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Abstract

This paper explores the inverse problem of optimally determining the porosity of tex-

tile materials based on a two-dimensional dynamic heat and moisture transfer model

tailored for fabrics. Initially, an existing two-dimensional dynamic heat and moisture

transfer model for fabrics under low-temperature conditions is refined by adjusting

its boundary conditions to the second-type boundary conditions, enhancing its realis-

m. The finite difference method is utilized to solve this refined model. Furthermore,

based on this two-dimensional heat and moisture transfer model, an inverse problem

is formulated with the aim of optimizing the thermal insulation and moisture perme-

ability of clothing under low-temperature conditions. A mathematical model for this

inverse problem is constructed using the moisture permeability index, and is solved

through the application of the Particle Swarm Optimization (PSO) algorithm. Lastly,

numerical examples are presented, comparing the results obtained from the PSO al-

gorithm with those derived from the exhaustive search algorithm, thereby illustrating

the effectiveness of the proposed algorithm.
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Figure 1. Human body-fabric-external environment
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Figure 2. The three-dimensional schematic diagram of clothing is simplified
to the two-dimensional schematic diagram of clothing components

ã 2. ÑCn�«¿ã{z�ÑC|���«¿ã

�ÔS>.Ú	>.�3§Ý�§Ïd3�ÔSÜ�39þ�D4§duS	YðßÝØ�

�§���3Yð�*Ñ"3�Ñ�Ô9�D4�.c§k�ÑXeb�µ

£A1¤9�D4L§¥§�Ô(�A�ØC§�Ô�Y�­òXêÀ�~ê"

£A2¤du�NDÑ�Ý�é�$§.5å��Ñ"

£A3¤3�¸«�§Ø
��Ô���>.�§§ÝÚ�Ý´���"

£A4¤L§¥�Ë���Ñ"

£A5¤3	.�¸CzØ���¹e�Ô9D�Xêð�~ê"

£A6¤�íÿ«���Ô�>¡!�Ô��¸�>¡þ§§ÝÚ�ÝÑ´ëY�"

£A7¤��íÿ«�S§Ý�é��§�±r«�S�íw�´�½ØÄ�§vkg,é6

��3"

©Ù|^�þÚ9þÅð§ïá£ã�Ô9�D4��� �©�§"T�.5
u©z [4].

Äk�âUþÅð�Ñ9D4�§µ

Cv
∂T

∂t
=

∂

∂x

(
Kx

∂T

∂x

)
+

∂

∂z

(
Kz

∂T

∂z

)
+ εfΓf (ξ1λv + ξ2λl) . (1)

2ÏL�þÅð���D4�§�µ

∂ (Caεa)

∂t
=

1

τa

[
∂

∂x

(
Dfabx

∂ (Caεax)

∂x

)
+

∂

∂z

(
Dfabz

∂ (Caεaz)

∂z

)]
− εfξ1Γf . (2)

∂ (ρlεl)

∂t
=

1

τl

[
∂

∂x

(
Dlx (εlx)

∂ (ρlεlx)

∂x

)
+

∂

∂z

(
Dlz (εlz)

∂ (ρlεlz)

∂z

)]
− εfξ2Γf . (3)

Ù¥(x, z) ∈ (0, 1)×(0, 1)§t > 0¶T (x, z, t)L«�Ô�§Ý(e)¶CvL«�ÔNÈ9L(kg ·m−3 ·K)¶
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Ca (x, z, t)�Y�í�ßÝ(kg ·m−3)¶ρl (x, z, t)L«��Y��Ý(kg ·m−3)¶ΓfL«Y©�k�

áNÇ(kg ·m−3)¶λ1§λvL«n�é��YÚéY�í�áN½)�9(kJ · kg−1)¶εaL«�Ô

¥Y�íNÈ©ê§εax§εaz©OL«3x��Úz���Y�íNÈ©ê¶εlL«�Ô¥��Y�

NÈ©ê§εlx§εlz©OL«3x��Úz�����Y�NÈ©ê¶εfL«�Ôn��NÈ©ê¶

ξ1§ξ2©OL«n�L¡��íÚ��YCX�n�L¡á��'~"

±þ�ëê�m�'X�µ

εa+εf+εl=1.

ξ1 =
εa
ε
.

ξ2 =
εf
ε
.

εa =
√
ε2
ax + ε2

az.

εl =
√
ε2
lx + ε2

lz.

εax, εaz, εlx, εlz ∈ (0.5, 0.7) .

τa, τl ∈ (0, 1) .

Y�í�*Ñ'Dfab�±½Â�µ

Dfabx = εaxDa + (1− εax)Df . (4)

Dfabz = εazDa + (1− εaz)Df . (5)

Ù¥Dfabx§Dfabz©OL«Y�í3n�¥x��Úz���*ÑXê§Da L«Y�í3�í¥�

*ÑXê§Df L«Y�í3n�¥�*ÑXê"

��Y�*Ñ'Dl½Â�µ

Dlx (εlx) =
γx cos θxsin2αxdcxε

1/3
lx

20ηε
1/3
lx

. (6)

Dlz (εlz) =
γz cos θzsin

2αzdczε
1/3
lz

20ηε
1/3
lz

. (7)

Ù¥Dlx (εlx)§Dlx (εlx) ©OL«3n�¥x��Úz �����Y�*ÑXê§γx§γz©OL

«x��Úz���L¡Üå(N ·m−1)§θx§θz©OL«x��Úz����>�§αx§αz©OL

«x��Úz����Ôk��Ý§dcx§dcz©OL«x��Úz�����»��I(N)§αx§αz©

OL«x��Úz����Ôk��Ý§ηL«Ä�ÅÝ(kg ·m−1)"

k��9Xê½Â�µ

Kx = εlxKl + (εax + εf )Kfab. (8)

Kz = εlzKl + (εaz + εf )Kfab. (9)
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Ù¥Kx§Kz©OL«Y�ð3n�¥x��Úz���9D�Xê¶Kl§KfabL«��YÚY�í

3n�¥�9D�Ç(kg ·m−1 · e−1)"

Y©�k�áNÇΓf½Â�µ

Γf = const.+ a1Ca + a2T. (10)

Ù¥a1§a2�O�~ê"

�§(3)éA�Ð©^�Xe¤«µ
T (x, z, 0) = TI (x, z)

Ca (x, z, 0) = CaI (x, z)

ρ (x, z, 0) = TI (x, z)

(11)

��.3�mt = 0�§L¡z = 0?�>.^��Ca = 96%§T = 33e"z = 1 ��Ô±��

í��é�ÝÚ§Ý©O�Ca = 80%ÚT = 20e"Xe¤«µ

T (0, z, 0) = 303

T (x, 0, 0) = 303

T (L, z, 0) = 293

T (x, L, 0) = 293

,



Ca (0, z, 0) = 0.96

Ca (x, 0, 0) = 0.96

Ca (L, z, 0) = 0.8

Ca (x, L, 0) = 0.8

(12)

é'���. [4]�>.^�§�©ò>.^�?U�1�a>.^�§Ï�1�a>.^�

U
�Ð/£ãÔN�±��¸�m�9��L§§~�
Ï>.^���Ø�
���ê�Å

ÄÚuÑy�"?U�§Ý�>.^�Xeµ

K ∂T
∂x

∣∣
x=0

=
T |x=0−T0

Rs

K ∂T
∂x

∣∣
x=L

=
Te−T |x=L

Rs+(1/ht)

K ∂T
∂z

∣∣
z=0

=
T |z=0−T0

Rs

K ∂T
∂z

∣∣
z=L

=
Te−T |z=L

Rs+(1/ht)

(13)

?U��YðßÝ�>.^�Xeµ
Dfabxεax

∂Ca

∂x

∣∣
x=0

=
Ca|x=0−C0

w0

Dfabzεaz
∂Ca

∂z

∣∣
z=0

=
Ca|z=0−C0

w0

Dfabxεax
∂Ca

∂x

∣∣
x=L

=
Cae−Ca|x=L

w0+(1/hc)

Dfabzεaz
∂Ca

∂z

∣∣
z=L

=
Cae−Ca|z=L

w0+(1/hc)

(14)

Ù¥T0L«<N�Ð©§Ý§TeL«�¸§Ý§CaerL«�¸¥Y�íßÝ§w0 L«�Ô��{§

RsL«�Ô�9{§hcL«�Ô�D�Xê§htL«�Ô�D9Xê"
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Table 1. Particle swarm optimization algorithm

L 1. âf+�{

Ñ\µ

á�ëê!���§ëê§·Ý¼ê"

ÑÑµ

ÑÑ�`(Jµ�÷vª�^��§ÑÑ�Û�`)pBest§=�`��YÇ©Ù"

Ú½µ

1!Ð©zµ

Ð©z��S�gê§�ÅÀJz�âf�Ð© �Ú�Ý¶

2!O�·AÝµ

O�z�âf�·A�¶éß��ê?1IOz�§½Â�·Ý¼ê"

P (Xi) = C · M̄(Xi)

Q̄(Xi)
, i = 1, 2, · · · , N.

3!�#âf�`)µ

éuz�âf§XJ�c ��·AÝ�`uÙ{¤�` �£pBest¤�·AÝ�§

K�#pBest"3¤kâf�pBest ¥éÑ�`�§���c��Û�`)gBest"µ

4!�#âf�ÝÚ �µ

�âPSO�{��Ý�#úª§|^pBestÚgBest�#z�âf��Ýµ

(��#�� �E3|¢�m[0, 1]
2
"1i�âf��Ý�µ

Vi = (vi1, vi2, · · · , viD), i = 1, 2, · · · , N.
1i�âf�âe¡�úª�#gC��ÝÚ �µ

vid = w × vid−1 + c1r1(pid − xid) + c2r2(pgd − xid).
xid+1 = xid + vid.

5!S��#µ
­EÚ½2-4,­EO�·AÝ!�#�`)Ú�#âf�ÝÚ ��L§§����
��S�gê"3zgS�¥§P¹�Û�`)pBest�·AÝ�§±�Âñ­�"

6!ÑÑ(Jµ
�����S�gê�§ÑÑ�Û�`)pBest§=�`��YÇ©Ù"

2.1.1. ê�¦)

e¡é�.(1)-(3)?1ê�¦)§æ^k��©�ª§Ú\(k���þ��m��m¼ê�

±eÎÒµ

Ca (x, z, t) = Ca (l∆x, n∆z, k∆t) = Cka (l, n) .

ρl (x, z, t) = ρl (l∆x, n∆z, k∆t) = ρkl (l, n) .

T (x, z, t) = T (l∆x, n∆z, k∆t) = T k (l, n) .

òõ�0�«�y©�L × N���§∆x§∆zL«��¥xÚz¶þ�Ú�§u´��x =

l ×∆x§z = n×∆z§Ù¥l = 1, 2, · · ·L§n = 1, 2, · · ·N"∆t´�mOþ§t = k ×∆t,Ù¥k ´�

mÚ�k = 1, 2, · · ·K"
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Table 2. Example 1: Wool parameter coefficient

L 2. ¢~�µ�fëêXê

ε L Ka Kf Kw

0.91 0.05 0.025 0.052 0.57

Table 3. Example 2: Parameter coefficient of polypropylene

L 3. ¢~�µàZLëêXê

ε L Ka Kf Kw

0.87 0.05 0.025 0.01 0.57

Äké9�§?1lÑµ

Cv
T k+1
l,n − T kl,n

∆t
=Kx

T kl+1,n − 2T kl,n + T kl−1,n

∆x2

+Kz

T kl,n+1 − 2T kl,n + T kl,n−1

∆z2

+ εf (Γf )
k

l,n (ξ1λv + ξ2λl) .

(15)

Ù¥§T kl,nL«3k∆t��§(xl, zn) �?�Ô�§Ý"

�Xé��§?1lÑµ

(Caεa)
k+1
l,n − (Caεa)

k
l,n

∆t
=Dfabx

(Caεax)
k
l+1,n − 2 (Caεax)

k
l,n + (Caεax)

k
l−1,n

τa∆x2

+Dfabz

(Caεaz)
k
l,n+1 − 2 (Caεaz)

k
l,n + (Caεaz)

k
l,n−1

τa∆z2

− εfξ1 (Γf )
k

l,n .

(16)

(ρlεl)
k+1
l,n − (ρlεl)

k
l,n

∆t
=Dlx (εlx)

(ρlεlx)
k
l+1,n − 2 (ρlεlx)

k
l,n + (ρlεlx)

k
l−1,n

τl∆x2

+Dlx (εlz)
(ρlεlz)

k
l,n+1 − 2 (ρlεlz)

k
l,n + (ρlεlz)

k
l,n−1

τl∆z2

− εfξ2 (Γf )
k

l,n .

(17)

Ù¥(Caεax)
k
l,n§(Caεaz)

k
l,n§©OL«3k∆t��§(xl, zn) �?n�m�Y¥Y�í�þ

3x-��§z- ����¶(ρlεlx)
k
l,n§(ρlεlz)

k
l,n§©OL«3k∆t��§(xl, zn) �?n�m�Y¥

��Y�þ3x-��§z- ����"

-r1 =
∆tDfabx

τa∆x2 r3 =
∆tDfabz

τa∆z2
§u1 = ∆tDlx(εlx)

τl∆x2 u3 = ∆tDlz(εlz)
τl∆z2

§w1 = ∆tKx

Cv∆x2w3 = ∆tKz

Cv∆z2
.
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Table 4. Parameter selection in control equation

L 4. ���§¥�ëê��

Da Df w0 Rs τl τa λv λl

2.5× 10−5 5× 10−13 64.99 3.5× 10−2 1.5 1.5 2522.0 2260.0

Figure 3. The optimal porosity convergence curve of two different materials, with wool on the left and
polypropylene on the right

ã 3. ü«ØÓá��`�YÇÂñ­�§�>��f§m>�àZL

ò(15)-(17)ªfÜ¿Óa����(1)-(3)�wªk��©�ªXeµ

(Caεa)
k+1
l,n = (1− 2r1 − 2r3) (Caεa)

k
l,n + r1

(
(Caεax)

k
l+1,n + (Caεax)

k
l−1,n

)
+ r3

(
(Caεaz)

k
l,n+1 + (Caεaz)

k
l,n−1

)
−∆tεfξ1 (Γf )

k

l,n .
(18)

(ρlεl)
k+1
l,n = (1− 2u1 − 2u3) (ρlεl)

k
l,n + u1

(
(ρlεlx)

k
l+1,n + (ρlεlx)

k
l−1,n

)
+ u3

(
(ρlεlz)

k
l,n+1 + (ρlεlz)

k
l,n−1

)
−∆tεfξ2 (Γf )

k

l,n .
(19)

T k+1
l,n = (1− 2w1 − 2w3)T kl,n

+ w1

(
T kl+1,n + T kl−1,n

)
+ w3

(
T kl,n+1 + T kl,n−1

)
− ∆t

Cv
εf (Γf )

k

l,n (ξ1λv + ξ2λl) .

(20)

3. �¯K

�!òÄu��9�D4�.(1)-(3)§±�æß�5�Z�8�JÑü���á�þÝ9�Y
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Çû½�¯K§¿|^âf+�{?1¦)"

Table 5. Comparison of two examples of particle swarm optimization with ergodics

L 5. ü«¢~âf+�{�H{�'�

á� âf+ H{ ß��ê

¢�� �f 0.923 0.920 0.926
¢�� àZL 0.892 0.873 0.890

Table 6. Experiment 1: Wool parameter coefficient

L 6. ¢��µ�fëêXê

ε L Ka Kf Kw

0.91 0.05 0.025 0.052 0.57

Table 7. Experiment 2: Polypropylene parameter system

L 7. ¢��µàZLëêX

ε L Ka Kf Kw

0.87 0.05 0.025 0.01 0.57

3.1. �¯K�JÑ

�YÇ´�á�SÜ�YNÈÓÙoNÈ�z©Ç§´��á�SÜ(�A����­�ë

ê"��á���YÇØ=K�XÑC��æ5U§�'X�ß�5U"�YÇé�Ô�æ5k­

�K�µ�YÇ��§�4��Y�õ§�Y�»��§�§5U  �Ð§�YÇ���á�§

ÙSÜ�í¹þO\§
�í�9D�5�$u�Ná�§Ïd�N9D�5ü$§kÏu�æ"

�YÇéuß�5�K�µ�YÇ9ÙA�£X�Y��!/G!©Ù�¤K�á��ß�5§�

���YÇ�Y�íJø
�2,�Ï�§r?
Y�í�^�*Ñ�DÑ§kÏu�±�N�

ZW�Ó·"Ïd�©±�YÇ�ëê§±�æß�5�Z�8�JÑ�YÇû½�¯K"

�YÇû½�¯K:b��ÔØ�YÇ±	�á�ëê9Ônëê®�§�Ô�þÝ®�§�

â9�D4�.Ïé�`��Ô�YÇ§¦��Ô��æß�5�Z"

3.2. �¯KêÆ�.

�âþ¡JÑ��¯K§e¡·��
¦�Ô9�æÚß�5�Z§ïá�æß�5�Z�

YÇû½�¯K��`z�.�µ

maxP (ε) = C · M(ε)

Q(ε)
. (21)

Ù¥M(ε)L«ÏL�Ô��Ïþ§Q(ε)L«ÏL�Ô�9Ïþ§CL«´~ê"
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·�±ß��ê5�ï�¯K§¤¢ß��ê§´�9{Ú�{�'�§ÙL�ªXe¤«µ

Pi =
1

6.45 · 0.155 · 0.015

Rt
Rw

. (22)

Ù¥Rt�9{§RwL«�{§�kO�L�ªµ

Rt =
T0 − Te
QTol

. (23)

Rw =
PS0 − PSe
MTol

. (24)

Ù¥QTolL«ÏL�Ô�o9Ïþ§PS0L«bC<N�Ç��ÚíØ§PSe L«bC	.�¸�

íØ§MTol L«ÏL�Ô�o�Ïþ"3$§�¸^�e§�Ô9{�§¿�XÏLÑCÑ��

9þ�¶�Ô�{�§¿�Xßí5UÐ"

3$§^�e§d�.Ä�b�§3�Ô��¸��>¡þ§o96Úo�6�L«�µ

QTol = −
∫ Tt

o

(Kx
∂T

∂x
+Kz

∂T

∂z
+ εfΓf (ξ1λv + ξ2λl))dt. (25)

MTol = Qwet −Qdry = −
∫ Tt

o

((ξ1λv + ξ2λl) εfΓf (0, 0, t))dt. (26)

Ù¥C = 1
6.45·0.155·0.015

· T0−Te

PS0−PSe
§C´~ê"

3.3. �¯K�ê��{

�©æ^âf+�{¦)"âf+�{´ÏL�[j+� 1�
uÐå5��«Äu+N

���|¢�{§áuéuª�{§´dKennedyÚEberhartü Æö1995c¤JÑ [23]§ÙÄ�

g�3uÏL+N¥�N�m���Ú&E��5Ïé�`)"

�âþã�n§L 1´âf+�{¦)�¯K£21¤�äNÚ½§^u¦)ü���á��¯

K��`�"

4. ê�¢�

4.1. ¢�ëê

�!�Ñü�ê�¢�"¢��¥�ÔÀ��f§¢���ÔÀ�àZL"À�ü«á��

(�ëê©OXL 2§L 3¤«"

���§(1)-(3)¥�ëêXL 4¤«"

4.2. ¢�(J

(½ü���á��YÇ�`�âf+�{ëê½ÂXeµ�NÆSÏfc1=1.4962§�

¬ÆSÏfc2=1.4962, .5Ïfw=0.7298,âf+�êD=20§|¢�m�2�§âf�I�½Â
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3[0, 1]§��S�gê�100g§âf+�{¥�·Ý¼êd��9�D4�.�k��©�ªÚ

ß��ê5½Â"

Äuc©��9�D4�.�k��©�ª§�!æ^âf+�{¦)�YÇ�`©Ù"b

�<N§Ý35e§�é�Ý�96%¶�¸§Ý�0e§�é�Ý�80%"�Ô�Ð©§Ý�20e"

$1Matalb§S|^âf+�{?1¦)§¦���YÇÂñ­��eã¤«"

��y�{�k�5§òâf+�{�H{���(J(L 5)?1'�"

lã 3ü«ØÓá��`�YÇÂñ­��±�Ñµ�fÚàZL3�Ó�¸^�eÑU|^

âf+�{���`�YÇ"Ù�`�YÇ�f´0.923§àZL´0.892"¢��(JL²�`�

YÇ��f��`�YÇ�~�C§3$§^�e�f����á�÷v<N�9�Ó·5"¢

��(JL²�`�YÇ�àZL��`�YÇ�~�C§3$§^�eàZL����á�÷

v<N�9�Ó·5"âf+�{3�¯K¥���(J�H{���(JØ���§ùL²â

f+�{3¦)T¯K��k�5"

���`�YÇ�§|^Ð©^�Ú>.^�O�Ñ§Ý©Ù�YðßÝ©Ù"b½<N�Ç

§Ý�36e§�é�Ý�96%¶�¸§Ý�Te = 0e§�é�Ý�80%¶Ð©§Ý�TI (x, z) = 20e§

é�Ô?16min�ê��[§ÙëêXL 6§L 7¤«"

���A�§ÝÚY�íßÝ�ê�)Xe¤«"

Figure 4. Optimum porosity of wool: Temperature change in fabric

ã 4. �f�`�YÇµ�ÔSÜ§ÝCz

ã 4-ã 5Ð«
òA½^�eÏL�¯K����f�`�YÇ0.923�àZL�`�Y

Ç0.892©O�\�.����ÔSÜ§Ý��mÚ�mCz�­�"dã�±*	��X�<N

�Çål�~�§�ÔSÜ�§ÝCzÅì~�§=l<N�Ç�	.�¸§�X�ÔþÝ�O

\§§ÝFÝÅì~�"ò�fÚàZL��`�YÇ©O�\�.�§�±*	�ü«á�3

§Ý©Ùþ�3�½��É§�f§Ý­�Cz��²�§àZL§Ý­�Cz�é�¯"¦+

�Nª³�q§�äNê�ÚCz�Ç�UÏá��ØÓ
k¤Cz"ù��N
�YÇ��á

�A5���­�ëê§é§Ý©ÙäkwÍ�K�"

lã 6-ã 7¥�±*	�§YðßÝ�©ÙÌ�8¥30.79�0.96���S§3�ÔSÜ/¤
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Figure 5. Optimal porosity of polypropylene: Temperature change in fabric

ã 5. àZL�`�YÇµ�ÔSÜ§ÝCz

Figure 6. Porosity of wool: Variation of water vapor concentration in fabric

ã 6. �f�YÇµ�ÔSÜYðßÝCz
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Figure 7. Optimal porosity of polypropylene: Variation of water vapor concentration in fabric
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