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Homework #9: Partial 2nd ODE: Diffusion

1. Theory

o
3. Finite Difference Methods for Parabolic Problems [ (1 —21) A S 0 |
® Heat or diffusion equation A, (1-=-20) A, . i :
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Bu u(x,t, + A —u(xt,) At %u = Forward Difference Method (Explicit Method)
_(xj'rj}z TS a2 (x:"ﬂj} al\t 1
ot At 2 ot i - " .. L e
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Wi = Wey 5 Wi —2W, W, ex) for a diffusion controlled reaction, £z o< 1 / D
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Wiy =W+ A Wy, =20+ )= 1-2 A W+ o Wy, T1y5) |
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Homework #9: Partial 2nd ODE: Diffusion

1. Theory

ou d%u(x,t)
E (xl t) - D axz

(where D = 4.529 x 10~ 7exp(—147723())/RT))

DAt

nA= (At)? (where Ax = 1 um, At = 1 sec)

If A >% , add 0.5 um to Ax until 4 < % can be satisfied

[(1L=20) & 0 bssisan e 0
T ) e
B Qs oo sossmaivasai 0 % (‘1.—2)0_

w(® = (0.05,0.01,0.01, ...,0.01)T
W(t) - Aw(t_l)

Injection distance: where concentration becomes 0.03

Concentration and time difference can not be less than
given increment, therefore Interpolation & Regression
(Homework #5) is used to estimate values.

Problem situation

A

B: 0.05 (constant)
\‘ B: 0.01 (Initial value)

T =1173 K ~ 1473 K Target value of B: 0.03
D = 4.529 x 10~ 7exp(—147723(J) /RT)
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Homework #9: Partial 2nd ODE: Diffusion
2. Programmed code

s
* Description of Program
1. Info. of Program 2. Characteristics of Program
L
=] =4 'AMSEA17 HWO' (1 == - of| & ZF 7|5 Tt
4 %] AMSE417_HW9 - Increment £ 80|
2| T
= P - A 2EF txt IPP2Z O data EF
b ++ AMSE417_HW9_2ndODE.c - 25 2 50 K 740 2 AllA]

> AMSE417 HW9 defalut.c
[» AMSEL17 HWO main.c

P 7 2 L&

4 @ A0 B
B B Gilwoon.h
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Homework #9: Partial 2nd ODE: Diffusion
2. Programmed code

* Description of Program
3. void _2ndODE()

_2ndODE ()
{
FILE *file;
filename[100];
W[100];
W_temp[100];
A[1ee][1ee] = { @, };
dx = 2.5*pow(10,-6);
dt = 1;
t = 0;
i, 3, k, 1
T, D, lambda;

(k = 9; k < 100; k++) { W[k] = 0.01; W_temp[k]
T = 1473;

D = 4.529 * pow(10, -7) * exp(-147723 / (R*T));
lambda = D*dt / pow(dx, 2);

< 100; k++) { A[K][k] 2 * lambda; }

(k = @;
(k =1
lambda; }

k
k

)

< 100; k++) { A[k][k - 1 lambda; A[k - 1][k]

W[@] = 0.05;
W_temp[@] = 0.05;
j=29;
_itoa(t, filename, 10);
strcat(filename, ".txt");
file = fopen(filename, "w");
fprintf(file, "%d\n", t);

(k = 9; k < 100; k++) { fprintf(file, "%f\n", W[k]); }
fclose(file);
t += dt;

(t <= 2500)

{

(k = 1; k < 99; k++){ (i =0; 1< 100; i++) { W_temp[k]
+= A[k][1] * W[i]; } }

(k = 1; k < 99; k++) { W[k] = W_temp[k]; }

(t %50==0)

{
_itoa(t, filename, 10);
strcat(filename, ".txt");
file = fopen(filename, "w");
fprintf(file, "%d\n", t);

(k = 9; k < 100; k++) { fprintf(file, "%f\n", W[k]); }
fclose(file);
}
1; k < 99; k++) { W_temp[k] =0; }

(k =
+= dt;
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Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

o
1. Diffusion simulation result
Diffusion - 1173 K 5 Diffusion - 1273 K
0.051 0.05{ -
2 Os 13 - 0s
0.044 100's 0.04] . 100s
5 200 s < . 200s
B goal 500 s T % . 500s
2 ] = 1000 s & 0081 g 1000 s
@ : 1500 s Q 1500 s
S 0.024 - 2000 s S 0.02 - 2000 s
(&) O
0.014 0.01-
0 50 100 150 200 250 300 0 50 100 150 200 250 300
distance (um) distance (um)
Ax =1 um, At = 1 sec Ax =1 um, At = 1 sec
A=0.11964802 A =0.39322874
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Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

1. Diffusion simulation result

0.05 1

o o

o o

w S
L ]

concentration
o
o
N

0.01 +

Diffusion - 1373 K

Os
100 s
200 s
500 s
1000 s
1500 s
2000 s

0 50

Ax = 1.5 um, At = 1 sec
A =0.48298188

100 150 200 250 300

distance (um)

concentration

0.05

0.04 +

0.03 1

0.02 1

0.01 1

Diffusion - 1473 K

Os
100 s
200 s
500 s
1000 s
1500 s
2000 s

50 100 150 200 250

distance (um)

Ax = 2.5 um, At = 1 sec
A =0.41856228

300
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Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

2. Interpolation method (HW#5): Lagrange ¥ o| &

ata 5 0.03 FHof| Q= 5~67H2] dataE HoFA 0.0301| S == Injection distanceE .

g 100 = 20 s B00 5 1000 s 1500 5 2000 5

N
92
r~
o

Info - 0| 2% B C:wWWindowsWsystemn32Womd exe a a5 a5 a5 a5 a5 a5
a a5 a5 a5 a5 a5 a5
LA = = 1| Qof3034 Q045407 QOSTOST QO4TEES| QL04E31E 0048542
R Program: Interpolation of given data - Lagrange 2 OETEI1 Q040009 Q044199 QOAGEBS  (LOSGS3R  (LOSTOET
0.022318 & Date: 2815.684.13 3 0031673 (036005 (041359 (04385 (044988 (04537
SSE?EEE% Made by Gilwoon Lee 4 (0ESHS| (032543 (038589 Q04184 Q043310 Q044197
DIDSTSEI 5 POSTECH. project 4 of [AMSE41%Y]1 Humerical analysis for materials 5 Q022314 TOMISE13 (035909 (Q039863| Q041675 Q.047A69
: . . . £ 0018851 Q025454 (03334 QOS7IET QL0006 (LO413GE
0.043534 1 Development environment: Uiswal Studio 2813
005 0 cade 1 c 7 Q&7 Q022489 Q030896 Q038039 Q030472 Q039961
. ode language:

aolaiad) Q0lsadd  LOESES Q053405 Q038315 QO38RES

o — e iy ey s
3 Q012872 Q0177RE Q028454 Q0324310 QOSR382 Q0s72ES

(2]

10 QLd11&r, QO1595r| Q024438 QOSOVES  QOEFa0Y)  QLO3Radh
11 Q011007 Q014496 Q022085 (OOSR5 Q02868 (LO34505
12 QLO1058& Q013334 QOATE15  QOIyR2 Q031062 QOEEEE5
To get f<{x). enter x: B.83 15 Q010528 Q012428 Q0l9sss QL0Ae032  OSRAOF (L0

. 14 000178 QOL7%7 Q018033 Q024623 QO284 Q03089
Range is B.826585 { x < B.831623 _ . - — S .
. o: 3 3BEEIE 15 0010083 Q0112 Q016EN| Q02323 Q07184 QOIS
o= L ~ o =

1€ ansuer 1s= - 16 Q010066 0010841 Q016751 (022044 (25938 (028584
17 0010073 Q010563 QOL4E1C| Q20876 Q024786 QOITEET
18 000011 Q010378 Q014003 Q019785 Q023686 Q036427
19 0010005 Q010267 Q013304 Q016779 Q02264 QOI5ANT

A Q010002 Q010158 QOLFATY Q01754 Q021683 QDRAARY

21| Q010001 Q0100%s QO1EATS Q016583 Q0071 QUOTS45E

2 L0l Qo100el| QI11Frs Q01604 QO1sEss  QLOZAGES
23 L0l Qo100Fe| QO1l4d Q015487 QLO1S99s Q0724
e nml amonr Al nmagsR NmeEmal 00T

0.028500~0.0315000]| {5t dataZs &

old
>_
|o

2 HAISH] 0.03 23E Yote7| A BHE

POSTE2LOCH



Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

3. Injection distance data

100 sec
200 sec
500 sec
1000 sec
1500 sec
2000 sec

1173 K
3.306596
4671367
7.381163

10.436037
12.780801
14.75726

1273 K
5.9938951
8.471233
13.383106

18.92049
23.171263
26.753151

1373 K
9.972384
14.083246
22.247654
31.45412
38.517943
44461973

1473 K
15.472735
21.849882
34.517476
48.801013
59.762816
69.002887

(42 pm)
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Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

Problem (a) Injection distance - Injection time

Injection distance - (Injection time)>®

~
o
1 N

B 1173 K
1 1273 K
60 - A 1373K
’g 1 r 1473 K
3 504 — Linear Fit of Sheet1 B
s Linear Fit of Sheet1 C
& Linear Fit of Sheet1 D
% 40 Linear Fit of Sheet1 E |
z |
T 301
c
O ]
© 204
Q ]
= 104 RSS=2.92754E-6
1 =
o777 7T 7
5 10 10 20 25 30 35 40 45

(Injection time)®® (sec®®)

u(x, t) = ugerfc(

2\/D_t)

For fixed u = 0.03, uy, = 0.05,
and D for each T,

x <\t

For each temperature, injection distance
shows linear proportional to square root of
injection time.
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Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

Problem (b) Injection distance - Temperature

In (Injection distance) - 1/Temp.

4.5 m 100s
o ; ® 200s
A 500s
E 4.0 4 1000 s
= o 1500s
‘E 4 2000s
— 354 —— Linear Fit of Sheet1 B
S e —— Linear Fit of Sheet1 C
o, Linear Fit of Sheet1 D
) Linear Fit of Sheet1 E
O 3.0- Linear Fit of Sheet1 F
% — Linear Fit of Sheet1 G
B 25- b g
U | » e ) P AV b A
- i
— AhYFE-Y r=1
= 1.5
-GC—’. ' RSS=1.60585E-9, r’=1
— . RSS=4.99173E-8, r’=1
. x | : | . I ¥ I 4 | y I Y | ¥ I ¥ I y I >
< 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86

1/Temp. (1000/K)

X
2V Dt

D = 4.529 x 10~ 7exp(—147723(J) /RT)

)

u(x,t) = ugerfc(

For fixed u = 0.03, uy = 0.05, each t,

l

For each time, In(injection distance) shows
linear proportional to inverse of temperature.
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Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

. . . . . 5(ln tf)
Problem (c) activation energy: Injection time - Temp. (Q7¢%¢ = R x
a(1/T)
In(t) - 1/T For fixed d = 15 um, uy, = 0.03
8'0'_ reac
7.5- d(Inty) = X 0(1/T)
{ [ = In@)-1T

70- Linear Fit of Sheet1 B (Cubic spline used for estimation of each data)
o 0or Q7€ = 17845.64 x 8.3144621 (J) = 148376.90 (J))
(7))
T 6.0-
~ ] 148376.90 — 147723 o\ .
S 55- %20 99998 7773 x 100(%) = 0.44 %

' y=(17845.64+42.64)*x-(7.57795+0.03258)
5'0__ ex) for a diffusion controlled reaction, £ o 1 / D
4.5 |
—71 * 1 >~ r T ° T T ° " 7T ~7T T " " T D= Do -exp (_Qdﬁ/Rﬂ . .
0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 Diffusion process!!
1/T (1000/K reae _ @, O(nl/D) _ 5 d(=Q*/RT) diff
( ) O TR e e
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Homework #9: Partial 2nd ODE: Diffusion
3. Result & Conclusion

Problem (c) activation energy: Injection time - Temp. (Supplementary data)

7k 2 £ 9| 2F= data: injection distance, $2 data: injection time

1173 K

0.01 0
0.010093 100
0.01122 200
0.016821 500
0.023293 1000
0.027144 1500
0.029719 2000
0.031589 2500

0.03 2068.810637

1273 K

0.01 0
0.013645 100
0.019288 200
0.027986 500
0.033714 1000
0.036495 1500
0.038212 2000

0.03 629.542433

1373 K
0.01 0
0.022405 100
0.0289 200
0.035972 500
0.039909 1000
0.041713 1500
0.042802 2000
0.03  224.466749

1473 K

0.01 0
0.024249 50
0.030528 100
0.035735 200
0.0407738 500
0.043431 1000
0.044623 1500
0.045337 2000

0.03 93.667424
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Homework #9: Partial 2nd ODE: Diffusion
4. Conclusion

—r - 1
1) Diffusion process2| simulations 34402 UHUF,&LTL, (a), (b)ollM U7t 0|20 2 x «+/t, Inx o< =

o| vl A7t L2 simulationg E6HA] CRA| BF HH

2) F0{Zl reaction?| reaction activation energy(Q7¢%¢)

off siET= & + UNE

3) Origing At2olo{ ZHESH Jeja 2 J2|e oL 8 &f

gto

—|

=
=

— "1

—T’—i‘f01 Zr2 "|w st A1t diffusion mechanism
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