Example 10.3.1 from Davis and Davis
Froment, Ind Eng Chem 59 (1967)

Here are the dimensionless equations. You want to make “y1”, not “y2”

ni= eql = pe (D[yl[r, z], {r, 2}] + 1/ rD[yl[r, z], r]) +
Bl (k1 (1- yl[r, z] - y2[r, z]) - k2yl[r, z])

y1=® r, z]
ouri- Bl (-k2yl[r, z] +k1 (1L-yl[r, z] -y2[r, z])) +pe |[————~ +y129 [y z]

r
nej- eq2 = pe (D[y2[r, z], {r, 2}] + 1/ rD[y2[r, z], r]) +
Bl (k2 y1[r, z] +k3 (1- yl[r, z] - y2[r, z]))

220 [r, 2]
ourz= Bl (k2 yl[r, z] +k3 (1-yl[r, z] -y2[r, z])) +pe | —

+y2®% [r, z]
c

ns= eq3 = bo (D[ 6[r, z], {r,2}] + 1/ rD[O[Fr, 2], r]) +
B2 (k1 (1-yl[r, z] - y2[r, z]) - k2yl[r, z]) +
B3 (k2 yi1[r, z] +k3 (1- yl[r, z] - y2[r, 2z]))

oug= B2 (-k2yl(r, z] +kl (1-yl[r, z] -y2[r, z])) +

61 [r, z]

+0!

B3 (k2yl[r, z] +k3 (1-yl[r, z] -y2[r, z])) +bo 20

r, z]
r

n4- eqs = {D[yl[r, z], z] = eql, D[y2[r, z], z] = eq2, D[6[r, z], z] = eq3,
yl[r, 0] =0, y2[r, 0] =0, 6[r, 0] = 1, ((D[yl[r, z], r]) /. r>eps) =0,
((D[y2[r, z],r]) /. ¥ >eps) =0, ((D[E[r, 2], ¥]) /. r >epsS) =0,
((D[yl[r, z], r]) /. ¥r>1) =0, ((D[y2[r,z], r]) /. r->»1) =0,
((D[e[r, z],r]) /e r>1) ==hw (6w - 6[1, z])}

Outf4]= {yl(e’l) [r,z] =pB1 (-k2yl[r, z] +k1 (1-yl[r, z] -y2[r, z])) +

y1®&® [r, 7]
pe |yl [, 2] |, y2@V [r, 2] =

r

y2h% [r, z]
Bl (k2yl[r, z] +k3 (1-yl[r, z] -y2[r, z])) +pe |— = +y229 [y z]
r

)

0@V r, z] =p2 (-k2yl[r, z] +k1 (1-yl[r, z] -y2[r, z])) +

o1 [r, z]

B3 (k2yl[r, z] +k3 (1-yl[r, z] -y2[r, z])) +bo +0®% 1, 21,

r

yl(r, 0] =0, y2[r, 0] =0, o[r, 0] =1, y1'»% [eps, z] = 0,
y2(1,0) [eps, z] =0, e®H® [eps, z] =0, y]-(l’O> [1, z] =0,
y2B0 (1. 2] =0, 6191, z] = hw (ew-6[1, z])}
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5= eqs /.
{kl > Exp[-1.74 + 21.6 (1 - 1/6[r, z])], k2 > Exp[-4.24 + 25.1 (1 - 1/86[r, 2])],
k3 » Exp[-3.89 + 22.9 (1 -1/6[r, z])], pe »5.706, bo -» 10.97,
hw-» 2.5, B1-55.106, B2 > 3.144, B3 > 11.16, 6w > 1, eps » .0001}

Out[5]= {ylm’l) [r, z] =

1 1

5.106 (_e74.24+25.1 (LHT,ZJ) yiir, z] +e—1.74+21.6 (LHT’ZJ) (1-yl[r, z] -y2[r, z]) | +
y1(H® (7]
5.706 | 77 iy1 @0 (r oz |, y2 @V [ 7]
r
~4.24425.1 (17 1_) 23.89+22.9 (17 1_)
5.106 (e ezl yl[r, z] +e ozl (L-yl[r, z] -y2[r, z]) | +
y2L:9 r ) Z]
5.706 | +y2®0 [r, 2] |, 6% [r, 2] =
N
3.144 (_674.24+25.1 (1707”’21) yilr, z] Lo 174216 (l’oiw,z]) (1-y1[r, z] -y2[r, z]) ) .
11.16 [674.24&5.1 (LOT’N) yilr, z] L o 3890229 (LDT,z') (1-y1[r, z] -y2[r, z]) | +
60 [r, z] e
10.97 | ——— +6®% [r, z] |, y1(r, 0] =0, y2[r, 0] =0,
r

o[r,0] =1, y1%»%[0.0001, z] =0, y219 [0.0001, z] == 0,
o9 10.0001, z] =0, y1'19 (1, z] == 0,
y2L0 (1, 2] =0, 0% (1, z] =2.5 (1-0[1, z])}

ne= NDSolve[%5, {yl[r, z], y2[r, 2], ©[F, 2]}, {r, .001, 1},
{z, 0, 1}, Method » {"PDEDiscretization" » {"MethodOfLines",
"SpatialDiscretization" » {"TensorProductGrid", "MinPoints" - 1000}}}]

Out[6]= Hyl[r, z] > Interpolat‘ingFunct‘ion{ /\/ bomain: {{0.0001, 1.}, {0, 1.}} [ry, z],
Output: scalar

+| Data not in notebook; Store now »
. . Domain: {{0.0001, 1.}, {0., 1.}}
2[r, z] - Interpolatin Funct'lon{ /\/ r, z
y2[r, z] P g Output: scalar (s zl,
+| Data not in notebook; Store now »
o[r, z] - Interpolatw‘ngFunctﬁon{ N Domain: {{0.0001, 1.}, {0., 1.}} } ir, z}}}
Output: scalar

+>| Data not in notebook; Store now »

n7.= ans = NDSolve[%5, {yl[r, z], y2[r, z], ©[F, 2]}, {r, .0001, 1}, {z, O, 1}]



out[7}=

In[12]:=

out[12]=

In[13]:=
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Hyl[r, z] - Interpolat‘ingFunct‘ion[ /\/ gogai::ii2i2?01’1'}' 0., 1.1 ] (r, z],
utput:
y2[r, z] = Interpolat'ingFunct'ion[ /\/ goinai::{{o.loom,m}, Tl ] [(r, zl,
utput: scalar
e[r, z] » Interpolat-ingFunction[ /\/ CD)OT;aT:S{iZi:?O1'1'}' (o) } [r, Z]}}
J utput:

Plot[{(yl[r, z] /. ans[[1]]) /. z~> .05, (yl[r, z] /. ans[[1]]) /. z~> .1,
(yl[r, z] /. ans[[1]]) /. z> .2, (y1l[r, z] /. ans[[1]]) /. z> .4,
(yl[r, z] /. ans[[1]]) /. z~> .6}, {r, .001, 1}, AxesLabel » {"R", "Cb"},
PlotLegends » {" Z=.05", "Z=.1", "Z=,2", "Z=.4", "Z=.6"},
PlotLabel » {"Slight variation of concentration with R"}]

{Slight variation of concentration with R}

Cb
06F
0.5? — Z=.05

E Z=1
04 r

[ Z=.2
0.3 ; — 7=4
0.2? — 7=6

E : : : : — R

F 0.2 0.4 0.6 0.8 1.0

Plot[{(6[r, z] /. ans[[1]]) /. z> .05, (©&[Fr, 2] /. @ns[[1]]) /. z~> .1,
(e[r, z] /. ans[[1]1]) /. z> .2, (8[F, 2] /. ans[[1]]) /. Z~> .4,
(e[r, z] /. ans[[1]]) /. z~> .6}, {r, .001, 1}, AxesLabel » {"R", "Temperature"},
PlotLegends » {" Z=.05", "Z=.1", "Z=.2", "Z=.4", "Z=.6"},
PlotLabel » {"Temperature varies with R"}]
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{Temperature varies with R}

Temperature
1.10>
— Z=.05
1.08 71
ouftsl= 4 e —7=.2
— 7=4
1.04 — 7=6

Contour plot of temperature

n21= ContourPlot[e[r, z] /. ans[[1]], {z, ©®, 1}, {r, .001, 1},
AxesLabel -» {"axial distance", "radial location"}, PlotLegends - Automatic]

1.0
0.8 ]
— 1.10
0.6} —r 1.08
1.06
outj21]=
0.4 1.04
1.02
0.2
0.0




3D plot of temperature

nie- Plot3D[e[r, z] /. ans[[1]1], {z, ©®, 1}, {r, .001, 1},
AxeslLabel » {"axial distance", "radial location'", "temperature"}]

1.10

temperature
Out[18]= 1.05

1.00

0.0 0.5

radial location

axial distance

3-D plot of product

nie)- Plot3D[yl[r, z] /. ans[[1]], {z, ©, 1}, {r, .001, 1},
AxesLabel » {"axial distance", "radial location'", "temperature"}]

1.0

radial location

0.5

0.0
0.6
Out[19]= temperature 04

0.2
0.0

0.5

axial distance

1.0

10.3.1.nb
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Contour plot of product

ni2z= ContourPlot([yl[r, z] /. ans[[1]], {z, O, 1}, {r, .001, 1},
AxeslLabel » {"axial distance", "radial location"}, PlotLegends -» Automatiic]

T T T T T T T T T T T T T T T T T T T T T

1.0+ -

0.8+ _
i 0.€
- 0.5

0.6+ _
- 0.4

Out[22]= -
_ 0.2

0.4+ -
0.2
- 0.1

0.2+ _

00 C 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -

0.0 0.2 0.4 0.6 0.8 1.0

Reduce cooling slightly, hw from 2.5 to 2.4
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ins6l= €qs /.
{kl > Exp[-1.74 + 21.6 (1 - 1/6[r, z])], k2 > Exp[-4.24 + 25.1 (1 - 1/86[r, 2])],
k3 » Exp[-3.89 + 22.9 (1 -1/6[r, z])], pe »5.706, bo -» 10.97,
hw-» 2.4, B1-55.106, 2 > 3.144, B3 > 11.16, 6w > 1, eps » .0001}

Out[56]= {yl(e’l) [ry, z] =

1 1
5.106 (_e74.24+25.1 (LHT,ZJ) yiir, z] +e—1.74+21.6 (LHT’ZJ) (1-yl[r, z] -y2[r, z]) | +
y1(H® (7]
5.706 | 270, y1@®9 r 27|, y2@ U [r, 2] =
r
~4.24425.1 (17 1_) 23.89+22.9 (17 1_)
5.106 (e ezl yl[r, z] +e ez (L-yl[r, z] -y2[r, z]) | +

Y250 [ 7]
5.706 |~ +y2®% [r, 2] |, 8% [r, z] =

r

1

o) ylir, z] +e

1

~4.24:25.1 (1- ser) (1_y1[r,z]_y2[r,z1))+

3. 144 (—(e —1.74+21.6(l—

1

Dmﬂ) yl[r, z] +e

1

11.16 3.89122.9 (15 (L-yl[r, z] -y2[r, z])

_4.24425.1 (17
e +

o9 [r, z] -
10.97 | ——— +6®% [r, z] |, y1(r, 0] =0, y2[r, 0] =0,

-
o[r, 0] =1, y1'»® [0.0001, z] =0, y2»% [0.0001, z] =0,
6% 10,0001, z] =0, y129[1, z] =0,

y20 (1, 2] =0, 609 (1, 2] = 2.4 (1-6[1, z])}

ns7= ans2 = NDSolve[%, {yl[r, z], Yy2[r, 2], ©6[r, 2]}, {r, .0001, 1}, {z, O, 1}]

outls7]= {{yl[r, z] - Interpolat‘ingFunct'ion[ /\/ gogai::;i2i2301'1'}' 0., 1.1 ] (r, zl,
u ut:
y2[r, z] » Interpolat'ingFunct'ion[ /\/ goznai::{{o.loom,m}, 0., 1.1 ] r, z],
utput: scalar
o[r, z] - Interpolat-ingFunction[ /\/ gOTaI::S{gi:?OLL}' 0, L1 } [r, Z]}}
J utput:
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We see that our product reacts further to CO2 and water

nso= Plot[{(yl[r, z] /. ans2[[1]]) /. z > .05, (y1[r, z] /. ans2[[1]]) /. z> .1,
(yl[r, z] /. ans2[[1]]) /. z~> .2, (Yy1[r, 2] /. @ans2[[1]]) /. z > .4,
(yl[r, z] /. ans2[[1]]) /. z~> .6}, {r, .001, 1}, AxesLabel » {"R", "Cb"},
PlotLegends » {" Z=.05", "Z=,1", "Z=.2", "Z=,4", "Z=.6"},
PlotLabel » {"Slight variation of concentration with R"}]

{Slight variation of concentration with R}

Cb
0.4%\

I — Z=.05
03f Z=1

Out[59]= E — 7=2

0.2j —7=4

I — 7=6
0.1}

i L L L L Il R

I 0.2 0.4 0.6 0.8 1.0

Maybe not surprising the temperature gets very high!

nes= Plot[{(6[r, z] /. ans2[[1]]) /. z~> .05, (6[r, z] /. ans2[[1]]) /. z~> .1,
(e[r, z] /. ans2[[1]]) /. z> .2, (©[Fr, 2] /. @ns2[[1]]) /. 2> .3,
(e[r, z] /. ans2[[1]]) /. z~> .4, (B6[r, 2] /. @ns2[[1]]) /. 2> .6},
{r, .001, 1}, AxesLabel » {"R", "Temperature'"},
PlotLegends » {" Z=.05", "Z=.1", "Z=.2", "Z=.3", "Z=.4", "Z=.6"},
PlotLabel » {"Temperature varies with R"}, PlotRange - All]

{Temperature varies with R}

Temperature
25F
r — Z=.05
L Z=1
2.0+ —_—7=.2
Out[65]= 3
H — Z=.3
L — Z=4
1.5
H — Z=.6
. =———————
0.2 0.4 0.6 0.8 1.0

ne2= ContourPlot[e[r, z] /. ans2[[1]], {z, ©, 1}, {r, .001, 1},
AxesLabel -» {"axial distance", "radial location"}, PlotLegends - Automatic]



Out[62]=

In[66]:=

out[66]=

In[68]:=
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Plot3D[e[r, z] /. ans2[[1]], {z, ©, 1}, {r, .001, 1},
AxesLabel -» {"axial distance", "radial location", "temperature"}, PlotRange -» All]

1.0
radial location

0.5

0.0
25¢

2.0
temperature

axial distance

1.0

Plot3D[yl[r, z] /. ans2[[1]], {z, ©®, 1}, {r, .001, 1},
AxesLabel » {"axial distance", "radial location'", "product concentration'}]
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out[68]=

0.4
product concentration

. . " 1
0.0 0.5

axial distance

n70.= ContourPlot[yl[r, z] /. ans2[[1]], {z, @, 1}, {r, .001, 1},
AxeslLabel » {"axial distance", "radial location"}, PlotLegends -» Automatic]

1.0 -
0.8 - []
i B - 0.€
L - - 0.5
06r ) - 0.4
out[70]= i -
0.4 -
0.2 _
00 _I 1 1 1 1 1 —




In[72):=

Out[72]=

Infe]:=

Out[+]=

Plot[(®[Fr, 2] /. @ans2[[1]]) /. Fr > .01, {z, O@, 1}, PlotRange » All]

25

20

Plot[(e[r, z] /. %39[[1]]) /. Zz~ .6, {r, .01, 1}]

1.016

1.014

1.012

1.010

1.008

T T T T T T [ T T T T T T T

T

L —

10.3.1.nb
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n-}= ContourPlot[yl[r, z] /. %119[[1]], {r, .01, 1}, {z, O, 1}]

1.0F -

0.8 -

Out[«]=

041 -

- ContourPlot[y2[r, z] /. %119[[1]], {r, .01, 1}, {z, 0, 1}]

1.0 -

0.8 -

0.6 -

Outf+]=




in-}= ContourPlot[e[r, z] /. %119[[1]], {r, .01, 1}, {z, O, 1}]

Outf+]=

1.0

0.8

0.6

0.4

0.2

0.0
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