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Résumé 

@U$%V'-&;W! 1'! -'&&'! C&+1'! '.&! 1'! /,$1+;,'! +0'! 1'.-,;/&;$0! /,C-;.'! 1+! -$6/$,&'6'0&!

C0',3C&;X+'!1'!.$O+&;$0.!1'!/,$&'-&;$0.!.$O";,'.)!1'!6"0;Y,'!Z!1CP'O$//',!+0!6$1YO'!";.C6'0&!

;0&C3,"%O'!1"0.!+0'!/O"&'W$,6'!1'!.;6+O"&;$0!-$66',-;"O;.C'5!H0!6$1YO'!'0![\!/,'0"0&!'0!

-$6/&'!O'.!C-E"03'.!,"1;"&;W.!1'!6"0;Y,'!W;0'!'&!;0&C3,"0&!O'!WO+R!O"6;0";,'!".-'01"0&!/,'0"0&!

/O"-'! 1"0.! O"! -"P;&C! '0&,'! O"! /,$&'-&;$0! .$O";,'! '&! O"! /",$;! '.&! ";0.;! /,$/$.C5! H0'! C&+1'!

'R/C,;6'0&"O'! /',6'&! 1'! -$0W;,6',! O'.! -E$;R! 1'!6$1CO;."&;$0! '&! O'! /","6C&,"3'! 1'! -'+RM-;!

";0.;!X+'!O"!P"O;1"&;$05!

Nomenclature 

S1! S$'WW;-;'0&!1'!1C-E",3'! ] @",3'+,!1'!O"!/,$&'-&;$0!.$O";,')!m

! S"/"-;&C!&E',6;X+'!6"..;X+')!J.kg-1.K-1 Symboles grecs 

'! A/";..'+,!1'!O"!O"6'!1U";,)!m! \'0.;&C!1'!WO+R!1'!-E"O'+,)!W.m-2

3! S$0.&"0&'!1'!3,"P;&C)!m.s-2! S$'WW;-;'0&!1'!&,"0.6;..;$0!!

^! ^"+&'+,!1'!O"!/,$&'-&;$0!.$O";,')!m S$'WW;-;'0&!1'!,CWO'R;$0!

E! S$'WW;-;'0&!1UC-E"03'!-$0P'-&;W)!Wm-

2.K-1!
S$'WW;-;'0&!1U"%.$,/&;$0!

! LO+R!.$O";,'!,"1;"&;W!;0-;1'0&)!W.m-2 D',6C"%;O;&C!1'!O"!/,$&'-&;$0!.$O";,'

! \C%;&!6"..;X+'!1U";,)!kg.s-1! Indices et exposants 

! #$6%,'!1'!#+..'O&! S@_ I'O"&;W!"+R!-$+,&'.!O$03+'+,.!1U$01'

`! LO+R!1'!-E"O'+,!/",!"1P'-&;$0!1"0.!O"!
O"6'!1U";,)!W 

?@_ I'O"&;W!"+R!3,"01'.!O$03+'+,.!1U$01'

! #$6%,'!1'!I'a0$O1.! ;0& Sb&C!;0&C,;'+,

! #$6%,'!1'!I"aO';3E! 'R& Sb&C!'R&C,;'+,

/! @"!/,'..;$0!1'!OU";,)!Pa! .E I'O"&;W!Z!O"!/,$&'-&;$0!.$O";,'!

B! B'6/C,"&+,')!cC d I'O"&;W!"+!6+,

P! e;&'..'!1UC-$+O'6'0&!1'!OU";,!1"0.!O"!
O"6'!1U";,!;0&',.&;&;'O)!m.s-1!

.+0 I'O"&;W!"+!.$O';O!

! e;&'..'!1+!P'0&!'R&C,;'+,)!m.s-1!
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1. Contexte, et objectif 

@'! 1CP'O$//'6'0&! -,$;.."0&! 1'! %f&;6'0&.! W$,&'6'0&! P;&,C.)! "O$,.! "..+V'&&;.! Z! 1'! W$,&.!

"//$,&.!.$O";,'.!;01+;&!+0'!/O+.!3,"01'!+&;O;."&;$0!1'!.$O+&;$0.!1'!/,$&'-&;$0.!.$O";,'.!&'O.!X+'!

O'.!&$;O'.!&'R&;O'.!$+!O'.!C-,"0.!PC3C&"+R!X+;!/',6'&&'0&!"+..;!1'!%C0CW;-;',!1'.!"//$,&.!/"..;W.!

E;P',0"+R5!S'/'01"0&!O"!/,;.'!'0!-$6/&'!1'!-'.!COC6'0&.!/",!O'.!/O"&'W$,6'.!1'!6$1CO;."&;$0!

'.&! /'+! /,C-;.'! 0$&"66'0&! /$+,! OUC-$+O'6'0&! 1U";,! ;01+;&! '0&,'! O"! .$O+&;$0! '&! O"! /",$;! 1+!

%f&;6'0&5!

@UC&+1'!/,C.'0&'!+0'!6$1CO;."&;$0!1'.!&,"0.W',&.!1'!-E"O'+,!/,'0"0&!/O"-'!Z!OUC-E'OO'!1U+0'!

/",$;5!H0!6+,!"..$-;C!Z!+0'!.$O+&;$0!1'!/,$&'-&;$0!.$O";,'!'.&!;0.&,+6'0&C5!_0!/,$/$.'!;-;!+0'!

"0"Oa.'! 1'! 1;WWC,'0&.! 6$1YO'.! 1UC-$+O'6'0&! ;0&',! 6+,M/,$&'-&;$0! .$O";,'5! @U"0"Oa.'! 1'.!

6'.+,'.! ,C"O;.C'.! /$+,! +0'! /,$&'-&;$0! 1'! &a/'! %",1"3'! %$;.! /',6'&! 1'! ,C"O;.',! +0! -E$;R! 1'!

6$1YO'!1UC-$+O'6'0&!'&!.$0!/","6C&,"3'5!@'!6$1YO'!&E',6;X+'!-$6/O'&!'.&!'0.+;&'!P"O;1C!/",!

-$6/",";.$0!1'.!,C.+O&"&.!";0.;!$%&'0+.!"P'-!O'.!6'.+,'.!'R/C,;6'0&"O'.5!

@U$%V'-&;W!W;0"O!1'!-'&&'!C&+1'!'.&!1$+%O'5!FO!.U"3;&!1'!6;'+R!."P$;,!1C-,;,'!OU;6/"-&!"//$,&C!

/",!O'.!.$O+&;$0.!1'!/,$&'-&;$0!.$O";,'!"W;0!1U"6CO;$,',!O'.!-$01;&;$0.!1'!O'+,.!+&;O;."&;$0.!g!'&!

"+..;! 1'! /,$/$.',! +0! 6$1YO'! .;6/O'! X+;! /',6'&! 1U'0P;."3',! O"! /,;.'! '0! -$6/&'! 1'! -'.!

.a.&Y6'.! 1"0.! O'.! /O"&'W$,6'.! 1'! .;6+O"&;$0! &E',6;X+'! 1'! %f&;6'0&.)! -'-;! /",! O'!

1CP'O$//'6'0&!'&!OU;0&C3,"&;$0!1U+0!6$1+O'!./C-;W;X+'!1C-,;P"0&!O'+,!;6/"-&!C0',3C&;X+'5!

2. Protocole expérimental 

>W;0! 1'! X+"0&;W;',! O'.! WO+R! 1'! -E"O'+,! /,'0"0&! /O"-'! 1"0.! O"! -$0W;3+,"&;$0! 1UC&+1')! +0!

/,$&$-$O'! 'R/C,;6'0&"O! "! C&C! 6;.! '0! /O"-'! /$+,! /',6'&&,'! OU;0.&,+6'0&"&;$0! 1+! -$6/O'R'!

-$6/$.C!1U+0'!/,$&'-&;$0!.$O";,'!'&!1+!6+,!"..$-;C5!H0!;.$O"0&!1'!J=66!"!C&C!,"//$,&C!.+,!+0!

6+,!'R;.&"0&!";0.;!X+'!1'+R!/O"X+'.!1'!/Of&,'!1'![N66)!-U'.&!1'P"0&!-'OO'.M-;!X+'!.'!/O"-'!O"!

.$O+&;$0!C&+1;C'!'0!O";.."0&!+0'!O"6'!1U";,!$+P',&'!'0!/",&;'.!%"..'!'&!E"+&'5!

@U;0.&,+6'0&"&;$0! *P$;,! W;3+,'! [7! '.&! W";&'! "P'-![h! &E',6$-$+/O'.!/O"-C.! Z! &,$;.! E"+&'+,.!

1;WWC,'0&'.)!1U+0!/a,"0$6Y&,'!W$0-&;$00"0&!.+,!O"!%"01'!./'-&,"O'!<==!Z![[==06!6'.+,"0&!O'!

WO+R! .$O";,'! P',&;-"O! Z! O"! /",$;)! +0! "0C6$6Y&,'! Z! -$+/'OO'.! 1$00"0&! O"! P;&'..'! 1+! P'0&! "+!

0;P'"+!1'! O"!/",$;!'R&C,;'+,'!";0.;!X+U+0!"0C6$6Y&,'!Z!W;O!-E"+1!.;&+C!"+!6;O;'+!1'! O"! O"6'!

1U";,!Z!E"+&'+,!6C1;"0'5!

\'.!6'.+,'.!$0&!C&C!,C"O;.C'.!'0!V+;0!G=[[!/$+,!1'+R!%",1"3'.!%$;.!$/"X+'.!"P'-!+0'!O"6'!

1U";,! 1'! 8-6)! '&! 1U"+&,'.! "+!6$;.! 1'! .'/&'6%,'! G=[[! "P'-! 1'.! &$;O'.! &'R&;O'.! 1'! /,$&'-&;$0!

.$O";,'5!
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1"0.!O'.

L;3+,'!G

@UCP$O+

-$,,'./$

1'!OU";,!

O'! 6$+P

=)J6i.5!

T+,!O'!3

O"!E"+&'

1U";,!P'

.+/C,;'+

O$,.X+'!

OUC-$+O'

L;3

6'.+,'.!,C"

.!W;3+,'.!.+;

!2!A-O";,'6'0

+&;$0!1'! OUC-

$01!Z!1'+R!

1"0.!O"!O"6

P'6'0&! 3C0

3,"/E'!<!"//

'+,!6C1;"0'

'0&;OC!.+,!OU"

+,'! Z! O"! &'

O'! 6$+P'6

'6'0&!O"6;0

3+,'![!2!T-EC

"O;.C'.!.+,!+

;P"0&'.5!

0&!0$,6"O!;0

-O";,'6'0&!

V$+,0C'.!'

6'!1U";,!;0&'

0C,"O! /',6"

/",";&!OUCP$

'5!>!/",&;,!1

"&&C0+"&;$0!

6/C,"&+,'!

6'0&! 1U";,!

0";,'!P',&;-"

C6"!;01;X+"0

+0'!/C,;$1'

-;1'0&!6'.+,

0$,6"O! ;0-

0.$O';OOC'.5!

',.&;&;'OO'!'.&

"0'0&)! '&! O'

O+&;$0!1'.!&

1'.!6'.+,'.

'&!O'!1C/E"

'R&C,;'+,'5!

1"0.! O"! O"6

"O!/,'01!/O"

0&!OU'6/O"-'6

'!1'!<=!E'+

,C!! L;3+

-"P;

;1'0&! .+,! O"

!T+,!O"!W;3+

&!&,"-C'5!_0

'.! P;&'..'.!

&'6/C,"&+,'

)!0$+.!/$+P

"."3'5!@"!&'

@UC-",&! '.

6'! '.&! W";%

"-'5!

6'0&!1'.!1;WW

+,'.!"P'-!+0

+,'! N! 2! e;&'.

;&C!6'.+,C'

"! /C,;$1'! '

+,'!N)!O"!P;&

0!0$&'!X+U'O

6"R;6"O'.

'.!1$00C'.!/

P$0.!-$0.&"&

'6/C,"&+,'!

.&! /O+.! W$,&!

%O'! X+'! /'0

WC,'0&.!-"/&'

0!%",1"3'!%

..'! 1jC-$+O'6

.&! /,C.'0&C'

&'..'!P',&;-"

O'!0U'.&!V"6

.! "&&';0&'.!

/",!O'.!&E',6

&',!OU;6/"-&

1U";,!1"0.!O

/'01"0&! O"

01"0&! O"! /C,

'+,.!

%$;.!.$0&!/,

6'0&! 1'! Oj";

'! .+,! O"! W;3

"O'!1'!OUC-$

6";.!0+OO'!&,

.$0&! 1'! OU$

6$-$+/O'.!

&!X+U"//$,&'

O"!O"6'!'.&!

"! /C,;$1'! 0

,;$1'! 1;+,0

!

,C.'0&C'.!

,! 1"0.! O"!

+,'! G5! FO!

$+O'6'0&!

,"1+;."0&!

$,1,'! 1'!

.;&+C'.!Z!

'!O"!O"6'!

&$+V$+,.!

0$-&+,0'!

0'! X+"01!
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3. De

@'!6

'0! ,C3;

3,"1;'0&

;0&',.&;&

-$0P'-&

1U";,!;0&

.+,!O'.!6

3.1 M

3.1.1 Tr

@'.!C

*?@_7!.

I$1,;3+

escription

6+,!'.&!1;.-,

6'! 1a0"6

&.! P',&;-"+R

&;'OO'! .$0&! 0

&;W.5! #$+.! 1

&',.&;&;'OO')!

6'.+,'.!,C"

Modèle géné

ransferts ra

C-E"03'.!,"

.$0&!1;WWC,'

+'k!l[m5!

L;3+,'!<!2!B

 modèle d

,C&;.C!'0!+0

6;X+'5! @"! 6

R! 1'! &'6/C

0C3O;3C.5! #

1CP'O$//$0

'0!C&+1;"0&

"O;.C'.5!

éral 

adiatifs 

"1;"&;W.!'0!-

'0-;C.!'&!O'!/

L;3+,'!J!2!.-

B'6/C,"&+,'

développé

0!'0.'6%O'!

6$1CO;."&;$0

C,"&+,'.! 1"

#$+.! -$0.;1

.! '0! /",&;-+

&!1'+R!&a/'.

$+,&'.!O$03+

/EC0$6Y0'!

-EC6"!;OO+.&,

'.!6'.+,C'.!'

é 

1'!P$O+6'.

0! '.&! W";&'!

"0.! O'! 6+,)

1C,$0.! O'.! C

+O;',! O"! 6$

.!1'!6$1YO'

+'+,.!1U$01

!1'!6+O&;!,C

,"0&!O'!/EC0$

'0!1;WWC,'0&.!

.!/$+,!O'.X+

'0! +0'! 1

)! O"! /,$&'-&

C-E"03'.! 1'

$1CO;."&;$0!

'!'R;.&"0&.!

1'!*S@_7!'&

CWO'R;$0!'.&!

$6Y0'!1'!6+

/$;0&.!*cS7!

+'O.!O'!%;O"0

;6'0.;$0! *

&;$0! .$O";,'

'! &a/'! ,"1;

1'! OUC-$+O'

'&!'0!'WW'-&

&!'0!3,"01'.

-$0.;1C,C!-

!

+O&;M,CWO'R;$0

!

0!1UC0',3;'!

*E$,;k$0&"O'

'! $+! O"! O"6

;"&;W.)! -$01

'6'0&! 1"0.!

&+"0&!+0!-E

.!O$03+'+,.!

-$66'!/,C.

0!

'.&!C-,;&!

'7! '&! O'.!

6'! 1U";,!

+-&;W.! '&!

O"! O"6'!

E$;R!%".C!

1U$01'.!

.'0&C!/",!
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@'!WO+R!&$&"O!'0!-$+,&'.!O$03+'+,.!1U$01'!,'n+!Z!O"!.+,W"-'!1+!6+,!.UC-,;&!1"0.!+0'!W$,6'!

1CP'O$//C'!2!

!
*[7!

S'&&'!.C,;'!3C$6C&,;X+'!/'+&!.UC-,;,'!.$+.!O"!W$,6'!1U+0'!.$66'!&$&"O'!2!

! *G7!

3.1.2 Flux convectifs 

D$+,! O'! -$'WW;-;'0&! 1'! -$0P'-&;$0! 'R&C,;'+,')! $0! -$0.;1Y,'! +0'! .+,W"-'! 1'! ,+3$.;&C!

o!6'1;+6!.6$$&E!p!.'O$0!O'!6"0+'O!>.E,"'![KhK!!lGm!2!

! *N7!

@'!WO+R!1'!-E"O'+,!/",!"1P'-&;$0!1"0.!O"!O"6'!1U";,!.UC-,;&!2!

! *<7!

3.1.3 Résolution 

@UC-,;&+,'!'0!-E"X+'!0q+1!;!1$00'!+0'!CX+"&;$0!1;WWC,'0&;'OO'!O;0C";,'!1+!/,'6;',!1'3,C!1'!

O"!W$,6'!2!

! *J7!

`+'!OU$0!/'+&!"O$,.!C-,;,'!.$+.!W$,6'!6"&,;-;'OO'!'0!1;.&;03+"0&!O'.!.$OO;-;&"&;$0.!;0&C,;'+,'.!

'&!'R&C,;'+,'.)!,'./'-&;P'6'0&!O'.!6"&,;-'.!L!'&!?)!'&!"P'-!B!O'!P'-&'+,!1'.!&'6/C,"&+,'.!1"0.!

O'!6+,!'&!H!-$6/$.C!1+!WO+R!.$O";,'!;0-;1'0&!'&!1'!O"!&'6/C,"&+,'!'R&C,;'+,'5!

! *87!

@"!,C.$O+&;$0!0+6C,;X+'!1'!-'&&'!CX+"&;$0!1;WWC,'0&;'OO'!.'!W";&!.'O$0!+0!.-EC6"!;6/O;-;&'!

/$+,!+0!/".!1'!&'6/.!1'![!6;0+&'!"P'-!OU$+&;O!:"&O"%5!

3.2 Modèle d’écoulement, détermination de la vitesse et du coefficient d’échange 

\;WWC,'0&.!6$1YO'.!1'!-$0P'-&;$0!0"&+,'OO'!'0&,'!1'+R!/O"X+'.!'R;.&'0&!r! O"!/O+/",&!C&"0&!

C&"%O;.!/$+,!+0!,C3;6'!/',6"0'0&!r!$0!/'+&!'0!1;.&;03+',!1'+R!&a/'.5!@'.!/,'6;',.!.$0&!;..+.!

1'!OUC-,;&+,'!1+!3,"1;'0&!1'!/,'..;$0!6$&,;-'!1"0.!O"!O"6'!1U";,!'0!-$0.;1C,"0&!OU";,!-$66'!+0!

3"k!/",W";&!"%$+&;.."0&!Z!+0!&',6'!6$&'+,!%".C!.+,!O"!1;WWC,'0-'!'0&,'!O"!&'6/C,"&+,'!1"0.!O"!

O"6'! 1U";,! '&! O"! &'6/C,"&+,'! 'R&C,;'+,'5! @'! 6"0+'O! >T^I>A! '&! O"! 0$,6'! '+,$/C'00'!

A#[NN8N! oT$O",! /,$&'-&;$0! 1'P;-'.! -$6%;0'1! d;&E! 3O"k;035! S"O-+O"&;$0! $W! .$O",! "01! O;3E&!

&,"0.6;&&"0-'5!T;6/O;W;'1!6'&E$15!p!.'!%".'0&!.+,!-'!&a/'!1'!-$,,CO"&;$05!_03!lNm!/,$/$.'!/$+,!

+0!6+,!&,$6%'!O"!W$,6'!.+;P"0&'!2!

! *97!
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