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ABSTRACT

Methyl chlorosilanes are important raw materials for the
production of polyalkylsiloxanes, the basic ingredient of silicone
oils and silicone rubbers. One of the main methods for the
commercial production of methyl chlorosilanes, known as direct
process, involves a reaction between elemental silicon (Si) and
methyl  chloride ~(MeCl). The principal product 1s
dimethyldichlorosilane, ~which is used to form the
polydimethylsiloxanes.

The aim of this work is to predict a mathematical models
in which it shows the behavior of the reaction. We predict four
models, these models take in consideration the reaction kinetic
the physical, chemical, and design equation of fluidized bed
reactor.

The equations shows the conversion of MeCl as function
of temperature and time, conversion of silicone as function of
time, particle diameter as function of time. We have compared
the result from these models with practical result from

international papers, and it shows good agreement.
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NOTATION
ap Interfacial bubble area per unit bubble volume, (em™)
Ao Orifice area ( cm?)
At Column diameter (cm?)
Cab Concentration of MeCl in bubble phase, (gmol/cm’)
o Concentration of MeCl in the dense phase, (gmol/cm’)
deq Diameter of equivalent volume sphere = bubble diameter (cm)

deo, deq, Initial equivalent bubble size, (cm)

dem, deq,, Maximum equivalent bubble size attainable by coalescence (cm)

d, Diameter of sphere having the same volume as the particle (cm) |
dp Particle diameter (cm ) |
di Diffusivity of reacted gas ( cm?/s)

D Column diameter (cm )

Ei, Molar flow rate of MeCl (gmol/hr)

H Bed height, (cm)

Hn¢ Bed height at minimum fluidization (cm)

K Reaction rate constant, (gmol MeCl/gm Si, hr)

KA Adsorption equilibrium constant for MeCl, (atm™)

Kgp Desorption equilibrium constant for Silane, (atm™)

K, Bubble to dense phase mass transfer coefficient (cm/s)
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Molecular weight of Si (gmol/gm)

Viscosity of reacted gas ( gm.cm/s)

Partial pressure of MeCl (atm)

Partial pressure of dimethy/dichloro silane (atm)
Volumetric flow rate (gmol/hr)

Density of solid particle ( gm/cm’)

Density of the gas ( gm/cm’)

Temp of the bed (C°)

Temp of MeCl inlet (C?)

Superficial gas velocity (cm/s)

Minimum fluidization velocity (cm/s)

Rise velocity of a bubble in a bubbling bed (cm/s)
Weight of solid (cotact mass) (gm)

Conversion of MeCl

Conversion of Si

Density of Si (gm/cm3)

Ratio of gas flow via bubble phase to total gas flow

Fraction of bed occupied by bubble

Distance above distributor (Variable with bed height)(cm)
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INTRODUCTION
When on May 10, 1940, in the research laboratory of the

General Electric Company in Schenectady, Ny, Rochow carried
out an experiment in which he passed gaseous methyl chloride
through a crushed 50% Cu-Si mixture (previously activated with
gaseous HCI) in a tube furnace at 370°C and obtained as products
a mixture of methylchlorosilanes (among them (CHj), SiCl,, our
interest product).[l]

Rochow’s direct process is still the only economical route

to methylchlorosilanes. The direct process is shown in Eq.(1)

Si+ MeCl —ﬂjL; Me, SiCl,  (Di, 70-90%.....(1)

+ Me SiCl, (Tri, 4-12%)
+ Me , SiCl (Mono , 1-5%)
+ Others (low traces)

The direct process is carried out commercially in fluidized-
bed reactors using powdered silicon at approximately 300 C°.
Rochow’s great discovery was copper catalysis. The reaction are
essentially inert without it.

A huge amount of research has been done to find
promoters that will result in higher selectivities to Di.””) The most
work done by chemist scientist in which they study the
mechanism of the reaction.

Ward, Ritzer, Carroll, and Flock [3], study the effect of
trace elements on product distribution and rate. Fluidized and

stirred bed reactors were used. A catalyst system consisting of
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copper, zinc, and tin was discovered which yield 90%
dimethyldichlorosilane with nearly complete silicon utilization.

Lewis and Ward ! used a contact mass of CuCl with
silicon and study the effect of added zinc and phosphorus to the
reaction, they found that, at Cu/Zn ratios > 30, phosphorus
addition resulted in an increase in selectivity for Di, phosphorus
appeared to cause an increase in formation of the eta phase
(Cu;Si).

Many patents are present in this field, study the effect of
promoters on the selectivity for Di.

Aramata, Fujioka and Yuyama ™ invent a mixture of
catalyst, copper or copper compound catalyst and an activated
aluminum, aluminum alloy or aluminum carbide promoter. The
reaction is carried out at temp. 250-400 C° in stirred tank or
fluidized bed reactor, the invention shortens the time required for
activation in the Rochow reaction and increase the selectivity for
desirable diorganodihalosilanes.

Aramata, Fujimoto and Saito ©!, add 50-10,000 ppm of
bronze phosphide to the contact mass (Metallic silicon and
copper catalyst), the invention is successful in efficiently
producing organoholosilanes in a high sty (space time yield) and
low T/D.

In this work we try to find the design data for fluidized bed
reactor by using models in which it shows the behavior of the

reactor and the reaction.
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THEORY

1- Model (1) Kinetic Model
For high production of Di. We assume that there is only Di

in the product, so the reaction equation of silicon with methyl

chloride is:

2CH3cz+Sfi;C"—> (CH,), SiCl, +Others cseekidl)
1. 1
A+;Sl‘“—)EB+C CaEa e ..(3)

Steps in a catalytic reaction
Adsorption of methyl chloride on the surface of copper

A(g)+S A === rAD=KA(PA CV—“CA'S] .....(4)

A

Reaction of MeCl with silicon on the surface of catalyst (Cu)

ASH S48 =B+ T+ rS:KS[CA'S P.C, _M}
| e

sl )
3- Desorption of Di (product) from the surface of Cu

BS — . B+S rD=KD( Cg.rpif"J ..... (6)
most of the catalytic reaction is surface reaction limiting then
%ilz ,-}{2:0 ,C=K,P,C, , CB_SzpifV =k, P,C,
ro=K; (x,, B RC -&}%S’——ﬂ] A7)
hy
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I

' “lrx, P,+x, ) v ool

K (12("( P, P:;_i(ﬁ}fgW

Ks
Vo=

......... 9
[1+KA PA+K3PB]2 ®)

For irreversible reaction, let K=K C’ P,

e 3 K x, P, _ gmol MeCl reacted 6
l+k,P,+x, B,]  gm solid (Si+Cu).hr e d8)

We can assume the design equation of fluidized bed same
as CSTR. Then:

ok

o

—}‘; -

W =

From the stochiametry

§=-1,7Y,,=0667,e=-0667, P, =0.667P, ,0,=0, v,=0.5

(1=x) T (0, +v,X) T
By=p, A0 ta p=p ~pTli<) %
4~ 4 40 (I-i-EX) T B~ " 4o (I—HEX) T

Kx,0.667P ?; (1-x) wir,)

¥e 0.667.X)

05X

s
0.667 — "~ “op
& (1-0.667.X) T J

(-
l+x, 0.667—(1;"-{)— ﬁm
(1-0.667x) T
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From literature, reference (6).

(42-62

e R [sE =
280 0.24 0.0076 0.53
300 0.6 0.0068 0.4
320 1.17 0.0057 0.28

The reaction rate take the exponential form, then assume

o B
K.k, .ky=ae

By statistical program (specified regression) we find:

K=45473.71¢ %37 ..(13)
K ,=0.00083 ¢®%'7 n(14)
K, =0.004003 7"*'7 n(15)
PY P
F,=v, ———%=0.00812 * Q -—— —
Ao 0 R TG Q (TO +273) (]6)

2- FLUIDIZED BED MODEL (GRCUT MODEL)
Two phase model

With the assumption that there are no particles in the
bubble phase. The change in molar flux of species A at any high

in the bubble phase must be accounted for by interphase transfer:

Change in molar flux = transfer from bubble to dense phase

p U dC, =Kq (CM —CAb) a,€,d”Z O 1

i
B= 5 "_—fraction of gas which flows through the bubble

3

phase at any high

—
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\
CT dC, :anbeb ]dZ ..(18)
o Cia=Coas BU 0
at Z=0 C,,=C,.
EXLY
Cip =€+ Cip~Cuale 7° +(19)

A mole balance over the entire dense phase yield:

Transfer by convection + transfer by diffusion = reacted

H

(=AU (Co~Cu)+ [K,(C=Ch) a,6,dz=(1-¢,)1-¢,, JH K, CI,

.......... (20)
H \l-€_,
For first order reaction n=1.0,H,,=(1-¢,) H , K|=K, —”’f-(]—(f:—”i-)
Cain _[18 (CAb)ZzH "'(1_ /8) CAd]zKlr Cua sevalZ1)

Sub eq.(19) in eq.(21) then

o _Cul=Be7) e

Y 1-pe+K,

The final exit concentration is:
€ soi =C i € prunsiua w5x(23)
=C oK C
Compare with eq.(21)
Then

CAom‘ :28 [CAb ]z:H +(1_18) CAd .(24)




44 Tikrit Journal of Eng. Sciences/Vol.13/No.1/March 2006 (4

sub in eq.(21)

Cin—Caou =K, Cy swsal 2)

—“——"‘“—"'K], . siewal 20
eq.(26) = eq.(22)

Cao _ Ki(12f ) @7)
CA:‘.-? 1_16 e_x +K]' e

XA:K,(I—ﬁe ):lhl—/ie PR e el -
I-B e +K! -8 e +K!

To find the rate of reaction for first order:

T, (l—x)
K g, 0667p=2 N8 _
K C -z % = "1 (1-0667)
T ] o
" {-asm T L, 0667, 1Y) Lo py o667 0% L
S (1-0667x) T (1-0.667x) T
..(29)
e Kx,RT, pg
1 2
4k, 066’7——(1 2 P 4x,0.667 —2o% To
(1-0.667x) T (1-0.667x) T

..(30)

K 5. -
K=" fU( Bl ol AT S 31)

K,a,¢ H
X:Hﬁ o P o 64
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B= U"’f wik33)
0.25 -0.5
© —onsy L 09758"% d ot
q mf deqU.ZS \ ]
i H-H,& U-U
q u,
u,=0.71 (deg* g\* +[U-U,,) ...(36)
w
") i
* 3 % =
4=Ee (‘f” AL ...(38)
7,
d,=113dp . (39)
deq-:dem—-(dem— deo) g A .....(40)
dem=0374(z D**(U-U,, )J* - (41)
deo=138(0"*)(¢g™?) ...(42)
0,=4,U-U,,) e (43)
H, =H(-¢,) cen(44)
_ 934 0.934d1.8

if dp(=0.01 U”J:(p,a p. )" " dp s

111 I*#o.m pgoss

K W((1135.7+0.408Ar)°‘5—33.7) ....(46)

dpy 0.01 U, =
{pg dVJ
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3- Model (3) Particle Diameter

*dNS,:—bdNA:—( s ]dV:—(-&L]d(Ez?}
M M,

=47 P52 g,
Si

1 ﬂ&':b;{] 3

Vo dt

L 4n| P |2 T ko
4_ s M, dt
571'!“

_rﬂz bK Cyy My 4 ¢
gt 3 ps

b}“.’] C_-{'ﬂ' MSI;.!'
3 Psi

dp =dp e

¢ -Cu (1-8e)

1-B e +K]
4- Model (4) Conversion of Silicon
4 ;
Y - Volume of unreacted core 57” N T
- s Total volume of particle 4 7R3 R

.(47)

(48)

...(49)

.....

...(50)

sl 55)

(54)

.. (55)
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3
dp,
X =l —=
s (dp] ...(56)
or
bK Cyy My ¢
Xy=l-¢ * . (5T)

Computer Programs

Four programs were presented by Quick Basic to predict
the data from above models.

Ist program, kinetic model was used to evaluate the
conversion of MeCl as function of Temp., using trial and error
method because the conversion variable (X) was impossible to
separate.

2nd program, same us in one, conversion of MeCl was
evaluate as function of Temp., by using model two.

3rd program, used model three with two to predict the
particle diameter as function of time, also different particle
diameter mean different U,, (minimum fluidization velocity), in
which give different ratio of gas flow via bubble phase to total
gas flow ﬁ(ﬁ:UnUﬁ,ﬂ’U), so this can be used to show the

conversion of MeCl as function of time.
4th program, model four with three and two where used to

show the conversion of Si and MeCl as function of time.

47
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RESULTS AND DISCUSSION
1- Data obtained from model one and two for different weight

of contact mass (silicon/ capper) and molar flow rate, these
data compared with observed data i as shown in table (1).
These data were presented in Fig. (1) and Fig. (2), they
show a good agreement between the observed and predicted
data, also it show the increase of MeCl conversion with
increase of Temp., this result from increase in reaction rate
constant.
2- Fig. (3) and Fig. (4), for different weight of silicon and
different velocity of MeCl gas, the two models are showing
accelent agreement with each other, also it shows increase in
conversion of MeCl with increasing weight of contact mass
(increase in height) this due to increase in contact time
between MeCl and Si, and decrease in conversion of MeCl
with increasing velocity of MeCl, this is due to decrease in
contact time.
3- Fig. (5), shows the decrease of particle diameter (dp) with
time, this is due to consumption of silicon due to reaction with
MeCl.
4- Fig. (6), shows decrease of MeCl conversion and increase
of silicon conversion with time, because with time the total
consumption of Si will increase and this mean decrease in dp
or decrease in weight of contact mass, this will lead to
decrease the contact time for MeCl with Si, this mean

decrease MeCl conversion.
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5- Z, ( distance above the distributor ) , it is very important
factor in the second model, it icrease with increasing weight
of contact mass and increasing velocity , it mean it is a

function of high of the bed .
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Table (1) observed and predicted data for conversion of
MeCl as function of Temp
W =66.5 gm, Fa, = 6.435 gmol/hr
T Xohservcd Xmadcl-l Y1nodc[~2 ]
303 0.0043 0.01 0.009
323 0.0075 0.01 0.016
343 0.0264 0.03 0.026
W =535 gm, Fa, =4 gml/hr
289 0.007 0.01 0.013
310 0.018 0.02 0.025
334 0.04 0.04 0.042
359 0.084 0.08 0.081
0.20
; 0.15 0. Observed
=T . Model 1
Q o010 N\ Model 2
=
G 0.05
5 4 g
D 0.00 = =
S
5 0085
[ &)
-0.10
300 310 320 330 340 350
Tempreture (T), &
Figure (1) Conversion MeCl (X) Vs. Temperature (T)

comparison between observed and predicted data

W=66.5 em., FA°= 6.435 gmol/hr
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. 015 : . - - : : : I
x
- ~0. Observed
: gm & Model 1
= Model 2
T
o
=
o
" 0.05 1
L
<]
>
c
o
(@)
0.00 : . - -
280 290 300 310 320 330 340 350 360 370
Tempreture (T),C
Figure (2) Conversion of MeCl (X) Vs. Temperature

(T) comparison between observed and predicted data
W=53.5 gm, FA°=4 gmol/hr

1.0

- ~09
0.8 0. Model (1) ,W=250g
507 L Model (2), W=250 g
[} ~A Model (1), W=500 g

s 0.6 . Model (2), W=500 g / ]
05 |
=0.4 = 5 ; |

240 260 280 300 320 340 360

Tempreture of the Bed (T ), €

Figure (3) Conversion of MeCl (X) Vs. Temperature
(T) Model (1) and (2) for different weight of Si dp =
0.1 cm, U=4 cm/s, D=5 em, T0= 300°C
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1.0 y - ]
—na |
KUB 0. Model (1) ,U=4 cm
50_7 . Model (2), U=4 cm
mo 5 Rt Model [1:! , U=8cm
= . Model (2) , U=8cm,

%505 ‘
50.4
'@0.3
20.2
50.1 -
00.0 ' - - - -
240 260 280 300 320 340 360
Tempreture of the Bed (T), €
Figure (4) Conversion of MeClI (X) Vs. Temperature
(T) Model (1) and (2) for different velocity of MeCl
dp =0.1 ecm, W=500gm , D=5 c¢m, Ty= 300°C
o 12
o
*E 10
(8]
as
=]
= 6
(4]
®
% t ~0 dp=0.01 cnf
g
w2
kS
to "
nﬂ_’ -1000 0 1000 2000 3000 4000 5600 8000 7000 8030

Time (t), Secound

Figure (5) Partial diameter (dp) Vs. Time(t)
Model (3), dp = 0.01 cm, U=4 cm/s, H=27.44 em , D=
5 em. T.To= 350, 300°C
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Conversion of MeCIl { Xm ) & Si ( Xs )
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D

04 0 Xm
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0.3

0.2
0.1
0.0

0.1

*1000 0

1000

2000 3000 4000 5000

Time (t), Secound

6000

7000

Figure (6)Conversion of MeCl and Si Vs. Time(t)

Model (4), dp =0.01 em, U=2 em/s, H=27.44 cm , D=

5 em, T,Ty= 350, 300°C
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Program - 1

Pt=1%
W="2?
=2
Q=U* At * 3600
y =2

FA =(.0081282* Q * pt) / (y + 273)

PRINT “U=*; TAB (5); U; TAB (15); “Cm / s”

PRINT “Q="; TAB (5) ; Q; TAB (15); “Cm"3 /hr”

PRINT “pt="*; TAB (5) ; pt; TAB (15); “atm”

PRINT “W=*; TAB (5) ; w; TAB (15); “gm”

PRINT “To=*“; TAB (5) ; y; TAB (15); “C”

PRINT “FAo=“; TAB (5) ; FA; TAB (15); “gmol / hr”

PRINT “TAB (4); “X”; TAB (17); “T”; TAB (32);"V”

PRINT “TAB (3); “-=---- ”?; TAB (16); “-----"; TAB (31);”-----"

FOR T =250 TO 350 STEP 5

FOR X=0.0 TO 1 STEP. 01

K =45473.71 * EXP (-3380.357/ T)

K, =.00083 * EXP (622.693 / T)

Ky =.004003 * EXP (1370.53 / T)

A =INT (X * 1000 +.5)/ 1000

B=Ks*.667*pt(y/T)*(1-X)/(1-.667 * X)
C=K*B

D=1+B

E=Kg*.667* 5*X*pt*(y/T)/(1-.667*X)

F=C*(w/FA)/(D+E)"2

R =INT (F * 1000 +.5) / 1000

G=R-A

V=INT (G * 1000 +.5) / 1000

IF V<.01 ANDV>=0THENPRINTA, T,V

NEXT X

NEXTT

(54-62)
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Program - 2

Pt="?
=
. S
R =82.06
dp=7?
mp = 2.32
rg =.001073
Me = .000215
Z=7
W=7
eE=7?
H=w/((At*rp) * (1 -E))
D=%
g =980
Uu=?

enf:?
di=?
Ao=7?
dv=1.13 *dp
Ar=rg*dv 3 *(rp—rg) *g/Me"2

IF dp <= .01 THEN Umf= ((rp—rg) * .934 * g~ . 934 * dp "
1.8) /(1111 * Me” .87 * rg * .066)
IF dp > .01 THEN Umf=(Me/rg * dv) * ((1135.7+.0408* Ar)»
5-33.7)
B=U-Umf)/U
dem=.374 * (3.14 * (D" 2) * (U - Umi)) ~.4
Qo = Ao * (U~- Umf)
deo=138* (Q0 4)* (g ~-2)
d. = dem — (dem — deo) * EXP (-.3 * Z/ D)

Kq=.75 #Umf+ 975 * g~ 25* di~.5/de” .25
a,=6/de
u, =.71 * (g * de) » .5 + (U — Umf{)

S =(U-Umf)/ua
XC=Kq*ab* §*H/(B *U)
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Hmf=H* (1 - &)
PRINT “Pt="; TAB (5); pt; TAB (15); “atm”
PRINT “To="; TAB (5); y: TAB (15); “C”

PMTRIT GV TAD /8. V. TAD /1&N. & 2
L IxiiN L FANEEYE o v \J}, L%y LLNLD L b s

PRINT “R="; TAB (5); R; TAB (15); “cm”3/atm gmol k”
PRINT “z="; TAB (5); z; TAB (15); “cm”

PRINT “H="; TAB (5); H; TAB (15); “em”
PRINT “&="; TAB (5); E; TAB (15); “---"
PRINT “W="; TAB (5); W; TAB (15); “gm”
PRINT “Hmf="; TAB (5); Hmf; TAB (15); “cm”
PRINT “dp="; TAB (5); dp; TAB (15); “cm”
PRINT “D="; TAB (5); D; TAB (15); “cm”
PRINT “g="; TAB (5); g; TAB (15); “cm/s"2”
PRINT “U="; TAB (5); U; TAB (15); “cm/s”
PRINT “Umf="; TAB (5); Umf; TAB (15); “cm/s”

PRINT “&,="; TAB (5); Emf: TAB (15); “-—-"
PRINT “di="; TAB (5); di; TAB (15); “cm?2/s”
PRINT “Ao="; TAB (5); Ao; TAB (15); “cm”2”
PRINT :TAB (4); “T”; TAB (17); “X”

FOR T =250 TO 350 STEP 10

K = 45473.71 * EXP (-3380.357 / T)

KA =.00083 * EXP (622.693 / T)

KB =.004003 * EXP (1370.53 / T)

A= (K /3600)* KA * R * 2.34 * (y + 273)
Bl=1+.667*KA*(y/T)*pt*((1-X)/(1-.667*X))
C=.667*KB*.5*X*pt*(y/T)/(l-.667* X)

Kl=A/(Bl1+C)*2Kd=KI *Hmf* (1 - §,)/U
J=1-P*EXP (-XC)+ B * Kd * EXP (-XC)

L=1-p*EXP(-XC)+Kd

X1=INT ((1-(J/L))* 1000 +.5)/ 1000
PRINT T, X1, Unf

NEXT T
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Program -3
Pt=7?
Y=7?
T=7?

R =82.06

=%
rp=2.32
rg =.001073
Me =.000215
MB = 28

Ao =7

PRINT “pt="; TAB (5); pt; TAB (15); “atm”

PRINT “To="; TAB (5); y; TAB (15); “C™

PRINT “T="; TAB (5); T; TAB (15); “C*”

PRINT “R="; TAB (5); R; TAB (15); “cm”3 atm/gmol k”
PRINT “z="; TAB (5); z; TAB (15); “cm”

PRINT “H="; TAB (5); H; TAB (15); “cm”

PRINT “MB="; TAB (5); MB; TAB (15); “gm/gmol”
PRINT “dp="; TAB (5); dp; TAB (15); “cm”

PRINT “D="; TAB (5); D; TAB (15); “cm”

PRINT “g="; TAB (5); g; TAB (15); “cm/s"2”
PRINT “U="; TAB (5); U; TAB (15); “cm/s”

PRINT “W="; TAB (5); W; TAB (15); “gm”

PRINT “&="; TAB (5); E; TAB (15); “---"

PRINT “Me="; TAB (5); Me; TAB (15); “gm.cm/s”

PRINT “5,/="; TAB (5); Emf: TAB (15); “---"
PRINT “di="; TAB (5); di; TAB (15); “cm?/s”
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PRINT “Ao="; TAB (5); Ao; TAB (15); “cm”2”
PRINT “rp="; TAB (5); rp; TAB (15); “gm/cm”3”
PRINT “rg="; TAB (5); rg; TAB (15); “gm/cm?3”
PRINT ; TAB (4) ; “t”; TAB (17) ; “X”

CAi=.667 * pt/ (R * (y +273))

K'=45473.71 * EXP (-3380.357 / T)

KA =.00083 * EXP (622.693 / T)

KB =.004003 * EXP (1370.53 / T)

A =(K/3600) * KA * R * 2.34 * (y + 273)
Bl=1+.667*KA* (y/T)*pt* ((1-x)/(I -.667 * X))
C=.667*KB*.5*X*pt*(y/T)/(1 -.667 * X)
Kl1=A/(Bl+C)"2

FORT= 60 TO 7200 STEP 60

dv =L13* dp

Ar=rg *dv"3* (rp-rg) * g/ Me "2

IF dp>.01 THEN Umf = (Me /rg * dv) * ((1135.7 + .0408 * Ar)
N.5-33.7)

IF dp <=.01 THEN Umf=((rp-rg)" .934*g" .934*dp”
1.8)/(1111*Me” .87*rg”.066)

B=(U-Umif)/U

dem=.374 * (3.14* (D" 2) * (U—-Umf)) » .4

Qo= Ao * (U - Umf)

deo = 1.38 % (Qo " .4) * (g ~-.2)

de = dem — (dem — deo) * EXP (-.3 * Z / D)
Kq=.75*Umf+ .975*% g~ 25*di~.5/de " 25
dp = 6/ de

U =.71 * (g * de) » .5 + (U — Umf)

§ =(U-Umf)/ua

Hmf=H* (1 - §)

XC=Kqg*ab* §*H/(B * U)

Kd=K1 * Hmf* (1 - §,)/ U

S2=K1 * MB * I *CAi * (1-B*EXP (-XC)) / (B*rp*(1-B EXP (-
XC) + Kd))

dp = dp * EXP (-S2)
J=1-B*EXP (-XC) + B * Kd * EXP (-XC)

A
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L=1-8*EXP (-XC) +Kd

X1 =1INT ((1 - (J /L)) * 1000 + 0.5) / 1000
PRINT I, X1, dp

NEXT

Program - 4

rg =.001073
Me =.000215

PRINT “pt="; TAB (5); pt; TAB (15); “atm”
PRINT “To="; TAB (5); y; TAB (15); “C*”
PRINT “T="; TAB (5); T; TAB (15); “C*

PRINT “R="; TAB (5); R; TAB (15); “cm”3.atm/gmol k”
PRINT “z="; TAB (5); z; TAB (15); “cm”

PRINT “H="; TAB (5); H; TAB (15); “cm”

PRINT “MB="; TAB (5); MB; TAB (15); “gm/gmmo1”
PRINT “dp="; TAB (5); dp; TAB (15); “cm”

PRINT “D="; TAB (5); D; TAB (15); “cm”
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PRINT “g="; TAB (5); g; TAB (15); “cm/s"2”
PRINT “U="; TAB (5); U; TAB (15); “cm/s”
PRINT “W="; TAB (5); W; TAB (15); “gm”
PRINT “&="; TAB (5); E; TAB (15); “--->

PRINT “Me="; TAB (5); Me; TAB (15); “gm.cm/s”

PRINT “S,="; TAB (5); Emf; TAB (15); “---"

PRINT “di="; TAB (5); di; TAB (15); “cm”2/s”

PRINT “Ao="; TAB (5); Ao; TAB (15); “cm”2”

PRINT “rp="; TAB (5); rp; TAB (15); “gm/cm*3”

PRINT “rg="; TAB (5); rg; TAB (15); “gm/cm”3”

PRINT ; TAB (4) ; “t”; TAB (17) ; “Xm”; TAB (31); “Xsi”
CAi=.667 * pt/ (R * (y +273))

K =45473.71 * EXP (-3380.357 / T)

KA =.00083 * EXP (622.693 / T)

KB =.004003 * EXP (1370.53 / T)

A= (K/3600) * KA * R * 2.34 * (y + 273)

Bl =1+.667*KA*(y/T)*pt*((1-X)/(1 -.667 * X))
C=.667*KB*.5*X*pt*(y/T)/(l-.667* X)
Kl=A/(B1+C)~2

FOR I =60 TO 7200 STEP 60

dv=1.13 *dp

Ar=rg*dv” 3 * (rp—rg)*g/Me"2

IF dp > .01 THEN Umf = (Me / rg*dv) * ((1135.7+.0408 * Ar) "
5-33.7)

IF dp <=.01 THEN Umf=((rp-rg)" .934%*g" .934*dp”
1.8)/(1111*Me” .87*rg”.066)

B=(U-Umf)/U

dew =.374 * (3.14 * (D~ 2) * (U — Umf)) » 4

Qo= Ao * (U—- Umf)

deo=1.38* (Qo ™ .4) * (g -.2)

de = dem — (dem — deo) * EXP (-3 * Z / D)

Kq=.75*Umf+.975* g~ 25*di~.5/de” 25
ab=6/de
u, =.71 * (g * de) * .5 + (U — Umf)

S =(U-Umf)/ua

(60-62)
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Hmf=H* (1- §)
XC=Kq*ab* §*H/(B* U)

WA—TL1 %k LTwmFk /1 NTTT
ou i ISV myy v

S2 =K1 * MB * I * CAi * (1-B * EXP (-XC))/(6*rp* (1-P*EXP
(-XC) + Kd))

dp = dp * EXP (-S2)
J=1-p*EXP (-XC) + B * Kd * EXP (-XC)
L=1-p*EXP(-XC)+Kd

X1 =1INT ((1-(J /L)) * 1000 + 0.5) / 1000

X2 =INT ((1 — (dp/dpi)) #1000 + 0.5) / 1000

PRINT i, X1, X2

NEXT
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