The difference between the pressure fields (Fig.15) is more significant than the difference between the
LM3 and the full chemical reaction results. The entire cavity region is at a lower pressure for the turbulent-
chemistry interaction model prediction, and the small regions of pressure increase have changed. This may
be caused by the reduced reaction rate predicted by the interaction of turbulence and chemistry lowering the
heat release at the cavity exit and thus reducing the cavity pressure. The difference between the two domains
was also calculated, and is shown in Table2. What is observed is that including a model for the interaction
between turbulence and chemistry results in a decrease in the mean predicted temperature and pressure in
the flow field, while there is an increase in the product mass fraction. This observation indicates that the
effects of the turbulence-chemistry interaction on the flow field are going to be significant and comparable
in size to the effects of the difference between a full mechanism and the LM3.

One other useful comparison to make is the difference between the baseline Magnussen result (run in
laminar form) and the full mechanism simulation. The results of this are shown in Table 3. The most
noticeable observation is the big differences among the predictions of the state variables between the two
models, with values on the order of 10%. The difference in the product mass fraction is comparable to
the tuned result, but the differences between the state variables are important as these directly impact the
predicted performance of the engine.
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Figure 13. LM3 model pressure results (top) and full mechanism pressure results (bottom) for center line
slice. Center plot shows difference between the two fields (LMS-Full).

It is also useful to look at some of the integrated, or 1D results, for this simulation to provide a view of
the overall performance of the engine flowpath. For these quantities, the mass-flux averages of the properties
were calculated as a function of the axial location. Shown in Figs. 16, 17 and 18 are the mass-flux averaged
pressure, temperature and O2 mass fraction, respectively, as a function of axial distance. In all three plots, it
can be observed that the full mechanism and the LM3 model results are in reasonable agreement, while the
M3 model differs further from the finite rate model. Without a full mechanism simulation with a turbulence-
chemistry model included, it is difficult to make any firm conclusions comparing the full mechanism simulation
and the M3 model. However, the comparison between the M3 and the LM3 models suggest that the effects
of the turbulence-chemistry interaction are not negligible and it is not obvious that this physical effect can
be ignored for scramjet simulations.

The final quantity to be compared is the stream thrust of the HDCR flowpath for each combustion model
at the exit plane of the flowpath and the results are shown in Table4. The comparisons show that the tuning
process described in this paper gives results in very good agreement with the full mechanism predictions but
at less than 2% of the computational cost. The results also show that using the existing Magnussen model
without a reaction limit and unchanged thermal properties does not provide such a good agreement with
the full mechanism results.
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Figure 14. LM3 model temperature results (top) and M3 temperature results (bottom) for center line slice.
Center plot shows difference between the two fields (LM3-M3).

Summary

In this paper, a method was proposed that would allow a modified version of the Magnussen model to
be employed in a more predictive manner. Using simple reacting flow simulations of perfectly and partially
stirred reactors, the Magnussen model was tuned to behave like the full mechanism. In addition, a process of
determining the thermal properties of the Modified Magnussen model synthetic species was described, and
the model was demonstrated by applying it to the simulation of the simplified HDCR flowpath and comparing
the results to a simulation using the full chemical kinetic model. Results show that the process of using the
PaSR and PSR to obtain the tuned constants provides a reasonably good predictive ability compared to that
of using a full mechanism. Taking the difference between results show that the tuned Modified Magnussen
Model gives very similar results to the full mechanism, with mean differences in pressure and temperature of
about 2% over the entire reacting flow field. In addition, the comparison between the Modified Magnussen
Model the results from a simulation with the turbulence-chemistry interaction model turned off show that
the effect of the interaction between chemistry and turbulence is not negligible. Comparisons of the stream
thrust at the flowpath exit plane show that the M3 and LM3 models provide a very good agreement with
the full mechanism results, but at a couple of orders of magnitude less computational cost.
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Figure 15. LM3 model pressure results (top) and M3 pressure results (bottom) for center line slice. Center
plot shows difference between the two fields (LM3-M3).

The main impact of this tuning process is no further tuning is required when there is a new geometry with
no experimental data available. The process described in this paper will allow a Modified Magnussen Model
to be tuned to the expected conditions in the flowpath, to provide results that are comparable to those of a
full mechanism, but at a fraction of the computational cost. In addition, by including a turbulence-chemistry
model an important physical mechanism can be incorporated.
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Table 2. Difference between the LM3 and M3 results averaged over all cells with axial localtion greater than

0.2.
Difference ‘ Mean ‘ SD ‘ % of Maximum
Temperature(K) 64.0 121.0 2.3
Pressure (atm) 0.056 | 0.107 2.8
Product (Mass frac) | -0.010 | 0.0167 4.3

Table 3. Difference between the LM3 and M3 results averaged over all cells with axial localtion greater than

0.2.

Difference ‘ Mean ‘ SD ‘ % of Maximum
Temperature(K) 361.0 | 466.0 12.7
Pressure (atm) 0.155 | 0.282 7.8

Product (Mass frac) | -0.016 | 0.0366 6.9
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Figure 16. Cross-stream mass averaged pressure results for the Full mechanism, LM3 and M3 simulations
plotted against axial distance.
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