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A review of advanced ventilation methods - theory, practice, limitations and solutions 

�%�����<�D�Q�J�����
�����$�����.�����0�H�O�L�N�R�Y�������$�����.�D�E�D�Q�V�K�L�������&�����=�K�D�Q�J�������)�����6�����%�D�X�P�D�Q�������*�����&�D�R�������+�����$�Z�E�L�������+���:�L�J�|�������-�����1�L�X�������.���:����
�'�����&�K�H�R�Q�J�������.�����:�����7�K�D�P�������0�����6�D�Q�G�E�H�U�J�������3�����9�����1�L�H�O�V�H�Q�������5�����.�R�V�R�Q�H�Q���������������5�����<�D�R�������6�����.�D�W�R���������6�����&�����6�H�N�K�D�U�������6����
�6�F�K�L�D�Y�R�Q�������7�����.�D�U�L�P�L�S�D�Q�D�K�������;�����/�L���������=�����/�L�Q���� 

���'�H�S�D�U�W�P�H�Q�W���R�I���$�S�S�O�L�H�G���3�K�\�V�L�F�V���D�Q�G���(�O�H�F�W�U�R�Q�L�F�V�����8�P�H�n���8�Q�L�Y�H�U�V�L�W�\�����6�(���������������8�P�H�n�����6�Z�H�G�H�Q 
���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���&�H�Q�W�U�H���I�R�U���,�Q�G�R�R�U���(�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���(�Q�H�U�J�\�����'�H�S�D�U�W�P�H�Q�W���R�I���&�L�Y�L�O���(�Q�J�L�Q�H�H�U�L�Q�J�����7�H�F�K�Q�L�F�D�O��

�8�Q�L�Y�H�U�V�L�W�\���R�I���'�H�Q�P�D�U�N���������������.�J�V�����'�H�Q�P�D�U�N 
���9�H�Q�W�L�O�D�W�L�R�Q���D�Q�G���$�L�U���4�X�D�O�L�W�\���&�H�Q�W�U�H���I�R�U���%�X�L�O�W���(�Q�Y�L�U�R�Q�P�H�Q�W�����8�Q�L�Y�H�U�V�L�W�\���R�I���*�l�Y�O�H�����6�(�����������������*�l�Y�O�H�����6�Z�H�G�H�Q 
���'�H�S�D�U�W�P�H�Q�W���R�I���&�L�Y�L�O���(�Q�J�L�Q�H�H�U�L�Q�J�����$�D�O�E�R�U�J���8�Q�L�Y�H�U�V�L�W�\�����$�D�O�E�R�U�J���'�. ���������������'�H�Q�P�D�U�N 
���&�H�Q�W�H�U���I�R�U���W�K�H���%�X�L�O�W���(�Q�Y�L�U�R�Q�P�H�Q�W�����8�Q�L�Y�H�U�V�L�W�\���R�I���&�D�O�L�I�R�U�Q�L�D�����%�H�U�N�H�O�H�\�����&�$�����������������8�6�$ 
���'�H�S�D�U�W�P�H�Q�W���R�I���(�Q�H�U�J�\���D�Q�G���3�U�R�F�H�V�V�����1�R�U�Z�H�J�L�D�Q���8�Q�L�Y�H�U�V�L�W�\���R�I���6�F�L�H�Q�F�H���D�Q�G���7�H�F�K�Q�R�O�R�J�\�����.�R�O�E�M�¡�U�Q�+�H�M�H�V�9�H�L�����%����

�1�2�������������7�U�R�Q�G�K�H�L�P�����1�R�U�Z�D�\ 
���6�F�K�R�R�O���R�I���&�R�Q�V�W�U�X�F�W�L�R�Q���0�D�Q�D�J�H�P�H�Q�W���D�Q�G���(�Q�J�L�Q�H�H�U�L�Q�J�����8�Q�L�Y�H�U�V�L�W�\���R�I���5�H�D�G�L�Q�J�����8�. 
���6�F�K�R�R�O���R�I���$�U�F�K�L�W�H�F�W�X�U�H�����'�H�V�L�J�Q���D�Q�G���3�O�D�Q�Q�L�Q�J�����7�K�H���8�Q�L�Y�H�U�V�L�W�\���R�I���6�\�G�Q�H�\�����$�X�V�W�U�D�O�L�D 
���'�H�S�D�U�W�P�H�Q�W���R�I���%�X�L�O�G�L�Q�J�����6�F�K�R�R�O���R�I���'�H�V�L�J�Q���D�Q�G���(�Q�Y�L�U�R�Q�P�H�Q�W�����1�D�W�L�R�Q�D�O���8�Q�L�Y�H�U�V�L�W�\���R�I���6�L�Q�J�D�S�R�U�H��������������������

�6�L�Q�J�D�S�R�U�H 
�����'�H�S�D�U�W�P�H�Q�W���R�I���0�H�F�K�D�Q�L�F�D�O���(�Q�J�L�Q�H�H�U�L�Q�J�����6�F�K�R�R�O���R�I���(�Q�J�L�Q�H�H�U�L�Q�J�����$�D�O�W�R���8�Q�L�Y�H�U�V�L�W�\�����6�l�K�N�|�P�L�H�K�H�Q�W�L�H��������������������

�(�V�S�R�R�����)�L�Q�O�D�Q�G 
�����&�R�O�O�H�J�H���R�I���8�U�E�D�Q���&�R�Q�V�W�U�X�F�W�L�R�Q�����1�D�Q�M�L�Q�J���7�H�F�K���8�Q�L�Y�H�U�V�L�W�\�����1�D�Q�M�L�Q�J�������������������&�K�L�Q�D 
�����,�Q�V�W�L�W�X�W�H���R�I���,�Q�G�X�V�W�U�L�D�O���6�F�L�H�Q�F�H�����7�K�H���8�Q�L�Y�H�U�V�L�W�\���R�I���7�R�N�\�R�����7�R�N�\�R�������������������������-�D�S�D�Q 
�����'�H�S�D�U�W�P�H�Q�W���R�I���%�X�L�O�G�L�Q�J���6�F�L�H�Q�F�H�����6�F�K�R�R�O���R�I���$�U�F�K�L�W�H�F�W�X�U�H�����7�V�L�Q�J�K�X�D���8�Q�L�Y�H�U�V�L�W�\�����%�H�L�M�L�Q�J���������������������&�K�L�Q�D 
�����'�L�Y�L�V�L�R�Q���R�I���%�X�L�O�G�L�Q�J���6�F�L�H�Q�F�H���D�Q�G���7�H�F�K�Q�R�O�R�J�\�����&�L�W�\���8�Q�L�Y�H�U�V�L�W�\���R�I���+�R�Q�J���.�R�Q�J�����+�R�Q�J���.�R�Q�J�����&�K�L�Q�D 
 
�&�R�U�U�H�V�S�R�Q�G�L�Q�J���H�P�D�L�O�����E�L�Q���\�D�Q�J�#�X�P�X���V�H�����%�����<�D�Q�J���� 
 
�$�E�V�W�U�D�F�W 
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�9�H�Q�W�L�O�D�W�L�R�Q���D�Q�G���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���P�H�W�K�R�G�V���D�U�H���L�P�S�R�U�W�D�Q�W���I�R�U���L�Q�G�R�R�U���W�K�H�U�P�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�V���D�Q�G���D�L�U���T�X�D�O�L�W�\�����(�I�I�H�F�W�L�Y�H��
�G�L�V�W�U�L�E�X�W�L�R�Q���R�I���D�L�U�I�O�R�Z���I�R�U���L�Q�G�R�R�U���E�X�L�O�W���H�Q�Y�L�U�R�Q�P�H�Q�W�V���Z�L�W�K���W�K�H���D�L�P���R�I���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���R�I�I�V�H�W�W�L�Q�J���W�K�H�U�P�D�O���D�Q�G��
�Y�H�Q�W�L�O�D�W�L�R�Q���O�R�D�G�V���L�Q���D�Q���H�Q�H�U�J�\���H�I�I�L�F�L�H�Q�W���P�D�Q�Q�H�U���K�D�V���E�H�H�Q���W�K�H���U�H�V�H�D�U�F�K���I�R�F�X�V���L�Q���W�K�H���S�D�V�W���V�H�Y�H�U�D�O���G�H�F�D�G�H�V�����%�D�V�H�G���R�Q��
�D�L�U�I�O�R�Z���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����Y�H�Q�W�L�O�D�W�L�R�Q���P�H�W�K�R�G�V���F�D�Q���E�H���F�D�W�H�J�R�U�L�]�H�G���D�V���I�X�O�O�\���P�L�[�H�G���R�U���Q�R�Q���X�Q�L�I�R�U�P�����1�R�Q���X�Q�L�I�R�U�P��
�P�H�W�K�R�G�V���F�D�Q���E�H���I�X�U�W�K�H�U���G�L�Y�L�G�H�G���L�Q�W�R���S�L�V�W�R�Q�����V�W�U�D�W�L�I�L�H�G���D�Q�G���W�D�V�N���]�R�Q�H���Y�H�Q�W�L�O�D�W�L�R�Q�����,�Q���W�K�L�V���S�D�S�H�U�����W�K�H���W�K�H�R�U�\����
�S�H�U�I�R�U�P�D�Q�F�H�����S�U�D�F�W�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V�����O�L�P�L�W�D�W�L�R�Q�V���D�Q�G���V�R�O�X�W�L�R�Q�V���S�H�U�W�D�L�Q�L�Q�J���W�R���Y�H�Q�W�L�O�D�W�L�R�Q���D�Q�G���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q��
�P�H�W�K�R�G�V���D�U�H���F�U�L�W�L�F�D�O�O�\���U�H�Y�L�H�Z�H�G�����6�L�Q�F�H���P�D�Q�\���Y�H�Q�W�L�O�D�W�L�R�Q���P�H�W�K�R�G�V���D�U�H���E�X�R�\�D�Q�F�\���G�U�L�Y�H�Q���W�K�D�W���F�R�Q�I�L�Q�H���W�K�H�L�U���X�V�H���I�R�U��
�K�H�D�W�L�Q�J���P�R�G�H�����V�R�P�H���P�H�W�K�R�G�V���V�X�L�W�D�E�O�H���I�R�U���K�H�D�W�L�Q�J���D�U�H���G�L�V�F�X�V�V�H�G�����)�X�U�W�K�H�U�P�R�U�H�����P�H�D�V�X�U�L�Q�J���D�Q�G���H�Y�D�O�X�D�W�L�Q�J���P�H�W�K�R�G�V��
�I�R�U���Y�H�Q�W�L�O�D�W�L�R�Q���D�Q�G���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���D�U�H���D�O�V�R���G�L�V�F�X�V�V�H�G���W�R���J�L�Y�H���D���F�R�P�S�U�H�K�H�Q�V�L�Y�H���I�U�D�P�H�Z�R�U�N���R�I���W�K�H���U�H�Y�L�H�Z���� 
 
�.�H�\�Z�R�U�G�����)�X�O�O�\���P�L�[�L�Q�J���Y�H�Q�W�L�O�D�W�L�R�Q�����1�R�Q���X�Q�L�I�R�U�P���Y�H�Q�W�L�O�D�W�L�R�Q�����$�L�U���G�L�V�W�U�L�E�X�W�L�R�Q�����7�K�H�U�P�D�O���F�R�P�I�R�U�W�����$�L�U���T�X�D�O�L�W�\���� 
�(�Q�H�U�J�\���H�I�I�L�F�L�H�Q�F�\ 
 
�1�R�P�H�Q�F�O�D�W�X�U�H 

�$�E�E�U�H�Y�L�D�W�L�R�Q�V 

�$�&�+���D�L�U���F�K�D�Q�J�H���S�H�U���K�R�X�U 

�$�&�9���D�L�U���F�X�U�W�D�L�Q�����M�H�W�����Y�H�Q�W�L�O�D�W�L�R�Q 

�$�'�3�,���D�L�U���G�L�I�I�X�V�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H���L�Q�G�H�[ 

�$�6�+�5�$�(���$�P�H�U�L�F�D�Q���V�R�F�L�H�W�\���R�I���K�H�D�W�L�Q�J�����U�H�I�U�L�J�H�U�D�W�L�R�Q���D�Q�G���D�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J���H�Q�J�L�Q�H�H�U�V 

�&�$�9���F�R�O�X�P�Q���D�W�W�D�F�K�H�G���Y�H�Q�W�L�O�D�W�L�R�Q 

�'�&�9���G�L�I�I�X�V�H���F�H�L�O�L�Q�J���Y�H�Q�W�L�O�D�W�L�R�Q 

�'�9���G�L�V�S�O�D�F�H�P�H�Q�W���Y�H�Q�W�L�O�D�W�L�R�Q 

�)�$���I�U�H�V�K���D�L�U 

�+�9�$�&���K�H�D�W�L�Q�J�����Y�H�Q�W�L�O�D�W�L�R�Q���D�Q�G���D�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J 

�,�$�-�6���L�Q�W�H�U�P�L�W�W�H�Q�W���D�L�U���M�H�W���V�\�V�W�H�P 

�/�(�9���O�R�F�D�O���H�[�K�D�X�V�W���Y�H�Q�W�L�O�D�W�L�R�Q�� 

�0�9���P�L�[�L�Q�J���Y�H�Q�W�L�O�D�W�L�R�Q 

�3�'���S�H�U�F�H�Q�W�D�J�H���R�I���G�L�V�V�D�W�L�V�I�L�H�G 

�3�L�9���S�L�V�W�R�Q���Y�H�Q�W�L�O�D�W�L�R�Q 

�3�0�9���S�U�H�G�L�F�W�H�G���P�H�D�Q���Y�R�W�H 

�3�2�9���S�U�R�W�H�F�W�H�G���R�F�F�X�S�L�H�G���]�R�Q�H���Y�H�Q�W�L�O�D�W�L�R�Q 

�3�2�=���S�U�R�W�H�F�W�H�G���R�F�F�X�S�L�H�G���]�R�Q�H 

�3�3�'�S�U�H�G�L�F�W�H�G���S�H�U�F�H�Q�W�D�J�H���R�I���G�L�V�V�D�W�L�V�I�L�H�G 

�3�9���S�H�U�V�R�Q�D�O�L�]�H�G���Y�H�Q�W�L�O�D�W�L�R�Q 

�5�$���U�H�F�L�U�F�X�O�D�W�H�G���D�L�U 

�6�9���6�W�U�D�W�X�P���Y�H�Q�W�L�O�D�W�L�R�Q 

�7�$�%�6���W�K�H�U�P�D�O�O�\���D�F�W�L�Y�D�W�H�G���E�X�L�O�G�L�Q�J���V�\�V�W�H�P 

�8�)�$�'���8�Q�G�H�U���I�O�R�R�U���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q�� 

�:�$�9���Z�D�O�O���D�W�W�D�F�K�H�G���Y�H�Q�W�L�O�D�W�L�R�Q 



�,�Q�W�U�R�G�X�F�W�L�R�Q 

�7�K�H���W�D�V�N���R�I���K�H�D�W�L�Q�J�����Y�H�Q�W�L�O�D�W�L�R�Q���D�Q�G���D�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J�����+�9�$�&�����V�\�V�W�H�P�V���L�V���W�R���R�I�I�V�H�W���L�Q�G�R�R�U���W�K�H�U�P�D�O���O�R�D�G���D�Q�G���R�U��
�Y�H�Q�W�L�O�D�W�L�R�Q���O�R�D�G�����,�Q�G�R�R�U���W�K�H�U�P�D�O���O�R�D�G���F�D�Q���E�H���R�I�I�V�H�W���E�\���H�L�W�K�H�U���F�R�Q�Y�H�F�W�L�Y�H���G�R�P�L�Q�D�Q�W���R�U���U�D�G�L�D�Q�W���G�R�P�L�Q�D�Q�W���V�W�U�D�W�H�J�L�H�V����
�,�Q���F�R�Q�Y�H�F�W�L�Y�H���G�R�P�L�Q�D�Q�W���V�W�U�D�W�H�J�\�����V�\�V�W�H�P���U�H�F�L�U�F�X�O�D�W�H�G���D�L�U�����5�$�����L�V���W�K�H�U�P�D�O�O�\���F�R�Q�G�L�W�L�R�Q�H�G���L�Q���W�H�U�P�V���R�I���W�H�P�S�H�U�D�W�X�U�H��
�D�Q�G���K�X�P�L�G�L�W�\�����,�Q�G�R�R�U���Y�H�Q�W�L�O�D�W�L�R�Q���O�R�D�G���K�D�V���W�R���E�H���R�I�I�V�H�W���E�\���F�R�Q�Y�H�F�W�L�Y�H���G�R�P�L�Q�D�Q�W���V�W�U�D�W�H�J�\�����L�Q���Z�K�L�F�K���R�X�W�G�R�R�U���D�L�U���L�V��
�I�L�O�W�H�U�H�G�����W�K�H�U�P�D�O�O�\���F�R�Q�G�L�W�L�R�Q�H�G���D�Q�G���W�K�X�V���L�W���E�H�F�R�P�H�V���F�R�Q�G�L�W�L�R�Q�H�G���R�X�W�G�R�R�U���D�L�U���R�U���I�U�H�V�K���D�L�U�����)�$�����W�R���G�L�O�X�W�H���L�Q�G�R�R�U��
�S�R�O�O�X�W�D�Q�W�V���V�X�F�K���D�V���&�2�������)�$���F�D�Q���E�H���V�X�S�S�O�L�H�G���L�Q���G�L�I�I�H�U�H�Q�W���Z�D�\�V���V�H�S�D�U�D�W�H�O�\���R�U���F�R�P�S�R�V�L�W�H�O�\���Z�L�W�K���5�$�����Z�K�L�F�K���L�V���W�K�H��
�P�D�L�Q���I�R�F�X�V���R�I���W�K�L�V���S�D�S�H�U�����%�D�V�H�G���R�Q���D�L�U�I�O�R�Z���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����Y�H�Q�W�L�O�D�W�L�R�Q���P�H�W�K�R�G�V���F�D�Q���E�H���F�D�W�H�J�R�U�L�]�H�G���D�V���I�X�O�O�\���P�L�[�H�G��
�R�U���Q�R�Q���X�Q�L�I�R�U�P�������1�R�Q���X�Q�L�I�R�U�P���P�H�W�K�R�G���F�D�Q���E�H���I�X�U�W�K�H�U���G�L�Y�L�G�H�G���L�Q�W�R���S�L�V�W�R�Q�����V�W�U�D�W�L�I�L�H�G���D�Q�G���W�D�V�N���]�R�Q�H���Y�H�Q�W�L�O�D�W�L�R�Q����
�3�H�U�I�R�U�P�D�Q�F�H���F�R�P�S�D�U�L�V�R�Q�V���D�P�R�Q�J���G�L�I�I�H�U�H�Q�W���D�G�Y�D�Q�F�H�G���Y�H�Q�W�L�O�D�W�L�R�Q���P�H�W�K�R�G�V���D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q���7�D�E�O�H������ 

�1�D�W�X�U�D�O���Y�H�Q�W�L�O�D�W�L�R�Q�����X�V�H�G���I�R�U���S�D�V�V�L�Y�H���F�R�R�O�L�Q�J�����L�V���R�X�W���R�I���W�K�H���V�F�R�S�H���R�I���W�K�L�V���U�H�Y�L�H�Z���S�D�S�H�U�����,�Q���D�G�G�L�W�L�R�Q�����)�$���D�Q�G���5�$���D�U�H��
�M�D�U�J�R�Q�V���L�Q���W�K�H���+�9�$�&���I�L�H�O�G�����&�R�P�S�D�U�H�G���Z�L�W�K���5�$���Z�K�L�F�K���N�H�H�S�V���U�H�F�L�U�F�X�O�D�W�L�Q�J���L�Q�G�R�R�U�V�����W�K�H���M�D�U�J�R�Q���R�I���)�$���H�P�S�K�D�V�L�]�H�V��
�L�W�V���R�X�W�G�R�R�U���V�R�X�U�F�H�����+�R�Z�H�Y�H�U�����D�L�U���I�U�R�P���R�X�W�G�R�R�U���P�D�\���Q�R�W���D�O�Z�D�\�V���E�H���I�U�H�V�K�����7�K�H�U�H�I�R�U�H�����)�$���F�D�Q���D�O�V�R���E�H���F�D�O�O�H�G��
�³�F�R�Q�G�L�W�L�R�Q�H�G���R�X�W�G�R�R�U���D�L�U�´�����7�K�H���Z�R�U�G���³�I�U�H�V�K�´���L�V���U�H�O�D�W�H�G���W�R���S�H�U�F�H�S�W�L�R�Q�����&�R�R�O�����G�U�\���D�Q�G���S�R�O�O�X�W�H�G���D�L�U���F�D�Q���E�H���I�H�O�W���I�U�H�V�K����
�: �D�U�P�����K�X�P�L�G���D�Q�G���Q�R�Q���S�R�O�O�X�W�H�G���D�L�U���F�D�Q���E�H���I�H�O�W���³�Q�R�W���I�U�H�V�K� �́����7�K�H�U�H�I�R�U�H�����³�&�O�H�D�Q���D�L�U�´���F�D�Q���E�H���X�V�H�G���L�Q�V�W�H�D�G���R�I���)�$����
�$�I�W�H�U���W�K�H�V�H���F�O�D�U�L�I�L�F�D�W�L�R�Q�V�����W�K�H���M�D�U�J�R�Q���)�$���Z�L�O�O���E�H���X�V�H�G���L�Q���W�K�H���U�H�V�W���R�I���W�K�H���S�D�S�H�U�� 

�0�L�[�L�Q�J���Y�H�Q�W�L�O�D�W�L�R�Q�����0�9�� 

�3�H�U�I�R�U�P�D�Q�F�H 

�0�9���G�H�V�L�J�Q���Z�D�V���R�U�L�J�L�Q�D�O�O�\���G�H�Y�H�O�R�S�H�G���P�R�U�H���I�U�R�P���W�K�H���S�H�U�V�S�H�F�W�L�Y�H���R�I���W�K�H�U�P�D�O���F�R�P�I�R�U�W���F�R�Q�V�L�G�H�U�D�W�L�R�Q�V�����D�V���F�D�Q���E�H��
�Z�L�W�Q�H�V�V�H�G���L�Q���$�6�+�5�$�(���S�X�E�O�L�F�D�W�L�R�Q�V���D�E�R�X�W���V�S�D�F�H���D�L�U���G�L�I�I�X�V�L�R�Q�����$�6�+�5�$�(�������������������:�L�W�K���D�Q�\���W�\�S�L�F�D�O���D�O�O���D�L�U��
�F�R�Q�G�L�W�L�R�Q�L�Q�J���V�\�V�W�H�P�����D�L�U���L�V���V�X�S�S�O�L�H�G���D�W���W�K�H���W�H�P�S�H�U�D�W�X�U�H���D�E�R�X�W���������ž�&���E�H�O�R�Z���W�K�H���U�R�R�P���D�L�U���W�H�P�S�H�U�D�W�X�U�H�����7�K�H���G�L�U�H�F�W��
�F�R�Q�W�D�F�W���R�I���D���K�X�P�D�Q���E�R�G�\���Z�L�W�K���V�X�F�K���D���F�R�O�G���D�L�U���V�W�U�H�D�P���Z�R�X�O�G���F�D�X�V�H���G�L�V�F�R�P�I�R�U�W�����7�K�H�U�H�I�R�U�H�����0�9���G�H�V�L�J�Q���K�D�V���E�H�H�Q���W�R��
�V�X�S�S�O�\���W�K�L�V���D�L�U���Z�L�W�K���D���K�L�J�K���Y�H�O�R�F�L�W�\���W�R���H�Q�K�D�Q�F�H���W�K�H���H�Q�W�U�D�L�Q�P�H�Q�W���D�Q�G���P�L�[�L�Q�J���Z�L�W�K���W�K�H���U�R�R�P���D�L�U�����D�Q�G���W�R���O�R�F�D�W�H���W�K�H��
�V�X�S�S�O�\���G�L�I�I�X�V�H�U�V���Z�H�O�O���D�E�R�Y�H���W�K�H���R�F�F�X�S�L�H�G���]�R�Q�H���D�Q�G���F�O�R�V�H���W�R���W�K�H���F�H�L�O�L�Q�J���W�R���X�W�L�O�L�]�H���W�K�H���&�R�D�Q�G�D���H�I�I�H�F�W�V���V�R���W�K�D�W���F�R�O�G��
�D�L�U���M�H�W���G�R�H�V���Q�R�W���G�L�U�H�F�W�O�\���L�P�S�L�Q�J�H���R�Q���W�K�H���R�F�F�X�S�D�Q�W�V�����,�W���L�V���D�O�V�R���W�K�H���F�D�V�H���W�K�D�W���W�K�H���)�$���D�Q�G���5�$���K�D�Y�H���E�H�H�Q���Z�H�O�O���P�L�[�H�G���L�Q��
�W�K�H���D�L�U���K�D�Q�G�O�L�Q�J���X�Q�L�W���D�Q�G���V�X�S�S�O�L�H�G���W�R�J�H�W�K�H�U���L�Q�W�R���W�K�H���V�S�D�F�H�����7�Z�R���W�\�S�L�F�D�O���V�\�V�W�H�P�V���D�U�H���D�O�O���D�L�U���V�\�V�W�H�P���D�Q�G���I�D�Q���F�R�L�O���S�O�X�V��
�)�$���V�\�V�W�H�P�����D�Q�G���W�K�H���U�H�F�H�Q�W���D�G�G�L�W�L�R�Q���L�V���W�K�H���D�F�W�L�Y�H���F�K�L�O�O�H�G���E�H�D�P���V�\�V�W�H�P�����0�9���L�V���V�X�S�S�R�V�H�G���W�R���F�U�H�D�W�H���X�Q�L�I�R�U�P���L�Q�G�R�R�U��
�H�Q�Y�L�U�R�Q�P�H�Q�W�V���L�Q���E�R�W�K���W�K�H�U�P�D�O���D�Q�G���D�L�U���T�X�D�O�L�W�\���D�V�S�H�F�W�V�����0�9���Z�D�V���W�K�H���P�R�V�W���Z�L�G�H�O�\���X�V�H�G���V�\�V�W�H�P���D�V���W�K�H�U�P�D�O���F�R�P�I�R�U�W��
�K�D�V���E�H�H�Q���W�K�H���S�U�L�P�D�U�\���F�R�Q�V�L�G�H�U�D�W�L�R�Q�V���L�Q���G�H�V�L�J�Q���S�U�D�F�W�L�F�H�����D�Q�G���L�W���L�V���D�O�V�R���E�H�F�D�X�V�H���W�K�H�U�P�D�O���F�R�P�I�R�U�W���L�V���H�D�V�L�O�\��
�S�H�U�F�H�L�Y�D�E�O�H���E�\���W�K�H���R�F�F�X�S�D�Q�W�V�����+�R�Z�H�Y�H�U�����I�U�R�P���W�K�H���S�H�U�V�S�H�F�W�L�Y�H�V���R�I���H�Q�H�U�J�\���H�I�I�L�F�L�H�Q�F�\���D�Q�G���L�Q�G�R�R�U���D�L�U���T�X�D�O�L�W�\�����W�K�H�U�H��
�D�U�H���W�Z�R���X�Q�G�H�V�L�U�D�E�O�H���F�R�Q�V�H�T�X�H�Q�F�H�V���Z�L�W�K���V�X�F�K���D���G�H�V�L�J�Q�����7�K�H���F�R�Q�Y�H�F�W�L�Y�H���K�H�D�W���J�D�L�Q���L�Q���W�K�H���Z�K�R�O�H���V�S�D�F�H���Z�R�X�O�G���K�D�Y�H���W�R��
�E�H���K�D�Q�G�O�H�G���E�\���W�K�H���D�L�U���K�D�Q�G�O�L�Q�J���X�Q�L�W�����Z�K�L�F�K���L�V���Q�R�W���Q�H�F�H�V�V�D�U�L�O�\���V�R�����&�K�H�Q�J���H�W���D�O�������������������&�K�H�Q�J���H�W���D�O���������������������D�Q�G���W�K�H��
�Z�H�O�O���P�L�[�L�Q�J���F�R�Q�F�H�S�W�����Z�K�L�F�K���P�D�\���E�H���I�D�Y�R�U�H�G���I�R�U���E�H�W�W�H�U���W�K�H�U�P�D�O���F�R�P�I�R�U�W�����L�V���Q�R�W���I�D�Y�R�U�D�E�O�H���I�R�U���E�H�W�W�H�U���L�Q�K�D�O�H�G���D�L�U��
�T�X�D�O�L�W�\�����)�D�Q�J�H�U�����������������*�D�R���H�W���D�O�������������������H�V�S�H�F�L�D�O�O�\���Z�K�H�Q���W�K�H�U�H���L�V���D���S�R�L�Q�W���V�R�X�U�F�H���R�I���D�L�U���S�R�O�O�X�W�D�Q�W�V���V�X�F�K���D�V���L�Q��
�W�K�H�F�D�V�H���R�I���D�L�U�E�R�U�Q�H���L�Q�I�H�F�W�L�R�X�V���G�L�V�H�D�V�H���V�S�U�H�D�G�����0�H�O�L�N�R�Y�������������������$�Q�R�W�K�H�U���G�L�V�D�G�Y�D�Q�W�D�J�H���R�I���0�9���L�V���W�K�D�W�����W�K�H��
�P�R�P�H�Q�W�X�P���R�I���W�K�H���V�X�S�S�O�\���D�L�U���M�H�W���L�V���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���H�Q�W�U�D�L�Q�P�H�Q�W���R�I���W�K�H���U�R�R�P���D�L�U���W�R���H�Q�K�D�Q�F�H���P�L�[�L�Q�J�����W�K�H���D�L�U���V�S�H�H�G��
�W�H�Q�G�V���W�R���E�H���R�Q���W�K�H���O�R�Z�H�U���V�L�G�H�����D�Q�G���L�Q���V�X�P�P�H�U���F�R�Q�G�L�W�L�R�Q�V���W�K�L�V���L�V���Q�R�W���G�H�V�L�U�D�E�O�H�I�R�U���E�R�W�K���W�K�H�U�P�D�O���F�R�P�I�R�U�W���D�Q�G���H�Q�H�U�J�\��
�H�I�I�L�F�L�H�Q�F�\�����,�W���F�D�Q���E�H���V�H�H�Q���L�Q���W�K�L�V���U�H�Y�L�H�Z���W�K�D�W���P�D�Q�\���R�I���W�K�H���S�U�R�S�R�V�H�G���G�H�Y�H�O�R�S�P�H�Q�W�V���D�U�H���F�R�Q�F�H�L�Y�H�G���W�R���D�G�G�U�H�V�V���R�Q�H���R�U��
�D�O�O���R�I���W�K�H�V�H�X�Q�G�H�V�L�U�D�E�O�H���H�I�I�H�F�W�V���R�I���0�9�� 

�'�L�I�I�X�V�H���F�H�L�O�L�Q�J���Y�H�Q�W�L�O�D�W�L�R�Q�����'�&�9�� 

�3�H�U�I�R�U�P�D�Q�F�H 

�3�U�L�Q�F�L�S�O�H���D�Q�G���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����'�&�9���L�V���D���Q�R�Y�H�O���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���F�R�Q�F�H�S�W�����Z�K�H�U�H���W�K�H���R�X�W�G�R�R�U���D�L�U���L�V���V�X�S�S�O�L�H�G���L�Q�W�R���W�K�H��
�R�F�F�X�S�L�H�G���]�R�Q�H���I�U�R�P���S�H�U�I�R�U�D�W�L�R�Q�V���L�Q���W�K�H���V�X�V�S�H�Q�G�H�G���F�H�L�O�L�Q�J���S�D�Q�H�O�V�����'�X�H���W�R���W�K�H���O�D�U�J�H���R�S�H�Q�L�Q�J���D�U�H�D���R�I���W�K�H���V�X�S�S�O�\��
�L�Q�O�H�W�����W�K�H���D�L�U���H�Q�W�H�U�V���W�K�H���R�F�F�X�S�L�H�G���]�R�Q�H���Z�L�W�K���Y�H�U�\���O�R�Z���Y�H�O�R�F�L�W�\���D�Q�G���Q�R���I�L�[�H�G���G�L�U�H�F�W�L�R�Q�����W�K�H�U�H�I�R�U�H���J�L�Y�H�Q���W�K�H���Q�D�P�H���R�I��
�³�G�L�I�I�X�V�H� �́����'�X�H���W�R���W�K�H���O�R�Z���P�R�P�H�Q�W�X�P���V�X�S�S�O�\�����W�K�H���D�L�U�I�O�R�Z���S�D�W�W�H�U�Q���L�Q���W�K�H���U�R�R�P���L�V���G�U�L�Y�H�Q���E�\���W�K�H���E�X�R�\�D�Q�F�\���I�R�U�F�H��
�J�H�Q�H�U�D�W�H�G���E�\���K�H�D�W���V�R�X�U�F�H�V�����7�K�H�U�H�I�R�U�H�����L�W���F�D�Q���V�X�S�S�O�\���O�R�Z���W�H�P�S�H�U�D�W�X�U�H���R�X�W�G�R�R�U���D�L�U���L�Q�W�R���W�K�H���U�R�R�P���G�L�U�H�F�W�O�\���Z�L�W�K���O�R�Z�H�U��
�U�L�V�N���R�I���G�U�D�X�J�K�W�����$�W���W�K�H���V�D�P�H���W�L�P�H�����W�K�H���V�S�D�F�H���D�E�R�Y�H���W�K�H���V�X�V�S�H�Q�G�H�G���F�H�L�O�L�Q�J���L�V���X�V�H�G���D�V���D���S�O�H�Q�X�P���W�R���G�L�V�W�U�L�E�X�W�H���D�L�U���D�Q�G��
�W�K�H�U�H�I�R�U�H���U�H�G�X�F�H���R�U���H�O�L�P�L�Q�D�W�H���W�K�H���Q�H�H�G���I�R�U���G�X�F�W�Z�R�U�N�����7�K�H���R�U�L�J�L�Q�D�O���D�S�S�O�L�F�D�W�L�R�Q���R�I���'�&�9���Z�D�V���L�Q���W�K�H���O�L�Y�H�V�W�R�F�N��
�E�X�L�O�G�L�Q�J�V�����E�H�F�D�X�V�H���R�I���W�K�H���O�R�Z���L�Q�Y�H�V�W�P�H�Q�W���F�R�V�W���D�Q�G���K�L�J�K���W�K�H�U�P�D�O���F�R�P�I�R�U�W���O�H�Y�H�O�������1�R�Z�D�G�D�\�V�����W�K�L�V���F�R�Q�F�H�S�W���E�H�F�R�P�H�V��
�S�U�R�P�L�V�L�Q�J���L�Q���V�S�D�F�H�V���Z�L�W�K���K�L�J�K���K�H�D�W���O�R�D�G���D�Q�G���K�L�J�K���Y�H�Q�W�L�O�D�W�L�R�Q���G�H�P�D�Q�G�����V�X�F�K���D�V���R�I�I�L�F�H�V���D�Q�G���F�O�D�V�V�U�R�R�P�V�� 

�7�K�H���V�\�V�W�H�P���Q�R�U�P�D�O�O�\���R�S�H�U�D�W�H�V���L�Q���W�K�H���F�R�R�O�L�Q�J���P�R�G�H���D�Q�G���W�K�H���D�L�U�I�O�R�Z���S�D�W�W�H�U�Q���L�V���F�R�P�S�D�U�D�E�O�H���W�R���0�9�����Z�K�H�U�H���W�K�H��
�W�H�P�S�H�U�D�W�X�U�H���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���F�R�Q�W�D�P�L�Q�D�Q�W���G�L�V�W�U�L�E�X�W�L�R�Q���D�U�H���X�Q�L�I�R�U�P���Z�L�W�K�L�Q���W�K�H���V�S�D�F�H���)�D�Q���H�W���D�O�����������������+�Y�L�L�G���D�Q�G��
�6�Y�H�Q�G�V�H�Q���������������=�K�D�Q�J���H�W���D�O�����������������/�H�V�W�L�Q�H�Q���H�W���D�O���������������D�������7�K�H�U�H���L�V���D���W�H�Q�G�H�Q�F�\���W�R�Z�D�U�G���G�L�V�S�O�D�F�H�P�H�Q�W���H�I�I�H�F�W���Z�K�H�Q��



�W�K�H���K�H�D�W���O�R�D�G���L�V���Z�H�D�N���D�Q�G���V�W�U�D�W�L�I�L�F�D�W�L�R�Q���R�F�F�X�U�V�����1�L�H�O�V�H�Q���H�W���D�O���������������D���3�H�W�H�U�V�H�Q���H�W���D�O���������������������+�L�J�K���W�H�P�S�H�U�D�W�X�U�H��
�J�U�D�G�L�H�Q�W���P�D�\���H�[�L�V�W���Z�K�H�Q���W�K�H���V�\�V�W�H�P���U�X�Q�V���L�Q���K�H�D�W�L�Q�J���P�R�G�H�����Z�K�H�U�H���W�K�H���Z�D�U�P���D�L�U���Z�L�O�O���V�W�D�\���L�Q���W�K�H���X�S�S�H�U���]�R�Q�H���Z�L�W�K�R�X�W��
�H�Q�W�H�U�L�Q�J���W�K�H���R�F�F�X�S�L�H�G���]�R�Q�H�����7�K�H���Y�H�Q�W�L�O�D�W�L�R�Q���H�I�I�H�F�W�L�Y�H�Q�H�V�V���L�V���R�Q�O�\�������������L�Q���W�K�H���E�U�H�D�W�K�L�Q�J���]�R�Q�H�����%�H�U�W�K�H�X�V�V�H�Q���H�W���D�O������
���������������+�R�Z�H�Y�H�U�����W�K�H���V�\�V�W�H�P���F�D�Q���E�H���X�V�H�G���W�R���Z�D�U�P���X�S���V�S�D�F�H���E�H�I�R�U�H���R�F�F�X�S�D�Q�W�V���H�Q�W�H�U�����Z�K�H�U�H���W�K�H���F�R�Q�Y�H�F�W�L�R�Q���I�O�R�Z��
�I�U�R�P���W�K�H���F�R�O�G���V�X�U�I�D�F�H�V�����O�L�N�H���F�R�O�G���Z�L�Q�G�R�Z�V�����F�D�Q���J�H�Q�H�U�D�W�H���D���F�H�U�W�D�L�Q���O�H�Y�H�O���R�I���P�L�[�L�Q�J�����$�W���W�K�H���V�D�P�H���W�L�P�H�����W�K�H�U�H���L�V���D��
�U�D�G�L�D�W�L�R�Q���H�[�F�K�D�Q�J�H���E�H�W�Z�H�H�Q���Z�D�U�P���F�H�L�O�L�Q�J���V�X�U�I�D�F�H���D�Q�G���W�K�H���U�H�V�W���R�I���U�R�R�P���V�X�U�I�D�F�H�V���� 

 

�)�L�J���������7�K�U�H�H���W�\�S�H�V���R�I���G�L�I�I�X�V�H���F�H�L�O�L�Q�J���L�Q�O�H�W���E�D�V�H�G���R�Q���D�L�U���S�D�W�K���D�Q�G���W�K�H�L�U���H�[�D�P�S�O�H�V���=�K�D�Q�J�����H�W���D�O������������������ 

�7�K�H���V�X�S�S�O�\���L�Q�O�H�W���R�I���'�&�9���F�D�Q���E�H���J�H�Q�H�U�D�O�O�\���G�L�Y�L�G�H�G���L�Q�W�R���W�K�U�H�H���W�\�S�H�V���E�D�V�H�G���R�Q���W�K�H�L�U���D�L�U���S�D�W�K�����=�K�D�Q�J���H�W���D�O���������������������$�V��
�V�K�R�Z�Q���L�Q���)�L�J���������W�K�H���I�L�U�V�W���W�\�S�H���R�I���L�Q�O�H�W���L�V���P�D�G�H���R�I���F�H�L�O�L�Q�J���S�D�Q�H�O�V���Z�K�L�F�K���D�U�H���L�P�S�H�Q�H�W�U�D�E�O�H���W�R���D�L�U�����7�K�H���D�L�U���H�Q�W�H�U�V���W�K�H��
�U�R�R�P���W�K�U�R�X�J�K���W�K�H���F�R�Q�Q�H�F�W�L�R�Q���V�O�R�W�V���E�H�W�Z�H�H�Q���W�K�H���S�D�Q�H�O�V���Z�L�W�K���U�H�O�D�W�L�Y�H�O�\���K�L�J�K���Y�H�O�R�F�L�W�\�����7�K�H���P�L�F�U�R���M�H�W�V���E�H�O�R�Z���W�K�H��
�V�O�R�W�V���J�H�Q�H�U�D�W�H���K�L�J�K���O�R�F�D�O���H�Q�W�U�D�L�Q�P�H�Q�W���D�Q�G���P�L�J�K�W���U�D�L�V�H���G�U�D�X�J�K�W���S�U�R�E�O�H�P���D�W���W�K�H���R�F�F�X�S�D�Q�W���K�H�D�G���O�H�Y�H�O�����7�K�H���V�H�F�R�Q�G��
�W�\�S�H���R�I���L�Q�O�H�W���L�V���P�D�G�H���R�I���S�H�U�I�R�U�D�W�H�G���F�H�L�O�L�Q�J���S�D�Q�H�O�V���7�K�H�U�H�I�R�U�H�����W�K�H���D�L�U���L�V���V�X�S�S�O�L�H�G���W�K�U�R�X�J�K���E�R�W�K���F�H�L�O�L�Q�J���S�D�Q�H�O�V���D�Q�G��
�W�K�H���V�O�R�W�V���L�Q���E�H�W�Z�H�H�Q�����7�K�H���W�K�L�U�G���W�\�S�H���L�V���P�D�G�H���R�I���S�R�U�R�X�V���P�D�W�H�U�L�D�O�V���L�Q�V�W�H�D�G���R�I���F�R�P�S�R�V�L�Q�J���E�\���F�H�L�O�L�Q�J���S�D�Q�H�O�V����
�&�R�P�S�D�U�H�G���W�R���W�K�H���I�L�U�V�W���W�Z�R���W�\�S�H�V�����W�K�L�V���W�\�S�H���R�I���L�Q�O�H�W���K�D�V���D���U�H�O�D�W�L�Y�H�O�\���O�D�U�J�H���S�U�H�V�V�X�U�H���G�U�R�S�����7�K�H���O�D�U�J�H���S�U�H�V�V�X�U�H��
�U�H�V�L�V�W�D�Q�F�H���F�D�Q���S�U�R�Y�L�G�H���X�Q�L�I�R�U�P���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���W�K�U�R�X�J�K���W�K�H���F�H�L�O�L�Q�J���D�U�H�D�����E�X�W���D�W���W�K�H���V�D�P�H���W�L�P�H���L�W���U�H�T�X�L�U�H�V���K�L�J�K���I�D�Q��
�S�R�Z�H�U���� 

�3�D�U�D�P�H�W�H�U�V���L�Q�I�O�X�H�Q�F�L�Q�J���S�H�U�I�R�U�P�D�Q�F�H�����%�X�R�\�D�Q�F�\���I�R�U�F�H���L�V���W�K�H���G�R�P�L�Q�D�Q�W���G�U�L�Y�L�Q�J���I�R�U�F�H���L�Q���'�&�9�����7�K�H�U�H�I�R�U�H�����K�H�D�W��
�V�R�X�U�F�H�V���S�O�D�\���D�Q���L�P�S�R�U�W�D�Q�W���U�R�O�H���D�Q�G���W�K�H���P�D�J�Q�L�W�X�G�H���D�Q�G���O�R�F�D�W�L�R�Q���R�I���K�H�D�W���V�R�X�U�F�H�V���L�Q�I�O�X�H�Q�F�H���W�K�H���V�\�V�W�H�P���S�H�U�I�R�U�P�D�Q�F�H��
�V�L�J�Q�L�I�L�F�D�Q�W�O�\�����7�K�H���H�Y�H�Q�O�\���G�L�V�W�U�L�E�X�W�H�G���K�H�D�W���O�R�D�G���J�L�Y�H�V���P�X�F�K���O�R�Z�H�U���Y�H�O�R�F�L�W�\���D�Q�G���W�X�U�E�X�O�H�Q�F�H���O�H�Y�H�O���W�K�D�Q���W�K�H���R�Q�H���Z�L�W�K��
�F�R�Q�F�H�Q�W�U�D�W�H�G���K�H�D�W���O�R�D�G���L�Q���R�Q�H���H�Q�G���R�I���W�K�H���U�R�R�P�����1�L�H�O�V�H�Q���H�W���D�O�����������������=�K�D�Q�J���H�W���D�O�����������������/�H�V�W�L�Q�H�Q���H�W���D�O���������������E�����$�W��
�W�K�H���V�D�P�H���W�L�P�H�����W�K�H���V�\�V�W�H�P���L�V���P�R�U�H���H�I�I�L�F�L�H�Q�W���W�R���U�H�P�R�Y�H���K�H�D�W���V�R�X�U�F�H���Z�L�W�K���W�K�H���K�L�J�K���O�R�F�D�W�L�R�Q�����I�R�U���H�[�D�P�S�O�H�����O�L�J�K�W��
�E�X�O�E�V�����7�K�H���G�L�I�I�H�U�H�Q�W���K�H�D�W���O�R�D�G���O�R�F�D�W�L�R�Q�V���J�H�Q�H�U�D�W�H���G�L�I�I�H�U�H�Q�W���I�O�R�Z���S�D�W�W�H�U�Q�V���Z�L�W�K���V�H�U�L�R�X�V���Y�D�U�L�D�W�L�R�Q�V���L�Q���W�K�H���P�D�[�L�P�X�P��
�D�O�O�R�Z�H�G���K�H�D�W���O�R�D�G�� 

�%�H�V�L�G�H�V���K�H�D�W���V�R�X�U�F�H�V�����W�K�H���U�R�R�P���J�H�R�P�H�W�U�\���L�V���D�Q�R�W�K�H�U���S�D�U�D�P�H�W�H�U���L�Q�I�O�X�H�Q�F�L�Q�J���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���'�&�9�����7�K�H���L�Q�F�U�H�D�V�H��
�L�Q���W�K�H���Y�H�O�R�F�L�W�\���O�H�Y�H�O���D�Q�G���W�K�H���U�H�G�X�F�W�L�R�Q���R�I���F�R�R�O�L�Q�J���F�D�S�D�F�L�W�\���L�Q���K�L�J�K���F�H�L�O�L�Q�J���U�R�R�P�V���D�U�H���V�H�U�L�R�X�V���G�U�D�Z�E�D�F�N�V���I�R�U���W�K�H��
�'�&�9�����7�K�H���S�U�H�Y�L�R�X�V���V�W�X�G�\���L�Q�G�L�F�D�W�H�G���G�U�D�X�J�K�W���U�L�V�N���D�W���W�K�H���I�H�H�W���O�H�Y�H�O���L�V���R�E�V�H�U�Y�H�G���Z�K�H�Q���V�S�D�F�H���L�V���D�E�R�Y�H�������P�����1�L�H�O�V�H�Q���H�W��
�D�O�����������������=�K�D�Q�J���H�W���D�O���������������������$�V���P�H�Q�W�L�R�Q�H�G���H�D�U�O�L�H�U�����W�K�H���V�S�D�F�H���D�E�R�Y�H���V�X�V�S�H�Q�G�H�G���F�H�L�O�L�Q�J���V�H�U�Y�H�V���D�V���D���S�O�H�Q�X�P���W�R��
�G�L�V�W�U�L�E�X�W�H���D�L�U�����7�K�H�U�H�I�R�U�H�����W�K�H���G�L�P�H�Q�V�L�R�Q�V���R�I���S�O�H�Q�X�P���L�Q�I�O�X�H�Q�F�H���W�K�H���V�X�S�S�O�\���D�L�U�I�O�R�Z�����,�I���W�K�H���P�D�[�L�P�X�P���G�L�V�W�D�Q�F�H���W�R���W�K�H��
�S�O�H�Q�X�P���L�Q�O�H�W���L�V���O�D�U�J�H�U���W�K�D�Q���������P�����W�K�H���L�Q�O�H�W���S�O�D�F�H�G���R�Q���R�Q�H���H�G�J�H���F�D�Q�Q�R�W���J�X�D�U�D�Q�W�H�H���W�K�D�W���W�K�H���V�X�S�S�O�\���D�L�U���U�H�D�F�K�H�V���W�K�H��
�H�Q�W�L�U�H���V�S�D�F�H���Z�L�W�K���W�K�H���U�H�T�X�L�U�H�G���T�X�D�Q�W�L�W�\���D�Q�G���F�R�Q�G�L�W�L�R�Q�V�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����L�I���W�K�H���S�O�H�Q�X�P���K�H�L�J�K�W���L�V���E�H�O�R�Z���������F�P��
���=�K�D�Q�J���H�W���D�O���������������������L�W���Z�L�O�O�G�H�W�H�U�L�R�U�D�W�H���W�K�H���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���F�D�X�V�H���G�U�D�X�J�K�W���L�V�V�X�H���L�Q���W�K�H���R�F�F�X�S�L�H�G���]�R�Q�H�����,�Q���R�U�G�H�U��
�W�R���R�Y�H�U�F�R�P�H���W�K�L�V���L�V�V�X�H�����L�W���L�V���U�H�F�R�P�P�H�Q�G�H�G���W�R���L�Q�V�W�D�O�O���S�H�U�I�R�U�D�W�H�G���V�X�S�S�O�\���G�X�F�W���L�Q���W�K�H���S�O�H�Q�X�P���D�Q�G���K�H�O�S���W�R���X�Q�L�I�R�U�P���W�K�H��
�D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���W�K�U�R�X�J�K���W�K�H���F�H�L�O�L�Q�J���D�U�H�D���� 

�7�K�H���L�Q�O�H�W���D�U�H�D���R�I���'�&�9���L�V���U�D�W�K�H�U���I�O�H�[�L�E�O�H�����7�K�H���L�Q�O�H�W���F�D�Q���H�L�W�K�H�U���R�F�F�X�S�\���W�K�H���Z�K�R�O�H���F�H�L�O�L�Q�J���D�U�H�D���R�U���D���S�D�U�W���R�I���W�K�H��
�F�H�L�O�L�Q�J�����7�K�H���U�H�O�D�W�L�Y�H���O�R�F�D�W�L�R�Q���R�I���K�H�D�W���V�R�X�U�F�H�V���D�Q�G���W�K�H���G�L�I�I�X�V�H���F�H�L�O�L�Q�J���R�S�H�Q�L�Q�J���D�U�H�D���S�O�D�\���D�Q�L�P�S�R�U�W�D�Q�W���U�R�O�H�����7�K�H��
�U�H�V�X�O�W�V���I�U�R�P���W�K�H���S�U�H�Y�L�R�X�V���V�W�X�G�\���L�Q�G�L�F�D�W�H�G���W�K�D�W���W�K�H���F�H�L�O�L�Q�J���V�X�S�S�O�\���M�X�V�W���D�E�R�Y�H���K�H�D�W���V�R�X�U�F�H�V���J�L�Y�H���W�K�H���K�L�J�K�H�V�W���F�R�R�O�L�Q�J��
�F�D�S�D�F�L�W�\���E�H�F�D�X�V�H���W�K�H���F�R�O�G���G�R�Z�Q�Z�D�U�G���V�X�S�S�O�\���D�L�U���P�H�H�W�V���W�K�H���X�S�Z�D�U�G���W�K�H�U�P�D�O���S�O�X�P�H���D�Q�G���U�H�D�F�K�H�V���D���J�R�R�G���P�L�[�L�Q�J�����7�K�H��
�S�H�U�I�R�U�P�D�Q�F�H���R�I���'�&�9���K�D�V���E�H�H�Q���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���R�W�K�H�U���F�R�Q�Y�H�Q�W�L�R�Q�D�O���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���V�\�V�W�H�P�V�����V�X�F�K���D�V���0�9�����'�9 ����
�D�Q�G���Y�H�U�W�L�F�D�O���Y�H�Q�W�L�O�D�W�L�R�Q�����E�\���G�H�V�L�J�Q���F�K�D�U�W���P�H�W�K�R�G�����1�L�H�O�V�H�Q���D�Q�G���-�D�N�X�E�R�Z�V�N�D�������������������'�&�9���V�K�R�Z�V���K�L�J�K�H�U���F�R�R�O�L�Q�J��
�F�D�S�D�F�L�W�\���Z�L�W�K�R�X�W���F�R�P�S�U�R�P�L�V�L�Q�J���W�K�H�U�P�D�O���F�R�P�I�R�U�W�����7�K�H���V�\�V�W�H�P���G�R�H�V���Q�R�W���K�D�Y�H���F�O�H�D�U���O�L�P�L�W�V���R�Q���W�K�H���Y�H�Q�W�L�O�D�W�L�R�Q���U�D�W�H��
�D�Q�G���W�H�P�S�H�U�D�W�X�U�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���V�X�S�S�O�\���D�Q�G���U�H�W�X�U�Q�����+�R�Z�H�Y�H�U�����W�K�H���O�L�P�L�W���R�I���F�R�R�O�L�Q�J���F�D�S�D�F�L�W�\���L�V���I�U�R�P���W�K�H��
�F�R�Q�Y�H�Q�W�L�R�Q�D�O���I�O�R�Z���J�H�Q�H�U�D�W�H�G���E�\���K�H�D�W���V�R�X�U�F�H�V�����7�K�H�U�H�I�R�U�H�����W�K�L�V���V�\�V�W�H�P���F�R�X�O�G���V�X�S�S�O�\���F�R�O�G���R�X�W�G�R�R�U���D�L�U�����D�V���O�R�Z���D�V������



�ž�&�����G�L�U�H�F�W�O�\�����Z�L�W�K�R�X�W���S�U�H�K�H�D�W�L�Q�J���W�R���������������ž�&���D�V���L�Q���0�9���R�U���������������ž�&���D�V���L�Q���'�9�����7�K�L�V���V�\�V�W�H�P���L�V���H�V�S�H�F�L�D�O�O�\���S�U�H�I�H�U�D�E�O�H��
�L�Q���W�K�H���F�R�O�G���F�O�L�P�D�W�H�����I�R�U���H�[�D�P�S�O�H�����Q�R�U�W�K�H�U�Q���R�U���F�H�Q�W�U�D�O���(�X�U�R�S�H�����Z�K�L�F�K���K�D�Y�H���O�R�Q�J�H�U���I�U�H�H���F�R�R�O�L�Q�J���S�H�U�L�R�G���R�Y�H�U���W�K�H���\�H�D�U���� 

�(�Q�H�U�J�\���S�H�U�I�R�U�P�D�Q�F�H�����'�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�H���R�W�K�H�U���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���G�H�Y�L�F�H�V�����G�L�I�I�X�V�H���F�H�L�O�L�Q�J���L�Q�O�H�W���K�D�V���W�K�H���U�D�G�L�D�Q�W���F�R�R�O�L�Q�J��
�S�R�W�H�Q�W�L�D�O���G�X�H���W�R���L�W�V���O�D�U�J�H���V�X�S�S�O�\���D�U�H�D���D�Q�G���O�R�Z���V�X�U�I�D�F�H���W�H�P�S�H�U�D�W�X�U�H�����&�R�Q�V�H�T�X�H�Q�W�O�\�����L�Q�V�W�H�D�G���R�I���U�H�P�R�Y�L�Q�J���W�K�H���H�Q�W�L�U�H��
�K�H�D�W���O�R�D�G���E�\���F�R�Q�Y�H�F�W�L�R�Q�����D���S�D�U�W���R�I���V�H�Q�V�L�E�O�H���K�H�D�W���O�R�D�G���F�D�Q���E�H���U�H�P�R�Y�H�G���E�\���U�D�G�L�D�W�L�R�Q���K�H�D�W���H�[�F�K�D�Q�J�H�����7�K�H���U�D�W�L�R���R�I��
�U�D�G�L�D�W�L�R�Q���W�R���F�R�Q�Y�H�F�W�L�R�Q���G�H�S�H�Q�G�V���R�Q���V�X�V�S�H�Q�G�H�G���F�H�L�O�L�Q�J���V�X�U�I�D�F�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���V�X�S�S�O�\���W�H�P�S�H�U�D�W�X�U�H���R�I���R�X�W�G�R�R�U��
�D�L�U���&�K�R�G�R�U���D�Q�G���7�D�U�D�G�D�M�N�R�����������������7�K�H���V�X�U�I�D�F�H���W�H�P�S�H�U�D�W�X�U�H���R�I���V�X�V�S�H�Q�G�H�G���F�H�L�O�L�Q�J���L�V���G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H���V�X�S�S�O�\���D�L�U��
�W�H�P�S�H�U�D�W�X�U�H���D�Q�G���W�K�H���F�H�L�O�L�Q�J���S�D�Q�H�O���P�D�W�H�U�L�D�O�����&�H�L�O�L�Q�J���S�D�Q�H�O�V���Z�L�W�K���K�L�J�K���W�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\���K�D�Y�H���D���K�L�J�K���U�D�G�L�D�Q�W��
�H�I�I�H�F�W�����+�R�Z�H�Y�H�U�����W�K�H���V�X�U�I�D�F�H���W�H�P�S�H�U�D�W�X�U�H���Q�H�H�G�V���W�R���E�H���F�R�Q�W�U�R�O�O�H�G���F�D�U�H�I�X�O�O�\�����L�Q���R�U�G�H�U���W�R���D�Y�R�L�G���F�R�Q�G�H�Q�V�D�W�L�R�Q���R�Q���W�K�H��
�F�H�L�O�L�Q�J���S�D�Q�H�O�V�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�H���F�R�Q�G�H�Q�V�D�W�L�R�Q���U�L�V�N���D�O�V�R���R�F�F�X�U�V���L�Q���W�K�H���S�O�H�Q�X�P�����L�I���W�K�H���K�L�J�K���K�X�P�L�G�L�W�\���D�Q�G���K�L�J�K��
�W�H�P�S�H�U�D�W�X�U�H���D�L�U�I�O�R�Z���I�U�R�P���F�R�Q�G�L�W�L�R�Q�H�G���V�S�D�F�H���L�V���I�R�U�F�H�G���E�D�F�N���W�R���W�K�H���S�O�H�Q�X�P���� 

�$�F�W�X�D�O�O�\�����W�K�H���K�H�D�W���H�[�F�K�D�Q�J�H���Q�R�W���R�Q�O�\���R�F�F�X�U�V���L�Q���W�K�H���U�R�R�P���E�X�W���D�O�V�R���H�[�L�V�W�V���L�Q���W�K�H���S�O�H�Q�X�P�����E�H�W�Z�H�H�Q���W�K�H���V�X�V�S�H�Q�G�H�G��
�F�H�L�O�L�Q�J�����F�H�L�O�L�Q�J���V�O�D�E���D�Q�G���V�X�S�S�O�\���D�L�U�����$�Q���L�Q�W�H�J�U�D�W�H�G���V�\�V�W�H�P���Z�L�W�K���'�&�9���Z�L�W�K���W�K�H�U�P�D�O�O�\���D�F�W�L�Y�D�W�H�G���E�X�L�O�G�L�Q�J���V�\�V�W�H�P��
���7�$�%�6�����K�D�V���E�H�H�Q���S�U�R�S�R�V�H�G���U�H�F�H�Q�W�O�\�����)�L�J�������������Z�K�L�F�K���D�L�P�V���W�R���S�U�R�Y�L�G�H���K�H�D�W�L�Q�J���F�R�R�O�L�Q�J���D�Q�G���Y�H�Q�W�L�O�D�W�L�R�Q���D�O�O���\�H�D�U��
�D�U�R�X�Q�G���<�X���H�W���D�O���������������������7�K�H���V�\�V�W�H�P���H�[�S�O�R�L�W�V���W�K�H���K�L�J�K���W�K�H�U�P�D�O���L�Q�H�U�W�L�D���R�I���F�H�L�O�L�Q�J���V�O�D�E�V���W�R���U�H�G�X�F�H���S�H�D�N���O�R�D�G�����D�W���W�K�H��
�V�D�P�H���W�L�P�H�����L�W���L�V���D�E�O�H���W�R���K�H�D�W���R�U���F�R�R�O���W�K�H���V�S�D�F�H���H�I�I�H�F�W�L�Y�H�O�\���H�Y�H�Q���Z�L�W�K���O�R�Z���W�H�P�S�H�U�D�W�X�U�H���G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q���F�H�L�O�L�Q�J��
�V�O�D�E���D�Q�G���W�K�H���U�H�V�W���R�I���W�K�H���U�R�R�P�����'�L�I�I�X�V�H���F�H�L�O�L�Q�J���D�F�W�V���D�V���D���O�D�\�H�U���E�H�W�Z�H�H�Q���7�$�%�6���D�Q�G���W�K�H���F�R�Q�G�L�W�L�R�Q�H�G���V�S�D�F�H�����Z�K�L�F�K��
�S�U�R�P�R�W�H�V���W�K�H���7�$�%�6�¶���K�H�D�W�L�Q�J���F�D�S�D�F�L�W�\���E�X�W���U�H�G�X�F�H�V���L�W�V���F�R�R�O�L�Q�J���F�D�S�D�F�L�W�\���<�X���H�W���D�O�����������������=�K�D�Q�J���H�W���D�O���������������������:�L�W�K���D��
�V�P�D�U�W���F�R�Q�W�U�R�O���V�W�U�D�W�H�J�\�����W�K�H���L�Q�W�H�J�U�D�W�H�G���V�\�V�W�H�P���K�D�V���W�K�H���S�R�W�H�Q�W�L�D�O���W�R���V�D�Y�H���X�S���W�R�����������R�I���S�U�L�P�D�U�\���H�Q�H�U�J�\���\�H�D�U�O�\���W�K�D�Q��
�W�K�H���F�R�Q�Y�H�Q�W�L�R�Q�D�O���D�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J���V�\�V�W�H�P�V�����<�X���H�W���D�O�������������������� 

 

�)�L�J���������,�Q�W�H�J�U�D�W�H�G���V�\�V�W�H�P���Z�L�W�K���'�&�9���D�Q�G���7�$�%�6�� 

�$�S�S�O�L�F�D�W�L�R�Q���D�Q�G���%�H�Q�H�I�L�W 

�'�&�9���L�V���S�U�H�I�H�U�D�E�O�H���W�R���D�S�S�O�\���L�Q���W�K�H���V�S�D�F�H�V���Z�L�W�K���K�L�J�K���F�R�R�O�L�Q�J���G�H�P�D�Q�G���D�Q�G���K�L�J�K���Y�H�Q�W�L�O�D�W�L�R�Q���G�H�P�D�Q�G�����I�R�U���H�[�D�P�S�O�H��
�F�O�D�V�V�U�R�R�P�V���D�Q�G���V�P�D�O�O���R�I�I�L�F�H�V�����D�V���V�K�R�Z�Q���L�Q���)�L�J���������7�K�H���V�\�V�W�H�P���L�V���O�H�V�V���V�X�L�W�D�E�O�H���I�R�U���W�K�H���V�S�D�F�H�V���Z�L�W�K���K�L�J�K���F�H�L�O�L�Q�J���D�Q�G��
�O�D�U�J�H���V�S�D�Q�����Z�K�H�U�H���G�U�D�X�J�K�W���E�H�F�R�P�H�V���D���O�D�U�J�H���L�V�V�X�H�����7�K�L�V���Y�H�Q�W�L�O�D�W�L�R�Q���V�\�V�W�H�P���L�V���U�H�F�R�P�P�H�Q�G�H�G���I�R�U���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q��
�F�R�O�G���F�O�L�P�D�W�H�V���� 

  



���D�� ���E�� 
�)�L�J�����������$�S�S�O�L�F�D�W�L�R�Q�V�����D�����&�O�D�V�V�U�R�R�P�����,�T�E�D�O���H�W���D�O���������������������E�����2�I�I�L�F�H���1�L�H�O�V�H�Q���H�W���D�O���������������E���� 

�'�L�V�S�O�D�F�H�P�H�Q�W���Y�H�Q�W�L�O�D�W�L�R�Q�����'�9�� 

�3�H�U�I�R�U�P�D�Q�F�H 

�3�U�L�Q�F�L�S�O�H���D�Q�G���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V����In DV, a stratified flow is created using the buoyancy forces in the room. D�H�V�L�J�Q��
�J�X�L�G�H�O�L�Q�H�V���D�U�H���U�H�O�D�W�L�Y�H�O�\���P�D�W�X�U�H���D�Q�G���S�O�H�Q�W�\���R�I���V�X�F�F�H�V�V�I�X�O���H�Q�J�L�Q�H�H�U�L�Q�J���S�U�R�M�H�F�W�V���F�D�Q���E�H���I�R�X�Q�G�����5�(�+�9�$��
�'�L�V�S�O�D�F�H�P�H�Q�W���*�X�L�G�H�E�R�R�N������������������The air quality in the occupied zone is then generally better than with MV. DV 
has for many years been used in industrial premises with high thermal loads. Since the mid-�����¶�V���L�W���K�D�V���D�O�V�R���E�H�H�Q��
used more extensively in non-industrial premises. DV presents the opportunity to improve both the temperature 
effectiveness and the ventilation effectiveness. The principle is based on air density differences where the room 
air separates into two layers, an upper polluted zone and a lower clean zone (Fig.4). 
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The contamination distribution in a displacement-ventilated room depends on the position of the contamination 
sources and if the heat sources are also the contamination sources. In the ideal case with warm concentrated 
contamination sources, all contaminants are transported directly into the upper zone by the convection flows.  
Vertical temperature gradient differs from contaminant distribution: while contaminants form typically two clear 
layer, vertical temperature gradient is linear between floor and the height of mixing layer (stratification height). 
Over the mixing layer, the room air temperature is constant if there is no high heat load at the ceiling level. 

There are several types of diffusers used for DV. The most commonly used types are integrated in the walls. 
Other types are placed at the walls or in a corner, free-standing on the floor, or integrated in the floor. The layout 
of the room should be considered in connection with the selection of the type of air diffusers. The diffusers 
require a certain amount of wall area, or space in, or on, the floor. Close cooperation with the architect is 
required to find a suitable location for the air diffusers. The supply units can also be designed to fit different 
architectural requirements: units could be invisibleor be an exposed architectural element. 

Most draught problems reported in rooms with DV are due to high velocity and low temperature in the zone 
adjacent to the diffuser. It is important to choose a diffuser that is suited for the application and only utilize 
diffusers from manufacturers that supply robust documentation together with the products. 

�3�D�U�D�P�H�W�H�U�V���L�Q�I�O�X�H�Q�F�L�Q�J���S�H�U�I�R�U�P�D�Q�F�H����Two principal methods can be used when the supply air flow rate of 
DVmethod is calculated: 1) temperature-based design, where the design criterion is the air temperature in the 
occupied zone of the room and 2) air quality based design where the design criterion is the air quality in the 
occupied zone. In commercial buildings, the removal of the excess heat is likely to be the main concern. In those 
cases where cooling is the main issue, the temperature-based design is the most commonly applied method. 



In the design process, the challenging task is to estimate vertical contaminant or temperature gradients in the 
room space. While the contaminant stratification level is mainly affected by the relation of supply air flow rate 
and convective airflow rate, thermal stratification is also affected by thermal radiation exchange between 
different room surfaces. The thermal radiation from upper level surfaces warms lower level surfaces and thus 
affects the air temperature at floor level and in the occupied zone. 

In DV, the air temperature increases from floor to ceiling (Fig.5). This means that the occupied zone is the 
coolest part of the room. Vertical temperature profiles measured with different individual types of heat load 
(occupants, warm floor, warm window and warm ceiling) are shown (Kosonen et al., 2016). With the load 
dominated by occupants or by a warm floor, the data indicates an obvious mixing layer. A two-layer structure is 
generated with heat and pollutants accumulated in the upper part of the room. Across the mixing layer, the room 
air temperature could be assumed to be constant or exhibiting just a slight increase. The warm window produces 
a near linear temperature profile with no clear two-layer structure. With the heated ceiling, the convection heat 
remains mainly in the upper portion of the room. 
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If an occupied room is to be warmed by the ventilating air, DV is not an optimal solution. Displacement air 
distribution can be used for heating up spaces prior to them being occupied.  

�(�Q�H�U�J�\���S�H�U�I�R�U�P�D�Q�F�H: To reach the same air quality in the occupied zone, DV typically requires a lower air flow 
rate than MV. When the main task is to remove excess heat, both mixing and displacement methods are likely to 
require similar airflow rates.   

With displacement, the supply air temperature is typically about 3 K to 5 K cooler than the room air temperature 
at a height of 1.1 m. In areas where people are moving for example, in shopping centres, the supply air could be 
6 K to 8 K lower than the room air temperature. Depending on the particular design, the temperature difference 
between the supply and exhaust air is typically between 6 K and 15 K. 

Compared with MV, DV supplies air at a higher temperature and this implies longer periods of the year where 
free cooling can be applied, and so less energy consumption for cooling the supply air. The energy saving 
potential compared with MV is case specific varied from 0 % to 20 %.  

�$�S�S�O�L�F�D�W�L�R�Q�V���D�Q�G���E�H�Q�H�I�L�W�V 

DV is usually preferable in the following cases:  
�x Where the contaminants are warmer and/or lighter than the surrounding air; 
�x Where the supply air is cooler than the ambient air; 
�x In tall rooms, for example, where the room heights are more than 3 metres; 
�x When there are heat loads in the upper part of room;  
 
DV may be less preferable than MV in the following cases: 
�x Where surplus heat is the main problem, and relatively low specific outdoor airflow rate is needed; 
�x Where there are space constraints for supply diffusers and duct work; 
�x When the requirement is to cool in low height rooms (in offices, consider mixing and cooling panels or 
chilled beams); 
�x Where there are significant disturbances to airflow near the floor (for example, furniture); 
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�x Where the contaminants are cooler/denser than the ambient air. 
 
Typical application of DV are: 
�x Gyms; 
�x Meeting rooms; 
�x Classrooms; 
�x Tall rooms: Convention centres, Lobbies, Sport arenas, Auditoriums, Theatres, Museums, Airports, 
Shopping centres, etc. 
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floor level and warmer and more contaminated air is exhausted at the ceiling level. There aretwo important 
differences with DV: in a UFAD system the air enters in the space with higher air velocity and throughmany 
diffusers in the space, often close to people, allowing personal control. The increased mixing caused by the floor 
diffusers will tend to reduce somewhat the ventilation effectiveness compared to a DV system, although it will 
still be higher than that of a conventional overhead mixing system.In recent years, UFAD diffusers have been 
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particularly for seated occupants will be located below the usual thermostat (Tstat) height. To maintain the 
average occupied zone temperature (Toz,avg) at an acceptable temperature for thermal comfort, thermostat setpoint 
temperatures will often need to be set higher than that for a MV system(ASHRAE, 2013). The main factors that 
affect stratification arefluid dynamic characteristics of the floor diffusers, their number, diffuser supply air 
temperature, air flow rate, vertical throw height, floor to ceiling height, and total cooling load (Schiavon et al., 
2011;���/�H�H���H�W���D�O�������������������;�X�H���H�W���D�O��������������).  Swirl diffusers with lower throw heights (1.5-1.8 m) tend to create 
more stratification whilelinear bar grill in perimeter zones with their higher air flow rates and throw heights tend 
to create less stratification.  

 

�)�L�J��������UFAD room air temperature profile. 

Energy performance��With the exception of EnergyPlus, other building energy performance simulation tools are 
not able to model two key characteristics of UFAD systems, the room air stratification and the underfloor air 
supply plenum(Webster et al., 2008). UFAD may save energy due to: 1) reducedfan pressures required to move 
air in the open underfloor plenum compared to ducts; 2) higher supply air temperature that enables higher 
cooling system efficiency and greater outside air economizer benefits in suitable climates; and 3) thermal 
stratification.  A field study that directly compared two similar buildings, with similar design and occupancy and 
located in the same central California climate showed that the building with overhead VAV mixing system had 
one third higher annual cooling energy and 50% higher fan energy use compared to the building with UFAD 
(Bauman et al., 2016). 
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observed that the leakage in a ducted UFAD system in comparison to a plenum supply UFAD system was about 
62% less at both peak and part load operation (Iyengar et al, 2015).  
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�W�K�H�U�P�D�O���V�H�Q�V�D�W�L�R�Q�V�����7�K�H���W�K�H�U�P�D�O���Q�H�X�W�U�D�O���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���I�R�X�Q�G���R�Y�H�U�������ƒ�&�����$�Q���D�L�U���G�L�I�I�X�V�H�U���S�H�U�I�R�U�P�D�Q�F�H���L�Q�G�H�[��
���$�'�3�,�����R�I���R�Y�H�U�����������Z�D�V���P�R�V�W�O�\���D�F�K�L�H�Y�H�G�����7�K�H�U�P�D�O���F�R�P�I�R�U�W���L�Q�G�L�F�H�V�����3�0�9�����3�3�'���D�Q�G���3�'�����I�X�O�I�L�O�O���W�K�H���U�H�T�X�L�U�H�P�H�Q�W�V��
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�V�Y������ Cheng et al. (2015) found that the room temperature had a greater impact on the overall thermal sensation, 
local thermal sensation and draft than the airflow rateat the neutral temperature of 27°C. However, to minimize 
draft complaints, the supply air temperature should be above 20°C. In the occupied zone, the airflow 
characteristics among MV, DV and SV are different (Cheng and Lin, 2015a). Cheng and Lin (2015b) found that 
the occupant formed a local blockage but the supply airflow could flow over it because of the body heat, 
therefore, the air jet penetrated farther. Huan et al. (2015) established a mathematical model based on the airflow 
patterns of SV for predicting the vertical temperature profile in a stratum ventilated room.  

It is desirable to establish collective air distributions to simultaneously satisfy individual preferences of different 
occupants in a shared room. Because of its low nonlinearity and fast response (Wang and Lin, 2015), SV was 
used to provide differentiated air velocity, temperature, and PMV distributions (Shao et al., 2018). Both the 
general and local thermal comfort levels were satisfied. Zhang et al. (2019a) controlled the microclimates of 
several subzones to satisfy the thermal preferences of the respective subzones. The method reduced the deviation 
of the achieved PMVs of the subzones from the preferred ones by 17.6% to 41.5%. Current practice of modeling 
the non-uniform thermal environment requires inputs of the wall temperatures/heat fluxes, which increases the 
cost and complexity of the sensor system. Zhang et al. (2018) proposed to model the non-uniform thermal 
environment with the supply and exit air conditions as inputs, which can be obtained readily from the building 
management system. The performance of SV in an office with highly asymmetric heat gains was experimentally 
investigated (Huan et al., 2016). When the inner surface temperature of one of the walls closed 40°C, the thermal 
condition was still within the comfort zone.  
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Typical configurations of an office, a classroom and a retail shop in Hong Kong were investigated ���/�L�Q���H�W���D�O������
���������E��. The year-round energy saving was found to be substantial at 25% and 44% at least when compared with 
DV and MV respectively. A traditional class, a group study room and an E-learning class in a school were 
studied ���/�H�H���H�W���D�O����������������. The year-round energy saving was also substantial, typically around 20% and 40%, 
when compared with DV and MV respectively. Benchmarked with the conventional air-conditioning system, 
Fong et al. (2018) found that SV could have primary energy saving up to 30%. The loads and lengths of the pull-
down periods (the time used to achieve a comfortable thermal environment before a room is ready for 



occupation) with MV, DV and SV were investigated ���:�D�Q�J���D�Q�G���/�L�Q��������������. For the rapidity of the pull-down 
process, MV spends a shorter time than DV, while SV spends less than half of the time the other two spend. The 
average pull-down load of SV is only around a quarter of that of MV or DV. The exergy consumption of the 
chilled water used for the pull-down process under SV is even lower because of its higher supply air 
temperature. 

�$�G�Y�D�Q�F�H�G���D�L�U���G�L�V�W�U�L�E�X�W�L�R�Q���V�K�R�X�O�G���F�R�Q�W�U�L�E�X�W�H���W�R���P�L�W�L�J�D�W�L�Q�J���F�O�L�P�D�W�H���F�K�D�Q�J�H���D�Q�G���U�H�G�X�F�L�Q�J���F�D�U�E�R�Q���H�P�L�V�V�L�R�Q�����)�R�Q�J���H�W��
�D�O�������������������G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���E�\���D�G�R�S�W�L�Q�J���'�9���D�Q�G���6�9�����L�W���L�V���S�R�V�V�L�E�O�H���W�R���U�H�G�X�F�H���W�K�H���&�2�����H�P�L�V�V�L�R�Q���X�S���W�R�����������������D�Q�G��
���������������U�H�V�S�H�F�W�L�Y�H�O�\�����D�Q�G���W�R���U�H�G�X�F�H���W�K�H���O�L�I�H���F�\�F�O�H���F�R�V�W���X�S���W�R�����������������D�Q�G�����������������U�H�V�S�H�F�W�L�Y�H�O�\�����L�Q���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K��
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�$�S�S�O�L�F�D�W�L�R�Q�V���D�Q�G���E�H�Q�H�I�L�W�V 

Because the thermal length of the supply air jet(s) should cover the occupied zone (�(�O�Y�V�H�Q���D�Q�G���6�D�Q�G�E�H�U�J��������������, 
SV is most suitable for small to medium-sized or zonal rooms. The design guidelines have been suggested ���/�L�Q��
�H�W���D�O���������������F��. Horizontal confluent jets could be use as the air supply terminals. The intermittent air jet strategy 
(IAJS) may be incorporated if the supply airflow rate is too low to satisfy the thermal length requirement 
(�.�D�E�D�Q�V�K�L et al., 2016b). SV is applied to offices, classrooms, meeting rooms, etc. (Fig.10)�����%�H�V�L�G�H�V���W�K�H���E�H�Q�H�I�L�W�V��
�P�H�Q�W�L�R�Q���L�Q���W�K�H���S�U�H�Y�L�R�X�V���S�D�U�D�J�U�D�S�K�V�����6�9���F�D�Q���V�D�Y�H���V�X�E�V�W�D�Q�W�L�D�O���L�Q�G�R�R�U���V�S�D�F�H���D�V���W�K�H���D�L�U���G�X�F�W�V���D�U�H���K�R�X�V�H�G���L�Q���W�K�H���F�D�Y�L�W�\��
�Z�D�O�O�V���L�Q�V�W�H�D�G���R�I���W�K�H���P�R�V�W�O�\���H�P�S�W�\���F�H�L�O�L�Q�J���Y�R�L�G�V��(Fig. 10)�� 
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�$�W���S�U�H�V�H�Q�W, conventional MV and DV methods are still most widely used, though they have some disadvantages 
and limitations. To overcome the drawbacks of these methods while retaining the strengths they provide, 
impinging jet ventilation (IJV) was proposed (Karimipanah and Awbi, 2002) for space ventilation, cooling and 
heating. This system combines positive aspects of both MV and DV and therefore has a promising application. 

IJV delivers fresh air to a room based on the impinging jet principle. The supply device is in fact the duct itself 
which delivers the supplied air at a certain height above the floor, and the air extraction is usually located at high 
level near the ceiling (Fig.11(a)). 

 
(a) (b) 

Fig. 11. IJV(a) Conceptual diagram of impinging jet (b) Flow regions of an impinging jet. 

In addition to ventilationprovision, impinging jets offer high rates of heat/mass transfer and have been used in a 
wide variety of applications, such as drying of paper, textiles and film, and cooling of electronic components and 
turbine blades (Hollworth and Durbin, 1992��Rundström and Moshfegh, 2008��Masip et al., 2012��Larraona et al., 
2013). Impinging jets are also of scientific interest due to the presence of different flow regimes in the jet flow. 
The flow field of an impinging jet is generally divided into three distinct regions: free jet region, impingement 
region and wall jet region. The free jet region can be further divided into three zones depending on the nozzle-to-
plate (or floor)distance: the potential core zone, developing zone and fully developed zone. Schematic of an 
impinging jet flow field is shown (Fig. 11(b)). 

In an IJV system, a high momentum air jet is discharged downwards, which strikes the floor and spreads over it, 
thus distributing the fresh air along the floor in the form of a very thin shear layer. This air distribution system 
enables the air jet to overcome the buoyancy force generated from heat sources and reaches the floor regions 
further, as indicated from Fig. 12 where smoke visualization of IJV is shown. 



 
Fig. 12. Smoke visualization of IJV (Karimipanah and Awbi, 2002). 

This system has been shown to have good performance for ventilation of offices, classrooms and industrial 
premises (Karimipanahet al., 2000��Karimipanah and Awbi, 2002��Rohdin and Moshfegh, 2009). It is also 
important to bear in mind that adopting such low-level supply systems will deliver fresh air directly to the 
occupied zone, which could consequently raise the potential risks of local thermal discomfort, i.e. draught of 
cold air close to the floor in the case of cooling, as well as excessive temperature stratification (Melikov et al., 
1990). However, unlike DV, heated air can be supplied by IJV for winter heating. Therefore, careful design 
consideration is required for this type of air distribution system to enable proper air velocity and temperature 
distributions in the occupied zone for ensuring good thermal comfort in the occupied zone. 

A sketch of an office room used for studying different air supply devices (MSD: Mixing Supply Device; 
WCJSD: Wall Confluent Jet Supply Device; IJSD: Impinging Jet supply Device; and DSD: Displacement 
Supply Device) is shown (Fig. 13). The CFD flow predictions for these four air supply devices are given (Fig. 
14) for regions where velocities of the flow are equal to or lower than 0.25 m/s with the color scale representing 
the air temperature distribution around these supply devices. These are for a case with a heat load of 17 W/m2, an 
equal airflow rate of 0.025 m3/s and the same supply air temperature of 16 °C. As can be seen, the penetration 
lengths of the regions for 0.25 m/s air velocity represented by the temperature contours show that the IJSD 
penetration is in between that for the MSD and DSD, because of the moderate height of the IJSD air supply, 
supply momentum, and entrainment properties of the impinging jet flow. 



 

Fig. 13.Sketch of an office room used for studying different air supply devices (MSD: Mixing Supply Device; 
WCJSD: Wall Confluent Jet Supply Device; IJSD: Impinging Jet Supply Device; and DSD: Displacement 

Supply Device). 

Energy saving potential of IJSD was investigated on the basis of airflow rates required for each system to obtain 
equivalent occupied zone temperatures. The IJSD required slightly higher airflow rate of 0.023 m3/s (1.1 times) 
and fan power (1.3 times) than the DSD, but it was more energy efficient than the MSD and the WCJSD which 
required 1.2 times higher airflow rate and 1.7 times higher fan power, based on the relations between the flow 
�U�D�W�H�����4�����S�U�H�V�V�X�U�H���G�L�I�I�H�U�H�Q�F�H�����û�S�����D�Q�G���W�K�H���I�D�Q���S�R�Z�H�U�����' P �v Q2 and the fan energy E �v Q3 (Karimipanah et al., 
2008). Although the DSD showed superior performance to all other supply devices in terms of ventilation 
efficiency and energy saving, it seemed to have difficulties in providing acceptable vertical temperature gradient 
between the ankle and head levels for a standing person. The study showed that the IJSD could provide a better 
overall performance than the other three supply devices examined.  
 



 
Fig. 14.Iso-surface for velocity 0.25 m/s with the corresponding temperature contour plots for (a) MSD (b) 

WCJSD (c) IJSD (d) DSD (Chen, 2014). 

Confluent jets ventilation 

Confluent jets can be defined as multiple round jets issue from different nozzles (Awbi, 2003). Typically, the 
flow field of confluent jets consists of initial, converging, merging and combined regions (Ghahremanian et al., 
2014a). After a certain distance from the supply device, the combined jets behave as a single jet, with the 
individual jets could no longer be identified.  

The flow field for the confluent jets is complicated and dependent on �W�K�H���M�H�W�V�¶���L�Q�W�H�U�D�F�W�L�R�Q�����7�K�H���I�O�R�Z���I�U�R�P���D�Q���L�Q-
line array of multiple interacting jets creates three different confluent jets, i.e., central jets, side jets and corner 
jets. All these types of jets behave differently in the converging, merging and combined regions in terms of, e.g., 
velocity decay and length of potential core. There is no significant difference between central, side and corner 
jets within the initial jet region, i.e. a clear potential core zone can be found within the initial region. The 
confluent jets start to merge after the converging region. Shortly after the nozzle outlets in the converging region, 
the side jets tend to curve towards the centre of the jet array. This phenomenon is less prevalent for the corner 
jets. The maximum velocity decays linearly in the main part of the merging region. The side jets are more 
affected by the neighboring local flow than the other jets. Due to their deflection, the side jets merge together 
faster than the central jets. As a result, side jets have shorter potential core and faster velocity decay which 
preserves their maximum velocity less than corner jets. The combined region is dominated by the potential core, 
where a small maximum velocity decay can be observed in that region. Contour plots and cross-sectional profiles 
of the dimensionless mean velocity for an in-line array of round jets can be seen (Fig. 15) (Ghahremanian et al., 
2014a;Ghahremanian et al., 2014b). A detailed near-field study of multiple interacting confluent jets can be 
found in the doctoral thesis (Ghahremanian, 2014). Also, different techniques that were used in numerical and 
experimental investigations of the flow behavior of a confluent jet in the region close to the nozzle exits can be 
found (Svensson et al., 2012��Ghahremanian and Moshfegh, 2014a��Ghahremanian and Moshfegh, 
2014b��Ghahremanian et al., 2014a��Ghahremanian et al., 2014b��Svensson et al., 2014). 



 

 
 

(a)                                            (b)  

Fig. 15.(a) Contour plot (b) cross sectional profiles of the dimensionless measured velocity from an array of 
round jets (Ghahremanian et al., 2014a��Ghahremanian et al., 2014b). 

The confluent jets described earlier are for free jets moving side-by-side. In ventilation application wall 
confluent jets are often used so the jet can be delivered over a wall in the room towards the floor. Such confluent 
jet alignment can be described as wall confluent jets (WCJ) due to their development onto or in the vicinity of a 
wall. The jets attached to a wall due to the Coanda effect become a wall jet and usually move downward towards 
the floor (Fig. 16). An attached wall jet is characterized by the flow being bound on one side by a flat surface 
and moving parallel to the surface. Upon leaving the nozzle, the jet forms a boundary layer on the wall surface 
and a shear layer develops on the fluid side (Awbi, 2003). The wall jet remains attached to the wall until the 
floor surface is reached. A free jet region, a Coanda effect region, and a wall jet region are the three regions of 
WCJ which are described in the experimental study (Cho et al., 2008).  

The flow pattern and temperature distribution below theWCJSD were visualized by smoke and IR camera as 
shown in Fig. 16. The visualizations show that the confluent jets initially produced by the supply device remain 
attached to the side wall due to the Coanda effect and move downward towards the floor as WCJ. 



 
  (a)                                                          (b) 

Fig. 16. (a) Schematic of wall confluent jets (Cho et al., 2008) (b) Flow visualization by smoke [left] and IR 
camera [right] (side view) (Janbakhsh, 2015). 

The WCJ have been applied for ventilation in the studies (Cho et al.,2008��Karimipanah et al., 2008). These 
studies found that the momentum of the WCJ can be more conserved than that of other jets (e.g., free confluent 
jets, free plane jet and free plane wall jet). The behavior of this type of ventilation system is such that it leads to 
slow jet diffusion due to the lower rate of velocity decay compared with free confluent jets, free plane jet or free 
plane wall jet. In addition, the flow behavior of the WCJ was compared with a DV system. It was concluded that 
the WCJ have a greater horizontal spread over the floor area than that for a displacement jet. The results of 
energy performance of the WCJSD revealed that this system requires the lowest fan power compared to the DV, 
MV or IJV to achieve nearly the same value of air distribution index (ADI) which is a measure of the ventilation 
performance of air supply devices. 
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�Q�H�H�G�V���O�D�U�J�H���V�X�S�S�O�\���D�U�H�D�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�L�V���F�D�X�V�H�V���S�U�D�F�W�L�F�D�O���R�E�V�W�D�F�O�H�V���I�R�U���I�X�U�Q�L�W�X�U�H���D�U�U�D�Q�J�H�P�H�Q�W���D�Q�G���K�D�V���F�R�Q�V�W�U�D�L�Q��
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flexible to variable room arrangements or alternating layouts. The jets generate a slightly higher noise level than 
MV system due to increased fan pressures, especially when used as a primary ventilation system. There is an 
increased duct work which depending on installation can be aesthetically challenging and can increase 
installation and maintenance costs. These are some practical limitations that should be considered among others.  
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�W�K�H���F�R�R�O�L�Q�J���F�D�S�D�F�L�W�\���R�I���W�K�H���S�H�U�V�R�Q�D�O�L�]�H�G���I�O�R�Z���W�D�U�J�H�W�L�Q�J���D���U�H�O�D�W�L�Y�H�O�\���V�P�D�O�O���E�R�G�\���V�X�U�I�D�F�H���D�U�H�D���P�D�\���Q�R�W���E�H���H�Q�R�X�J�K���W�R��
�S�U�R�Y�L�G�H���V�R�P�H���S�H�R�S�O�H���Z�L�W�K���W�K�H�U�P�D�O���F�R�P�I�R�U�W���Z�L�W�K�R�X�W���F�D�X�V�L�Q�J���G�U�D�X�J�K�W���G�L�V�F�R�P�I�R�U�W�����D�O�W�K�R�X�J�K���L�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\��
�L�P�S�U�R�Y�H�V���Z�K�R�O�H���E�R�G�\���W�K�H�U�P�D�O���F�R�P�I�R�U�W�����6�H�N�K�D�U���H�W���D�O�������������������<�D�Q�J���H�W���D�O���������������������,�Q���V�X�F�K���F�D�V�H�V���$�7�'���W�K�D�W���D�O�O�R�Z�H�G��
�F�R�Q�W�U�R�O���R�I���W�K�H���V�X�S�S�O�L�H�G���3�&���I�O�R�Z���P�D�\���E�H���D�S�S�O�L�H�G�����%�R�O�D�V�K�L�N�R�Y���H�W���D�O���������������D�������3�H�R�S�O�H���S�U�H�I�H�U���S�H�U�V�R�Q�D�O�L�]�H�G���D�L�U�I�O�R�Z��
�Z�L�W�K���F�R�Q�V�W�D�Q�W���U�D�W�K�H�U���W�K�D�Q���I�O�X�F�W�X�D�W�L�Q�J���Y�H�O�R�F�L�W�\�����<�D�Q�J���H�W���D�O�������������������=�K�R�X���H�W���D�O�������������������.�D�F�]�P�D�U�F�]�\�N���H�W���D�O����������������������
Research has shown that tropically acclimatized persons prefer slightly higherlocalized air movement even at 
conventional indoor design conditions of 23-24�qC, which shows that they would generally have a wider 
tolerance to draft thresholds (Gong et al., 2006). The study, involving a PV system coupled with a background 
MV system, showed that atanambienttemperatureof 
23°C,peopleintheTropicspreferlocalairvelocitiesrangingfrom0.3to0.45m/s,while�D�W�D�Q��
�D�P�E�L�H�Q�W�W�H�P�S�H�U�D�W�X�U�H�R�I�����ƒ�&���W�K�H�\�S�U�H�I�H�U�O�R�F�D�O�D�L�U�Y�H�O�R�F�L�W�L�H�V�I�U�R�P�������W�R�������P���V�� 

�3�H�U�V�R�Q�D�O�L�]�H�G���D�L�U���V�X�S�S�O�L�H�G���F�O�R�V�H���W�R���W�K�H���I�D�F�H���P�D�\���F�D�X�V�H���L�Q�F�U�H�D�V�H�G���H�\�H���E�O�L�Q�N�L�Q�J�����:�\�R�Q�����������������D�Q�G���V�N�L�Q���L�U�U�L�W�D�W�L�R�Q���D�Q�G��
�P�D�\���E�H���I�H�O�W���X�Q�F�R�P�I�R�U�W�D�E�O�H�����7�K�H���L�Q�F�U�H�D�V�H���R�I���W�K�H���U�R�R�P���D�L�U���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���U�H�O�D�W�L�Y�H���K�X�P�L�G�L�W�\���I�U�R�P���������ƒ�&���D�Q�G����������
�W�R���������ƒ�&���D�Q�G�����������R�U���W�R���������ƒ�&���D�Q�G�����������G�H�F�U�H�D�V�H�G���W�K�H���H�\�H���E�O�L�Q�N�L�Q�J���I�U�H�T�X�H�Q�F�\�����0�H�O�L�N�R�Y���H�W���D�O���������������������$�W��
�W�H�P�S�H�U�D�W�X�U�H���R�I���������ƒ�&���D�Q�G���U�H�O�D�W�L�Y�H���K�X�P�L�G�L�W�\���R�I�������������I�D�F�L�D�O�O�\���D�S�S�O�L�H�G���I�O�R�Z���R�I���S�R�O�O�X�W�H�G���U�R�R�P���D�L�U���G�L�G�Q�¶�W���K�D�Y�H��
�V�L�J�Q�L�I�L�F�D�Q�W���L�P�S�D�F�W���R�Q���H�\�H���E�O�L�Q�N�L�Q�J���I�U�H�T�X�H�Q�F�\���L�Q���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K�R�X�W���D�L�U���P�R�Y�H�P�H�Q�W�����7�K�H���L�Q�F�U�H�D�V�H���R�I���H�\�H���E�O�L�Q�N�L�Q�J��
�I�U�H�T�X�H�Q�F�\���G�X�H���W�R���G�H�F�U�H�D�V�H���R�I���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���K�X�P�L�G�L�W�\���D�Q�G���L�Q�F�U�H�D�V�H���R�I���Y�H�O�R�F�L�W�\���P�D�\���E�H���F�R�P�S�H�Q�V�D�W�H�G���G�X�H���W�R���W�K�H��
�L�Q�F�U�H�D�V�H���L�Q���D�L�U���F�O�H�D�Q�Q�H�V�V���1�R���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H���L�Q���V�X�E�M�H�F�W�V�¶���H�\�H���E�O�L�Q�N�L�Q�J���L�Q�W�H�U�Y�D�O���Z�D�V���I�R�X�Q�G���L�Q���D���U�H�F�H�Q�W���D�V���\�H�W��
�X�Q�S�X�E�O�L�V�K�H�G���K�X�P�D�Q���V�X�E�M�H�F�W���V�W�X�G�\���F�R�P�S�U�L�V�L�Q�J���F�R�P�E�L�Q�D�W�L�R�Q�V���R�I���S�H�U�V�R�Q�D�O�L�]�H�G���D�L�U���W�H�P�S�H�U�D�W�X�U�H���E�H�W�Z�H�H�Q�������ž�&�D�Q�G��
�����ž�&�D�Q�G���U�R�R�P���D�L�U���W�H�P�S�H�U�D�W�X�U�H���L�Q���W�K�H���U�D�Q�J�H�������W�R�����ž�&�����7�K�H���V�X�E�M�H�F�W�V���Z�H�U�H���S�U�R�Y�L�G�H�G���Z�L�W�K���F�R�Q�W�U�R�O���R�Y�H�U���W�K�H���I�O�R�Z���U�D�W�H��
�D�Q�G���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���S�H�U�V�R�Q�D�O�L�]�H�G���D�L�U���D�Q�G���Z�H�U�H���D�E�O�H���W�R���D�Y�R�L�G���W�K�L�V���W�\�S�H���R�I���G�L�V�F�R�P�I�R�U�W�����2�Q�O�\���I�H�Z���V�X�E�M�H�F�W�V���Z�H�D�U�L�Q�J��
�F�R�Q�W�D�F�W���O�H�Q�V�H�V���U�H�S�R�U�W�H�G���G�L�V�F�R�P�I�R�U�W�������7�K�H���H�I�I�H�F�W���R�I���3�9���R�Q���S�H�R�S�O�H�
�V���W�H�D�U���I�L�O�P���V�W�D�E�L�O�L�W�\���D�Q�G���H�\�H���E�O�L�Q�N�L�Q�J���D�W���D���Z�D�U�P��
�D�Q�G���K�X�P�L�G���H�Q�Y�L�U�R�Q�P�H�Q�W�����������D�Q�G�������ƒ�&���D�W�����������U�H�O�D�W�L�Y�H���K�X�P�L�G�L�W�\�����Z�D�V���V�W�X�G�L�H�G���D�Q�G���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H�L�U���U�H�V�S�R�Q�V�H�V��
�L�Q���D���F�R�P�I�R�U�W�D�E�O�H���H�Q�Y�L�U�R�Q�P�H�Q�W���������ƒ�&���D�Q�G�����������U�H�O�D�W�L�Y�H���K�X�P�L�G�L�W�\�������0�H�O�L�N�R�Y���H�W���D�O���������������������,�Q�F�U�H�D�V�L�Q�J���W�K�H��
�W�H�P�S�H�U�D�W�X�U�H���D�Q�G���U�H�O�D�W�L�Y�H���K�X�P�L�G�L�W�\�����E�X�W���Q�R�W���W�K�H���X�V�H���R�I���3�9�����V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�H�F�U�H�D�V�H�G���W�H�D�U���I�L�O�P���T�X�D�O�L�W�\���D�Q�G���W�K�H��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���V�D�O�L�Y�D�U�\���D�O�S�K�D���D�P�\�O�D�V�H�����L�Q�G�L�F�D�W�L�Q�J���O�R�Z�H�U���P�H�Q�W�D�O���D�U�R�X�V�D�O���D�Q�G���D�O�H�U�W�Q�H�V�V�����7�K�H���X�V�H���R�I���3�9���L�P�S�U�R�Y�H�G��
�W�H�D�U���I�L�O�P���V�W�D�E�L�O�L�W�\���D�V���F�R�P�S�D�U�H�G���W�R���W�K�D�W���L�Q���D���Z�D�U�P���H�Q�Y�L�U�R�Q�P�H�Q�W���Z�L�W�K�R�X�W���3�9�� 

�3�H�R�S�O�H���O�H�D�U�Q�����H�[�H�U�F�L�V�H���V�X�F�F�H�V�V�I�X�O�O�\���D�Q�G���E�H�Q�H�I�L�W���I�U�R�P���W�K�H�L�U���F�R�Q�W�U�R�O���R�Y�H�U���W�K�H���I�O�R�Z���Y�H�O�R�F�L�W�\���D�Q�G���G�L�U�H�F�W�L�R�Q���D�Q�G��
�S�R�V�L�W�L�R�Q�L�Q�J���R�I���D�Q���$�7�'�����.�D�F�]�P�D�U�F�]�\�N���H�W���D�O���������������E���<�D�Q�J���H�W���D�O�����������������.�D�F�]�P�D�U�F�]�\�N���H�W���D�O���������������������$���W�H�Q�G�H�Q�F�\���W�R��
�P�D�N�H���I�H�Z�H�U���F�K�D�Q�J�H�V���L�Q���W�K�H���S�R�V�L�W�L�R�Q�L�Q�J���R�Y�H�U���H�O�D�S�V�H�G���W�L�P�H���K�D�V���E�H�H�Q���R�E�V�H�U�Y�H�G�����7�K�H���I�U�H�H�G�R�P���R�I���F�R�Q�W�U�R�O���R�Y�H�U��
�G�L�U�H�F�W�L�R�Q���D�Q�G���I�O�R�Z���U�D�W�H���R�I���S�H�U�V�R�Q�D�O�L�]�H�G���D�L�U���L�V���L�P�S�R�U�W�D�Q�W���I�R�U���O�R�Z�H�U�L�Q�J���W�K�H���U�L�V�N���R�I���G�U�D�X�J�K�W���V�H�Q�V�D�W�L�R�Q���D�Q�G���W�R���L�P�S�U�R�Y�H��
�R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q�����3�H�U�V�R�Q�D�O�L�]�H�G���D�L�U�I�O�R�Z���W�R�Z�D�U�G���W�K�H���I�D�F�H���L�V���S�U�H�I�H�U�U�H�G���R�Y�H�U���D�L�U�I�O�R�Z���W�R�Z�D�U�G�V���W�K�H���D�E�G�R�P�H�Q����
�D�O�W�K�R�X�J�K���D�L�U�I�O�R�Z���I�U�R�P���W�K�H���V�L�G�H���K�D�V���E�H�H�Q���X�V�H�G���D�V���Z�H�O�O�����7�K�H���S�U�H�I�H�U�U�H�G���I�O�R�Z���U�D�W�H���U�D�Q�J�H�V���I�U�R�P�������W�R���������/���V������������
�������P���V�������)�D�F�W�R�U�V���V�X�F�K���D�V���H�U�J�R�Q�R�P�L�F�V�����D�S�S�H�D�U�D�Q�F�H�����H�D�V�\���F�R�Q�W�U�R�O�����H�W�F�����D�U�H���D�O�V�R���L�P�S�R�U�W�D�Q�W���I�R�U���V�X�E�M�H�F�W�V�¶���U�D�Q�N�L�Q�J���R�I���W�K�H��
�S�H�U�I�R�U�P�D�Q�F�H���D�Q�G���D�F�F�H�S�W�D�Q�F�H���R�I���3�9���V�\�V�W�H�P�V���R�I���G�L�I�I�H�U�H�Q�W���G�H�V�L�J�Q�����.�D�F�]�P�D�U�F�]�\�N���������������.�D�F�]�P�D�U�F�]�\�N���H�W���D�O������������������ 



�7�K�H���Y�H�O�R�F�L�W�\���G�H�F�U�H�P�H�Q�W���L�Q���F�O�R�V�H���S�U�R�[�L�P�L�W�\���W�R���D���S�H�U�V�R�Q���L�V���G�R�P�L�Q�D�W�H�G���E�\���W�K�H���E�O�R�F�N�L�Q�J���H�I�I�H�F�W���R�I���W�K�H���S�H�U�V�R�Q�¶�V���E�R�G�\��
�U�D�W�K�H�U���W�K�D�Q���W�K�H���W�K�H�U�P�D�O���S�O�X�P�H�����7�K�H���F�R�Q�F�H�U�Q���R�I���3�9���M�H�W�
�V���S�H�Q�H�W�U�D�W�L�R�Q���R�I���W�K�H���W�K�H�U�P�D�O���S�O�X�P�H���V�H�H�P�V���Q�R�W���D�V���F�K�D�O�O�H�Q�J�L�Q�J��
�D�V���H�[�S�H�F�W�H�G���D�Q�G���V�K�R�X�O�G���Q�R�W���E�H���F�R�Q�V�L�G�H�U�H�G���D�V���D���F�U�L�W�L�F�D�O���I�D�F�W�R�U���I�R�U���3�9���V�\�V�W�H�P���G�H�V�L�J�Q�����;�X���H�W���D�O������������������ 

�3�D�U�D�P�H�W�H�U�V���L�Q�I�O�X�H�Q�F�H���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���7�K�H���D�P�R�X�Q�W���R�I���L�Q�K�D�O�H�G���F�O�H�D�Q���S�H�U�V�R�Q�D�O�L�]�H�G���D�L�U���K�D�V���E�H�H�Q���V�K�R�Z�Q���W�R���G�H�S�H�Q�G��
�R�Q���W�K�H���G�H�V�L�J�Q���R�I���W�K�H���$�7�'���D�Q�G���L�W�V���S�R�V�L�W�L�R�Q�L�Q�J���L�Q���U�H�J�D�U�G���W�R���W�K�H���R�F�F�X�S�D�Q�W�����W�K�H���I�O�R�Z���U�D�W�H�����W�\�S�L�F�D�O�O�\���I�U�R�P���O�H�V�V���W�K�D�Q������
�/���V���X�S���W�R���������/���V�����D�Q�G���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���W�K�H���S�H�U�V�R�Q�D�O�L�]�H�G���D�L�U�I�O�R�Z�����D�V���Z�H�O�O���D�V���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���U�R�R�P���D�L�U���D�Q�G��
�W�K�H���3�9���D�L�U�I�O�R�Z���W�H�P�S�H�U�D�W�X�U�H�����V�L�]�H���R�I���W�D�U�J�H�W���D�U�H�D�����H�W�F�������)�D�X�O�N�Q�H�U���H�W���D�O�����������������0�H�O�L�N�R�Y���H�W���D�O�������������������,�Q���W�K�L�V���U�H�J�D�U�G���W�K�H��
�L�Q�W�H�U�D�F�W�L�R�Q���R�I���I�O�R�Z�V���L�Q���W�K�H���Y�L�F�L�Q�L�W�\���R�I���X�V�H�U�¶�V���E�R�G�\�����H�V�S�H�F�L�D�O�O�\���D�W���W�K�H���E�U�H�D�W�K�L�Q�J���]�R�Q�H���L�V���L�P�S�R�U�W�D�Q�W�����6�R�P�H���R�I���W�K�H�V�H��
�I�O�R�Z�V���D�U�H���L�Q�G�L�F�D�W�H�G���L�Q���)�L�J���������� 

 

�)�L�J������������Personalized ventilation�íAirflow interaction around human body: �Mfree convection flow, �N 
personalized flow, �Orespiration flow, �Pventilation flow, �Qthermal flow. 

 
�7�K�H���L�Q�W�H�U�D�F�W�L�R�Q���R�I���I�O�R�Z���Q�H�D�U���W�K�H���E�U�H�D�W�K�L�Q�J���]�R�Q�H���D�Q�G���L�W�V���L�P�S�R�U�W�D�Q�F�H���I�R�U���W�K�H���W�K�H�U�P�D�O���F�R�P�I�R�U�W�����S�H�U�F�H�L�Y�H�G���D�L�U���T�X�D�O�L�W�\��
�D�Q�G���F�O�H�D�Q�Q�H�V�V���R�I���W�K�H���D�L�U���L�Q�K�D�O�H�G���E�\���W�K�H���X�V�H�U���K�D�V���E�H�H�Q���V�W�X�G�L�H�G���L�Q���G�H�W�D�L�O����Bolashikv et al., 2013a;Bolashikv et al., 
2013b;Licina et al., 2015a;Licina et al., 2015b;Bivolarova et al, 2018;Kierat et al., 2018). Recommendations for 
design and positioning of the ATD, PV supply flow rate and temperature, control of characteristics of the 
supplied airflow and its interaction with the free convection flow existing around human body has been 
suggested (Bolashikov et al., 2009;Bolashikov et al.,2010;Melikov and Dzhartov, 2013;Melikov, 2015). 

The performance of PV in conjunction with MV, DV and UFAD has been studied by physical measurements and 
human response (Yang and Sekhar, 2007;Yang et al., 2009;�+�D�O�Y�R���R�Y�i, 
2010a;�+�D�O�Y�R���R�Y�i,2010b;�+�D�O�Y�R���R�Y�i,2010c;Li et al., 2010;Yang et al., 2010a;Yang et al.,2010b;Li et 
al.,2011;Sun et al.,2012;Dalewski et al., 2014;Cermak and Melikov, 2003; Cermak and Melikov, 2004; Cermak 
and Melikov, 2006; Cermak and Melikov, 2007; Cermak et al., 2004; Cermak et al., 2006; Melikov et al., 
2003).Besides the type of PV and background air distribution and their characteristics (supply flow rate, 
temperature, etc,), furniture design and arrangementand other physical aspects,the effect of �R�F�F�X�S�D�Q�W�V�¶ 
movement (�+�D�O�Y�R���R�Y�i, 2010a) on the performance of PV is important.   
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�J�H�Q�H�U�D�W�L�Q�J���E�D�F�N�J�U�R�X�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W���L�Q���V�S�D�F�H�V���K�D�V���E�H�H�Q���G�L�V�F�X�V�V�H�G�����0�H�O�L�N�R�Y���������������0�H�O�L�N�R�Y���������������0�H�O�L�N�R�Y������������������
�3�9���F�D�Q�E�H���D�S�S�O�L�H�G���L�Q���E�X�L�O�G�L�Q�J�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���S�X�U�S�R�V�H�����R�I�I�L�F�H���E�X�L�O�G�L�Q�J�V�����K�R�V�S�L�W�D�O�V�����D�X�G�L�W�R�U�L�X�P�����H�W�F�������D�Q�G���Y�H�K�L�F�O�H��
�F�R�P�S�D�U�W�P�H�Q�W�V�����F�D�U�V�����D�L�U�S�O�D�Q�H�V�����H�W�F���������7�K�H���3�9���F�D�Q���E�H���F�R�P�E�L�Q�H�G���Z�L�W�K���R�W�K�H�U���F�R�Q�Y�H�F�W�L�Y�H���P�H�W�K�R�G�V�����V�X�F�K���D�V���0�9�����'�9����
�8�)�$�' �D�Q�G���D�F�W�L�Y�H���F�K�L�O�O�H�G���E�H�D�P�V�����&�H�U�P�D�N���D�Q�G���0�H�O�L�N�R�Y���������������&�H�U�P�D�N���H�W���D�O�����������������&�H�U�P�D�N���D�Q�G���0�H�O�L�N�R�Y��������������
�1�L�H�O�V�H�Q���H�W���D�O�����������������+�D�O�Y�R���R�Y�i, 2010a; Li et al., 2010;Yang et al., 2010a; Li et al.,2011; Sun et al., 2012; Sekhar 
and Zheng, 2018). Applications of PV combined with radiant methods for generating indoor thermal 
environment, such as passive chilled beams, chilled ceiling, has been studied experimentally and by simulations 
(Lybenova et al., 2011;Lipczynska et al., 2015;Melikov, 2015). The results reveal superior performance of PV 
combined with a method for generating background compared to the methods for generating total volume 
environment alone. Several applications for PV in hospitals such as hospital bed integrated PV (Melikov, 2015), 
seat integrated PV (Bolashikov et al., 2010;Melikov et al.,2012;Sun et al., 2012;Melikov and Dzhartov, 2013). 

People can clearly distinguish the performance of PV with different design and can rank them according to 
perceived air quality, thermal comfort and ergonomics (Kaczmarczyk, 2003;Kaczmarczyk et al., 2004). 
Therefore, the design and the performance of the PV has to be carefully considered taking into account the 
furniture design and �O�D�\�R�X�W�����R�F�F�X�S�D�Q�W�V�¶���D�F�W�L�Y�L�W�L�H�V�����H�W�F�� 
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�/�(�9���L�V���S�U�L�P�D�U�L�O�\���D�Q���H�[�W�U�D�F�W���Y�H�Q�W�L�O�D�W�L�R�Q���V�\�V�W�H�P���Z�K�L�F�K���L�V���Y�H�U�\���H�I�I�H�F�W�L�Y�H���L�Q���U�R�R�P�V���Z�K�H�U�H���O�R�F�D�O�L�]�H�G���W�\�S�L�F�D�O�O�\���Z�D�U�P��
�F�R�Q�W�D�P�L�Q�D�Q�W���V�R�X�U�F�H�V���F�D�Q���E�H���L�G�H�Q�W�L�I�L�H�G�����V�X�F�K���D�V���L�Q���L�Q�G�X�V�W�U�L�D�O���S�U�H�P�L�V�H�V���R�U���N�L�W�F�K�H�Q�V�����1�R�U�P�D�O�O�\�����D���O�R�F�D�O���H�[�K�D�X�V�W���K�R�R�G��
�L�V���S�O�D�F�H�G���D�E�R�Y�H���W�K�H���V�R�X�U�F�H���W�R���U�H�P�R�Y�H���W�K�H���S�R�O�O�X�W�L�R�Q���E�H�I�R�U�H���L�W���F�D�Q���V�S�U�H�D�G���L�Q�W�R���W�K�H���U�R�R�P�� A range hood over a cook-
top without buoyant forces (velocity-capture principle) is considered in Fig. 29a. The air approaches the range 
hood from all directions, i.e. the upstream flow volume (area) is large. Thus, the air velocity decreases rapidly with 
the distance from the hood. The air velocity near the cook-top (e.g. point P in Fig. 29a) is very low. Normally, a 
cook-top producing heat sources which generate thermal plumes. The plumes bring the contaminants upwards into 
the high-velocity territory of the range-hoods and thus the contaminants are captured and exhausted (i.e. the 
buoyancy-capture principle) (Fig. 29b) 

 

Fig. 29. Two ventilation principles of range hoods (a) velocity-capture principle; (b) buoyancy-capture principle. 

Sensible heat of kitchen appliance is released in the room space by radiation and convection. It should be noted 
that using a hood it is only possible to capture the convection part of the heat load. Radiation will always be 
present in the room space and to remove the loads caused by radiation, mechanical cooling should be introduced. 
Therefore, the actual capture efficiency is only related to the convective part of the heat load. 

During the design phase, airflow rate should be determined based on the convection flow. By increasing airflow 
rate at the optimal point, the efficiency of the system could not be improved. On the other hand, unnecessary 
high airflow rates increase the investment and operation costs. The exhaust airflow rate could be calculated with 
the known heat load of the kitchen appliance. By using convection heat load, the exact airflow rate is possible to 
compute (Li and Kosonen, 2019).  

The standard hood is not necessarily able to capture totally the raised convection flow. Especially in cases when 
there is draft around hood area, the hood efficiency is lower than 100%. In practice this means that together with 
radiation heat load, certain ratio of the convection heat gain will also escape to room spaces.  

Using push-pull ventilation principle with capture jet, it is possible to improve the efficiency of hood. In Fig. 30, 
aSchliering thermal illustration is presented on the hood performance of a capture jet and a standard hood using 
the exactly the same airflow rate. The standard exhaust hood required 30% greater exhaust airflow rate compared 
to high efficient hood (Schrock et al., 2000).  
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Fig. 30.High efficiency hood with the capture jet (left panel) improves the contaminant removal efficiency 
compared to standard exhaust hood (right panel). 

The similar improvements using capture jet were also demonstrated in a ventilated ceiling application (Kosonen 
and Mustakallio, 2003). The ventilated ceiling concept is a wall-to-�Z�D�O�O���V�\�V�W�H�P���W�K�D�W���F�R�Y�H�U�V���W�K�H���µ�D�F�W�L�Y�H�¶���F�R�R�N�L�Q�J��
�D�U�H�D���D�E�R�Y�H���W�K�H���F�R�R�N�L�Q�J���D�S�S�O�L�D�Q�F�H�V���D�V���Z�H�O�O���D�V���W�K�H���µ�S�D�V�V�L�Y�H�¶���D�U�H�D���Z�K�H�U�H���W�K�H�U�H���L�V���Q�R���F�R�R�N�L�Q�J���S�U�R�F�H�V�V�H�G�����7�Ke system 
consists of stainless-steel exhaust air modules with grease filters, displacement ventilation through low velocity 
�V�X�S�S�O�\���D�L�U���X�Q�L�W�V�����7�K�H���H�I�I�L�F�L�H�Q�F�\���R�I���W�K�H���H�[�K�D�X�V�W���V�\�V�W�H�P���L�V���L�P�S�U�R�Y�H�G���Z�L�W�K���M�H�W���L�Q�V�W�D�O�O�H�G���À�X�V�K���D�O�R�Q�J�V�L�G�H���W�K�H���D�F�W�L�Y�H��
area. The small air jet helps to direct heat and impurities towards the exhaust, improving the capture and 
containment efficiency. Low-velocity air diffusers bring draught-free fresh air to the working zone (Fig. 31).  

 

Fig. 31.Ventilated ceiling with air curtain ventilation. 

Similar concept is also possible to utilize with kitchen hood. The supply units are installed in the false ceiling or 
hang on the wall. The air supply downward along the wall reaches the floor and then turn its direction to spread 
along the floor. The push-pull ventilation could also be executed with air-curtain slots located around the stove. 
The air curtain can deliver outdoor air into the kitchen. In Fig. 32,there is presented one concept studied (Zhou et 
al., 2019). With the air-curtain depending on the make-up arrangement, it was possible to improve the capture 
efficiency up to 21% (from 75 % to 96 %).  



 

Fig. 32. Schematic of the aircurtain ventilation with a hooda) the push-pull ventilation system; b) dimension of 
the kitchen setup. 
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Unlike traditional MV systems, which supplies air at high velocities to mixthe room air and supply airflowfor 
control of pollutant concentration, LAF aims to minimize contamination by supplying an unidirectional clean air 
from the ceiling to the operating zone at relatively lower supply velocities (0.2-0.3 m/s), which enables the LAF 
�W�R���V�Z�L�S�H�����D���³�Z�D�V�K�L�Q�J�´���H�I�I�H�F�W�����D�L�U�E�R�U�Q�H���S�D�W�K�R�J�H�Q�V��away from the surgical site (Fig. 33).  

 



Fig. 33. Laminar airflow system in operating rooms a) Schematic outline of airflow from a LAF unit in an 
operating room b)A photo of the operating room with LAF and other medical equipment (Cao et al., 2018). 

Based on a review of 16 national and international standards in 2006, there is, to a certain extent, a global 
consensus for appropriate supply air velocity (0.20-0.30 m/s) and HEPA filtration efficiency (99.5-99.7%) 
(Melhado, 2006). The trend of enlarge the area of LAF has been followed by several other national guidelines in 
the past 10 years, as shown in Table 2. In support of these revisions, several studies have shown that the use of 
large-size LAF ceilings reduces the microbiological contamination in operating rooms compared to small-sized 
LAF systems (Diab-Elschahawi et al., 2001; Benen et al., 2013; Wagner et al., 2014). 

Table 2 

Parameter requirements for an LAF-equipped operating room environment in eight current European standards 
(Aganovic, 2019). 

�
���6�X�S�S�O�\���D�L�U�I�O�R�Z���U�H�T�X�L�U�H�P�H�Q�W�V���D�U�H���E�D�V�H�G���R�Q���P�L�Q�L�P�X�P���W�R�W�D�O���$�&�+���!������ 

�+�R�Z�H�Y�H�U�����U�H�F�H�Q�W���D�Q�D�O�\�V�H�V���V�X�J�J�H�V�W���L�Q�F�U�H�D�V�H�G���S�R�V�W���R�S�H�U�D�W�L�Y�H���V�X�U�J�L�F�D�O���V�L�W�H���L�Q�I�H�F�W�L�R�Q�V���6�6�,�����U�D�W�H�V���L�Q���R�S�H�U�D�W�L�Q�J���U�R�R�P�V��
�Z�L�W�K���/�$�)�����0�F�+�X�J�K���H�W���D�O���������������������2�W�K�H�U���V�W�X�G�L�H�V���V�K�R�Z�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���V�H�Y�H�U�H���6�6�,���U�D�W�H�V���I�R�O�O�R�Z�L�Q�J���N�Q�H�H��
�S�U�R�V�W�K�H�V�L�V���D�Q�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���6�6�,���U�D�W�H�V���I�R�O�O�R�Z�L�Q�J���K�L�S���S�U�R�V�W�K�H�V�L�V���X�Q�G�H�U���O�D�P�L�Q�D�U���D�L�U�I�O�R�Z���F�R�Q�G�L�W�L�R�Q�V�����%�U�D�Q�G�W���H�W��
�D�O���������������������5�H�F�H�Q�W���V�W�X�G�L�H�V���V�K�R�Z���W�K�D�W���W�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���I�D�F�W�R�U�V���W�K�D�W���Z�L�O�O���D�I�I�H�F�W���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���/�$�)���L�Q���R�S�H�U�D�W�L�Q�J��
�U�R�R�P�V�����L�Q�F�O�X�G�L�Q�J���W�K�H���S�U�H�V�H�Q�F�H���R�I���V�X�U�J�L�F�D�O���I�D�F�L�O�L�W�L�H�V���D�Q�G�D���I�H�Z���W�U�D�Q�V�L�H�Q�W���S�K�H�Q�R�P�H�Q�D���H���J�����W�X�U�E�X�O�H�Q�W���D�L�U�I�O�R�Z�V����
�P�R�Y�H�P�H�Q�W���R�I���V�X�U�J�H�R�Q�V�����D�Q�G���F�D�X�W�H�U�L�]�D�W�L�R�Q���R�I���V�X�U�J�L�F�D�O���Z�R�X�Q�G�V�����Z�K�L�F�K���P�D�\���F�D�X�V�H���V�L�J�Q�L�I�L�F�D�Q�W���F�K�D�Q�J�H�V���D�L�U��
�G�L�V�W�U�L�E�X�W�L�R�Q���S�D�W�W�H�U�Q�����$�J�D�Q�R�Y�L�F���H�W���D�O�������������������&�D�R���H�W���D�O�������������������&�D�R���H�W���D�O���������������������7�K�H���U�H�F�H�Q�W�O�\���S�X�E�O�L�V�K�H�G���:�+�2��
�J�X�L�G�H�O�L�Q�H���V�X�J�J�H�V�W�H�G���W�K�D�W���/�$�)���V�\�V�W�H�P�V���V�K�R�X�O�G���Q�R�W���E�H���X�V�H�G���W�R���U�H�G�X�F�H���W�K�H���U�L�V�N���R�I���6�6�,���I�R�U���S�D�W�L�H�Q�W�V���X�Q�G�H�U�J�R�L�Q�J���W�R�W�D�O��
�D�U�W�K�U�R�S�O�D�V�W�\���V�X�U�J�H�U�\�����E�D�V�H�G���R�Q���F�R�Q�G�L�W�L�R�Q�D�O���U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�����O�R�Z���W�R���Y�H�U�\���O�R�Z���T�X�D�O�L�W�\���R�I���H�Y�L�G�H�Q�F�H���������:�+�2���������������� 

�'�L�V�F�X�V�V�L�R�Q 

�$�S�S�O�L�F�D�W�L�R�Q���S�R�W�H�Q�W�L�D�O�V���I�R�U���K�H�D�W�L�Q�J���P�R�G�H 

�0�R�V�W���D�I�R�U�H�P�H�Q�W�L�R�Q�H�G���Y�H�Q�W�L�O�D�W�L�R�Q���V�W�U�D�W�H�J�L�H�V���D�U�H���P�D�L�Q�O�\���H�[�S�O�R�U�H�G���X�Q�G�H�U���F�R�R�O�L�Q�J���P�R�G�H�����H�V�S�H�F�L�D�O�O�\���I�R�U���V�W�U�D�W�L�I�L�H�G��
�Y�H�Q�W�L�O�D�W�L�R�Q���V�W�U�D�W�H�J�L�H�V���G�U�L�Y�H�Q���E�\���E�X�R�\�D�Q�F�\�����Z�K�L�F�K���U�H�V�X�O�W�V���L�Q���R�Q�H���R�I���W�K�H���P�D�M�R�U���F�K�D�O�O�H�Q�J�H�V�����V�K�R�U�W���F�L�U�F�X�L�W�L�Q�J�����L���H�������W�K�H��
�V�X�S�S�O�L�H�G���Z�D�U�P���D�L�U���I�L�Q�G�V���L�W�V���Z�D�\���R�I���O�H�D�V�W���U�H�V�L�V�W�D�Q�F�H���O�H�D�Y�L�Q�J���W�K�H���U�R�R�P���O�D�U�J�H�O�\���E�\�S�D�V�V�L�Q�J���W�K�H���R�F�F�X�S�L�H�G���]�R�Q�H�����)�L�J����������
�D���D�Q�G���E�������Z�K�L�F�K���F�D�Q���U�H�V�X�O�W���L�Q���H�Q�H�U�J�\���Z�D�V�W�D�J�H���D�Q�G���W�K�H�U�P�D�O���G�L�V�F�R�P�I�R�U�W�����%�H�F�D�X�V�H���E�R�W�K���W�K�H���D�L�U���V�R�X�U�F�H���V�����D�Q�G���V�L�Q�N���V����
�D�U�H���Z�L�W�K�L�Q���W�K�H���R�F�F�X�S�L�H�G���]�R�Q�H�����W�K�H���Z�D�U�P���D�L�U���V�X�S�S�O�L�H�G���E�\���6�9���L�V���³�I�R�U�F�H�G�´���W�R���I�O�R�Z���W�K�U�R�X�J�K���W�K�H���R�F�F�X�S�L�H�G���]�R�Q�H�����)�L�J����
�����F�������7�K�H�U�H�I�R�U�H�����6�9���F�D�Q���E�H���D�S�S�O�L�H�G���I�R�U���E�R�W�K���F�R�R�O�L�Q�J���D�Q�G���K�H�D�W�L�Q�J�� 

Country  
Supply Velocity 

(m/s) 

Pressure 
difference 

(Pa) 

Humidity 
(%)  

Temperature 
(°C) 

LAF 
diffuser 
size (m2) 

Maximum 
bacterial 

load 
(CFU/m3) 

Austria [ÖNORM 
H 6020] 

0.22-0.45 - 35-45 20-24 �1  8 m2 - 

France [NF S 90-
351] 

0.25-0.35 15 ± 5 - 19-26 - 10 

Germany [DIN 
1946] �1  0,23 - 30-50 19-26 �1  3.2 × 3.2 

m2 
4-10* 

Netherlands 
[CBZ] - - - 18-22 - - 

Norway [Aune 
K.S 2014] 

0.25-0.28 5-10 - - - - 

Switzerland 
[SWKI VA 105-

01] 
0.23-0.25 - 30 19-26 �1  9 m2 10 

UK [HTM 03-
01:2007] 

0.38 m/s 25 35-60 18-25 �1  2.8 × 2.8 
m2 

10 

USA [ASHRAE 
Standard 170-

2013] 
- *  4 20-60 20-24 �1  3.0 × 3.0 

m2 
- 



 
(a) 

 

 
(b) 

 

 
(c) 

 
�)�L�J�����������+�H�D�W�L�Q�J���D�S�S�O�L�F�D�W�L�R�Q�����D����ceiling supplied�����E����floor supplied�����F��stratum ventilated. 

�&�K�H�Q�J���H�W���D�O�������������������L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H���H�I�I�H�F�W���R�I���D�L�U���V�X�S�S�O�\���D�Q�J�O�H�V���R�Q���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���6�9�����7�K�H���U�H�V�X�O�W�V���V�K�R�Z���W�K�D�W��
�D�L�U���V�X�S�S�O�\���D�Q�J�O�H�V���F�D�Q���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�I�I�H�F�W���L�Q�G�R�R�U���D�L�U���Y�H�O�R�F�L�W�\���D�Q�G���W�H�P�S�H�U�D�W�X�U�H���G�L�V�W�U�L�E�X�W�L�R�Q�V�����H�Q�H�U�J�\���X�W�L�O�L�]�D�W�L�R�Q���D�Q�G��
�W�K�H�U�P�D�O���F�R�P�I�R�U�W���O�H�Y�H�O�����7�K�H���R�S�W�L�P�D�O���D�L�U���V�X�S�S�O�\���D�Q�J�O�H���Z�D�V���I�R�X�Q�G���W�R���E�H���D�S�S�U�R�[�L�P�D�W�H�O�\�������ƒ�E�H�O�R�Z���W�K�H���S�O�D�Q�����7�K�H��
�H�Q�H�U�J�\���X�W�L�O�L�]�D�W�L�R�Q���H�I�I�L�F�L�H�Q�F�\���Z�D�V���X�S���W�R�����������������D�Q�G���W�K�H���W�K�H�U�P�D�O���F�R�P�I�R�U�W���L�Q�G�L�F�H�V���L�Q�F�O�X�G�L�Q�J���W�K�H���3�0�9�����3�3�'�����3�'���D�Q�G��
�Y�H�U�W�L�F�D�O���D�L�U���W�H�P�S�H�U�D�W�X�U�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���K�H�D�G���D�Q�G���D�Q�N�O�H�����V�D�W�L�V�I�\���W�K�H���U�H�T�X�L�U�H�P�H�Q�W�V���R�I���$�6�+�5�$�(��������������������
�=�K�D�Q�J���H�W���D�O���������������E�����F�R�P�S�U�H�K�H�Q�V�L�Y�H�O�\���L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H���H�I�I�H�F�W�V���R�I���W�K�H���R�S�H�U�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���R�Q���K�H�D�W�L�Q�J��
�S�H�U�I�R�U�P�D�Q�F�H�V���R�I���6�9�����,�W���Z�D�V���I�R�X�Q�G���W�K�D�W���W�K�H���Y�D�U�L�D�W�L�R�Q�V���R�I���W�K�H���O�R�F�D�O���P�H�D�Q���D�J�H���R�I���D�L�U�����&�2�����U�H�P�R�Y�D�O���H�I�I�L�F�L�H�Q�F�\�����3�0�9����
�Y�H�U�W�L�F�D�O���D�L�U���W�H�P�S�H�U�D�W�X�U�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���K�H�D�G���D�Q�G���D�Q�N�O�H���O�H�Y�H�O�V�����û�7�����D�Q�G���H�Q�H�U�J�\���X�W�L�O�L�]�D�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���F�D�X�V�H�G��
�E�\���W�K�H���F�R�P�E�L�Q�H�G���H�I�I�H�F�W�V���F�D�Q���E�H���D�F�F�R�X�Q�W�H�G���E�\���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���P�R�V�W���L�P�S�R�U�W�D�Q�W���R�S�H�U�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���E�\����������������
�����������������������������������������D�Q�G���������������U�H�V�S�H�F�W�L�Y�H�O�\�����Z�K�H�U�H�D�V���W�K�H���R�X�W�G�R�R�U���Z�H�D�W�K�H�U���F�R�Q�G�L�W�L�R�Q���F�D�Q���W�U�D�Q�V�I�H�U���3�0�9���D�Q�G���û�7��
�W�R���G�L�V�F�R�P�I�R�U�W���O�H�Y�H�O�����/�D�V�W�O�\�����W�R���I�D�F�L�O�L�W�D�W�H���K�H�D�W�L�Q�J���D�S�S�O�L�F�D�W�L�R�Q�V���R�I���6�9�����W�K�H���F�R�Q�V�W�D�Q�W���D�L�U���Y�R�O�X�P�H���V�\�V�W�H�P���L�V��
�U�H�F�R�P�P�H�Q�G�H�G�����=�K�D�Q�J���H�W���D�O���������������F�����I�R�X�Q�G���W�K�D�W���6�9���I�R�U���K�H�D�W�L�Q�J���Z�D�V���F�R�P�S�O�L�F�D�W�H�G���E�H�F�D�X�V�H���P�X�O�W�L�S�O�H���Y�H�Q�W�L�O�D�W�L�R�Q��
�R�S�H�U�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V�����L���H�������V�X�S�S�O�\���Y�D�Q�H���D�Q�J�O�H�����V�X�S�S�O�\���D�L�U�I�O�R�Z���U�D�W�H���D�Q�G���V�X�S�S�O�\���D�L�U���W�H�P�S�H�U�D�W�X�U�H�����Q�R�Q���O�L�Q�H�D�U�O�\��
�D�I�I�H�F�W�H�G���W�K�H���P�X�W�X�D�O�O�\���F�R�Q�I�O�L�F�W�L�Q�J���P�X�O�W�L�S�O�H���F�U�L�W�H�U�L�D���R�I���Y�H�Q�W�L�O�D�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H�V�����L���H�������W�K�H�U�P�D�O���F�R�P�I�R�U�W�����D�L�U���T�X�D�O�L�W�\��
�D�Q�G���H�Q�H�U�J�\���H�I�I�L�F�L�H�Q�F�\�������$�Q���H�[�S�H�U�L�P�H�Q�W���R�Q���6�9���I�R�U���K�H�D�W�L�Q�J���D���W�\�S�L�F�D�O���R�I�I�L�F�H���L�V���F�R�Q�G�X�F�W�H�G�����5�H�V�S�R�Q�V�H���V�X�U�I�D�F�H���P�R�G�H�O�V��
�R�I���W�K�H���Y�H�Q�W�L�O�D�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H�V���Z�H�U�H���G�H�Y�H�O�R�S�H�G���W�R���S�U�R�P�R�W�H���F�R�P�S�X�W�D�W�L�R�Q�D�O���H�I�I�L�F�L�H�Q�F�\�����7�K�H���R�S�H�U�D�W�L�R�Q���R�S�W�L�P�L�]�D�W�L�R�Q��
�R�Q���W�K�H���Y�H�Q�W�L�O�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�P�S�U�R�Y�H�V���W�K�H���Y�H�Q�W�L�O�D�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H�V�����Z�L�W�K���D�Q���D�Y�H�U�D�J�H���U�H�G�X�F�W�L�R�Q���L�Q��
�3�3�'���D�Q�G���O�R�F�D�O���P�H�D�Q���D�J�H���R�I���D�L�U���E�\���������������D�Q�G���������������U�H�V�S�H�F�W�L�Y�H�O�\�����D�Q�G���D�Q���D�Y�H�U�D�J�H���L�Q�F�U�H�D�V�H���L�Q���H�Q�H�U�J�\���X�W�L�O�L�]�D�W�L�R�Q��
�F�R�H�I�I�L�F�L�H�Q�W���E�\������������ 

Apart from SV, IJV and CJV are also suitable for heating mode. Studies for both of IJV and CJV have shown 
that jets for these types of air distribution systems have a higher momentum than DV but lower that MV systems 
(�.�D�U�L�P�L�S�D�Q�D�K���D�Q�G���$�Z�E�L���������������.�D�U�L�P�L�S�D�Q�D�K�H�W�D�O�������������������.�D�U�L�P�L�S�D�Q�D�K�H�W�D�O���H�W���D�O����������������. The moderate jet 
momentum of these systems enables the air jet to overcome the buoyancy force generated from heat sources in 
the ventilated zone and they were found to be suitable for application in both cooling and heating modes. In 
addition, the floor jets generated were found to be capable of reaching further regions of the floor compared to 
DV air supplies. 

�(�Y�D�O�X�D�W�L�R�Q���R�I���G�L�I�I�H�U�H�Q�W���N�L�Q�G�V���R�I���D�L�U�I�O�R�Z���S�D�W�W�H�U�Q�V 

�7�K�H���G�H�I�L�Q�L�W�L�R�Q���R�I���Y�H�Q�W�L�O�D�W�L�R�Q���H�I�I�H�F�W�L�Y�H�Q�H�V�V���D�S�S�H�D�U�H�G���L�Q���W�K�H���P�L�G�����������¶�V�����&�D�R���H�W���D�O���������������������Z�K�L�F�K���L�V���G�H�I�L�Q�H�G���W�R��
�G�H�V�F�U�L�E�H���W�K�H���D�E�L�O�L�W�\���R�I���Y�H�Q�W�L�O�D�W�L�R�Q���V�\�V�W�H�P���W�R���U�H�P�R�Y�H���F�R�Q�W�D�P�L�Q�D�Q�W�����%�H�V�L�G�H�V�����W�K�H���Y�H�Q�W�L�O�D�W�L�R�Q���V�\�V�W�H�P���L�V���X�V�H�G���W�R��
�S�U�R�W�H�F�W���S�H�R�S�O�H���D�Q�G���S�U�H�Y�H�Q�W���F�R�Q�W�D�P�L�Q�D�Q�W���H�[�S�R�V�X�U�H���L�Q���V�R�P�H���F�D�V�H�V�����&�D�R���H�W���D�O���������������D�����&�D�R���H�W���D�O���������������E�����+�R�Z�H�Y�H�U����
�S�H�R�S�O�H���I�R�X�Q�G���W�K�D�W���W�K�H���D�E�L�O�L�W�\���R�I���Y�H�Q�W�L�O�D�W�L�R�Q���V�\�V�W�H�P���W�R���V�X�S�S�O�\���I�U�H�V�K���D�L�U�D�Q�G���S�U�R�Y�L�G�H���D�F�F�H�S�W�D�E�O�H���L�Q�G�R�R�U���W�K�H�U�P�D�O��
�F�R�P�I�R�U�W���L�V���D�O�V�R���L�P�S�R�U�W�D�Q�W�����,�Q���W�K�L�V���Z�D�\���D�L�U���F�K�D�Q�J�H���H�I�I�L�F�L�H�Q�F�\�����F�R�Q�W�D�P�L�Q�D�Q�W���U�H�P�R�Y�D�O���H�I�I�H�F�W�L�Y�H�Q�H�V�V�����S�U�R�W�H�F�W�L�R�Q��
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