
1t�K2M /2 7BM /2 b2K2bi`2 /2 h?2`KQ/vM�KB[m2

Zm2biBQMb +Qm`i2b U ∼ jyWV

RX PM bǶBMiû`2bb2 ¨ mM2 K�+?BM2 +v+HB[m2 /Bi?2`K2X PM MQi2 Tf H� i2KTû`�im`2 /2 H� bQm`+2 7`QB/2
2i Tc H� i2KTû`�im`2 /2 H� bQm`+2 +?�m/2X

�V ú+`B`2 H2b /2mt T`2KB2`b T`BM+BT2b /2 H� i?2`KQ/vM�KB[m2 2M 7�Bb�Mi BMi2`p2MB` H2 i`�p�BH
2i H2b +?�H2m`b û+?�M;ûbX Zm2 /2pB2MM2Mi +2b û;�HBiûb HQ`b[m2 HǶ�;2Mi i?2`KB[m2 `û�HBb2 mM
+v+H2 \

#V .QMM2` H� /û}MBiBQM /2 HǶ2{+�+Biû /ǶmM `û7`B;û`�i2m`X PM T`û+Bb2`� #B2M H2b bB;M2b /2b ;`�M@
/2m`b 2M D2mX .û/mB`2 /2 H� [m2biBQM T`û+û/2Mi2 H� p�H2m` K�tBK�H2 /2 HǶ2{+�+Biû /ǶmM
`û7`B;û`�i2m`X

+V SQm` mM `û7`B;û`�i2m` /Ƕ�TT�`i2K2Mi- [m2HH2 bQMi H� bQm`+2 +?�m/2 2i H� bQm`+2 7`QB/2 \
.QMM2` mM Q`/`2 /2 ;`�M/2m` /2 HǶ2{+�+Biû K�tBK�H2 TQm` mM `û7`B;û`�i2m` /Ƕ�TT�`i2K2MiX

kX PM bǶBMiû`2bb2 ¨ mM2 ûpQHmiBQM [m�bB@bi�iB[m2 /ǶmM ;�x T�`7�BiX

�V ú+`B`2 H� p�`B�iBQM /Ƕ2Mi`QTB2 dS +QKK2 mM2 bQKK2 /2 /2mt i2`K2bX Zm2 p�mi dS HQ`b /ǶmM2
ûpQHmiBQM �/B�#�iB[m2 `ûp2`bB#H2 \

#V .QMM2` H� /û}MBiBQM /2b +�T�+Biûb i?2`KB[m2b ¨ pQHmK2 +QMbi�Mi CV 2i ¨ T`2bbBQM +QMbi�Mi2
CP X .QMM2` H� /û}MBiBQM /2 γX

+V PM `�TT2HH2 [m2- TQm` mM ;�x T�`7�Bi- CV = nR
γ−1 X .ûKQMi`2` [m2- TQm` mM2 ûpQHmiBQM

�/B�#�iB[m2 `ûp2`bB#H2 /ǶmM ;�x T�`7�Bi- QM � H� HQB /2 G�TH�+2 , PV γ = CsteX

jX PM bǶBMiû`2bb2 ¨ H� /BzmbBQM /2 T�`iB+mH2b /�Mb mM T`Q#HĕK2 i`B/BK2MbBQMM2H b�Mb bQm`+2b /2
T�`iB+mH2bX

�V .QMM2` HǶû[m�iBQM HQ+�H2 /2 +QMb2`p�iBQM /m MQK#`2 /2 T�`iB+mH2bX
#V *Bi2` /2mt �mi`2b 2t2KTH2b 2M T?vbB[m2 Qɍ HǶQM � H2 KāK2 ivT2 /Ƕû[m�iBQM /2 +QMb2`p�iBQMX

.QMM2` H� bB;MB}+�iBQM T?vbB[m2 /2 +?�[m2 i2`K2 BMi`Q/mBiX
+V .QMM2` H� HQB /2 6B+F 2i 2M /û/mB`2 HǶû[m�iBQM /2 /BzmbBQM TQm` H2b T�`iB+mH2bX PM BMi`Q/mB`�

mM2 +QMbi�Mi2 /QMi QM /QMM2`� H2 MQK 2i HǶmMBiûX

9X .QMM2` H2 /B�;`�KK2 (P, T ) /2b /Bzû`2Mib ûi�ib /2 HǶ2�mX SH�+2` bm` H2 /B�;`�KK2 H� xQM2 /m
bQHB/2- /m HB[mB/2 2i /m ;�xX § HǶ�B/2 /m /B�;`�KK2- 2tTHB[m2` +QKK2Mi 7QM+iBQMM2 H2 T�iBM ¨
;H�+2 U冰刀 V 2M b�+?�Mi [m2 H2 +Q2{+B2Mi /2 7`Qii2K2Mi /2 HǶ�+B2` bm` HǶ2�m HB[mB/2 2bi /Bt ¨ +2Mi
7QBb THmb 7�B#H2 [m2 +2HmB /2 HǶ�+B2` bm` HǶ2�m bQHB/2X

1t2`+B+2 R , J�+?BM2 £ p�T2m` U ∼ jyWV

lM2 K�+?BM2 ¨ p�T2m` 2bi mM KQi2m` /Bi?2`K2 [mB miBHBb2 H2b +?�M;2K2Mib /Ƕûi�i /2 HǶ2�m TQm` 7Qm`MB`
mM i`�p�BHX GǶ2�m /�Mb H� K�+?BM2 2bi bm++2bbBp2K2Mi 2M +QMi�+i �p2+ mM2 +?�m/Bĕ`2 UbQm`+2 +?�m/2
/2 i2KTû`�im`2 T2V 2i mM2 bQm`+2 7`QB/2 ¨ H� i2KTû`�im`2 T1X lM2 K�bb2 m /Ƕ2�m /�Mb H� K�+?BM2
2z2+im2 H� i`�Mb7Q`K�iBQM +v+HB[m2 bmBp�Mi2 ,

ě GǶ2�m 2bi BMBiB�H2K2Mi 2M � bQmb 7Q`K2 /2 HB[mB/2 bm` H� +Qm`#2 /2 b�im`�iBQMX 1HH2 2bi iQi�H2K2Mi
p�TQ`Bbû2 /�Mb H� +?�m/Bĕ`2 ¨ H� i2KTû`�im`2 T2 Dmb[mǶ¨ �ii2BM/`2 HǶûi�i " bm` H� +Qm`#2 /2
b�im`�iBQMX

ě G� p�T2m` b�im`�Mi2 bm#Bi 2MbmBi2 mM2 /ûi2Mi2 �/B�#�iB[m2X G� p�T2m` b2 +QM/2Mb2 T�`iB2HH2K2Mi
2i H� i2KTû`�im`2 /BKBMm2 Dmb[mǶ¨ H� i2KTû`�im`2 T1 Uûi�i *VX

ě G2 `2bi2 /2 H� p�T2m` 2bi 2MbmBi2 +QM/2Mbû ¨ H� i2KTû`�im`2 T1X PM bǶ�``āi2 /ĕb [m2 H2 bvbiĕK2
2bi 2MiBĕ`2K2Mi HB[mB/2 Uûi�i .VX

ú+QH2 *2Mi`�H2 SûFBM GmM/B kN �p`BH kyRN k



1t�K2M /2 7BM /2 b2K2bi`2 /2 h?2`KQ/vM�KB[m2

ě .�Mb H� +?�m/Bĕ`2- HǶ2�m 2bi ¨ MQmp2�m +?�mzû2 H2 HQM; /2 H� +Qm`#2 /2 b�im`�iBQM Dmb[mǶ¨ H�
i2KTû`�im`2 T2 U`2iQm` ¨ HǶûi�i �VX

hQmi2b H2b T?�b2b /2 H� i`�Mb7Q`K�iBQM bQMi bmTTQbû2b `ûp2`bB#H2bX
RX Zm2biBQM T`ûHBKBM�B`2 ,

�V .�Mb mM /B�;`�KK2 (P, v)- TH�+2` H� xQM2 +Q``2bTQM/�Mi �m HB[mB/2 2i H� xQM2 +Q``2bTQM/�Mi
�m ;�xX _2T`ûb2Mi2` THmbB2m`b BbQi?2`K2b HQ`b /m +?�M;2K2Mi /Ƕûi�i UBbQi?2`K2b /Ƕ�M/`2rbVX
SH�+2` bm` H2 b+?ûK� H� +Qm`#2 /2 b�im`�iBQMX

#V .û}MB` H2 TQBMi +`BiB[m2 2M [m2H[m2b KQibX SH�+2` H2 TQBMi +`BiB[m2 bm` H2 /B�;`�KK2X
+V *QKK2Mi /û}MB` H� T`2bbBQM /2 p�T2m` b�im`�Mi2 PS(T ) bm` H2 b+?ûK� T`û+û/2Mi \

kX am` mM �mi`2 /B�;`�KK2 (P, v)- `2T`ûb2Mi2` H� +Qm`#2 /2 b�im`�iBQM 2i H2 +v+H2 ABCDA T�`+Qm`m
T�` HǶ2�m /�Mb H� +?�m/Bĕ`2X

jX *�H+mHb /Ƕ2Mi`QTB2 ,
�V PM +QMbB/ĕ`2 H� +�T�+Biû +�HQ`B}[m2 K�bbB[m2 /2 HǶ2�m HB[mB/2 +QMbi�Mi2 û;�H2 ¨ cX *�H+mH2`

H� p�`B�iBQM /Ƕ2Mi`QTB2 2Mi`2 D 2i A

#V 1tT`BK2` H� p�`B�iBQM /Ƕ2Mi`QTB2 2Mi`2 A 2i B 2M 7QM+iBQM /2 m- T2 2i /2 H� +?�H2m` H�i2Mi2
K�bbB[m2 /2 p�TQ`Bb�iBQM ℓ(T2)X

+V Zm2HH2 2bi H� p�`B�iBQM /Ƕ2Mi`QTB2 T2M/�Mi H� i`�Mb7Q`K�iBQM B → C \
/V PM MQi2 x H2 iBi`2 K�bbB[m2 2M p�T2m` �m TQBMi CX *�H+mH2` SD − SC 2M 7QM+iBQM /2 x- T1

2i /2 ℓ(T1)X
2V 1M /û/mB`2 HǶ2tT`2bbBQM /2 x 2M 7QM+iBQM /2b /QMMû2b /m T`Q#HĕK2X
7V 6�B`2 HǶ�TTHB+�iBQM MmKû`B[m2 TQm` xX

9X úp�Hm�iBQM /m `2M/2K2Mi /2 H� K�+?BM2 i?2`KB[m2 ,
�V .QMM2` H2b 2tT`2bbBQMb /2b [m�MiBiûb /2 +?�H2m` QA→B- QB→C - QC→D 2i QD→A T2M/�Mi

HǶûpQHmiBQMX
#V 1M /û/mB`2 H2 i`�p�BH W `2Ïm T�` H� K�bb2 /Ƕ2�m �m +Qm`b /m +v+H2X
+V 1tT`BK2` H2 `2M/2K2Mi η /2 H� K�+?BM2 ¨ p�T2m` 2M 7QM+iBQM /2b /QMMû2b /m T`Q#HĕK2X

6�B`2 mM2 �TTHB+�iBQM MmKû`B[m2 2i +QKT�`2` �p2+ H2 `2M/2K2Mi /2 *�`MQi TQm` H2b KāK2b
bQm`+2b /2 i2KTû`�im`2bX

.QMMû2b , m = 1F;- T2 = 485E- T1 = 373E- c = 4, 18 FCXF;−1XE−1- ℓ(T2) = 1, 89.103 FCXF;−1-
ℓ(T1) = 2, 26.103 FCXF;−1X

1t2`+B+2 k , :2H /ǰmM H�+ U ∼ 9yWV

PM +?2`+?2 /�Mb +2 T`Q#HĕK2 ¨ /û+`B`2 H� +`QBbb�M+2 /2
HǶûT�Bbb2m` /ǶmM2 +Qm+?2 /2 ;H�+2 /ǶmM H�+ /2 bm`7�+2 SX

PM +QMbB/ĕ`2 H2 T`Q#HĕK2 mMB/BK2MbBQMM2H 2i QM H2 KQ/ûHBb2
+QKK2 bm` H� };m`2 +B@+QMi`2X

ě GǶ�iKQbT?ĕ`2 �m /2bbmb /m H�+ � mM2 i2KTû`�im`2 TaX
ě G� ;H�+2 � mM2 ûT�Bbb2m` e(t) 2i mM2 i2KTû`�im`2 T (z, t)X
ě GǶ2�m HB[mB/2 bQmb H� ;H�+2 � mM2 i2KTû`�im`2 Te > TaX

z

0

e(t)Glace à T (z, t)

Eau liquide à Te

Atmosphère à Ta

SQm` iQmi2b H2b [m2biBQMb /2 HǶ2t2`+B+2- QM b2 TH�+2 2M `û;BK2 [m�bB@bi�iBQMM�B`2 , H� i2KTû`�im`2 /�Mb H�
+Qm+?2 /2 ;H�+2 M2 /ûT2M/ T�b /m i2KTb U+2T2M/�Mi HǶûT�Bbb2m` /2 H� +Qm+?2 /2 ;H�+2 /ûT2M/ /m i2KTbVX

PM /QMM2 H2b p�H2m`b /2b +QMbi�Mi2b 2i T�`�Kĕi`2b bmBp�Mib ,

ú+QH2 *2Mi`�H2 SûFBM GmM/B kN �p`BH kyRN j



1t�K2M /2 7BM /2 b2K2bi`2 /2 h?2`KQ/vM�KB[m2

ě J�bb2 pQHmKB[m2 /2 H� ;H�+2 , µ = 900 F;XK−3X
ě *�T�+Biû i?2`KB[m2 K�bbB[m2 /2 H� ;H�+2 , c = 4.18 FCXF;−1XE−1X
ě *QM/m+iBpBiû i?2`KB[m2 /2 H� ;H�+2 , K = 2.1 qXK−1XE−1X
ě 1Mi?�HTB2 K�bbB[m2 /2 7mbBQM /2 HǶ2�m ¨ yê* , ℓf = 330 FCXF;−1X
ě h2KTû`�im`2 /2 HǶ2�m bQmb H� ;H�+2 , Te = 273 EX
ě h2KTû`�im`2 /2 HǶ�B` �m /2bbmb /2 H� ;H�+2 Ta = 253 EX

PM bmTTQb2 TQm` H2b [m2biBQMb R- k 2i j [m2 HǶ�B` BKTQb2 H� i2KTû`�im`2 Ta ¨ H� bm`7�+2
/m H�+X

RX PM bmTTQb2 [m2 H� ;H�+2 2bi mM bQHB/2 [mB pû`B}2 H� HQB /2 6Qm`B2`- �p2+ mM +Q2{+B2Mi /2 +QM/m+@
iBpBiû i?2`KB[m2 KX

�V 1M `û;BK2 bi�iBQMM�B`2 2i 2M mM2 /BK2MbBQM- [m2 /2pB2Mi HǶû[m�iBQM /2 H� +?�H2m` \ G�
`ûbQm/`2 /�Mb +2 +�b 2i /ûi2`KBM2` T (z) /�Mb H� +Qm+?2 /2 ;H�+2X

#V 1M /û/mB`2 H2 ~mt Φ [mB i`�p2`b2 H� +Qm+?2 /2 ;H�+2 /�Mb H2 b2Mb /2b z +`QBbb�Mib- ¨ mM2
�HiBim/2 zX *QKK2Mi2` bQM bB;M2X SQm`[mQB H2 ~mt M2 /ûT2M/ T�b /2 z \

+V Zm2HH2 2bi HǶ�M�HQ;m2 /2 H� i2MbBQM- /2 H� `ûbBbi�M+2 2i /m +Qm`�Mi ûH2+i`B[m2 /�Mb +2ii2
KQ/ûHBb�iBQM \ .QMM2` H� `ûbBbi�M+2 i?2`KB[m2 /2 H� +Qm+?2 /2 ;H�+2X

kX PM ûim/B2 H� +Qm+?2 /Ƕ2�m HB[mB/2 Dmbi2 2M /2bbQmb /2 H� ;H�+2- /ǶûT�Bbb2m` de(t)- [mB ;ĕH2 2Mi`2 t
2i t + dtX

�V Zm2 p�mi H� +?�H2m` `2Ïm2 T�` +2ii2 i`�M+?2 /Ƕ2�m 2Mi`2 t 2i t + dt \
#V Zm2HH2 [m�MiBiû /2 +?�H2m` 7�mi@BH TQm` bQHB/B}2` H� i`�M+?2 /2 ~mB/2 /ǶûT�Bbb2m` de(t) \
+V 1M /û/mB`2 �HQ`b H� 7Q`KmH2 [mB /QMM2 HǶûpQHmiBQM /2 HǶûT�Bbb2m` /2 H� +Qm+?2 /2 ;H�+2 e(t) ,

e
de

dt
= K(Te − Ta)

µℓF
URV

jX úim/2 /2 HǶû[m�iBQM RX
�V _ûbQm/`2 HǶû[m�iBQM /Bzû`2MiB2HH2 R 2M b�+?�Mi [m2 e(t = 0) = e0X
#V Zm2H +QKTQ`i2K2Mi i`Qmp2@i@QM TQm` e(t) ≫ e0 \ úi�Bi@+2 T`ûpBbB#H2 \
+V SQm` mM2 +Qm+?2 /ǶûT�Bbb2m` e /QMMû2- i`Qmp2` mM i2KTb +�`�+iû`BbiB[m2 /2 p�`B�iBQM /2 e(t)

¨ T�`iB` /2 H� 7Q`KmH2 RX 6�B`2 mM2 �TTHB+�iBQM MmKû`B[m2 TQm` e = 2, 1 +KX
/V Zm2biBQM #QMmb , .�Mb [m2H +�b T2mi@QM +QMbB/û`2` [m2 HǶQM 2bi #B2M /�Mb mM `û;BK2 [m�bB@

bi�iBQMM�B`2 TQm` H� +Qm+?2 /2 ;H�+2 \
9X 1M `û�HBiû H2 i`�Mb72`i i?2`KB[m2 /2 H� ;H�+2 p2`b HǶ�B` b2 7�Bi T�` mM i`�MbTQ`i +QM/m+iQ@+QMp2+iB7X

G� i2KTû`�im`2 ¨ H� bm`7�+2 /m H�+ MǶ2bi �HQ`b THmb û;�H2 ¨ H� i2KTû`�im`2 /2 HǶ�B`X
Ts(t) = T (z = 0, t) 2i Ta bQMi `2HBûb T�` H2 ~mt Φc ¨ HǶBMi2`7�+2 UQ`B2Miû /�Mb H2 b2Mb /2b z
+`QBbb�MibV ,

Φc = hS(−Ts(t) + Ta)
�p2+ h = 50 qXK−2XE−1 H2 +Q2{+B2Mi /2 i`�Mb72`i +QM/m+iQ@+QMp2+iB7X

�V *QKK2Mi 2bi KQ/B}û2 HǶû[m�iBQM R \
#V 1M û+`Bp�Mi H� +QMiBMmBiû /m ~mt 2M z = 0- ûi�#HB` mM2 �mi`2 û[m�iBQM [mB `2HB2 H� i2KTû`�im`2

Ts 2i HǶûT�Bbb2m` e(t)X
+V § T�`iB` /2b /2mt û[m�iBQMb T`û+û/2Mi2b- /ûi2`KBM2` H� MQmp2HH2 û[m�iBQM /Bzû`2MiB2HH2 /QM@

M�Mi HǶûT�Bbb2m` /2 ;H�+2 e(t)X
/V 1M T`2M�Mi e0 = 0- `ûbQm/`2 +2ii2 û[m�iBQM 2i û+`B`2 H� bQHmiBQM bQmb H� 7Q`K2 ,

e(t) = L

(√
1 + t

τ ′ − 1
)

.QMM2` H2 MQmp2�m i2KTb +�`�+iû`BbiB[m2 τ ′X 6�B`2 HǶ�TTHB+�iBQM MmKû`B[m2X *QKT�`2` +2
i2KTb �m `ûbmHi�i /2 H� [m2biBQM j+X úi�Bi@+2 T`ûpBbB#H2 \

ú+QH2 *2Mi`�H2 SûFBM GmM/B kN �p`BH kyRN 9


