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CRCM Model and Corresponding Extension to SENKIN

Sept. 7, 2007; A. Miyoshi

The rapid compression machine (RCM) is widely used to investigate the autoiginition characteristics of
fuel-air mixtures. Compared to the shock tube, its advantage is that it can cover the temperature and
pressure range of compressed gases in practical engines. However, the clear disadvantages are that the gas
is compressed in finite time history and that the heat loss and the fluid dynamic effects cannot be ignored.
For CRCM (Chemical Rapid Compression Machine), which is aimed to reduce the transport effect of
standard RCM, the mathematical and/or numerical models are clearly required for its development and in
the analysis. In this document, CRCM models as well as the corresponding extension to Chemkin-II "

SENKIN ! code will be described.

1. Compression and Expansion of Gases
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ideal gas assumption will be used throughout this document. Fig. 1.1. Compression factor of dry air.
1.2. Adiabatic and isothermal processes
Temperature change of gas during the adiabatic and reversible processes (compression or expansion) can be

derived from the energy equation.
CydT=—pdV (1.2)

By assuming constant isovolumetric heat capacity, Cy, and ideal gas, the well-known solution (Poisson

adiabatic equation) to the differential equation is derived as,

pV7=const, TV’ =const (1.3)
where yis the heat capacity ratio,
Cp
y=—L (1.4)
Cy
The isothermal equation,
pV =const.,, T=-const. (1.5)

can be regarded as a special case of eq. (1.3) with = 1. In many cases, practical processes are not either

R, J. Kee, F. M. Rupley, and J. A. Miller, Chemkin-II: A Fortran Chemical Kinetics Package for the Analysis of
Gas-Phase Chemical Kinetics, SAND89-8009B-UC-706, Sandia National Laboratories, 1995.

BTA.E. Lutz, R. J. Kee, and J. A. Miller, SENKIN: A Fortran Program for Predicting Homogeneous Gas Phase
Chemical Kinetics With Sensitivity Analysis, SAND87-8248-UC-401, Sandia National Laboratories, 1995.

BIK. Kadoya, N. Matsunaga, and A. Nagashima, .J. Phys. Chem. Ref. Data, 14, 947-970 (1985).



CRCM (Sept. 7, 2007) 2/12

adiabatic (eq. 1.3) nor isothermal (eq. 1.5), but obey the relation in between the two limiting cases, and are

expressed empirically by, ' ' ' ' ' - . . . L
n n—1 U (a) P ° 7 I (b) o’
pV"=const., TV" =const (1.6) i co, o T4f  nCely,_ - .
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where suffixes 0 and 1 denote the initial and final T/’K T/K

. Fig. 1.2. Temperature dependence of the heat capacity.
conditions.

Figure 1.2 show the molar isobaric heat capacity, C, , of typical gases which were calculated from the
Chemkin thermodynamic data base (4] (He, Ar, H,, N, O,, H,0, CO,, CHy, C5Hsg, and n-CgHy4) or calculated
by NASA PAC99 P! distributed with CEA program ' (Ne, Kr, Xe, CF, and SF¢) with molecular properties
listed in JANAF-3.1"! (See Appendix A2 for detail.) It is clear that the constant heat capacity is not a good
assumption except for the monoatomic rare gases. For sample gas mixture compressed in CRCM, eq. (1.3)
should not be used but the pressure and temperature must be calculated by the precise numerical integration of

eq. (1.2) with heat loss terms, if necessary. This is properly done by the VTIM codes of SENKIN.
2. Mechanical model for CRCM

Figure 2.1 shows the CRCM apparatus ]:’ reaction chamber  V'g
schematically. Initially, the driver tank is ,ilc I c;:anie?|o; chamber

filled with dry air of pressure pr. After

™ compression
piston driver

opening the pneumatic valve at = 0, the leak valve : pneumatic
piston valve
volume and pressure of the driver gas
. . ‘ Pd> Vda V4! Ad
follow the equations (2.1) and (2.2) in i J
N — =
terms of the driver-piston position x. y ) mq ‘
K S— X
Vd _ VT n Adx (2'1) = : - cam ‘ T buffer tank H
7d A ‘ Vr driver tank
VT X
= — 2.2
pd pT{ V4 J 2.2) Fig. 2.1. A schematic of the CRCM apparatus.

The position y of the compression piston varies according to the cam-shape function s.
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y=5(x) (2.3) 1Y ! X2 g Xmax
8.5] A :
An example of the shape function is shown in Fig. 2.2 and its g I HW
Q | !
.. . . 2 | h
explicit form is shown in Appendix Al. The volume and = 4_,4_, a =% le
pressure of sample gas are expressed by, 0 Y
V=Vo— Aoy 2.4) 0246 L o 171921 24
VoY Fig. 2.2. An example of cam shape function.
P=Do (7) (2.5)

where Vo =VRr + Ach.

As described at the end of previous section, constant-yis a crude first-order approximation but will be used in
the preliminary analyses. Since eqs. (2.1)—(2.5) give solution as a function of x, desired final solution can be
obtained by expressing x as a function of time, 7.
2.1. Solution via energy conservation
Here, for a while, the heat transfer from the compressed gas will be ignored. For the case that the buffer tank
is full-open, that is, the pressure in the buffer tank is equal to the ambient pressure, p,, the kinetic energy, thus
the velocity, of two moving parts can be derived from the energy conservation equation. The work provided by

the driver piston is,

% pe YO
wq (x) = LT 1—{—TJ —pa(Va V1) frax  (2.6)
va—1 V4

and the work done to the compressor piston, including the work against the

gravity, is,

Vol (VoY
wc(y)=p°—0{(—oj _ll_pa(VO_V)‘l'mcgnJ""ff,cy

y=1|\V
2.7

The total kinetic energy of two moving parts is,

Wy :%mdicz +§mcy2 =%(md +s12mc))'c2 (2.8)
where s is the slope of the cam.

S1 = ds;:) (2.9)
From the energy conservation, the kinetic energy must be, e E—

Wi =Wy — We (2.10) x/m

Fig. 2.3. An example solution

Figure 2.3 show wq and w, calculated with typical parameters shown in from energy conservation.

Nomenclature except for /[, = 1 mm, f;4 =f;. = 0. The value of pr was chosen to be the minimum (= 1.924 bar).

Since the condition, wq > w,, must be fulfilled until the end of compression around x = x; =[5 + W, the

minimum pr can be estimated by,

ya =1 we(h)+ palVa(x2) - V7]
Vr 1=V / Vg (x2))¢!

pr(min) = @2.11)
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It should be noted that eq. (2.11) is exact only for /. = 0 and pt may be even smaller for large /.. An example of
w, calculated at /, =2 cm is shown in Figure 2.3. Since the velocity of driver-piston x can be calculated as a

function of x using egs. (2.6)—(2.10), relation between ¢ and x can be derived by numerical integration.

t(x):fﬂ_ (2.12)
0 X

An example of #(x) is also shown in Fig. 2.3.
2.2. Solution of differential equation

Although the formulae above are essentially analytical except for the last numerical integration in eq. (2.12)
and are comprehensive, they cannot be used when time-domain phenomena, e.g., heat losses, are included. For
such purposes, the numerical solution of the differential equation is needed.

Since the two coordinates x and y are rigidly connected according to the cam shape, and the total kinetic
energy is given by eq. (2.8), the motion of two moving part can be expressed by a single coordinate x and the
effective mass,

Meff =mgq + Slzmc (2.13)

The force applied to the cam in x-direction from the driver piston is,
fa=4a(pa—pa)— fra (2.14)

and force applied in y direction from the compression piston and by the gravity is,
fe=—A4c(p—Ppa)—mcgn — fic (2.15)

The force associated with the change of effective mass, or the change of ¢, in

x-direction is,
fm =—s152mc%’ (2.16)

where s, is the second derivative of cam-shape function,

d?s(x)  ds
dx dx

(2.17) Fig. 2.4.

Since the force in y-direction is transferred to x-direction with the conversion factor s,, as shown in Fig. 2.4,

the total force applied is,

f=fa+sife+ fm (2.18)
Then the differential equation for x becomes,

dr .

—_— x

dr

& = S (2.19)

dt megr

The solution can be obtained numerically.

3. Dimensionless Expressions
For the practical computation of the model in the previous section as well as to clarify the independent

parameters, dimensionless expressions of the model are derived here. The unit pressure is chosen to be p,. That
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is, for example, the dimensionless pressures are defined as, P = v , Py= Pd , Pr= LT , and so on. In this
Pa Pa Pa

document, dimensionless numbers are denoted by the large / capital letters of corresponding quantities, except
that the dimensionless volume is represented by 'U'. Along the x-coordinate, we choose / as unit length, 44 as
unit area, A4/ as unit volume, p,44/ as unit energy, and p,A44/ [ as unit mass. Similarly, along the y-coordinate, 4,
A, Ach, p.Ach, and p,A. / h are taken to be unit length, unit volume, unit energy, and unit mass, respectively.

. o L L . Ach
Since the units different from x-direction are chosen for y-direction, a conversion factor, ¢ = ﬁ, of energy
d

or volume is defined and used. Dimensionless expressions corresponding to (2.1)—(2.19) are as follows.

U Yd
Ug=Ur+X, Py =PT[—TJ (3.1), (3.2)
Uqg
Y = S(X) (3.3)
Uo Y
U=Uy-Y, P=Py o (3.4), (3.5)
where Uy =Ugr +1
-1
pUr |, (U Y"
Wd(X):—l 1— U_ —X—Ff’dX (36)
yd — d

y—1
WC(Y)ﬂ_U;[[%j _1}Y+MCG“Y+W o
7/_

Wi :%Md)'(z +%gMCY2 :%(Md +eSIMOX?  (3.8)
S _45¢0) (3.9)
dx
Wi =Wq — W, (3.10)
- We()+ X + Fra X
Pr(miny = 24 =L WD+ X+ Fra 1 (.11)
Ur 1-[Ur/Uq(X2))"
X
dx
H(X)=|— 3.12
g = (3.12)
Mot =Mg +eSEM, (3.13)
Fg=Py—1—-Ftgq, Fe=—(P-1)—M.G, — Fy. (3.14), (3.15)
where G, =g,/ h
Fp =—£81SoMX? (3.16)
2
5, = 450 _dS, (3.17)
? dx
F=Fq+&SiFe +Fp (3.18)
K;)’(, Kz il (3.19)
dr dr M ¢

In these expressions, eighteen parameters in eq. (2.1)~(2.19) (gn, Pa, V1, Ads P15 %5 frds Mds VR, Acs P05 ¥ Jfrcr Mes
h, I, 15, and [¢) are reduced to fourteen parameters (G, Ut, Pr, %, Ftd, Ma, Ur, Po, ¥, Fre, Me, & La, and Lc).
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4. Heat Transfer
Another important phenomenon which must be considered in the CRCM model is the heat transfer,
especially from the compressed sample gas to the chamber wall.
4.1. Turbulent heat transfer
For forced convection conditions, the rate of heat-transfer from gas to the container wall is described by,*

g=ho(T-Ty) “4.1)

The heat-transfer coefficient 4, is related to the thermal conductivity A and the thickness of the thermal

boundary layer ¢, by a simple boundary layer model,
A

he = — 4.2)
c 5h
Therefore, the main problem is in the estimation of ¢, or the Nusselt dimensionless number Nu,
On A

In many empirical correlations for tubular , NVu is related to Reynolds and Prandtl numbers, Re and Pr,

respectively, and the ratio of the viscosity at bulk to surface temperature, 7,/ 7, as,

Nu =aRe' Pr"™ (v / 10)" (4.4) , , , : : . : : . .
The Reynolds and Prandtl numbers are, Zg'_ (@) N @ : D ]
Re=£22 (4.5) or ]
n . 60F ]
pr=S21 (4.6) £ sof )
A =400 ]
For highly turbulent condition, Sieder and Tate 30p ]
proposed parameters for eq. (4.4) as: a = 0.026, [ = 201 ]
0.8, m=1/3,and n=0.14. 12-_ T
4.2. Correlation for CRCM conditions 300600 ;???( 1200 1300300 600 7???( 12001500

For gases relevant to CRCM, 7,/ i in eq. (4.4) is Fig. 4.1. Viscosity of gases.

around or less than 2, as shown in Fig. 4.1, and exponent 1 is rather small (~0.14), the factor (7, / 170)" does not
significantly depend on the temperature or differ among gases. Also as shown in Fig. 4.2, the Prandtl number
of gases is almost always around 0.7. For the calculation of transport coefficients, see Appendix A3. For these
reasons, the last two factors in eq. (4.4) are often omitted for gases. For example, Woschni's correlation,””!
which is widely used in the internal combustion engine modeling, assumes that a = 0.035,/=0.8, and m =n =
0 in eq. (4.4). Thus the following correlation with @ ~ 0.3 and / ~ 0.8 will be a reasonable choice for CRCM
conditions.

Nu=aRe' 4.7)

BIR. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, John Wiley & Sons, New York, 1960.
®1J. B. Heywood, Internal Combustion Engine Fundamentals, McGraw-Hill, New York, 1988.
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or a o n-Cgl b
2 ! 08-() T | R .
: ‘ » CF
he =2 Nu=a~ Reé' (4.8) v CH, 4
D D .'ugu""“ﬂﬂaaa _@ZAAXXXXXXXXX
s{;;q_oﬁ.g-s-&&&.x.&x N
4.3. Effect of gas composition 07f oEEdsmme 1 T | 1
Qt A Appaansd a
Buffer gas for sample gas is often changed for I
the purpose of changing yin RCM experiments. o6l €O E 0.050 || (He,Ne,Ar, =0.050 |
i I H,0 " Kr,and Xe)
However, the effect of the buffer gas on the heat --- 0,
| ——N
transfer properties is also important and may be ?
05 1 1 1 1 1 1 1 1 1 1
used to control the heat loss in CRCM experiments. 300 600 ‘;0/0 K1200 1500 300 600 9T0/0K1200 1500
For this purpose, properties of stoichiometric Fig. 4.2. Prandtl number of gases.
n-hexane/O,/buffer mixtures were calculated. The
patplbar] : T[K]=1:30
ratio [O,] : [buffer] was kept similar to dry air, 0.2095 : r oD=016m’s' —T T
, _ L A/v=150m’" ]
0.7905. The density, p, of gas mixture was calculated for I e ]
. . . 4F . -+ " HelO i
the compressed gas with compression ratio 10 from 300 S : ;
\"*Q\N‘N*N HC/Oz/IlH
K, 1 bar. The vD and A/V were assumed to be 0.16 m* s~ [ TTemeremen et
and 150 m ', respectively, which correspond to the T, 30 Nf/ ?2 (mB) ]

. . . .. — i ¢ 1 Ar(Kr,Xe)
compression piston of diameter of 9.4 cm moving in a b i 1710, (k)
speed of full stroke (8.5 cm) in 50 ms, and 4 x 4 x 4 cm ;% 2r N 1+ Np/O, (/nH)

[ g==q---.:.f;%;%;.:g;;g;sgea&a;:z,,, ]

cubic reaction chamber. Parameters ¢ = 0.035 and / = 0.8 : 8-&4&-0-0-?1‘2‘? PO
A”Ang:i:#: :—v:v:v-'v""""""’ E
were used for eqs. 4.7 and 4.8. The heat transfer Ip oo T USEGI0, (nH)

. . . . ' CF4/O, (/nH)

coefficient, A, is not the final quantity determining the C0,/0, (‘nth e ]
3 nH = n-hexane (C¢H4) 1

1 1 1 1 1 I

decay of temperature of the compressed gas since the 0 =00 60 900 100 1500

temperature decay also depends on the heat capacity of T/K
) . ) O Fig. 4.3. Heat decay rate for several mixtures.
the gas. Thus the quantity #.4Cy  in the unit of s was

plotted in Fig. 4.3.

5. SENKIN extension
5.1. CRCM input
The CRCM extension to Senkin code is invoked by specifying keyword 'CRCM' instead of 'CONP', 'CONV',
etc.
CRCM
Among the eighteen parameters in eq. (2.1)—(2.19), fourteen parameters can be specified as follows.

CDRV VT Dd lffd mq
CCMP Vr D¢ h fic me
CCAM [a Ic
CDGA pr 7

Two constants are always assumed to be, g, = 980.665 cm s * and p, = 1 atm (= 101325 Pa). No input for p, is
required since it is read and calculated from 'PRES' input. Another parameter, the heat capacity ratio, ¥, is

calculated from the sample gas composition and temperature as a function of time. It should be noted that the
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Table 5.1. Constants, defaults, and units

diameters, D4 and D, of pistons must be specified in input instead of X
for CRCM extension.

areas, Aq and A., which are calculated accordingly.

5 parameter  default unit
nD§ nDg
Ag = and A = 5.1 constant:
4 2n 980.665  cms
) Da 1 atm
If any of the keyword line except for 'CRCM' was not found, the parameter:

3
default values in Table 5.1 is assumed. The unit for parameters is cgs, gz 1311320 Ccrrnn
as aligned to the other input of SENKIN, except for the pressure, for fl 105 é:m

fd yn
which the unit is atm. They are also listed in Table 5.1. my 10500 g
Vr 64 cm’
5.2. Heat transfer D, 9.4 cm
By default, CRCM extension ignores the heat loss except that the fil 8(')5 ((1:;1111
following heat loss keyword input is found in SENKIN input. ’l”c 30400 g
A cm
CHTL a ! o9 or Ty lc 2 cm
Pt 1.9 atm
where a and / are correlation parameters in eq. (4.7). Initial and final 7 1.2
. . heat transfer:
surface areas of sample compression chamber are specified by oy and a 0.035
OR, respectively. The surface area for heat transfer is interpolated as a ! 0.8 2
oy 416 cm
function of Y as, OR 96 cm?
Ty 300 K
o=0¢-(cog —or)Y (5.2) buffering:
Is 24 cm
The last parameter, 7T, is the temperature of the wall of the reaction Drod 1.8 .
Cleak 1 cm’ dyn s

chamber. The Reynolds number for the evaluation of eq. (4.7) is
calculated using characteristic gas velocity, v., and compression piston diameter, D..

Re ='OUC_DC (5.3)
n

The characteristic velocity was chosen to be the current piston speed during the acceleration period, but kept at
the peak piston speed during deceleration period or after the piston is stopped.
5.3. Transport properties

When 'CHTL' card is found in input, the CRCM extension assumes the transport coefficients, 77 and A, are
same as those of initial sample gas mixture. The program has coefficients of eqs. (A3.1) and (A3.2) for gases
listed in Table 5.2 internally, and tries to find species names specified in '/REAC' cards case-insensitively in the
internal library. For example, 'Ar' maches with 'AR' and 'cC6H12' matches with 'CC6H12'. However,
machanism files may use different names for fuels listed in Table 5.2. For such cases, alias definition cards
may be used to select proper species in the internal library.

CTAL namechem nameiansp

where, namegpen 1s @ name in mechanism input (processed by 'chem') and nameyans, is the corresponding name
in internal library. For example, when the mechanism file uses the name 'c-c6h12' for cyclohexane, an alias
card,

CTAL c-c6hl12 cC6H12
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. . Table 5.2. Gases in CRCM internal transport libra
is used to assign the fuel transport data. It P i

should be noted that the alias definition name  descr. name descr.

. . s 02 0O, iC4H10 isobutane
overrides the name matching with internal N2 NG neoC5H12  neopentane
library. For example, when the mechanism file coz  CO, C2H2 acetylene

. . ) . H20 H,O C2H4 ethylene
uses name 'c4h10' for isobutane, an alias card, He He C3H4p methyl acetylene
. Ne Ne C3H6 propylene
CTAL c4h10 i1C4H10 Ar Ar CH30H methanol
may be used to avoid the improper matching Kr Kr C2H50H ethanol
. . ] Xe Xe nC3H70H n-propanol
with 'C4H10' (n-butane) in the library. CF4 CF, CH30CH3 dimethyl ether
. . SF6 SFs C2H50C2H5  dietheyl ether
For the case when a gas in the sample gas is Ho H, CH3COCH3  acetone
not any molecules in the library, the CH4 methane CH3COOCH3 methyl acetate
. ) C2H6  ethane CH3COOC2HS ethyl acetate
coefficients in eqs. (A3.1) and (A3.2) can be C3H8  propane cC6H12 cyclohexane
. : : . I . C4H10 n-butane CC6H11CH3 methyl cyclohexane
directly specified in the input using 'CTCF C5H12 n-pentane Cahde cyclopropene
card. C6H14 n-hexane C6H6 benzene

C6H5CH3 toluene

CTCF name a\, ax, as, aay
M by by b3y bay

where name is the name of the species, a;, to a4, are coefficients for (A3.1), b, to b4, are coefficients for
(A3.2), and M is the molecular weight. When this input is found, tranport coefficients are calculated with these
values irrespective of the name matching with library or matching with the alias.
5.4. Role of the buffer tank
The role of the buffer tank can be described by replacing eq. (2.14) with,
fa=A44pd — Aopv —(Ad — Ap)pa — f1a (54)

The volume of the buffer tank is,

Vo = Ap (I — x) (5.5

The variation of py, can be described by the differential equation,

dpb _ poAbX _ Cleak P (Pb — Pa) (5.6)
dr My Vy

The effect of the buffer tank can be calculated by using a 'CBUF' card,
CBUF lB Drod Cleak

The cross section of the buffer tank is calculated as,
D? - D?
Ay =m—4—rod (5.7)
4
Nomenclature
typical values

Zn standard acceleration of gravity 9.80665 m s
Pa ambient pressure 101325 Pa
t time
driver section
Vr volume of air reservoir tank 0.01312 m’

Dy diameter of driver piston 0.13m
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Ag
pr

Vd
Jia
mq
X

Va
Pd

sectional area of driver piston

Initial pressure of air reservoir tank
polytropic index of driver gas

dynamic frictional force of driver piston
mass of moving part of driver

position of driver piston

volume of driver gas

pressure of driver section

buffer section

I
Drod

Po

length of buffer section
diameter of driver piston rod
sectional area of buffer section
gas leak coefficient

volume of the buffer tank
pressure of buffer tank

sample compression section

volume of reaction chamber

diameter of compression piston

sectional area of compression piston

Initial pressure of sample gas

heat capacity ratio of sample gas

dynamic frictional force of compression piston
mass of moving part of compressor

position of compression piston

volume of sample

pressure of sample

cam slope width

cam slope height (= compression piston stroke)
cam acceleration length

cam deceleration length

cam curvature length

horizontal force from driver

vertical force from compressor

heat transfer

q

o
T
Ty

he

Ql,é':b o3 b&’l

Nu
Pr
Re

Appendix

heat

surface area of reactor
sample gas temperature
reactor wall temperature

heat transfer coefficient
thickness of thermal boundary layer
tube diameter

viscosity

thermal conductivity

density

specific heat capacity

gas velocity

Nusselt number (= 4.D/ 1)
Prandtl number (= ¢,77/ 1)
Reynolds number (= pvD/ )

Al. Cam shape function

0.01327 m>

1.2
(10~300 N)
10.5 kg

0.24 m
0.018 m
0.01302 m>

1x10° m* Pa's™

6.4x10° m’
0.094 m
0.006940 m”
101325 Pa
1.35
(10~300 N)
3 kg

0.15m
0.085 m
0.04m
0.05m
0.02 m

Explicit form of the cam shape function shown in Fig. 2.2 can be written as follows.



s(x)=0

s(x) =b(x —x1 +1c)?

s(x)=a(x—xp)

s(x)=h-b(x—xs —Ic)?

s(x)=h

where a =ﬁ and b=-—1
In dimensionless form it is,

S(X)=0

S(X)=B(X — X + Lc)?

SX)=X-X,

(0<x<x1—-I¢)

(x1 —=Ic £x<x1 +1c)
(x1+lc £x<xy —I¢)
(x2 —Ilc <x<x2 +1c)

(x2 +1c £x< Xmax)

0<X<X-Lc)
(X1 —Lc£X<X1+Lco)
(X1 +LcX<Xy-Lo)

S(X)=1-B(X —X» —Lc)> (Xo—Lc<X<Xs+Leo)

S(X)=1

1
where B=——.
4Lc

(Xo+Lc £X < Xmax)

A2. Preparation of thermodynamic data
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(AL1)

(A1.2)

The NASA CEA program until 1993 and Chemkin use seven-coefficient thermodynamic data base in the

form,
CO
o =a) +a2T+a3T2+a4T3 +a5T4
m g+ 2y B2 By DBopd 96
RT 2 3 5
S—m:a1 lnT+a2T+a—3T2 LG s 954 + a7
R 2 3 4

(A2.1)

(A2.2)

(A2.3)

Chemkin thermodynamic data base provides these coefficients for typical gas phase species and they are used

to calculate thermodynamic functions for He, Ar, H,, N5, O,, H,O, CO,, CHy4, C5Hg, and n-C¢Hy4. For

monoatomic gases and small molecules, NASA PAC99 program that is provided with CEA program is useful

to calculated thermodynamic data base coefficients and was used for Ne, Kr, Xe, CF,4, and SFs. Sample input

for PAC99 program is shown in List A2.1.

List A2.1. Sample input for PAC99 program (Xe and SF)

NAME Xenon
DATE éMO807

NAME  SF6

FINISH

HF298 0.

ATM

JANAF3
HF298 -1220473. JOULES

LSQS ATM
V2 773.5
V6(3)  347.0
STATOT 1.

V3(2) 641.7
IAIBIC 29411.68

v4a(3) 615.5




CRCM (Sept. 7, 2007) 12/12

Some additional thermodynamic data for hydrocarbons were calculated by THERM program."'” An input
for the genTherm program is shown in List A2.2.

List A2.2. Sample input for genTherm program (hydrocarbons)

Thermodata for CRCM (Aug 20, 2007
C2H50H C2H601%$ C/C/H3 1 C/C/H2/0 1 O/C/H 1 $23
CH30CH3 MC2HG601$%C/H3/0 2 0/C2 1 $ 2
CH3COCH3 MC3H6018$ C/CO/H3 2 CO/CZ 1 $ 2 18
1C4H10 MC4H10 $ C/C3/H 1 C/C/H3 $ 3
CH3COOC2H5 MC4HS8O02$ C/CO/H3 1 CO/C/O 1 O/C/CO 1 C/C/H2/0 1 C/C/H3 1 $ 4 9
cC6H12 MC®6H 12 $ CY/C6 1 C/C2/H2 $ 03
cC6H11CH3 MC7H14 $ CY/C6 1 C/C/H3 1 C/C2/H2 5C/C3/H1 $13

A3. Calculation of transport properties
Transport properties of gases necessary for the evaluation of heat transfer terms were calculated using
TRANFIT program "' in Chemkin-II using the transport property input (sample is shown List A3.1) and
thermodynamic database described in Appendix A2. The transport input data available in Chemkin-II library
were used if available. Other data were taken from the value derived from the experimental viscosity.!'"” The
TRANFIT program fit the viscosity and thermal conductivity in the following forms, and the derived
coefficients were used to calculate the transport properties.

4 .
Inp=Y ap(nT)"™ (A3.1)
i=1

4 .
InA=> by (InT)"" (A3.2)
i=1

The mixture averaged transport properties were calculated using the following formulae.

n= Z illi (A3.3)

i= IZ, -1
| v -1/2 1/2
where, ®;; =W[l+—’} 1+[£J
8 M nj

1| ¥ 1
— (A3.4)
2 ; Zz]il Xi /ﬂ,

List A3.1. Input for TRANFIT

02 1 107.400 3.458 0.000 1.600 3.800
N2 1 97.530 3.621 0.000 1.760 4.000
C0o2 1  244.000 3.763 0.000 2.650 2.100
H20 2 572.400 2.605 1.844 0.000 4.000
He 0 10.200 2.576 0.000 0.000 0.000
Ne 0 32.8 2.820 0. 0. 0.
Ar 0 136.500 3.330 0.000 0.000 0.000
Kr 0 178.9 3.655 0. 0. 0.
Xe 0 231.0 4.047 0. 0. 0.
CF4 2 134.0 4.662 0. 0. 1.
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