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:�ZL NV]R FL�]DVWRVRZD �SU]HP\VáRZ\FK�SURFHV\�VSDODQLD�]DFKRG] �Z�ZDUXQNDFK�

SU]HSá\ZRZ\FK��.V]WDáWRZDQLH�VL �SROD�SU]HSá\ZX�Z�REV]DU]H�UHDNF\MQ\P�QD]\ZD�VL �
DHURG\QDPLN �VSDODQLD��6]\ENR ü�SU]HELHJX�UHDNFML�FKHPLF]Q\FK��HIHNW\ZQR ü�SU]H��
ND]\ZDQLD�FLHSáD��VWDELOQR ü�SáRPLHQLD��D�QDZHW�JHQHUDFMD�QLHNWyU\FK�]DQLHF]\V]F]H �
�QD�SU]\NáDG�12� �L�&2��]DOH �RG�NV]WDáWRZDQLD�VL �SyO�SU]HSá\ZX�SDOLZD��XWOHQLDF]D��
i produktów spalania.�

:�ZL NV]R FL�XU] G]H ��Z�NWyU\FK�]DFKRG] �SURFHV\�VSDODQLD��SDOLZR� L�XWOHQLDF]�
V � SRGDZDQH� SU]H]�SDOQLNL�� 3U]HVWU]H � ]D� SDOQLNDPL��Z� NWyUHM� RGE\ZD� VL � VSDODQLH��
QD]\ZD�VL �NRPRU �VSDODQLD�OXE�SDOHQLVNLHP���

1DMZL NV]\�ZSá\Z�QD�IRUPRZDQLH�VL �DHURG\QDPLNL�VSDODQLD�Z\ZLHUDM �SDOQLNL��
LFK� NRQVWUXNFMD� L� XV\WXRZDQLH� Zadaniem palników jest doprowadzenie w odpR�
ZLHGQLHM� SURSRUFML� SDOLZD� L� XWOHQLDF]D� GR� REV]DUX� NRPRU\� VSDODQLD� OXE� SDOHQLVND��
RGSRZLHGQLH� LFK� ]PLHV]DQLH� L� ]DSHZQLHQLH� VWDELOQHJR� SU]HELHJX� SURFHVX� VSDODQLD��
3DOQLNL�SRZLQQ\�WDN H�]DSHZQLü�RJUDQLF]HQLH�HPLVML�]DQLHF]\V]F]H �Z�Z\PDJDQ\P�
]DNUHVLH�� XPR OLZLü� RGSRZLHGQL � GOD� GDQHJR� SURFHVX� Z\PLDQ � FLHSáD� RUD]� EH]�
SLHF]Q �REVáXJ ��

6SRVyE� SRGDZDQLD� SDOLZD� L� XWOHQLDF]D� GR� NRPRU\� SDOHQLVNRZHM� ]DOH \� RG� VWDQX�
VNXSLHQLD�SDOLZD��=�]DVDG\�XWOHQLDF]HP�MHVW�SRZLHWU]H��MHG\QLH w niektórych zastosR�
ZDQLDFK�SU]HP\VáRZ\FK�X \ZD� VL � WHFKQLF]QHJR� WOHQX� OXE�SRZLHWU]D�Z]ERJDFRQHJR�
WOHQHP���

:� SU]\SDGNX� X \FLD� WOHQX� QDOH \� Z]L ü� SRG� XZDJ �� H� REM WR ü� VSDOLQ� ]PDOHMH��
R�RNRáR������3DOLZR�L�XWOHQLDF]�PRJ �E\ü�GRSURZDG]RQH�SU]H]�SDOQLN�RGG]LHOQLH�OXE�
ZVW SQLH�Z\PLHV]DQH���

:� ]DVWRVRZDQLDFK� SU]HP\VáRZ\FK� ]Z\NOH� SDOLZR� L� SRZLHWU]H� V � SRGDZDQH� RG�
G]LHOQ\PL� VWUXPLHQLDPL� OXE� GR� SDOLZD� GRPLHV]DQD� MHVW� QLHZLHOND� LOR ü� SRZLHWU]D��
]ZDQD�SRZLHWU]HP�SLHUZRWQ\P��SR]RVWDá �F] ü�SRGDZDQHJR�SRZLHWU]D�QD]\ZD�VL �
SRZLHWU]HP�ZWyUQ\P���

3DOLZR�JD]RZH�MHVW�GRSURZDG]DQH�EH]SR UHGQLR�GR�SáRPLHQLD��SDOLZR�FLHNáH�QDWR�
PLDVW�Z\PDJD�XSU]HGQLHJR�UR]S\OHQLD�OXE�RGSDURZDQLD��3DOLZR�VWDáH�PR H�E\ü�SRGD�
QH� GR�SDOHQLVND�Z� Uy Q\P� VWRSQLX� UR]GUREQLHQLD� �]RE�� UR]G]�� ����'R�SDOHQLVN�S\áR�
Z\FK�]PLHORQ\�S\á�Z JORZ\�MHVW�WUDQVSRUWRZDQ\�SQHXPDW\F]QLH��]D�SRPRF �JRU FHJR�
SRZLHWU]D�OXE�VSDOLQ���

=�SRZRGX�]QDF]HQLD�SURFHVyZ�PLHV]DQLD�SDOLZD�]�XWOHQLDF]HP�GOD�MDNR FL�VSD�
ODQLD�L�VWDELOQR FL�SáRPLHQLD��V]F]HJyOQLH�LVWRWQ\�MHVW�REV]DU�Z�SREOL X�Z\ORWX�SDOQL�
ND��)RUPRZDQLH�VL �SU]HSá\ZX�Z�VWUHILH�SU]\SDOQLNRZHM�QD]\ZD�VL �EOLVN �DHURG\�
QDPLN �VSDODQLD��=D�SDOQLNLHP�IRUPXMH�VL �SáRPLH ��NWyU\�MHVW�QLHL]RWHUPLF]Q �VWUX�
J �� GODWHJR� GR� ]UR]XPLHQLD� ZD QLHMV]\FK� FHFK� SáRPLHQL� SU]\GDWQD� MHVW� ]QDMRPR ü�
VWUXNWXU\�VWUXJ��
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*D]�Z\Sá\ZDM F\�]�G\V]\��RGG]LDáXM F�]�JD]HP�]QDMGXM F\P�VL �Z�RWRF]HQLX��WZR�
U]\� VWUXJ � �U\V�� ������ 3U]HSá\Z� Z� VWUXG]H� PR H� E\ü� ODPLQDUQ\� OXE� WXUEXOHQWQ\���
:�SU]\SDGNX�PDá\FK�SU GNR FL�Z\Sá\ZX�� ]ZáDV]F]D�ZyZF]DV��JG\� UHGQLFD�Z\ORWX�
MHVW� QLHZLHOND�� Z\Sá\Z� MHVW� ODPLQDUQ\�� DOH� ZUD]� ]� RGGDOHQLHP� VWUXJD� PR H� QDEUDü�
WXUEXOHQWQHJR�FKDUDNWHUX�SU]HSá\ZX��:�ZL NV]R FL�SDOQLNyZ�SU]HP\VáRZ\FK�Z\Sá\�
Z\�VWUXPLHQL�SRZLHWU]D�OXE�SDOLZD�PDM �FKDUDNWHU�WXUEXOHQWQ\��

6WUXJL� V � ]DOLF]DQH� GR� SU]HSá\ZyZ� VZRERGQ\FK�� SRQLHZD � Z� LFK� UR]ZRMX� SR�
ZLHU]FKQLH�VWDáH�QLH�RGJU\ZDM �UROL��1D�U\VXQNX�����SU]HGVWDZLRQR�FKDUDNWHU\VW\F]�
QH� VWUHI\� WXUEXOHQWQHM� VWUXJL� VZRERGQHM��%H]SR UHGQLR� ]D�Z\ORWHP� G\V]\� ]QDMGXMH�
VL �REV]DU��RNUH ODQ\�MDNR�UG]H �SRWHQFMDOQ\��ZHZQ WU]�NWyUHJR�SU GNR ü�RUD]�NRQ�
FHQWUDFMD� Sá\QX�Z\Sá\ZDM FHJR� ]� G\V]\�SR]RVWDM � VWDáH��1D�]HZQ WU]� WHJR�REV]DUX�
UR]ZLMD�VL �VZRERGQD�ZDUVWZD�JUDQLF]QD��Z�NWyUHM�S G�RUD]�PDVD�V �SU]HND]\ZDQH�
WDN H� SRSU]HF]QLH� GR� NLHUXQNX� SU]HSá\ZX�� 2EV]DU� Z� SHáQL� UR]ZLQL W\� VWUXJL� MHVW�
SRSU]HG]RQ\�REV]DUHP�SU]HM FLRZ\P��'áXJR ü� UG]HQLD�SRWHQFMDOQHJR�RUD]�REV]DUX�
SU]HM FLRZHJR�Z\QRVL�RGSRZLHGQLR��÷��L���� UHGQLF�G\V]\��:DUWR FL�WH�]DOH �WDN H�
RG�ZDUXQNyZ�SRF] WNRZ\FK�� MDN�SURILO�SU GNR FL�RUD]� LQWHQV\ZQR ü�WXUEXOHQFML�QD�
Z\ORFLH�>�@���
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�
:� SHáQL� UR]ZLQL WH� REV]DU\� VWUXJ� WXUEXOHQWQ\FK� V � SRGREQH� L� GODWHJR� UR]NáDG\�

SU GNR FL� RVLRZHM�� SURPLHQLRZHM� L� NRQFHQWUDFML� VNáDGQLNyZ� FKHPLF]Q\FK�PRJ � E\ü�
RSLVDQH�Z]JO GQLH�SURVW\PL�]DOH QR FLDPL�PDWHPDW\F]Q\PL���

1D� U\VXQNX�����SU]HGVWDZLRQR�SURILOH�SU GNR FL�RVLRZHM�Z� IXQNFML�RGOHJáR FL�RG�
Z\ORWX�G\V]\��3U GNR ü�Z]JO GQD�Z�GRZROQ\P�SXQNFLH�RVL�VWUXJL�MHVW�QLH]DOH QD�RG�
UHGQLF\�G\V]\�G < ��MH HOL�RGOHJáR ü�RG�MHM�Z\ORWX�GR�GDQHJR�SXQNWX�[�MHVW�RGOHJáR FL �
Z]JO GQ �RGQLHVLRQ �GR� UHGQLF\�G\V]\��5yZQDQLH�SURVWHM�SRND]DQHM�QD�U\VXQNX�����
PR H�E\ü�]DSLVDQH�MDNR��
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,VWQLHM FD�]DOH QR ü�PL G]\�PHFKDQL]PDPL�WUDQVSRUWX�S GX�L�PDV\�SR]ZDOD�]DSL�
VDü�SRGREQ �UHODFM �GOD�UR]NáDGX�RVLRZHJR�NRQFHQWUDFML�F�Z�VWUXG]H�VZRERGQHM�
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3R]LRPD�F] ü�NU]\ZHM�]�U\VXQNX�����SRND]XMH�UR]NáDG�SU GNR FL�ZHZQ WU]�UG]H�

QLD�SRWHQFMDOQHJR��D�Uy QLFD�SRPL G]\�QDFK\OHQLDPL�OLQLL�GOD�SU GNR FL�L�NRQFHQWUDFML�
(równania (2.��� L� ������� Z\QLND� ]� Uy QLF\� ZDUWR FL� WXUEXOHQWQ\FK� ZVSyáF]\QQLNyZ�
WUDQVSRUWX�S GX�L�PDV\�>�@���

=H�Z]JO GX�QD�SRGRELH VWZR�SURILOL�SU GNR FL��VWRVXQHN�SU GNR FL�RVLRZHM�Z�GR�
ZROQ\P� SXQNFLH� GR� SU GNR FL� Z� RVL� V\PHWULL� Z� WDNLHM� VDPHM� RGOHJáR FL� RG� Z\ORWX�
G\V]\�X�X ? � MHVW� WDNL� VDP�� JG\�Z\UD]L� VL � JR�Z� IXQNFML� U�[�� JG]LH� U� MHVW�ZVSyáU] GQ �
SURPLHQLRZ �� D� [� MHVW� RGOHJáR FL � RG� Z\ORWX� G\V]\�� =DOH QR ü� WDND� MHVW� SUDZG]LZD�
WDN H�GOD�UR]NáDGyZ�NRQFHQWUDFML��=QRUPDOL]RZDQH�SURILOH�SU GNR FL�L�NRQFHQWUDFML�V �
SRND]DQH�QD�U\VXQNX������D�RGSRZLHGQLH�UyZQDQLD��SU]\�]DáR HQLX�UR]NáDGX�*DXVVD��
PDM �SRVWDü�
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�
*HRPHWUL �SROD�SU]HSá\ZX�VWUXPLHQLD�VZRERGQHJR�GREU]H�REUD]XMH�XNáDG�OLQLL�VWD�

á\FK�ZDUWR FL� IXQNFML�SU GX� �U\V��������=DJ V]F]HQLH� OLQLL�SU GX�XND]XMH�REV]DU\�GX�
\FK�]PLDQ�JUDGLHQWX�SU GNR FL��

�������6WUXJL�Z�SU]HSá\ZLH�
,VWRWQH�]QDF]HQLH�GOD�]UR]XPLHQLD�]DFKRZDQLD�VL �SáRPLHQLD�PDM �VWUXJL�Z�R URGNX�

SRUXV]DM F\P�VL ��]ZáDV]F]D�JG\�Z\VW SXMH�Uy QLFD�PL G]\�SU GNR FLDPL�VWUXJL�L�RWD�
F]DM FHJR�R URGND��1D�JUDQLF\�SRUXV]DM F\FK�VL �]�Uy Q �SU GNR FL �VWUXPLHQL�SRZVWD�
je warstwa graniczna, w której wyst SXMH� LQWHQV\ZQH� SU]HND]\ZDQLH� PDV\� L�S GX�
PL G]\�VWUXPLHQLDPL��D�Z�UH]XOWDFLH�V]\ENLH�PLHV]DQLH�L�Z\UyZQ\ZDQLH�VL �SU GNR FL�
�U\V�� ���D��� :\PLHQLRQH� ]MDZLVND� V � LVWRWQH� Z� SáRPLHQLDFK�� SRQLHZD � GHF\GXM ��
R�V]\ENR FL�PLHV]DQLD�VL �XWOHQLDF]D�]�SDOLZHP��JG\�V �RQH�SRGDZDQH�RGG]LHOQLH��
#�a
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6WUXJL�SLHU FLHQLRZH�
:�WHFKQLFH�VSDODQLD�F] VWR�Z\VW SXM �VWUXJL�SLHU FLHQLRZH��NWyUH�VL �WZRU] �]D�SDOQL�

NLHP��NLHG\�QD�SU]\NáDG�ZHZQ WU]Q �VWUXJ �SDOLZD�SLHU FLHQLRZR�RWDF]D�VWUXPLH �SRZLH�
WU]D��U\V�����E���:�RGOHJáR FL�NLONX� UHGQLF�G\V]\�RG�Z\ORWX�SDOQLND�GZLH�VWUXJL�VL �á F] ��
D�ZáD FLZR FL� VWUXJL� ]áR RQHM�Z� W\P�REV]DU]H�PRJ �E\ü�RSLVDQH�� ]� GREU\P�SU]\EOL H�
QLHP��QD�SRGVWDZLH�VXPDU\F]QHJR�VWUXPLHQLD�PDV\�RUD]�S GX�VWUXPLHQL�VNáDGRZ\FK��
6WUXJD�SRSU]HF]QD�GR�SU]HSá\ZX�

:�SDOQLNDFK�JD]RZ\FK�SDOLZR�F] VWR�MHVW�SRGDZDQH�ZLHORPD�VWUXJDPL��SRSU]HF]QLH�
GR�SU]HSá\ZDM FHJR�SRZLHWU]D� >��@��:� WDNLP�SU]\SDGNX� LQWHUHVXM F\� MHVW� ]DVL J� VWUXJL�
JD]X�Z�SRZLHWU]X�]DOH QLH�RG�SDUDPHWUyZ�JHRPHWU\F]Q\FK�L�SU]HSá\ZRZ\FK��U\V�����D����
D��
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=DVL J�VWUXJL�K�PR QD�Z\]QDF]\ü�]�QDVW SXM FHJR�Z]RUX��

K�G� �. m �X n � X o � �ρ n �ρ o � o p n �VLQ��α��
Z�którym:�G�–� UHGQLFD� G\V]\�� X o � L� X n �−� SU GNR FL� SU]HSá\ZX� SRZLHWU]D� L� Z\Sá\ZX�

JD]X��α�–�N W�Z\Sá\ZX�VWUXJL�JD]X��. m �–�ZVSyáF]\QQLN�]DOH Q\�RG�V VLHG]�
WZD�LQQ\FK�VWUXJ��U\V�����E���

�������6WUXJL�]DZLURZDQH�
-H HOL�JD]�Z\Sá\ZDM F\�]�G\V]\�PD�WDN H�VNáDGRZ �REZRGRZ �ZHNWRUD�SU GNR FL��

WR� VLáD� RG URGNRZD� ]PLHQLD� NLHUXQHN� MHJR�SU]HSá\ZX��Z\ZRáXM F� UXFK� VSLUDOQ\��7\�
SRZH�OLQLH�SU GX�Z�VLOQLH�]DZLURZDQ\P�SU]HSá\ZLH�SRND]DQR�QD�U\VXQNX������7X �]D�
Z\ORWHP�SDOQLND�SRZVWDMH�VWUHID�UHF\UNXODFML��NWyUD�SRZRGXMH�UR]V]HU]HQLH�]HZQ WU]�

widok z góry�V

K' D

X o X n . m �
����

�������������������������������������������������������V�G�
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Q\FK�JUDQLF�VWUXJL��6WUefa recyrkulacji, mierzona od wylotu palnika do punktu, w którym 
VNáDGRZD�RVLRZD�SU]HSá\ZX�]PLHQLD�NLHUXQHN��Z\GáX D�VL �]H�Z]URVWHP�EH]Z\PLDUR�
ZHJR�SDUDPHWUX�FKDUDNWHU\]XM FHJR�LQWHQV\ZQR ü�]DZLURZDQLD�SU]HSá\ZX��OLF]E\�ZLUX�6��
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3R�R]QDF]HQLX�SU]H]�G ² � UHGQLF\�Z\Sá\ZX�OLF]E �ZLUX�6�GHILQLXMH�VL �QDVW SXM FR��
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/LF]ED�ZLUX� VWDQRZL�NU\WHULXP�SRGRELH VWZD�GOD� VWUXJ�]DZLURZDQ\FK�Z\WZRU]R�
Q\FK�SU]H]�JHRPHWU\F]QLH�SRGREQH�]DZLURZ\ZDF]H��0HWRG\�]DZLURZDQLD�VWUXJ�PR �
QD�SRG]LHOLü�QD�WU]\�JUXS\��]DOH QLH�RG�VSRVREX�Z\ZRáDQLD�UXFKX�RNU QHJR�F]\QQLND�
JD]RZHJR���

•�VW\F]QH�GRSURZDG]HQLH�VWUXPLHQLD�JD]X�GR�F\OLQGU\F]QHM�NRPRU\�VSDODQLD��
•�áRSDWNRZH�]DZLURZ\ZDF]H�XPLHV]F]RQH�Z�SU]HZRG]LH�GRORWRZ\P��
•�ZLUXM FH�NRQVWUXNFMH�PHFKDQLF]QH��NWyUH�Z\ZRáXM �UXFK�ZLURZ\�SU]HSá\ZDM FH�

JR�Sá\QX���
:�]DVWRVRZDQLDFK�SU]HP\VáRZ\FK�QDMF] FLHM�VWRVXMH�VL �SLHUZV] �L�GUXJ �PHWR�

G �]DZLURZDQLD��WU]HFLD�QDWRPLDVW�]QDMGXMH�UDF]HM�]DVWRVRZDQLH�Z�EDGDQLDFK�ODERUD�
WRU\MQ\FK���

Obliczenie liczby wiru ze wzorów (2.5)–������ Z\PDJD�
GRNáDGQHM� ]QDMRPR FL� SURILOL� SU GNR FL� RUD]� FL QLHQLD��
Z�SU]HNURMX�SRSU]HF]Q\P�VWUXJL�]DZLURZDQHM��7DNLH�REOLF]H�
QLD�Z\NRQXMH�VL �Z�SU]\SDGNX�EDGD �ODERUDWRU\MQ\FK��Z�]D�
VWRVRZDQLDFK� SU]HP\VáRZ\FK� QDWRPLDVW� Z\]QDF]D� VL � SU]\�
EOL RQ � OLF]E � ZLUX� SDOQLND� QD� SRGVWDZLH� MHJR� GDQ\FK� NRQ�
VWUXNF\MQ\FK���

:�SUDNW\FH�F] VWR�VWRVRZDQH�V �Z�SDOQLNDFK�]DZLURZ\ZD�
F]H� áRSDWNRZH��1D� U\VXQNX� ���� SU]HGVWDZLRQR� ]DZLURZ\ZDF]�
áRSDWNRZ\�XPLHV]F]RQ\�PL G]\� ]HZQ WU]Q\P� L�ZHZQ WU]Q\P�
SU]HZRGHP�R�SURPLHQLDFK�RGSRZLHGQLR�5�L�5Â ���

�
�
�
3R� R]QDF]HQLX� SU]H]�β� N WD� QDFK\OHQLD� áRSDWHN� L� SU]\M FLX�� H� áRSDWNL� V � EDUG]R�

FLHQNLH��PR QD�RWU]\PDü�Z]yU�QD�OLF]E �ZLUX�Z�SRVWDFL�

� ( )
( )2
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1
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55
55

5*
*6 Ã

Ã
Ä �

�WJ
−
−=

′
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6WUXJL�VáDER�L�VLOQLH�]DZLURZDQH�
7XUEXOHQWQH�SU]HSá\Z\�]DZLURZDQH�G]LHOL�VL �QD�SU]HSá\Z\�VáDER�L�VLOQLH�]DZLUR�

ZDQH��WH�RVWDWQLH�]Z\NOH�PDM �VWUHI �UHF\UNXODFML��:VNXWHN�Z\VW SRZDQLD�Z�VWUXPLH�
QLX� ]DZLURZDQ\P� VLá� RG URGNRZ\FK� Z� F] FL� FHQWUDOQHM� VWUXPLHQLD� SRZVWDMH� VWUHID�
QLVNLHJR�FL QLHQLD��Z�NWyUHM�JUDGLHQW�FL QLHQLD�MHVW�VNLHURZDQ\�SU]HFLZQLH�GR�NLHUXQNX�
SU]HSá\ZX�JáyZQHJR���
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1D�U\VXQNX�����SU]HGVWDZLRQR�SURILOH�SU GNR FL�GOD�OLF]E�ZLUX�RG�������GR��������
'OD�ZDUWR FL�6���������SURILOH�PDM �NV]WDáW�UR]NáDGX�*DXVVD��GOD�6�!������PDNVLPXP�
SU GNR FL�MHVW�RGVXQL WH�RG�RVL�VWUXJL��D�GOD�6�≥������SRMDZLD�VL �VWUHID�UHF\UNXODFML��

�
Å'Æ4Ç�È!É�È Ù4È�Ú�ÏGÐ!ÛOÎ Ü�Ý4Î Ð*Í7Ü'ÏGÐ�Ò�Ö�Ó Ì�Ø*Æ�Ô�Ï Ø!Ö�Ð Ñ�Î4Ð�ÇGÎ Ð!Í�Æ�Ñ�Þ7Í©Ô�ÏGÒ!Ü�Ô�Ó Æ�Í7Î Ü2Ò�Ì�Í�Î ÏHÐ*Í�Ì�Ý�Æ�Û

�
:� SU]HSá\ZDFK� ]DZLURZDQ\FK� R�PDáHM� OLF]ELH�ZLUX� �6��� ������ RVLRZH� JUDGLHQW\��

FL QLHQLD�V �]E\W�PDáH�QD�WR��DE\�Z\ZRáDü�SRZVWDQLH�ZHZQ WU]QHM�UHF\UNXODFML��=DZL�
URZDQLH�VWUXJL�SRZRGXMH�QDWRPLDVW�]ZL NV]HQLH� LQWHQV\ZQR FL�]DV\VDQLD�PDV\�SU]H]�
VWUXJ �RUD]�]QDF]QH�MHM�UR]V]HU]HQLH��

�

�� �� ��[�G�

6� ������6� ������ 6� ������6� ������

SDOQLN�
ROHMRZ\�

JHQHUDWRU�
]DZLURZDQLD�

�
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Å'Æ4Ç�È!É�È ß�à�È*áYÎ Ü�â Ö�Ð Ñ�Î�Ç6Õ ÏGÜ�ã Æ�ÏHÜ*Ñ�Æ!Ï0Ö�ä�â Ì�Ñ�ÆHåHÝ4Ü å�Ígã ä�Ý�Ö�Ñ å�Î4â Î Ñ�Ò�æ�Æ�Í�Î Ï6ä�«
�
:�PLDU �]ZL NV]DQLD�ZDUWR FL�OLF]E\�ZLUX�6�RVL JD�VL �WDN �MHM�ZDUWR ü��SU]\�NWyUHM�

JUDGLHQW�FL QLHQLD�Z�RVL�V\PHWULL�VNLHURZDQ\�SU]HFLZQLH�GR�SU]HSá\ZX�JáyZQHJR�VWDMH�
VL �ZL NV]\� RG� HQHUJLL� NLQHW\F]QHM� HOHPHQWyZ� Sá\QX� SU]HPLHV]F]DM F\FK� VL �Z� NLH�
UXQNX� Z]GáX Q\P�� :yZF]DV� Z\WZDU]D� VL � FHQWUDOQD� VWUHID� UHF\UNXODFML�� 6WUHID� WD��
PDM FD�NV]WDáW�ZLUX�WRURLGDOQHJR��RGJU\ZD�ZD Q �URO �Z�VWDELOL]DFML�SáRPLHQLD��JG\ �
tworzy ona obszar intensywnego mieszania produktów spalania i jest akumulatRUHP�
FLHSáD�RUD]�FKHPLF]QLH�DNW\ZQ\FK�VNáDGQLNyZ���

1D�U\VXQNX������SU]HGVWDZLRQR�]DOH QR ü�Z\PLDUyZ�ZHZQ WU]QHM�VWUHI\�UHF\UNX�
ODF\MQHM� RG� OLF]E\� ZLUX�� *UDQLFH� VWUHI� SU]HSá\ZX� UHF\UNXODF\MQHJR�Z\]QDF]RQR� GOD�
SDOQLND�SLHU FLHQLRZHJR��Z któr\P�QDZHW�Z�UD]LH�EUDNX�]DZLURZDQLD�Z\VW SXMH�PDáD�
VWUHID�UHF\UNXODF\MQD�Z� ODG]LH�]D�UG]HQLHP�SDOQLND��'OD�OLF]E\�ZLUX�6� ������UR]PLDU�
VWUHI\�UHF\UNXODF\MQHM�MHVW�MHV]F]H�WDNL�VDP�MDN�GOD�6� ����

�����1LHNWyUH�FHFK\�SU]HSá\ZyZ�WXUEXOHQWQ\FK�
3U]HSá\Z� ODPLQDUQ\� Z\VW SXMH� W\ONR� SU]\� PDá\FK� SU GNR FLDFK�� Z� SU]\SDGNX�

ZL NV]\FK�SU GNR FL�UXFK�Sá\QX�PD�FKDUDNWHU�WXUEXOHQWQ\��.U\WHULXP�SU]HM FLD�UXFKX�
ODPLQDUQHJR� Z� WXUEXOHQWQ\� RNUH OD� NU\W\F]QD� ZDUWR ü� OLF]E\�5H\QROGVD�5Hç
è �� -H HOL��
5H�!�5Hç
è �VWDWHF]QR ü�SU]HSá\ZX�]RVWDMH�QDUXV]RQD�L�UXFK�SRV]F]HJyOQ\FK�HOHmentów 
JD]X�Z�VWUXG]H�VWDMH�VL �QLHXSRU] GNRZDQ\��U\V����������

�
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0LHU] F� Z� SDUDPHWU\� VWDQX� Z� SU]HSá\ZLH� WXUEXOHQWQ\P� ]D� SRPRF � SU]\U] GyZ��
R�EDUG]R�PDáHM�EH]ZáDGQR FL��WHUPRDQHPRPHWU�� WHUPRPHWU�RSRURZ\�LWS����PR QD�VL �
SU]HNRQDü�� H�FKZLORZH�ZDUWR FL�SDUDPHWUyZ�QLH�V �VWDáH�Z�F]DVLH��OHF]�SXOVXM �ZRNyá�
ZDUWR FL� UHGQLFK��QS���

XXX ′+= �
:DUWR ü� UHGQLHM�SU GNR FL�SU]HSá\ZX�X Z\]QDF]D�VL �QDVW SXM FR���

� ∫=
τ

τ
τ

00

1 XGX � ������

JG]LH�τ ï �–�SU]HG]LDá�F]DVX�GRVWDWHF]QLH�GX \�QD�WR��DE\�SU]\�GDOV]\P�MHJR�]ZL NV]DQLX�
ZDUWR ü� X �MX �VL �QLH�]PLHQLDáD���

3U GNR FL � SXOVDF\MQ � QD]\ZD� VL � Uy QLF � SU GNR FL� Z� GDQHM� FKZLOL� L� SU GNR FL�
UHGQLHM��
� XXX −=′ � �������

:LHONR FL � FKDUDNWHU\]XM F � UXFK� WXUEXOHQWQ\� MHVW� UHGQLD� NZDGUDWRZD� SU GNR ü�
SXOVDFML�

2XX ′=′ðHñ �
RGQLHVLRQD�GR� UHGQLHM�SU GNR FL�SU]HSá\ZX�QD]\ZD�VL �LQWHQV\ZQR FL �WXUEXOHQFML��

X
XX

2

int
′

=′ �

�������6WUXNWXUD�SU]HSá\ZyZ�WXUEXOHQWQ\FK�
:DUWR FL� UHGQLFK�NZDGUDWRZ\FK�SU GNR FL�SXOVDFML�Z�GDQ\P�SXQNFLH�VWUXJL�PRJ �

VL �]PLHQLDü�Z�]DOH QR FL�RG�UR]SDWU\ZDQHJR�NLHUXQNX��-H HOL�LQWHQV\ZQR ü�WXUEXOHQ�
FML�Z�GDQ\P�NLHUXQNX� MHVW� VWDáD�� WR� WXUEXOHQFM �QD]\ZD�VL � MHGQRURGQ ��7XUEXOHQFMD�
MHGQRURGQD�Z]GáX �RVL� �DOH�QLHMHGQRURGQD�Z]GáX �SURPLHQLD��Z\VW SXMH�QD�SU]\NáDG��
Z�UXU]H�R�SU]HNURMX�NRáRZ\P�Z�GRVWDWHF]QLH�GX HM�RGOHJáR FL�RG�MHM�ZORWX���

7XUEXOHQFMD� MHVW� L]RWURSRZD�� MH HOL� LQWHQV\ZQR ü� WXUEXOHQFML�ZH�ZV]\VWNLFK� NLH�
UXQNDFK� MHVW� MHGQDNRZD�� FR� R]QDF]D�� H� SRV]F]HJyOQH� ZLU\� V � VWDW\VW\F]QLH� UyZQR�
PLHUQLH�]RULHQWRZDQH�ZH�ZV]\VWNLFK�NLHUXQNDFK��']L NL�UHMHVWUDFML�Z�GDQ\P�SXQNFLH�
SU]HSá\ZX� ]PLDQ� SU GNR FL� �QS�� WHUPRDQHPRPHWUHP�� PR QD� RNUH OLü� F]DV\� SU]H�
PLHV]F]DQLD�VL �ZLUyZ�SU]H]�SXQNW��Z�NWyU\P�]QDMGXMH�VL �ZáyNQR�VRQG\� WHUPRDQH�
PRPHWUX��D�ZL F�W\P�VDP\P�F] VWRWOLZR FL�SRMDZLDQLD�VL �ZLUyZ���

3XOVDFMH�WXUEXOHQWQH�Z\VW SXM �ZVNXWHN�RNUHVRZR�SRZVWDM F\FK�Z�VWUXG]H�L�]DQLND�
M F\FK�RUD]�FKDRW\F]QLH�SRUXV]DM F\FK�VL �ZLUyZ�R�EDUG]R�]Uy QLFRZDQ\FK�UR]PLDUDFK���



�ò�ó�ô�õ�ö
÷�ø�ù�ú�û ü�ù�ý þ�ù�ÿ ù�ø�û ù ��

:�SU]HSá\ZDFK�VZRERGQ\FK� UyGáHP�ZLUyZ�MHVW�ZDUVWZD�JUDQLF]QD�Z\ZRáDQD�QD�
SU HQLDPL� VW\F]Q\PL� Z� REV]DUDFK� ]� Z\VRNLPL� JUDGLHQWDPL� SU GNR FL�� UyGáHP�
ZLUyZ�WXUEXOHQWQ\FK�Z�SU]HZRGDFK�MHVW�ZDUVWZD�SU]\ FLHQQD�SU]\�SRZLHU]FKQL� FLD�
QHN��3U]\�GRVWDWHF]QLH�GX \FK�OLF]EDFK�5H\QROGVD�ZLU\�]PLHQLDM �VZRMH�UR]PLDU\�RG�
ZDUWR FL� U] GX� SURPLHQLD� SU]HZRGX� GR� ZLUyZ� QDMPQLHMV]\FK� R� UHGQLFDFK� U] GX�
XáDPND�PLOLPHWUD��NWyU\FK�HQHUJLD�SRG�G]LDáDQLHP�VLá�OHSNR FL�MHVW�V]\ENR�UR]SUDV]DQD�
�G\VV\SXMH��L�SU]HPLHQLDQD�Z�FLHSáR���

1D�U\VXQNX������SU]HGVWDZLRQR�VFKHPDW\F]QLH�WU]\�VWUXNWXU\�SU]HSá\ZX�WXUEXOHQW�
QHJR��E G FHJR�QDVW SVWZHP�WU]HFK� UyGHá�SRZVWDZDQLD�QLHVWDELOQR FL��ZDUVWZ\�SU]\�
FLHQQHM��FLDáD�QLHRSá\ZRZHJR�L�VWUXJL�Z\Sá\ZDM FHM�GR�RWRF]HQLD��

Å'Æ4Ç�È!É�È ß
É�È���æ�ÏHÌ�Ò�Æ�Ô�Ï6Ò!Ü�Ô�Ó Æ�Í�ä7Õ ä�Ï0æ�ä4â Ü�Ý�Õ Ý�Ü�ê�ÐTæ Ø Ñ�Ü�ê�ÐTÝ�Ì*Ç6Õ Ô�Ç6Õ Í�Ü�Û Õ Ï0Ò!Ü*Ñ�Þ Ï���Ø�Ü�Ó�å�Ü�ê�ÐTÔ�Ð!Í�Ç6Õ Ì�Ý�Î Ì�ë
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− − −
ê*Ï
Ì�Ý�Î Ñ�Ì2Ð!æ�ÇGÒ!Ì
Ï0ä7Õ ä�Ï0æ�ä�â Ü�Ý�Õ Ý4Ü*ê�Ð�ì

�
:�W\FK�WU]HFK�SU]\SDGNDFK�FKDUDNWHU�]PLHQQR FL�SDUDPHWUyZ�FKDUDNWHU\]XM F\FK�

WXUEXOHQFM �MHVW�EDUG]R�SRGREQ\��3RGREQD�MHVW�WDN H�VWUXNWXUD�WXUEXOHQFML��:H�ZV]\VW�
NLFK�SU]\SDGNDFK�SRZVWDMH�REV]DU�R�SRGZ\ V]RQHM�LQWHQV\ZQR FL�WXUEXOHQFML�RGG]LH�
ORQ\�RG�REV]DUX�QLHVWXUEXOL]RZDQHJR�PQLHM�OXE�EDUG]LHM�RVWUR�]DU\VRZDQ �SRZLHU]FK�
QL �JUDQLF]Q ��

�������7XUEXOHQWQH�VNDOH�GáXJR FL��F]DVX�L�SU GNR FL�
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3ROH� WXUEXOHQFML� PR H� E\ü� ORNDOQLH� VFKDUDNWHU\]RZDQH� SU]H]� UHGQLRNZDGUDWRZ �
SU GNR ü�SXOVDFML� ,���X′ �WXUEXOHQWQ �PDNURVNDO �O�L�WXUEXOHQWQ �VNDO �F]DVX� .��	�XO ′=τ �

:�PRGHORZDQLX�QXPHU\F]Q\P�SU]HSá\ZyZ�WXUEXOHQWQ\FK�ZD Q �URO �SHáQL�X UHG�
QLRQD�ZDUWR ü�HQHUJLL�WXUEXOHQFML�N�L�V]\ENR ü�MHM�G\VV\SDFML�ε��V �RQH�]ZL ]DQH�Z�QDV��
W SXM F\�VSRVyE�]H�VNDODPL�WXUEXOHQFML��

( ) ,32 5,0�
�� NX =′ �� ,3 ε���XO ′= � ετ �N= �
������� ����������� � !#"$!&% '�(��*) !+�,� -�./��) � .#0�1�23�#-�4��*) ��56!87:9*;<0��#9*� -�7=� �+7>-�5<? 9*�6@ ��1$5<0�!6;<- ��� � @A"$��4�.��#4*? ;�!�B. @#�>7>� ;�C�7D��!#� -�.#�E;���0��&� !#;�C�7GF+���,.#-����6@ .#-�.6�H�I9*;�0��61$� �����H��-�5#5<-*9$!�. @#�=�#4��#;��*� �>"$� 4��#? -�./0�4�� @J4$!K9���0,� ���&� ����*) �#"���) !#;L4*-*�NM+OP;�!#7>� �E.�!#� !I��-�565<-�9P!,. @6!��#4��#;��*� �G"$� 4��#? -�./0�4�� @

zachodzi w tych wydzielonych obszarach, których sumaryc
0�B4$!&�,1#@ ? � QG5<? !#4���7>�R? -�) "$��4�� �#7=� �,) " .#0 Q .�!6� "$��7=� ? � @>��1#@ ? ��B.��R9*;L0��#9�� -�7+�SM$�T9�;<0��#9*� -�7=� �&7+-$5<? 9��6@ 0�!#? �#�U��� � �,1P5�0�!6;<-�J;<�$.#���V9�;�!#7>� � 9$��? �#4�. @/!�) 4*-���FR"�? C,;��W5 5�� !����6@ 0N��!#� -*���A�,1PB5�0�!6;�!#� ���X5<"$��4�.��#4*? ;���7G!#4�� @>7=� ;��,7=� .�� MZYA1P5<0�!6;L-J? � 0�!#7>� �#;�! @5�? ;<�*"*? ��;L-V7=� ;���7=�W�[5<"P!�) �\0�1�) � ��4�� @��*�V� � "�;��*5�"�!�) �A]>�,� � ������B;���7=!

η
F*"�? C�;��+5 �*�#4��#;���7G!#4��+�$9��*��? ;<0�-��&-�7G!#4��>�#4��#;��*�#? -�./0�4�� �9*;�0��#0+7=� ;L-�� 5<"P!�) �S^_!6-�) ��;�!

λ ` ;L-�5/M*a$M b�c�d�M�e=��0�� !6�f�,1#@ ? � .�� ��7>-5�? ;<�*"*? ��;g��-�565<-�9P!,.#-�@�4�-�.#�h7i.,!#� -*�i9�;L0��#9�� -�7=� �H@#�,5<?�;<0 ���
η jLk λ j Fl!m7=� .n� 4*? �#4$5<-�7>4�� Qm9�;���.���5�C�7o�&�*) �#"���) !#;<4�-�.#�h7��1P5<0�!6;�!�.#�&��-�565<-�9P!,.#-�@�4�-�.#�\@#�,5<?

λ j k η j ;�!/0�->7=� "$5�0�!p�*� ;��,�,4�� � @�*) !8.�!#� ���*�+9*;<0��69�� -�7+�SM
0LNURVNDO �.RáPRJRURZD�GáXJR FL�η��F]DVX�Wη�

L�SU GNR FL�XηZ\UD D�VL �]�X \FLHP�ZVSyáF]\QQLND�
OHSNR FL�NLQHPDW\F]QHM�ν�

( ) ,
25,03 ενη �= � ( ) ,5,0ενη �=W � ( ) 25,0νεη =X �

3R UHGQL �VNDO �PL G]\�PDNURVNDO �WXUEXOHQFML�O�L�PLNURVNDO �.RáPRJRURZD�η�MHVW�
VNDOD�7D\ORUD�λ�

( ) ηενλ WXX q�rq�r � ′′= ~15
5,02 �

�����0RGHOH�WXUEXOHQWQHJR�VSDODQLD�
6SDODQLH� WXUEXOHQWQH�WR�QDMEDUG]LHM�VNRPSOLNRZDQ\�L�QLH]DPNQL W\�UR]G]LDá�QDXNL��

R� VSDODQLX�� %UDNXMH� Z� QLP� SHáQHJR� PRGHOX� PDWHPDW\F]QHJR�� MHVW� QDWRPLDVW� ZLHOH�
KLSRWH]�� 3U]HGVWDZLD� VL � FKDUDNWHU\VW\F]QH� GOD� VSDODQLD� WXUEXOHQWQHJR� ]MDZLVND��
ZSURZDG]D� VL � SRPRFQH�GR� LFK� LQWHUSUHWDFML�SRM FLD�� GRNRQXMH� VL � NODV\ILNDFML� IRUP�
VSDODQLD�WXUEXOHQWQHJR�L�RSLVXMH�VL �QLHNWyUH�PRGHOH�SáRPLHQL�WXUEXOHQWQ\FK��

�������'\IX]MD�WXUEXOHQWQD�
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1DMLVWRWQLHMV] � FHFK � UXFKX� WXUEXOHQWQHJo, w porównaniu z ruchem laminarnym, 
MHVW�ZLHOND�LQWHQV\ZQR ü�SURFHVyZ�PLHV]DQLD��&KRFLD �VSDODQLH�PD�FKDUDNWHU�PROH�
NXODUQ\��WR�MHGQDN�UXFK\�R�GX HM�VNDOL�WXUEXOHQFML�RGJU\ZDM �Z�QLP�ZD Q �URO �Z�SUR�
FHVLH�NDVNDGRZHJR�SU]HND]\ZDQLD�PDV\�L�HQHUJLL�>�����@��:V]HONLH�QLHMHGQRURGQR FL�
SyO�VNDODUQ\FK�R�VNDOL�PDNUR�V]\ENR�V �UR]GUDEQLDQH�GR�QLHMHGQRURGQR FL�R�VNDOL�PL�
NUR�� D�QDVW SQLH� UR]SUDV]DQH� Z� Z\QLNX� SURFHVyZ� PROHNXODUQ\FK� �OHSNR FL�� G\IX]ML��
L�SU]HZRGQLFWZD�FLHSOQHJR����

:�SU]HSá\ZLH�WXUEXOHQWQ\P�]ZL NV]DM �VL �GáXJR FL�ZáyNLHQ�ZLURZ\FK�RUD]�SR�
OD� SRZLHU]FKQL� RJUDQLF]DM F\FK� REV]DU\� ]DZLHUDM FH� SDOLZR�� XWOHQLDF]� L� SURGXNW\�
VSDODQLD�� 3RZRGXMH� WR� ]ZL NV]HQLH� JUDGLHQWyZ� ZV]\VWNLFK� ZLHONR FL� VNDODUQ\FK���
D� FR�]D� W\P� LG]LH�–� ]ZL NV]HQLH� LQWHQV\ZQR FL� FDáNRZLWHJR� WUDQVSRUWX�PROHNXODU�
QHJR���

1D�U\VXQNX������SU]HGVWDZLRQR�HZR�
OXFM � Z\Uy QLRQHM� REM WR FL� Sá\QX� SRG�
ZSá\ZHP� WXUEXOHQFML� R�VNDODFK� �D��
ZL NV]HM�RUD]��E��PQLHMV]HM�RG�FKDUDNWH�
U\VW\F]QHJR�Z\PLDUX�REM WR FL��
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�
�

�
�
:VSyáF]\QQLN�G\IX]ML�FDáNRZLWHM�'�Z�SU]HSá\ZDFK�WXUEXOHQWQ\FK�MHVW�VXP �ZVSyá�

czynników dyfuzji turbulentnej ' � ��G\IX]ML�PROHNXODUQHM�' � �RUD]�G\IX]ML�PROHNXODUQHM�
SU]\VSLHV]RQHM�SU]H]�UXFK�WXUEXOHQWQ\�' �f� �
� �R��� '''' ++= � �������

:VSyáF]\QQLN�G\IX]ML�WXUEXOHQWQHM�' � �MHVW�]DOH Q\�RG�SRáR HQLD�SXQNWX�Z�SU]HSá\�
ZLH�L�MHVW�SURSRUFMRQDOQ\�GR� UHGQLHM�NZDGUDWRZHM�SXOVDFML�SU GNR FL�RUD]�F]DVX�WUZD�
QLD�SXOVDFML�WXUEXOHQWQHM�W � �
� �� WX' 2′≅ � �������
QDWRPLDVW�ZVSyáF]\QQLN�SU]\VSLHV]RQHM�SU]H]�UXFK�WXUEXOHQWQ\�G\IX]ML�PROHNXODUQHM�
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JG]LH��5H � �–�OLF]ED�5H\QROGVD�WXUEXOHQFML�REOLF]RQD�GOD� UHGQLHM�NZDGUDWRZHM�SXOVDFML�
SU GNR FL�L�PDNURVNDOL�WXUEXOHQFML��3U�–�OLF]ED�3UDQGWOD���

'OD�SRZLHWU]D� 6,0≅®Z¯' 5H � ��3U� �������D�ZL F�Z�SU]HSá\ZDFK�VLOQLH�WXUEXOHQWQ\FK��
Z�Ntórych 5H � �!������SU]\VSLHV]RQD�SU]H]� UXFK� WXUEXOHQWQ\�G\IX]MD�PROHNXODUQD�' �f� �
RGJU\ZD�LVWRWQ �URO �Z�SURFHVDFK�VSDODQLD��,VWQLHMH�NLOND�PRGHOL�VSDODQLD�WXUEXOHQWQH�
JR� RSDUW\FK� QD� SRVWXORZDQ\FK� PHFKDQL]PDFK� SURSDJDFML� SáRPLHQLD� Z� SU]HSá\ZLH�
WXUEXOHQWQ\P��

�������*DV]HQLH�SáRPLHQLD�SU]H]�UR]FL JDQLH�Z�SROX�SU]HSá\ZX�
:� W\P� SRGUR]G]LDOH�ZSURZDG]RQH� ]RVWDQLH� NU\WHULXP�Z\JDVDQLD� SáRPLHQLD� QD�

VNXWHN� UR]FL JDM FHJR� G]LDáDQLD� SROD� SU]HSá\ZX� QD� SáRPLH �� -HVW� RQR� ZD QH� GOD�
SRM FLD�JD QL FLD�SáRPLHQLD�WXUEXOHQWQHJR��7U]HED�MHGQDN�]DF] ü�RG�SáRPLHQLD�ODPL�
QDUQHJR��

3áRPLH �ODPLQDUQ\�Z�MHGQRURGQHM�PLHV]DQFH�
SDOQHM� MHVW� IDO � UHDNFML� FKHPLF]QHM� SRUXV]DM F �
VL � Z� NLHUXQNX� SURVWRSDGá\P� GR� SRZLHU]FKQL�
SáRPLHQLD��:� WDNLP�SáRPLHQLX� QLH�PD�JUDGLHQ�
tów w kierunku stycznym. �

*G\�SáRPLH �SRUXV]D�VL �Z�QLHMHGQRURGQ\P�
SROX� SU GNR FL� X� �U\V�� ������� ZWHG\� Z\VW SXMH�
VNáDGRZD�VW\F]QD�SROD�SU]HSá\ZX�GR�SáRPLHQLD��
NWyUD� UR]FL JD� SáRPLH �� SRZRGXM F� SU]HQRV]H�
QLH�FLHSáD�L�PDV\��VXEVWUDtów i produktów).�

�3U]HQRV]HQLH� Z� NLHUXQNX� SURSDJDFML� SáR�
PLHQLD� PR QD� VFKDUDNWHU\]RZDü� VWDá � F]DVRZ �
W ° �  � O± �6² �� JG]LH� O± � MHVW� JUXER FL � SáRPLHQLD��6² �
MHVW�SU GNR FL �UR]SU]HVWU]HQLDQLD�VL �SáRPLHQLD��
2GSRZLHGQLR� ZSURZDG]D� VL � VWDá � F]DVRZ ��

W ³ � �∂X�∂[� GOD�NLHUXQNX� VW\F]QHJR��6WRVXnek obu czasów dajH� W]Z�� OLF]E �.DUORYLW]D�
.D��NWyUD�FKDUDNWHU\]XMH�UR]FL JDQLH�SáRPLHQLD�ODPLQDUQHJR�
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[
X.D

∂
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=H�]ZL NV]DQLHP�VL �ZDUWR FL�OLF]E\�.DUORYLW]D�.D�SáRPLH �ODPLQDUQ\�MHVW�EDUG]LHM�
UR]FL JDQ\��GOD�.D� ���QLH�PD�UR]FL JDQLD��L�PR H�E\ü�]JDV]RQ\�>�@��

=E\W� LQWHQV\ZQD� WXUEXOHQFMD� WDN H�SRZRGXMH�JDV]HQLH�SáRPLHQLD��PHFKDQL]P�JD�
V]HQLD�MHVW�VNRPSOLNRZDQ\�L�Z\PDJD�ZQLNQL FLD�Z�VWUXNWXU �SáRPLHQLD�WXUEXOHQWQHJR��
0R QD� MHGQDN�� SU]H]� DQDORJL � GR� SáRPLHQLD� ODPLQDUQHJR�� VIRUPXáRZDü� NU\WHULXP�
JD QL FLD��WXUEXOHQWQD�OLF]ED�.DUORYLW]D�.D ��MDNR�VWRVXQHN�FKDUDNWHU\VW\F]QHJR�F]DVX�
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UHDNFML�FKHPLF]QHM� W± � � O± �6² GR�FKDUDNWHU\VW\F]QHJR�F]DVX�PLHV]DQLD�SU]HSá\ZX�WXU�
EXOHQWQHJR� ¸�¹�XO ′=τ �
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1DOH \� ]ZUyFLü� XZDJ �� H� Z� W\P� VIRUPXáRZDQLX� WXUEXOHQWQHM� OLF]E\� .DUORYLW]D�
F]DV�PLHV]DQLD�]RVWDá�RNUH ORQ\�]�X \FLHP�PDNURVNDOL� WXUEXOHQFML� O, wówczas krytH�
ULXP�JD QL FLD�SáRPLHQLD�WXUEXOHQWQHJR�]DZLHUD�VL �Z�]DNUHVLH�RG���GR����>�@��

�������0RGHO�VSDODQLD�WXUEXOHQWQHJR�]�SáRP\NDPL�� IODPHOHWV��
-H HOL�NLQHW\ND�FKHPLF]QD�VSDODQLD� MHVW�V]\END� w porównaniu z procesami tranV�

SRUWX� �F]\OL� FKDUDNWHU\VW\F]Q\� F]DV� UHDNFML� Z� SáRPLHQLX� MHVW� NUyWV]\� RG� FKDUDNWHU\�
stycznego czasu transportu reagentów), WR� VSDODQLH� WXUEXOHQWQH�SU]HELHJD�Z�PDá\FK��
ORNDOQ\FK�SáRPLHQLDFK�ODPLQDUQ\FK�–�SáRP\NDFK��DQJ���IODPHOHWV����

3áRPLH � WXUEXOHQWQ\� PR H� E\ü� LQWHUSUHWRZDQ\� MDNR� ]ELyU� ZLHOX� SáRP\NyZ�� ,FK�
VWUXNWXUD� L� ORNDOL]DFMD�GHF\GXMH�R�V]\ENR FL�SURSDJDFML�SáRPLHQLD��JD QL FLX�RUD]� LQ�
WHQV\ZQR FL�VSDODQLD��0RGHO�]�SáRP\NDPL�QDOH \� UR]SDWU\ZDü�RGG]LHOQLH�GOD�GZyFK�
NDWHJRULL�VSDODQLD��Z\PLHV]DQHJR��SáRPLHQLH�G\IX]\MQH��L�QLHZ\PLHV]DQHJR��SáRPLH�
QLH�NLQHW\F]QH����
3áRP\NL�G\IX]\MQH�

7D� NDWHJRULD� SáRPLHQL� FKDUDNWHU\]XMH� VL � UR]G]LHOQ\P�ZSURZDG]DQLHP� VWUXPLHQL�
SDOLZD�L�XWOHQLDF]D��SáRPLH �G\IX]\MQ\�RSLVDQR�Z�UR]G]������-H HOL�NLQHW\ND�FKHPLF]QD�
MHVW�V]\END��W\SRZH�GOD�VSDODQLD�Z�ID]LH�JD]RZHM���WR�VSDODQLH�MHVW�NRQWURORZDQH�SU]H]�
SURFHV\�WUDQVSRUWX��Z�UyZQ\P�VWRSQLX�SU]H]�NRQZHNFM �L�G\IX]M ����

:�QLHZ\PLHV]DQ\P�SáRPLHQLX�WXUEXOHQWQ\P�REV]DU\��Z�NWyU\FK�XG]LDá�SDOLZD�MHVW�
Z� JUDQLFDFK� VW HQLRZ\FK� ]DSáRQX�� SRGOHJDM � IOXNWXDFMRP� SU]HVWU]HQQ\P� L� F]DVR�
Z\P��3RGVWDZRZD�LGHD�PRGHOX�SROHJD�QD�]DáR HQLX�� H�VSDODQLH�]DFKRG]L�Z�W\FK�QLH�
ZLHONLFK�REV]DUDFK�Z�IRUPLH�PDá\FK��ODPLQDUQ\FK�SáRPLHQL�G\IX]\MQ\FK��SáRP\NyZ���
NWyUH�ORNXM �VL �QD�SRZLHU]FKQLDFK�R�VWHFKLRPHWU\F]Q\P�VNáDG]LH�SDOLZD�L�XWOHQLDF]D��
5HDNFMH� VSDODQLD� ]DFKRG] � W\ONR�Z�SáRP\NDFK� L�Z� LFK� EH]SR UHGQLP�RWRF]HQLX�� SR�
QLHZD �WDP�WHPSHUDWXUD�MHVW�QDMZ\ V]D���

:�FHOX�DQDOL]\�VWUXNWXU\�SáRP\NyZ�G\IX]\MQ\FK�UR]SDWUXMH�VL �XSURV]F]RQ\�VFKH�
PDW�NLQHW\NL�FKHPLF]QHM�VSDODQLD��

��NJ�SDOLZD���V�NJ�XWOHQLDF]D� ������V��VSDOLQ\�
=DNáDGDM F�GOD�XáDWZLHQLD�UyZQR ü�ZVSyáF]\QQLNyZ�WUDQVSRUWX�Z�SáRPLHQLX��ZSUR�

ZDG]D�VL �SRPRFQLF] �]PLHQQ ��6KYDED–=HOGRZLF]D��ϕ ¾6¿ ��
ϕ ¾6¿ � �< ¾/À Á �−�< ¿�Â Á �V�
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NWyUD�]QLND�GOD�VNáDGX�VWHFKLRPHWU\F]QHJR�PLHV]DQNL��ϕ ¾6¿#Ã Ä Â ÅLÆ Ç � �����
1D�MHM�SRGVWDZLH�WZRU]\�VL �W]Z��ZVSyáF]\QQLN��VWRSLH ��]PLHV]DQLD�I�

È�É ÊË È/ÌË/Í ÊË È/Ì
È�É ÊË È/ÌË È

ϕϕ
ϕϕ
−

−
=I � �������

1DMZD QLHMV]H�FHFK\�ZVSyáF]\QQLND� I� � WR� IDNW�� H� UyZQDQLH� Uy QLF]NRZH� MHJR�EL�
ODQVX�MHVW�EH] UyGáRZH RUD]� H�MHJR�UHODFMH�]H�VW HQLDPL�SDOLZD��XWOHQLDF]D�L�VSDOLQ�V �
OLQLRZH� >��@�� 'OD� VNáDGX� VWHFKLRPHWU\F]QHJR� PLHV]DQNL� ZVSyáF]\QQLN� ]PLHV]DQLD� I�
SU]\MPXMH�ZDUWR ü��I ³ �=����+�V< ¾/ÀLÁ Ã Î �< ¿�Â Á Ã Î ���JG]LH�LQGHNV���RGQRVL�VL �GR�ZDUWR FL�QD�ZOR�
FLH��=QDF]HQLH�ZVSyáF]\QQLND�]PLHV]DQLD� I�GOD�DQDOL]\�SáRP\NyZ�Z\QLND�VW G�� H� WR�
IXQNFMD��I�=�I ³ ��

I ³ �=�I �[ Ï ��W��
RNUH OD�SRáR HQLH�SáRPLHQLD�G\IX]\MQHJR��

5HDNFMH�VSDODQLD�]DFKRG] �]DWHP�W\ONR�ORNDOQLH�Z�REV]DUDFK�SU]HSá\ZX�WXUEXOHQW�
QHJR��Z�FLHQNLHM�ZDUVWZLH�Z�RWRF]HQLX�SáRP\ND��NWyUHJR�SRáR HQLH�Z\]QDF]D�IXQNFMD�
I ³ �[ Ï �� W��� -H HOL� Z� UyZQDQLDFK� Uy QLF]NRZ\FK� WUDQVSRUWX� VNáDGQLNyZ�� HQHUJLL� L� S GX�
Z\EUDü� ORNDOQLH� WDNL� XNáDG�ZVSyáU] GQ\FK�� HE\� MHGQ � ]�ZVSyáU] GQ\FK� E\á�wspóá�
F]\QQLN�]PLHV]DQLD� � I�� WR�SR�RGSRZLHGQLP�VNDORZDQLX�>��@�UyZQDQLD�WH�UHGXNXM �VL �
GR�SURVWV]HM�SRVWDFL��QD�SU]\NáDG�GOD�WHPSHUDWXU\�
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MHVW�PLDU �V]\ENR FL�G\VV\SDFML�QD�SRZLHU]FKQL�SáRPLHQLD����V���RGSRZLDGD�ZL F�NU\�
WHULXP�.DUORYLW]D��=QDF]HQLH�ZVSyáF]\QQLND�χ× �Z\QLND�VW G�� H�SR�SU]HNURF]HQLX�MHJR�
ZDUWR FL�NU\W\F]QHM�χ× �=�χ Ø �SáRPLH �JD QLH��-HVW� WR�ZL F�ORNDOQH�NU\WHULXP�JD QL FLD�
SáRPLHQLD�WXUEXOHQWQHJR�>��@��

3RGVXPRZXM F��SáRP\NL�WR�PDáH��R�VNDOL�WXUEXOHQFML�O��ORNDOQH��ODPLQDUQH�SáRPLH�
QLH�SRMDZLDM FH�VL �Z�REV]DUDFK�PLHV]DQNL�SDOQHM�SáRPLHQLD�WXUEXOHQWQHJR��]ORNDOL]R�
ZDQH�QD�SRZLHU]FKQLDFK�VNáDGX�VWHFKLRPHWU\F]QHJR� I × ��NWyUH�PRJ �XOHJDü�]JDV]HQLX�
Z�Z\QLNX�UR]FL JDQLD���
�
3áRP\NL�NLQHW\F]QH�

:�REV]DU]H�VSDODQLD�Z\PLHV]DQHJR�SáRP\NL�QLH�V �]ZL ]DQH�]�SRZLHU]FKQL �Z\QL�
NDM F � ]� SU]HQLNDQLD� VL � SyO� NRQFHQWUDFML� SDOLZD� L� XWOHQLDF]D�� DOH�PRJ � SURSDJRZDü��
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Z�NLHUXQNX� ZLH HM�PLHV]DQNL��'ODWHJR� LFK� ORNDOL]DFMD�EDUG]LHM�]DOH \�RG�NRQZHNFML�
QL � RG� V]\ENR FL�PLHV]DQLD��3áRP\NL� NLQHW\F]QH� QLH� JDVQ � WDN� V]\ENR�� MDN� SáRP\NL�
G\IX]\MQH�� SRQLHZD � SáRPLH � NLQHW\F]Q\� RGG]LHOD� REV]DU� R� Z\VRNLHM� WHPSHUDWXU]H�
�VSDOLQ\��RG�REV]DUX�R�QLVNLHM�WHPSHUDWXU]H�� ZLH D�PLHV]DQND���D�ZL F�VWUDW\�FLHSOQH�
V �W\ONR�Z�MHGQ\P�NLHUXQNX��

)DNW�� H�SáRP\NL�PRJ �SURSDJRZDü��SURZDG]L�GR�RNUH OHQLD�VNDOL�SU GNR FL��SU G�
NR ü�SURSDJDFML�SáRPLHQLD�ODPLQDUQHJR�6ç ��L�VNDOL�GáXJR FL��JUXER ü�SáRPLHQLD� ODPL�
QDUQHJR�Oè ), które dla spalania turbulentnego pRZLQQ\�E\ü�SRUyZQ\ZDQH�]�RGSRZLHG�
QLPL� VNDODPL� WXUEXOHQFML�� 5HODFMH� VNDO� SáRPLHQLD� ODPLQDUQHJR� RUD]� VNDO� WXUEXOHQFML�
SR]ZDODM �Z\Uy QLü�FKDUDNWHU\VW\F]QH�IRUP\�VSDODQLD�WXUEXOHQWQHJR��

�������)RUP\�WXUEXOHQWQHJR�VSDODQLD�
Formy turbulentnego spalania, które zDOH � SU]HGH� ZV]\VWNLP� RG� LQWHQV\ZQR FL�

WXUEXOHQFML� L� V]\ENR FL� NLQHW\NL� FKHPLF]QHM�� PR QD� Z\Uy QLü�� ZSURZDG]DM F� ]QDQH�
MX �OLF]E\�EH]Z\PLDURZH��DOH�VIRUPXáRZDQH�GOD�VSDODQLD�WXUEXOHQWQHJR���

7XUEXOHQWQH�VSDODQLH�Z\PLHV]DQH��NLQHW\F]QH��
:SURZDG]D� VL �ZL F� WXUEXOHQWQ � OLF]E �5H\QROGVD��Z�NWyUHM�Z\VW SXMH� W]Z�� OHS�

NR ü�UHIHUHQF\MQD�ν é ÅLê � �6ç Oè ���JG]LH�6ç �L�Oè �R]QDF]DM �RGSRZLHGQLR�SU GNR ü�SURSDJDFML�
L�JUXER ü�SáRPLHQLD�ODPLQDUQHJR�
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1DOH \� ]ZUyFLü� XZDJ �� H� OLF]ED� .DUORYLW]D� ������� RGQRVL� VL � REHFQLH� GR� VNDOL�
.RáPRJRURZD�η�� D�QLH�GR�PDNURVNDOL� O�� MDN�Z�GHILQLFML� ��������:� UH]XOWDFLH� WDNLHJR�
VNDORZDQLD�SáRPLH �WXUEXOHQWQ\�JD QLH�GOD�ZDUWR FL�.Dη� ����

7DN� ]GHILQLRZDQH�5H��'D� L�.D� �GOD� XSURV]F]HQLD� SRPLQL WR� LQGHNV\�� SR]ZDODM �
RNUH OLü� QDVW SXM FH� ]ZL ]NL�PL G]\� VWRVXQNLHP� UHGQLRNZDGUDWRZHM� SXOVDFML� WXUEX�
OHQWQHM� SU GNR FL� L� SU GNR FL� SURSDJDFML� SáRPLHQLD� ODPLQDUQHJR�X ÷6ø �6ç � RUD]� VWRVXQ�
NLHP�VNDOL�WXUEXOHQFML�L�JUXER FL�SáRPLHQLD�ODPLQDUQHJR�O�Oè �
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3RGDQH�]ZL ]NL�XPR OLZLDM �Z\Uy QLHQLH�REV]DUyZ�FKDUDNWHU\VW\F]Q\FK�IRUP�WXU�
EXOHQWQHJR� VSDODQLD� Z\PLHV]DQHJR�� *UDQLFH� PL G]\� W\PL� REV]DUDPL� XVWDODM � OLQLH��
5H� ����'D� ��� L�.D� ����U\V��������� ,QQ �JUDQLF � MHVW� OLQLD� ,1=′ 	6X �
�� �RGG]LHODM FD�
REV]DU\�SáRPLHQL�SRPDUV]F]RQ\FK�L�SRIDáGRZDQ\FK���

3áRPLHQLH�ODPLQDUQH�ÄORNXM �VL ´�Z�URJX�WHJR�GLDJUDPX��5H�������3R]RVWDá �F] ü�
SáDV]F]\]Q\� G]LHOL� VL � QD� WU]\� REV]DU\� VSDODQLD� WXUEXOHQWQHJR�� 3áRPLHQLH� SR�

PDUV]F]RQH� L� SRIDáGRZDQH� QDOH � GR� REV]DUX� SáRP\NyZ� �IODPHOHWV��� RJUDQLF]RQHJR�
OLQLDPL�5H�!����WXUEXOHQFMD���'D�!����V]\END�NLQHW\ND�FKHPLF]QD��L�.D������VWRVXQNR�
ZR� VáDEH� UR]FL JDQLH� SáRPLHQLD��� /LQLD� .D�  � �� RGSRZLDGD� NU\WHULXP� .OLPRZD–
:LOOLDPVD�UyZQR FL�JUXER FL�SáRPLHQLD� L�VNDOL�.RáPRJRURZD��Oè  �η���2GG]LHOD�RQR�
REV]DU�SáRP\NyZ�QLHUR]FL JDQ\FK�RG�REV]DUX�SRIDáGRZDQ\FK�SáRP\NyZ�UR]FL JDQ\FK�
�VWUHID�VSDODQLD�UR]SURV]RQHJR��5H�!����'D�!���L�.D�!������
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0HFKDQL]P�.OLPRZD�L�:LOOLDPVD�>��@�UR]FL JDQLD�SáRP\NyZ�SROHJD�QD�W\P�� H�QDM�
PQLHMV]H�ZLU\��PDM FH�UR]PLDU�PQLHMV]\�RG�JUXER FL�SáRPLHQLD��Oè !�η���QDUXV]DM �MHJR�
VWUXNWXU ��Z\ZRáXM F�VLOQH�QDSU HQLD�PRJ FH�SRZRGRZDü�ORNDOQH�JD QL FLH�SáRPLHQL��
:�VWUHILH�WHM�XVWDOD�VL �UyZQRZDJD�JHQHUDFML�L�JD QL FLD�SáRP\NyZ��IODPHOHWV���
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,�Z�NR FX�REV]DU�GRVNRQDOH�Z\PLHV]DQHJR�UHDNWRUD�GOD�5H�!����.D�!���RUD]�'D�����
R]QDF]DM F\�� H� NLQHW\ND� FKHPLF]QD� MHVW�ZROQD�Z� VWRVXQNX�GR�SURFHVyZ�PLHV]DQLD���
:� WDNLFK�ZDUXQNDFK� SáRPLH � QLH�PR H� LVWQLHü�� SRQLHZD � MHVW� JDV]RQ\� SU]H]� LQWHQ�
V\ZQH�PLHV]DQLH� L�VSDODQLH�PD�FKDUDNWHU�UHDJRZDQLD�Z�FDáHM�REM WR FL��1LH�PD�LQWH�
UDNFML�PL G]\�WXUEXOHQFM �L�SURFHVHP�VSDODQLD���

:�REV]DU]H�SáRP\NyZ��.D������OLQLD�6N =�X ÷6ø �G]LHOL�GZD�SRGREV]DU\��:�SRGREV]D�
U]H�SáRP\NyZ�SRPDUV]F]RQ\FK�SU GNR ü�SURSDJDFML�SáRPLHQLD�MHVW�ZL NV]D�RG�SU GNR�
FL�QDMZL NV]\FK�ZLUyZ��6N �!�X ÷6ø ���GODWHJR�SU GNR ü�SáRPLHQLD� MHVW�F]\QQLNLHP�GR�
PLQXM F\P�Z� MHJR� UR]ZRMX� Z� VWRVXQNX� GR� RGG]LDáDQLD� WXUEXOHQFML��:� SRGREV]DU]H�
SáRP\NyZ�SRIDáGRZDQ\FK��X ÷6ø �!�6N �!�Xη��GX H�ZLU\�RGG]LDáXM �QD�HZROXFM �SáRPLH�
QLD��:� ]UR]XPLHQLX�PHFKDQL]PX� G]LDáDQLD� VWUXNWXU�ZLURZ\FK� QD� UR]ZyM� SáRP\NyZ�
SRPR H�ZSURZDG]HQLH�VNDOL�*LEVRQD�

ε�3OP 6O = �
2]QDF]D�RQD�FKDUDNWHU\VW\F]Q\�UR]PLDU�ZLUyZ�SU]HQRV]RQ\FK�Z�SU]HSá\ZLH�WXUEX�

OHQWQ\P��7 �GURJ �SU]HQRV]RQH�V �REM WR FL�SáRPLHQLD��Z\VS\��]�DQJ��LVODQGV���Z�RE�
V]DU� ZLH HM� PLHV]DQNL�� :\VS\�PDM � WHQGHQFM �
GR�]ZL NV]DQLD�REM WR FL�]�JRGQLH�]�NLHUXQNLHP�
SURSDJDFML� SáRPLHQLD�� DOH� LFK� UR]PLDU\� XOHJDM �
UHGXNFML�SU]H]�ZVW SXM FH�ZLU\�R�UR]PLDUDFK�O Q ��
:SDGDM FH� GR� REV]DUX� SáRPLHQLD� REM WR FL�
ZLH HM� PLHV]DQNL� XOHJDM � V]\ENLHPX� VSDOHQLX��
Z�Z\QLNX� UR]SDGX� L�SU]\VSLHV]RQHM�G\IX]ML� WXU�
EXOHQWQHM��U\V���������
�

7XUEXOHQWQH�VSDODQLH�QLHZ\PLHV]DQH��G\IX]\MQH��
:�QLHKRPRJHQLF]Q\P�SROX�PLHV]DQNL�VWUHID� UHDNFML�QDOH \�GR�Z\VRNRWHPSHUDWX�

URZHJR� REV]DUX� RWDF]DM FHJR� SRZLHU]FKQL � VNáDGX� VWHFKLRPHWU\F]QHM� PLHV]DQNL� I R ��
L�ZUD]�]� W\P�REV]DUHP�MHVW�SU]HQRV]RQD�RUD]�G\IXQGXMH��:�RGUy QLHQLX�RG�VSDODQLD�
Z\PLHV]DQHJR��SáRPLHQLH�NLQHW\F]QH���Z�VSDODQLX�QLHZ\PLHV]DQ\P��SáRPLHQLH�G\IX�
]\MQH�� QLH�PD� SU GNR FL� UR]SU]HVWU]HQLDQLD� VL � SáRPLHQLD�� ,VWQLHMH� VNDOD� F]DVX� �F]DV�
FKHPLF]QHJR�UHDJRZDQLD���QLH�PD�QDWRPLDVW�]QDF]HQLD�VNDOD�SU GNR FL�F]\�VNDOD�GáX�
JR FL�Z�RGQLHVLHQLX�GR�JUXER FL�SáRPLHQLD�G\IX]\MQHJR��=�WHJR�SRZRGX� UHGQLRNZD�
GUDWRZD�ZDUWR ü�IOXNWXDFML�SU GNR FL�X ÷6ø �QLH� MHVW�RGSRZLHGQLP�SDUDPHWUHP�GR�GHIL�
QLRZDQLD�IRUP�WXUEXOHQWQHJR�VSDODQLD�QLHZ\PLHV]DQHJR��3RQLHZD �SU]HVWU]HQQH�UR]�
NáDG\�SDOLZD�L�XWOHQLDF]D�RNUH ODM �SRáR HQLH�SáRPLHQLD�G\IX]\MQHJR��]DWHP�WR�IOXNWX�
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DFMH� ZVSyáF]\QQLND� ]PLHV]DQLD� I � V � RGSRZLHG]LDOQH� ]D� SRIDáGRZDQLH� SRZLHU]FKQL�
SáRPLHQLD��

:�QLHKRPRJHQLF]Q\P�SROX�PLHV]DQNL� SDOQHM� V]\ENR ü� UHDNFML� VSDODQLD� MHVW�GX D�
W\ONR�GOD�VWHFKLRPHWU\F]QHJR�VNáDGX�PLHV]DQNL�I� �I R ��GODWHJR�UR]SDWUXMH�VL �IOXNWXDFMH�
ZVSyáF]\QQLND�]PLHV]DQLD��I�Z�SREOL X�MHJR�ZDUWR FL�VWHFKLRPHWU\F]QHM�I R ��'OD�PDá\FK�
ZDUWR FL� ZDULDQFML� ZVSyáF]\QQLND� ]PLHV]DQLD�� NWyUD� PR H� Z\QLNDü ]� LQWHQV\ZQHJR�
PLHV]DQLD�OXE�]�F] FLRZHJR�Z\PLHV]DQLD�SDOLZD�]�XWOHQLDF]HP��GX D�V]\ENR ü�UHDN�
FML�SRZRGXMH�á F]HQLH�VL �VWUHI�UHDNFML��:yZF]DV�VSDODQLH�RGSRZLDGD�UDF]HM�ZDUXQNRP�
VSDODQLD� F] FLRZHJR�Z\PLHV]DQHJR� DQL HOL� VSDODQLX� QLHZ\PLHV]DQHPX�� -H HOL� QDWR�
PLDVW� IOXNWXDFMH� ZVSyáF]\QQLND� ]PLHV]DQLD� � I� V � GRVWDWHF]QLH� GX H�� WR� Z\G]LHO � VL �
G\IX]\MQH� VWUXNWXU\� SáRPLHQLD�� .U\WHULXP� G\IX]\MQHM� IRUP\� VSDODQLD� RSLHUD� VL � QD�
JUXER FL� SáRPLHQLD�Z�SU]HVWU]HQL�ZVSyáF]\QQLND� ]PLHV]DQLD� �∆I��\ �� MH HOL� IOXNWXDFMH�
ZVSyáF]\QQLND�]PLHV]DQLD�E G �ZL NV]H�QL ��∆I�\ �� WR�Z\VW SL�VSDODQLH�Z�SáRP\NDFK��
Z�SU]HFLZQ\P�UD]LH�QDVW SL�SRá F]HQLH�VWUHI�VSDODQLD���

'UXJLH�NU\WHULXP��RSLHUDM FH�VL �QD�VNDOL�F]DVX��SRZLQQR�XZ]JO GQLü�VWRVXQHN�F]D�
VX� UHDNFML�FKHPLF]QHM� L�VNDOL�.RáPRJRURZD� Wη�=� �ν�ε� ] ^ 4 , która jest najkrótszym, chD�
UDNWHU\VW\F]Q\P�F]DVHP�WXUEXOHQFML��-H HOL�NLQHW\ND�FKHPLF]QD�MHVW� V]\END�Z�RGQLH�
VLHQLX�GR�VNDOL�Wη��WR�PR QD�X]QDü�� H�NRQFHSFMD�VSDODQLD�WXUEXOHQWQHJR�RSDUWD�QD�SR�
M FLX�SáRP\NyZ��IODPHOHWV��MHVW�X]DVDGQLRQD��-H HOL�MHGQDN�VNDOD�F]DVX�.RáPRJRURZD�
MHVW�SRUyZQ\ZDOQD�]H�VNDO �NLQHW\NL�FKHPLF]QHM��OXE�PQLHMV]D�RG�QLHM��WR�IRUPD�SáR�
P\NyZ�]DQLND�L�SRMDZLD�VL �IRUPD�VSDODQLD�UR]SURV]RQHJR��1D�U\VXQNX������SU]HGVWD�
ZLRQR�GLDJUDP�IRUP�QLHZ\PLHV]DQHJR�VSDODQLD� WXUEXOHQWQHJR�QD�SáDV]F]\ QLH��IOXN�
WXDFMD�ZVSyáF]\QQLND�]PLHV]DQLD��I�L�VWRVXQNX�VNDO�F]DVRZ\FK��=DPLHV]F]RQ\�VFKHPDW�
SáRPLHQLD� G\IX]\MQHJR� LOXVWUXMH� ]PLDQ\� IRUP\� VSDODQLD� WXUEXOHQWQHJR� SR� GáXJR FL�
SáRPLHQLD��:\VW SXM FD� X� Z\ORWX� SDOQLND� IRUPD� VSDODQLD� UR]SURV]RQHJR� SU]HFKRG]L��
Z�IRUP �SáRP\NyZ��D�QDVW SQLH�SáRPLH �VL JD�REV]DUX��Z�NWyU\P�QDVW SXMH�LFK�á F]H�
QLH�VL �>��@��
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�������0RGHOH�UR]SU]HVWU]HQLDQLD�VL �SáRPLHQLD�WXUEXOHQWQHJR�
:�SU]\SDGNX�VSDODQLD�Z\PLHV]DQHJR�FHQWUDOQ\P�SUREOHPHP�MHVW�SU GNR ü�SURSD�

JDFML�SáRPLHQLD�WXUEXOHQWQHJR��-HM�ZHU\ILNDFMD�]�GDQ\PL�GR ZLDGF]DOQ\PL�MHVW�SUDZ�
G]LZ\P�WHVWHP�ND GHM�WHRULL�VSDODQLD�WXUEXOHQWQHJR��
0RGHO�SRZLHU]FKQLRZ\��

:� ]DNUHVLH� SRPDUV]F]RQ\FK�� QLHUR]FL JDQ\FK� SáRPLHQL� WXUEXOHQWQ\FK� �U\V�� ������
QDMSRZV]HFKQLHMV]H�V �PRGHOH�ÄSRZLHU]FKQLRZH´��=DNáDGD�VL �Z�QLFK�� H�SRZLHU]FK�
QLD�SáRPLHQLD� WXUEXOHQWQHJR�SR]RVWDMH�FL JáD��QDWRPLDVW�G]LDáDM FH�QD�QL � ]DEXU]HQLD�
WXUEXOHQWQH� R� VNDOL� ]QDF]QLH�ZL NV]HM� RG� JUXER FL�SáRPLHQLD� ODPLQDUQHJR�SRZRGXM �
MHG\QLH� GHIRUPDFM � SRZLHU]FKQL� SáRPLHQLD� �U\V�� ������� 3LHUZV]\P� WZyUF � WHRULL� E\á�
'DPN|KOHU��NWyU\�SRGDá�IRUPXá �XMPXM F �]ZL NV]HQLH�SRZLHU]FKQL�SáRPLHQLD�
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JG]LH�$N � L�$ n � WR�RGSRZLHGQLR�SRZLHU]FKQLD�SRPDUV]F]RQHJR�SáRPLHQLD� ODPLQDUQHJR��
L�X UHGQLRQD�SRZLHU]FKQLD�SáRPLHQLD�WXUEXOHQWQHJR���

=�JHRPHWU\F]Q\FK�UR]ZD D �Z\QLND�� H�JG\�$N ��$ n �=���+�X oAp �6N ��RWU]\PXMH�VL �
� qq r 6
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,GH �'DPN|KOHUD�UR]ZLQ á�6]F]HáNLQ��NWyU\�QD�SRGVWDZLH�EDUG]LHM� V]F]HJyáRZ\FK�
UR]ZD D � JHRPHWU\F]Q\FK� SRPDUV]F]RQ\FK�� QLHUR]FL JDQ\FK� SáRPLHQL� ODPLQDUQ\FK�
RWU]\PDá�IRUPXá �QD�SU GNR ü�WXUEXOHQWQ �SURSDJDFML�SáRPLHQLD�>�@�
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3y QLHMV]H�� EDUG]LHM� ]áR RQH� PRGHOH�� MDN� &ODYLQD� L� :LO�
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L�%UDGOH\�>�@�SRGM OL�Z\VLáHN�NRUHODFML� IRUPXá\�GOD�SU GNR FL�
SURSDJDFML�SáRPLHQLD� WXUEXOHQWQHJR�]�ZLHORPD�Z\QLNDPL�ED�
GD �GR ZLDGF]DOQ\FK��RWU]\PXM F�]DOH QR ü�W\SX���������
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0RGHO�PLNURREM WR FLRZ\�D�NRQFHSFMD�SáRP\NyZ�
:�PRGHOX�PLNURREM WR FLRZ\P� ]DNáDGD� VL �� H� SU GNR ü� VSDODQLD� MHVW�Z\QLNLHP�

SRFKáDQLDQLD�SU]H]�REV]DU�VSDOLQ�REM WR FL��NLHV]HQL�� ZLH HM�PLHV]DQNL��NWyUH�Z�Z\QL�
NX�SURFHVX�NDVNDGRZHJR�UR]SDGX�]RVWDM �UR]GUREQLRQH��D�RWRF]RQH�SU]H]�JRU FH�JD]\�
V]\ENR�SU]HUHDJRZXM ��U\V��������>�@��

�

�
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3U GNR ü�VSDODQLD�E G]LH�Z�W\P�SU]\SDGNX�]QDF]QLH�SU]HZ\ V]DáD�SU GNR ü�VSDOD�
QLD� ODPLQDUQHJR�� ]H�Z]JO GX�QD� SU]\VSLHV]HQLH� SURFHVyZ�PROHNXODUQ\FK�SU]H]� UXFK�
WXUEXOHQWQ\��0RGHO�WHQ�SU]\SRPLQD�PRGHO�SRZLHU]FKQLRZ\��Z�NWyU\P�XZ]JO GQLRQR�
SU]\VSLHV]HQLH�SU GNR FL� VSDODQLD� ODPLQDUQHJR�SU]H]� WXUEXOHQFM �R�PDáHM� VNDOL��0L �
G]\�PRGHODPL�W\PL�LVWQLHMH�MHGQDN�]DVDGQLF]D�Uy QLFD��3U GNR ü�UR]SU]HVWU]HQLDQLD�VL �
SáRPLHQLD�WXUEXOHQWQHJR�Z�PRGHOX�PLNURREM WR FLRZ\P�QLH�W\ONR�]DOH \�RG�SU GNR FL�
SáRPLHQLD�ODPLQDUQHJR��PHFKDQL]P�UR]SU]HVWU]HQLDQLD�VL �SáRPLHQLD�PD�WDN H�FKDUDN�
WHU� K\GURPHFKDQLF]Q\�� 1D� GLDJUDPLH� %RUJKLL� �U\V�� ������ WD� IRUPD� VSDODQLD� GRW\F]\�
SáRP\NyZ�SRIDáGRZDQ\FK��.D������'D�!����X o�p �!�6N �!�Xη���$QDOL]D�SU GNR FL�UR]SU]H�
VWU]HQLDQLD�VL �SáRPLHQL�WDNLHJR�W\SX�MHVW�EDUG]R�WUXGQD��¤�� ��� �/�%��������� ����~�¥¦������� � � �%�§���!�A£%� ¨+�©�%~%������������������� �����%~�����ªb� �§��� �!��~%����� �A� ����� ��� � � ��£������A� � ª �� �%�!�'��� ���+� ��� � � ��£�� ¥ � ��� � ���%��� �A� �%� ����� ����� ����� �j����� � ~F�%�I� ����� �����!��� � � � ��£�� ��� � ��� � ���'��� �A�
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�������0RGHOH�V]\ENR FL�VSDODQLD�WXUEXOHQWQHJR��
VWRVRZDQH�Z�REOLF]HQLDFK�QXPHU\F]Q\FK��

:�RVWDWQLFK� WU]HFK�GHNDGDFK�QDVW SLá�]QDF]Q\�PHWRG�NRPSXWHURZHJR�PRGHORZD�
nia procesów cieplno�SU]HSá\ZRZ\FK�ZHGáXJ�PRGHOL�PDWHPDW\F]Q\FK�WXUEXOHQWQHJR�
VSDODQLD�� =DSRWU]HERZDQLH� QD� WDNLH� QDU] G]LD� ]JáDV]DM � P�LQ�� NRQVWUXNWRU]\� NRWáyZ�
S\áRZ\FK��WXUELQ�JD]RZ\FK�L�VSDOLQRZ\FK�VLOQLNyZ�WáRNRZ\FK��
0RGHO�SáRPLHQLD�G\IX]\MQHJR�]�ÄV]\EN �NLQHW\N �FKHPLF]Q ´�
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3DOLZR� L� XWOHQLDF]� V � GRVWDUF]DQH� GR� SáRPLHQLD� G\IX]\MQHJR� RGU EQ\PL� VWUXPLH�
QLDPL��GODWHJR�MH HOL�F]DV�UHDNFML�FKHPLF]QHM�VSDODQLD�E G]LH�NUyWNL��WR�V]\ENR ü�VSD�
ODQLD�E G]LH�]DOH DáD�SU]HGH�ZV]\VWNLP�RG�SURFHVyZ� WUDQVSRUWX��'OD� WDNLFK�SáRPLHQL�
]DVWRVRZDQLH� ]QDMGXMH� PRGHO� ]� V]\EN � NLQHW\N � FKHPLF]Q � �DQJ�� IDVW� FKHPLVWU\����
Z�NWyU\P�]DNáDGD�VL �� H��]PLHV]Dü�]QDF]\�VSDOLü���

:�PRGHOX�W\P�NLQHW\ND�FKHPLF]QD�]UHGXNRZDQD�MHVW�GR�SURVWHJR�VFKHPDWX�
��NJ�SDOLZD���V�NJ�XWOHQLDF]D� ������V��VSDOLQ\�

:D Q �URO �SHáQL�Z�QLP�ZSURZDG]RQ\�Z�S��������ZVSyáF]\QQLN�]PLHV]DQLD� I���������
którego�SRGVWDZRZ �FHFK �V � OLQLRZH�UHODFMH�PL G]\� I� L�NRQFHQWUDFMDPL��SDOLZD�< À�Á Â ��
XWOHQLDF]D�< Ã�Ä Â �L�SURduktów reakcji < ÀAÅ Æ�Ç �

GOD����≤�I�≤�I R �� �< À�Á Â �=����< Ã�Ä Â �=�< ÃAÄ Â È É �I�–�I R ��I R �
GOD��I R �≤�I�≤���< Ã�Ä Â �=���� �< À�Á!Â �=�<À�Á!Â È É �I�–�I R �����−�I R ��

JG]LH�I R ��=����+�V< À�Á Â È É �< Ã�Ä Â È É ��MHVW�ZDUWR FL ��I�GOD�VWHFKLRPHWU\F]QHJR�VNáDGX�PLHV]DQNL��
:\VWDUF]\� ]DWHP� Z\]QDF]\ü� UR]NáDG� ZVSyáF]\QQLND� ]PLHV]DQLD� I�� HE\� RNUH OLü�

UR]NáDG\� NRQFHQWUDFML� UHDJHQWyZ� Z� REV]DU]H� VSDODQLD�� -H HOL� ]áR \ü� DGLDEDW\F]QR ü�
SáRPLHQLD��WR�PR QD�]�SRGREQHM�UHODFML�Z\]QDF]\ü�Z�QLP�UR]NáDG�WHPSHUDWXU\�>��@���

5R]NáDG�ZVSyáF]\QQLND�]PLHV]DQLD�I �[��Z�REV]DU]H�VSDODQLD�Z\]QDF]D�VL ��UR]ZL �
]XM F� UyZQDQLD� SU]HSá\ZX� �FL JáR FL�� 1DYLHUD–6WRNVD� OXE� Z� SU]\SDGNX� SU]HSá\ZX�
turbulentnego równania Reynoldsa) oraz dodatkowo równanie transportu dla wspóá�
F]\QQLND��I, które ma pRVWDü��]DVWRVRZDQR�GOD�XSURV]F]HQLD�]DSLVX�QRWDFM �(LQVWHLQD���
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JG]LH��6F�–�OLF]ED�6FKPLGWD� ρ –�ZDUWR ü�X UHGQLRQD�SR�F]DVLH�� ρρ �II =~ �QD]\ZD�VL �
ZDUWR FL �X UHGQLRQ �)DYUH���

3RZ\ V]H� UyZQDQLH� WUDQVSRUWX� XMDZQLD� MHV]F]H� MHGQ � ZD Q � ZáD FLZR ü� wspóá�
F]\QQLND�]PLHV]DQLD�I, mianowicie równanie (2.18) jest be] UyGáRZH��2]QDF]D�WR�� H�
QLH�MHVW�NRQLHF]QH�SRGDQLH�Z�QLP�F]áRQX�RNUH ODM FHJR�V]\ENR ü�UHDNFML�FKHPLF]Q\FK��
FR�MHVW�QDMWUXGQLHMV]\P�SUREOHPHP�SRGF]DV�PRGHORZDQLD�VSDODQLD�WXUEXOHQWQHJR���

-HVW�WR�EDUG]R�XSURV]F]RQ\�VSRVyE�PRGHORZDQLD��V]F]HJyOQLH�DGLDEDW\F]QR ü�SáR�
PLHQLD�PR H�E\ü�NZHVWLRQRZDQD��'OD�ZLHOX�MHGQDN�]DVWRVRZD ��]ZáDV]F]D�MH HOL�VSD�
ODQLH� ]DFKRG]L� Z� VNRPSOLNRZDQ\FK� JHRPHWULDFK�� WDNLH� SU]\EOL HQLH� E\ZD� EDUG]R��
SRPRFQH� Z� G]LDáDOQR FL� LQ \QLHUVNLHM�� 'DOV]\P� NURNLHP� NX� SRSUDZLH� ZLHUQR FL��
PRGHORZDQLD� MHVW� Z\]QDF]HQLH� ZDULDQFML� ZVSyáF]\QQLND� ]PLHV]DQLD� ,2I ′′ � JG]LH�
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:�PRGHORZDQLX� QXPHU\F]Q\P� SU]HSá\ZyZ� WXUEXOHQWQ\FK� ]DVDGQLF]H� ]QDF]HQLH�
PD�PRGHO�WXUEXOHQFML�/DXQGHUD�L�6SDOGLQJD�>��@��]ZDQ\�PRGHOHP�N–ε��HQHUJLD�NLQH�
W\F]QD� WXUEXOHQFML–V]\ENR ü� G\VV\SDFML� HQHUJLL� NLQHW\F]QHM� WXUEXOHQFML��� -HJR� LVWRWD�
SROHJD� QD� UR]ZL ]\ZDQLX� XNáDGX� UyZQD � FL JáR FL�� ELODQVX� VNáDGQLNyZ�� ]DFKRZDQLD�
S GX�L�HQHUJLL�GOD�ZDUWR FL�X UHGQLRQ\FK�RUD]�GRGDWNRZR�GZyFK�UyZQD �GOD�SDUDPH�
trów N�L�ε��FKDUDNWHU\]XM F\FK�LQWHQV\ZQR ü�WXUEXOHQFML��PDM F\FK�SRVWDü�W\SX��������
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w którym��ϕ�–�MHGQD�]�Z\PLHQLRQ\FK�]PLHQQ\FK��Γϕ�–�RGSRZLDGDM F\�MHM�ZVSyáF]\Q�
QLN�WUDQVSRUWX�WXUEXOHQWQHJR��6ϕ�–�F]áRQ� UyGáRZ\���

:SURZDG]RQR� OHSNR ü� HIHNW\ZQ �µ ÍfÎ �  �µ Ï � ��µ Ð �� JG]LH�µ Ð � R]QDF]D� ZVSyáF]\QQLN�
OHSNR FL�WXUEXOHQWQHM�

ε
ρµ µ
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w którym��N�–� HQHUJLD�NLQHW\F]QD�WXUEXOHQFML��P Ò �V Ò ��ε�–�V]\ENR ü�G\VV\SDFML�HQHUJLL�

NLQHW\F]QHM�WXUEXOHQFML��P Ò �V Ó ��Fµ�–�VWDáD��Z\QRV] FD������>��@��
0RGHO� N–ε� XPR OLZLD� RNUH OHQLH� WXUEXOHQWQHM� V]\ENR FL� VSDODQLD�� Z� NWyUHM� V]\E�

NR ü� XE\ZDQLD� SDOLZD� MHVW� REOLF]DQD� Z� IXQNFML� ORNDOQ\FK� SDUDPHWUyZ� SU]HSá\ZX��
6]\ENR ü� UHDNFML� FKHPLF]QHM� MHVW�Z\UD RQD� ]� ]DVWRVRZDQLHP� WXUEXOHQWQHM� VNDOL� F]D�
VRZHM�N�ε��7XUEXOHQWQD�V]\ENR ü�XE\ZDQLD�SDOLZD��XWOHQLDF]D�L�SRZVWDZDQLD�SURGXN�
WyZ�]DSLVDQD�MHVW�Z�VSRVyE�QDVW SXM F\��
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JG]LH��$��%�–�VWDáH�PRGHORZH�� ,
~ß�à á< � ,

~â�ã ä< åAæ ç�è<~ �–�RGSRZLHGQLR��XG]LDá�PDVRZ\�SDOLZD��
utleniacza i produktów, V�–�ZVSyáF]\QQLN�VWHFKLRPHWULL�GOD�UHDNFML�SDOLZD�L�XWOH�
QLDF]D��

6]\ENR ü�VSDODQLD�SDOLZD�6 é�ê ë �MHVW�REOLF]DQD�MDNR�QDMPQLHMV]D�ZDUWR ü�]�WU]HFK�SR�
Z\ V]\FK�G\VV\SDFML�WXUEXOHQWQ\FK�RUD]�V]\ENR FL�FKHPLF]QHJR�UHDJRZDQLD�>��@��
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0RGHO�WXUEXOHQWQHJR�VSDODQLD�]�SGI� �
&KDUDNWHU� WXUEXOHQWQHJR� VSDODQLD� SRZRGXMH�� H�ZDUWR FL�SDUDPHWUyZ�RNUH ODM F\FK�

WHQ�SURFHV� �WHPSHUDWXUD� L�NRQFHQWUDFMH� UHDJHQWyZ��]PLHQLDM � VL �Z�F]DVLH�� FR�F]\QL� MH�
PDáR�SU]\GDWQH�Z�SUDNW\FH��'RSLHUR�]DVWRVRZDQLH�SHZQ\FK�PLDU�VWDW\VW\F]Q\FK�SR]ZD�
OD�SR]E\ü�VL �QDGPLDUX�GDQ\FK�FKZLORZ\FK��7XUEXOHQWQ\�FKDUDNWHU�VSDODQLD�Z�PRGHOX��
]�V]\EN �NLQHW\N �QDMOHSLHM�Z\UD]Lü�SU]H]�ZSURZDG]HQLH�IXQNFML�J VWR FL�SUDZGRSRGR�
ELH VWZD�SGI��DQJ��SUREDELOLW\�GHQVLW\�IXQFWLRQ���-HM�LVWRWD�OH \�Z�]DáR HQLX�� H�ZV]\VWNLH�
]PLHQQH� SR]RVWDM � Z� WDNLP� VDP\P� VWRVXQNX� GR� ZVSyáF]\QQLND� ]PLHV]DQLD� I�� MDN��
Z�SáRPLHQLX�ODPLQDUQ\P��RUD]�PDM �WHQ�VDP�SUREDELOLVW\F]Q\�FKDUDNWHU�>������@���

0DM F�ZL F�Z�ND G\P�SXQNFLH�SáRPLHQLD�[ S �RNUH ORQ �IXQNFM �SGI ��3� I��[ S �� PR QD�
Z\]QDF]\ü�ZLHONR ü�ND GHJR�SDUDPHWUX�Z�SáRPLHQLX ,
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3RVWDü�SGI� MHVW�DUELWUDOQLH�RNUH ODQD� MDNR�GZXSDUDPHWURZD�IXQNFMD�ZDUWR FL� UHG�
QLHM I~ L�ZDULDQFML 2I ′′ ZVSyáF]\QQLND�]PLHV]DQLD��NWyU\FK�UR]NáDG\�REOLF]D�VL �WDN��MDN�
LQQH�]PLHQQH�SU]HSá\ZX�WXUEXOHQWQHJR��]�UyZQD �5H\QROGVD��������>��@���

3RUyZQDQLH� SURILOL� WHPSHUDWXU\� Z� VZRERGQ\P� WXUEXOHQWQ\P� SáRPLHQLX� PHWDQR�
Z\P�REOLF]RQ\FK�EH]SR UHGQLR�]�UyZQD �5H\QROGVD�RUD]�]D�SRPRF �PRGHOX�]�SGI�>�@��
ZVND]XMH�� H�WHQ�RVWDWQL�PRGHO�OHSLHM�SU]\EOL D�Z\QLNL�SRPLDUyZ��U\V���������
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VL �ORNDOQLH�]H�ZVSyáF]\QQLNLHP�]PLHV]DQLD�I��
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5yZQDQLD�W\SX��������PR QD�UR]ZL ]Dü�GOD�XG]LDáyZ�VNáDGQLNyZ�< Æ Ç È �L�WHPSHUDWXU\�
SáRP\ND�7È ��RWU]\PXM F�GOD�Uy Q\FK�ZDUWR FL�χ� W]Z��ELEOLRWHN �SáRP\NyZ�VWDFMRQDU�
Q\FK� �NLONDVHW� VWUXNWXU� SáRP\NyZ��� .RU]\VWDM F� ]� QLHM� PR QD� V\PXORZDü� PHWRG �
6/)0��6WDWLRQDU\�/DPLQDU�)ODPHOHW��OLEUDU\��0RGHO��G\IX]\MQH�SáRPLHQLH�WXUEXOHQW�
QH�� ]� ]DVWRVRZDQLHP� GRGDWNRZR� SR]QDQHM� MX � IXQNFML� J VWR FL� SUDZGRSRGRELH VWZD�
SGI��:� W\P� SU]\SDGNX� SGI� MHVW� MHGQDN� IXQNFM � GZXSDUDPHWURZ �� ( )I33 ,χ= � >��@��
$OJRU\WP�REOLF]H �MHVW�ZL F�QDVW SXM F\���

����REOLF]D�VL �UR]NáDG\�ZVSyáF]\QQLND�]PLHV]DQLD� ( )W[I ,
~ ��]�Uównania ��������L�MH�

JR�ZDULDQFML ,2I ′′ ��
����REOLF]D�VL �UR]NáDG�ZVSyáF]\QQLND�G\VV\SDFML� ( ),,W[χ ��
����GDOHM�SRGREQLH��MDN�Z�PHWRG]LH�SGI��REOLF]D�VL �NRU]\VWDM F�]�ELEOLRWHNL�SáRP\�
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JG]LH� ÍÍ 7< a�a � R]QDF]DM � UHGQLH� )DYUH�� SRGREQLH� ),,(
~ [I3 χ MHVW� SGI� X UHGQLRQ � )DYUH���

D�ZLHONR FL�ρÎ ��< Ï Ð Î �L�7Î �WR�SDUDPHWU\�SáRP\NyZ��SRFKRG] FH�]�LFK�ELEOLRWHNL�>��@��
Ñ}Ò9Ó'Ô Õ�Ó1Õ�ÖAÒ�×�Ø ÙÚ/Õ�×�Û
Ù�Ü/Û Ý�Ø�ÞRß à�á�â�ã9ä�å~æ�ÕAç�Õ�æ�Ù
è Õ�Ö�Ò�×�Ø Ò�æ�é�ê ë�ì
é1Ý�×�Ù
í�Õ<Ü�î Õ�ç<Ø Ù�×�Ø Ò>Ô ë�ï�ð�ë�è Ù�×�Ô ×�Ù
í�Õ�ë�ç�Õ è Ø Ö,Ø ÒÔ Ò�Ú Ù�Õ9Ú�ï1Ù è Ù�×�Ø Ù>ÖAÒ�ï�ë�×�Ú�ñ�Ö¬í�Ò ×�Ø Û
Ø ÒCÜ�î Õ�ç<Ø Ù�×�Ø Ò�ò�ó�Ò�Ú�Ü/Õ�æ�Ò�×�Õ,ÖDÜ�ò�ô�ò õ/ò õ�ö�Ý�Ù Ù
è Ø/Ö�Ó'Ü�ñ�î Û�ì
é�×�×�Ø Ú æ�é�Ó�Ó'é�Ü�Ò9Û Ý�Ø

χÜ�ï7ì�Ù�Ú�ï1Õ�Û�ì
é¥ÖAÒ�ï'Ô Õ ÷øÚ�ï'é�Ô é�Û�ì
× öRÔ Õ�è Ò�ç�Ø ×/Ò�ï'×�é<Þ}ß à�áùâ/ãúì�í�Ò ×�Ø Ù�ò�û�Õ�ì
é�Ô é�Ö,×�é�çüÔ Ù9Ó'Ô Ù�çüæ�è ÒúÓ'Ü�ï7Ò�Ö�æ�ì�Ù�×�Ø ÒøÔ Ù Ý
Ú/Õ�×/Û
Ù�Ü/Û Ý�Ø?æ�Õ<Ü�î Õ�ç<Ø Ù�×�Ø ÒÔ ë�ï ð�ë�è Ù�×�Ô ×�Ù
í�ÕAð�é�î Õ�ç<Õ�æ�Ù
è Õ�ÖAÒ�×�Ø Ù�æ�é�ê ë�ì9é1Ý1×�é�Û�ý�Ü�î Õ�ç�Ø Ù�×�Ø?ë�×�Ø Ù9Ó1Ø Õ�×�é�Û�ý/ö�æ�è Ò�Ú�Ô ñ�ï�é�Û�ý
ë�æ�Ò�î Õ�Ó1Ø Õ�Ú�ï7Ù è Ø ÷|Öé�Ó1Õ�Ú/Õ ÷|ë�×�Ø Ù9Ó1Ø Ù�×�Ø Ò}Ü�î Õ�ç<Ø Ù�×�Ø Ò}Ô ë�ï�ð�ë�è Ù�×�Ô ×�Ù
í�Õ�þ ô�ô�ÿ�ò

�����$HURG\QDPLND�VZRERGQ\FK�SáRPLHQL�
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�D��

E��

�������3U]HM FLH�RG�SáRPLHQLD�ODPLQDUQHJR�GR�WXUEXOHQWQHJR�
3U]HM FLH� RG� SáRPLHQLD� ODPLQDUQHJR� GR� WXUEXOHQWQHJR� MHVW� ]D]Z\F]DM� FKDUDNWHU\�

]RZDQH�OLF]E �5H\QROGVD��5H� �XG�Y), która jest odwrotnie proporcjonalna do wspóá�
F]\QQLND� OHSNR FL�NLQHPDW\F]QHM�JD]X��7\PF]DVHP�ZDUWR ü�ZVSyáF]\QQLND� OHSNR FL�
NLQHPDW\F]QHM�ν�EDUG]R�]DOH \�RG�WHPSHUDWXU\�L�Z�UHJLRQLH�VSDODQLD�]ZL NV]D�VL �RG�
���GR����UD]\�Z�VWRVXQNX�GR�ZDUWR FL�ν�Z�WHPSHUDWXU]H�SRNRMRZHM��0D�WR�LVWRWQH�NRQ�
VHNZHQFMH�GOD�VWUXNWXU\�SáRPLHQLD�WXUEXOHQWQHJR���

3U]HGH�ZV]\VWNLP�NU\W\F]QD�ZDUWR ü�OLF]E\�5H\QROGVD�5H ��� �SU]HM FLD�RG�SáRPLHQLD�
ODPLQDUQHJR�GR�WXUEXOHQWQHJR��RNUH ORQD�Z�RGQLHVLHQLX�GR�ZDUXQNyZ�Z\Sá\ZX�JD]X��
]QDF]QLH�Uy QL�VL �RG�5H ��� �GOD�SU]HSá\ZX�Z�SU]HZRG]LH�NRáRZ\P��5H��� �≅��������:DU�
WR FL� OLF]E�5H\QROGVD��SU]\�NWyU\FK�]DFKRG]L�SU]HM FLH�RG�SáRPLHQLD� ODPLQDUQHJR�GR�
turbulentnego, zmierzone dla warunków izotermicznych na wylocie palnika dla ró �
Q\FK�SDOLZ��SU]HGVWDZLDM �VL �RGSRZLHGQLR��

–� wodór:����������������
–� JD]�PLHMVNL��������÷�����
–� WOHQHN�Z JOD�������
–� PHWDQ�����������������

–� wodór + powietrze pierwotne:�������������÷�����
–� JD]�PLHMVNL���SRZLHWU]H�SLHUZRWQH������÷�����
–� SURSDQ��DFHW\OHQ�����������������������������������÷������
�

7R�]DVNDNXM FH�]ZL NV]HQLH�5H��� �GOD�SáRPLHQLD�MHVW�VSRZRGRZDQH�]MDZLVNLHP� OD�
PLQDU\]DFML�SáRPLHQLD��SROHJDM FHM�QD� WáXPLHQLX�WXUEXOHQFML�QD�VNXWHN�]QDF]QHM� OHS�
NR FL�VSDOLQ��0LPR�ZL F�WXUEXOHQWQHJR�FKDUDNWHUX�Z\Sá\ZX�]�SDOQLND�L�GX HM�ZDUWR FL�
OLF]E\�5H\QROGVD��ZHZQ WU]�SáRPLHQLD�PR H�Z\VW SLü�UHJLRQ�SU]HSá\ZX�ODPLQDUQHJR��
Z�NWyU\P�SURFHV\�SU]HND]\ZDQLD�QLH�PDM �FKDUDNWHUX�WXUEXOHQWQHJR��OHF]�PROHNXODU�
Q\��/DPLQDU\]DFMD�RSy QLD�ZVW SRZDQLH�SRZLHWU]D�GR�SáRPLHQLD��FR�VNXWNXMH�ZROQLHM�
V]\P� Z\UyZQ\ZDQLHP� SU GNR FL� RVLRZHM� RUD]� Z\GáX HQLHP� SáRPLHQLD�� D� SU]HGH�

ZV]\VWNLP� SU]HVXQL FLHP�
]DNUHVX� WXUEXOHQWQHJR� VSDODQLD�
NX�ZL NV]\P�OLF]ERP�5H\QROGVD��
3áRPLH � XOHJD� ODPLQDU\�� ]DFML�
]ZáDV]F]D�ZWHG\�� NLHG\� SD�� OLZR�
JD]RZH� ]DZLHUD� SRZLHWU]H��
ZyZF]DV� WXUEXOHQWQH� SXOVDFMH� V �
WáXPLRQH� SU]H]� SRF] WNRZ\�� NL��
QHW\F]Q\�RGFLQHN�VSDODQLD���

Na rysunku 2.22 porównano 
RVLRZH�SURILOH�SU GNR FL�L�DPSOL��
WXG\�SXOVDFML�SU GNR FL�Z�SáRPLH��
QLX� L� L]RWHUPLF]Q\P� VWUXPLHQLX�
�5H� ���������SDOLZHP�E\áD�PLH��
V]DQND� + � � �� 1 � � >��@�� 6WUXPLH �

�|é�Ó�ò�ô/ò ô�ô�ò
û�Õ9ï1ñ�Ö�×/Ò�×�Ø Ù|Ü�ï7Õ�ê�Ø è Ø�Õ�Ó1Ø Õ9Ö,é�Û�ý,Ü�ï æ9Ú/Õ Û
Ø
)( �Ø�Ü�ë�è Ó1Ò
Û Ý�Ø�Ü�ï æ�Ú�Õ Û
Ø/Õ�Ó1Ø Õ9Ö�Ù Ý��
	 ��Õ9ï1Ò�ì|ï1Ò
æ�Ø Ò
è ×�Ù Ý�� � ��Ö�

Ò��?Ü�î Õ9ç�Ø Ù�×�Ø ë�ÖAÕ�æ�Õ�ï7Õ�Ö,é�ç�ö�ð��?ÖDÓ'Ô ï�ë�ç<Ø Ù�×�Ø ëAØ ì�Õ�Ô Ù�ï'ç<Ø Û�ì
×�é�ç
þ ô�� ÿ
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L]RWHUPLF]Q\�SR�RNRáR� ��� UHGQL�� FDFK�SU]HFKRG]L�Z� RGFLQHN� ]DVDG�� QLF]\�� QDWRPLDVW�
Z\UyZQ\ZDQLH�SURILOX�SU GNR FL�Z�SáRPLHQLX�WUZD�NLONDNURWQLH�GáX HM��,VWRWQD�Uy QLFD�
Z\VW SXMH� WDN H�Z�SU]\��SDGNX� LQWHQV\ZQR FL� WXUEXOHQFML�� NWyUD�GOD� VWUXPLHQLD�RVL JD�
PD��NVLPXP�Z�PLHMVFX�SU]HM FLD�VWUX��PLHQLD�Z�VWUHI �SU]HSá\ZX�UR]ZLQL WHJR��[�G�≈�
�����Z�SáRPLHQLX�QDWRPLDVW�PDNVLPXP�SU]HVXQ áR�VL �D �GR�[�G�≈�����

�������:Sá\Z�SU GNR FL�Z\Sá\ZX�QD�VWUXNWXU �G\IX]\MQHJR�SáRPLHQLD�
:Sá\Z�WXUEXOHQFML�QD�SURFHV�VSDODQLD�SRZRGXMH�� H�]PLDQD�SU GNR FL�Z\Sá\ZX�SD�

OLZD�JD]RZHJR�]�G\V]\�PR H�Z\ZRáDü�]QDF]Q �]PLDQ �FHFK�SáRPLHQLD��-H HOL�SU G�
NR ü�Z\ORWRZD�JD]X�MHVW�PQLHMV]D�RG�ZDUWR FL�RGSRZLDGDM FHM�NU\W\F]QHM�OLF]ELH�5H\�
QROGVD�5H ��� ��WR�G\IX]\MQ\�SáRPLH �PD�FKDUDNWHU�ODPLQDUQ\��D�PLHV]DQLH�VL �JD]X�L�SR�
ZLHWU]D�]DFKRG]L�ZVNXWHN�G\IX]ML�PROHNXODUQHM�Z�FLHQNLP�IURQFLH�VSDODQLD��PDM F\P�
XVWDORQH�� Z\QLNDM FH� ]H� VWHFKLRPHWULL�� SRáR HQLH�� =ZL NV]DQLH� SU GNR FL� Z\ORWRZHM�
JD]X�]�G\V]\�SRZRGXMH�Z\GáX DQLH�SáRPLHQLD��D �GR�SHZQHM�SU GNR FL�NU\W\F]QHM��SR�
której SU]HNURF]HQLX�NR FRZD�F] ü�SáRPLHQLD�WUDFL�VWDELOQR ü�>��@��

'DOV]H�]ZL NV]DQLH�SU GNR FL�Z\Sá\ZX�SURZDG]L�GR�XNV]WDáWRZDQLD�VL �SáRPLHQLD�
WXUEXOHQWQHJR��:�SXQNFLH�W\P�QDVW SXMH�]DWHP�SU]HM FLH�RG�SáRPLHQLD�ODPLQDUQHJR�GR�
SáRPLHQLD� WXUEXOHQWQHJR��2GOHJáR ü�RG�Z\ORWX�G\V]\�GR�SRF] WNX�REV]DUX�SáRPLHQLD�
WXUEXOHQWQHJR�MHVW�QD]\ZDQD�RGOHJáR FL �SXQNWX�]DáDPDQLD�>��@���

1D� U\VXQNX� ����� SU]HGVWDZLRQR� ZSá\Z� SU GNR FL� Z\ORWRZHM� JD]X� QD� GáXJR ü��
L� VWUXNWXU � SáRPLHQLD�� :UD]� ]H� ]ZL NV]HQLHP� SU GNR FL� SRF] WNRZR� REVHUZXMH� VL �
SUDZLH�SURSRUFMRQDOQ\�Z]URVW�GáXJR FL�SáRPLHQLD�R�VWDá\P�NV]WDáFLH� L�RVWU\P�EU]HJX��
*G\�JD]\�RVL JQ �GRVWDWHF]QLH�GX �SU GNR ü��F] ü�SáRPLHQLD�]PLHQLD�VZyM�SLHUZRW�
Q\� NV]WDáW�� SU]\ELHUDM F� NV]WDáW� NU]HZX��
FKDUDNWHU\VW\F]Q\� GOD� SáRPLHQLD� WXUEX�
OHQWQHJR�� 3U]\� GDOV]\P� ]ZL NV]DQLX�
SU GNR FL�SXQNW��Z�NWyU\P�]DáDPXMH�VL �
VWUXNWXUD� ODPLQDUQD�� SU]HPLHV]F]D� VL ��
Z�NLHUXQNX�Z\ORWX�G\V]\��3áRPLH �VWDMH�
VL �Z�SHáQL�WXUEXOHQWQ\��JG\�SXQNW�]DáD�
PDQLD� VL � VWUXNWXU\�ODPLQDUQHM�SU]HPLH FL�
VL � Z� SREOL H� Z\ORWX� G\V]\�� 'DOV]H�
]ZL NV]DQLH� SU GNR FL� QLH� ZSá\ZD� MX �
QD�]PLDQ �NV]WDáWX�SáRPLHQLD��3RZRGXMH�
MHG\QLH�Z]URVW�KDáD OLZR FL�RUD]�]PQLHM�
V]HQLH� LQWHQV\ZQR FL� ZLHFHQLD� SáRPLH�
QLD��
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�|é�Ó�ò�ô�ò ô�õ/ò�Ñ�ç<Ø Ò�×�éAæ�î ë�í�Õ Û
Ø/Ø/Ó'Ô ï�ë�Ú�Ô ë�ï'é�Ü�î Õ�ç<Ø Ù ×�Ø Ò
æ�é�ê ë�ì
é1Ý1×�Ù
í�Õ�ì�Ù|Ö,ì�ï7Õ�Ó'Ô Ù�ç2Ü�ï æ�Ú�Õ Û
Ø�Ö�é�Ü�î é�Ö�ë
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��T�Ò
è Ù é�Ý�Ù
æ9×/Ò�Ú5ì�Ò�ì
×/Ò
Û�ì
é�÷9ö Ù¤ÖÜ�î é�Ö Ü�ï æ�Ú�Õ Û�Ø
Ö,é�Ü�î é�Ö�ë Ü/Ò
è Ø Ö�ÒBí�Ò�ì9Õ�Ö�Ù
í�ÕW×/ÒBæ�î ë/í�Õ ÷2Ü�î Õ�ç�Ø Ù�×�Ø Ò
Ô ë�ï�ð�ë�è Ù�×�Ô ×�Ù
í�Õ ì�Ò
è Ù é ï1ñ�Ö�×�Ø Ù Õ�æ ï1Ù
æ9×�Ø Û�é æ�é�Ó7ì
é
Ü�Ò
è ×�Ø Ú�ÒU� ï�é�Ó�ò/ô�ò ô"V"�1ò�û/ï7ì
é�ç�Ò�î é�Û�ý ï7Ù
æ�×�Ø Û9Ò
Û�ý¢Ø�æ�ë é�Û�ý
Ü�ï æ�Ú/Õ Û
Ø Ò
Û�ý æ�î ë�í�Õ ÷ Ü�î Õ�ç<Ø Ù�×/Ø Ò ×�Ø Ù ì�Ò
è Ù é Õ�æ
Ü�ï æ�Ú/Õ Û
Ø ö}×/Ò�Ô Õ�ç<Ø Ò9Ó'Ô,Ü�ï�ì
é~æ�ë é�Û�ý ï7Ù
æ�×�Ø Û9Ò
Û�ý�æ�é�Ó7ì
é
Ü�Ò
è ×�Ø Ú�Ò Ø ×�Ô Ù�×/Ó'é�Ö�×�Ø Ù ï7Õ ×�Ø Ù Öï1Ò�ì ì�Ù Ö�ì�ï1Õ�Ó7Ô Ù�ç
Ü�ï æ�Ú/Õ Û
Ø�Ö�é�Ü�î é�Ö,ë?ò

������� 'áXJR ü� ODPLQDUQ\FK� SáR�
PLHQL�G\IX]\MQ\FK�

Wî ë�í�Õ ÷}Ü�î Õ9ç�Ø Ù�×�Ø/è Ò�ç<Ø ×/Ò�ï�×�é�Û�ý�ç�Õ Ù|ð�é�÷>Õ�ð�è Ø Û�ì�Õ�×�Ò|ì�Ù|Ö,ì�Õ9ï�ë
( ) %4$/ X += �320,35log10
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Ó7Ô Ò�î Ùø×�Ø Ù�ì�Ò
è Ù ×�Ù�Õ�æ¥Ü�ï æ�Ú/Õ Û
Ø|Öé�Ü�î é�Öë¤Ø ï1Ù�æ9×�Ø Û�é�æ�é�Ó1ì
é�ö[Z
–
Ó'Ô ï�ë�ç�Ø Ù Õ�ð�Ý Ô Õ Û
Ø ö
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Ó7Ô Õ�Ó'ë�×�Ù�Ú~ç�Õ�è Õ9Ö,éDÓ'Ô ï�ë�ç<Ø Ù�×�Ø ÒúÜ�Õ�Ö�Ø Ù�Ô ï7ì�ÒúÜ�Ø Ù�ï'Ö,Õ�Ô ×�Ù
í�Õ�æ�Õ~Ó'Ô ï'ë�ç<Ø Ù�×�Ø Ò�Ü�Ò
è Ø Ö�Ò_í�Ò�ì�Õ�Ö,Ù9í�Õ

Ö~ç�Ø Ù9Ó1ì�Ò�×�Ø ×�Ø Ù}Ö,é�Ü�î é�ÖAÒ Ý Û
Ù Ýùì�æ�é/Ó'ì
é�ö���a
–
Ö�Ó'Ü�ñ�î Û�ì
é�×�×�Ø Ú�Ó'Ô Ù9Û�ý�Ø Õ�ç�Ù�Ô ï'é�Û�ì
×�é þNb�ÿ�òc~Ò�ï�Ô Õ Û
ØùÓ'Ô Ò�î é�Û�ý � Ø#Y2Ó ì�Ò
è Ù ×�Ù<Õ�æ�ï7Õ�æ�ì�Ò Ý7ëúÓ�Ü�Ò
è Ò�×�Ù
í�Õ í�Ò�ì
ë¢Õ�ï1Ò�ì�Õ�æ�ÖAÒ�ï�Ô Õ Û
Ø;� ` ò/ó�Ù Ù
è Ø�d¤Ø ZDð æÖ,é�ï1Ò Õ�×�ÙÖ2ç�Ù�Ô ï�Ò
Û�ý�Õ�ï1Ò�ì,ÖDç�Ù�Ô ï1Ò9Û�ý Ó7ì�Ù Û�Ø Ù�×�×�é�Û�ý�×�Ò�Ó1Ù�Ú�ë�×�æ ö�Ô ÕAÖDÔ Ù�çAÜ�Ù�ï�Ò�Ô ë�ï'ì�ÙÜ�Õ�Ú/Õ7Ý�Õ�Ö�Ù Ý�ö�æ�è Òe� `gf ��ö

Ó7Ô Ò�î Ù|Ö�é�×�Õ�Ó7ì  � f V�ö _"h,Ø3Y f b�h�ö i���ò

�������'áXJR ü�WXUEXOHQWQHJR�SáRPLHQLD�G\IX]\MQHJR�
Wî ë�í�Õ ÷Ó'Ö�Õ�ð/Õ�æ�×�Ù
í�Õ�ö�Ô ë�ï�ð�ë�è Ù�×�Ô ×�Ù
í�Õ,Ü�î Õ�ç�Ø Ù�×�Ø Òæ9é�ê ë�ì
é1Ý1×�Ù9í�Õ,ì�Ò
è Ù é,Ü�ï7ì�Ù
æ�ÙCÖAÓ'ì
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JG]LH��ρ « � L�ρ° �–� SRF] WNRZH� J VWR FL�Z� VWUXG]H� RUD]�Z� RWRF]HQLX��D�–� RGOHJáR ü� RG�
SR]RUQHJR�ELHJXQD�VWUXJL�GR�Z\ORWX�G\V]\��. ± �–�VWDáD���

'OD�SáRPLHQL�ZRGRURZ\FK�Z�SRZLHWU]X�ZDUWR FL�. ± �Z\QRV] ��
5² � �� ���� ���� ����
. ± � ��� ��� ��� ���

JG]LH�5² �MHVW�LORUD]HP�VWUXPLHQLD�PDV\�SRZLHWU]D�SLHUZRWQHJR�L�VWUXPLHQLD�PDVRZHJR�
SDOLZD��

6]\ENR FL� ]PLDQ� NRQFHQWUDFML� VNáDGQLNyZ� FKHPLF]Q\FK� L� WHPSHUDWXU\�Z� SáRPLH�
QLDFK� ZRGRURZ\FK� V � GX R� PQLHMV]H� QL � V]\ENR FL� ]PLDQ� NRQFHQWUDFML� ZRGRUX��
Z�VWUXJDFK�L]RWHUPLF]Q\FK��LQWHUSUHWDFMD�Z�S����������6WUHID�UHDNFML�WZRU]\�REZLHGQL �
ZRNyá� ]LPQHJR� UG]HQLD� JD]X�Z\Sá\ZDM FHJR� ]� G\V]\�� 7R� SRZRGXMH�PDáH� ]DV\VDQLH��
L�QLHZLHON �V]\ENR ü�]PLDQ�NRQFHQWUDFML�VNáDGQLNyZ�FKHPLF]Q\FK���



��

7XUEXOHQWQH� SáRPLHQLH� G\IX]\MQH� V � ]QDF]QLH� NUyWV]H� RG� VWUXJ� L]RWHUPLF]Q\FK���
:�Z\QLNX�VSDODQLD�ELHJXQ�VWUXJL�MHVW�SU]HVXZDQ\�RG�D�G� ���GR�D�G� ����Z�NLHUXQNX�
SU]HFLZQ\P� GR�Z\ORWX� G\V]\��:� SáRPLHQLX� WXUEXOHQWQ\P� ]DUyZQR� SURILOH� J VWR FL�
VWUXPLHQLD�PDV\�� MDN� L� J VWR FL� VWUXPLHQLD� S GX� V � MDNR FLRZR� SRGREQH� L�PR QD� MH�
Z\UD]Lü�Z]RUDPL��

•�J VWR ü�VWUXPLHQLD�PDV\�
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JG]LH�U ¬�µ ¶ �–�SURPLH ��GOD�NWyUHJR�SU GNR ü�MHVW�UyZQD�SRáRZLH�SU GNR FL�PDNV\PDOQHM�
Z�RVL�VWUXJL�GOD�WHM�VDPHM�RGOHJáR FL�[���

�������3áRPLHQLH�Z�SU]HSá\ZDFK�]DZLURZDQ\FK�
6WUXJL�]DZLURZDQH�V �F] VWR�VWRVRZDQH�Z�WHFKQLFH�VSDODQLD��SRQLHZD �XPR OLZLDM �

Z\WZRU]HQLH� LQWHQV\ZQHJR� L� VWDELOQHJR�SáRPLHQLD��=GROQR ü� VWUXJ�]DZLURZDQ\FK�GR�
V]\ENLHJR� PLHV]DQLD� SDOLZD� L� SRZLHWU]D� X� Z\ORWX� SDOQLND� ]DSHZQLD� GX � V]\ENR ü�
VSDODQLD�� D� ]GROQR ü�PLHV]DQLD� ]� RWDF]DM F\P�F]\QQLNLHP� L�Z\VW SXM FD�Z� VWUXJDFK�
VLOQLH�]DZLURZDQ\FK�ZHZQ WU]QD�UHF\UNXODFMD�VWDELOL]XM �SáRPLH ��

1DOH \�MHGQDN�UR]Uy QLü�SáRPLHQLH�VáDER�L�VLOQLH�]DZLURZDQH��3áRPLHQLH�VáDER�]D�
ZLURZDQH�QLH�PDM �SUDNW\F]QHJR�]DVWRVRZDQLD�]�SRZRGX�LFK�VNáRQQR FL�GR�QLHVWDELO�
QR FL��3RZV]HFKQH�]DVWRVRZDQLH�Z� WHFKQLFH�VSDODQLD�]QDOD]á\� W\ONR�SáRPLHQLH� VLOQLH�
]DZLURZDQH��Z�NWyU\FK�Z\VW SXMH�VWUHID�UHF\UNXODFML��0DM FD�NV]WDáW�ZLUX�WRURLGDOQH�
JR�VWUHID�UHF\UNXODFML�RGJU\ZD�ZD Q �URO �Z�VWDELOL]DFML�SáRPLHQLD��JG\ � WZRU]\�RE�
szar intensywnego mieszania produktóZ�VSDODQLD�L�MHVW�DNXPXODWRUHP�HQHUJLL�FLHSOQHM�
RUD]�FKHPLF]QLH�DNW\ZQ\FK�VNáDGQLNyZ��

&HFK\� SáRPLHQLD�� WDNLH� MDN� VWDELOQR ü�� LQWHQV\ZQR ü� VSDODQLD� RUD]� F]DV\� SU]HE\�
ZDQLD�Z�NRPRUDFK�VSDODQLD��]DOH �RG� UR]PLDUyZ�SDOQLND� L� OLF]E\�ZLUX�SU]HSá\ZX�
]DZLURZDQHJR��&KDUDNWHU\VW\NL�VSDODQLD�Z\]QDF]D�VL �Z�IXQNFML�JHRPHWULL�G\V]\�RUD]�
ZDUXQNyZ�Z\ORWRZ\FK�]�SDOQLND��1D�U\VXQNX������SU]HGVWDZLRQR�PDNV\PDOQH�VNáD�
GRZH�–�RVLRZ ��REZRGRZ �L�SURPLHQLRZ �–�Z]GáX �VWUXJL� L�GOD� Uy Q\FK� OLF]E�ZLUX��
5R]NáDG� SU GNR FL� RVLRZHM� L� SURPLHQLRZHM� SU]HELHJD�ZHGáXJ� IXQNFML� ��[�� QDWRPLDVW�
VNáDGRZHM�REZRGRZHM�ZHGáXJ���[ · ���
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.V]WDáW�Z\ORWX�G\V]\��D�]ZáDV]F]D�MHM�]ELH QR ü�OXE�UR]ELH QR ü��RUD]�XPLHV]F]H�

QLH�Z�RVL�V\PHWULL�UG]HQLD�OXE�G\VNX�VWDELOL]XM FHJR�LVWRWQLH�ZSá\ZDM �QD�X]\VNLZDQ\�
REUD]� SU]HSá\ZX� ]D� SDOQLNLHP� ZLURZ\P�� 1D� U\VXQNDFK� ����� L� ����� SU]HGVWDZLRQR�
SURILOH� SURPLHQLRZH� VNáDGRZ\FK� RVLRZHM�� REZRGRZHM� L� SURPLHQLRZHM� SU GNR FL��
Z�VWUXG]H�RUD]�SRáR HQLH�FHQWUDOQHM�VWUHI\�UHF\UNXODF\MQHM�GOD�GZyFK�VWUXJ�R�WHM�VDPHM�
OLF]ELH�ZLUX��DOH�GOD�Uy Q\FK�JHRPHWULL�G\V]\��8 \FLH�G\V]\�]ELH QR�UR]ELH QHM�SRZR�
GXMH� UR]V]HU]HQLH� ZHZQ WU]QHM� VWUHI\� UHF\UNXODF\MQHM� RUD]� ]ZL NV]HQLH� LOR FL� PDV\�
UHF\UNXOXM FHM��2EUD]�SU]HSá\ZX�Z�ZHZQ WU]QHM� VWUHILH� UHF\UNXODF\MQHM� ]DOH \� WDN H�
RG� VWDELOL]DWRUD� XPLHV]F]RQHJR� QD�Z\ORFLH� G\V]\� OXE� RG� NV]WDáWX� UR]S\ODF]D� SDOLZD�
FLHNáHJR��'OD�PDá\FK� OLF]E�ZLUX��6���������GR�Z\WZRU]HQLD�SU]HSá\ZX�UHF\UNXODF\M�
QHJR�QLH]E GQ\�MHVW�VWDELOL]DWRU�SU]HSá\ZX��3U]\�]ZL NV]DQLX�OLF]E\�ZLUX�ZSá\Z�VWD�
ELOL]DWRUD�QD�SU]HSá\Z�VWDMH�VL �FRUD]�PQLHM�LVWRWQ\��DOH�GOD�EDUG]R�GX \FK�OLF]E�ZLUX�
VWDELOL]DWRU�PR H�PLHü�QDZHW�ZSá\Z�QLHNRU]\VWQ\�QD�PRF�RUD]�UR]PLDU�ZLUX�UHF\UNX�
ODF\MQHJR�Z�RVL�V\PHWULL�VWUXJL��

�
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� ��G\V]D�]ELH QD�
��G\V]D�]ELH QR���UR]ELH QD

�
¸

�

3URPLHQLRZH�SURILOH�WHPSHUDWXU\�PDM �PDNVLPD�SRáR RQH�Z�JáyZQHM�VWUHILH�UHDN�
F\MQHM�QD�REU]H X�VWUHI\�UHF\UNXODF\MQHM��D�QLH�Z�RVL�V\PHWULL�VWUXJL��SRQLHZD �WHPSH�
UDWXUD�Z�UG]HQLX�FHQWUDOQ\P�Z]UDVWD�ZVNXWHN�PLHV]DQLD�SDOLZD�L�XWOHQLDF]D�]�JRU F\�
PL�SURGXNWDPL� VSDODQLD�� 6]\ENR ü� ]PLDQ�SU GNR FL� RVLRZHM�Z� VWUXG]H� ]H� VSDODQLHP�
]ZL NV]D�VL �]H�Z]URVWHP�VWRSQLD�]DZLURZDQLD��

�����$HURG\QDPLND�VSDODQLD�Z�REV]DU]H�RJUDQLF]RQ\P�
:� SUDNW\F]Q\FK� ]DVWRVRZDQLDFK� VSDODQLH� RGE\ZD� VL � QDMF] FLHM� Z� SU]HVWU]HQL�

RJUDQLF]RQHM�� QD� SU]\NáDG� Z� SDOHQLVNX� NRWáRZ\P� DOER� Z� NRPRU]H� VSDODQLD� WXUELQ\�
JD]RZHM��2EHFQR ü� FLDQ�OXE�V VLHG]WZR�LQQ\FK�SáRPLHQL�]PLHQLD�DHURG\QDPLN �VSD�

–�G\V]D�]ELH QD�
–�G\V]D�]ELH QR�UR]ELH QD
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ODQLD��GODWHJR�Z\NV]WDáFLáR�VL �ZLHOH�NRQVWUXNFML palenisk i komór spalania, które przez 
RGSRZLHGQL �DHURG\QDPLN �VSDODQLD�XPR OLZLDM �NRQWURO �V]\ENR FL�VSDODQLD��SU]HND�
]\ZDQLH�FLHSáD�RUD]�HPLVM �]DQLHF]\V]F]H ��

3U]HGH�ZV]\VWNLP�Z�SU]HVWU]HQL�RJUDQLF]RQHM�LOR ü�WOHQX�GRVWDUF]DQHJR�GR�VSDODQLD�
MHVW�RJUDQLF]RQD� �VSDODQLH� ]H� VNR F]RQ\P�QDGPLDUHP�SRZLHWU]D��� -H HOL�QD�SU]\NáDG�
SáRPLH �G\IX]\MQ\�MHVW�RJUDQLF]RQ\� FLDQDPL�NRPRU\�F\OLQGU\F]QHM�� WR� MHJR�GáXJR ü�
]ZL NV]D� VL �ZVNXWHN�SRZVWDM FHM� UHF\UNXODFML�RUD]�QD� VNXWHN� ]PQLHMV]DQLD� VL � NRQ�
FHQWUDFML�XWOHQLDF]D�Z�JD]LH�]DV\VDQ\P�SU]H]�VWUXJ ��'áXJR ü�SáRPLHQLD�G\IX]\MQHJR�
]DOH \�RG�ZVSyáF]\QQLND�QDGPLDUX�SRZLHWU]D��-H HOL�]DáR \�VL �� H�NRQLHF�SáRPLHQLD�
]QDMGXMH�VL �Z�SXQNFLH�����Z\SDOHQLD�SDOLZD�� WR�GRVWDUF]HQLH�SRZLHWU]D�Z�LOR FL�VWH�
FKLRPHWU\F]QHM�SRZRGXMH�� H�GáXJR ü�SáRPLHQLD�G \�WHRUHW\F]QLH�GR�QLHVNR F]RQR FL��
2JUDQLF]HQLH� REV]DUX� VSDODQLD� SRZRGXMH� QLH� W\ONR� Z\GáX HQLH� SáRPLHQLD�� DOH� WDN H�
]ZL NV]HQLH� MHJR� V]HURNR FL��3RPL G]\� JUDQLF �REV]DUX�VSDODQLD� D� FLDQ �NRPRU\�SR�
ZVWDM � REV]DU\� GX \FK� VW H � &2� L� &2 · � ZVNXWHN� REHFQR FL� UHF\UNXOXM cych gazów �
R�QLHZLHONLHM�]DZDUWR FL�WOHQX��3RZRGXMH�WR�SRZVWDQLH�SáRPLHQLD�GáX V]HJR�Z�SRUyZQD�
QLX�]�SáRPLHQLHP�VZRERGQ\P�RUD]�LVWRWQH�XMHGQRURGQLHQLH�SURILOX�WHPSHUDWXU\��

1D� U\VXQNX� ����� SRUyZQDQR� GáXJR ü� SáRPLHQLD� VZRERGQHJR� L� SáRPLHQLD� RJUDQL�
F]RQHJR� FLDQDPL� NRPRU\� VSDODQLD��
=D]QDF]RQR� GáXJR FL� SáRPLHQL� X]\�
VNDQH� QD� SRGVWDZLH� REVHUZDFML�ZL]X�
alnych oraz pomiarów otrzymanych 
PHWRG �DQDOL]\�FKHPLF]nej produktów 
VSDODQLD�>�@���

�

2EHFQR ü� FLDQ� NRPRU\� VSDODQLD�
WDN H�LVWRWQLH�ZSá\ZD�QD�DHURG\QDPLN �SáRPLHQL��SRQLHZD �VWUXJL�Z�REV]DUDFK�RJUD�
QLF]RQ\FK�LQGXNXM �SU]HSá\Z\�UHF\UNXODF\MQH��U\V���������,QWHQV\ZQR ü�WHM�UHF\UNXOD�
FML�MHVW�W\P�ZL NV]D��LP�VWUXJD�]QDMGXMH�VL �EOL HM� FLDQ\��-H HOL�Z�SREOL X� FLDQ\�]QDM�
GXMH�VL �U] G�VWUXJ��WR�PR H�Z\VW SLü�HIHNW�&RDQGD��SROHJDM F\�QD�SU]\OHJDQLX�VWUXJL�
GR� FLDQ\��

:� WHFKQLFH� NRWáRZHM� ]QDQ\� MHVW�
HIHNW�Z]DMHPQHJR�RGG]LDá\ZDQLD�SáR��
PLHQL��6WZLHUG]RQR�� H� MH HOL�SáRPLH�
QLH�V �Z�JUXSLH��WR�QDMEDUG]LHM�Z\GáX�
D� VL � SáRPLH � ÄZHZQ WU]Q\´� >��@��
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ku podwójnie 
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6]F]HJyOQLH�LQWHQV\ZQH�MHVW�RGG]LDá\��ZDQLH�QD�VLHELH�VWUXJ�]DZLURZDQ\FK��:�NRWáDFK�
S\áRZ\FK� UHF\UNXODFMD� PL �� G]\� SáRPLHQLHP� S\áRZ\P� D� FLDQDPL� NRWáD� PR H� E\ü�
SU]\F]\Q �V]ODNRZD��QLD�HNUDnów.�

�

• Ú ÛÛ
• Ü

Û
Û

oraz wysokich koncentracjach paliwa, które zapewniÛ
• Û Û Û

Û

�����6WDELOL]DFMD�SáRPLHQL�
:� ZL NV]R FL� V\VWHPyZ� VSDODQLD� SU GNR ü� VWUXPLHQLD� PLHV]DQNL� ZLHORNURWQLH�

SU]HNUDF]D�SU GNR ü� UR]SU]HVWU]HQLDQLD� VL �SáRPLHQLD� �QD�SU]\NáDG�GOD�PHWDQX�SU G�
NR ü� UR]SU]HVWU]HQLDQLD� VL � ODPLQDUQHJR� SáRPLHQLD� Z\QRVL� RNRáR� ��� FP�V��� GODWHJR�
QLH]E GQH�MHVW�VWRVRZDQLH�Uy Q\FK�VSRVREyZ�VWDELOL]DFML�SáRPLHQL���

:\Uy QLD�VL �WU]\�VSRVRE\�VWDELOL]DFML�SáRPLHQL�>�@��
•�VWDELOL]DFMD�SáRPLHQLD�Z�ZDUVWZLH�SU]\ FLHQQHM��
•�VWDELOL]DFMD�FLDáHP�QLHRSá\ZRZ\P��
•�VWDELOL]DFMD�SU]H]�]DZLURZDQLH�SáRPLHQLD��

Ý
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6WDELOL]DFMD� SáRPLHQL�Z�ZDUVWZLH� SU]\ FLHQQHM� SROHJD� QD� ORNDOQ\P� ]PQLHMV]HQLX�

SU GNR FL� Z\Sá\ZX� PLHV]DQNL� SDOQHM�
SRQL HM� SU GNR FL� SURSDJDFML� SáRPLHQLD�
>��� ��@�� -HVW� WR� PR OLZH� GODWHJR�� H�
SU GNR ü�PLHV]DQNL�QD�Ä FLDQFH�palnika” 
jest równa zeru �
L� ]ZL NV]D� VL � Z� NLHUXQNX� RVL� SDOQLND��
$QDOL] � VWDELOL]DFML� SáRPLHQLD�
ODPLQDUQHJR��
Z� ZDUVWZLH� SU]\ FLHQQHM� SU]HGVWDZLRQR�
Z�QDVW SQ\P�UR]G]LDOH��S����������

0HFKDQL]P� VWDELOL]DFML� SáRPLHQL�
FLDáHP� QLHRSá\ZRZ\P� L� SU]H]� VLOQH�
]DZLURZDQLH� SáRPLHQLD� MHVW� SRGREQ\�� Z�
REX� SU]\SDGNDFK� SRZVWDMH� VWUHID�
UHF\UNXODFML��Z�NWyUHM�VSDODQLH�PD�Z�SU]\EOL HQLX�DGLDEDW\F]Q\�FKDUDNWHU��6WDELOL]XM �
FH� RGG]LDá\ZDQLH� VWUHI\� UHF\UNXODFML� SROHJD� QD� SU]HND]\ZDQLX� FLHSáD� RG� JRU F\FK�
VSDOLQ�]�WHM�VWUHI\�GR�VWUXPLHQLD� ZLH HM�PLHV]DQNL��U\V���������0R OLZH�MHVW�WH �VWDELOL�
]RZDQLH�SáRPLHQLD�SU]H]�GRGDQLH�SáRPLHQLD�SLORWXM FHJR�>������@��1LH�MHVW�WR�MHGQDN�
wygodny sposób stabilizDFML��D�SRQDGWR�WDNL�SáRPLH �PR H�WH �E\ü�]GPXFKQL W\��
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6WDELOL]DFMD� SáRPLHQL� ]D� SRPRF � FLDá�
QLHRSá\ZRZ\FK�

6WUHID� UHF\UNXODFML�PR QD�Z�SU]\EOL HQLX� WUDNWRZDü� MDN�DGLDEDW\F]Q\� UHDNWRU�GR�
VNRQDáHJR� Z\PLHV]DQLD�� SRQLHZD � WHPSHUDWXUD� ZHZQ WU]� VWUHI\� UHF\UNXODFML� RVL JD�
RNRáR� ����ZDUWR FL� DGLDEDW\F]QHM� WHPSHUDWXU\� VSDODQLD�� D� LQWHQV\ZQR ü� WXUEXOHQFML�
VL JD� ���� >�@��:�ZDUVWZLH� JUDQLF]QHM� VWUHI\� UHF\UNXODFML� L� VWUXPLHQLD� ZLH HM� PLH�
V]DQNL�QDVW SXMH�LQWHQV\ZQD�Z\PLDQD�PDV\�L�SU]HND]\ZDQLH�FLHSáD��U\V���������

:�NRQWDNFLH�]�JRU F\PL�VSDOLQDPL�PLHV]DQND�SDOQD�QDJU]HZD�VL ��D�GR�VWUHI\�UH�
F\UNXODFML� GRVWDMH� VL � ZLH H� SDOLZR��:� ]DOH QR FL� RG� SU GNR FL� SU]HSá\ZX� X� RUD]�
UR]PLDUX�JHRPHWU\F]QHJR�VWDWHF]QLND�/�F]DV�SU]HE\ZDQLD�Z�VWUHILH�UHF\UNXODFML�τá �MHVW�
Z�]DNUHVLH�τá ⋅X�/�=���÷���>�@���

:LHONR ü� VWUHI\� UHF\UNXODFML� ]D� VWDWHF]QLNLHP�SáRPLHQLD� ]DOH \� RG� OLF]E\�5H\�
QROGVD� RSDUWHM� QD� MHJR� FKDUDNWHU\VW\F]Q\P�Z\PLDU]H� JHRPHWU\F]Q\P�/�� 'RSLHUR�
SR�SU]HNURF]HQLX�NU\W\F]QHM�ZDUWR FL�OLF]E\�5H�≥�5H â>ã �QDVW SXMH�SHáQH�XNV]WDáWRZD�
QLH�VL �VWUHI\�UHF\UNXODFML��=H�Z]JO GX�QD�Z\VW SXM F\�SRGF]DV�VSDODQLD�HIHNW�ODPL�
QDU\]DFML� SU]\MPXMH� VL � QD� SU]\NáDG� GOD� VWDWHF]QLNyZ� R� F\OLQGU\F]Q\P� NV]WDáFLH��
5H â>ã �≥��� ä �>�@��

=DNUHV�VWDELOQR FL�SáRPLHQLD�]D�VWDWHF]QLNLHP�PR QD�]QDF]QLH�]ZL NV]\ü�SU]H]���
•�]ZL NV]HQLH�Z\PLDUyZ�VWDELOL]DWRUD���
•�]ZL NV]HQLH�WHPSHUDWXU\�SRF] WNRZHM�PLHV]DQLQ\��
•�]EOL HQLH�VL �GR�VWHFKLRPHWU\F]Q\FK�ZDUXQków spalania,�
•�]ZL NV]HQLH�FL QLHQLD�VWDW\F]QHJR�SU]HSá\ZX��
•�]PQLHMV]HQLH�LQWHQV\ZQR FL�WXUEXOHQFML�Z�SU]HSá\ZLH�JáyZQ\P��

SRQDGWR�Z�SU]\SDGNX�VSDODQLD�SDOLZ�FLHNá\FK�L�VWDá\FK��
•�OHSV]H�UR]GUREQLHQLH�SDOLZD��
•�ZL NV]\�XG]LDá�ORWQ\FK�VNáDGQLNyZ�Z�ROHMX�
•�ZL NV]\�XG]LDá�F] FL�ORWQ\FK�Z�Z JOX���
W technice spalania istnieje co najmniej kilka sposobów wytwarzania stref recy
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6WDELOL]DFMD�SáRPLHQL�]D�SRPRF �]DZLURZDQLD�VWUXPLHQLD�
=DZLURZDQLH� VWUXPLHQLD� MHVW� MHGQ � ]� F] FLHM� VWRVRZDQ\FK� PHWRG� VWDELOL]DFML�

SáRPLHQLD�>������������@��6LOQLH�]DZLURZDQH�SáRPLHQLH��6�≥������PDM �VWUHI �UHF\UNX�
ODFML��NWyUD�VWDELOL]XMH�SURFHV�VSDODQLD�Z�SRGREQ\�VSRVyE��MDN�]D�SRPRF �FLDáD�QLH�
RSá\ZRZHJR�� :� ]DNUHVLH� VWRSQLD� ]DZLURZDQLD� VWRVRZDQHJR� Z� WHFKQLFH� VSDODQLD��
�6������VWUHID�UHF\UNXODFML�]DZLURZDQHJR�SáRPLHQLD�XOHJD�Z\GáX HQLX�]H�]ZL NV]H�
QLHP�OLF]E\�ZLUX�6��U\V���������FR�REMDZLD�VL �Z]URVWHP�]DNUHVX�VWDELOQR FL�SáRPLH�
QLD��U\V����������
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=DVDGD�VWDELOL]DFML�SáRPLHQL�SU]H]�]DZLURZDQLH�]QDOD]áD�SRZV]HFKQH�]DVWRVRZDQLH�

w konstrukcji palników, palenisk i komór spalania turbin gazowych. Palniki wytwD�
U]DM FH�]DZLURZDQ\�SáRPLH �QD]\ZD�VL �ZLURZ\PL��:�HQHUJHW\FH�VWRVXMH�VL �ZLURZH�
NRPRU\� VSDODQLD�� ]ZDQH�SDOHQLVNDPL� F\NORQRZ\PL� >��@��3DOQLNL�ZLURZH��SDOHQLVND�
F\NORQRZH�RUD]�ZLURZH�NRPRU\� VSDODQLD� WXUELQ�JD]RZ\FK�FKDUDNWHU\]XM � VL � VWDELO�
Q\P�VSDODQLHP�Z�GX \P�]DNUHVLH�]PLDQ�REFL HQLD��QDGPLDUX�SRZLHWU]D�L�SU GNR FL�
SU]HSá\ZX��
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