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Figure 5.24: Centerline velocity vs. distance with different carrier gas

Figure 5.25: Centerline temperature vs. distance with different carrier gas
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is also often called “velocity slippage” [63]. In our experiment, the carrier gas is usually the lighter

species and has a faster speed. Thus, biomass species are accelerated during this process. In

the perpendicular direction, thermal velocity is proportional to the square root of the molecular

weight [4]. Heavier molecules tend to stay in the beam center while the lighter ones travel more

broadly. This leads to a higher concentration of the heavier species along the centerline. The

variation of the species concentrations along the centerline is a very interesting phenomenon. To

quantify this, in experiment, one often derives a mass-discrimination factor Ai for species i within

carrier gas species j. It is related as:

Ii(Ei)

Ij(Ej)
= Ai

Qi(Ei)

Qj(Ej)

Xi

Xj
(5.6)

Here Ii(Ei) is the intensity of species i measured at electron energy Ei. Qi(Ei)/Qj(Ej) stands for

the ionization cross section ratio of carrier gas species j. And Xi/Xj is the mole fraction ratio in

the feeding which will be known in advance.

In simulation, one directly models the species distribution. Therefore, the variation of species

mole fractions can be obtained. To investigate the seeded species behavior in the carrier gas, a

mixture expansion with 1% ideal oxygen, 1% xenon carried by 98% helium is simulated. The

properties of these three species are listed in Table 5.2. Ideal oxygen has a constant rotational

number of Zr = 5 while its vibrational energy is not considered.

Table 5.2: Physical properties of helium, xenon and oxygen used in mixture expansion

Properties (unit) Helium Xenon Ideal Oxygen

Reference diameter (m) 2.33× 10−10 5.74× 10−10 4.07× 10−10

Reference temperature (K) 273 273 273
Viscosity-temp. power ω 0.66 0.85 0.77
Molecular mass (kg) 6.65× 10−27 2.18× 10−25 5.31× 10−26

Rotational deg. of freedom 0 0 2

To approximate the expansion scenario in the pumping system, we model the flow in a domain

with a length of 30 cm and a radius of 15 cm. The skimmer is put 2 cm downstream of the reactor

exit, which separates the domain into a source chamber and a diagnostic chamber. The skimmer
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has an entry diameter of Ds = 2 mm and is assumed to have an adsorption coefficient of αs = 0.

Molecular collisions on the skimmer are fully diffuse. Inlet flow entry data are taken from the case

of 1500 K with helium as the carrier gas in reactor #1. Converted to microscopic information, this

is a stream with a velocity of 1922.74 m/s, a temperature of 1009 K and a number density of 1.9666

×1023 #/m3.

Figure 5.26: Log10 of number density contour in a pumping system

The general scenario of this simulation is shown in Fig. 5.26, where the number density

distribution is presented in log10 format. As we can tell, most of the molecules in the supersonic jet

hit on the skimmer and bounce back to the source chamber. The remaining molecules pass through

the skimmer and form a molecular beam. The beam continues its expansion in the diagnostic

chamber and becomes more and more diminished.

The “velocity slippage” phenomenon is reflected in Fig. 5.27 and 5.28. As one can see, within

the continuum expansion region, the mole fractions of the heavier seeded species of O2 and Xe

rapidly increase while the lighter carrier gas species of He decreases. As the expansion enters the

free molecular flow region, the mole fractions become steady. The species mole fractions of O2,

Xe, and He are about 4%, 16%, and 80%, respectively. The mole fraction ratio of O2 and Xe are
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Figure 5.27: Mole fractions of O2, Xe and He along centerline

Figure 5.28: Mole fraction ratio of O2 and Xe vs. He along centerline
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generally proportional to their molecular weight, which is consistent with the prediction made by

Anderson [4].



Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis, we have carried out detailed simulations about the flow field development

within the reactor and vacuum chamber. Flow field variations under different operating conditions

and carrier gases are investigated. Within the reactor section, the CFD method is used. We have

found that noncontinuum flow phenomena do happen if high heating temperatures and low mass

flow rates are applied. For the cases with less severe rarefied conditions Kn < 0.1, a slip boundary

condition can be used to model the velocity slip and temperature jump near the reactor exit.

Appropriate momentum and thermal accommodation coefficients are selected to match the mass

flow rate and upstream pressure measured in the experiment. For the flow in the vacuum chamber,

the DSMC method is used to model the rarefied gas dynamics. For our experiment, the skimmer

is put within the free molecular flow region which is far away from the reactor exit. The skimmer

is found to have some interference on the beam temperature and velocity distribution ahead of the

skimmer entry but eventually recovers to terminal values in the supersonic expansion. To connect

the CFD and DSMC solutions, we have applied the zonally decoupled CFD/DSMC method. A

state based reservoir boundary is used instead of the traditional emitting surface boundary.

6.2 Future Work

Based on the current progress of the project, there are three major major topics to be

addressed in future research, including:
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• a reacting flow CFD code

The final aim of the project is to be able to simulate pyrolysis reacting flow of the dilute

biomass species. A typical process might include over 10 species and 20 reactions. The

current CFD can only solve for a single species flow which is very elementary. To investigate

the pyrolysis reactions, a sophisticated reacting flow mechanism needs to be built.

• a more sophisticated DSMC code

As can be seen in Chapter 5, our current homemade DSMC code does not have the self-

adaptive mesh function. This deficiency greatly inhibits the simulation of the skimmer

interference. On the other hand, DS2V does not have the species weighting technique

which is a big disadvantage in simulating mixtures with dilute seeded species. Thus a

combination of self-adaptive mesh and species weighting needs to be implemented in the

DSMC code.

• a fully coupled 2D CFD/DSMC

Our current hybrid code can only simulate the scenario with acceptable continuous flow

conditions. This is because the zonally decoupled CFD/DSMC method requires the flow

to be both continuum and supersonic on the split interface. However, in the experiments,

we also often run cases with much less mass flow rate, e.g. V̇ ≈ 25 sccm. The low mass

flow rate will lead to poor continuum conditions within the reactor. This is validated by

the experimental measurement of the terminal velocities. For these cases, a zonally decou-

pled CFD/DSMC is inappropriate. Instead, a fully coupled code needs to be used. The

transition from continuum to rarefied flow will happen within the reactor and information

has to be correctly transferred to both domains.
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Appendix A

Physical Properties of He, Ne, Ar and SiC

The transport properties of He, Ne and Ar that we use in our CFD simulations are those

given by Petersen [50], Bich [8], Vargaftik [71] and Dawe [28].

Either helium or argon can be used as the carrier noble gas in this study. Their physical

properties are listed in Table A.1.

Table A.1: Physical properties of helium, neon and argon

Properties (unit) Helium Neon Argon

Density (kg/m3) ideal-gas ideal-gas ideal-gas
Cp (Specific Heat) (J/kg −K) 5193 1029.9 520.64
Thermal conductivity (W/m−K) polynomial polynomial polynomial
Viscosity (kg/m− s) power-law power-law power-law
Molecular weight (g/mol) 4.0026 20.183 39.996
Molecular diameter (Å) 2.33 2.82 4.17

Thermal conductivity of helium and argon are computed as polynomial functions of temper-

ature with the following expressions:

κHe = 4.76× 10−2 + 3.62× 10−4T − 6.18× 10−8T 2 + 7.18× 10−12T 3 (W/m-K) (A.1)

κNe = 1.59× 10−2 + 1.22× 10−4T − 3.37× 10−8T 2 + 6.43× 10−12T 3 (W/m-K) (A.2)

κAr = 5.47× 10−3 + 4.73× 10−5T − 1.11× 10−8T 2 + 1.60× 10−12T 3 (W/m-K) (A.3)

While viscosities are computed as power-law functions of temperature:

µHe = 3.674× 10−7T 0.70 (kg/m-s) (A.4)
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µNe = 7.006× 10−7T 0.67 (kg/m-s) (A.5)

µAr = 4.059× 10−7T 0.71 (kg/m-s) (A.6)

These relations are plotted in Figs. A.1 and A.2.

Figure A.1: Thermal conductivity of helium and argon

The physical properties of SiC are listed in Table A.2:

Since the reactor walls are included as part of the CFD computation, the thermal conductivity

of SiC is needed. We use the following expression from Nilsson [47]:

kSiC =


61100
T−115 if 300K < T ≤ 1800K,

360 if T ≤ 300K

(W/m-K) (A.7)
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Figure A.2: Dynamic viscosity of helium and argon

Table A.2: Physical properties of SiC

Properties (unit) SiC

Density (kg/m3) 3210
Cp (Specific Heat) (J/kg −K) 750
Thermal conductivity (W/m−K) κ(T )



Appendix B

The Navier-Stokes Equations

The complete form of the Navier-Stokes equations can be found in textbooks such as Williams

[79]. Here we treat the flow as axisymmetric about the centerline and make some assumptions that

are common for large aspect ratio axisymmetric flows (see Turns [68]). The coordinate system used

is shown in Fig. B.1.

Figure B.1: Axisymmetic coordinate system used in simulations
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where Yi is the mass fraction, Di is the mass diffusion coefficient for diffusion of species i with respect

to the carrier gas, and ṁ′′′i is the mass production rate of species i due to chemical reactions.
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Conservation of Momentum
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Here µ is the dynamic viscosity.

Conservation of Energy
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hof,i is the enthalpy of formation for species i, and −
∑
hof,iṁ

′′′
i represents the rate of sensible

enthalpy production by chemical reaction per unit volume.

We also require the p-v-T equation of state:

p = ρRT

N∑
i=1

Yi
Wi

(B.5)

The mole and mass fractions are related by:

xi =
(Yi/Wi)

N∑
j=1

(Yj/Wj)

(B.6)

The transport properties many be obtained theoretically from the Chapman-Enskog solution

of the Boltzmann equation or from experiment (Bird, Stewart and Lightfoot [14]).
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CFD: Conversion from 2D to 2D axially symmetric

The original FVM code is designed for 2D flow simulations, in order to simulate an axisym-

metric flow, changes are made on the source terms and fluxes terms. An arbitrary 2D quadrilateral

finite volume cell (see Fig. C.1) is shown to facilitate the illustration.

Figure C.1: Computing cycle of typical CFD programs

During the computation, geometry information such as the edge lengths, normal components

and cell volume are computed and stored. To convert from 2D to 2D axisymmetric, one has to

fix the axis on the x coordinate. Then changes are made to compute the metrics of cell faces and

volume by considering about the circumferential lengths of each edge. For the left edge of the cell

shown in Fig. C.1, the area is:

S2DA = π(y4 + y1)S2D (C.1)

where

S2D =
√

(y4 − y1)2 + (x4 − x1)2 (C.2)
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is the area of edge 14 in two dimensional case.

For the volume of the cell, we have:

Ω2DA = Ω2D(y1 + y2 + y3 + y4)/4 (C.3)

where

Ω2D = [(x1 − x3)(y2 − y4) + (x4 − x2)(y1 − y3)]/2 (C.4)

stands for the cell volume in two dimensional case.

Lastly, by mathematical derivation, a source term is added on the right hand side of y-

momentum equation [34]:

S =
V2DA
y

p+
1

Re

2

3

µ

y

[
−2

V2DA
y

v +
∂

∂ξ
(ξxu+ ξyv) +

∂

∂η
(ηxu+ ηyv)

]
(C.5)

Here p is pressure and µ is the viscosity while ξ and η represent the I and J directions respectively

in a structured grid.


