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Natural convection with phase change in one-component and binary systems

Abstract
The paper presents results of both experimental and theoretical analyses of natural convection in
solidifying one-component (pure water, n-octadecan) and binary (aqueous solutions of salt)
systems. The main purpose of this study was to explicate qualitative and quantitative aspects of
complex transport phenomena accompanying the solid-liquid phase transition of single- and
two-component systems. Experimental set-up had been designed and constructed, where the
visualization of temporal flow patterns and temperature fields in the solidifying pure water,
enclosed in a cubic cavity, was then carr ied out for diverse thermal boundary conditions.
Thermochromic Liquid Crystals were there used as tracers along with the Particle Image
Velocimetry and Thermometry techniques and the infrared thermography was applied to
measure temperature distribution within the walls confining the experimental cavity. Thus
obtained pictures of flow pattern, velocity and temperature fields and temporal positions of the
interface show a significant influence of natural convection and thermal boundary conditions on
the progress of the liquid-solid phase transition. Moreover, these detailed data of local
temperature and velocity fields create the experimental benchmark, which can be used as a
reference standard in the code validation procedure of various computer simulation models for
the phase change phenomena of a one-component system driven by conduction and convection.
Visualization of flow structure and temperature distribution in solidifying dilute solutions of
water and sodium chloride shows the flow stagnation at the steady state. To clarify the
phenomenon, this experimental analysis was supplemented with the estimation of the local solute
concentration changes, through measuring the electrical resistance of the liquid by small
electrodes placed in the fluid, and with the measurement of the liquid density changes through
the use of the Schlieren’s method. The preliminary results show the effect of flow stratification.
New model of complex heat and species transport occurr ing in the two-phase region (“ mushy
zone” ) was developed. The macroscopic equations (energy and solute conservation equations
and the basic macroscopic constitutive relations) describing the process of solidification in
binary systems were obtained on the basis of the ensemble averaging technique rather than via
commonly used the volume averaging technique. In general these relations are non-local and
they account for non-equili brium processes. The state of the local thermodynamic equili brium
was comprehensively discussed and formulae for enthalpy and porosity of the mushy zone were
developed. Numerical models and their FEM programs have been created to simulate transient
solid-liquid phase change phenomena with convection in fluid for binary systems of complex
two-dimensional geometry. They are based on the single continuum model, theory of mixtures,
the enthalpy approach and the anisotropic porous medium model of the mushy zone.
Computationally effective algorithms of these computer simulation codes were obtained through
the use of the sequential and iterative solution of the set of coupled mass, momentum, energy and
species conservation equations and through the use of some time-splitti ng techniques. Thus
developed computational tool was applied to show the significant impact of permeabilit y and
thermal conductivity of the mushy zone and negligible influence of thermal dispersion on the
transport processes occurring in the two-phase region of the solidifying dilute solutions of water
and ammonium chloride.
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2. Badania eksperymentalne, metodyka, zakres pomiarów, wyniki

2.1. ���������
	���
���
���
���������������	���� ���!
�"#�
	�$ %'&)(*
��+�,�-�.�/���0&1
�� 2 34/5768579 : ;=<>;@?�5BA�C#D*5FE#G>9H57I�J1;76KILG M7NO:>GQPSROTUG>V�I,;7MFV�57I>W85XWYCZJ1R�J[ILG,M7N\M7N>;BE];FALJ15FE#G CZJ[GQA\D>E#V�5FDQP^GLTU_
A R>I�T`5FA MFG!a]I 57b RcVHDLE#V@5@9.W8;7I>dfe[;FV@R,T`dfM7WK;!PYR�CZJ1;!PY5hgiM7W857MFVkjlJ[R>D>I>WK57I>W85f6m_-:nV�5�C[J1;@6o;@I>W85Fp�q-r
R <-CYJ1;sTtRLT.;
MFV�u�v]wx:�;7<>;7?�<>R�JYG MFV7Gy:*;7<>;7?yD>E#V@5@9.W8;7ILG\e[;7V�RLT`5za{<>6K; _ ALP[;7<�_|a]57<>I>R�C#AQP[;7<>I>WmA R,T`5Fb R}jlTtR <>;Fp~q
r�E#V�579.W8;@I,u�e[;7V�RLT.;�J1;FA>Wo5Fb R�_ ALPS;7<�_�M7N>;BE];FALJ15FEZG,VF_=a�5n<>R,:,E#V�5�V�<>57e[WKI>WKR�T`;@I,;�D RLTUW85FE#V@M@N>I>W8;�e[;FV�RLT`;�R
CZJ1;~PZ5#a]��<>RL:>E#V@5�V7I>;7I 5#a�J1579UD 5FEz;sJY_ E#V�5Lq�r�E1VFG V�;LCZJ1R�C#RLT`;FI>W�_ CZ_ :�CZJ1;BI>M#a�W�R <>RL:>E#V�5�VF:�;7<>;7ILG M7N
T�PY;LC]I,R�vzM@Wo;�M7N0e[WKV7G MFV�ILG M7N0W/J15FE]9.R <,G,I>;79fW8MFV�ILG M7N,��e[WKVFG M7V�I 5cT`;FEZ_ IQA-Wt5FA�C#D 5BEzG 9H57I�J1;76KI>5�9.R>b d�:>G w
D>E]57MFGQV7GBa]I-W85�R�A>E]5�v]6KR�I,5Lq���;kJlR'C#V�MFV@5Fb ��6KI,5�V7I ;=MFV�57I>W85�<>68;�D �>�7I>W85#asC1V7G M7N�D R�E]�LTtI>;F?�V�RL: 6KW^MBV�57I>W^;79HW
numerycznymi.� R-9.;!T.W8;@ILG�M7N�: ;7<>;7I>W8;7M7N0C#A R>I>M�57I�J[E1R,T`;FI,R�C#WKu�I>;�TUG,V�I,;7MFVQ57I>Wm_0D �>6/D>E]u7<LA R�v]M7WK��J15B9UD 5FE];sJY_ E[G
R>E];FVUJ[RLE1�,T�MFV@d�CZJ15FAn<L6K;UTUGL: E];7ILG�M@N�D>E#V�5BA>E]Rsaz�,T�RLE];FVHD>R�PYR>��5FI>W8;feYE]R>I�JY_�D>E#V@5F9.W^;7I>G�e1;FV�RLT`5za�j#6KR-<�_ p�q
� R�TtWmVF_*;76^WKV�;=Mza~W�D ��6�J1579UD 5BE];sJY_ EZG�W�D>E]u7<LA R�v]M7W�TUG,A R�E1V@G*CZJ1;FI,ROV@;sT.WK5�C]WKI u�M7W85FAQPlG�M@NyA>E#G*C#VFJ1;!PY�LT
_ I>R�C#V@R�I,diD>E#V�5FV�D>E#V�5FDQP^GLTkqk �;�CZJ1R�C]RLT.;FI,5i9H5sJ[R <�G�;7I>;76^WKV7G�RL:>E];BV��,T D>E#V�5BD�PSGQT¡_�D R>VFT`;76K;#a�d�I>;
a~57<>I>R MFV�5�C]ILG|D R>9�W8;FE¢D �-6�D>E]u7<LA R�v]MBW�W�J15@9tD 5FE];sJY_ E#G�T M=;sP^G 9 TUGQ:>E];7ILG 9 D>E#V�5FA>EzRsaZ_£I>;=MFV7G>I W^;Qq
¤LJ1;FI>RLTtW^C#A R¥:�;7<>;sT`M7V�50D R�VFT`;76K;0I ;0V�9.W8;7I>u'J15Fb R¦D>E#V�5FA>E1R!aZ_iT M@WodFbL_�A W^6KAL_*§ZA W¨6KAL_*I>;LCZJY_�C]5FAL_ I,<�q
r©R�I>Wo5sT.;B��: ;=<>;@I,5�D>E#V7G>DQPlGLTtG�M7N ;FE];FALJ15BEZGQVF_7a~5�CZJ1R�CZ_ IQA R,T`R�<7P¨_ b ;�C#A ;768;�MBVL;�C]RLT.;7�/D>R>D>E#V�5FV�C1V�5FE]5Fb
takich pomiarów wykonanych w krótkim czasie sekwencyjnie dla kilkunastu przekrojówD>E#V�5BDLP^GLT�_*��9.R>��6KWoT`5�:>GQPYRªE]�LTtI>WK5F��TUG,A R�I,;@I>W85¦«�_*;�C1W8§1J[E1�!aZTUG 9fW8;FEzR,TUG,M7Ni:*;7<>;7?|M7N>;FEz;FALJ15FEZG*CZJ[GLA
D>E#V�5BDLP^GLT�_�q� �5!:>E];7I>5�TtG>I W¨A W):�;7<>;7?�<LV�W8uFA W/<�_ ��5#aU¬7b u�CZJ1R�v]M7Wm­�WKI>e[R>E®9H;7M#a~W+C[J1;@I,R,T`WKd�M=5@I>ILGh9H;sJ15FE]WK;!P
D R>E#�LTUI,;sT`MFV7G <>R T.5BEZG>e#WKA ;7M#a~WªW¦T`;@68W8<>;7M#a�W�A R-<>�LT I�_ 9H5FE#G�MFV�ILG M7N C#G 9U_*6o_=a~d7MFG M7N V]a~;FT.WYC#A ;
D>E#V�579.W8;7ILG.e#;7V�RLT`5za�T{_ ALPS;7<>;7M7N/a�5=<�I,R�C1ALPY;=<�I>WKA RLTUG,M@Nk¯�°B§#±>� ²>�S³@��°!´,§Z´ µ.¶®q

� T.W8uFA�C]V�R�v]M7W¦D>E]R M75�Cz�,T eZWmV7G�M@V�ILG�M@N·E#V�;7<LA R 9.;79�G£a�5�<>I ;FA <>R MFVBG>I>W857I>W^;¸V·MFV7G�C[JZG,9fW
CZ_>:�C[J1;FI>M#a~;79fW[q� �;FEz�,TtI>R�T�DQE#R M75�Cz;7MFN�V@;@9H;FE1V�;7I>W^;�VF:�WoR�E]I>WKA �,T�TtR <LILG>M7N¹a~;FA�W�A>E#V�5BD-I>W8u7M7W8;�9f5!J1;@6KW
MFV7G0JYT`R�E1V�5FI>WK;�A>E#G�C#VBJ1;sPS�,Tº9.;!J15FE]WK;!PY�,T·D �LP^D>E1V�5sT`R-<LIQW¨A RLTUG�M@N»R,:�R�A¦A,R�I�T.5BA Mza]WUJ15FE#9.W8MFV�I 5#a�<�_ ��5
V7I,;�MBV�57I>W^5�R <Lb>EZG�T.;¼E]�LTUI>W85F��A R�I�T.5BA Mza~;½TUGLT`RLPY;7I,;�b>E];=<�WK57I�J1;@9.W�A R>I>M=5@I�J[E];7M#a]W�j®CzR-6�_>J1;76

convection).¾ 5#a�TUDQPlGQT D RLT`R-<�_Ba]5�V�;FE]�LTtI>R\9.R <,G,eZWKA ;�M#a�5yCZJ[EZ_ A�JY_ E�D>E#V�5FD�P^GLT�_|a~;FA}W'9.R <LG>e#WKA ;�M#a�5�C1ALP[;7<�_
MFV7G>I>I>WKA ;¿DLPYG>I>I 5Fb R WÀD RLTfC[J1;Za~d7M75#a}e#;FV7G CZJ1;!PY5#aBq»r�E#V@5@9tW^;7I u�e1;FV�RLT.d�<>6K;ÁJ1;BA>WKM7N CZ_ :�CZJ1;BI>M#a�W
MFN,;FE];FALJ15FE#GQVF_=a~5kC1VQ5FE]R>A>W�V@;FA>E]5�C�J1579UD 5FEz;sJY_ E�T�A�J[�>EZGQ9yI>;LCZJ1uFDL_=a]5UV�;FEz�,TtI>R�V=9�W8;7I>;fe1;FV7Gta�;7A�W)C1ALP[;7<�_
MFV7G>I>I>WKA �LT¹q � VFT.WKd7V7AL_�V�JYG>9�D RLT.WK5FE1V�M7N>I>W^;Ub>E];7I>W8MsGne#;BV½a~5�CZJ�I>;.R>b>�>6�E]R�V=9`G�Jz;Lq�4/57MBN�_=a�5/a~d�RL:�C1V�;FE
D R�v#E]57<LI>W{jlJ[VBT¹q�¬ 9U_�C]NLGºE]5Fb WKR>IL­7pz��ALJ[�>EZG�a]5LC[J�9.W^5�C]V�;7ILW^I d¸e[;BV@GÂM7W85FALP[5#a�WiCZJ1;!P[5#a!q r�E1R-M75�C#G
T.WK576KR�C#AQPZ;=<�I>WmA RLT`5£THC#AL_>J15BA�<�_ ��5#a�VBPYR>��R�I,R�vzM7W¥Czd�J[EZ_*<LI>5}<>Rº;FI>;76KWKV�Gº9H;sJ1579.;sJ[G,M@V�I,5za¦a~;FA W
5FA�C1D 5FE#G>9H57I�J1;76KI 5za�q-4�V�uLC[J1R½a]57<>I>;FA¹V]a~;sT.WYC]A ;�J1;F9�V�;7MFN,R-<LVQd7M75U9.R>��I>; V`<�_ ��dU<>R>A�PY;7<>I>R�v]M7W8d�_ V7I ;7wUV�;
: WKI ;FE]I>57�.R>b>E];FI>WKMBV�;#a�d=M�C]W8u0<>Ri;BI>;76^WKV7G{VL;=M@N,R,T`;FI>W8;�a~5Zah<�T¡_ÀD R <-CZJ1;sTtRLTUG,M7N�C#AQP[;7<�I>WKA �LTtq¡Ã�;FA>WK9
9.R <>576KR,TtG 9Ä_ AQP[;�<>5@9ºC]d�E]R>VsJYTtR>EZG=��T}A�Jl��EZG,M7N�a]57<>I�G 9¿V�5�C#AQP[;7<>I>W¨A �LT�a~5�C[JfCz��6Å;�<LEZ_ b W¨9\T`R-<>;Qq
r�E#V�579.W8;@I,;�e[;7V�RLT.;�MFW857MBV�§.M7WK;!PYR�C[J1;!PY5 jZA>E[G�CZJ1;76KWKV�;7M#a~;�6�_ :�J1R>D>I>WK57I>W^5Bp`J1;BA>WK5Fb R'_ ALPS;7<�_ a]5�C[JUT\J15Za
D>E];7MFG�9`R-<>5768579yD>E]R-M=5�C]�LTyV�;=MFN>R <LV�d7MFG,M7N�<�68;�_ AQP[;7<>�,T|: WKI>;FE]ILG M7N*q�r�E#V�5BD>E]R,T`;7<LV=R�I,5�JY_LJ1;Za¼: ;=<>;@I>W8;
<>R�vZTtW^;=<>MFV�;76KI 5¹<>R,JYG,MFV7GQPlGnD R-9.W8;FEZ_hD �>6
D>E]u7<LA R�v]M7WK��J15F9UD 5FE];!JY_ EzG=�
A>R>I>M=5@I�J[E];7M#a]W�R�Ez;FV¹A�C#VFJ1;~P¨JY_�eYE]R>I�JY_
e1;FV�RLT.5Fb R�q7 �;�CZJlR�CzR,T`;FI>5�9.5sJ1R <�G.D R�9.W8;FEZ_kA R�I,M757I�J[E];=Mza]W�C]R-6KW�D R>VFT`R�6KWÆPlGHI>;URL: 5=M@ILG 9|5sJ1;BD-WK5tR�A>E]5�v]6¨W8w
a~;FA R�v]M7WKRLT.R�V79.W8;7ILGhA R�I,M757I�J[E];7M#a]W
T�:�;7<>;7ILG 9\D>E#V�5FD�PYGLTHW85�j#9.5!J1R-<>;

Schlierena). PrzeprowadzoneE]�LTUI>Wo5F�.DL_ ILALJ1RLT.5UD>R>9.W8;FE#G¹D>E#V�5!T.R <LI>W8MsJYT.;H576K5FALJ[E#G,MFV�I>5Fb R�_,PY;sJYT.WK;#a~dfWK6KR�vzM@WoR,T`dfWKI�J15FE#D>Ez5sJ1;7MZa~u`JYG,M7N
RL:>E];FV@�,T�qkÇ�:�57MFI 5iE]5BVF_�6ÈJ1;sJYG|D R�9.W8;FE]�LT��cb�PS�,TtI>W85iD R�6o;iD>E]u7<LA R�v]M7W�W�A R>I>M�57I�J[E];7M[a®W�THC#A*;FVF_=a~diI>;
TUGQE];F��I,dÂC[J[E];sJYG>e[WKA�;=Mza~u¿D>E#V�5FDQP^GLT�_�q�É#I>e[R>E]9.;�Mza~5ÁJ15º9.R�b d¿:>G>w¿TUG>A R>E#V7G CZJ1;FI 5�<>6K;�D>E1V@G*C#VBP[5#a
T`5FE#G>e[W¨A*;7M#a~5�A R <L�LT|I�_*9.5FE#G MFV�ILG�M@Nn9.R-<>576m_=a�d=M=G�M7N�V#a~;FT.WYC#A*;`J[Ez;FI-C1D R�EYJY_hMFW85FDQP[;�W�9H;�C#G�TX_ AQPY;7<>;�M7N
binarnych, przed ich zastosowaniem do „trudnych eksperymentalnie” substancji stosowanych wJ157MFNQI>W8M�5=��J1;FA>W8M@N/a];BAfM7W85FAQP[5�9H5sJ1;76K5¼MFV7GtA>E#G�C#VBJ1;sP^G.A>E1V�579`_�q
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2.1.1. Stanowisko badawcze
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Dodatkowe punktowe pomiary temperatury jak i pomiar przewodnictwa elektrycznego1>����C-:;)E��)8
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�  Cyfrowe kamery wideo:
 a) � 
����+�(
���
!�&�3��
l�5	0��1iGF��IJI�K��3	F���^%(
+C-����
l��Ge%��+�g%(���&	����������@)8
+���-��xy�SG��-���5	0���3IJ�����
�8Z
���E���@�i���� �¡�¢k�#¢�£-¤�£-�;¥�¦8§+£-¢ � §��¨�F��zV©0ªF�>©�«-O�¬��E­u®(¥�¦}�5¯ �4° ��¥!� ° ¬�¢�£+± ° ¦ °³²�° �(¥(´(¥F®'µ'� ° §&´$¥Y¢F¶F� ° £-·�±
brawnych „true colour”, tzn. w formacie RGB 3x8-bit.

 b) Kamera monochromatyczn° IJILK�µ5�0¬�¸<¹ºX�»Bx!�
¼¨��¢���¢�£-¤�£��;¥�¦8§�£-¢ � §��fx���zV«-O��>©�«-O�¬��E­�®�¥�¦;�'¯
K�£-�;N+­��sµ�¥�§+½ ² ¢V¦~¢�¾��;� Progresiv 

�V§ °+² �º­ ° ��¥!� ° ¬�¢�£!± ° ¦ °W¿ £c�>®�­ °�À ¬�¥<Á ² a³��¢�£c¤�£��;¥�¦8§c£c¢ � À ¢�¶�� ° £-·F±
( ² ¢ ² R#� ² µ�¥+��¦ ° §�¥+Â���­�¢ ² �;¥�§+£ ² aº¤�¢4�(¥&´$¥
®&µ'� ° §(´���µ�¢��#·�±B§+£-a
®'µ�¥+­�¯�  �º¿ ±4¥�µ'�Ã¬�¢V��� ° ��¢�±4¥���±Ä�0¬�¥�Á ² � °c² ¥d±�¢�¤�a��W� ° µ�¥+��� ° Á'¥c� ¿ ¦~¥+¾ ° ´ya-§���� ¬��#£-¥���� °�² �8¥Å� ° £-¢�±�¥#´b¦ ¿ ¶�(¢�£<µ5±�¢���¥�� ®�¢�¦;�'¯�Æ�§�� °�² ­���¶�¢V§!£ ² ¥ ²�° §+£���Ç ±3�0­�¢ ²�°c² ¥È£�¬V¦~¥+­g®��;¾V¦ ° ® ¿ ¦ ¿ ¶ ®�£�­�Á ° � � §�� °�² ­��
izotermiczne wykonane z poczernionego aluminium.�  Karty komputerowe akwizycji obrazu:
a) 24-bitowa karta IC-PCI firmy Imaging Technology 

X ² §�¯g£f�4¢V¤ ¿ Á5¥��Ã¹É»�Ry��Ê[KM®'µ'¢g®#¢�± °+²�°
do akwizycji obrazów barwnych.

c)  12-bitowa karta VFG100 firmy Imaging Technology 
X ² §0¯T��¬ ° ���8N ÀÈË �;¤V¥�¢��'¢��#� ° µ ¿x!��O�Q��[x!��O�Qw¬��E­�®�¥�¦8¥��oQw±4¥(´ � §�� °jË �8¤�¥�¢�®&µ�¥!�#¢�± °!² ¥ multiplexerem, stosowana do rejestracji¢�¶�� ° £-·�±�µS¢��#·�±m§!£-a
®&µ�¥!­g¯�  System trzech prowadnic i sterowanych programowo silników krokowych firmy ISEL,®#�>®&µ�¥�� ¬�¢�£+± ° ¦ °Ì²�° ®'±�¢�¶�¢�¤ ² a�£-��� °�² N�­�¢ ² �&�;¾ ¿ � ° §#´��³Í���·V¤-Á5¢ � ±�� ° µ/Á °dÎ ­ ° �4¥+� ° R�­�¢���¢�� °

pomiarowa w czasie kilku sekund.�  Zestaw dwóch termostatów firmy 
Z[¢V¦E�>�g§��8¥ ² §�¥Ï¬�¢�£+± ° ¦ ° ´ya�§���§�½ ²�° ®&µ ° ¶��8¦}�;£ ° §#´$NÏµ�¥��3¬�¥+� ° µ ¿ �'�� §�� °�² ¥+­��E£c¢Fµ�¥+���@�8§+£ ² ��§c½Ä±b£ ° ­��(¥
®��8¥ Î ��� oC - +100oC.�  Karta przetwornika analogowo cyfrowego ADDA firmy Advantech Co., Ltd. PCL717B (8­ °!²�° Á5·�±3Âº±3� ° £o£ multiplexerem i wzmacniaczem PCLD-779 firmy Advantech Co., Ltd. do¬ ¿�² ­�µ�¢F±Ä�F§�½Å¬�¢��@� ° � ¿ µ�¥+�3¬�¥+� ° µ ¿ �&�Ã�f¯Ð� ² ¯ � §�� °�² ¥+­Ã­ ¿ ±4¥�µÑ¬�¢��@� ° �(¢F±Ä�F§c½F�o±3��­�¢��#£+�>®&µ'�
± °�²�°�(·F± ² �;¥+ÒÄ¤�¢�¬�¢��@� ° � ¿ ¬���£-¥�±4¢V¤ ² �;§<µ5± ° ®(¢�¦;�'¯�  ��¬�¥�§#´ ° ¦ ² �}¥9®�­�¢ ² ®'µ'� ¿ ¢�± °!² ¥��f®'µ�¢^®�¢�± °+² ¥Ï±3���P�}¥ ²�² �8¥�Í���·�¤
Á ° � ±4� ° µ5Á ° �Ó®#�>®&µ�¥�� ±3�F¬�¢^® ° Ò-¢ ² �b±� ¿ �#¢�±�a�¦ ° ��¬�N�½ ° ¦;¢�¾�¥ ² ¢F±4a@£ ¿ ­-Á ° ¤�¥��Ã¢�¬�µ5��§!£ ² ���Ã¬�¢�£+± ° ¦ ° ´ya-§+��� ²�° �'¢�����¢�± °+² �8¥�¬�Á ° ®�£�§!£c�F£ ² �� ±��8¥�µ'¦ ² ¥#´Ñ¢ � �(¥�¤ ² �8¥(´k¾�� ¿ ¶�¢ � §c�q¢�­�¯³x<�}©-��� �W®�£-¥!��¢�­F¢ � §��Ïx!��§�� ¢�� ° £ ¿ ­-Á ° ¤6� ¿ �#¢�±4¥(´�¦ ° �@¬��¶0Á5�g®�­�¢F±4¥#´<¯l���>®&µ�¥��3�U¢ � ±��8¥�µ�¦;¥ ² � ° ±3�0¬�¢g® ° Òc¢ ² ¢Å± ®'µ�¥+�#¢�± ² �E­V��¥c¦8¥+­�µ'�(¢ ² �;§!£ ² ¥�� ¿ �4¢�Ò-¦;�E±�� ° ´$a�§-¥¬��(¢�¾0� ° ��¢�±�¥Ï®'µ�¥+��¢F± °+² �8¥³¬���¢�§�¥
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®�·�±�(¥(´(¥
®&µ'� ° §(´��Ä� ¿>² �;­ ² �8N�§��8¥�±�¬�Á5��± ¿ ¥�±4¥ ² µ ¿>° ¦ ² ��§�½�¥��'¥+­�µ�·�±�§+�;¥+¬�¦ ² ��§�½�±3�0±�¢0Á °�² ��§�½�£�¶��-µf¤-Á ¿ ¾��}�

²F° � ±��8¥�µ�¦ °�² �8¥c� ¢�¶�®#£ ° � ¿ ¬�¢��@� ° �(¢F±4¥+¾�¢ � ±�� ° µ�¥�� ½ ° ¦;¢�¾�¥ ² ¢�±3��� ÔSµ'��¬�¢�±3�Õ§+£ ° ® ²�° � ±��8¥�µ#¦ °c² � °
wynosi 0.8s).�  » ° ¾ ² ¥�µ�¢�±3�~¤³��R&Ös×Ó���L®5µ'¢g®#¢�± °+² �q¤�¢Ø¤�¢V¤ ° µ'­�¢�±�¥'´É��¥#´�¥�®&µ'� ° §#´7�[¢F¶F� ° £-·�±U¬��#£-¥+¬0Á}��± ¿ � ° ��§�½��E±��;£ ° §#´y�
przebiegu eksperymentu.�  Ù ¥-®&µ ° ±B£+±��;¥+�(§c� ° ¤�¥<Á ²F° ­��}¥!��¢F± ¿ ´�a�§+��§�½3¬0Á ° ®#£0§+£���£ ² N � ±��8¥�µ�¦ ² a�¯�  Kamera na promieniowanie podczerwone AGEMA Thermovision 900 LW z detektorem
MCD (Mercury Cadium 

ÊÚ¥�¦}¦ ¿ ���;¤�¥+Â�§!½-Á5¢V¤�£c¢ ²F° §��8¥+­-ÁS��� ° £c¢Fµ�¥+�4�Û®'µ'¢g®�¢F± °+²�° ¤�¦ ° £c¶ ° ¤ °c² � °±�¬0Á/�0± ¿ £-¥<± ² N�µ'��£ ² ��§�½2± ° � ¿>² ­�·�±eµ�¥+�#���8§+£ ² ��§�½ ²�°É² �8¥�R&�;£-¢�µ�¥+�����}§!£ ² ��§�½ � §�� °�² ­ ° §�½ ²�° §+£�� ² � ° ¯
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 Podstawowe elementy stanowiska pomiarowego pokazano schematycznie na rys. 2.1. Badany���������	��
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2.1.3. Metoda wyznaczania pola temperatury���������
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 gdzie: R’  = R - min(R,G,B), G’ = G - min(R,G,B), B’  = B - min(R,G,B)
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2.1.4. ����������	�

������	�����	�����	�������	������������ ���!�"$#$%�#'&�(*),+.-0/1#3254�/768+94�-;:=<?>�/A@;B=)C4�-EDF2G4�HI&�#�%JDF/ KMLE+NH,&O#'&�DFP1+=B=DF/7P12Q4�-RD=&�%�S=&�B=)T%UBG&�V�-0/?#W2RX
anemometrii obrazowej (Digital Particle Image Velocimetry - DPIV). Technika ta polega naD=P1+Y6Z2=DF)Z2YP�)T%[4�-RDY2Y(W)Z2?KRDFB.DF2=P�),+$4�/7-M%\KEDF+RX0]FBG&�B=^_K0)Z:�-0+.DF2=(5DWB=)Z2=BGDF]WBGDF]?K�LE2G>_D`P�+=BGDFP�)a>�/?#'&1BY^[bEc�dfeg6h%�i
4�&FHj>!)�-0/ @06a)aP�kg(W2lLE/�<�]5>�/�-02G6a+`B;Xm)n<o#Wp�B=^qVj-0+.r!(*2=PoLEp?# /?i�-;+GD=p?# <?6a+s<o#$%t>�/�6a2RXuP�&�B=^O-02RX02?KML�-0+`B;X0)
<�/�>�/�P�+GP?&7BY^v#ODFP�+=P?&�(J/!<!K�LE:G4�)a2_B.DF+oKM%xw\"W/n/1i�6a)ZBGDF+GP�)Z+_V,%yP?>yB;X0)�>�/�-02=6a+=BRXm)z4�/!(W)Z:=<?D=&{Vj-0+Gr�(*2=PoLE+=(W)
+GP1+Y6Z)aDF/1#3+=P?&�B=^|/?i�-;+GDFp?# #$&�>�/7-RD=&�KMLj%`X02}K0)Z:}KED=&?i�>�),2�L�-0+GP!K0V�/�-0(*+lLj&�~x/?%�-R)a2.-0+�b�~\~xc�k�w�c�&�4�/1#�&
algorytm takiego programu przedstawiono na rys. 2.4.� i�&�%�#W)Z<�/�BGD=P�)Z�vP�+v/?i�-0+.Do)82vBGDF]?KML�>�)�D=P1+FBGDFP�)�>�/?#32vbM4�/ KR)Z2l#�k�#J4�/AKjLE+=B.)�D=i�)a/�-M%�X;+oK0P?&�B=^�4?%yP?>?LEp?#W�
L�-RDF2�i�+3i7+=<�+=P?&[4�-RDF2G4�H�&�#�/A@�#W)Z2lL�6a),�'#W]?KE>�]3#3+G-NKMLj#3]_@M#3)a2lLE6�P1]=��4�/!<�/1i1P�),2�Xm+G>vL�/�(�)Z+�Hj/�(W)Z2RXlK;BF2�4�-RD=&
#'&�DFP�+FBGDF+=P�)T%s4�/�6a+�LE2=('4�2.-0+lLj%�-R&�DF+�4�/�(W/�B=]�"$�x�0c�w � P�+=6Z)�D.%=Xm]=BgDF(�)Z+=P?&�4�/?Hj/�SF2=P�),+�B.DF]oKMLE2.>�<�6a+
%�4�-RDF2`<?P�)a/}DF<�2=V�)aP!)a/?#3+YP?&7B=^�K;2G>�BRXN){/?i�-0+.DG%y��(W2lLE/�<�+q<�+MX;2q(W/�So6Z)T#W/ @0��#'&�DFP�+=B=DF2=P�)Z+�@E-02=<�P�)Z2Gr�/
4�-RDF2=(W)Z2oK0DFBGDY2YP�)Z+�<�6Z+�#'&?i1-0+=P�2Gr�/�Vj-0+.r!(*2GPFLj%�bE/7>�P1+Gk0�v+�#�)a:=B�)n@R-02=<�P�)Z2RX�4�-0:`<?>�/A@;BY)[4�-RDF2.4?Hj&?#$%xw
��/7DY<?Do)82Y6ZBGDY/A@;�g(W2lLE/�<o&�Xm2oK�L�6a),(�)�LE/1#3+GP�+�#W)Z2=6�>�/ @0B=)Z]�LE+G>sDF<�2GV�)aP!)8/1#3+=P�2Gr�/�/7>�P1+?w3"�/�6aP�]gr�-0+.P�),BF:
/�r�-0+GP�)aBGDY+�(�)aP�),(*+=6aP�+�),6a/ @m��BGDY]oKMLE2G>O# DY+G-02MX02?K�L�-R/?#W+.P?&�( Vj-N+.r!(*2=P�B=)Z2�/?i�-0+.DG%y� >1/7P�)Z2=B.DoP1+�<76Z+
#'&�DFP�+FBGDF+=P1+QV,%yP?>yB;Xm+5>�/�-02G6a+=BRXm)jw�¡?LE+lLj&�KML�&1BGDFP?&JB=^�+G-0+.>?LE2G-¢+GP�+=6,)aD=&�#�&�(�+.r +s/�<?4�/?#')a2`<7P�)a/t<o%�SF2RX
próbki pikseli .

Dane            Wybór Operacje w dziedzinie  Detekcja piku    Wyliczenie£$¤a¥�¦,§M¨�©Rª\¤
        sekcji (i, j)               

§j«R¬0­�®¯©R®T°�¨±ª\©m¦,§M¨
      interkorelacyjnego      

­�²N³�´EµN©Rª
ych¶N· ¬RµR²¸©N¦,§�¨

Obraz 1
(t0)

Obraz 2
(t0 + ¹ t)

G(u,v)g(m,n)

f(m,n)
FFT

F(u,v)

FFT

FFT
Interkorelacjaº

’(u,v) = 
F(u,v) G*(u,v)

FFT-1
Vx(i,j)
Vy(i,j)

Rys. 2.4. 
¡�BG^�2=(*+lL�+G6Tr�/�-R&FLR(�%»<�/'#�&�DFP�+=B=DF+=P�)Z+¼4�p�6�4�-0:=<?>�/ @0B=)�DF+¼4�/�(W/!B`]�~�~�c

Praktycznie minimalny rozmiar okna wynosi 16x16 pikseli obrazowych. Z drugiej strony(*+G>\KR&�(*+=6�P�2WD�+G-02RX02?KML�-E/1#3+GP12�4�-RDF2=(W)Z2?KRDFBGD�2=P�)Z2=��+3#�)a:FB�(W+G>\KR&�(*+=6�P�+W4�-0:=<?>�/ @0�
X02?KML½4�-R/�4�/�-0BMX;/7P1+Y6aP�+
<�/¾#�)Z2=6�>�/ @0B=)f/7>�P1+v/?i�-0+GDY/1#32Gr�/�)�P�)Z2_4�-RDY2G>�-0+=BGDY+¿4�/oHI/1#'&�#W)Z2=6a>�/A@;B=)zLE2Gr�/�/�>�P�+?w�À�/�P�)a2=BGDFP?&[Xm2oKML
#W)a2`B�>�/�('4�-0/�(�)jK�DF+.4 2l#3P�),+RXm]=BG&�#'&�(*+Gr�+=P�]¢<1&1P�+=(�)a>�:g(W2lLE/�<o&�-02RXm2oKML�-0+`B;X0)*4�p!6�4�-0:`<?>�/A@;BY)Iw'�RP�P�2
/�r�-0+GP�)aBGDY2YP�)Z+=��>?L�p�-02¼P1+Y682GS=&'%�#'D`r!6Z:=<�P�)Z�ÁL�/�Â
Ã  /�r�-0+GP�)8BGDF/�P�+}-;/7DF<?DF)a2=6ZBGDF/ @0�t>�+=(�2.-;&AÂ�(W)aP�),(*+=6�P�2t-02RXm2oKML�-0/?#3+GP�2t4�-RDF2=(W),2FKRD�BGDF2=P�)Z2}#'D`r!6Z:=<�P�2

wynosi ok. 1/2 wymiaru piksela obrazowego.Ã  L�-Ep�XM#'&�(*)Z+G-0/?#'&ÄB=^1+G-0+G>?LE2G-Å4�-EDF2G4FH,&?#$%�Â¼(�+.> KR&�(�+=6aP�2�4�-RDF2=(*),2FKRD�BGDF2=P�)Z2�BGDF]?KMLE2.>�4�-E/ K�L�/74�+`<=Hj2�<�/
+.P�+=6,)aDF/?#W+=P12;XÅ4�H�+?KRDFBGD=&1DoP?&¢('%\K0)�i�&7� (WP�)Z2RXlK0DY2�/!<Är�-M%�i�/ @0BG)$4�HM+FKRD�BGD=&�DFP?&�@M#W)Z2lLE6aP�2RXÅÆgLE+G>Äi�&
#3)a:G>\KRDF/ @0��BGDY]oKMLE2G>W4�/�D=/ KjLE+l#3+NH�+�#gLj-;+G>�B=)a2¼-02RX02?KML�-0+`BMXR)!#Ç<�+YP12RX�4?H�+?KRDFB.DY&1ÈFP�),2g@�#W)Z2lLR6aP12;X¸w
É P�)aP�)Z2uX�KRDF2RXv4�-;+=BG&ÄDF/ KMLE+�H,&¢<�/7>�/�P�+=P12 4�-0p?i�&�%y6a2G4\KRDF2=P�)Z+�>�6Z+oKR&�B=DFP�2RX�(*2lLE/!<o&Ä�x�RÊË4�/7(W)Z+G-M%

4�-0:=<?>�/ @0B.)a�_4�-RDF2`<�2Ì#*KRD=& K�L�>!)a( 4�/74�-EDF2GD�DG#W)a:G>\KRDY2YP�)Z2�Xm2uXÁ<�/7>�Hj+=<�P�/ @0B=)�)�-0/7DY<?Do)82Y6ZBGDY/A@;BY)Iw_e
2=6Z2=(
(�)aP�),(*+=6,)aDF+=BRXm)z#'4�H�&�#�%{DF(*),+=P�)aPoLE2=P�KR&?#WP1/A@;BY)½/ @M#W)Z2lLE6a2=P�)Z+=��4�-EDF2=<�#�&�>�/�P�+YP�)Z2=(U/74�2.-0+=BRX0)¼>�/�-02G6a+FBRX0)
+GP1+Y6Z)aDF/1#3+=P�2Ë/1i1-0+GD=& 4�-RDY2G4?Hj&?#$% i�&�Hj& 4�/�<�<�+l#3+GP�2�L�DG#»wgÍ=6a/�>�+=6aP�2RX�i�)�P�+.-;&1DF+=BRXN)aÎÏbuKR4�2`B;Xm+=6aP!)Z2
/�4�-0+=B./1#3+GP?&¢4�-0/�r�-0+G(Ð>�/!(�4?%�LE2G-R/?#$&?k;��<?DF)a:.>!)W>?LEp?-02MXÑ(�/�SFP�+ i�&�HI/Ì#'&1-0+GÈFP�)Z2�#'&�<�/?i�&��gKML�-�%�>oLj%�-0:
4�/ KR)Z2l#$%xwY�x/�6a2Gry+�L�/WP�+¼4�-RDY2G(W),2?KEDFBGDF2=P�)T%*4�-RDF2GD$B=+�Hj&*/1i1-0+GD'(*+�H�2Gr�/�Í`/7>�P1+GÎ'/�#$&�(*)Z+G-0+=B=^ÅÒoÓyÒ'4�)T> Km2=6a)
) P�+�4�-RDF2=+.P�+=6,)aDF/?#W+=P�)T%[)aPoLE2GP KR&�#WP�/ @0B=)�4?% P�>?LEp1#*w=�\%�P?>?Lj&1�!>?L�p7-02�K;]zX0+o@0P�)Z2RX�K0DF2$/!<_@E-02=<?P�)a2Gr�/Å4�/�D=)a/!(�%
K0]gDY+G4!)jKR&�#W+=P�2�<�/�P�/?#32Gr�/s/1i1-0+GDG%xw��x-RD.&?>�H�+=<QDY+oKMLE/ K0/?#W+.P�)a+Ç4�-;/741/7P1/1#3+GP�2RX�(*2lLE/�<o&sÍ=68/7>y+=6�P�2RX
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Rys. 2.7. ���������
	���
�������������������� �"!�	#��$%�
�'&(	#)#�'�#&
*+	,$-���'���
��. $0/"�21#� ���432)�*��
56	�/
���'��/"!+� $87
���
&9$-����)��;:2&��#<��-$=� 7
$>�?)�*@��/
�2�4AB���C/�	#�#!D��3E)F*G�F&
&���:H�I/����9$>.;:2& ��JLKM�E�C&'�N�FJOKN	��'� $%�
J

$0�F	FJ-	����'	�:QP#)'��:R$>��� �'*@� �

2.1.5. SUTWV�XZY"[C\^]
_B`
a

Jednym z istotnych elementów analizy struktury /
���'��/"!+� $87b:c�'AB� wizualizacja torów )��FP9AB�N���
$bA���	�d'&
*@���($e�
)#f umieszczonych w /
�N�'��/"!D�"$>*6� � Analiza torów stanowi cenne 7���7�/��;!M&
*6�F&
*6�
obrazu pola /
�21#� ���432)�*Ggh/��
��$>	#5@	�:QP#) �9*6�
�#&9���
K�*@���($-	#i drobne zmiany kierunku /
�N�'��/"!D�"$%7^g obszary
martwe i rejony o bardzo J>	;!��C)Ff /
�21#� ���432)#*@	?)Ff^� Realizacja komputerowej rejestracji  torów
odbywa A2*61  przez zsumowanie kilkunastu obrazów /"���'��/'!+�"$�7  wykonanych w znanych ���jAB�N1�/�	#)�f
czasu. Przy J-	�!���: koncentracji /���A2*6��$87k�
	�:QP A2*61 $8�
�E.Cl ni i fragmenty pojedynczych torów, przy
$>*@1��hAN�F�C)#f koncentracjach i przemieszczeniach widoczna jest ogólna struktura /"���'��/"!+� $87��
Zmiana ���jAB�N1 pu czasowego Jm*61#� �#� poszczególnymi obrazami pozwala, podobnie jak przy
pomiarach pól /
�21#� ���432)#*@g bardziej 7
$e�
/ 7���5+*6i rejony o �97�l#��)#f lub Jb	;!��C)#f /
�21?� ����3E)F*G	9)#f^�
Sumowane � n
�E	��#�o$%��Jb	�<^	�:QP $>)��F�932&
*6�E: przygotowania, tak by �'J�*@&�*+Jb	#5+*@�'� $>	#i niekorzystne
narastanie :E	(A2&(��3E)#* �6! a obrazu. Sam proces sumowania przeprowadzono off-line dla serii
uprzednio zarejestrowanych pojedynczych obrazów zgromadzonych w /�	#J>*+1?)F* masowej, jak i
�
&
��5@*p&��Z�
���
	B:2P') poszczególne obrazy podczas akwizycji w /�	FJ>*61')#* komputera *b�2��:c�'AB���B7�:QP#)
:Q�#� �
&�*+�q$%�
/�	?� ���($-P A�74J>1"� Pierwsza z metod pozwala na dodatkowe zabiegi filtracyjne,
/��
/
�2	�$e*@	�:cP?)#� kontrast rezultatu, konieczne jest jednak wtedy zablokowanie wielu megabajtów
/�	#J>*+1?)F* masowej dla �(n(�2	��'. $ )��FP9AB���(�($8�()Ff^� Na rys. 2.8 pokazano A����B7��9�M7(�21  /
���F��/'!+� $87  dla
/
���'��/ !+� $87  konwekcyjnego w kuwecie A��F�93Q)#*+�#&
&(�E: . W prawym dolnym rogu widoczny jest wir
spowodowany 	F&(�CJb	#5@*6P <�1(A��N��3E)�*  wody.
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Rys. 2.8. ���������	�
���
�������������������������	���������! "���!#����$�%�����&�&'(��)*���%+
�&',�-������ 
�/.	����01�2'3�����*�!��01'��!�	�%��0�'4+5�&'��&�����-0�'76������&�%��0�'

2.1.6. 819;:�<>=@?�:�=@<>A�BDCFE4G*EIH�B�<>A�=JALKNM�:�O�=NG�O�P�QL=R:
9SM�O�=4G*B�T
U ���%��0V'>����W��%��0X'D�����
�&0��Y���
�!0V'D�����-���%�
�%�/�Z�[�����-�-01',�&��\[]��-�-����\&^_����`%�
�a01��W&���b�c��������d��&��ea�

�����5�5 5��)������%�����%��d&fg�%6��
�!��`�� )
\�h1�I)��i�*�Y�(�J]
�5�j���
�k]��!��������#��l'm�1',�-n(���I+
eo]��!�-�p)��*�Y�q�5 5^� r���s�
`%�F��'(�&W
���
t&u%���I+
eZ 
�� $�����5�	)��*����',�%vxwy�� r�	)����5�&d� 
�z�I)*���*�i�{�
�|]��&�&�})��*�Y�q�5 �~�n(�7u	���5^��z���y�
�%)���d!�%��)����������
������ 
�� 
���%�F'(�!����d&f���'��c��0X�!#�������)��*�I)
�%�1����'��x'(���%��d&fa�*�&d�f���'(���I+��1'��Y��n��-��'����F�jd&fIv4�����&���%���&ua�*����'(�� ��
�� r�%)����
��d� 
'
pokazano na rys. � v��Iv���'(u���d��&���J��������0��5�R)��R�%�%�� r�	)����[���&n�0V���*�Z�����c'(�Y�����-��������n(��'��� r\�d&��)
',tJ�
���7u	�[����u�d�����)����5�7d&��)����-��0��������&��',�%vL��6��&d&����+5e��
��d&fa�����
\�d&����)��*���5�����S)
'(tm�F���&n('�0�'{�����V�&ex�������������
)�����d5 r�&n(���k�����&��#�������������',�z�1��u	��u��	)�����n(�%���-���� ����7n(��#��� r\&d������o r�� l��u%#������%������'��}� '(�I)��*�&n(��d� 
'
���
`�W&��'(�%�1�� iv

Rys. 2.9. �1���!�* ¢¡{�Ln�£7u	¤�~�¥�£7u	¦c`i§
¨%©1]
ª
£�¨	��]� !��£�¦c©�¦��� &«1 �ª��� �§r\&d&¬�§@¦1£�u%��­,¬��®¥�£�¦c­(¬�ª��-d-f�¨�­,\
��¦�£�¯j£7u%¨�\��@¦$°%¤�¦�¬&d&­(¬�¥�ª
£I����£%¥� &u	¡q£�±5d-­�¬-¨�¨�¬�§
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2.1.7. Pomiar koncentracji chlorku sodu
�������������
	��
������	�������������������� �����!�"	��
������	�������#%$���#���&'������(*)+��#��,�-(.�
�/�0��	 12���3�54�� ����������6��

przeprowadzono dla 
�7�����38���9��+�,#����7�,�2:3�%��9;�<�,�2	3�>=����<��?��@�A�,�A�,� �B$;�C#D�E$,�+�3�7����#����;�F�,�<�
$,�2#�8;$�1G83�H�I�

���A�E#�8����J�K=C#L�LMN��� ���;�,8�&O�!���7:���9P$��Q���,�3�H8���9!�<#D�3�2�E��&'� ��#D�38���9
M+��� ���;	�����9R$,�2#����A�J�'�/��6�1G8��A9S?UTV�,#D�S=��2��1��
�E#��W���C8XMN��� ����	��Y�78,	��,�;�����Z=�(.#[$�� �E	\=��<6��/�3=��]�5�;�G=�	�� & $,�2#��^�7���,�,� �^�G�7� �[��� �A$��<�,8�&F?F_7�5$��,&7� �����
	��,�;�A�������+���2�`�H=+�
� �a�H8;	��,�2#�8�=��2���;�P���'�Q�b��#���$��^1G���/�N�N(����c=2��dc&��^�2���38fea&-�g�W���,d�$�����	3�W�3�7(�$��,� ��6��C��(��A(c�;�
$��,&7� ���2#��h�+��#�8�=��2���;�C���i���/��	3�j�C8;�E#����C�k���,#E�G�l�,�W�m�\&��^�2���,dH�34;���E#D�3�7(Bn o��E9,� � �E�����;��pq$��,#E�7��� ����(A��(B�;�@$���&'� �E�
�+�,#�	�1������i$�:��\	��,�����A�L�j���A�C���\�.$;�C#D�E	,�+���C�i	����;�^1r�s?
tu�g�W���,�B$�����	3�W�3�7�v=�1<��w�8L1��U�����,�;����#D��M���� �'�;�b	��A�<�<4,�N���C���
istotnej z punktu widzenia weryfikacji kodów numerycznych informacji obrazowej.

Rezystancyjna metoda pomiaru koncentracji

Rys.2.10. 
o3�+�A���,�'�G=+	��v$���&��G�A�����-�@�,�x������������#��3=�����6��v$��
&������C�y����#�	�1��D�3�I$��Nd��,	��sMN���

�,��#�6���d�������6���$���&v�����2�b=2�+d�w��������
Tz���
=��2�^�7�3�@8b��	�1������c$��
&7� ���+�3�H8;{a=2	�1��A���C��(���8|=+� d}#>#���=��2�^�@�c�2�E��&7�S=��2�^�2:3�7{U=��<�<���Q	�:3�X	,�+�,	��3�@8���9;{

kamery i przetwornika obrazu  (rys. ~ ?G��pz��#���$��^1G���Q�
�;�-��	�1��A�,��&��,��$3����	3�W�3�7��6��v$;�,&'� �E�W�y	��
�;�A�������+���C���
soli (rys. 2.10). Pomiar przewodnictwa roztworu wykonywano przy pomocy specjalnie=�	����S=2�2�C���,�-���,8���9>�L����	,�2�+���\?
�k� ��	,�2�+�S�38F�f&I���3=+#,�A#��
���Y��$�� �
�����-���@$,12�3=+#���#�8��������b=�8�&I�E�2��� ��	������E1G�"�
��#��+�A������9�$,���,	,�+���A9�����w�(���8���9O� �S��� ��6;1��\M������������������L#A�����2�+�N�Z�78\=���	��\M�������� �,�������D��#�8����G�;?
���
#D&v���,=�#L�L#L�L�����|���G�A	,�2��������	���&�����#����'8;4����A�����O�+��	S�y=�$��\=�:,4�{���4�8
&-�
w�����4�8;1����,4\=N���C�-���-���
�7#�6S�/d��
��(@#�&��G����d-=2�+d�w����������%&��G�A��dl#A4��G� w;�L�����'=���dB���I	��
� ���������U������	,�2�����38y)������3���F$��+#���&����L�,8i)+��#��,�-�N�g?
�E�D�
���S��#L�3=���� ��4f=����C�-������� $���#L��$,1�8,�H� $���#������ �E1�8 ��� �r���+����$����E�+���C��d ��	�������� ������d =�8�6����E1�:,�
��� ��	,�2��8���#��,8���9I$�����9��S�,#�(D�D8
��9I#���� ��	,�2�N�S��#'���,$��,�'�/���
����&I���,4��N��#���&I��$���#��A$,1�8,�H�f{s)��N�
������)2��#L���-��6��b�
#�&��G�A��#����,8�&I�@&y���+����(�T����H�I�[����#�	�1��D���L&y�B$�:��@$���d��,	��\M����H�h�+��&'$\�A���������C8f?U�U� �A	,�2���S�38�����$��
&������C�
przewodnictwa elektrycznego (rys. ~ ?����Ep
#��\=��+�^1G8��B8�	��S��������� �3�-:S��9X������� �����+����9�#X�,�C�����
=��N��4���#L�
����6��I�IM��N���,�����D8-�\?��S��&�&.������#H#B$��Ndg�W:���6����A)C�J�+�,�H8���9y�bM��N���,�����D8v��{j�

mm. Dla kompensacji�7$,1G8,�H�Z�+��&'$��A���������C8�{b��:,�7����� ��6��G��������� �A	,�2���S���7$����,�-���,#������.�+����&���$����C8��������3=2�2�C���N(����.� ��	��L� ��(
�+��&'$��A����������d�����#����7���C�s?� a�A� ��&Z�'8����G��&I� ���,�-�L�����'�'$;1r8,�7�¡���G�A	,�2���
� � #�8��q$����G�A�N8;#;�����^�q������	,�2�������;��� ��9
#��3=������L�������'8;	�����#�8\=2�+�����
=C�+��4�� �G� #��,�-���,8P$��N(������-��nA� ~ ?�¢,&�£@pF6������������W�
�F����$��GdD�L���|�
��#�d3=2�2�3�2� �<���\M����
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Tabela 2.1����������	�
���
�������
�� ����������	�
���
 ����� ��
�����	��! #"$
&%'�� )(�
*
�� +
 %  mol/kg  S/m
 1  0,172  1,430

 2  0,345  2,570

 3  0,517  3,720

 4  0,690  4,685

 5  0,862  5,700

 6  1,034  6,360

 7  1,027  7,045

,.-0/2143�5)687:98;=<?>�@A149�B�CD9E>GFH6DCD1�IJ3!/21�KA-ALD3�C�6A/M1NKD5:>�9�>
Martona [26] dla 0.1 molowego roztworu

soli. O ;)IA3�>�PRQ�9 7S- CD3 TA9�CD9�5#3!U�CA< KA-DKD5=3VFWCD-YX=Z KD5)-A[�9�L\PA5�6 IA3�U]1*@^5=3�[R6�Q=CA9)Q�_a`2U43 KA-D5:b^FWCD3�CD143
przewodnictwo czystej wody w temperaturze 26o c Q=9�;�7dCD1�9�/e3!Uf;)>!9^X#Zg5:>�h�LDb�FiFH1�9�U�IA-YX=[�1Y/2Cj149)Q�;=>�9k1
wynosi 6,70 l 10-6 S/m  [11].

O 3�5�7:-YX=Zk;:KA3�L�I�PeCD3�KA1�h�[�143mCD3k;=-DCDLA3�[�nHKA-D/21]3�5=-^FW6D[�n2>�3�U49�B�6e>�3�5=b�FHC^-M-ALoI^-0C^[�9�C\7S5#3�[)Qp1d;=-jU�1�Q�3�I?1
-ALq7:9�/WKY9�5#3V7�PA5�6r5=-0>�7�FW-D5�Pf_Y,f5)>�62Q=9RL0C^-j[�>!9\;=CD9)Qs>\C^3)Q=-0/e-YX�[�1t7:9!/WKA9�5=3V7�PA5�6GFaK�PJC�I�7:3R[�n8PY/2149�;)>�[�>!9!CD143
;=-DCDLu1�F2[�>!9\X=CD149#Q�;=>�6A/vKD5)>�9�;:IA3!U'-^Fw3�CD1'P /2-0B�U�1*F29x@D6�yS-uPDFH>�TAU4h�LDCD1]3�CD149zFWK�y]6�FsP{7:9�/2KA9�5=3V7�PA5S6{CD3
FH6�>�CD3�[�>�3�C^9|;S7:h�B�9�CD143}5=-D>�7�FW-05�P~_k�W3�U�1*@^5�3R[#Q�9u7:9�/HKA9�5=3�7�PA5=-^Fw<�L�U'3}IA1�U�I�P�FW6�@D5#3!C�60[�n�IA-DCD[�9�C�7S5=3�[)Q=1
KD5)>�9�KD5=-^Fw3�L�>R-0C^<2L0U�3M;S7:-~;:-�F23�C�60[�nMF�9�IY;)KA9�5#6^/e9!C�7:3�[�n8;=-DCDL?KD5)>�9�Lj;S7:3VF21�3kFH6�ID5=9�;�C^3o5)6Y;�_Y�f_����Y_A��3�I
/2-DB�CD3�>!3VPDF23�B�6AZR�x>�3�U�9�B�CD-YX=Z�7:3�/23�F KD5)>�6�@AU41�B!9!CD1*P�[�nD3�5#3�I�7:9�5iU�1�Cj1�-�FH6J_���9�L0C^3�I�CD3�[�n�6DU49�Cj149
[�n^3�5=3�I�7:9�5)6A;�7S6�Ij1f>�/M143�C�Q=9�;�7�Fs6�5=3���CD149k>�3�U49�B\C^9H-ALMID-DCD[�9�C�7S5=3�[)Q=1Y5=-D>�7�FW-D5�Pf_ O 6D/e3�TA3g7S-?1�7:9�5=3R[R6�Q=CA9�TA-IA-D5�6�TA-^Fw3�CD143m5=9�>�PJU�7:3V7�b^F�F|-^@J;)>�3�5#3�[�n2-eL\PAB!6^[�nH>�/H143�CA3�[!nW>�3�5=b�FHC^-oI^-0C^[�9�C\7S5#3�[)Qp1A1D7:9!/WKA9�5=3V7�PA5�6J_
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Optyczna metoda pomiaru koncentracji���������
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a wytwarzanego przez !�"�*������+,�$-/.0�	������+ 1

y
-!+2�3�4'!#��5(	�	�6�/7%89�$
	�;:;�<.0�!:=-!+	�	���4'!#!�6(��%���>:?�%:@�BA)

a = f2 tan 
1

y  C  
1

yf2 ,

gdzie f2
��.D'!#!�FE�GH��#����0�$-!���;�$�I��J!����-��K���,'L��#����6�3-�'	�M+��	��#!�N'!-�.0�	�&' O��	P�Q��6�R���	����7FS$���3�����$�/�;���FE�GTE��;���2�U.0�

w odpowiednich punktach obrazu ( V!W �/XY /.0�&��
��R
%��
��&�;���$�M�����K�����Z���!�� ��0�K'	�M�	:@�9A)
I = const (b

)
a/fc

2),
��@���3�[.6�!:
�?�$ !\�.0�R
%�������"-!���%:]�M��-T !�* ��3
��	�����"�^7�_ ��JF�Z���������������!:`��J����R
&���
Schlierena oko (kamera)�@�/��\��	�����a���	��
%�Z�b
�:?�6�	���c��
	#!Q�(	�*���$�
�"�&�3�	���$�/�;���FE��	� W �d�����b���$�e���6�	Q"-!�FE�Gf�2Jg����Qh'��K��+�7jik:H���	�����
	#�Q5(	�*�!�$�l�"�&�3�	���$�/�;���FE��	� ) S�m0ST�@���0�;�R�$
������n ��$
%��
o
%��J/'!�$
��$�M+	���p��J!����-��?J!�	�������q�r �'!�/-F�	���os

x,y) /.0���$
���
	��
&�������$�[�����K���	�$���R�[���K�Y���R���t ��$
��R
?A)
I/I = (

)
a/a) = 

1
y (f2/a),uv�&E�Q6�w�w�K�K�$
��,���*���x�������x�3\�������Q"��#/.K�@���y-��5����'g��-�' V!W �z�y���@ !�����K�3�2�@�5���$�!��'g��-�'{���3�$���H����(4�M�&����� W ��� ��$
�����'!����(��%��� ) J �����r��
&���<.K�|���r�FE��;�"�<�$Q"�	�����}�  /.0���$
��R
%��~����6�r
��� !�z�$'97�89�$
��R
��!�� ����@���	�������

podstawienia uzyskujemy:)
I/I =  (f2/a)

�
�
�
�
��� �� ���
�

( � n/ � y) dz,

gdzie: � 1, � 2 
��+4�?�$ !\�.��$
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��> �'!�/-��3\��p#!��
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Schlierena reaguje na !�"�����?�$
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	-/.0�	�&'b�?�$ !\�.0�R
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	��
��������������������������� �!�"���$#&%'�(	*)+#-,��/.0��132�,���)/.�#�%4��5���6��"7"�/.����8#���7��9#$7�2:��7�1/�;%!7��(	*)+#<	�%!#��=2��>�
%
? ���;1/��)�����@�7"#��A,��/.B��132�,��C)*.�# D E�F�EHGJIK�L�;���C�"�*.BM�)CNO���P%9��5���6��"7"�A���!#���7��Q#$7�2:��7
1/��%!7"�
	�)�#R,/��6����TSLU;VW.��;132.B�;1/��)��+�'%9���",*��%!���$7���NX2Y�Z7"�/.��!7�#��/.H1��+�[�-M=2\��5"#$6�)�#���N]�;2:^;,��_�!�"���a`"���a%9���",/�;%'�+7;��%b2:�L��#$�b�����3�C�;��#��
Schlierena, jest c min = 0,1(a/f2d GK�e�+6�132Y�f`",��L�Q�!�"���$#g%'�
	�)�#h�"� ? ��1*��%'��7"#��_���$��5��(	*)+#i�j5"7"#�1����;%!�/. k 2�;`�#$���;2���%R�l�"5"7"#�1/�;�C.0MC)���5��m% ���������"��#n�CN�%R2:�����m�j�$�o,*��5;�
����)/.B#p)��L�"���
	�)�# ? �j�+�(1�2:�3.��q2��"�$���r���!#n��7��
apertury (im mniejsza 

� ? ��,32���,*�f2��"� %!#�6��
1:���o)��������
	�� d G9E0132�7"#$�/.B�P.����"7����r��#s�$���t�"5",���7"#$)�����ur�"�$�
minimalnej 

� ? ��,�2���,3�-Gv�����"�>�(	*� ? ,/�+�=2�%4�j,:7"#&���f�����w��,3�x.B��132R.��C�j7;���y�z7"#�)�{
GJ|4,3��5�#$�Q�"5",���7"#g)����+7"#��%9��7"#s���A�}��M��"��7"#���N9�=`"�~1/�
1�2:����`"���8���"�"�$7;�t�8#���,:�+�j�f��5�#n6C)+#��q	�%!#��=2>���z�"�$� �"���"�=2�7;#��/._#O��.B���!7��/.%'��,32��
	�)L# c G�� ? �j�����+��7;�������������"��#����"���"�02�7"# c ? �;%!�"���L.��v%9��,*�(1�2<#$7�2:��7�1/�;%!7��(	*)�#]	�%!#��=2>����N���.*�+�!7"� c1 ? �C�"���b#$7�2:�L7
1/�;%!7��(	*)+#>GO�w�/.*%'#n6L�
1/��M��'�j���$#&%!Mo���8#���7"Mt#$7�2:��7
1/��%!7"�
	�)�#��"���q��.B���!7���5�� c  jest jej)��H�n���;%!#�2��!����7"#$��G;�H��	��n# c max
.��;132�%��"�L7;�"� ? ����� 5�6�132:�
	�)�#�7��/.*%'#n6L�X1:�+�����!�j����#g%4������M=2:������5�#$6�)�#���Nj2��

mamy:  
D

I = - I dla c  =  - c max
N"#�7��/.0�!7"#���.H1/��Mv�!�"���n#&%!MJ%'��,32Y�(	*�v�"�o�

min = �  f2 c max .� ? #$��,��/.BM�) 1�#�6 7"� ? �;%9���;1:�+�j)�{ ���H���"����7"#���)�{ 1/���"7
132�,����;%!��7�� 1�2:��7"�;%4#n1/��� `����"�H%!)����%9� ? �
1������"7"� % 1/�-132:��� � ? 2���)���7;� 23� ? � ��)�{"�$#���,���7���N ? �j��%'���$�/.BM�)�� 7"� ,��/.B��132�,*��)/.�6 ���8#���7%w1 ? ^��3)L�+��7"7�#$���r���H�3���w��7"#���%!������,/��6C��� SLU -4 G��i^;%97��j�$�L5;����%!#�M�������	�%!#��=2>��� ���H�3���9�;%a�+7���%
? ,/��� ? �n�;%'#n� ? �C�"�87�� �(1�2�,/���87��j�+� ? ,/����1>����7"#n�/.BM�)���5���)���6�	*)+#g��%'�_�j5"7"#n1:����%����������;��#�� ? ,*�=.��L��)C�L.�7"����G� ? �3��1/��)����"@�7"#�� ? ,*�=.��L��)*.B#!7"� ? ,/���=2�%4�",/7"#&�;�����+�w��,/������| 132:��7 ? ,/��� ? �n�;%R�z.B��1�2 %!#&���-����#s�+��%'��7;�? ,/���L�9.���1�7��Z#\)�#��+�!7��p132�,3����2���,3�-GX�}�H2����"�
.���132R)L���"�>��7�� ? #$��,3% 1:��M ? ��)�{"���;7"M ? ,/����1�2�,/����7"7�MZ5�6�132:�
	�)�#)�#$��)����-G���)�{"���w�=2������������w���;132:�
1:��%'��7���5��'%����
1 ? ��,��;�w��7�2:�C)+{\.B��1�2 ? �"�������L7;�!7"��,/�
1�G���G�SL�
G� ��������� ? 2���)���7;�y1/���3�C�"��1 #�6���{����$�"5���7"�;%!��5���@�,:^�������	3%!#��=2>����No1/�
1�2:���O�y�����$#$�8��)��L.�7���5���N��%!#g��,�)�#����"�H����#���,���.BM�)���)�{p%!#�M�����6p	3%'#n�H2�����#������8�L,*�f�\�K|�,��/.B��132�,���.�MC)��/.8�;`",*���_�"5",���7"#$)��+�+7;�}7��j�+�+��G
Obrazy 

1*)+{"��#���,���7"�;%81:��# ? ,/�+� ? ���;%R�z,*�*.*��1�2�,/�;%'��7"�Q�+� ? �"�!��)�M ? ,:���=2�%4�;,/7"#&�-�P�;`",*����� #h����� ? �"2:��,��CN? ���;�;`"7"#��Q.B�����;`",*������132:�
1:��%'��7"�~�"� ? �"�!#���,3� ? ^"� ? ,�6��;���
	�)�#_#Z2:��� ? ��,��=2���,��
G8IK��%4��5���6����¡7"�
ograniczenia techniczne pomiary 

1�)�{"��#n�L,���7"�;%81:��#$�9%9�"���"7"��7���7"#$������������7"#�� ��� ? �"���
1�2:�0�n��)�{p`����"��u�;`",����+��%R��)+{-G��H���"7"��)�����1�7;� ? ���!#���,�.B��132¡.B���"7"�L� �!�"���¢#g%!�jN ? � ����1Y2Y�(1*��%'��7"#�� ��%!#���,*)+#����"�H�
? ^�� ? ,/��� ? ��1��+)������$7j�j)+{}#h�"��`��-�"��%'��7"#&�£�;,3��5�#g��5��f2��;,�� � ? 2���)���7"�L5��q�"�$�_���+�w��,/�},��/.B��1�2�,3��.*M�)��/.���`�,����)���M�132:���9%w1/����@�7"#&���;%9��)�{-G¤ �"�!#n�L,*� ? ,/��� ? ,*��%'���;���"7"���;�g�£���"�!�",/�r1/����	B)�#���7"7"�/.�N �r)���2:�H,���)L{�	*)+#���7;���C)+{t%9�����j7��+7;�j)�{¥�? �$��¦�#s5�����13�-N�#§��%R� ? ,:����)�#&%!����5;����)�{p	�)�#���7;����)�{��w�=2:���$��%4�")�{-G��;2:�0��MO2:��� ? ��,��H2���,�69�!�=2:���$�;%9��)+{p	*)�#n��7������� ? �H%!7"#��=���!��%'�v�����+�w��7�2�� Peltier’a.

2.1.8. ¨!©-ªj«�¬
ª"¬�­ ©�®K¯3°�«3°"±�²Q¬�³e±�©�´µ¯3¯·¶�¬R¸9¬§²Q¯�©X±�¹z«�°�²!¸9°"±�©�«�¹�±:ºQ»"¼�¯3©§®�°"½P½<¹·­ °�« º�H���"7"M_� ? ,/����)����"7¾7"#n�L��5����;7��(	*)�# ? ���!#n6C�;�+�¿%9�"7�#$�����8#O`j���"��u ����1 ? ��,/���8��7�2:�+�$7;�j)+{ ? ,���)C��1�^;%���"7�%'����)/.�#K7"�=2���,����$7"�/.R�a%9��7�#$�����8#·�!���"���$��%'��7"#��À7����8��,/��)L��7���5���2���)�{p��.B�=%!#�1/�w.B��132i7"#n�C�"�j�������"7"�
	��
zamodelowania warunków brzegowych na „biernych”, tj. 

7"#���#$����2:�L,/�!#n)L��7;�j)�{ 	B)�#���7"��)�{�"5",���7"#$)��+�*.BM�)���)�{Z`j������7�M ? ,/����1�2�,/����u-GX�����p%9���������H�Y�p%4�"7�#s��#�%w)��+��	�7"#��*.H1�����)�{p`��C�"�+u}Án��U"N&�
Â�Ã/N<7"�H%!�=27"#��=%!#����$��#�� ���w#��+7;� ? ��%9���;1/���j)+{_%!�L,3�
7���^�%¡`",:����5��;%9��)+{ ? ��%4�����L.�MZ��7���)L��M�)��Z���w#n��7;�¿132�,3����2���,3�A#��#$��,3�-7;�;��,3�-)�{�� ? �n�"7;�_% ? ,/����1�2�,/����7"#·����1 ? �L,*���w��7�2:���&7��/.HG
�\�-)�{ ? ���"7;�x�!�j�+�a`"���8���=2:��� ? � ? ,*�=%97"#��
zamodelowany numerycznie pod warunkiem zaimplementowania zmierzonych w warunkach
eksperymentu pól temperatury na 

7"#��+#$���;2:��,/�!#�)���7;��)�{8	*)�#n�L7���)�{-G|!�z2:��5"�¾)����������;132:�
1/�;%'��7"�z2:��,/�!�"5",���k�#�6x% ? ���")�����,�%9#���7"#$N ? �"��%'�+�g�*.BM�)CMQ7"�A,��/.B��132�,��C)*.*6 ? �j���2:��� ? �L,��=2���,/�z7�� ? ��%'#$��,/��)�{"7"#�% 1 ? ���!7"#��+7;�j)�{�	*)�#n��7�N
`����;1�23�����;%!�"N
%Ä)L����1/#��A,/����)L�+��%!#�132��"�!N ? ,/���`��L,��;���À%9��1*�j��#$�/.v)��L�"���
	�)�#<#§�"�"�;���C�j7��(	*)+#·Á3Â�N$Å;��Ã0G ¤ �j7�#n�H%!��� ? ���!#���, ? �"�$�'2:��� ? �L,��=2���,3�[�"�"���j7;��%'��7;�`"���O7��p���H%!7"6=2�,:��7"�/. ? ��%'#$��,/��)�{"7"#R	�)�#��+7A�;�"%'�=2��}���
1 ? ��,/���w�+7�2:���s7��/.0N�2��z	�)�#$��7;�¿�"5",���7"#�)����/.BM�)�� ? ���"7���
132:�0�n�R%R��M�)����"7"�v�"�!��`-1/���L,3�-N�%���2Y^;,3�"���"�j���"7;��%!�L7"�8�;`��$#�)+�+�+u47��-�8�L,*�j)���7;��)�{ ? ^��;2:��� ? �L,��=2���,3�-G
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odpowiedni poziom.
Zastosowano system termowizyjny AGEMA Thermovision 900 LW. Obrazuje on pole�����&�����0	X�+)����n���0	��"�+��������-/�>%o��� 	��0-/�2���
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$�%'&)(+*-,.*0/2123.4'5�*�67&8*-3.*-9:18;<&)(=5->2?A@B*C@B;D1FE�G0H7>.,2@DI2J)HK%LI�6=/2%'(=>.?M%-,�N *-;D,O>24-PQH�/21�6RN *-4-@S4T>)UV(�1)H7>)4-P
1O&.(+*'5WJ)HYXZ*A/O(=5W%[NRH\1O(=5�1.,.*A5�*]/.1.?^124-_AH7>a`�%=b^18/2@c6�*W,�>�4-PdN %T4'P.,.@DIfehgjilk=m7XZgnilk o�X
6 18,)3Q3.1C/)18?^@B*'(Vp
6VN qL`�%'9.Xrp2IOsR*T3�p t24'P.;c@B%'(�%W,)*'uv3.1w/)1F6RN *-4-@7/2J.;nN %-?7/2%'(+*�NRp2(V>)XY/.(�q-3OI21FE�4'@DX7/21�sR18`W%W9xUR(�18,�NRpy/O(=5�%-?^@B*-,O>
U *'5�1OH^%=bj1.(+*'5]UR(+1.,�NR>v5�?A@B*-,O>Qz2q�6VN 1�E+4-@�5LH^@D_-5�*-,.%]5�%]5-?A@B*-,2_d6{N q'`�%',.@B*^|A*T}~;BX�b+%O6VN�&8*'(+3O5�1�NR(Vp�3O,)*03.1
4-*�sR1�E+4-@D1OH^%Lz21 5�*'/.(+%'5W%',�N 1OH^*L,.@D*O� � ,.@D,�@B%=b�6+5W>)? (+1.5�3O5�@D*-;B% /21�3�6{p�?Y1)HY*',.1 (+%'5Lp�;�N *�NR>
/.(=5�%L/.(+1)HY*-3O5T18,O>)4-P�&2*-3.*-9�%'I�6 /2%'(=>2?A%-,�N *W;D,O>84WP���$�%�H75-z2;Bq-3�p ,2*K3�p2`�_�;D@c4L5W&8q�/.(=5W%T&8*-3.*-,O>24-P
/.(=5->a/2*-3OI2JOH^X ( J.`-,.1.(=123O,.1�E+G HY*'(Vp2,OI2JOH /)1�4L5�_[N{I.1OHj>.4-P)X &.(=5W%'z21)H\>.4-P @ ?M*[N %'(+@D*�sR1OH7>24-P
przedstawienie rezultatów ograniczono tylko dla wybranych charakterystycznych przypadków.� ?^@D,�@Bq[N 1rN %'`j4'5�q�E�G�(+%'5'p�;�N *[NhJ)H\X.I�NhJO(+%n6+_n6 5�%'(=5W%�bZ/.( 5�%-3�6VN *�H^@D1.,.%~Hx5W*[s{_-4L5�18,O>84-P7/Op�&2;D@DI�*-4=b�*T4WP

.

Badania wykonano dla kuwety pomiarowej, której schematy pokazano na rys. � � � ����185'HY*'`T18,)1
3�HY@D%�(+J.`-,.%�z.(Vp.&81FE�4-@�E+4-@B*W,2%LIY&81�4L5�,O>84-PnH7>aI218,2*-,O>84'P75r/2;c%LI�6+@�z2;B*O6Vp�e=�7?^?�@2�A?^?�u�@�3�H^@B%r(+J.`-,.%
HY*'(VNh1FE�4'@^6VN 1�6Vp2,OIOp��n�B� eh���AHn>�6+1.I21FE�G-X�� ��6=5W%'(+1.I21�E+G'u��~g\;D*�IOp.HY%[N{>�/.(+1�6RN{1./2*-3-sR1�E+4-@B%W,.,)%=b
5T(+%-*-;D@�5W1)HY*',.1 3�HY* (=J.`-,)% H^*L(Vp2,OI2@ &)(=5�%'z21OH^% /.1./.(=5�%'5 1�N{124'5�%',.@B% b+%=b /21)HY@D%[N{(=5�%-?
*�N{?^1F6+U{%L(�>84'5�,O>2? eV5x@�&�%L5�H7>)?Ypl6=5W18,)%'z21�18/�sc>OHjp2uf1.( *'5�/�sR*O6 5�4'5�%-? H^123O,O>2? ehH7>2?7p�6+5�1.,O>)X
NRp2({&Op2;B%-,�N{,O>�1./Osc>OH\u��0$�%�6{N *[H^@D%-,.@B% zasRJOH^,O>24-P�4'P2*'(+*LION %'(V>�6{NV>aI�/.( 5�%'/.(+1OH^*T3O5-1.,O>)4WP¡/21�?^@B*'(+JOH
5W*[H^@B%'(+*~N *[&8%-;D* � � � �W��>)?A@B%-,.@D1�,)1YHx,.@¢%�b�,.*=b=H^*'`�,.@B%=b�6+5�%�/2*'(+*-?M%[N{(V>\I2*'`�3.%'z21M%'I�6=/2%L(�>)?M%W,�NRp¤£

¥  rodzaj badanej substancji : woda, n-oktadekan, roztwór NaCl w wodzie¥  N %'?7/2%L(+*[NRp2(+*r3�H\J24'P7/.(=5W%-4-@�H^;B%'zash>24-P7/2@D1�,)1)H\>.4-PAE�4-@c*-,)%'Il£O4-@B%'/Os{%=b
Th i zimnej Tc¥  (+123O5�*Vb
E�4W@B*-,.%LI�&2124'5-,O>84-P^38;B*�,2*-4L5W>)97/.(+1�6VNh18/2*-3�sR1�E+4-@D%-,.,O>24-PF£�/�;B%'¦2@Dz�;B*�6!�8?M?^X��.?^?

¥  (+123O5�*Vb�5W%[H^,.q�N{(=5-,.%Lz21�1FE (+1�3OI2*§1./�sc>OHY*=b�_�4-%Lz21 E+4-@D*-,OI.@�IOp�HY%[N{>�5�&2*T3.*W,O>)? /.(=5�%'/asc>OHM%-?v£
powietrze lub woda¥  HY*'(Vp2,OI2@�/21�4'5W_[N{I21)HY%.£FN{5LH]�
6RN *'(RNj�r¨'5�@D?^,8>)©0N{5-,��Z/2124'5�_[N{I)1)Hj>ª&2%-5-(Vp�4LPf4-@B%-4-5W>«1CN %-?7/2%'(�*[NRp2(=5�%
bliskiej 0o }�5�,.*'zas{_¬5�?M@c*-,)_¬N %'?7/�%'(+*�NRp2(ª1)&ap§E+4-@B*-,.%'I�@<5W1)N %'( ?�@B4'5�,O>84WP�­]6{N *'(VNv¨-4-@B%'/ash>)©�N{5-,��
5�*-?^*'( 5�*-,.@c%ª123¬6{N *',�p®I21.,�HY%'I24=b¯@
pl6VN *-;D1.,.%=bM38;B*�N %W?\/2%'(+*[NRp2(V>:5�@B?�,2%=b�E�4W@B*-,OI2@j° o}±/.(=5�%'5f,)*'zOs{%
1O&.,.@D`�%-,.@B%~N %�b�N %L?7/2%'(+*[NRp2(=>��

¥  6VNh1F6�1)HY*',)*d?Y%[N 1�3.*]/.1.?^@B*'(+1OH^*.£�ilk=m³²«/.1.?^@c*L(7/2J8;�/.(+q-3OI21�E+4-@DX�ilk+o´²2/)18?^@B*'(7/2J.;
N %'?7/2%'(�*[NRp2(=>
/.(=5->f/21.?^124'>f5�*[HY@c%O6+@D,.>®4W@B%-Iasµ>84-P¶I.(=>�6 5'N *�sRJOH^X~H7>a5�,.*T4'5�%-,.@B%dN 1.(=JOHK4'5�_�6VN %'I2X�/.1.?�@B*'(MI�6=5'N *�s�NRp
UR(+1.,�NRp·U=*L5�1)HY%'z21.X^/.1.?�@B*'(f6{N q'`�%',.@B%�6+1�;D@M3.;c*�(+1.5'NRH\1O(Vpy²·/Op2,OION{1OHj>·e=%-;c%LION{(=123�>auf@�H 4-*�sh>2?
obszarze (

t24'P.;B@B%'(+%-,Ou+X.kV�:²^/.1.?^@B*'(�N %'?7/�%'(+*[NRp2({>AE�4W@B*',2%LI�5W%[H^,2q[N{(=5T,O>24'PxI2*-?M%'(+_~N %'( ?^1)HY@<5->Lb¯,2_
¥  (+123O5�*Vb�4'5W_�6VN %'I7HM6=I2*'¸�,.@DI21OH7>)4WPF£WNR>a/M4W@B%'Iash>84-P7I.(=>�6=5LN *[sµJ)HYX8/O>WsRI�@.(+1�E+;D@D,
¥  HY*'(VN{1�E+Gn6RNh1F6{p2,OIOp^H7>�6�18I21�E+4L@23.1¹6=5W%'(+1.I.1�E+4'@.I2*-,.*�sRJOHx/.(�1F6{N{1./2*-3-sR1�E+4-@D%-,.,O>24-Pn�j�R�

�®>Lb�*OE+,.@B%-,.@B*vH\>.?M*-z2*�b�_0NRp:H7/a(=1OH^*T3O5�18,)%¹N %'(=?^@D,.>�¨-4-@B%'/ash>®@r5�@c?^,8>�6VN *L(hN{©�X
p2`->�N %º3O1�3.%'U{@D,.@c4=b�@
6{N *'(RNRpx%LI�6=/2%'(V>)?M%W,�NRp�X�4'5->);c@�HY*'(Vp�,OIOp /21�4L5�_»N{I)1)HY%'z)1¼�½� Nµ(+*'I24-@D% HM6VN q'/.,O>84WP &2*-3.*-9
6{NRH7@B%'(�3O5�18,)1�X `�%¶p�6RN *';D*-,.@B%´6+@Bq�/.(=5�%L/OsR>OHjp�/.(=5->y,)*'zOs{%=bQ5�?^@B*-,.@c%�N %-?7/2%'(+*[NRp2(=>·1O&Op E+4-@D*-,.%'I
izotermicznych (tzw. „zimny start”), powoduje powstawanie trudnych do zdefiniowania6{N *',.JOH /.1�E=(�%-3O,.@D4-P.X¹p.N{({p�3O,.@D*=b�_T4¾@B4WP�/21.(=JOH\,.*',.@B% 5·1)&2;D@B4'5�%-,.@B*-?A@Q,�p�?M%'(=>84'5�,O>2?A@R�]¿�%O6{NQN{1
5LH^@D_-5�*-,.%A5jb+%-3.,.%=b^6VN{(+1.,O>)X!5�%06 I2189)4'5�1.,O>.?�4'5�*O6+%-?§,2*'(�*)6{N *',.@B*0e=@�6=/2*-3OIOp2urN %'?7/2%L(+*[NRp2(=>fE+4-@B*-,.%'I
izotermicznych, z drugiej strony ze stanami nierównowagowymi w komorze pomiarowej/.( 5�%-3 ( 185T/.124'5�q-4-@D%-? %'I�6 /2%'(=>2?A%-,�NRpl� }~%L;c%-? /21./.(+*[H\@B%W,.@B* I21.,�N{( 18;D@ HM*L(Vp2,OI2JOH
%LI�6=/2%'(=>.?M%-,�N *-;D,O>24-PÀ5a*'/.(+1./.1.,.1OH^*',)10H7/.( 1)HY*-3O5�%L,.@D%YN{5'H���¨�6VN *'(RNRpº4'@D%L/Os{%'z21.©�XFN{5T,���5�*-?^*'( 5�*-,.@c%7H
&8*-3.*-,O>2?¡1FE (+123OIOpv1�3C6RN *',�pf6VN *T4Vb+1.,2*'(=,.%=b�XZ(+185LH7@D,.@Bq[N %=brI218,�H^%LI24�b�@�,2*�NRp2(+*';D,.%=bj/.(=5->0N %-?7/2%'(�*[NRp2(=5�%
E�4-@c*-,aI�@75�@B?�,2%=bª(+JOH7,)%=b0N %-?7/2%'(+*[NRp2( 5�%¶/.(=5�%{b[E�4-@c*�U{*-5�1OH^%Lz21���� N *LI.@D4-P�HY*'(Vp�,OI2*-4-Py1O&.,.@D`a%W,.@B%
N %L?7/2%'(+*[NRp2(=>�NR>);DI21¶E+4-@D*-,OI2@
5�@D?�,2%=b�X�/21OH^123WpLb�%nb�%-3)>),�@B%]/21)HM6VN *L,.@D%¹/2@B%'(VHM6=5a%=bÁHY*'(�6{NRH7>º;D123�p�XÂ,.@B%
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