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pU�U~��q}��Ux���nwoqoqx)�

SM = SS

ρ

� ��n��U{L�wpUr
N
o|{U�G��rqxyo��

S = 4Nπr2 ��n"��nwoqo3x�}��3n$��� m = 4Nπρr3

3 �G� �w�Gv SM = 3
ρr���wpUr�rqx��G��rqx���xz L}��q�w��{U��pGo*rq}hnwv��|~�s|�U~��@s�n$pU�'��~��)~���pGx�r

r
�U�U�w�Gv�rqx��G��rqx���xz Urq�_¡�n$¢Ax�{U��pGo'x¤£�vhnwvyx �

ZY[\ZY[�¥ ¦Q§I¨_©Oª:«1d­¬)®kbGik¯1d
ZY[\ZY[�¥:[kZ °�jl^1b�¨_i±ªL¯²«�d´³�bU`$e�bG¯:µ·¶>ªY¸A§D¯L¹ mlx)r3nh¡I�w�º��¡D��r3n$pU��~���pGx�xyo|���U}¤�G�U~»{Yn$r

m = v
S�w¼

S
xyo|�*��n)o|pUrtsunwvyx��q�w�3n$��x��Uxyo'vhn$�Yn$p�½ � ��n$r7n$~�����x�pUrqo S = M × SM

�U�w�Gv
m = v

MSM

p = v
VA

= v
A.L

x���x¤½�{U���w~��3n$������xyo'�U}¤�G�U~��|~��w�Go �Y� �w�Gv v = pA.L

��n$r7n$~�����x�pUrqo��
v = aLe

�U�G�w�Gv
a = pA.L

Le �U� �w�Gv Q = p3LA3∆P
µM2S2

M
h¾ xyv�~l�Gx�oqp�£��*{Ynwo_�Uvhn$r�~��@s�n$pU��vhn$��v�pU��x�r

M
�
M = ρ(Va − v) = ρVa(1 − p) = ρA.L(1 − p) �

� ��n)�U�w�Gvz�G�Yn$��x���x����¿�
Q = p3A∆P

µρ2(1−p)2LS2
M

h

ZY[\ZY[�¥:[�¥ À�d�`$e�§IbGe�ÁA¨h`$d�«�dÂ¬)®kbGi\¯Od nAÃÄmOn��Yn$pU�qx�pUr
h
�Ux7��~���pU~��Uxzn$p�Å;�UxyoqoqpGoÆ�Ux7��n�{L�Foq~��q~��w��:ÇÈ}y�IpU~���~� Urqx'xyo|�

h = z/2 �FÉ ����x*vy�wr|rqxyoq{L�w�G��Ê�pU�Gx�{Urqxyoqoq~��w��Ê7��nz Ynwoqx*�Ux���nzvyx�����pU��x P = P0−ρ`ghoq�w~��*pU�Gx���~�Ë:}�rqx��Gvyx��Ux�{Urqxyoqo|~��w�
P − P0 = −ρ`gh = −$`z/2mlx��U}� U~����Ux>¢In$ÌgÍ\�Ax�rqo"��xÂ Ynwo·Ã¿xyo|��n$���wrqo

Q = kA
µL

$`z
2 � m»ÇÎn$~�r)}��3n$�D�Ï~��Gvy�w�){Urqxyoqo|~� U��x��Gn$�GoÏvyxyovy�w�G��~��|~��w�Go��:ÇÎn${Urq�yo���x¿�qx¤½��qxF�Ð~��1¡fn��Uxyo3vyx¤�D�qx"��pfÑGpU~��Ux"�:Ç pU�GxÏ�IpYn$�D�|~��q} |dh| �qx�����xÏ�IpGx |sdh| =

−sdz/2 = |Qdt| o3�w~��"� dz
dt = −2Q

s = −kA
µL

$`z
s = −λz

�U�w�Gv dz
dt = −λz

nh�Ixyv
λ = kA

µL
$`

s

vyx
�IpU~Ov��w�Y��pU~���~��)��}y��~�n$�qx���xy���zÊ

z = z0e
−λt

� ��n)�U�w�Gv��
h1 = z0e

−λt1/2
x��

h2 = z0e
−λt2/2

oq�w~����
∆t = t2 − t1 = 1

λ ln(h1
h2

) = 1
λ ln( z1

z2
)

∆Pm = 1
∆t$`

∫ t2
t1

1
2z0e

−λtdz = z0
2λ∆t$`(e

−λt1 − e−λt2) = $l

λ
h1−h2

∆t = $l

λ
∆h
∆t

∆Pm = $l

λ
h1−h2
t1−t2
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 ÐÃ
Qm = −kA∆Pm

µL

vhn$r���n)oqx�pU��xz¢Fr3n$�G�Ux�pUr7�U}�{Lx��G�Gn$������p��qx��){Go'xyo|�
∆P �U� �w�Gv

Qm = −kA$`

µLλ
h1−h2
t1−t2

= s(h1−h2)
∆t

�Uvyx���pU~:{Yn$r3n����7nwoqo3x�Ì����w¢F~��IpGx �
� xÄ��n7vy�w�){Yn$r3n$~�oq�w���UxS��n'���w~��Ux � n$rqv�¡A�wx����Ux�v�x�����xÆ�|rq�wpU�I}yxS{U��pGo��Yn$pU�h�w�w�"�|~�rqx�� k = p3

ρ2(1−p)2hS2
Mx��

λ = kA$l

µLs = p3A$l

µρ2(1−p)2hLS2
M

=
ln(

h1
h2)

∆t

�U�w�Gv
SM =

√
p3A$l∆t

µρ2(1−p)2hLln(
z1
z2

)
= KB

√
p3∆t

ρ(1−p)

� {U{U��~�vhn$�|~��w��{Ur3n$�|~���pGx ��{L�wpUrÏ�|rq�wpU�Ix�r
p
�w�
pU�|~���~�oqx

p = v
V a = 1 − V

Va
= 1 − M

ρVa
= 0, 503.

� �w�Gv ρ(1 − p) = M
Va

x��
SM = KB

Va

M

√
(1 − M

ρVa
)3∆t = 3, 3m2kg−1 � ��x��g�U}y��pU~�����xÏr3nh¡A�w��Uxyo*¢Fr3n$~��Go�{Yn$r

r = 3
ρSM

= 287µm.

ZY[\ZY[�� ¦Q§I¨_©Oª:«1d­¬Ï°��
� ��nÏ�q�wp �|�wpUrqo

P < P0
{L�wpUr�pU��¢In$Ì���pU~:�lÇÈxyo|��{Ynwo�x���}y�IpG~���~� Urqx¿nh�Ixyv�o3n"�Fn${Lx�pUr �

ZY[\ZY[��l[kZ !)«1]hª�"O¨_ikªL¯ d�¯ cAªL^Ocw©Od e�ªÐ¯1ªÐegªL®k§IcI^�®kbGi±`$d nAÃ � � n����:ÇÎn${Urq�yo²��x �qx¤½��qx��
V
Vm

= S1
S0+S1

= Cx
1+Cx ÐÃS�I�w~�r�vy�wpUr| Lx#�t�w~����qx��

0,750,50,250

0,75

0,5

0,25

0

x

y

x

y

100*x/(100*x + 1)

ZY[\ZY[��l[�¥ !%$�]hªY`&"O¨_ikªL¯²dD¯QcAªL^Ocw©1dI]fe ^�®±¨_ike�ªÐ®k§Ic�^1®kbGik`%d�] nAÃ � ÇÎn${Urq�yo���xÏ�qx¤½��qxF�:��n��D~��qxyoqoqx�:ÇÎnw�Uoq�wr|{U�|~��w�Q�Uxº��n
ieme vy�wpGv3�Gxgxyo|� vai = ai−1PSi−1

x¤�²o|pU{G{L�Fo3n$�����IpGxº��n
vy�w�Goq�3n$���qxg�Ux{Urq�w{L�wr|�|~��w�U�Yn$��~��3}��U}�{Lx��G�Ux��Ux���nÏvy�wpGv3�Gx �mOn��D~��qxyoqoqx)�Ux��U}yoq�wr|{G�|~��w��xyoq�h�:�Ux)�('���x��
vdi = biSiexp( −Ei

RgpT )
� ��ÇÈ}y��pU~���~� UrqxF�l��xyo��Ux�p�½ºoq�w���

}�¢In$��xyoh�Gx����U�w�Yv��
ai−1PSi−1 = biSiexp( −Ei

RgpT )

 ÐÃÏn_�Axyv���xyo)��¡D{L�w�|�G�yoqxyo���p´�qx¤½D�qxg� bi

ai−1
= P

x .exp( EL

RgpT ) = P0exp( EL

RgpT )
{L�wpUr

i > 1
oq�w~��

g = P0exp( EL

RgpT )

� x {U��pGoh��{L�wpUr ��n {Urqx��)~���rqx�vy�wpGv3�Gx �
a0PS0 = b1S1exp( −E1

RgpT ) = b1CxS0exp( −E1
RgpT ) =

a0xP0S0
� ��x����U}y��pU~��¿�

C = a0
b1

exp( E1
RgpT )

v_Ã � �fn
S1 = CxS0

x��
Sp = xp−1S1 = CxpS0 ) �w~�� Σn = S0 + .. + Sn = CS0

1−xn

1−x
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¾ x��|�qx�oq}�r|~�x�vy�w���Ax�r|¢Ax��Ax�rqo
Σ∞ = CS0

1−x�YÃ1mOxÆ�I�w��pU��x�nw�Uoq�wr| L}*xyoq��{Urq�w{L�wr|�|~��w�U�Gx��LÊ7��n�oqpUrtsunwvyx*�:ÇÎnw�Uoq�wr|{U�|~��w� � Vn = V0(S1+2S2+3S3+

...+nSn) = V0S1(1+2x+..+nxn−1) = V0CxS0
d
dx(x+x2+..+xn) Vn = V0CxS0

d
dx(1−xn+1

1−x )�:ÇÎn${Urq�yo¿��x������U����x>{Urq�w{L�Foq} � Í � �|�qx����|~��w��� V0
�lÇÎn�{Ynwo���xyo"��~���x��Go|~��w�Go"�:Ç pU� �I�w��pU��x���n$~�o"�:Ç pU��A�w��pU��x�{Yn$r�pU�U~��q}��Gx�o|pUrts�nwvyxF�UvFÇÈxyoq�tÅKÊ%Å;��~�rqx�pU�Gxz���w�U¢FpGx�pUr¤Ã

Vn = V0CxS0
1+nxn+1

−(n+1)xn

(1−x)2

�;�:rqxyo|�qx�Ê"{Urq�wpG�Ax�r'��pGx
Vn
rqxyo|�qx� L�wr|�G}�o|~

n → ∞ � É ��x¤Ë:x�� xn+1 < xn o|~ 0 ≤ x < 1

� �w�Gv V0CxS0
1−xn+1

1−x2 < Vn < V0CxS0
1−xn

1−x2

x���rqx��){U��n��hn$�����3n$�����w�
xn+1 {Yn$r xn {L�wpUr���n��|�wrqx�r�wp

xn {Yn$r xn+1 {L�wpUr��)~��G�wrqx�r � ¾ xyo*�Ux�p�½Âx��Gvhnw��r3n$���qo*�qx��G�Ux����* U~�x����Ix�rqo V0CxS0
1−x2

vy�w�)��xz{Urq}���p
o|~

n → ∞ x��
V∞ = V0CxS0

1−x2

x_Ã � n$�Go���n­�('���x��w{U�|~���pGxg�
Vm = V0(S0 + S1 + S2 + ... + S∞) = V0S0(1 + Cx

1−x) � �w�Gv
Vn

Vm
= Cx

1+ Cx
1−x

d
dx(1−xn+1

1−x )
�IpG~lvy�w���Ax�r|¢Ax��Ax�rqo V∞

Vm
= Cx

1+ Cx
1−x

× 1
(1−x)2� ���w U�q~�x��D����n)vy�wpUr| Lx�v�~�Å;�Uxyoqo3�wpGo��

0,750,50,250

100

75

50

25

0

x

y

x

y

100*x/(1 - x)^2/(100*x/(1 - x) + 1)

s·Ã � �­�U}y��pU~��z�Ux¿��ÇÈx¤½D{Urqxyoqoq~��w�f{Urq}yvy}y�Ux����qx�� V (1−x)
x = VmC

(1−x)+Cx = 1
y

o3�w~��"�
y = 1

VmC + x C−1
VmCvyx>�IpU~Sxyoq�� U~�x����Ux���n�s\�wr|��x

y = αx + β
nh�Axyv

α = C−1
VmC

x��
β = 1

VmC

oq�w~��
C = 1 + α

β

x��
Vm = 1

α+β��n$r'n$~�����x�pUrqoh����x��G�w�¿ Urqx��Ux����w��}yv�pU��xyo'�:ÇÎnw�Uoq�wr| Yn$��xyo|�
NA

Vm

vm

Ík{L�wpUr�pU�Gx�vy�wpGv3�Gxz���w�G�w���w��}yv�p�Å
��n$~�rqx_ÃÆ��n)o|pUrtsunwvyx���vyv�pU{L}yx�xyo|�

SMBET = AmNA
Vm

vm� {U{U��~�vhn$�|~��w� �U{Yn$r*��xyv��|pUrqx��Ux���nÏvy�wpUr| LxF�
Å;o|~

x = x1 = 0, 05 y = y1 = 0, 043Å;o|~
x = x2 = 0, 20 y = y2 = 0, 15

α = 0, 71g.cm−3 β = 0, 0098g.cm−3 C = 73, 8 Vm = 1, 38cm3g−1 = 1, 38 ×
10−3m3.kg−1 SMBET = 6020m2.kg−1 r = 3

ρSM
= 0, 18µm¾ �w�)��x����3n$~�rqxz�_~���o_ÇÎn$¢F~����U�w�GvS�:Ç pU�GxS{L�wpG��rqxS�|rq�yol�Y�GxF�%oqx�r|�Fn$����Ê�rqx��){U��~�r���xyo1~����qx�rqo|�|~�vyxyo��Ux»sun��y�w�ÊÏ�w U�qx��U~�r'pU�	�;�Y�wpU�Axhn$p� L}¤�3�w��
3�G�Ux�¢Fr3n$~���x¤½Uvyx�{U�|~��w�U�Gx�����x���x��D���G�l�UpU�|~���~�oq}��Gn$�Go���nÏ�U}yvy�wr3n$�|~��w� �
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ZY[\ZY[�� !>¯1bG®±¹l]hd��Ð`%bG¯l^1®kªÐe�§A¨h`wikjl^Od�®kbU]hdI`
nAÃ � � {Lx�pU����xyo|pUrqx�r>��ÇÎn$�U¢F��x

α
{Urq����pU~�o3n$���>��x�{Urqx��)~�x�r>Ìh}�rq���:Ç ~����qx��Go|~��q}F�Æ�U�w�Gv��:ÇÎn$�){U��~��|pG�Ux��~�ËLr3nwv��q}yx � � �fn)n$���wrqo r ≈ 2λ

π sin α ÐÃ ) �w~�� g1(t, α)
��ÇÈ�w�G�UxÏ��~�Ë@r3nwv��q}yx"{Yn$r���x¿�|rq�wp oq�wpGrqvyx"�Ux¿r3nh¡I�w�

r
x��

g2(t, α)
��ÇÈ�w�G�UxÏ��~�ËLr3nwv��q}yx{Yn$r�pU�X}yv�r3n$� �q�w�3n$��x���x����Â�|r3n$�Go|{Yn$rqx������U�w���>��x���~�oq��pGx��Ux�r3nh¡I�w�

r
oqx�r3n$~��>��nwoq��pG} �Ä� ÇÎn${Urq�yo��xÏ{Ur|~��Gv�~�{Lx��:Ç��'pU¡D¢Ax��Go��Grqxyo|�Gx����@pU�g}yv�r3n$�º�q�w�3n$��x���x������|r3n$�Go|{Yn$rqx����"n$pUr3n$~�����xÏ�('���x�x¤Ë@x�����pGx��ÇÈx��Goqx��¿ U��x>�Uxyo¿�Ux�p�½�x���{Urq����pG~�r·n$~��"��ÇÈ�w�G�Ux�{G��n$�Yx

g0(t, α) = Aej(ωt−ϕ(r))δ(α)
��pU����x�{Yn$r|�q�wpU�h�o3n$p�s�{L�wpUr

α � �w�Gv g0(t, α) = g1(t, α) + g2(t, α)
x��

g2(t, α) = −g1(t, α)
{L�wpUr

α 6= 0 �¾ xyv�~L~��){U��~���pGx
I2(α) = k|g2(t, α)|2 = I1(α) � mOn��G¢FpUrqxz�Ux���~�Ë@r3nwv��|~��w��xyo|���U�w�Gv���n��('���xF��x��Æ��n��}��|�G���Ux��Uxz��xyo|pUrqx¿n$pGoqo|~ �v_Ã ) Ç ~��D¡�n�{U��pGo|~�x�pUrqo�¢Fr3n$~��Go��UxS�('���xS�3n$~�����xF�$x���o|p�£�o·n$�)��x�����}����w~�¢F�G}yo�{Yn$r�r3n${U{L�wr|��Ê���n'��~�oq�3n$�Gvyx�Ux�vy�w�G}�rqx��GvyxF�U��xyo*~����qx��Go|~��q}yo���~�Ë@r3nwv��q}yxyo�ohÇÎn��|�wpU�qx����h�Gx¤�_��vy�w�)��x�vyx�����xyotÅ;v�~l�Gx��U}�{Lx��G�Ux����'��pGxz�Ux

r, λ
x��

α
�:��Ç ~����qx��Goq~��q}���~�Ë@r3nwv��q}yx��q�w�3n$��x�xyo|��o|~��){U��x���x����¿�¿pU���|~�{U��~�}yx�{Yn$r���x)�G�w�¿ Urqx��Ux�oq�wpUrqvyxyo��~�ËLr3nwv��3n$���qxyo ��YÃ ) ~I��xyoO¢Fr3n$~��Go�oq�w���1x��¿{U��pGo|~�x�pUrqo�v���nwoqoqxyoO¢Fr3n$��pU���w��}��|r|~���pGxyoh�%��Ç ~����qx��Go|~��q}Æ��~�ËLr3nwv��q}yxSxyoq�l��n'oq�w�)��x�Uxyo'~����qx��Go|~��q}yo�oq�w~��¿�

I(α) =
∑

j

Njsj

[
J1(

2πrj

λ
sin(α))

2πrj

λ
sin(α)

]2

Nj
}��3n$���7��x��G�w�¿ Ur3x¿�Ux�vyx����|rqxyo���~�Ë@r3nwv¤Å

�3n$���qo'x¤�
sj
��x�pUr'oqxyv��|~��w� � � r Nj =

Vj

vj
= V pj

3
4πr3

j
� �w�Gv I(α) = 3V

∑

j

pj

rj

[
J1(

2πrj

λ
sin(α))

2πrj

λ
sin(α)

]2

� �"{L�wpUr|r3n'rqx��|rq�wpU�Ix�r���xyo
pj
Ê'vy�w�G��~��|~��w�)��pGxÄ��xyo1s\�w�Gv��|~��w�Go

f(α, r) = J2
1 (

2πrj

λ sin(α))
{L�Foqo3�y�Ux����

�Uxyo»{Urq�w{Ur|~�}��q}yoS�lÇ �wrq�|�G�w¢A�w�Yn$��~��q}7�qx�����xyoS��pGx ∫ 2π
0 f(a, r1)f(α, r2)g(α)dα = δ(r2−r1)

��x�oq¡��¿ L�w��x
δ
�Fn$��n$���
	�o|~loq�w�fn$r|¢FpU��x����7xyo|�*��pU�Ox���Ìh}�rq��x���vhnwo'vy�w���|r3n$~�rqx �x_ÃÏmOx��G�w�¿ Urqxf�Ux�{Yn$r|�|~�v�pU��xyoÂ�Ux���~�n$�����|rqx

dj
xyo|�

Nj =
6V pj

πd3
j

��nºoqpUrtsunwvyx��q�w�3n$��xfnwo3oq��v�~�}yx�x�oq�
Sj = πd2

jNj =
6V pj

dj

��n)o|pUrts�nwvyxz�q�w�3n$��x���nwo3o|~��IpGx�xyo|�
SM = 1

ρV

∑
j Sj = 6

ρ

∑
j

pj

dj
= 378m2 �

8:9�� 
���PÄ?A=LCF=ÐCAH;MON PSRTBUHKVXWYNOC
nAÃ Vcum(d)

Vc
=

∫ d
0 kdθ = kd � � ���w U�|~�x����'�U�w�Gv�pU�Gx�rqx���n$�|~��w����~��G}hn$~�rqx �� �º�Ux��Dr3n$~����U�w�Gv)�w Goqx�r|�Ix�rzpU�Gx"{Urq�w{L�wr|�|~��w��vy�w�Go|�3n$�D�qxÏ�GxÏv3�Ynw�IpGx)xyo|{L�yvyxF�:vyxÏ�IpU~�xyo|��Í\x�� �|rq�yo¢Frq�Fo·Ã¤�U��x�vhnwoh�U��n$��¢Frq}��:Ç ~��){L�wr|�3n$���qxho�ÑGpGv��|pYn$�|~��w�Go �mOn"skr3nwv��|~��w�f�Ux�v�~���x�����nh¡�n$���*rq}hn$¢F~Oxyoq���Ux

fr =
	������/{L�wpUr

d < d0
nh�Ixyv

d0 = 40µm ����wpUr���xyoS¢Fr3n$~��GoÆ{U��pGoÆ¢Frq�Foh����x7�A�w��pU��x��lÇÎnh¡In$����{YnwoSrq}hn$¢F~:xyo|�S��n¿o|{U�G��rqx��Ux���~�n$�����|rqx
(d− d0),

�Ux
�A�w��pU��x 1

6π(d − d0)
3,
vyxÏ��pU~�rqx�{Urq}yoqx����qxÏpU�Gx"skr3nwv��|~��w�

fnr = (d−d0)3

d3

�@x��zpU�Gx"skr3nwv��|~��w�
fr(d) =

1− fnr � � ��n¿�U�w�Gv�¢F���w Yn$��x���x������ frtotal
=

∫ d0
0 kdθ +

∫ dmax

d0
k(1− (1− d0

θ )3)dθ
� r

k = 1
dmax

�
�U�w�Gv

frmax = 3d0
2dmax

+ 3 d0
dmx

ln(dmax

d0
) − d3

0
2d3

max
+ 3

d2
0

d2
max

= 0, 947 ÐÃ7m»ÇÈ}��Gx�r|¢F~�xÏ�|�Gx�r|�)~���pGx)�U}�¢In$¢A}yx)xyo|��n$���wrqo −∆Hmax = frmax × M × ∆H = 0, 947 × 380 ×
400.103 = 144000kJ �m»ÇÈ}���}��wn$�|~��w� �Ux��qx��){L}�r3n$�|pUrqx¿��n%½D~���n$��x¿xyo|�

∆θ = −∆Hmax

C = 144000
0,8×(380+1800)+4,18×200 = 56K �¾ x��|�qx¿}���}��wn$�|~��w� �Ux��qx��){L}�r3n$�|pGrqx¿{Lx�pU�7{Urq�_�I���IpGx�r��Uxyo���~���n$�3n$�|~��w�Go�{Lx��G�Gn$���7��n�{Ur|~�oqxF�Y��pU~�o|~� U��xyoÊÏvyx�����x¤Å;v�~ÆÍkr|~�oq��pGx��Uxz�Yoqo|pUr3n$�|~��w�ÐÃ �v_Ã � n$�Go�vyx�vhnwoh�U��n"skr3nwv��|~��w��rq}hnwv��|~��w�U�Gx�����x fr

�U}�{Lx��G����p��qx��){Goh�Yx��'�U�w�Gv�}�¢In$��x���x����
∆H(t) =

fr(t)
frmax

∆Hmax � � � �Ux��Dr3nº�U�w�Gv�vhn$��v�pU��x�r ∆H(t)
{L�wpUr>��~��Ax�rqo3xyo)�Fn$��x�pUrqo��Ux

t
x���x��´�|r3nwvyx�r���n

vy�wpUr| Lx�Ík�I�w~�r�v�~�Å;�Uxyo3oq�wpGo·Ã
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� � vy�w�Go|�3n$�qx��U�w�Yv��IplÇ pU�Yx)sun$~� U��x���pYn$���|~��q}��Ux�v3�Yn$��x�pUr"oqx��U}�¢In$¢Ax��:ÇÎn$ L�wrq�:��x����U�w�GvF�1�IpGx�{Yn$rvy�w�G��pGv��|~��w���|�Gx�r|�)~���pGxF�Yx�����x�oqx���~�oqo|~�{Lx�r3nÏ��~��qx �mOnÏ{UpU~�oqo3n$�Gvyx��U}�¢In$¢A}yxF�Yx��
W.m−3 �Uxyoq���U�w�U�G}yx�v�~�Å;�Uxyoqo3�wpGo��

21,510,50

7,5e+5

6,25e+5

5e+5

3,75e+5

2,5e+5

1,25e+5

t

y

t

y

2831915.21/(t + 5)^2 + 18240.0/(t + 5)^2*(40 - 200/(t + 5)) - 

� ������6���5
	���
G-��"5¿-�����-��
��9;8 ���»WG?IVXM���=:BDCFH��L=LCAH�MON P»W���=´?AW��;=LCFH;MONQP�� � ��PÄ?A=LCF=ÐCAH;MON
nAÃ � {Urqxyoqo|~��w�ºvy�w�Go|�3n$�D�qxF�L��n>�wn$rq~�n$�q~��w�g�:ÇÈx����|�Yn$��{U~�x)�q�w�3n$��xÏ��pºo|¡�o|�q����x"xyo|�z��pU����xÏohÇ ~���xyoq��~�oq�w��} �m»ÇÈx����|�Yn$��{U~�xÏrqx ��pGx¿���wrqo��Ux¿��n�rq}hnwv��|~��w�º}��3n$���

ml
Í
l < 0)

�Y��ÇÈx����|�Yn$��{U~�x"�G}yvyxyoqo·n$~�rqx¿{L�wpUrz}���x��Ix�r���n�qx��){L}�r3n$�|pUrqx�Êf��n��Fn$��x�pUr
T ad(t)

}��3n$���
C(T ad(t) − T0)

���w�´n
ml + m′C(T ad(t) − T0) = 0nh�Axyv

m(t) = msk(∞)ξ(t)
oq�w~����

msk(∞)lξ(t) + m′C(T ad(t) − T0) = 0 m′
}��3n$������n"��nwoqo3xz��po|¡�o|�q����xzrq}hnwv��|~�s �"!$#�%&#(')%&#+*,%&-/.10321465 087/9�-60;:;:;<=%&#19>-8%;9?%@:BA)0DC ÐÃÆ���wpUr'�Uxyo*�qx��){Go��|rq�yo����w�U¢Aoh�

ξ(t) → 1
x��

msk(∞)l + m′C(T ad(∞)) − T0) = 0

v_Ã � � x�� �U}y��pU~��
ξ(t) = T ad(t)−T0

T ad(∞)−T0 � x�� ˙T ad(t)
T ad(∞)−T0

= ˙ξ(t) � �w�Gv
A(ξ) =

˙T ad(t)
T ad(∞)−T0

exp( Ea

RgpT ad )

�YÃ�mlx>�qx��){GoÏ}y��pU~��wn$��x����Ï�A}�r|~��YxF��Ê�v3�Ynw��pGx>~��Go|�3n$�����
ξ(teq, Tref ) = ξ(t, T (t)) � ���Foq�w�Goh�1{L�wpUrn$����}�¢Ax�r���ÇÈ}yv�r|~��|pUrqx

t∗ = tref
x���vy�w�Go|~��U}�rq�w�Go'��n"s\�w�Gv��|~��w�

t ∗ (t)
� v3�Ynw�IpGxÂ~��Goq�3n$�����

dξ∗ = A(ξ∗)exp
(
− EA

RGP Tref

)
dt∗ x��h���Ux>s�n��y�w��vy�wr|rqxyo|{L�w�G�Gn$���qxg� dξ =

A(ξ)exp
(
− EA

RGP T (t)

)
dt � ) �w~�� dt∗

dt = dξ∗
dξ

A(ξ∗)
A(ξ) exp

(
− EA

RGP
( 1

T (t) − 1
Tref

)
) vyxyv�~�Êfvy�w�G��~��|~��w�´�Ux

{Urqx��G��rqx)��nÂ�('���xÏ�Fn$��x�pUr
ξ∗ = ξ

{L�wpUr���xÏ��pU��}�r3n$�qx�pUr�x�����x)�U}��G�w�)~��Yn$�qx�pUr_�:{Ðn$r���nÂ�U}¤�G�U~��|~��w��('���x��Ux
t ∗ (t)

Í\xy� � 	 � Ã
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��n$r vy�w�Go3}y�IpGx���� � dt∗
dt = exp

(
− EA

RGP
( 1

T (t) − 1
Tref

)
) x��

t∗ = teq =
∫ t
0 exp

(
− EA

RGP
( 1

T (τ) − 1
Tref

)
)

dτ

x_Ã1���wpUr��|rq�wpU�Ix�r
teq,

�w�Ï{Lx�pU�»pU�|~���~�o3x�r�pU�Gx�~����q}�¢Fr3n$�|~��w��{Yn$r���n���}��|�G���Ux��Uxyo��|r3n${L��ÌhxyoÄo|pUr�v3�Ynw��pGx�wn$��x�pUrh�Ynh�Ixyv
Tref = 293K� ���w U�q~�x��D����xyo*r3}�oqpU���3n$�qo'o|pU~��wn$�D�qo��

�_Ík�ÐÃ � 	 � � � � � � � 	����

T ad
��� � � � � � � � � ��� � � � � � �

teq
� � � � 	 � ��� � ��� � 	 � � ��� �

mlxyoÆ�qx��){Go�}y��pU~��wn$��x����qo*oq�w���Ævhn$��v�pU��}yo�Ê ��� ���
	 ~���o�oq�w�����U�w�Gv7�q�wp �|�wpUrqoÆ{U��pGoÆ~��){L�wr|�3n$���qo*��pGx7��x�o�qx��){Go7nw��~�n$ Yn$�|~��IpGxyo_�U��nÏ��~��qxyo3oqx��Uxzrq}hnwv��|~��w�­n$pU¢F��x����3n$���7�G�w�3n$ U��x���x�����nh�Ixyvz��nÏ�qx��){L}�r3n$�|pUrqx �
��9�� �ºN»= � ��J$W CF?A=:NÄJwH�CwM1H�?AW�=
�Ä?��YJfP»EÐB�M���?A=
�lW
nAÃÆ��n$r��G�w���w¢A}��G}�~��q}��Gxz��ÇÈ}y��pYn$�|~��w� Í 	 � Ã¤�

a � %&< � � 0 � %�� � 0 A��+< � 0,#�')03:?5 087;9�-/< .10/- 0,# m2.s−1

 ÐÃ'mlxyo�vy�w�G��~��|~��w�Go�n$p�½f��~��)~��qxyo�Í 	��FÃ'x���Í 	 � Ã7x¤½D{Ur|~���x�������n>vy�w���|~���pU~��q})��p­ÑGp�½f�|�Gx�r|�)~��IpGxF�:��pU~
ohÇÈ}��wnwv�pGx�{Yn$r'vy�w�G��pGv��q�$Å;vy�w���Ix¤½�~��w� � h

xyoq�*��x�vy��x¤£�v�~�x������Ux�vy�w�G��pGv��q�$Å;vy�w�D�Ax¤½�~��w� �v_Ã7m»ÇÈ}y��pYn$�|~��w� Í 	 � Ã7�U�w�U�GxF�:x��ºrqx��){U��n��hn$���
T
{Yn$r

T (Ti − T1) + T1, x
{Yn$r

L(ζ + 1)
x��

t
{Yn$r

Fo

α

� ∂2T̄
∂ζ2

1
L2 = 1

a
∂T̄
∂Fo

α
� �fnÏ�U�w�Gv��

α = a
L2

x��
Fo = at

L2�YÃOmOxyo�vy�w�G��~��|~��w�GoÄn$p�½¿��~��)~��qxyo'Í 	 � Ã1x��*Í 	��FÃ��w U��~�¢Ax��D�»Ê7pU�Gx�oq�w��pU�|~��w�)oq¡���}��|r|~���pGxF�wvyxÆ��pU~�vy�w�G��pU~��Ê"��n)vy�w�G��~��|~��w��Í � � Ã �mOnÏvy�w�G��~��|~��w� Í 	��FÃÆ�Ux��D~�x����
k ∂T̄

∂ζ
(Ti−T1)

L = hT̄ (Ti − T1)
x��

x = −L
�wp

ζ = 0
vyxz��pU~:vy�w�G��pU~��7Ê

{L�Foqx�r
Bi = hL

kx_Ã:m»ÇÈ}y��pYn$�|~��w��Í � � ÃlohÇÈ}yv�r|~��S�
X ′′(ζ)Y (Fo) = X(ζ)Y ′(Fo)

oq�w~��h�_x��¿oqpU{U{L�Fo3n$���
X
x��

Y
�G�w�¿��pU����xyoS�

X′′(ζ)
X(ζ) = Y ′(Fo)

Y (Fo)

¾ xyv�~��lÇÈxyoq��{L�Fo3o|~� U��xF��{L�wpUr��Uxyo��wn$r|~�n$ U��xyo�~��G�U}�{Lx��G�Gn$���qxyoh�'�IpGxºo|~�vyxyo��Ux�p�½
�IpG�w�|~�x����qo'oq�w����o|~��¿pU���3n$�G}���x����7vy�w�Go|�3n$���qo � Ík~��lo|p�£����Ux��U}�r|~��Ix�r*��xyo���pG�w�|~�x����qo*{Yn$r ζ

�wp
Fo
{L�wpUrohÇÈx�� vy�w���Fn$~��Gv�rqx_Ã � � � {Lx�pU�fn$���wrqo�v3�G�w~�o|~�r�vy�w�)��xº�wn$��x�pUr���p ��pG�w�|~�x���� −λ2 �*}��3n$����x����qx��G��p�IpGxÏ��nÂ�wn$��x�pUr��Ux

λ
�lÇÈxyo|��{Ynwo��G}yvyxyoqo3n$~�rqx���x�����rq}yx�����x�� 9�-/< % -;<��:� �w�GvÏ~��»xyo|�z{L�Foqoq~� U��x)�:ÇÈ}yv�r|~�rqx��

X′′(ζ)
X(ζ) = Y ′(Fo)

Y (Fo) = −λ2

s·Ã�mOn>oq�w��pU�|~��w�­¢A}��G}�r3n$��x"�Ux���ÇÈ}y��pYn$�|~��w�
X ′′(ζ) = −λ2X(ζ)

xyo|�7 U~�x��­vy�w�U��pYx"x��7{Lx�pU��o_ÇÈ}yv�r|~�rqx>�
X(ζ) = G sin(λζ) + F cos(λζ) �� �º�U�w~���n$���wrqo�nh�I�w~�r)�

Y ′(Fo) = −λ2Y (Fo)
�wp

Y (Fo) = e−λ2
Fo

��nÂvy�w�Go|�3n$���qxÏ�¿pU���|~�{U��~�vhn$�|~��Ix}��3n$����{Ur|~�oqx�x���vy�w�){U�qx��Gn$�Go
X �¢�Ã»mOn�o3�w��pU�|~��w�Â��p>{Urq�w U������xz}��3n$���Æ{Yn$~�rqx7x��

x,
�U�w�Gv7x��

ζ − 1
�A~��Lxyo|�Ævy�w�)�����Uxz�Ux7vy�w�Go|~��U}�rqx�rÆ��noq�w��pU�|~��w��¢A}��G}�r3n$��xÄvy�w�)��xÄvy�w�¿ U~��Yn$~�oq�w�"�Ux��qx�r|��xyoO�Ux�su�wr|��x

G sin(λ(ζ−1))+F cos(λ(ζ−1))
��pU~�U�w~��
'��|rqx�{Yn$~�rqx � ��n$r'vy�w�Go3}y�IpGx����h�Yoqx�pU��o*��xyo*�qx�r|��xyo7x�� cos

�U�w~��Ix�����¡>�G¢FpUrqx�r �mOn vy�w�G��~��|~��w� Í � � Ã²~��){L�Foqx ��pGx �q�wpU�qx/oq�w��pU�|~��w� �Ux ��n s\�wr|��x {Urq}yvy}y�Ux����qx �U�w~�� �I}�r|~��Yx�r
G cos(−λ)e−λ2

Fo = − λ
Bi

G sin(−λ)e−λ2
Fo

o3�w~��
cot(λ) = λ

Bi
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�;���lÇÈx¤½�~�o|�qxÆ�U�w�GvÆ�IplÇ pU�Ïx��Goqx��¿ U��x���~�oqv�rqx����UxÆoq�w��pU�|~��w�Goh�$x��1��n7oq�w��pU�|~��w�"¢A}��G}�r3n$��xF�Foq�wpGo1rq}yoqx�r|�IxS��pGx��ÇÈxyo|{Ynwvyx7�Uxyo»su�w�Gv��|~��w�GoÆoq�w~��Svy�w�){U��x��h�Doqx�r3n��Ux'��nzsu�wr|��x��
T̄ = Σ∞

n=0Gn cos(λn(ζ − 1))× e−λ2
nFo�ÐÃ�mOn�oq�w��pU�|~��w�>¢A}��G}�r3n$��x7�U�w~��S�I}�r|~��Yx�rÄ��xyoSvy�w�G��~��|~��w�Go*n$p�½)��~��)~��qxyo��Ivyxyv�~Lxyo|�S�U} �|Ê�nwo3o|pUrq} 	 ~��Yrqxyo|�qxÊ"�I}�r|~��Yx�r���nÏvy�w�G��~��|~��w��~��U~��|~�n$��x

T̄ (ζ, Fo = 0) = 1 �¾ xyv�~OohÇÈ}yv�r|~��
Σ∞

n=0Gn cos(λn(ζ − 1)) = 1
Í � Ã

� r ∫ 2
1 cos(λp(ζ − 1)) cos(λq(ζ − 1))dζ = 0

o|~
p 6= q �

É �´�¿pU���|~�{U��~�n$���­Í � Ã¿{Yn$r cos(λp(ζ − 1))
x���x��´~����q}�¢Fr3n$���h�Ä�w� �w U�|~�x����>�U�w�Gvg� ∫ 2

1 cos(λp(ζ −
1))Σ∞

n=0Gn cos(λn(ζ − 1))dζ =
∫ 2
1 cos(λp(ζ − 1))dζ

�wp��
Gp

∫ 2
1 cos2(λp(ζ − 1))dζ =

∫ 2
1 cos(λp(ζ − 1))dζ

�wp
Gp =

∫ 2

1
cos(λp(ζ−1))dζ∫ 2

1
cos(2λp(ζ−1))dζ

=

2
sin(λp)

λp∫ 1

0
(cos(2λpζ+1)dζ

=
2 sin(λp)

1
2

sin λp+λp

Gp =
4 sin(λp)

sin λp+2λp~±ÃºmOn �qx��){L}�r3n$�|pUrqxX��n%½�~���n$��xXxyo|� �w U�qx���pGxF�"x�� r3n$~�oq�w� �Ux´��n²o|¡D��}��|r|~�x ��p {Urq�w U������xF�"x��
ζ = 1 � T = T−T1

Ti−T1

x��
T̃ = T − T1 = T (1) × (Ti − T1) = (Ti − T1)Σ

∞

i=0Gpe
−λ2

pF0
�U�w�Gv

T̃ (F0) = (Ti − T1)Σ
∞

i=0Gpe
−λ2

pF0

) ~��w� oqx ��~��)~��qx n$p�½ �Ux�p�½ {Urqx��)~�x�rqo �qx�r|��xyo_� �w� �w U�|~�x���� �
T̃ (F0) = (Ti −

T1)(0, 92 exp(−1, 322F0) − 0, 57 exp(−4, 032F0)mOnz�wn$��x�pUrÄ�Ux
F0
x��»��x���n%½�~��¿pU� v��wrqrqxyo|{L�w�G�Gn$���Ä{Lx�pU�Ix���� '��|rqx��w U�qx���pGo»{Yn$rÄ�U}�r|~��Fn$�|~��w�l�A�wpl�F{U��pGoo|~��){U��x���x����h�G{Yn$r��|r3nwvy}��Ux�vy�wpUr| Lx��

10,950,90,850,80,750,70,650,60,550,50,450,40,350,30,250,20,150,10,050

0,65

0,6

0,55

0,5

0,45

0,4

0,35

0,3

0,25

0,2

x

y

x

y

0.92*exp(-1.7424*x) - 0.57*exp(-16.2409*x)

� ���w U�q~�x��D�'�U�w�Gv
F0 = 0, 13

x��
T̃max = (Ti − T1) × 0, 67mlxyo'vy�wpUr| Lxyo�{Urq}yoqx����3n$���

T̃max
x��

T∗ �Y¢FpUrqx����'v�~�Å;�Uxyoqo3�wpGo �

800600170

50

40

30

20

10

50 3000
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É ����xyo7oqx�v�rq�w~�oqx����'{L�wpUr teq ≈ 170h
�Y��pU~Ovy�wr|rqxyo|{L�w�G�Ux�����Ê)pU���qx��){Go7�Ux��U}yvy�$ËLr3n$¢Ax¿�:ÇÎn$p����w~��Go

24h
Íunw�U�w{U�qx�r

35h
vy�w�G��pU~��ÏÊ�pU�Gx�¢In$r3n$���|~�x>��x�~�����x�pUrqxÂ�Ux�oq�3n$ U~���~��q} � mlx��3n$ U��xhn$p rq}yoqpU��n$���¿��xyo�U�w�U�G}yxyo���pU��}�r|~���pGxyo*�G¢FpUrqx�v�~�Å;�Uxyoqoq�wpGo·Ã
� � 	 � � � � � � �

teq
� � � � 	 � 	 � � 	�� � ��� � � ��� � ��� � � �

T̃max
� � � � � � � � � ��� � � ��� � �

T∗ � � � � � � � �
� ��5¿.�-�0q576Ð-��"- . ��5��Ï5"-»24-�576
��9;8 �ÏWG?IVXEG=	�SHD�;H\CFE�PÄ=:NÄJfRÄN V H$�;H�WYR �*MO?AWYR�

�:[\ZY[\Z ³�bG®±c�^1®k]("1`$§�®\i\e�i\¯1bGik`%d�]
nAÃÆmÄÇÈ}yvy�wpU��x���x�����xyo|��pU�U~���~�rqxyv��|~��w�U�Gx���oqx����w�

Oz.
mOn)vy�w�Goqx�r|�Fn$�|~��w�f�Ux���nÏ��nwoqo3xF��{L�wpUr'pU��ÑGpG~��Gxo|pU{U{L�Foq}Ï~��Gvy�w�){Urqxyoqo|~� U��x�ohÇÈ}yv�r|~����

div−→v = 0
�wp ∂vuz

∂z = 0
��n$r�vy�w�Go3}y�IpGx����

uz
�Gx)�U}�{Lx¤�Y� {Ynwo�Ux

z � ÐÃ*mlx� U~���n$�f�Ux���pYn$���|~��q}��Ux����wpU�Ix���x����7{Lx�pU�7o_Ç }yv�r|~�rqxF�Ðx��fo|pU~��Fn$����pU�Gx�{Ðn$r|�|~�v�pU��x¿�Ux�ÑGpU~��Ux��Ux��nwoqoqx
dm

�
D
−→
P

Dt = −−−→
gradP + ρ−→g +

−−→
dFv
dτ

�w¼ −−→
dFv
dτ

xyo|�7��n�s\�wrqvyx¿�A�w��pU�)~���pGx"�Ux��D~�oqvy�Fo|~��q}F�Lx�� −→
P = ρ−→v xyoq���nÏ�Ux��Go|~��q}��Ux���pYn$���|~��q}��Ux����wpU�Ax���x���� �¾ �w�)��x���nÏ{Lxyo3n$���qx�pUr7xyo|�*�G}�¢F��~�¢Axhn$ U��xF�Ð�w��n)�U�w�Gv��

ρ(∂−→v
∂t + (−→v .

−→∇)−→v ) = −−−→
gradP +

−−→
dFv
dτ

� x"{U��pGoh�L��n>�D~��qxyoqoqxÏxyo|��oqx����w� −→z x����GxÏ�U}�{Lx��G� {Ynwo��UxÏvyx"{Yn$r3n$�����|rqx � � ��nÂ�U�w�GvF�:x�� rq}�¢F~���xo|�3n$�|~��w�U�Yn$~�rqx��
ρ∂−→v

∂t =
−→
0 = −−−→

gradP +
−−→
dFv
dτ

É ��{Urq�&�txyv��|~��w��o|pUr −→x �:{UpU~�o3�IpGx
−−→
dFv
dτ

xyoq��vy�w��~��G}hn$~�rqxÂÊ −→z �l�w� �w U�|~�x���� 0 = ∂P
∂x �
� '���x�v3�G�Foqxoqx����w� −→y �U�wp�oqx����w� −→ur

x�� −→uθ �mOnÏ{Urqxyoqo|~��w���Gxz{Lx�pU�7�U�w�Gv��U}�{Lx��G��rqx��IpGx��Ux
z �

�:[\ZY[�¥ °7cAªL^1®kdDegd�¯@¨�«1d�À�ªÐik]_d�^�ik®\®kd
nAÃ�mlx>{Urq�w U������x�xyo|�¿~����wn$r|~�n$���Ï{Yn$r¿rq�w�3n$�|~��w� � � ���w~��GoÏ�Ux� Ur|~�o|pUrqxÂo|{L�w���3n$�G}yx��Ux���n�o|¡D��}��|r|~�xÍk�|pUr| UpU��x��Gvyx_Ã¤�Ln$pGv�pU�Gx�¢Fr3n$�G�Ux�pUr'{Lx�r|�|~��Gx����qx��Gx��U�w~��'�U}�{Lx��G��rqx��Ux

θ �
� n$�Go��G�w�|rqx¿vynwo_�Gx����|rqx¿�Ux�p�½�v�¡D��~��G�Urqxyo7�Ux��Ðn$pU�qx�pUr dz

x��7�Ux�r·nh¡A�w�
r
x��

r + dr
�Y�w�fn�� −−→dFv

dτ =

~z µ
r

∂
∂r (r ∂uz

∂r )
o3�w~����G�Yn$��x���x����¿�

−→
0 = −−−→

gradP + µ~z 1
r

∂
∂r (r ∂uz

∂r ) ÐÃ � �fn)�U�w�Gv�� ∂P
∂z = µ

r
∂
∂r (r ∂uz

∂r ) = Cte vhn$r P
�Gx��U}�{Lx��G���IpGx��Ux

z
x��

uz
�lÇÈx����U}�{Lx��G��{Ynwo �� ���wrqo

K = ∆P
L

x�� ∂
∂r (r ∂uz

∂r ) = Kr
µ

oq�w~��
r ∂uz

∂z = Kr2

2µ + K ′
�wp ∂uz

∂r = Kr
2µ + K1

r

x��
uz =

Kr2

4µ + K1 ln r + K2
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¾ �w�)��x
uz

�U�w~���rqxyo|�qx�r*�G�U~O�Gn$�Go*�q�wpU����x��U�w��n$~��Gx
r < R

�Uvyx���nÏ�G}yvyxyoqoq~��qx
K1 = 0

oq�w~����
uz = Kr2

4µ + K2v_ÃOm1n7��~��qxyoqo3xS�:Ç pU�ÏÑGpU~��UxÆ�D~�oq�IpGx�p�½"�U�w~����wn$r|~�x�r�vy�w���|~����U��x����Sn$pÏ�A�w~�o|~��Yn$¢Ax��:Ç pU�Gx�{Yn$rq�w~ � ¾ �w�)��xvyx�����x¤Å;v�~Oxyoq�*~��)���w U~���xF�Y�w���U�w~��7nh�A�w~�r
uz(R) = 0

�wp
K2 = −KR2

4µ �G� �w�Yv
uz = −∆P

4µL(R2 − r2)

�YÃSmlxz�U}� U~��*�A�w��pU�)~���pGxzxyo|���
Q =

∫ R
0 uz2πr.dr = −π∆P

2µL

∫ R
0 (R2 − r2)r.dr = −π∆P

2µL (R4

2 − R4

4 )x����U�w�Gv��
Q = −π∆PR4

8µL

�:[\ZY[�� À7d�`$e�§Ib $�i\®ki±¨h§fbG^ �ÐbU¸���«�ik]y¨h`wi $�^O¨hikªL¯�«�df®kb "»ªY`$ªY]_i±¨h§��
nAÃ����wpUr

n
�|pU Lxyo7�Ux����w�U¢FpGx�pUr

L,
�Ux�r·nh¡A�w�

R p = nπR2

A � � ���|rq�wpU�Ix¿n$���wrqo Q = −nπ∆PR4

8µL =

−R2Ap∆P
8µL

) �w~���� k = pR2

8 ÐÃÏ��n$r��U}¤�G�U~��|~��w�X�Ux���n {L�wrq�Fo|~��q}�v�pU�¿pU��}yxF�Ä��n {L�wrq�Fo|~��q}��q�w�3n$��x�xyo|���
pT = pc(0) = ai

{L�wpUr
v3�Ynw�IpGx���n$�q}�r|~�n$p �
É ���|rqx R

x��
R + dR

�L��n>{L�wrq�Fo|~��q})xyo|�
dp = −dpC

dR = −(bi + 2ciR)
	 ��n>{Lx�r|��}hn$ U~���~��q})�q�w�3n$��xÏxyoq�

�U�w�Gv��
ki =

∫ Ri

0
1
8R2dp = 1

8(bi
R3

i

3 + ci
2R4

i

4 ) =
−R3

i

8 ( bi

3 + ci

4 Ri)

v_Ã � �g�U�w~��¿nh�A�w~�r
k = 1

8pR2
eq =

R3
i

8 ( bi

3 + 2ci

4 Ri) = 1
8aiR

2
eq �:� �w�Gv Req = Ri

√
Ri

ai
( bi

3 + ciRi

2 )¾ x��qx�r|��xz�Fn$r|~�x�{Lx�p�nh�Ixyv���x�r3nh¡I�w���Uxyo�{L�wrqxyo�o|~@��x��qx�r|��x
bi
xyo|�� Lxhn$pGvy�wpU{�{U��pGo�~��){L�wr|�3n$���'��pGx

ciRi �G� n$�Go*��nÏ{Ur3n$�|~��IpGxF�Y�w���|rq�wpU�Ix Req ≈ Ri/2� ���w U�q~�x��D�
Ri(nm) k(nm2) Req��n$�q}�r|~�n$p 	 � � 	 � � � � � � ���n$�q}�r|~�n$p � � ��� � 	 � 	 �����n$�q}�r|~�n$p � � ��� � � � � � � 	

�:[\ZY[�� ����dIbG^ «�bG¯1]�®kdI]�e i\®\i±dD^
	 "»ªY`$d�^�	
nAÃ�mOn�s\�wrqvyx��q�w�3n$��x"�Ux¿{Urqxyoqo|~��w�­x¤½Ux�rqvy}yx¿oqpUr'��n>o|pUrtsunwvyx¿xyoq� −→

Fp =
∫ ∫

(P0 − P )−→n .d2S = (P0 −
P )

∫ ∫ −→n .d2S = (P0 − P )πR2−→uz �
É ����xÄxyo|�O}���pU~���~� Urq}yx»{Yn$rl��nÆsu�wrqvyx»�Ux��qx��Go|~��w�¿o|pU{Lx�rt�Yv�~�x�����x −→dFc = w.d`

−→
n′
��pU~F�lÇÎn��Ux�rq}yo|pU���3n$���qxÄ��pGxo|pUr

Oz
�A{Yn$rÆo|¡D��}��|r|~�xF��x��S��pU~ÐohÇ ¡){Urq�&�tx��|�qx�x¤�

dFcz = −w.dl. cos θ
�U�w�Gv −→

Fc = −−→uzw.2πR cos θ
� ��ÇÈ}y�IpG~���~� UrqxF� −→

Fc +
−→
Fp =

−→
0
�U�w�Gv

P0 − P = 2w cos θ
R �

2w
Rs cos θ

x��h�Ao|~
θ = 0

�GÍk���wpU~�����n$¢Ax�{Yn$rtsun$~��·Ã
P0 − P = 2w

R
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 ÐÃ � ��n
sdT + n.dζ − V.dp = 0.

�
T
x��

n
vy�w�Go|�·n$���qoh���w��n"�U�w�Gv)�

dζl = V
n dP = M

ρl
dP

vyxz�IpU~
�U�w�U�GxF�Ix��>o|pU{U{L�Fo3n$���Ä��ÇÈxhn$p>~��Gvy�w�){Urqxyoqo|~� U��xF�

ζl = M
ρl

(P +f(T ))
�w¼

f(T )
nz��n���~���x��Go|~��w�Â�:Ç pU�Gx{Urqxyoqo|~��w� � � ��v3�G�w~�o|~�r3n�{L�wpUrÆvyx�����x¤Å;v�~LpU�Gx7{Urqxyoqo|~��w�Â�Ux'rq}¤su}�rqx��GvyxF�D�U}�{Lx��G�Gn$���*�Ux'��n��qx��){L}�r3n$�|pUrqx �� ��{Lx�pU�7�U�w�Gv�}yv�r|~�rqx��

ζl − ζl0 = M
ρl

(Pl − Pl0)

� x �('���xF� {L�wpUr ��n �wn${Lx�pUr �
dζv = V

n dP = RgpT
dP
P

oq�w~��h���Ux �('���x �
ζv − ζv0 = RgpT ln( Pv

Pv0
)

v_Ã � ��ÇÈ}y�IpU~���~� UrqxF�SÊ­��n­�qx��){L}�r3n$�|pUrqx
T
��~��'�U�w~��)¡
nh�I�w~�r�}�¢In$��~��q}��Uxyo){L�w�qx����|~�x���o�v3�U~��)~��IpGxyo���p��~��IpU~��Ux�x��*�Ux���n¿�wn${Lx�pUr � ) ~@��ÇÈ�w��{Grqx��G�Â{L�wpUr*{Urqxyoqo|~��w�Go*�Ux�rq}¤su}�rqx��Gvyx Pl0 = PG

��x��
Pv0 = Pvs

~��¡�n)}���pU~���~� Urqx���~���pU~��Ux��Fn${Lx�pUrh�G�U�w�Gv
ζl0 = ζv0¾ �w�)��x

ζl = ζv
� �w� x�� �U}y��pG~�� � M

ρl
(Pl − PG) = RgpT ln( Pv

Pvs
)

�wp
PC = Pl − PG =

ρlRgpT
M ln(H)

�YÃ � {Yn$r|�|~�r'�Ux���n"���w~O�Ux�mOn${U��nwvyxF�Y�w���w U�|~�x����'�U�w�Gv
R = Rsat = − 2wM

ρlRgpT ln H

�:[\ZY[�� °7cAªL^1®kdDegd�¯@¨�«1bG¯1]�^�¯Od���]h]_^1`%d
nAÃ

uz
�U�w~�� '��|rqx�~��G�U}�{Lx��G�Gn$�����Ux

x
�Ä{Yn$r>oq¡���}��|r|~�xF�Svhn$r�~��7¡´nº~����Fn$r|~�n$�Gvyxf��p {Urq�w U������xf{Yn$r�|r3n$�Go|��n$�|~��w�foqx����w�

Ox � ÐÃlm»ÇÈ}y�IpYn$�|~��w�
ρ∂−→v

∂t =
−→
0 = −−−→

gradP +
−−→
dFv
dτ

Í\}��3n$ U��~�xS{U��pGo1�Yn$pU�·ÃO�Ux���~�x�����~�v�~L� −∂P
∂z +µ∂2uz

∂x2 = 0n$���wrqo*�IpGx���ÇÈ�w��n¿�DpÂ{U��pGo��Yn$pU���IpGx ∂uz

∂z = 0
� ��x����U}y��pU~��h�Uvy�w�)��xz{U��pGo��Yn$pU�h����pGx ∂P

∂z = K =
∆P
L

x�����pGx
uz = ∆P

2µLy2 + αy + β

v_Ã É � y = ±e/2
�*��n��D~��qxyoqoqxgxyoq����pU����xF�7vyx��IpU~¿vy�w�G��pU~�� Ê

α = 0
x��

β = −∆P
2µL

e2

4

��o3�w~��
uz = ∆P

2µL(y2 − e2

4 )

�YÃ�mlx'�U}� U~��ÆohÇÈ}yv�r|~��7�
Q = l

∫ e/2
−e/2

∆P
2µL(y2− e2

4 )dy = l ∆P
2µL [y3

3 − e2

4 y]
e/2
−e/2 = l∆P

µL ( e3

3×8 − e3

8 )
oq�w~��'�

Q = − l∆Pe3

12µL

�:[\ZY[�� À7d�`$e�§Ib $�i\®ki±¨h§f« ��^�¯ e�i\®\ikd�^���]h]_^1`%§
nAÃ

D = Av

A = ne
h

 ÐÃ
Q = −ne3l∆P

12µL = −De2

12
A∆P
µL

�U�w�Gv
k = De2

12

) ~ L = l χ = 12Qµ
e3∆P

� ���w U�|~�x����»��xyo�rq}yo|pU���3n$�qo 	 ��� � 	 � � � � � � � � ��nw�U�w{U�qx�r3n χ = 190 � ¾ x�rq}yo|pU���3n$�}��q�w�U�Yn$���'{Lx�pU� '¤�qrqx�~����qx�r|{Urq}��q}�x���oqpU{U{L�Fo3n$���'��pGxz��nÏ�D~�oqvy�Fo|~��q}��Ux���ÇÎn$~�r'xyo|�'o|pUrqxyo|�|~���}yxF�Y�wp���pGx��ÇÈ}yvy�wpU��x���x������Gx¿oqx�s�n$~��7{Ynwo�Ê)s�n$~� G��x¿�G�w�¿ UrqxÏ�Ux��'x�¡D�G�w���Uo � mOn>�Ux�p�½�~�����x¿��¡D{L�w�|�G�yoqx"xyo|�7{U��pGo��r3n$~�o3x��¿ U��n$ U��xF�U{UpG~�o3�IpGx���n"�Fn$��x�pUr'�Ux
χ
n$pU¢F��x����qx¿nh�Ixyvz��ÇÈ}�{Yn$~�oqoqx�pUr �
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�:[\ZY[�� ! "�"�®\ikcAb�¨_ikªÐ¯��g^1¯1d�d�¯1cAd�i\¯L¨hd­«1d�cIªÐ¯ ��¯1d�e�d�¯L¨
nAÃ � ��o|pU{G{L�Foqx)��x)��n$�q}�r|~�n$p �G�w�º�Yoqo|pGrq} � � ��n��U�w�Gv Q = −kA∆P

µL = 19,4.1018
×6880×5.105

0,01818.10−3 =

13, 2m3/h
o3�w~��

V = 317m3 {Yn$r � � �Gx�pUrqxyo � ÐÃ ) ~���xyo�{L�wrqxyo�v��w�D�|~�x��U�Gx������Ux ��ÇÈxhn$pl�*x���o|~��w� xyo|���Gn$�Go���xºvhnwogÍ 	_Ã Í\x��Gvyx�~����qxº�3�w�3n$��x¤��x��D����wpU~�����}yx_Ã
ln(H) = 0

x��
Rsat = ∞ x��

k = 0 � mlx��|r3n$�Go|{L�wr|�7�:ÇÎn$~�r'�Gx�oqxzsun$~���{Ynwo'{Yn$r���xyo�{L�wrqxyo_���n$~�o�o3x�pU��x���x�����{Yn$r���xyo��Yo3o|pUrqxyo �
) ~l�w��xyo|���Gn$�Go���x�vhnwo�Í � Ã¤� H(e) = 0, 783 Rsat = 2wM

ρlRgpT ln H = 1, 3µm = 1300nm �mlx��|r3n$�Go|{L�wr|�7�:ÇÎn$~�r'xyo|���U�w�GvF�U��Ê)x��Gvy�wrqxF�G�G}�¢F��~�¢Axhn$ U��x�{L�wpUr�pU�Gx�{Yn$rq�w~Ooqp�£�o3n$�)��x����'}�{Yn$~�o3oqx �v_Ã ) ~l��xz��n$�q}�r|~�n$pfxyoq���Yoqo|pUrq}F� k = De2

12

x��
Q = −kA∆P

µL� ���w U�q~�x��D���
100µm 300µm

50.10−10
��� � 	 �

100.10−10 	 ��� 	 � ���

mlx»�3n$p�½��Ux�s\pU~��qx��I�w��pU�)~���pGxSn$pU�q�wr|~�oq}Äxyo|�O�Ux 	F� � � �Ux � � ���
m3 o3�w~��O�Ux 109m3 Í\o|~A�G�wpGoO�G}�¢F��~�¢Axy�w�Go��nº�wn${Lx�pUr�nh¡In$���>{Up´skpU~�r·Ã � ¾ x��3n$p�½��Gx�{Lx�pU� '��|rqxfn$�|�qx�~���� Í\�Gn$�Go>��xfvynwo�{Urq�w{L�Fo3}_Ã)��pGx�{L�wpUr

D = 50.10−10 x¤� e = 100µm � � ��xyo|�*�|rq�yo���n$r|¢Ax���x����'�G�wrqo��G�wr|��x�nh�Ixyvz��xyo7n$pU�|rqxyo��wn$��x�pUrqo �


