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Michael P.E. Cheney

Multimodal micron-sized spherical aluminum powders were subjected to the detonation prod-

ucts of a gaseous oxyacetylene mixture. The objective was to analyze the blast enhancement

from the combustion of non-uniform-sized aluminum particles. These multimodal aluminum

powders consisted of a 50/50 mixture by mass of larger (~30 �m) and smaller (~1-10 �m)

particles. Experiments were conducted at the large-scale Virginia Tech Shock Tube Research

Facility to measure blast pressure, impulse, and heat release efficiency during combustion in

these detonations. These results were compared against oxyacetylene detonations conducted

with the addition of unimodal aluminum particles approximately 1, 10, 30, and 95 �m in

diameter. These experiments were controlled by maintaining a particle mass concentration

of 200 g/m3, a constant volume of air for particle dispersion, and a consistent size for the

gaseous oxyacetylene explosive charge of 0.11 m3. This approach ensured that any variations

in explosive output were due to the characteristics of the aluminum powder.

For unimodal aluminum, the combustion of 1 �m aluminum powder yielded the highest

increase in blast pressure, impulse, and heat of combustion efficiency whereas H-95 provided

the least amount of blast enhancement. These results showed an inverse relationship where

decreasing aluminum particle size resulted in increased blast output, a phenomenon driven

by the shorter combustion times of smaller particles. For multimodal aluminum combustion,

the performance of these powders exceeded the pressure and impulse performance of their



unimodal counterparts.

The heat of combustion efficiency—defined as the ratio of energy driving the shock wave

to the total energy available—was estimated using a two-part blast scaling methodology.

The first step in this process used Sachs’ blast scaling laws to infer time-dependent energy

release contributing initially to blast pressure and impulse. The second step introduced a

new modified Sachs scaling technique to account for late-time energy release contributing

solely to blast impulse. This scaling approach addressed the previously neglected impact of

delayed aluminum combustion on blast behavior. This two-part scaling approach revealed

that the combustion of multimodal aluminum powders in oxyacetylene detonations resulted

in 75.1%-85.3% of the available heat of combustion contributing to blast pressure and impulse

compared to the 30.8%-74.6% provided by unimodal aluminum powders. These results

suggest that the combustion of multimodal aluminum powder results in more powerful and

efficient detonations, providing a technique to improve and optimize energetic performance.
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Micron-sized spherical aluminum powders serve as additives to enhance the performance

of propellants, pyrotechnics, and explosives. Previous laboratory-scale research has shown

that aluminum’s ignition and combustion characteristics are influenced by particle size, with

smaller particles tending to ignite more quickly and release more energy than larger ones.

However, little research has been directed at understanding the impact of particle size distri-

bution on aluminum combustion, and whether combining smaller particles with larger ones

can enhance the overall combustion reactivity and efficiency.

This work investigated the impact of mixed (multimodal) aluminum combustion on the blast

pressure, impulse, and overall heat of combustion efficiency of oxyacetylene detonations. To

achieve this, the experimental procedure consisted of three testing series: (i) oxyacetylene

detonations without aluminum powder; (ii) unimodal aluminum combustion in oxyacetylene

detonations; and (iii) multimodal aluminum combustion in oxyacetylene detonations. These

blast experiments were conducted using the large-scale Virginia Tech Shock Tube Research

Facility. This detonation-driven shock tube maintained a constant aluminum particle mass

concentration of 200 g/m3, a constant volume of air for particle dispersion, and a consistent

size for the gaseous oxyacetylene explosive charge of 0.11 m3. This experimental design

ensured that any variations in explosive output were due to the explosive charge size and

particle characteristics of the aluminum powder.



Results showed that introducing unimodal aluminum powder into oxyacetylene detonations

significantly enhanced blast pressure, impulse, and energy efficiency compared to the control

case of pure oxyacetylene. Furthermore, a reduction in the mean particle size of aluminum

powder resulted in greater blast output, revealing an inverse relationship where smaller par-

ticle sizes led to higher blast performance due to their faster reaction rates. For multimodal

aluminum powders, the use of mixed particle sizes produced even greater blast pressure,

impulse, and energy efficiency than their unimodal counterparts. These findings indicate

that the combustion of multimodal aluminum powder produces more powerful and efficient

detonations, providing an approach to enhance and optimize energetic performance.
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mOA Mass of oxyacetylene
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PSS Particle size span

R2 Coefficient of determination
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t2 Time from ignition to maximum change in blast pressure

tb Aluminum particle burn time

Vd Volume of detonated gas

P0 Atmospheric pressure

Al Aluminum

CJ Chapman–Jouguet condition

dcp 1 - 5 PCB Piezoelectric pressure sensors

H-1 Spherical aluminum powder ~1 �m in diameter

H-10 Spherical aluminum powder ~10 �m in diameter

H-30 Spherical aluminum powder ~30 �m in diameter

H-95 Spherical aluminum powder ~95 �m in diameter

HOC Heat of combustion
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SEM Scanning electron microscope
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Aluminum is a highly versatile metal widely used across industries due to its low density,

strong resistance to corrosion and oxidation, excellent electrical and thermal conductivity,

abundant availability, and low cost [10]. However, aluminum’s high reactivity poses serious

safety risks during manufacturing and processing. The fine particles created during alu-

minum production can be highly combustible, and improper handling has led to catastrophic

accidents. For example, the Hayes Lemmerz automotive plant in Indiana was destroyed in

2003 due to an explosion caused by accumulated aluminum dust, injuring two workers and

resulting in one fatality [11]. Similarly, in 2018, a flood at an aluminum recycling plant in

Soja City, Japan, resulted in a devastating explosion when molten aluminum came into con-

tact with water, sparking fires that destroyed over 120 nearby homes [12]. These incidents

underscore the importance of stringent safety measures and the need for deeper research into

the behavior of aluminum under various conditions.

The high reactivity characteristics make aluminum ideal for pyrotechnics, propellants, and

explosives [13], where aluminum’s high gravimetric and volumetric heats of combustion sig-

nificantly enhance energy output of energetic formulations [14]. Beyond industrial applica-

tions, aluminum’s energy-release potential has also made it a common ingredient in military

applications, particularly in explosives and other energetic devices used in irregular warfare.
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�`���i�2�b�- �r�?�B�+�? �K���F�2�b �B�i �T���`�i�B�+�m�H���`�H�v �b�m�B�i���#�H�2 �7�Q�` ���T�T�H�B�+���i�B�Q�M�b �`�2�[�m�B�`�B�M�; �T�`�2�+�B�b�2 �T�2�`�7�Q�`�K���M�+�2

�+�?���`���+�i�2�`�B�b�i�B�+�b �(�k�R�)�X �A�M �+�Q�M�i�`���b�i�- �7�H���F�2 ���H�m�K�B�M�m�K �B�b �T�`�Q�/�m�+�2�/ �#�v �b�m�#�D�2�+�i�B�M�; �b�T�?�2�`�B�+���H �T�Q�r�/�2�`

�i�Q �� �#���H�H �K�B�H�H�B�M�; �T�`�Q�+�2�b�b �i�?���i �7�H���i�i�2�M�b �i�?�2 �T���`�i�B�+�H�2�b�- �B�M�+�`�2���b�B�M�; �i�?�2�B�` �b�m�`�7���+�2 ���`�2�� ���M�/ �Q�p�2�`���H�H

�`�2���+�i�B�p�B�i�v�X �h�?�B�b �B�M�+�`�2���b�2�/ �b�m�`�7���+�2 ���`�2�� �`�2�b�m�H�i�b �B�M �7���b�i�2�`�- �i�?�Q�m�;�? �H�2�b�b �T�`�2�/�B�+�i���#�H�2�- �+�Q�K�#�m�b�i�B�Q�M

�`���i�2�b�X �>�Q�r�2�p�2�`�- �i�?�2 �#���H�H �K�B�H�H�B�M�; �T�`�Q�+�2�b�b �`�2�[�m�B�`�2�/ �i�Q �+�`�2���i�2 �7�H���F�2 ���H�m�K�B�M�m�K �B�b �+�Q�b�i�H�v�- ���/�/�B�M�;

�i�Q �i�?�2 �Q�p�2�`���H�H �2�t�T�2�M�b�2 �Q�7 �i�?�B�b �T�Q�r�/�2�` �i�v�T�2 �(�k�k�)�X

�1�t�B�b�i�B�M�; �`�2�b�2���`�+�? �Q�M �b�T�?�2�`�B�+���H ���H�m�K�B�M�m�K �T�Q�r�/�2�` �b�?�Q�r�b �i�?���i �T���`�i�B�+�H�2 �b�B�x�2 �T�H���v�b �� �+�`�B�i�B�+���H �`�Q�H�2

�B�M �+�Q�K�#�m�b�i�B�Q�M �/�v�M���K�B�+�b�- �r�B�i�? �b�K���H�H�2�` �T���`�i�B�+�H�2�b �+�Q�K�#�m�b�i�B�M�; �K�Q�`�2 �`���T�B�/�H�v ���M�/ �+�Q�K�T�H�2�i�2�H�v

�i�?���M �H���`�;�2�` �Q�M�2�b �(�k�-�8�-�e�-�k�j�-�k�9�)�X �h�?�B�b �#�2�?���p�B�Q�` �2�M�?���M�+�2�b �#�Q�i�? �#�H���b�i �T�`�2�b�b�m�`�2 ���M�/ �B�K�T�m�H�b�2�-

�r�?�B�+�? ���`�2 �2�b�b�2�M�i�B���H �7�Q�` ���T�T�H�B�+���i�B�Q�M�b �`�2�[�m�B�`�B�M�; �K���t�B�K�m�K �2�M�2�`�;�v �`�2�H�2���b�2 �B�M �K�B�M�B�K���H �i�B�K�2�X

�A�M ���/�/�B�i�B�Q�M �i�Q �T���`�i�B�+�H�2 �b�B�x�2�- �i�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 ���H�m�K�B�M�m�K �T�Q�r�/�2�` �b�B�;�M�B�7�B�+���M�i�H�v �B�K�T���+�i�b

�#�H���b�i �T�2�`�7�Q�`�K���M�+�2�X �a�i�m�/�B�2�b �#�v �*���b�i�2�H�H���M�Q�b �2�i ���H�X �(�d�) ���M�/ �G�B �2�i ���H�X �(�k�8�) �?���p�2 �b�?�Q�r�M �i�?���i

�B�M�+�`�2���b�B�M�; �T���`�i�B�+�H�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �B�M�B�i�B���H�H�v �H�2���/�b �i�Q �?�B�;�?�2�` �T�2���F �#�H���b�i �T�`�2�b�b�m�`�2�b ���M�/ �7���b�i�2�`

�`���i�2�b �Q�7 �T�`�2�b�b�m�`�2 �`�B�b�2�X �h�?�B�b �2�7�7�2�+�i �+�Q�M�i�B�M�m�2�b �m�M�i�B�H �+�Q�M�+�2�M�i�`���i�B�Q�M�b �T���b�b �� �i�?�`�2�b�?�Q�H�/ �#�2�v�Q�M�/

�r�?�B�+�? ���/�/�B�M�; ���/�/�B�i�B�Q�M���H �T�Q�r�/�2�` �M�Q �H�Q�M�;�2�` �v�B�2�H�/�b �b�m�#�b�i���M�i�B���H �B�M�+�`�2���b�2�b �B�M �#�H���b�i �T�`�2�b�b�m�`�2 �Q�`

�B�K�T�m�H�b�2�X �h�?�B�b �T�H���i�2���m �2�7�7�2�+�i �B�b �T�`�B�K���`�B�H�v �/�m�2 �i�Q �H�B�K�B�i�2�/ �Q�t�B�/�B�x�B�M�; ���p���B�H���#�B�H�B�i�v �r�B�i�?�B�M �i�?�2

�+�Q�M�7�B�M�2�/ �p�Q�H�m�K�2�X �P�M�+�2 �T���`�i�B�+�H�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �#�2�+�Q�K�2�b �i�Q�Q �?�B�;�?�- �i�?�2�`�2 �B�b �B�M�b�m�7�7�B�+�B�2�M�i �Q�t�v�;�2�M
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�i�Q �b�m�b�i���B�M �+�Q�K�T�H�2�i�2 �+�Q�K�#�m�b�i�B�Q�M ���+�`�Q�b�b ���H�H �T���`�i�B�+�H�2�b�- �`�2�b�m�H�i�B�M�; �B�M �/�B�K�B�M�B�b�?�B�M�; �`�2�i�m�`�M�b�X

�h�Q �7�m�`�i�?�2�` �Q�T�i�B�K�B�x�2 ���H�m�K�B�M�m�K�ö�b �+�Q�K�#�m�b�i�B�Q�M �T�`�Q�T�2�`�i�B�2�b�- �`�2�+�2�M�i �b�i�m�/�B�2�b �#�v �w�?���M�; �2�i ���H�X �(�e�) ���M�/

�_�2�M �2�i ���H�X �(�k�j�) �?���p�2 �B�M�p�2�b�i�B�;���i�2�/ �ó�K�m�H�i�B�K�Q�/���H�ô �T���`�i�B�+�H�2 �/�B�b�i�`�B�#�m�i�B�Q�M�b �r�?�B�+�? �B�M�p�Q�H�p�2 �K�B�t�B�M�;

�T�Q�r�/�2�`�b �Q�7 �p���`�B�Q�m�b �b�B�x�2�b ���M�/ �+�Q�`�`�2�H���i�B�M�; �i�?�2�B�` �#�H���b�i �Q�m�i�T�m�i �r�B�i�? �b�i���i�B�b�i�B�+���H �T���`���K�2�i�2�`�b�X �>�Q�r�@

�2�p�2�`�- �i�?�2 ���m�i�?�Q�` �B�b �M�Q�i ���r���`�2 �Q�7 ���M�v �`�2�b�2���`�+�? �/�B�`�2�+�i�H�v �B�M�p�2�b�i�B�;���i�B�M�; �i�?�2 �2�7�7�2�+�i�b �Q�7 �K�m�H�i�B�K�Q�/���H

���H�m�K�B�M�m�K �T�Q�r�/�2�` �+�Q�K�#�m�b�i�B�Q�M �Q�M �#�m�`�M �2�7�7�B�+�B�2�M�+�v ���M�/ �2�M�2�`�;�v �Q�m�i�T�m�i�X �h�?�B�b �i�?�2�b�B�b ���B�K�b �i�Q

���/�/�`�2�b�b �i�?�B�b �;���T �#�v �2�t�T�H�Q�`�B�M�; �i�?�2 �B�K�T���+�i �Q�7 �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �T���`�i�B�+�H�2 �/�B�b�i�`�B�#�m�i�B�Q�M�b �Q�M

�#�H���b�i �T�`�2�b�b�m�`�2�- �B�K�T�m�H�b�2�- ���M�/ �Q�p�2�`���H�H �?�2���i �Q�7 �+�Q�K�#�m�b�i�B�Q�M �2�7�7�B�+�B�2�M�+�v�- �+�Q�M�i�`�B�#�m�i�B�M�; �i�Q �b���7�2�` ���M�/

�K�Q�`�2 �2�7�7�2�+�i�B�p�2 �7�Q�`�K�m�H���i�B�Q�M�b �7�Q�` �#�Q�i�? �B�M�/�m�b�i�`�B���H ���M�/ �K�B�H�B�i���`�v ���T�T�H�B�+���i�B�Q�M�b�X

�R�X�k �h�?�2�b�B�b �P�#�D�2�+�i�B�p�2�b

�h�?�2 �;�m�B�/�B�M�; �?�v�T�Q�i�?�2�b�B�b �Q�7 �i�?�B�b �b�i�m�/�v �B�b �i�?���i �B�M �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �K�B�t�i�m�`�2�b�- �i�?�2 �?�B�;�?

�+�Q�K�#�m�b�i�B�Q�M �`���i�2 �Q�7 �b�K���H�H�2�` �T���`�i�B�+�H�2�b �r�B�H�H ���+�+�2�H�2�`���i�2 �i�?�2 �#�m�`�M �i�B�K�2 �Q�7 �H���`�;�2�` �T���`�i�B�+�H�2�b�- �H�2���/�B�M�;

�i�Q �K�Q�`�2 �2�7�7�B�+�B�2�M�i ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �Q�p�2�`���H�H�X �h�?�B�b �B�M�+�`�2���b�2�/ �2�7�7�B�+�B�2�M�+�v �b�?�Q�m�H�/ �`�2�b�m�H�i �B�M

�B�M�+�`�2���b�2�/ �#�H���b�i �T�`�2�b�b�m�`�2 ���M�/ �B�K�T�m�H�b�2 �Q�7 ���M �2�t�T�H�Q�b�B�p�2 �+�Q�M�i���B�M�B�M�; �2�[�m���H ���K�Q�m�M�i�b �Q�7 �2�M�2�`�;�2�i�B�+

�K���i�2�`�B���H�X �h�Q �i�2�b�i �i�?�B�b �?�v�T�Q�i�?�2�b�B�b�- �� �M�Q�p�2�H �#�H���b�i �b�+���H�B�M�; �K�2�i�?�Q�/�Q�H�Q�;�v �r���b �/�2�p�2�H�Q�T�2�/ �i�Q ���T�@

�T�`�Q�t�B�K���i�2 �i�?�2 �/�2�H���v�2�/ �2�M�2�`�;�v �`�2�H�2���b�2 �7�`�Q�K ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M ���M�/ �B�i�b �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Q �i�?�2

�#�H���b�i �2�p�2�M�i�X �h�?�B�b �i�Q�Q�H �r���b �i�?�2�M �p���H�B�/���i�2�/ �#�v ���T�T�H�v�B�M�; �B�i �i�Q �#�Q�i�? �m�M�B�K�Q�/���H ���M�/ �K�m�H�i�B�K�Q�/���H

���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �i�2�b�i�b�- �2�M�b�m�`�B�M�; �B�i�b ���+�+�m�`���+�v ���+�`�Q�b�b �/�B�7�7�2�`�2�M�i �K�B�t�i�m�`�2 �i�v�T�2�b�X

�"�m�B�H�/�B�M�; �Q�M �i�?�B�b �p���H�B�/���i�B�Q�M�- �i�?�2 �Q�#�D�2�+�i�B�p�2�b �Q�7 �i�?�B�b �i�?�2�b�B�b ���`�2 �i�Q�, �U�B�V �[�m���M�i�B�7�v �i�?�2 �#�H���b�i �2�M�?���M�+�2�@

�K�2�M�i �T�`�Q�/�m�+�2�/ �#�v �/�2�i�Q�M���i�B�Q�M�b �Q�7 �;���b�2�Q�m�b �Q�t�v���+�2�i�v�H�2�M�2 �r�B�i�? �/�B�b�T�2�`�b�2�/ �m�M�B�K�Q�/���H ���H�m�K�B�M�m�K

�T�Q�r�/�2�`�b�c �U�B�B�V �2�p���H�m���i�2 �i�?�2 �T�Q�i�2�M�i�B���H �#�H���b�i �2�M�?���M�+�2�K�2�M�i �Q�7 �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �T�Q�r�/�2�` �/�B�b�@

�i�`�B�#�m�i�B�Q�M�b ���;���B�M�b�i �i�?�2�B�` �m�M�B�K�Q�/���H �+�Q�m�M�i�2�`�T���`�i�b�c �U�B�B�B�V �/�2�i�2�`�K�B�M�2 �i�?�2 �Q�p�2�`���H�H �2�M�2�`�;�v �2�7�7�B�+�B�2�M�+�v

�Q�7 ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �i�?�`�Q�m�;�? �#�H���b�i �b�+���H�B�M�;�c ���M�/ �U�B�p�V �+�Q�`�`�2�H���i�2 �i�?�2 �/�2�;�`�2�2 �Q�7 �K�B�t�B�M�; �B�M
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�K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K ���M�/ �#�H���b�i �2�M�2�`�;�v �`�2�H�2���b�2�X

�h�Q ���+�?�B�2�p�2 �i�?�2�b�2 �Q�#�D�2�+�i�B�p�2�b�- �� �b�2�`�B�2�b �Q�7 �+�Q�M�i�`�Q�H�H�2�/ �/�2�i�Q�M���i�B�Q�M �2�t�T�2�`�B�K�2�M�i�b �r�2�`�2 �+�Q�M�/�m�+�i�2�/�-

�r�?�2�`�2 ���H�m�K�B�M�m�K �T�Q�r�/�2�`�b �r�2�`�2 �b�m�#�D�2�+�i�2�/ �i�Q �i�?�2 �/�2�i�Q�M���i�B�Q�M �T�`�Q�/�m�+�i�b �Q�7 �;���b�2�Q�m�b �Q�t�v���+�2�i�v�H�2�M�2

�#�H���b�i�b�- ���H�H�Q�r�B�M�; �7�Q�` �� �/�2�i���B�H�2�/ ���M���H�v�b�B�b �Q�7 �#�H���b�i �2�M�?���M�+�2�K�2�M�i �/�m�2 �i�Q ���H�m�K�B�M�m�K �T���`�i�B�+�H�2 �+�Q�K�@

�#�m�b�i�B�Q�M�X �h�?�2 �#�H���b�i �T�`�2�b�b�m�`�2�- �B�K�T�m�H�b�2�- ���M�/ �?�2���i �Q�7 �+�Q�K�#�m�b�i�B�Q�M �2�7�7�B�+�B�2�M�+�v �7�Q�` �i�?�2�b�2 �/�2�i�Q�M���i�B�Q�M�b

�r�2�`�2 �`�2�+�Q�`�/�2�/ �m�b�B�M�; �i�?�2 �H���`�;�2�@�b�+���H�2 �o�B�`�;�B�M�B�� �h�2�+�? �a�?�Q�+�F �h�m�#�2 �_�2�b�2���`�+�? �6���+�B�H�B�i�v�X �h�?�2 �`�2�b�m�H�i�b

�Q�7 �Q�t�v���+�2�i�v�H�2�M�2 �/�2�i�Q�M���i�B�Q�M�b �r�B�i�? �m�M�B�K�Q�/���H ���H�m�K�B�M�m�K �T���`�i�B�+�H�2�b �r�2�`�2 �+�Q�K�T���`�2�/ ���;���B�M�b�i �/�2�i�@

�Q�M���i�B�Q�M�b �r�B�i�? �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K�X �h�?�2�b�2 �2�t�T�2�`�B�K�2�M�i�b �r�2�`�2 �+�Q�M�i�`�Q�H�H�2�/ �#�v �K���B�M�i���B�M�B�M�; ��

�T���`�i�B�+�H�2 �K���b�b �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �k�y�y �;�f�K3�- �� �+�Q�M�b�i���M�i �p�Q�H�m�K�2 �Q�7 ���B�` �7�Q�` �T���`�i�B�+�H�2 �/�B�b�T�2�`�b�B�Q�M�-

���M�/ �� �+�Q�M�b�B�b�i�2�M�i �b�B�x�2 �7�Q�` �i�?�2 �;���b�2�Q�m�b �Q�t�v���+�2�i�v�H�2�M�2 �2�t�T�H�Q�b�B�p�2 �+�?���`�;�2 �Q�7 �y�X�R�R �K3�X �h�?�B�b ���T�@
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�(�8�)�X �h�?�B�b �H���r �B�M�/�B�+���i�2�b �i�?���i �b�K���H�H�2�` �T���`�i�B�+�H�2�b �+���M �+�Q�K�#�m�b�i �7���b�i�2�` ���M�/ �+�Q�M�i�`�B�#�m�i�2 �K�Q�`�2 �i�Q �i�?�2

�Q�p�2�`���H�H �#�H���b�i �Q�m�i�T�m�i �Q�7 ���M ���H�m�K�B�M�B�x�2�/ �2�t�T�H�Q�b�B�p�2 �+�Q�K�T���`�2�/ �i�Q �H���`�;�2�` �T���`�i�B�+�H�2�b�X

�6�B�;�m�`�2 �k�X�d�, �h�v�T�B�+���H �B�;�M�B�i�B�Q�M�- �+�Q�K�#�m�b�i�B�Q�M ���M�/ �#�m�`�M �i�Q �+�Q�K�T�H�2�i�B�Q�M �Q�7 �b�T�?�2�`�B�+���H ���H�m�K�B�M�m�K �(�8�)�X



�l�Y�9�Y �K���ã���Ô�è�ñ�²�ž�ã ���ã���è�Ô�é���è �+�ñ�è�ª�������Ô�ñ�é �R�8

�6�B�;�m�`�2 �k�X�3�, �"�m�`�M �i�B�K�2 �7�Q�` ���H�m�K�B�M�m�K �T���`�i�B�+�H�2�b �#���b�2�/ �Q�M �i�?�2 �"�2�+�F�b�i�2���/ �+�Q�`�`�2�H���i�B�Q�M �(�8�)�X

�k�X�8 �J�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �*�Q�K�#�m�b�i�B�Q�M

�h�?�2�`�2 �B�b �b�+���`�+�2 �`�2�b�2���`�+�? �Q�M �i�?�2 �i�Q�T�B�+ �Q�7 �#�H���b�i �2�M�?���M�+�2�K�2�M�i �7�`�Q�K �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K

�+�Q�K�#�m�b�i�B�Q�M�X �_�2�M ���M�/ �w�?���M�; �(�k�j�) ���M�/ �w�?���M�; �2�i ���H�X �(�e�) �B�M�p�2�b�i�B�;���i�2�/ �i�?�2 �2�7�7�2�+�i�b �Q�7 �T���`�i�B�+�H�2

�b�B�x�2 �/�B�b�i�`�B�#�m�i�B�Q�M �Q�M ���H�m�K�B�M�m�K �T�Q�r�/�2�` �+�Q�K�#�m�b�i�B�Q�M�X �h�?�2�v �+�Q�K�T���`�2�/ �7�Q�m�`�i�2�2�M �T���`�i�B�+�H�2 �b�B�x�2

�T���`���K�2�i�2�`�b �7�Q�` �b�B�t �m�M�B�K�Q�/���H �U�P1�@�P6�V ���M�/ �7�Q�m�` �K�m�H�i�B�K�Q�/���H �U�"1�@�"4�V ���H�m�K�B�M�m�K �T�Q�r�/�2�`�b ���b

�b�?�Q�r�M �B�M �h���#�H�2�k�X�R�X �h�?�2�b�2 ���H�m�K�B�M�m�K �b�T�2�+�B�K�2�M�b �r�2�`�2 �+�Q�K�#�m�b�i�B�Q�M �B�M �� �k�y�@�H�B�i�2�` �2�t�T�H�Q�b�B�Q�M

�b�T�?�2�`�2 �i�?���i �;�2�M�2�`���i�2�/ �/�m�b�i �+�H�Q�m�/�b ���F�B�M �i�Q �7���+�i�Q�`�v�@�H�B�F�2 �b�B�i�m���i�B�Q�M�b �(�e�)�X �� �b�+�?�2�K���i�B�+ �Q�7 �i�?�B�b

�2�t�T�H�Q�b�B�Q�M �b�T�?�2�`�2 ���M�/ �� �i�v�T�B�+���H �/�2�i�Q�M���i�B�Q�M �T�`�2�b�b�m�`�2�@�i�B�K�2 �T�`�Q�7�B�H�2 ���`�2 �b�?�Q�r�M �B�M �6�B�;�m�`�2�k�X�N�X �h�?�2

�+�Q�K�#�m�b�i�B�Q�M �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �m�M�B�K�Q�/���H ���M�/ �K�m�H�i�B�K�Q�/���H �T�Q�r�/�2�`�b �r�2�`�2 �+�Q�K�T���`�2�/ �m�b�B�M�; �i�?�2

�7�Q�H�H�Q�r�B�M�; �#�H���b�i �T���`���K�2�i�2�`�b�, �T�2���F �#�H���b�i �T�`�2�b�b�m�`�2�-Pex�- �+�?���M�;�2 �B�M �#�H���b�i �T�`�2�b�b�m�`�2 �Q�p�2�` �i�B�K�2�-

( dP
dt )ex�- �2�t�T�H�Q�b�B�Q�M �B�M�/�2�t�-K st �- �i�B�K�2 �7�`�Q�K �B�;�M�B�i�B�Q�M �i�Q �T�2���F �#�H���b�i �T�`�2�b�b�m�`�2�-t1�- ���M�/ �i�B�K�2 �7�`�Q�K

�B�;�M�B�i�B�Q�M �i�Q �K���t�B�K�m�K �+�?���M�;�2 �B�M �#�H���b�i �T�`�2�b�b�m�`�2�-t2�X �h���#�H�2�k�X�k�T�`�Q�p�B�/�2�b �i�?�2�b�2 �Q�m�i�T�m�i�b �7�Q�` �i�?�2



�R�e �+�Ñ�ž�ÿ���¶�� �l�Y �H�Ô���¶���ž�������¶ �`�¶�&�Ô�¶�'

�m�M�B�K�Q�/���H ���M�/ �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �i�2�b�i�b�X �w�?���M�; �2�i ���H�X �(�e�) �+�Q�M�+�H�m�/�2�/ �i�?���i

�7�Q�` �m�M�B�K�Q�/���H ���H�m�K�B�M�m�K�- �/�2�+�`�2���b�B�M�; �T���`�i�B�+�H�2 �b�B�x�2 �B�M�+�`�2���b�2�/P�2�t ���M�/( dP
dt )ex ���M�/ ���+�+�2�H�2�`���i�2�/

�i�?�2 ���`�`�B�p���H �i�B�K�2�b �7�Q�`t1 ���M�/t2�X �6�Q�` �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K�- �_�2�M ���M�/ �w�?���M�; �(�k�j�) �+�Q�M�+�H�m�/�2�/

�i�?���iD10�-D20�-D30�- ���M�/D3;2 �T���`���K�2�i�2�`�b �#�2�b�i �T�`�2�/�B�+�i �i�?�2 �#�H���b�i �B�M�i�2�M�b�B�i�v �Q�7 �K�B�t�2�/ ���H�m�K�B�M�m�K

�+�Q�K�#�m�b�i�B�Q�M ���+�+�Q�`�/�B�M�; �i�Q �� �b�i�2�T�@�r�B�b�2 �`�2�;�`�2�b�b�B�Q�M �b�i���i�B�b�i�B�+���H ���M���H�v�b�B�b�X

�h���#�H�2 �k�X�R�, �l�M�B�K�Q�/���H ���M�/ �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �i�2�b�i�2�/ �#�v �w�?���M�; �2�i ���H�X �(�e�)�X

�P1 �P2 �P3 �P4 �P5 �P6 �"1 �"2 �"3 �"4

�. 10 �U� �K�V �j�X�3 �e�X�N �R�k�X�3 �k�y�X�y �k�8�X�9 �j�e�X�d �9�X�e �9�X�3 �N�X�N �R�y�X�8
�. 20 �U� �K�V �9�X�9 �d�X�N �R�9�X�N �k�9�X�9 �j�R�X�e �9�d�X�3 �e�X�9 �e�X�e �R�R�X�N �R�d�X�k
�. 30 �U� �K�V �9�X�N �3�X�3 �R�e�X�d �k�3�X�8 �j�d�X�j �8�3�X�N �d�X�N �N�X�y �R�9�X�j �k�R�X�8
�. 40 �U� �K�V �8�X�N �R�y�X�9 �k�y�X�8 �j�d�X�9 �9�N�X�d �d�8�X�N �R�y�X�R �R�y�X�N �R�d�X�k �k�8�X�d
�. 50 �U� �K�V �e�X�8 �R�k�X�y �k�8�X�j �9�9�X�e �e�k�X�8 �N�y�X�e �R�R�X�3 �R�k�X�y �k�y�X�y �j�y�X�R
�. 60 �U� �K�V �d�X�y �R�j�X�k �k�N�X�8 �8�y�X�k �d�j�X�y �R�y�e�X�y �R�k�X�9 �R�j�X�9 �k�k�X�e �j�8�X�j
�. 70 �U� �K�V �d�X�y �R�j�X�k �k�N�X�8 �8�y�X�k �d�j�X�y �R�y�e�X�y �R�k�X�9 �R�j�X�9 �k�k�X�e �j�8�X�j
�. 80 �U� �K�V �d�X�3 �R�j�X�e �k�3�X�9 �e�k�X�3 �d�3�X�y �R�8�d�X�R �j�k�X�N �e�9�X�8 �j�k�X�N �8�k�X�y
�. 90 �U� �K�V �3�X�N �R�8�X�9 �j�k�X�3 �d�8�X�3 �3�3�X�y �R�3�j�X�y �8�8�X�N �3�N�X�R �9�N�X�e �d�R�X�9
�. 3;2 �U� �K�V �8�X�e �N�X�N �R�N�X�j �j�9�X�R �9�9�X�e �d�y�X�8 �R�R�X�8 �R�j�X�9 �R�d�X�d �k�y�X�k
�. 4;3 �U� �K�V �e�X�k �R�y�X�N �k�R�X�y �9�e�X�9 �8�y�X�k �R�y�8�X�y �R�k�X�9 �R�j�X�d �k�d�X�j �j�d�X�d
�S�a�a �U� �K�V �R�k�X�j �k�y�X�y �9�9�X�R �k�e�k�X�y �j�9�y�X�y �j�j�d�X�y �k�d�y�X�y �j�8�y�X�y �j�8�y�X�y �k�d�y�X�y
�a�a�� �Um

2

kg �V �R�y�e�d�X�y �e�y�j�X�y �j�R�R�X�d �R�d�8�X�y �R�9�j�X�y �3�8�X�y �k�8�j�X�k �9�9�3�X�R �j�j�N�X�y �k�N�e�X�y
� D �y�X�3�e �y�X�3�j �R�X�y�y �R�X�e�j �R�X�d�y �R�X�N�R �k�X�8�e �k�X�e�8 �R�X�N�N �k�X�y�9

�h���#�H�2 �k�X�k�, �"�H���b�i �T�2�`�7�Q�`�K���M�+�2 �Q�7 �m�M�B�K�Q�/���H ���M�/ �K�B�t�2�/ ���H�m�K�B�M�m�K �i�2�b�i�2�/ �#�v �w�?���M�; �2�i ���H�X �(�e�)�X

�P1 �P2 �P3 �P4 �P5 �P6 �"1 �"2 �"3 �"4

Pex �U�J�S���V �y�X�3�3 �R�X�j�R �y�X�3�3 �y�X�e�y �y�X�8�e �y�X�9�e �y�X�d�d �R�X�k�3 �y�X�d�8 �R�X�k�d
( dP

dt )ex �UMP a
ms �V �R�y�8�X�3 �e�3�X�d �9�8�X�k �R�j�X�N �e�X�3 �8�X�3 �8�j�X�3 �9�d�X�e �k�e�X�N �R�y�X�d

K st �UMP a
ms �V �k�3�d�X�j �R�3�e�X�9 �R�k�k�X�d �j�d�X�d �R�3�X�e �R�3�X�e �R�9�e�X�R �R�k�N�X�9 �d�j�X�y �k�N�X�k

t1 �U�K�b�V �y�X�k�R �y�X�k�j �y�X�j�R �y�X�j�3 �y�X�j�8 �y�X�9�k �y�X�R�9 �y�X�k�R �y�X�k�8 �y�X�j�y
t2 �U�K�b�V �y�X�y�R �y�X�y�k �y�X�y�j �y�X�y�d �y�X�y�N �y�X�R�9 �y�X�y�k �y�X�y�R �y�X�y�k �y�X�y�3

�a�B�K�B�H���`�H�v�- �*���b�i�2�H�H���M�Q�b �2�i ���H�X �(�d�) �m�b�2�/ �� �j�e�@�H�B�i�2�` �2�t�T�H�Q�b�B�Q�M �b�T�?�2�`�2 �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �2�7�7�2�+�i �Q�7

�T���`�i�B�+�H�2 �b�B�x�2 �T�Q�H�v�/�B�b�T�2�`�b�B�i�v �B�M�/�2�t �U� D �V�- �;�B�p�2�M �#�v �1�[�M�X�k�X�e�- �Q�M ���H�m�K�B�M�m�K �/�m�b�i �+�H�Q�m�/�b�ö �#�H���b�i

�T�`�2�b�b�m�`�2 ���M�/ �B�K�T�m�H�b�2�X �6�B�p�2 �K�m�H�i�B�K�Q�/���H �b���K�T�H�2�b�- �b�?�Q�r�M �B�M �6�B�;�m�`�2�k�X�R�y�- �r�B�i�? �� �K�2�/�B���M �T���`�i�B�+�H�2



�l�Y�9�Y �K���ã���Ô�è�ñ�²�ž�ã ���ã���è�Ô�é���è �+�ñ�è�ª�������Ô�ñ�é �R�d

�6�B�;�m�`�2 �k�X�N�, �a�B�r�2�F �2�t�T�H�Q�b�B�Q�M �b�T�?�2�`�2 ���M�/ �i�v�T�B�+���H �T�`�2�b�b�m�`�2 �p�b�X �i�B�K�2 �T�`�Q�7�B�H�2 �(�e�)�X

�b�B�x�2 �Q�7 �R�8�m �r�2�`�2 �+�`�2���i�2�/ �#�v �K�B�t�B�M�; �m�M�B�K�Q�/���H ���H�m�K�B�M�m�K ���M�/ �+�Q�K�T���`�2�/ �B�M �i�2�`�K�b �Q�7Pex

���M�/( dP
dt )ex�X �h�?�2D50 �7�Q�` ���H�H ���H�m�K�B�M�m�K �K�B�t�i�m�`�2�b �r���b �?�2�H�/ �+�Q�M�b�i���M�i �r�?�B�H�2 �i�?�2D10 ���M�/D90

�T�2�`�+�2�M�i�B�H�2�b �p���`�B�2�/�X

� D =
D90 � D10

D50
�U�k�X�e�V

�_�2�b�m�H�i�b �b�?�Q�r�2�/ �i�?���i �B�M�+�`�2���b�B�M�; �i�?�2� D �Q�7 ���H�m�K�B�M�m�K �T���`�i�B�+�H�2�b �r�B�i�? �� �+�Q�M�b�i���M�iD50 �T�`�Q�/�m�+�2�/

�2�H�2�p���i�2�/Pex ���M�/( dP
dt )ex ���b �b�?�Q�r�M �B�M �6�B�;�m�`�2�k�X�R�R�X �h�?�Q�b�2 �`�2�b�m�H�i�b �+�Q�`�`�2�H���i�2�/ �b�i�`�Q�M�;�H�v �r�B�i�? �i�?�2

�b�m�`�7���+�2 ���`�2�� �K�2���M �/�B���K�2�i�2�`�-D3;2�- �7�`�Q�K �i�?�2 �K�B�t�2�/ �T���`�i�B�+�H�2 �+�?���`���+�i�2�`�B�x���i�B�Q�M�b�X �h�?�2 �B�M�+�`�2���b�2�/

�#�H���b�i �T�`�2�b�b�m�`�2 ���M�/ �B�K�T�m�H�b�2 �r�2�`�2 ���i�i�`�B�#�m�i�2�/ �i�Q �i�?�2 �?�B�;�?�2�` �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �b�K���H�H�2�` �T���`�i�B�+�H�2�b

���T�T�`�Q�t�B�K���i�2�H�v �R�@�k� �K �B�M �/�B���K�2�i�2�`�X �h�?�2�b�2 �T���`�i�B�+�H�2�b �?���/ �;�`�2���i�2�` �b�T�2�+�B�7�B�+ �b�m�`�7���+�2 ���`�2�� ���M�/

�+�Q�m�H�/ �B�;�M�B�i�2 ���i �H�Q�r�2�` �i�2�K�T�2�`���i�m�`�2�b ���M�/ �+�Q�K�#�m�b�i �K�Q�`�2 �`���T�B�/�H�v �i�?���M �T���`�i�B�+�H�2�b �;�`�2���i�2�` �i�?���M

���R�y� �K�X �6�Q�` �i�?�2�b�2 �`�2���b�Q�M�b�- �*���b�i�2�H�H���M�Q�b �2�i ���H�X �(�d�) �`�2�+�Q�K�K�2�M�/�2�/ �i�?���i ���H�m�K�B�M�m�K �T�Q�r�/�2�` �#�2

�/�2�b�+�`�B�#�2�/ �B�M �i�2�`�K�b �Q�7� D ���M�/D3;2�X

�h���b�+�¦�M �(�3�) �7�m�`�i�?�2�` �2�t�T�H�Q�`�2�/ �i�?�2 �`�2�H�B���#�B�H�B�i�v �Q�7 �i�?�2 �T�Q�H�v�/�B�b�T�2�`�b�B�i�v �B�M�/�2�t �#�v ���T�T�H�v�B�M�; �B�i �i�Q �7�B�p�2



�R�3 �+�Ñ�ž�ÿ���¶�� �l�Y �H�Ô���¶���ž�������¶ �`�¶�&�Ô�¶�'

�6�B�;�m�`�2 �k�X�R�y�, �J�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �T�Q�r�/�2�`�b �2�t���K�B�M�2�/ �#�v �*���b�i�2�H�H���M�Q�b �2�i ���H�X �(�d�)�X

�6�B�;�m�`�2 �k�X�R�R�, �"�H���b�i �T�`�2�b�b�m�`�2 ���M�/ �`���i�2 �Q�7 �T�`�2�b�b�m�`�2 �`�B�b�2 �p�b�X �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �K�m�H�i�B�K�Q�/���H ���H�m�@
�K�B�M�m�K �#�v �*���b�i�2�H�H���M�Q�b �2�i ���H�X �(�d�)

�X

���p���B�H���#�H�2 �/���i�� �b�2�i�b �(�d�-�8�R�-�8�k�-�8�j�-�8�9�) �Q�7 �m�M�B�K�Q�/���H ���M�/ �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �i�2�b�i�b�X

�h�?�2( dP
dt )ex �7�`�Q�K �i�?�2�b�2 �T���b�i �2�t�T�2�`�B�K�2�M�i�b ���`�2 �T�`�Q�p�B�/�2�/ �B�M �6�B�;�m�`�2�k�X�R�k�X �h�?�B�b �/���i�� �B�M�/�B�+���i�2�/ �i�?���i

���H�m�K�B�M�m�K �K�B�t�i�m�`�2�b �r�B�i�? �?�B�;�?�2�` �+�Q�M�+�2�M�i�`���i�B�Q�M�b �Q�7 �b�K���H�H�2�` �T���`�i�B�+�H�2�b �`�2�b�m�H�i �B�M ���M ���+�+�2�H�2�`���i�2�/

�T�`�2�b�b�m�`�2 �`�B�b�2 ���M�/ �+�Q�K�#�m�b�i�B�Q�M �`���i�2�X



�l�Y�9�Y �K���ã���Ô�è�ñ�²�ž�ã ���ã���è�Ô�é���è �+�ñ�è�ª�������Ô�ñ�é �R�N

�6�B�;�m�`�2 �k�X�R�k�, �_���i�2 �Q�7 �T�`�2�b�b�m�`�2 �`�B�b�2 �p�b�XD50 �#�v �*���b�i�2�H�H���M�Q�b �2�i ���H�X �(�3�)�X

�� �+�H�Q�b�2�` �2�t���K�B�M���i�B�Q�M �Q�7 �i�?�2 �i�2�b�i �/���i�� �`�2�p�2���H�2�/ �i�?���i� D �7���B�H�b �i�Q ���+�+�m�`���i�2�H�v �/�2�b�+�`�B�#�2 �r�?�2�i�?�2�`

�#�H���b�i �T�2�`�7�Q�`�K���M�+�2 �B�b �/�m�2 �i�Q �H���`�;�2 ���K�Q�m�M�i�b �Q�7 �7�B�M�2 �Q�` �+�Q���`�b�2 �T���`�i�B�+�H�2�b�X �h�?�B�b �B�b �#�2�+���m�b�2 �� �H���`�;�2�`

� D �+���M �`�2�b�m�H�i �7�`�Q�K �/�2�+�`�2���b�B�M�;D10 �Q�` �B�M�+�`�2���b�B�M�;D90 �(�3�)�X �6�Q�` �i�?�B�b �`�2���b�Q�M�- �b�F�2�r�M�2�b�b �USkG�V �r���b

�+�?�Q�b�2�M ���b �i�?�2 �T�`�2�7�2�`�`�2�/ �K�2�i�?�Q�/ �7�Q�` �/�2�b�+�`�B�#�B�M�; ���H�m�K�B�M�m�K �T���`�i�B�+�H�2 �/�B�b�i�`�B�#�m�i�B�Q�M�b �`���i�?�2�` �i�?���M� D �X

�a�2�p�2�`���H �2�[�m���i�B�Q�M�b �?���p�2 �#�2�2�M �T�`�Q�T�Q�b�2�/ �7�Q�` �+���H�+�m�H���i�B�M�;SkG �#���b�2�/ �Q�M ���`�B�i�?�K�2�i�B�+�- �;�2�Q�K�2�i�`�B�+�-

���M�/ �H�Q�;���`�B�i�?�K�B�+ �K�2�i�?�Q�/�b �Q�7 �K�Q�K�2�M�i�b �(�3�)�X �� �;�`���T�?�B�+���H �K�2�i�?�Q�/ �T�`�Q�T�Q�b�2�/ �#�v �6�Q�H�F ���M�/ �q���`�/

�(�8�8�) ���M�/ �H���i�2�` �K�Q�/�B�7�B�2�/ �#�v �"�H�Q�i�i ���M�/ �S�v�2 �(�8�e�) �B�b �i�?�2 �T�`�2�7�2�`�`�2�/ �K�2�i�?�Q�/ �7�Q�` �`�2�T�Q�`�i�B�M�;SkG�X �h�?�B�b

�K�2�i�?�Q�/�- �;�B�p�2�M �#�v �1�[�M�X�k�X�d�- �B�b �#���b�2�/ �Q�M �b���K�T�H�2 �[�m���M�i�B�H�2�b ���M�/ �`�2�/�m�+�2�b �i�?�2 �b�2�M�b�B�i�B�p�B�i�v �Q�7 �Q�m�i�H�B�2�`�b

�B�M �i�?�2 �T���`�i�B�+�H�2 �/�B�b�i�`�B�#�m�i�B�Q�M �(�3�)�X ���M ���H�m�K�B�M�m�K �K�B�t�i�m�`�2 �r�B�i�? �� �M�2�;���i�B�p�2SkG �/�2�b�+�`�B�#�2�b �� �T���`�i�B�+�H�2

�/�B�b�i�`�B�#�m�i�B�Q�M �i�?���i �B�b �b�F�2�r�2�/ �H�2�7�i �r�B�i�? �?�B�;�?�2�` �+�Q�M�+�2�M�i�`���i�B�Q�M�b �Q�7 �7�B�M�2�` �T���`�i�B�+�H�2�b �r�?�B�H�2 �� �T�Q�b�B�i�B�p�2

�p���H�m�2 �7�Q�`SkG �B�M�/�B�+���i�2�b �� �/�B�b�i�`�B�#�m�i�B�Q�M �B�b �b�F�2�r�2�/ �i�Q �i�?�2 �`�B�;�?�i �r�B�i�? �?�B�;�?�2�` �+�Q�M�+�2�M�i�`���i�B�Q�M�b �Q�7



�k�y �+�Ñ�ž�ÿ���¶�� �l�Y �H�Ô���¶���ž�������¶ �`�¶�&�Ô�¶�'

�+�Q�m�`�b�2 �T���`�i�B�+�H�2�b �(�3�)�X

SkG =
�H�MD16 + �H�MD84 � 2 �H�MD50

2(�H�MD84 � �H�MD16)
+

�H�MD5 + �H�MD95 � 2 �H�MD50

2(�H�MD95 � �H�MD5)
�U�k�X�d�V

�k�X�e �a�m�K�K���`�v �Q�7 �_�2�b�2���`�+�? �L�2�2�/�b

�A�M �b�m�K�K���`�v�- �b�2�p�2�`���H �+�`�B�i�B�+���H ���`�2���b �`�2�[�m�B�`�2 �7�m�`�i�?�2�` �B�M�p�2�b�i�B�;���i�B�Q�M �i�Q ���/�p���M�+�2 �Q�m�` �m�M�/�2�`�b�i���M�/�@

�B�M�; �Q�7 �#�H���b�i �2�M�?���M�+�2�K�2�M�i �7�`�Q�K �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �B�M �M�Q�M�@�B�/�2���H �/�2�i�Q�M���i�B�Q�M�b�X

�6�B�`�b�i�- �i�?�2�`�2 �B�b �� �M�2�2�/ �7�Q�` �`�2�7�B�M�2�/ �#�H���b�i �b�+���H�B�M�; �K�Q�/�2�H�b �i�?���i ���+�+�m�`���i�2�H�v �+���T�i�m�`�2 �i�?�2 �#�2�?���p�B�Q�`

�Q�7 �M�Q�M�@�B�/�2���H �/�2�i�Q�M���i�B�Q�M�b �B�M�p�Q�H�p�B�M�; ���H�m�K�B�M�m�K �T�Q�r�/�2�`�- �r�?�B�+�? �Q�7�i�2�M �/�2�p�B���i�2 �b�B�;�M�B�7�B�+���M�i�H�v �7�`�Q�K

�+�Q�M�p�2�M�i�B�Q�M���H �b�+���H�B�M�; �H���r�b�X ���/�/�B�i�B�Q�M���H�H�v�- �K�Q�`�2 �`�2�b�2���`�+�? �B�b �M�2�2�/�2�/ �i�Q �2�t�T�H�Q�`�2 �b�?�Q�+�F �i�m�#�2 �i�2�b�i�B�M�;

�r�B�i�? �T�Q�r�/�2�`�2�/ �K�2�i���H �7�m�2�H�b�- ���b �2�t�B�b�i�B�M�; �b�i�m�/�B�2�b �T�`�B�K���`�B�H�v �7�Q�+�m�b �Q�M �/�2�7�H���;�`���i�B�Q�M�@�i�Q�@�/�2�i�Q�M���i�B�Q�M

�i�`���M�b�B�i�B�Q�M �U�.�.�h�V �+�Q�K�#�m�b�i�B�Q�M ���M�/ �Q�i�?�2�` �7�Q�`�K�b �Q�7 �K�2�i���H�B�x�2�/ �2�t�T�H�Q�b�B�p�2�b�X �.�2�p�2�H�Q�T�B�M�; �B�K�T�`�Q�p�2�/

�K�2�i�?�Q�/�Q�H�Q�;�B�2�b �i�Q �+�Q�M�/�m�+�i ���M�/ �B�M�i�2�`�T�`�2�i �b�?�Q�+�F �i�m�#�2 �2�t�T�2�`�B�K�2�M�i�b �r�B�H�H �#�2 �2�b�b�2�M�i�B���H �7�Q�` ���+�+�m�@

�`���i�2�H�v ���b�b�2�b�b�B�M�; �#�H���b�i �T�2�`�7�Q�`�K���M�+�2 �m�M�/�2�` �+�Q�M�i�`�Q�H�H�2�/ �+�Q�M�/�B�i�B�Q�M�b�X ���M�Q�i�?�2�` �F�2�v �`�2�b�2���`�+�? ���`�2�� �B�b

�i�?�2 �+�Q�`�`�2�H���i�B�Q�M �#�2�i�r�2�2�M �T���`�i�B�+�H�2 �/�B�b�i�`�B�#�m�i�B�Q�M ���M�/ �#�H���b�i �2�7�7�B�+�B�2�M�+�v �Q�` �Q�m�i�T�m�i�- ���b �p���`�B���i�B�Q�M�b �B�M

�T���`�i�B�+�H�2 �b�B�x�2 ���M�/ �/�B�b�T�2�`�b�B�Q�M �+���M �b�B�;�M�B�7�B�+���M�i�H�v �B�M�7�H�m�2�M�+�2 �2�M�2�`�;�v �`�2�H�2���b�2 ���M�/ �B�K�T�m�H�b�2 �;�2�M�2�`���i�B�Q�M�X

���/�/�`�2�b�b�B�M�; �i�?�2�b�2 �`�2�b�2���`�+�? �M�2�2�/�b �r�B�H�H �2�M�?���M�+�2 �i�?�2 ���#�B�H�B�i�v �i�Q �T�`�2�/�B�+�i ���M�/ �+�Q�M�i�`�Q�H �i�?�2 �#�2�?���p�B�Q�`

�Q�7 �m�M�B�K�Q�/���H ���M�/ �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �B�M �T�`���+�i�B�+���H ���T�T�H�B�+���i�B�Q�M�b�X



�*�?���T�i�2�` �j

�1�t�T�2�`�B�K�2�M�i���H �.�2�b�B�;�M

�j�X�R �h�2�b�i �J���i�`�B�t

�h�?�B�b �b�i�m�/�v ���B�K�2�/ �i�Q �B�M�p�2�b�i�B�;���i�2 �i�?�2 �B�K�T���+�i �Q�7 �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �T�Q�r�/�2�` �+�Q�K�#�m�b�i�B�Q�M

�Q�M �i�?�2 �#�H���b�i �T�`�2�b�b�m�`�2 ���M�/ �B�K�T�m�H�b�2 �Q�7 �Q�t�v���+�2�i�v�H�2�M�2 �/�2�i�Q�M���i�B�Q�M�b�X �h�?�2 �2�t�T�2�`�B�K�2�M�i���H �T�`�Q�+�2�/�m�`�2

�+�Q�M�b�B�b�i�2�/ �Q�7 �i�?�`�2�2 �i�2�b�i�B�M�; �b�2�`�B�2�b�, �U�B�V �Q�t�v���+�2�i�v�H�2�M�2 �/�2�i�Q�M���i�B�Q�M�b �r�B�i�?�Q�m�i ���H�m�K�B�M�m�K �T�Q�r�/�2�`�c

�U�B�B�V �m�M�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M�c ���M�/ �U�B�B�B�V �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �B�M �i�?�2 �/�2�i�@

�Q�M���i�B�Q�M �T�`�Q�/�m�+�i�b �Q�7 �Q�t�v���+�2�i�v�H�2�M�2 �/�2�i�Q�M���i�B�Q�M�b�X �1�B�;�?�i �Q�t�v���+�2�i�v�H�2�M�2 �i�2�b�i�b �r�2�`�2 �+�Q�M�/�m�+�i�2�/ �i�Q

�/�2�i�2�`�K�B�M�2 �i�?�2 ���p�2�`���;�2 �#�H���b�i �T�`�2�b�b�m�`�2 ���M�/ �B�K�T�m�H�b�2 �Q�7 �/�2�i�Q�M���i�B�Q�M�b �r�B�i�?�Q�m�i ���H�m�K�B�M�m�K�X �h�?�2�b�2

�i�2�b�i�b �B�M�p�2�b�i�B�;���i�2�/ �i�?�2 �`�2�T�2���i���#�B�H�B�i�v �Q�7 �Q�t�v���+�2�i�v�H�2�M�2 �/�2�i�Q�M���i�B�Q�M�b ���M�/ �i�?�2�B�` �b�m�B�i���#�B�H�B�i�v �i�Q �b�2�`�p�2

���b �#���b�2�H�B�M�2 �`�2�b�m�H�i�b �7�Q�` �+�Q�K�T���`�B�b�Q�M �i�Q �i�2�b�i�b �r�B�i�? ���H�m�K�B�M�m�K �T�Q�r�/�2�`�X

�� �b�2�`�B�2�b �Q�7 �>�@�R�- �>�@�R�y�- ���M�/ �>�@�j�y �m�M�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �i�2�b�i�b �r�2�`�2 �+���`�`�B�2�/ �Q�m�i �m�b�B�M�;

�i�?�2 �o�h�a�h�_�6 �#�2�7�Q�`�2 �i�?�2 �b�i���`�i �Q�7 �i�?�B�b �`�2�b�2���`�+�? �(�N�)�X �h�?�2 �#�H���b�i �Q�m�i�T�m�i �7�`�Q�K �i�?�2�b�2 �i�2�b�i�b �r���b �m�b�2�/

�i�Q �+�Q�K�T���`�2 �#���b�2�H�B�M�2 �Q�t�v���+�2�i�v�H�2�M�2 �/�2�i�Q�M���i�B�Q�M�b ���M�/ �K�m�H�i�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �i�2�b�i�b�X

�>�@�N�8 �m�M�B�K�Q�/���H ���H�m�K�B�M�m�K �+�Q�K�#�m�b�i�B�Q�M �i�2�b�i�b �r�2�`�2 �+���`�`�B�2�/ �Q�m�i �B�M �i�?�B�b �b�i�m�/�v �i�Q �B�M�p�2�b�i�B�;���i�2 �i�?�2

�B�K�T���+�i �Q�7 ���H�m�K�B�M�m�K �T���`�i�B�+�H�2�b �;�`�2���i�2�` �i�?���M �j�y� �K�X �h�?�2 �2�t�T�2�+�i���i�B�Q�M �#�2�?�B�M�/ �i�?�2 �>�@�N�8 �i�2�b�i�B�M�;

�r���b �i�?���i �i�?�2�b�2 �T���`�i�B�+�H�2�b �r�Q�m�H�/ �+�Q�M�i�`�B�#�m�i�2 �b�B�;�M�B�7�B�+���M�i�H�v �H�2�b�b �2�M�2�`�;�v �i�Q �i�?�2 �Q�p�2�`���H�H �/�2�i�Q�M���i�B�Q�M�-

�?�B�;�?�H�B�;�?�i�B�M�; �� �i�`�2�M�/ �#�2�i�r�2�2�M �#�H���b�i �Q�m�i�T�m�i ���M�/ ���H�m�K�B�M�m�K �T���`�i�B�+�H�2 �/�B���K�2�i�2�`�X �h�?�2�b�2 �`�2�b�m�H�i�b

�+�Q�m�H�/ �i�?�2�M �#�2 �+�Q�K�T���`�2�/ �i�Q �+�Q�M�+�H�m�b�B�Q�M�b �7�`�Q�K �T�`�2�p�B�Q�m�b �H�B�i�2�`���i�m�`�2�X

�k�R
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