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Challenges on the Horizon

$V�WKH���VW�FHQWXU\�DSSURDFKHV��WKH�FKHPLFDO�LQGXVWU\�IDFHV�FRQVLGHUDEOH�HFRQRPLF�

HQYLURQPHQWDO�DQG�VRFLHWDO�FKDOOHQJHV�>9,6,21�����@���0DMRU�IRUFHV�IRU�FKDQJH�LQFOXGH��

LQFUHDVHG�JOREDOL]DWLRQ�RI�PDUNHWV��VRFLHWDO�GHPDQG�IRU�LPSURYHG�HQYLURQPHQWDO�SHUIRUPDQFH�

WKH�QHHG�IRU�LQFUHDVHG�SURILWDELOLW\�DQG�FDSLWDO�SURGXFWLYLW\��KLJKHU�FXVWRPHU�H[SHFWDWLRQV��DQG

FKDQJLQJ�ZRUN�IRUFH�UHTXLUHPHQWV���7HFKQRORJ\�UHVHDUFK��GHYHORSPHQW�DQG�GHSOR\PHQW�ZLOO�EH

YLWDO�WR�PHHWLQJ�WKHVH�FKDOOHQJHV�DQG�VHL]LQJ�IXWXUH�RSSRUWXQLWLHV�IRU�PDUNHW�JURZWK��

*OREDOL]DWLRQ�ZLOO�SURPRWH�WKH�IUHH�PRYHPHQW�RI�SHRSOH��WHFKQRORJ\��FDSLWDO��LQIRUPDWLRQ�DQG

SURGXFWV�DFURVV�LQWHUQDWLRQDO�ERXQGDULHV���:KLOH�WKLV�ZLOO�FUHDWH�PDQ\�QHZ�PDUNHW�RSSRUWXQLWLHV�

LW�ZLOO�DOVR�UHTXLUH�WKH�GHYHORSPHQW�RI�DGYDQFHG�PDQXIDFWXULQJ�WHFKQRORJLHV�WKDW�DOORZ�WKH

LQGXVWU\�WR�EH�JOREDOO\�FRPSHWLWLYH���,PSURYLQJ�DQG�VXVWDLQLQJ�HQYLURQPHQWDO�SHUIRUPDQFH�ZLOO

SURYLGH�RSSRUWXQLWLHV�WR�VHUYH�WKH�JOREDO�SRSXODWLRQ�ZLWK�KLJKHU�SHUIRUPDQFH�DQG�KLJKHU�TXDOLW\

SURGXFWV���,W�ZLOO�DOVR�UHTXLUH�PDQXIDFWXULQJ�SURFHVVHV�WKDW�DUH�UHVRXUFH�HIILFLHQW��FRVW�HIIHFWLYH�

DQG�HQYLURQPHQWDOO\�VRXQG�

:LWK�DQ�HYHU�LQFUHDVLQJ�HPSKDVLV�RQ�WKH�FUHDWLRQ�RI�SURGXFWV�WKDW�JHQHUDWH�UHYHQXHV�DQG�VDWLVI\

VWRFNKROGHU�H[SHFWDWLRQV��WKH�LQGXVWU\�ZLOO�QHHG�WR�ILQG�ZD\V�WR�LQFUHDVH�SURILWDELOLW\�DQG�FDSLWDO

SURGXFWLYLW\���6WUDWHJLFDOO\�GULYHQ�LQYHVWPHQWV�LQ�5	'�DQG�QHZ�WHFKQRORJLHV�FDQ�GULYH�WKH

LQGXVWU\�WRZDUGV�D�KLJKHU�OHYHO�RI�ILQDQFLDO�SHUIRUPDQFH���$Q�H[SHGLHQW�UHVSRQVH�WR�FXVWRPHU

H[SHFWDWLRQV�ZLOO�EH�LQFUHDVLQJO\�LPSRUWDQW�LQ�FDSWXULQJ�QHZ�PDUNHW�RSSRUWXQLWLHV�DQG�HQVXULQJ

ILQDQFLDO�VXFFHVV�IRU�FKHPLFDO�SURGXFHUV�DV�ZHOO�DV�FXVWRPHUV���7R�PHHW�WKLV�FKDOOHQJH�

WHFKQRORJ\�LQQRYDWLRQ�ZLOO�EH�QHHGHG�WKURXJKRXW�DOO�SKDVHV�RI�5	'��SURGXFWLRQ��DQG

GLVWULEXWLRQ���)LQDOO\��WR�NHHS�SDFH�ZLWK�UDSLG�WHFKQRORJLFDO�FKDQJH�DQG�WKH�LQFUHDVHG�FRPSOH[LW\

RI�FKHPLFDO�SURGXFWLRQ�WHFKQRORJ\��D�PRUH�KLJKO\�VNLOOHG�ZRUN�IRUFH�ZLOO�EH�HVVHQWLDO��

Industry’s Response

,Q�UHVSRQVH�WR�WKHVH�FKDOOHQJHV�DQG�WR�D�UHTXHVW�IURP�WKH�:KLWH�+RXVH�2IILFH�RI�6FLHQFH�DQG

7HFKQRORJ\��WKH�FKHPLFDO�LQGXVWU\�LQLWLDWHG�D�VWXG\�LQ������WR�H[DPLQH�WKH�IDFWRUV�DIIHFWLQJ�WKH

FRPSHWLWLYHQHVV�RI�WKH�LQGXVWU\�DQG�WKH�5	'�HVVHQWLDO�WR�PHHWLQJ�WKHLU�IXWXUH�QHHGV���7KH�UHVXOWV

RI�WKLV�VWXG\�DUH�FRQWDLQHG�LQ�7HFKQRORJ\�9LVLRQ�������7KH�8�6��&KHPLFDO�,QGXVWU\��D

FROODERUDWLYH�HIIRUW�UHSUHVHQWLQJ�LQSXWV�E\�PRUH�WKDQ�����WHFKQLFDO�DQG�EXVLQHVV�OHDGHUV�IURP�WKH
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Exhibit 1-1. Selected R&D Areas Identified By Technology Vision 2020

FKHPLFDO�FRPPXQLW\�>9,6,21�����@���7KLV�YLVLRQDU\�GRFXPHQW�LGHQWLILHV�PDMRU�JRDOV�IRU�WKH

LQGXVWU\�WKDW�LQFOXGH��DPRQJ�RWKHUV��LPSURYLQJ�RSHUDWLRQV�DQG�WKH�HIILFLHQW�XVH�RI�UHVRXUFHV��H�J��

UDZ�PDWHULDOV��HQHUJ\��

7R�PHHW�IXWXUH�LQGXVWU\�JRDOV��7HFKQRORJ\�9LVLRQ������DGYRFDWHV�WKH�VXSSRUW�RI�5	'�LQ�D

QXPEHU�RI�DUHDV��LQFOXGLQJ�QHZ�FKHPLFDO�VFLHQFH�DQG�HQJLQHHULQJ�WHFKQRORJLHV�WKDW�ZLOO�SURPRWH

PRUH�FRVW�HIILFLHQW�DQG�KLJKHU�SHUIRUPDQFH�SURGXFWV�DQG�SURFHVVHV��VHH�([KLELW��������$Q

LPSRUWDQW�FRPSRQHQW�RI�WKLV�5	'�LV�WKH�GHYHORSPHQW�RI�HQDEOLQJ�WHFKQRORJLHV�WKDW�LPSURYH�WKH

DSSOLFDWLRQ�RI�IXQGDPHQWDO�FKHPLFDO�VFLHQFHV�WKURXJKRXW�WKH�LQGXVWU\©V�SURFHVV�HQYLURQPHQW�

The Role of Computational Fluid Dynamics

7HFKQRORJLHV�WR�DVVLVW�LQGXVWULDO�FRPSXWDWLRQV�PD\�EH�FRQVLGHUHG�¦HQDEOLQJ§�LQ�WKDW�WKH\�DUH

XVHG�LQ�QHDUO\�HYHU\�DVSHFW�RI�FKHPLFDO�UHVHDUFK��GHYHORSPHQW��GHVLJQ�DQG�PDQXIDFWXUH���7KH

IRFXV�RI�WKLV�UHSRUW�LV�RQ�FRPSXWDWLRQDO�IOXLG�G\QDPLFV��&)'���D�KLJKO\�VRSKLVWLFDWHG

LQWHJUDWLRQ�RI�DSSOLHG�FRPSXWHU�VFLHQFH��SK\VLFV��FKHPLVWU\��DQG�HQJLQHHULQJ�VFLHQFH���,W�LV�D

VXEVHW�RI�FRPSXWDWLRQDO�WHFKQRORJLHV�WKDW�LV�FULWLFDO�WR�PHHWLQJ�WKH�LQGXVWU\©V�IXWXUH�FKDOOHQJHV��

$�IRFXV�RQ�&)'�5	'�ZDV�LGHQWLILHG�LQ�7HFKQRORJ\�9LVLRQ������DV�D�KLJK�SULRULW\�IRU�PHHWLQJ

WKH�LQGXVWU\©V�IXWXUH�JRDOV�
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,Q�������WKH�FKHPLFDO�LQGXVWU\�EHJDQ�WR�GHILQH�LWV�QHHGV�LQ�&)'�WKURXJK�D�ZRUNVKRS�RQ�WKH

FRPSXWHU�VLPXODWLRQ�RI�UHDFWLYH�PXOWLSKDVH�IORZ�>/$1/�����@���$WWHQGHHV�LQFOXGHG�SDUWLFLSDQWV

IURP�WZHOYH�FRPSDQLHV�UHSUHVHQWLQJ�WKH�SHWUROHXP��FKHPLFDO��HQYLURQPHQWDO�DQG�FRQVXPHU

SURGXFWV�LQGXVWULHV��DORQJ�ZLWK�UHSUHVHQWDWLYHV�IURP�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�DQG�/RV

$ODPRV�1DWLRQDO�/DERUDWRU\���7KH�GLDORJ�DW�WKLV�PHHWLQJ�VXJJHVWHG�WKDW�UHDFWLYH�PXOWLSKDVH�IORZ

VLPXODWLRQ��D�FRPSRQHQW�RI�&)'��ZDV�FULWLFDO�WR�RSWLPL]LQJ�D�QXPEHU�RI�FKHPLFDO�SURFHVVHV��DQG

DOVR�DQ�H[FHOOHQW�FDQGLGDWH�IRU�SDUWQHUVKLS�DFWLYLWLHV�LQYROYLQJ�LQGXVWU\��JRYHUQPHQW��DQG

DFDGHPLD���$�ZKLWH�SDSHU�ZDV�DOVR�SUHVHQWHG�DW�WKLV�ZRUNVKRS�WR�IRVWHU�GLVFXVVLRQ�RQ�WKH

IRUPDWLRQ�RI�D�FRQVRUWLD�WR�LPSURYH�WKH�VWDWH�RI�WKH�DUW�LQ�FRPSXWDWLRQDO�WHFKQRORJLHV�>'2:

����@���7KLV�ZKLWH�SDSHU�RXWOLQHG�WKH�SUREOHPV�ZLWK�H[LVWLQJ�FRPSXWDWLRQDO�SDFNDJHV�DV�ZHOO�DV

VRPH�RI�WKH�FKDOOHQJHV�IRU�WKH�FKHPLFDO�SURFHVV�LQGXVWU\�LQ�PRGHOLQJ�VSHFLILF�FKHPLFDO�V\VWHPV��

7KH�UHVXOWV�RI�WKLV�ZRUNVKRS�DQG�WKH�ZKLWH�SDSHU�ODWHU�SURYLGHG�LQSXW�IRU�WKH�GLVFXVVLRQ�RI

FRPSXWDWLRQDO�WHFKQRORJLHV�LQ�7HFKQRORJ\�9LVLRQ������

)ROORZLQJ�WKH�SXEOLFDWLRQ�RI�7HFKQRORJ\�9LVLRQ������LQ�������DQRWKHU�ZRUNVKRS�ZDV�KHOG�WR

EXLOG�DQ�LQGXVWU\�ZLGH�FRQVHQVXV�RQ�WKH�HVVHQWLDO�UHVHDUFK�DQG�WHFKQRORJ\�GHYHORSPHQW

SDWKZD\V�QHHGHG�WR�GHYHORS�DGYDQFHG�&)'�FDSDELOLWLHV���7KH�1DWLRQDO�:RUNVKRS�RQ

&RPSXWDWLRQDO�)OXLG�'\QDPLFV�DQG�0XOWLSKDVH�)ORZ�0RGHOLQJ�EURXJKW�WRJHWKHU�PHPEHUV�RI�WKH

FKHPLFDO�SURFHVVLQJ��SHWUROHXP�UHILQLQJ��DOXPLQXP��DQG�FRPSXWHU�KDUGZDUH�LQGXVWULHV�>1$7/

����@���3DUWLFLSDQWV�DOVR�LQFOXGHG�UHSUHVHQWDWLYHV�IURP�JRYHUQPHQW�DJHQFLHV��8�6��'HSDUWPHQW�RI

(QHUJ\��1DWLRQDO�6FLHQFH�)RXQGDWLRQ���QDWLRQDO�ODERUDWRULHV��DQG�DFDGHPLD���7KH�ILUVW�KDOI�RI�WKH

ZRUNVKRS�FRQFHQWUDWHG�RQ�WKH�H[FKDQJH�RI�LQIRUPDWLRQ�EHWZHHQ�PHPEHUV�RI�WKH�FKHPLFDO�DQG

FRPSXWHU�KDUGZDUH�LQGXVWULHV�UHJDUGLQJ�QHHGV��IXWXUH�LQGXVWU\�GLUHFWLRQ��DQG�SRWHQWLDO

GHYHORSPHQWV���7KH�VHFRQG�KDOI�LQFOXGHG�EUDLQVWRUPLQJ�VHVVLRQV�WR�LGHQWLI\�VSHFLILF�UHVHDUFK

QHHGHG�RYHU�WKH�QH[W�WHQ�\HDUV�DQG�WR�H[SORUH�WKH�IRXQGDWLRQ�IRU�D�FRKHVLYH�&)'�5	'�URDGPDS

IRU�WKH�FKHPLFDO�SURFHVV�LQGXVWULHV��

$�ILQDO�ZRUNVKRS�KHOG�LQ�-XQH������FRPSOHWHG�WKH�URDGPDS�SURFHVV�E\�IXUWKHU�OLQNLQJ

WHFKQRORJ\�UHVHDUFK�QHHGV�ZLWK�SUDFWLFDO�IOXLG�IORZ�SUREOHPV��SHUIRUPDQFH�WDUJHWV��DQG�WLPH

IUDPHV�ZKHUH�UHVHDUFK�FRXOG�EH�H[SHFWHG�WR�\LHOG�WDQJLEOH�EHQHILWV���7RJHWKHU�WKH�UHVXOWV�RI�WKHVH

ZRUNVKRSV�SURYLGH�WKH�IRXQGDWLRQ�IRU�WKLV�&)'�URDGPDS���,W�LV�RQH�RI�PDQ\�VXFK�HIIRUWV�WR

SURYLGH�D�OLQN�EHWZHHQ�WKH�EURDG�EDVHG�JRDOV�GHILQHG�LQ�7HFKQRORJ\�9LVLRQ������DQG�WKH

UHVHDUFK�SRUWIROLR�WKDW�ZLOO�EH�SXUVXHG�WKURXJK�FRRSHUDWLYH�5	'�SDUWQHUVKLSV���7KH�UHVHDUFK

SULRULWLHV�RXWOLQHG�LQ�WKLV�URDGPDS�ZLOO�EH�XVHG�DV�WKH�EDVLV�IRU�PDNLQJ�QHZ�UHVHDUFK�LQYHVWPHQWV

E\�JRYHUQPHQW�DQG�LQGXVWU\���,W�LV�D�G\QDPLF�GRFXPHQW��DQG�ZLOO�EH�UHHYDOXDWHG�SHULRGLFDOO\�WR

LQFRUSRUDWH�QHZ�PDUNHW�DQG�WHFKQLFDO�LQIRUPDWLRQ�DQG�WR�HQVXUH�WKDW�WKH�UHVHDUFK�SULRULWLHV

UHPDLQ�UHOHYDQW�WR�WKH�QHHGV�RI�ERWK�WKH�FKHPLFDO�LQGXVWU\�DQG�LWV�FXVWRPHUV�
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Characteristics of Fluid Flows

Fluid flow situations comprise liquids, gases, solids or a
combination of these phases.  Fluid flows can be reactive,
turbulent or laminar; steady or unsteady; Newtonian or non-
Newtonian.

Reactive Flow  - fluid flow where chemical reactions provide
important contributions to heat and mass transfer.
Combustion situations and many chemical manufacturing
processes fall in this category.

Multiphase Flow - fluid flow of more than one phase (e.g.
gas-solid, gas-solid-liquid) the properties of which cannot be
described by the flow of a single phase alone.

Laminar Flow  - flow in smooth, distinct streamlines, such as
water flow in a pipe at low flow rates. Steady laminar flow of
a single phase is one of the few cases with a relatively
straightforward mathematical solution.

Turbulent Flow  - Characteristic of higher flow rates (or higher
Reynolds numbers) at which, instead of moving in smooth,
predictable paths, the fluid motion is chaotic.  Turbulent flow
is characterized statistically. The time-averaged flow
properties can be approximated adequately for some single-
phase cases.  Expensive experimental methods are currently
relied on to analyze and predict turbulent flow, particularly for
multiphase flow.

Reynolds Number  - a dimensionless number, commonly
used in characterizing fluid flow, that is proportional to the
inertial force divided by viscous force.  Typically it is
calculated as (length) x (mass flow rate)/(viscosity).  At low
Reynolds number the flow is laminar.  At sufficiently high
Reynolds number it becomes turbulent.

Steady Flow - The spatially averaged properties of which are
constant in time.

Newtonian Flow - A flow for which stress is directly
proportional to strain rate.  Flows of polymer materials (molten
plastics, for example) are usually non-Newtonian.  In practice
non-Newtonian flows require additional energy for processing.

&RPSXWDWLRQDO�IOXLG�G\QDPLFV��RU�&)'�

SURYLGHV�D�TXDQWLWDWLYH�GHVFULSWLRQ�RI�IORZLQJ

IOXLGV�LQ�UHODWLRQ�WR�WKH�IOXLG©V�VXUURXQGLQJV��

0DWKHPDWLFDO�HTXDWLRQV�GHVFULEH�WKH�SK\VLFDO

DQG�FKHPLFDO�SKHQRPHQD�WKDW�RFFXU�DV�IOXLGV

IORZ���,Q�FRPSXWDWLRQDO�DSSOLFDWLRQV�WKH

PDWKHPDWLFV�DUH�WUDQVODWHG�LQWR�FRPSXWHU

ODQJXDJH�VR�WKDW�WKH�WKRXVDQGV�RI�FDOFXODWLRQV

UHTXLUHG�WR�GHVFULEH�WKH�IOXLG�IORZ�FDQ�EH

SHUIRUPHG�

)OXLG�IORZV�IRXQG�LQ�LQGXVWULDO�SURFHVVHV

UDQJH�IURP�VLPSOH�WR�KLJKO\�FRPSOH[���$

VLPSOH�IORZ�VLWXDWLRQ�LV�OLTXLG�ZDWHU�IORZLQJ

WKURXJK�D�SLSH���)RU�WKLV�H[DPSOH�LW�LV

VWUDLJKWIRUZDUG�WR�SUHGLFW�WKH�SURSHUWLHV�RI�WKH

IORZ��VXFK�DV�WKH�YROXPHWULF�IORZ�UDWH��IURP

FKDUDFWHULVWLFV�RI�WKH�IORZ�VLWXDWLRQ��OHQJWK

DQG�PDWHULDO�RI�WKH�SLSH��SXPS�SUHVVXUHV�

IORZ�WHPSHUDWXUH����)RU�PRUH�FRPSOH[

VLWXDWLRQV��VXFK�DV�JDVHV��OLTXLGV��DQG�VROLGV

FRQWDFWLQJ�WRJHWKHU�LQ�D�FKHPLFDO�UHDFWRU��LW�LV

QRW�SRVVLEOH�WR�GHWHUPLQH�WKH�SURSHUWLHV�RI�WKH

IORZ��VXFK�DV�FRQFHQWUDWLRQV�RI�FRPSRQHQWV�

IORZ�UDWHV��E\�KDQG�FDOFXODWLRQ���7KH

SURSHUWLHV�PXVW�EH�FDOFXODWHG�IURP�¦SRLQW�WR

SRLQW§�LQ�WKH�UHDFWRU��PHDQLQJ�WKDW�WKH

PDWKHPDWLFDO�UHODWLRQV�GHVFULELQJ�WKH�IOXLG

IORZ�PXVW�EH�VROYHG�QXPHULFDOO\��ZLWK�WKH�DLG

RI�D�FRPSXWHU���7KH�YDULRXV�DVSHFWV�LQYROYHG

LQ�WKHVH�FDOFXODWLRQV�DUH�LQKHUHQW�WR�¦&)'�§��
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Applications for
Computational Fluid Dynamics

in Chemical Processing

& Mixers
& Chemical Reactors
& Packed Beds
& Crystallizing/Dissolving Equipment 
& Pneumatic Conveyors & Classifiers
& Flows in Pipes
& Sprays
& Biological Systems

0RUH�SUHFLVHO\��&)'�WHFKQLFDO�DUHDV�LQFOXGH�FRQVWLWXWLYH�UHODWLRQV��QXPHULFDO�PHWKRGV��DQG

H[SHULPHQWDO�YDOLGDWLRQ��

&RQVWLWXWLYH�UHODWLRQV�GHVFULEH�WKH�OLPLWDWLRQV�RI�WKH�IOXLGV�LQ�UHODWLRQ�WR�WKHLU�VXUURXQGLQJV��DQG

WKH�LQWHUUHODWLRQVKLSV�RI�WKH�IORZ�YDULDEOHV���0DQ\�FRQVWLWXLWLYH�UHODWLRQV�DUH�HPSLULFDO��PHDQLQJ

WKDW�WKH\�DUH�GHULYHG�IURP�REVHUYDWLRQV��RWKHU�FRQVWLWXWLYH�UHODWLRQV�DUH�EDVHG�RQ�WKHRU\�RU

IXQGDPHQWDO�SK\VLFDO�SULQFLSOHV���,W�LV�PRVW�FRPPRQ�IRU�IOXLG�IORZ�YDULDEOHV��SUHVVXUH��YHORFLW\�

WHPSHUDWXUH��WR�EH�UHODWHG�WR�HDFK�RWKHU�IURP�SRLQW�WR�SRLQW��LQILQLWHVLPDOO\�FORVH��L�H���LQ

GLIIHUHQWLDO�IRUP����7KH�FRUUHVSRQGLQJ�UHODWLRQV�DUH�FDOOHG�¦GLIIHUHQWLDO�HTXDWLRQV�§��&)'�LV

DSSOLHG�WR�ILQG�QXPEHUV�WKDW�UHSUHVHQW�WKHVH�YDULDEOHV�LQ�VSHFLILHG�IOXLG�IORZ�VLWXDWLRQV�

1XPHULFDO�PHWKRGV�DUH�WKH�WRROV�XVHG�WR�VROYH�WKH�HTXDWLRQV�GHVFULEHG�DERYH���7KH�XVH�RI

QXPHULFDO�PHWKRGV�GHSHQGV�RQ�WKH�SDUWLFXODU�IRUP�RI�WKH�HTXDWLRQV��WKH�GHVLUHG�DFFXUDF\�RI�WKH

VROXWLRQ��WKH�W\SH�RI�FRPSXWHU�WKDW�LV�XVHG�LQ�WKH�FDOFXODWLRQV��DQG�LQ�PDQ\�FDVHV��WKH�NQRZOHGJH

DQG�VNLOO�RI�WKH�LQYHVWLJDWRU�GRLQJ�WKH�FDOFXODWLRQV���$GYDQFHV�LQ�FRPSXWHU�WHFKQRORJLHV�DUH

XVXDOO\�DFFRPSDQLHG�E\�DGYDQFHV�LQ�QXPHULFDO�PHWKRGV��ZLWK�WKH�JRDO�RI�HQKDQFHG�VSHHG�DQG

DPRXQW�RI�GDWD�WKDW�FDQ�EH�SURFHVVHG�

0RGHOLQJ�DQG�VLPXODWLRQV�PHDQ�QRWKLQJ��RI�FRXUVH��LQGHSHQGHQW�RI�WKH�UHDOLW\�WKH\�DUH�VXSSRVHG

WR�UHSUHVHQW���7KH�DFFXUDF\�RI�WKH�VLPXODWLRQ�PXVW�EH�FKHFNHG��RU�YDOLGDWHG��DJDLQVW�GDWD�REWDLQHG

IURP�UHDO�RSHUDWLQJ�V\VWHPV���7KLV�H[SHULPHQWDO�YDOLGDWLRQ�LV�FULWLFDO�WR�HQVXULQJ�WKDW�WKH

FRPSXWDWLRQDO�WRROV�DUH�PHDQLQJIXO�UHSUHVHQWDWLRQV�RI�WKH�DSSOLFDWLRQV�IRU�ZKLFK�WKH\�DUH

LQWHQGHG���7KH�UROH�RI�H[SHULPHQW�JRHV�EH\RQG�PHUHO\�FRQILUPLQJ�WKH�FRPSXWHG�UHVXOWV��

([SHULPHQWV�PXVW�EH�GHVLJQHG�WR�FKDOOHQJH�WKH�PRGHO�DQG�SXVK�LW�WR�WKH�OLPLWV�DW�ZKLFK�LW�IDLOV�

%\�SUHGLFWLQJ�D�V\VWHP
V�SHUIRUPDQFH�LQ

YDULRXV�DUHDV��&)'�FDQ�SRWHQWLDOO\�EH�XVHG�WR

LPSURYH�WKH�HIILFLHQF\�RI�H[LVWLQJ�RSHUDWLQJ

V\VWHPV�DV�ZHOO�DV�WKH�GHVLJQ�RI�QHZ�V\VWHPV��

,W�FDQ�KHOS�WR�VKRUWHQ�SURGXFW�DQG�SURFHVV

GHYHORSPHQW�F\FOHV��RSWLPL]H�SURFHVVHV�WR

LPSURYH�HQHUJ\�HIILFLHQF\�DQG�HQYLURQPHQWDO

SHUIRUPDQFH��DQG�VROYH�SUREOHPV�DV�WKH\�DULVH

LQ�SODQW�RSHUDWLRQV���7KHUH�DUH�PDQ\�SRWHQWLDO

DSSOLFDWLRQV�RI�&)'�LQ�FKHPLFDO�SURFHVVHV

ZKHUH�SUHGLFWLQJ�WKH�FKDUDFWHULVWLFV�RI�IOXLG

IORZ�DUH�LPSRUWDQW��VHH�LQVHW����&)'�KDV�DOVR

EHHQ�DSSOLHG�WR�GHWHUPLQH�RSWLPXP�FRQWURO�VWUDWHJLHV��RSWLPL]H�HTXLSPHQW�LQ�WKH�DXWRPRWLYH�DQG

HOHFWULF�SRZHU�LQGXVWULHV��DQG�KDV�EHHQ�HVSHFLDOO\�VXFFHVVIXO�LQ�WKH�DHURVSDFH�LQGXVWU\���,Q�VRPH

FDVHV��WKH�GHVLJQ�WR�SURGXFWLRQ�WLPH�IRU�DLUSODQHV�KDV�EHHQ�UHGXFHG�E\�KDOI�RU�PRUH�RYHU�WKH�SDVW

GHFDGH�ZLWK�WKH�GHYHORSPHQW�DQG�DSSOLFDWLRQ�RI�&)'���$�FRQFHUWHG�HIIRUW�E\�LQGXVWU\��LQ

SDUWQHUVKLS�ZLWK�JRYHUQPHQW�DQG�DFDGHPLD�LV�QHHGHG�WR�PDNH�VLPLODU�DGYDQFHV�LQ�&)'�SRVVLEOH

IRU�WKH�FKHPLFDO�DQG�RWKHU�ORZ�WHPSHUDWXUH�SURFHVV�LQGXVWULHV�
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Computing Hardware

Supercomputer  - A system that meets the computer industry’s
evolving standards at any particular time.  A supercomputer
must have not only very fast processors but also commensurate
memory, internal communications, and data storage technology. 
For example, in 1998 the U.S. Department of Energy acquired a
supercomputer that can perform 3.9 trillion (million million)
calculations per second and is equipped with over 2.6 trillion
bytes of memory.  Such a machine exceeds typical desktop
computers by ten thousand fold in both speed and memory.

Parallel Architecture  - At least four (and usually more)
processors linked together, and controlled by hardware for
efficient use of the maximum number of processors at any time. 
Processors may cooperate or work independently to solve a
problem.

Distributed Architecture  - A technique to use the capabilities of
more than one computer (processors and memory)
simultaneously.  The technique is usually applied with software
controls.

Vector Processing  - Calculations are performed in linear,
assembly line fashion.  Supercomputers based on Vector
Architecture include special processor hardware to stage and
rapidly execute the repetitive calculations that are typical of
matrix arithmetic, as found in most scientific computer programs.

Computing Power

&RPSXWDWLRQDO�WRROV�DYDLODEOH�WRGD\

DUH�JUHDWO\�LPSURYHG�IURP�WKRVH

GHYHORSHG�MXVW�D�IHZ�\HDUV�DJR��DQG

DUH�HDVLHU�WR�XVH���'HYHORSPHQW�RI

SDUDOOHO�PDFKLQHV�DQG�SDUDOOHO

DOJRULWKPV�GHVLJQHG�IRU�WKHVH

PDFKLQHV�KDV�DOORZHG�WKH�VROXWLRQ

RI�SUREOHPV�WKDW�ZHUH�SUHYLRXVO\

LPSRVVLEOH�WR�VROYH���$GYDQFHV�KDYH

DOVR�EHHQ�PDGH�WKDW�IDFLOLWDWH�WKH

KDQGOLQJ�RI�WKH�LPPHQVH�DPRXQW�RI

GDWD�JHQHUDWHG�E\�D�FRPSOH[

VLPXODWLRQ���'LVWULEXWHG�DQG�VKDUHG�

PHPRU\�FRPSXWHU�DUFKLWHFWXUHV

KDYH�ERWK�HPHUJHG�DV�WKH�ZD\�WR

LQFUHDVH�FRPSXWDWLRQDO�SRZHU��

9LVXDOL]DWLRQ�RI�FRPSOH[�WKUHH�

GLPHQVLRQDO�IORZV�LV�QRZ�D�SUDFWLFDO

WRRO�IRU�REWDLQLQJ�XVHIXO�LQIRUPDWLRQ

IURP�VLPXODWLRQV�

Computational Fluid
Dynamics

&RQVLGHUDEOH�HIIRUW�KDV�JRQH�LQWR�WKH�GHYHORSPHQW�RI�VLQJOH�SKDVH�IOXLG�G\QDPLF�PRGHOLQJ�WRROV

IRU�DSSOLFDWLRQV�LQ�WKH�DHURVSDFH��DXWRPRWLYH��DQG�HOHFWULF�SRZHU�LQGXVWULHV��&)'�IRU�VLQJOH�SKDVH

QRQ�UHDFWLYH�IOXLG�IORZV�LV�UHODWLYHO\�ZHOO�GHYHORSHG��DQG�FDQ�EH�XVHG�WR�PRGHO�UHODWLYHO\

FRPSOH[�IORZ�ILHOGV���5HDFWLYH�VLQJOH�SKDVH�IORZV�FDQ�SRWHQWLDOO\�EH�PRGHOHG�ZLWK�H[LVWLQJ�WRROV

�VXFK�DV�VLPSOH�FRPEXVWLRQ�V\VWHPV���SURYLGHG�WKH�FRPSXWDWLRQV�UHTXLUHG�DUH�QRW�WRR�ODUJH�RU

FRPSOH[�
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Single Phase Numerical Methods

Direct Numerical Simulation (DNS)  - provides a
numerical solution (description) for all the scales
(size) of flow without simplifying or approximating
the important physical properties of the flow.

Large Eddy Simulation  (LES) - provides a
numerical solution for large eddies (whirlpools) in
the flow while modeling (simplifying)  the effects of
very small eddies.

Reynolds Averaged Navier Stokes (RANS) Model
-simulates turbulent fluid flow more rapidly than
DNS or LES but with limited accuracy.

Current Applications of
Multi Phase CFD in Chemical

Processing

& Gas Scrubbing
& Thermal Oxidation/Waste Treatment
& Packed Bed Reactions
& Crystallization
& Polymer Extrusion
& Mixing and Blending
& Rotary Kiln Incineration
& Drying
& Membrane Separation
& Dust Separation
• Pyrolysis (Cracking)

&XUUHQWO\�DYDLODEOH�QXPHULFDO�PHWKRGV�IRU

VLQJOH�SKDVH�IORZ�LQFOXGH�'LUHFW�1XPHULFDO

6LPXODWLRQ��'16���/DUJH�(GG\�6LPXODWLRQ

�/(6���DQG�5H\QROGV�$YHUDJHG��5$��PRGHOV��

7KHVH�PRGHOV��DV�ZHOO�DV�QHZ�DSSURDFKHV

FRXSOLQJ�IXOO�UHDFWLRQ�NLQHWLFV�ZLWK�WXUEXOHQFH�

VXJJHVW�WKDW�PRGHOLQJ�WXUEXOHQW�UHDFWLYH

PXOWLSKDVH�IORZV�LV�SRVVLEOH�RQ�WRGD\©V

FRPSXWHUV���+RZHYHU��GHYHORSPHQW�RI

KDUGZDUH��SDUDOOHO�DUFKLWHFWXUH���VRIWZDUH

�DGYDQFHG�QXPHULFV�IRU�SDUDOOHO�PDFKLQHV�

REMHFW�RULHQWHG�PRGXODU�SURJUDPPLQJ���DQG

WKHRU\��VXEPRGHO�GHYHORSPHQW��DUH�UHTXLUHG�

&RPPHUFLDO�&)'�YHQGRUV�KDYH�QRW�JLYHQ�HPSKDVLV

WR�SUREOHPV�LQYROYLQJ�FKHPLFDO�UHDFWLRQV�DQG

WXUEXOHQW�UHDFWLQJ�IORZV�LQ�SDUWLFXODU��SULPDULO\

EHFDXVH�WKHLU�SURGXFWV�KDYH�HYROYHG�IRU�XVH�LQ�WKH

DHURVSDFH��DXWRPRWLYH��DQG�SRZHU�LQGXVWULHV��

+RZHYHU��D�QXPEHU�RI�H[LVWLQJ�VLQJOH�SKDVH�&)'

SDFNDJHV�KDYH�EHHQ�DGDSWHG�IRU�XVH�LQ�WKH�FKHPLFDO

LQGXVWU\�WR�DVVLVW�LQ�VROYLQJ�SUDFWLFDO�SUREOHPV�WKDW

DULVH�ZLWK�FKHPLFDO�SURFHVVLQJ�HTXLSPHQW�

/LPLWDWLRQV�RI�&XUUHQW�&)'�3DFNDJHV

&RPPHUFLDOO\�DYDLODEOH�&)'�WRROV�FDQQRW�RU�GR

QRW�

& XVH�DYDLODEOH�FRPSXWDWLRQDO�KRUVHSRZHU��H�J��

SDUDOOHO�FRPSXWLQJ���DV�ZHOO�DV�WKH\�VKRXOG�

& XVH�OHDGLQJ�HGJH�QXPHULFDO�PHWKRGV��H�J���DGDSWLYH�JULGGLQJ��VROXWLRQ�GULYHQ�JULG�UHILQHPHQW�

RU�WKHRUHWLFDO�PHWKRGV�

& LQFOXGH�DYDLODEOH�VXEPRGHOV�RI�NH\�VXESURFHVVHV��H�J��FU\VWDO�QXFOHDWLRQ�DQG�JURZWK���RU

VXEPRGHOV�DUH�QRW�FRXSOHG�SURSHUO\��L�H���WXUEXOHQFH�DQG�FKHPLVWU\��

& KDYH�D�FRPPRQ�FKHPLFDO�HQJLQHHULQJ�LQIUDVWUXFWXUH�WR�DOORZ�OLQNLQJ�WR�SURJUDPV�FRPPRQ�LQ

WKH�FKHPLFDO�SURFHVVLQJ�LQGXVWULHV��H�J���SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�GDWD�EDVH��

Chemical Process Design and Operation

7KH�HIILFLHQW�GHVLJQ�DQG�RSHUDWLRQ�RI�PXOWLSKDVH�IORZ�V\VWHPV�LV�FXUUHQWO\�OLPLWHG�E\�D�QXPEHU�RI

IDFWRUV��DV�VKRZQ�LQ�([KLELW�������6RPH�RI�WKHVH�DUH�GXH�DW�OHDVW�LQ�SDUW�WR�WKH�ODFN�RI�DFFXUDWH

PRGHOLQJ�WRROV�IRU�PXOWLSKDVH�IORZ�UHJLPHV��RWKHUV�UHVXOW�IURP�SUREOHPV�LQKHUHQW�WR�VSHFLILF

FKHPLFDO�SURFHVVHV�
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Exhibit 3-1.  Problems Limiting the Efficient
Design and Operation of Multiphase Flow Systems

Design Operation and Control Process-Related Issues

&XUUHQW GHVLJQV DUH DUWLILFLDOO\

FRQVWUDLQHG

&XUUHQW GHVLJQV DUH EDVHG RQ

SUHFHGHQFH DQG HPSLULFDO PHWKRGV

'DWD DW WKH PDFURVFRSLF UDWKHU WKDQ

PLFURVFRSLF OHYHO LV XVHG LQ FXUUHQW

GHVLJQV

1RW DOO GHVLJQ DOWHUQDWLYHV DUH

H[SORUHG¥OLPLWHG SRVVLELOLW\ WKLQNLQJ LV

WKH UXOH

6WHDG\ VWDWH LV RIWHQ XVHG WR H[SODLQ

WUDQVLHQW DQG VHJUHJDWHG IORZV

/LPLWHG DELOLW\ WR GR UHDO UHDFWRU GHVLJQ

&XUUHQW GHVLJQ VLPXODWLRQV DUH EDVHG RQ

LGHDOL]HG FRQGLWLRQV �RIWHQ TXLWH

GLIIHUHQW IURP DFWXDO�

&XUUHQW FRGHV SURYLGH LQDFFXUDWH

SUHGLFWLRQV ZKHQ H[WHQGHG WR RWKHU IORZ

FRQGLWLRQV

/DFN RI PHDQV IRU FRQWUROOLQJ

SURGXFW DWWULEXWHV

3RRU XWLOL]DWLRQ RI H[LVWLQJ

SURFHVV YHVVHOV

([FHVVLYH GRZQ�WLPHV GXH WR

FRUURVLRQ DQG HURVLRQ

/LPLWHG DELOLW\ WR RSWLPL]H

H[LVWLQJ UHDFWRUV DQG

VHSDUDWLRQ XQLWV� OHDGLQJ WR

ORZ \LHOGV DQG SRRU

SHUIRUPDQFH

+LJK FRVW RI H[SHULPHQWLQJ LQ

IXOO�VFDOH SURGXFWLRQ IDFLOLWLHV

3RRU YLVXDOL]DWLRQ RI SURFHVV

SKHQRPHQRQ

,QHIILFLHQW SQHXPDWLF KDQGOLQJ RI

VROLGV �IHHGV DQG SURGXFWV�

UHVXOWLQJ IURP SRRU GHVLJQ DQG

UHOLDELOLW\

3UREOHPV DVVRFLDWHG ZLWK FKHPLFDO

FRQWDLQPHQW DQG VDIHW\

*HQHUDO SURFHVV LQHIILFLHQFLHV

OHDGLQJ WR XQQHFHVVDU\ HQHUJ\

FRQVXPSWLRQ� SURGXFWLRQ RI ZDVWH�

DQG HPLVVLRQ RI SROOXWDQWV

/LPLWHG DYDLODELOLW\ RI GHVLJQV DQG

FRPSXWDWLRQDO WRROV WKDW WDUJHW

VSHFLILF SURGXFWLRQ SURFHVVHV RU

SODQWV

0DVV WUDQVIHU�FRQWUROOHG RSHUDWLRQV

0XOWLSKDVH IORZ LQ FKDQQHOV

9LVFRXV DQG QRQ�1HZWRQLDQ PDVV

WUDQVIHU RSHUDWLRQV

6DIHW\ SUHVVXUH UHOLHI PXOWLSKDVH

GLVFKDUJH GHVLJQV

'HVLJQ

0DQ\�FXUUHQW�GHVLJQV�DUH�EDVHG�RQ�SUHFHGHQFH�DQG�JXLGHG�E\�HQWLUHO\�HPSLULFDO�PHWKRGV��WKRVH
EDVHG�RQ�H[SHULPHQW�RU�H[SHULHQFH����7KLV�LV�WKH�GLUHFW�UHVXOW�RI�WKH�ODFN�RI��RU�LQDFFXUDFLHV
DVVRFLDWHG�ZLWK��FRPSXWDWLRQDO�PHWKRGV�DYDLODEOH�IRU�XVH�GXULQJ�WKH�GHVLJQ�F\FOH���&XUUHQW�FRGHV
GHVLJQHG�IRU�YHU\�VSHFLILF�IORZ�FRQGLWLRQV�RIWHQ�SURYLGH�LQDFFXUDWH�SUHGLFWLRQV�ZKHQ�DSSOLHG�WR
RWKHU�IORZ�FRQGLWLRQV���,Q�PDQ\�FDVHV�H[LVWLQJ�GHVLJQ�VLPXODWLRQV�DUH�EDVHG�RQ�LGHDOL]HG
FRQGLWLRQV�WKDW�DUH�TXLWH�GLIIHUHQW�IURP�DFWXDO�RSHUDWLQJ�FRQGLWLRQV���)RU�H[DPSOH��DYDLODEOH�FRGHV
RIWHQ�XVH�VWHDG\�VWDWH�VLPXODWLRQV��VWHDG\�RYHU�WLPH��WR�GHVFULEH�IORZV�WKDW�DUH�WUDQVLHQW
�FKDQJLQJ�ZLWK�WLPH����,Q�JHQHUDO��WKH�ODFN�RI�DFFXUDWH�FRPSXWDWLRQDO�SDFNDJHV�IRU�PXOWLSKDVH
V\VWHPV�UHVXOWV�LQ�DUWLILFLDOO\�FRQVWUDLQHG�GHVLJQV�DQG�D�OLPLWHG�DELOLW\�WR�H[SORUH�DOWHUQDWLYH
GHVLJQV�

2SHUDWLRQ�DQG�&RQWURO

:KLOH�&)'�SDFNDJHV�IRU�VLQJOH�SKDVH�V\VWHPV�KDYH�EHHQ�XVHG�IRU�RSWLPL]LQJ�RSHUDWLRQ�DQG

FRQWURO�RI�H[LVWLQJ�SURFHVVHV�LQ�WKH�FKHPLFDO�LQGXVWU\��WKHLU�XVH�LV�OLPLWHG�IRU�V\VWHPV�FRQWDLQLQJ

UHDFWLYH�DQG�RU�PXOWLSKDVH�IORZV���:LWKRXW�WKH�XVH�RI�VLPXODWLRQ�WRROV��WKH�SODQW�HQJLQHHU©V

DELOLW\�WR�YLVXDOL]H�SURFHVV�SKHQRPHQD�LV�OLPLWHG�DQG�RSWLPL]LQJ�RSHUDWLRQV�LV�PDGH�PRUH

GLIILFXOW�DQG�WLPH�FRQVXPLQJ���2IWHQ�WKH�RQO\�ZD\�WR�LGHQWLI\�DQG�VROYH�WKH�SUREOHP�LV�WR�PDNH

H[SHULPHQWDO�PHDVXUHPHQWV¥D�FRVWO\�SURSRVLWLRQ�LQ�IXOO�VFDOH�FKHPLFDO�SURGXFWLRQ���:LWKRXW�DQ
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HIIHFWLYH�ZD\�WR�RSWLPL]H�RSHUDWLRQV��WKH�UHVXOW�LV�RIWHQ�SRRU�FRQWURO�RI�SURFHVVHV�DQG�SURGXFW

DWWULEXWHV��SRRU�XWLOL]DWLRQ�RI�HTXLSPHQW��H[FHVVLYH�HTXLSPHQW�GRZQ�WLPH��ORZ�\LHOGV��DQG

JHQHUDOO\�ORZ�SHUIRUPDQFH�

3URFHVV�6SHFLILF�,VVXHV

6HYHUDO�DUHDV�RI�FKHPLFDO�SURFHVVLQJ�DUH�SDUWLFXODUO\�GLIILFXOW�IURP�D�GHVLJQ�DQG�RSHUDWLRQDO

DVSHFW���7KHVH�LQFOXGH�SQHXPDWLF�KDQGOLQJ�RI�VROLGV��FKHPLFDO�FRQWDLQPHQW�DQG�VDIHW\��DQG

JHQHUDO�SURFHVV�LQHIILFLHQFLHV���0RVW�RI�WKHVH�FRXOG�EH�DGGUHVVHG�LQ�SDUW�E\�HIIHFWLYH�&)'

SDFNDJHV�WKDW�PRGHO�WXUEXOHQW�UHDFWLQJ�PXOWLSKDVH�IORZV�
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&RPSXWHU�7HFKQRORJ\

1HZ�FRPSXWLQJ�WHFKQRORJ\�LV�HQWHULQJ�WKH�PDUNHWSODFH�DOPRVW�GDLO\���7KH�VSHHG�RI�KLJK

SHUIRUPDQFH�FRPSXWLQJ�SODWIRUPV�KDV�LQFUHDVHG�H[SRQHQWLDOO\��DQG�DV�RI������KDG�UHDFKHG����

7)/236�LQ�VRPH�PRGHOV���'UDPDWLF�DGYDQFHV�KDYH�EHHQ�PDGH�LQ�KLJKO\�SDUDOOHO�SURFHVVLQJ�DQG

SDUDOOHO�QXPHULFDO�DOJRULWKPV�DQG�RWKHU�KLJK�SHUIRUPDQFH�SURFHVVRUV���7KH�UDSLG�DGYDQFHV�LQ

FRPSXWLQJ�WHFKQRORJ\�DUH�QRW�H[SHFWHG�WR�VORZ��DQG�ZLOO�OHQG�IXUWKHU�VXSSRUW�WR�WKH�GHYHORSPHQW

DQG�HIIHFWLYH�XVH�RI�FRPSXWDWLRQDO�WRROV�OLNH�&)'�

(QHUJ\�3ULFH�DQG�6XSSO\

7KH�DYDLODELOLW\�DQG�FRVW�RI�IRVVLO�HQHUJ\�IRU�XVH�DV�IXHO�DQG�IHHGVWRFN�LV�RI�YLWDO�LPSRUWDQFH�WR

WKH�FKHPLFDO�SURFHVVLQJ�LQGXVWULHV���)RU�VRPH�SURGXFWV��HQHUJ\�IRU�KHDW��SRZHU��DQG�IHHGVWRFNV

FDQ�DFFRXQW�IRU�XS�WR����SHUFHQW�RI�WRWDO�SURGXFWLRQ�FRVWV��RYHUDOO��FKHPLFDO�LQGXVWU\�HQHUJ\�FRVWV

DUH�DERXW���SHUFHQW�RI�WKH�YDOXH�RI�VKLSPHQWV��>'2&�������&0$�����@���)HHGVWRFN�DYDLODELOLW\

LV�DOVR�D�SULPDU\�FRQFHUQ�IRU�PDQ\�FKHPLFDO�SURGXFHUV¥QHDUO\����SHUFHQW�RI�HQHUJ\�FRQVXPHG�LV

LQ�WKH�IRUP�RI�SHWUROHXP�EDVHG�IHHGVWRFNV���7KH�LQGXVWU\�LV�KLJKO\�VXVFHSWLEOH�WR�YRODWLOLW\�LQ

HQHUJ\�IHHGVWRFN�SULFH�DQG�VXSSO\��D�IDFW�PDGH�HYLGHQW�GXULQJ�WKH�RLO�HPEDUJR�RI�������

$OWKRXJK�HQHUJ\�SULFHV�DUH�FXUUHQWO\�ORZ��KLVWRU\�VKRZV�WKH\�FDQ�EH�VXEMHFW�WR�UDSLG�FKDQJH�ZLWK

GHYDVWDWLQJ�LPSDFWV���$GYDQFHV�LQ�WHFKQRORJLHV�OLNH�&)'��ZKLFK�KDYH�WKH�SRWHQWLDO�WR�LPSURYH

SURFHVV�HQHUJ\�HIILFLHQF\��ZLOO�FRQWLQXH�WR�EH�RI�LPSRUWDQFH�WR�WKH�LQGXVWU\�

*RYHUQPHQW�5HJXODWLRQV�DQG�3XEOLF�3ROLF\

&KHPLFDO�SURGXFWLRQ��XVH��VWRUDJH��WUDQVSRUWDWLRQ��DQG�GLVSRVDO�DUH�KHDYLO\�UHJXODWHG�E\�)HGHUDO

DQG�VWDWH�ODZV�DQG�UHJXODWLRQV���&RPSOLDQFH�ZLWK�WKHVH�VWDWXWHV��H�J���&OHDQ�$LU�$FW�DQG�LWV

$PHQGPHQWV��7R[LF�6XEVWDQFHV�&RQWURO�$FW��5HVRXUFH�&RQVHUYDWLRQ�DQG�5HFRYHU\�$FW��DQG

RWKHUV��UHSUHVHQW�VHULRXV�FKDOOHQJHV�WR�WKH�FKHPLFDO�LQGXVWU\�LQ�WHUPV�RI�FDSLWDO�DQG�RSHUDWLQJ

H[SHQVHV���,Q������WKH�LQGXVWU\�VSHQW�DERXW������ELOOLRQ�RQ�SROOXWLRQ�DEDWHPHQW�DQG�FRQWURO�

QHDUO\�GRXEOH�WKH�FRVWV�LQFXUUHG�LQ������>&0$�����@���1HZ�HQYLURQPHQWDO�SURJUDPV�DUH

FRQWLQXDOO\�EHLQJ�SURSRVHG�DW�WKH�)HGHUDO��VWDWH�DQG�RWKHU�OHYHOV�RI�JRYHUQPHQW��DQG�ZLOO�OLNHO\

IXUWKHU�LQFUHDVH�WKH�GLIILFXOW\�DQG�FRVW�RI�FRPSOLDQFH���&RQVHTXHQWO\��FRVW�HIIHFWLYH�WHFKQRORJLHV

WKDW�LPSURYH�WKH�HQYLURQPHQWDO�SHUIRUPDQFH�RI�SURFHVVHV�ZLOO�EH�LQFUHDVLQJO\�LPSRUWDQW�
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Exhibit 5-1. Performance Targets for
Computational Fluid Dynamics  

Quantitative Targets

& Shorten lead times (from research to final plant design)
to 3-5 years.

& Reduce plant down times to 1%.
& Reduce separation energy and improve separation

efficiency by 20%.

Qualitative Targets

& Increase reliability of design (reduce risk).
& Reduce/eliminate design errors.
& Promote innovation.
& Reduce fuel consumption per unit of product.
& Improve heat transfer (waste-heat recovery).
& Optimize processes to increase yield and aid

incremental expansion.
& Create a library of computational tools with both single-

phase and multiphase flow capability.

,PSURYHPHQWV�LQ�FRPSXWDWLRQDO�IOXLG�G\QDPLFV�FDQ�FRQWULEXWH�GLUHFWO\�WR�WKH�JRDOV�VWDWHG�LQ�WKH

FKHPLFDO�LQGXVWU\�YLVLRQ���6SHFLILFDOO\��WKH�DSSOLFDWLRQ�RI�FRPSXWDWLRQDO�WHFKQRORJLHV�FRXOG

SURPRWH�

& 6KRUWHQHG�SURGXFW�SURFHVV�GHYHORSPHQW�F\FOHV�

& 2SWLPL]DWLRQ�DQG�FRQWURO�RI�H[LVWLQJ�SURFHVVHV�WR�LPSURYH�\LHOG�DQG�HQHUJ\�HIILFLHQF\�

& (IILFLHQW�GHVLJQ�RI�QHZ�SURGXFWV�DQG�SURFHVVHV��DQG

& ,PSURYHPHQWV�LQ�KHDOWK��VDIHW\��DQG�HQYLURQPHQW�

:LWK�WKHVH�EURDG�JRDOV�DV�D�EDVH��VSHFLILF

SHUIRUPDQFH�WDUJHWV��ERWK�TXDQWLWDWLYH

DQG�TXDOLWDWLYH��KDYH�EHHQ�LGHQWLILHG�IRU

&)'��DV�VKRZQ�LQ�([KLELW�������7KHVH

WDUJHWV�LOOXVWUDWH�KRZ�LPSURYHPHQWV�LQ

FRPSXWDWLRQDO�IOXLG�G\QDPLFV�FDQ�KDYH�D

ZLGH�UHDFKLQJ�LPSDFW�WKURXJKRXW�WKH

HQWLUH�FKHPLFDO�LQGXVWU\���7KH�EDVLF�WRROV

RI�QXPHULFDO�PRGHOLQJ�DQG�VLPXODWLRQ�RI

IOXLG�IORZV�DUH�EURDGO\�DSSOLFDEOH�DQG

FDQ�OHDG�WR�LPSURYHPHQWV�LQ�QHDUO\�DOO

XQLW�RSHUDWLRQV�DQG�SURFHVVHV�

7KH�SULPDU\�DGYDQWDJH�RI�&)'�LV�WKH

SRWHQWLDO�WR�VKRUWHQ�OHDG�WLPHV�IRU

SURFHVV�GHYHORSPHQW��DQG�SODQW�GHVLJQV�

DV�ZHOO�DV�QHZ�SURGXFW�GHYHORSPHQW��

8VLQJ�FRQYHQWLRQDO�GHYHORSPHQW

PHWKRGV�ZLWKRXW�&)'��OHDG�WLPHV�FDQ�EH

DV�ORQJ�DV���WR����\HDUV���7KH�LPSDFW�RI

&)'�RQ�WKH�SURFHVV�DQG�SURGXFW

GHYHORSPHQW�F\FOH�LV�JUHDWHVW�LQ�WKH

HDUOLHVW�SKDVHV��L�H���H[SHULPHQWDO�RSWLPL]DWLRQ�DQG�VFDOH�XS����&)'�IDFLOLWDWHV�WKH�GHVLJQ�SURFHVV

E\�LQFUHDVLQJ�WKH�UHOLDELOLW\�RI�WKH�GHVLJQ��UHGXFLQJ�RU�HOLPLQDWLQJ�GHVLJQ�HUURUV��DQG�DOORZLQJ

GHYHORSHUV�WR�YLVXDOL]H�WKH�UHVXOWV�RI�D�SURFHVV�GHVLJQ�RU�LQQRYDWLRQ���,W�SURPRWHV�LQQRYDWLRQ�E\

PDNLQJ�WKH�GHVLJQ�SURFHVV�VKRUWHU��OHVV�ULVN\��DQG�HDVLHU�WR�DFFRPSOLVK�
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8VLQJ�&)'�WR�UHVROYH�SUREOHPV�ZLWK�H[LVWLQJ�SURFHVVHV�FDQ�UHGXFH�HTXLSPHQW�IDLOXUHV�DQG

PLQLPL]H�SRRU�RSHUDWLRQDO�SHUIRUPDQFH��GHFUHDVLQJ�SURFHVV�VKXW�GRZQ�WLPH���:KHQ�XVHG�WR

RSWLPL]H�SODQW�DQG�HTXLSPHQW�RSHUDWLRQ��&)'�FDQ�LQFUHDVH�\LHOGV��SURYLGLQJ�D�PHFKDQLVP�IRU

LQFUHPHQWDO�H[SDQVLRQ��

$SSO\LQJ�&)'�WR�WKH�RSWLPL]DWLRQ�RI�HQHUJ\�LQWHQVLYH�SURFHVVHV��H�J���VHSDUDWLRQV��FDQ�LPSURYH

VHSDUDWLRQ�HIILFLHQF\��UHGXFH�HQHUJ\�UHTXLUHPHQWV��DQG�LPSURYH�HQYLURQPHQWDO�SHUIRUPDQFH��

&)'�FDQ�DOVR�SURYLGH�D�ZD\�WR�LPSURYH�KHDW�WUDQVIHU��H�J���UHFRYHU\�RI�ZDVWH�KHDW��DQG�EHWWHU

LQWHJUDWH�KHDW�WUDQVIHU�QHHGV�ZLWKLQ�WKH�FKHPLFDO�SODQW�

7KH�FUHDWLRQ�RI�D�OLEUDU\�RI�FRPSXWDWLRQDO�WRROV�WKDW�DUH�UHODWLYHO\�HDV\�IRU�D�QRQ�VSHFLDOLVW

UHVHDUFK�SODQW�HQJLQHHU�WR�XVH�LV�D�NH\�WDUJHW���6XFK�D�OLEUDU\�ZRXOG�JUHDWO\�SURPRWH�WKH�XVH�RI

&)'�WRROV�LQ�WKH�FKHPLFDO�SODQW�WR�VROYH�UHDO�SUREOHPV�DQG�RSWLPL]H�SURFHVV�DQG�SURGXFW

GHVLJQV���7KHVH�WRROV�ZRXOG�EH�GHVLJQHG�ZLWK�D�¦SOXJ�DQG�SOD\§�FRGH�WR�DOORZ�HDV\�LQVHUWLRQ�RI

QHZ�VXEPRGHOV�DQG�QHZ�VROXWLRQ�DOJRULWKPV�RQ�YDULRXV�FRPSXWLQJ�SODWIRUPV��LQFOXGLQJ�KLJK

SHUIRUPDQFH�GHVNWRS�ZRUNVWDWLRQV��ODUJH��IDVW�YHFWRU�SURFHVVRU�PDFKLQHV��DQG�KLJKO\�SDUDOOHO

SURFHVVRUV���3URSRVHG�FRGHV�ZRXOG�EH�EXLOW�LQGHSHQGHQWO\�RI�FXUUHQW�FRPSXWHU�DUFKLWHFWXUH��VLQFH

DUFKLWHFWXUH�ZLOO�FKDQJH�DQG�FRGH�PXVW�FKDQJH�DORQJ�ZLWK�LW�WR�UHWDLQ�XVDELOLW\���$�&)'�OLEUDU\

ZLWK�WKH�DERYH�IHDWXUHV�ZLOO�EH�PRUH�ZLGHO\�DFFHSWDEOH�DQG�XVDEOH�WKURXJKRXW�WKH�FKHPLFDO

FRPPXQLW\��DQG�ZLOO�KHOS�WR�SURPRWH�HQYLURQPHQWDOO\�VDIH��HIILFLHQW�FKHPLFDO�SURGXFWLRQ

SURFHVVHV�
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7KHUH�DUH�D�QXPEHU�RI�EDUULHUV�WKDW�LQKLELW�WKH�GHYHORSPHQW�DQG�XVH�RI�&)'���7KHVH�DUH�VKRZQ�LQ

([KLELW������RUJDQL]HG�E\�WRSLF�

3UDFWLFDO�8VDELOLW\

7KH�SUDFWLFDO�XVH�RI�FXUUHQW�&)'�SDFNDJHV�E\�HQJLQHHUV�LQ�FKHPLFDO�SODQWV�LV�OLPLWHG�SULPDULO\

E\�WKH�H[FHVVLYH�WLPH�FXUUHQWO\�UHTXLUHG�IRU�WKH�HQJLQHHU�WR�VHW�XS�WKH�FDOFXODWLRQ���)XUWKHUPRUH�

FXUUHQW�&)'�WRROV�GR�QRW�DOZD\V�SURYLGH�UHVXOWV�WKDW�DUH�HDVLO\�XVHG�RU�LQWHUSUHWHG�E\�WKH�SODQW

HQJLQHHU���,Q�PDQ\�FDVHV�WKH�SODQW�HQJLQHHU�LQLWLDOO\�ZDQWV�WR�XVH�&)'�WR�VROYH�D�SUREOHP�DULVLQJ

ZLWK�H[LVWLQJ�HTXLSPHQW�RU�SURFHVVHV���+H�VKH�WKHQ�ILQGV�WKDW�WKH�VROXWLRQV�SURYLGHG�E\�&)'�DUH

QRW�FRQYHQLHQWO\�DFFHVVLEOH���$QRWKHU�OLPLW�LV�WKH�ODFN�RI�&)'�WRROV�WKDW�FDQ�PRGHO�VLPSOH�YHUVXV

FRPSOH[�VLWXDWLRQV���)RU�H[DPSOH��VRPH�SUREOHPV�RU�GHVLJQ�LVVXHV�FRXOG�EH�UHVROYHG�E\�HDVLO\

DFFHVVLEOH�VXEPRGHOV�RI�D�ODUJHU�&)'�SDFNDJH�UDWKHU�WKDQ�VHWWLQJ�XS�DQ�HQWLUH�VLPXODWLRQ���7KHVH

W\SHV�RI�PRGXODU�SDFNDJHV�DUH�FXUUHQWO\�QRW�DYDLODEOH���,Q�JHQHUDO��PDQ\�SHUVRQQHO�LQYROYHG�LQ

SODQW�RSHUDWLRQV�KDYH�D�SRRU�SHUFHSWLRQ�RI�PRGHOLQJ�WRROV�DV�D�PHDQV�RI�VROYLQJ�SUDFWLFDO

SUREOHPV��SULPDULO\�EHFDXVH�RI�D�ODFN�RI�JRRG�LQIRUPDWLRQ�GLVVHPLQDWLRQ�FRQFHUQLQJ�WKHVH�WRROV�

WKHLU�XVDELOLW\��DQG�WKH�YDOLGLW\�RI�UHVXOWV�

'DWD�%DVLF�6FLHQFHV

,QDGHTXDWH�XQGHUVWDQGLQJ�RI�WKH�EDVLF�FKHPLVWU\�DQG�SK\VLFV�UHODWHG�WR�IOXLG�IORZV�LV�D�OLPLWLQJ

IDFWRU�WR�WKH�DGYDQFHPHQW�RI�&)'��SDUWLFXODUO\�IRU�UHDFWLYH�DQG�RU�WXUEXOHQW�PXOWLSKDVH�IORZV��

/DFN�RI�NQRZOHGJH�RI�UHVLGHQFH�WLPHV��LQWHUIDFLDO�SKHQRPHQRQ��GLVWULEXWLRQ�RI�PDWHULDOV�LQ�WKH

IORZ��LQWHUSKDVH�FRXSOLQJ��WXUEXOHQFH��DQG�JHQHUDO�IORZ�FKDUDFWHULVWLFV�LQKLELWV�WKH�GHYHORSPHQW

RI�UHODWLRQV�QHHGHG�WR�PRGHO�IOXLG�IORZV�LQ�PRUH�FRPSOH[�VLWXDWLRQV���([SHULPHQWDO�GDWD�DQG

SK\VLFDO�SURSHUWLHV�GDWD�WKDW�FRXOG�SURYLGH�HPSLULFDO�UHODWLRQV�IRU�PXOWLSKDVH�IORZV�DUH�DOVR

ODFNLQJ�

&RPSXWDWLRQDO�/LPLWV

:KLOH�FRPSXWLQJ�SRZHU�KDV�LQFUHDVHG�GUDPDWLFDOO\��PDQ\�FRPSXWDWLRQDO�WRROV�KDYH�QRW�EHHQ

XSJUDGHG�WR�WDNH�DGYDQWDJH�RI�QHZ�FDSDELOLWLHV���&XUUHQW�FRPSXWDWLRQDO�PHWKRGV�SODFH�OLPLWV�RQ

WKH�VL]H�RI�WKH�SUREOHP�WKDW�FDQ�EH�VLPXODWHG¥OLPLWLQJ�WKH�GHYHORSPHQW�RI�&)'�IRU�PDQ\

LPSRUWDQW�SUREOHPV��H�J���FRXSOLQJ�RI�WXUEXOHQFH�DQG�LQWHUIDFLDO�FKHPLVWU\��PRGHOLQJ�FRPSOH[

SRO\PHU�UKHRORJ\����$�PRUH�JHQHULF�OLPLWDWLRQ�DSSOLFDEOH�WR�PDQ\�KLJKHU�OHYHO�VLPXODWLRQV�LV�WKH

LQDELOLW\�WR�LQWHJUDWH�PXOWL�GLVFLSOLQDU\�SUREOHPV�LQ�D�VLQJOH�FRPSXWDWLRQDO�WRRO���)RU�PXOWLSKDVH

IORZ�VLPXODWLRQV��WKH�ODFN�RI�JHQHUDO�UHODWLRQV�IRU�WKH�FRXSOLQJ�RI�WXUEXOHQFH��FKHPLVWU\��SKDVH�
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Exhibit 6-1.  Technology Barriers  to the 
Development and Use of Computational Fluid Dynamics

Practical Usability
Data/Basic
Sciences 

Computational
Limits

Commercial
Software
Development 

Computer
Hardware/
Architecture

([FHVVLYH WLPH UHTXLUHG

IRU HQJLQHHU WR VHW XS

WKH VLPXODWLRQ

,QDGHTXDWH XVDELOLW\ RI

FRPSXWDWLRQDO

WRROV�UHVXOWV E\ SODQW

VXSSRUW HQJLQHHUV

6ROXWLRQV DUH QRW

FRQYHQLHQWO\ DFFHVVLEOH

/DFN RI GLIIHUHQW OHYHOV

RI PRGHOLQJ DQG

VLPXODWLRQ �VLPSOH YV�

FRPSOH[�

3RRU WUDQVIHU RI

LQIRUPDWLRQ DERXW

FRPSXWDWLRQDO WRROV DQG

WKHLU XVHIXOQHVV

3RRU SHUFHSWLRQ DQG

DFFHSWDQFH RI PRGHOLQJ

WRROV DQG UHVXOWV E\

SODQW SHUVRQQHO

/DFN RI VXSSRUW WR OLQN

FXUUHQW &)' WRROV WR

FKHPLFDO HQJLQHHULQJ

LQIUDVWUXFWXUH

/DFN RI

GDWD�NQRZOHGJH RI

UHVLGHQFH WLPHV�

LQWHUIDFLDO DUHD�

GLVWULEXWLRQ RI

PDWHULDOV� VFDOLQJ

,QVXIILFLHQW

NQRZOHGJH RI IOXLG

IORZ FKDUDFWHULVWLFV

/DFN RI DSSURSULDWH

FRXSOLQJ RI

FKHPLVWU\ WR PXOWL�

SKDVH SK\VLFV

3RRU XQGHUVWDQGLQJ

RI XQGHUO\LQJ SK\VLFV

RI PXOWL�SKDVH

FRQGLWLRQV �H�J��

WXUEXOHQFH�

LQWHUIDFLDO

SKHQRPHQRQ�

/DFN RI H[SHULPHQWDO

GDWD IRU PXOWL�SKDVH

IORZV

/DFN RI SK\VLFDO

SURSHUWLHV GDWD IRU

PXOWL�SKDVH IORZV

/LPLWV RQ WKH VL]H RI

WKH SUREOHP WKDW FDQ

FXUUHQWO\ EH VLPXODWHG�

VXFK DV

� WXUEXOHQFH

� LQWHUIDFLDO

FKHPLVWU\

� VHJUHJDWLRQ

� FRPSOH[ SRO\PHU

UKHRORJ\

� FRPSOH[ SURFHVVHV

� WLPH GHSHQGHQFH

,QDELOLW\ WR LQWHJUDWH

PXOWL�GLVFLSOLQDU\

SUREOHPV LQ D VLQJOH

FRPSXWDWLRQDO WRRO

/DFN RI FORVXUHV IRU

WXUEXOHQFH� FKHPLVWU\�

SKDVH LQWHUIDFHV� DQG

ERXQGDU\ FRQGLWLRQV

,QDGHTXDWH

PDWKHPDWLFDO PHWKRGV

)LQH�VFDOH SK\VLFDO

IHDWXUHV RI PXOWL�SKDVH

IORZ DUH QRW FDSWXUHG LQ

DQ\ FDQRQLFDO VHW RI

HTXDWLRQV

&KHPLFDO

PDQXIDFWXUHUV ODFN WKH

UHVRXUFHV WR

HIIHFWLYHO\

FRPPHUFLDOL]H

VRIWZDUH

&KHPLFDO

PDQXIDFWXUHUV ODFN WKH

UHVRXUFHV WR VXSSRUW

VRIWZDUH

GRFXPHQWDWLRQ� KHOS

ILOHV� RQ�OLQH KHOS� DQG

WUDLQLQJ

,Q�KRXVH FRGHV

GHYHORSHG E\ LQGXVWU\

DUH W\SLFDOO\ XVDEOH

RQO\ E\ VSHFLDOLVWV�

QRW JHQHUDO

)HZ FKHPLFDO

FRPSDQLHV DUH

PRWLYDWHG WR UHILQH

PRGHOV IRU JHQHUDO XVH

'HYHORSLQJ

FRPPHUFLDO VRIWZDUH

IRU VPDOO PDUNHWV LV

FRVW�SURKLELWLYH IRU D

VLQJOH YHQGRU

,QDGHTXDWH VSHHG RI

FRPSXWDWLRQ

/DFN RI VROXWLRQ�

GHSHQGHQW JULG

UHILQHPHQW �UHODWHV

WR FRPSXWLQJ

HIILFLHQF\�

,QDGHTXDWH GDWD

PDQDJHPHQW

GHYLFHV IRU WKH

HQRUPRXV GDWD VHWV

JHQHUDWHG

LQWHUIDFHV�DQG�ERXQGDU\�FRQGLWLRQV�LV�D�OLPLWLQJ�IDFWRU�LQ�&)'�GHYHORSPHQW���,Q�JHQHUDO�

PDWKHPDWLFDO�PHWKRGV�DUH�VWLOO�LQDGHTXDWH�IRU�FRPSOH[�&)'�

&RPPHUFLDO�6RIWZDUH�'HYHORSPHQW

7KH�PDQXIDFWXULQJ�LQGXVWULHV��SDUWLFXODUO\�WKH�FKHPLFDO�LQGXVWU\��DUH�DYLG�XVHUV�RI�VRSKLVWLFDWHG

VFLHQWLILF�DQG�HQJLQHHULQJ�VRIWZDUH��EXW�VHOGRP�GHYHORS�LW�IRU�FRPPHUFLDO�XVH��0DQXIDFWXULQJ

FRPSDQLHV�GR�QRW�KDYH�WKH�UHVRXUFHV�QHHGHG�WR�FRPPHUFLDOL]H�VRIWZDUH��ZKLFK�LQFOXGHV�VXSSRUW

IRU�DX[LOLDU\�IXQFWLRQV��H�J���GRFXPHQWDWLRQ��KHOS�ILOHV��RQ�OLQH�KHOS�VXSSRUW��WUDLQLQJ��GHEXJJLQJ�

DQG�XSJUDGLQJ��WR�PHHW�FXVWRPHU�QHHGV���&RPPHUFLDO�VRIWZDUH�FRPSDQLHV�ILQG�LW�GLIILFXOW�DQG

H[SHQVLYH�WR�GHYHORS��VXSSRUW��DQG�VHOO�VSHFLDOL]HG�SURJUDPV�IRU�UHODWLYHO\�VPDOO�PDUNHWV���:KLOH

WKH�PDUNHW�IRU�&)'�LQ�WKH�FKHPLFDO�SURFHVVLQJ�LQGXVWULHV�LV�SRWHQWLDOO\�YHU\�ODUJH��FXUUHQW�&)'

SDFNDJHV�DUH�QRW�¦XVDEOH§�HQRXJK�WR�FDSWXUH�WKDW�PDUNHW���$�QXPEHU�RI�PDQXIDFWXUHUV�KDYH

GHYHORSHG�&)'�FRGHV�IRU�LQ�KRXVH�XVH��EXW�PDQ\�DUH�RQO\�XVDEOH�E\�WKH�UHVHDUFKHUV�ZKR

GHYHORSHG�WKHP��VSHFLDOLVWV���UDWKHU�WKDQ�E\�WKH�EURDGHU�FKHPLFDO�HQJLQHHULQJ�FRPPXQLW\



7HFKQRORJ\�%DUULHUV�������

�JHQHUDOLVWV����7KHVH�LQ�KRXVH�FRGHV�RIWHQ�EHFRPH�RUSKDQV�DQG�IDOO�LQWR�GLVXVH�EHFDXVH�WKH\�DUH

QRW�XSGDWHG�WR�NHHS�XS�ZLWK�QHZHU�VFLHQFH��EHWWHU�FRQFHSWV�LQ�VRIWZDUH�DUFKLWHFWXUH��RU�LPSURYHG

SDUDGLJPV�IRU�XVHU�LQWHUIDFHV�

&RPSXWHU�+DUGZDUH�$UFKLWHFWXUH

,Q�VSLWH�RI�WKH�PDQ\�DGYDQFHV�LQ�FRPSXWHU�KDUGZDUH�DQG�DUFKLWHFWXUH��FRPSXWHU�KDUGZDUH�VWLOO

SODFHV�OLPLWV�RQ�KLJKO\�FRPSOH[�FRPSXWDWLRQDO�WRROV�OLNH�&)'���&XUUHQW�FRPSXWHU�V\VWHPV�DUH

VWLOO�QRW�TXLWH�IDVW�HQRXJK�WR�HIIHFWLYHO\�SHUIRUP�WKH�PDQ\�WKRXVDQGV�RI�FDOFXODWLRQV�UHTXLUHG�IRU

D�PXOWLSKDVH�IORZ�VLPXODWLRQ���7KH�SURPLVH�RI�SDUDOOHO�FRPSXWLQJ�KDV�EHHQ�OLPLWHG�LQ�JHQHUDO�E\

VRIWZDUH�GHYHORSPHQW�DQG�FRGH�SRUWDELOLW\�LVVXHV�UHODWHG�WR�WKH�ODFN�RI�D�SDUDOOHO�FRPSXWHU

DUFKLWHFWXUH�VWDQGDUG���&RPSXWLQJ�HIILFLHQF\�LV�DOVR�FXUUHQWO\�OLPLWHG�E\�WKH�ODFN�RI�VROXWLRQ�

GHSHQGHQW�JULG�UHILQHPHQW�LQ�FRPPHUFLDO�&)'�SURJUDPV���,Q�DGGLWLRQ��ZKLOH�QHZ�VWRUDJH

PHFKDQLVPV�DUH�HPHUJLQJ�FRQWLQXDOO\��QRQH�DUH�HQWLUHO\�DGHTXDWH�IRU�PDQDJLQJ�WKH�HQRUPRXV

VHWV�RI�GDWD�JHQHUDWHG�E\�UHDFWLYH��PXOWLSKDVH�&)'�VROXWLRQV�
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���5HVHDUFK�1HHGV

5HVHDUFK�1HHGV�������

Three-Phase Flow Problems

&& Mixing
& Packed Beds
& Crystallizing/Dissolving
& Sprays
& Three-phase Flows in Pipes
& Biological Systems
• Bubble Column Catalytic Reactors

Two-Phase Flow Problems

&& Riser Reactors
& Fluidized Beds
& Spray Dryers
& Pneumatic Conveyors/Classifiers
& Gas-Solid Jets

7KH�SULPDU\�JRDO�RI�UHVHDUFK�LQ�&)'�LV�WR�H[WHQG�FXUUHQW�&)'�FDSDELOLWLHV�WR�DFFXUDWHO\�PRGHO

PXOWLSKDVH�IORZV��LQFOXGLQJ�UHDFWLYH�DQG�RU�WXUEXOHQW�IORZV���6RPH�RI�WKH�SK\VLFDO�PRGHOV�DQG

DGYDQFHG�QXPHULFV�QHHGHG�WR�DGGUHVV�WKHVH�IORZV�H[LVW��EXW�FRPPHUFLDO�&)'�YHQGRUV�KDYH�EHHQ

VORZ�WR�LQFRUSRUDWH�WKHP�LQWR�UHDGLO\�DYDLODEOH�DQG�IXOO\�VXSSRUWHG�&)'�WRROV�WKDW�DUH�FRPSDWLEOH

ZLWK�WKH�QHHGV�RI�WKH�FKHPLFDO�LQGXVWU\���7KH�IROORZLQJ�DUHDV�DUH�RI�SDUWLFXODU�LPSRUWDQFH�WR

FKHPLFDO�SURFHVVLQJ�

& 7XUEXOHQW�5HDFWLQJ�)ORZ���VLPXODWLRQ�RI

WXUEXOHQW�IORZV�ZLWK�FKHPLFDO�UHDFWLRQV�

LQFOXGLQJ�JDV�SKDVH��OLTXLG�SKDVH��DQG

PXOWLSKDVH�UHDFWLQJ�IORZV���)RU�H[DPSOH�

SUHGLFWLRQ�RI�WXUEXOHQFH�DQG�LWV�HIIHFW�RQ�IDVW

UHDFWLRQV�LQ�D�OLTXLG�SKDVH�VWLUUHG�WDQN�UHDFWRU

UHPDLQV�DQ�XQVROYHG�SUREOHP���$SSOLFDWLRQV

LQFOXGH�WXUEXOHQW�FRPEXVWLRQ��FKHPLFDO

UHDFWRUV�ZLWK�PL[LQJ��JDVLILFDWLRQ�RI�VROLGV�

DQG�K\GURFDUERQ�SURGXFWLRQ�

& 0XOWLSKDVH�)ORZ���VLPXODWLRQ�RI�IORZV

FRQWDLQLQJ�VROLGV�LQ�JDV��VROLGV�LQ�OLTXLG��JDV

EXEEOHV�LQ�OLTXLG��OLTXLG�HPXOVLRQV��DQG�OLTXLG

VSUD\V�LQ�JDV���$SSOLFDWLRQV�LQFOXGH�GHVLJQ�RI

VDIHW\�UHOLHI�GHYLFHV�IRU�UHDFWRUV�DQG�WDQNV��RSWLPL]LQJ�EXUQHUV�DQG�ZDVWH�LQFLQHUDWRUV�

HOLPLQDWLQJ�ZHDU�IDLOXUH�LQ�SQHXPDWLF�FRQYH\RUV��FRQWUROOLQJ�FU\VWDOOL]DWLRQ�RI�ILQH�FKHPLFDOV�

DQG�LPSURYLQJ�UHDFWRU�SHUIRUPDQFH�

& 9LVFRHODVWLF�3RO\PHU�)ORZ���VLPXODWLQJ�IORZ�RI�SRO\PHUV�ZLWK�QRQ�1HZWRQLDQ�UKHRORJ\�LQWR

D�PROG��WKURXJK�D�GLH��H[WUXGHU�EDUUHO��RU�JHDU�SXPS���$SSOLFDWLRQV�LQFOXGH�FRDWLQJ�DQG�ILEHU

VSLQQLQJ�

5HVHDUFK�QHHGHG�WR�RYHUFRPH�EDUULHUV�WR�WKH�GHYHORSPHQW�RI�&)'�WRROV�WKDW�FDQ�EH�HIIHFWLYHO\

DSSOLHG�WR�WKH�VLPXODWLRQ�RI�FKHPLFDO�SURFHVVHV�LV�VKRZQ�LQ�([KLELW������ZLWK�GLIIHUHQW�SULRULW\

OHYHOV�LGHQWLILHG���([KLELW�����LOOXVWUDWHV�WKH�WLPH�IUDPH��QHDU��PLG��DQG�ORQJ�WHUP��LQ�ZKLFK

YDULRXV�5	'�DFWLYLWLHV�DUH�H[SHFWHG�WR�EH�DFFRPSOLVKHG�
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Exhibit 7-1.  Research Needs for Computational Fluid Dynamics

Numerical Methods
Phenomenology and
Constitutive Relations Experimental Validation

&KDUDFWHUL]H�PRGHO GLOXWH WR GHQVH

SKDVHVN

'HYHORS UHOHYDQW GDWD VHWV IRU FRGH

YHULILFDWLRQ DQG VFDOLQJN

,QFRUSRUDWH FRPSOH[ JHRPHWU\q

'HYHORS DGDSWLYH FRPSXWDWLRQDO JULGV

q

'HVLJQ PRGXOHV WR FXVWRPL]H

FRPSOH[LW\ IRU GLIIHUHQW XVHU QHHGV q

,PSURYH SDUDOOHOL]DWLRQ WHFKQLTXHVq

'HYHORS PRUH HIILFLHQW� DFFXUDWH

DOJRULWKPV DQG VROYHUVq

&KDUDFWHUL]H�PRGHO FKHPLVWU\ DQG

FKHPLFDO FRXSOLQJ SKHQRPHQRQ IRU

PXOWL�SKDVHVr

'HYHORS DOJRULWKPV WR WUHDW WKH

FKDQJLQJ SRVLWLRQ RI D IUHH VXUIDFH

�H�J�� PROWHQ SRO\PHUV� r

'HYHORS ZUDS�DURXQG RSWLPL]DWLRQ

XVLQJ ODUJH�VFDOH &)' VLPXODWLRQ DQG

VPDOO SDUDPHWHU PRGHOVr

&KDUDFWHUL]H�PRGHO GLOXWH WR GHQVH

UHJLPHV �H�J�� ODPLQDU�WXUEXOHQW IORZV�

N

&KDUDFWHUL]H�PRGHO LQWHUDFWLRQV

EHWZHHQ SKDVHV N

'HYHORS UHOLDEOH WXUEXOHQFH FORVXUHV IRU

PXOWL�SKDVH IORZV N

&KDUDFWHUL]H ERXQGDU\ FRQGLWLRQV DQG

LQWHUDFWLRQV �H�J�� LQOHWV DQG ZDOO DQG

LQWHULRU VXUIDFH LQWHUDFWLRQV� N

'HYHORS FKHPLVWU\ PRGHOV IRU YROXPH

DQG VXUIDFH SKHQRPHQRQ q

&KDUDFWHUL]H�PRGHO SRO\GLVSHUVH

V\VWHPVr

,QFRUSRUDWH SRSXODWLRQ EDODQFHr

&KDUDFWHUL]H�PRGHO PXOWLSKDVH KHDW

WUDQVIHUr

'HVLJQ�GHYHORS PXOWLSKDVH IORZ WHVW

EHGVN

3HUIRUP H[SHULPHQWDO YDOLGDWLRQ DW

VPDOO VFDOHN

&RQGXFW VPDOO DQG ODUJH VFDOH VHSDUDWH

HIIHFWV WHVWVN

'HYHORS QHZ GLDJQRVWLFV DQG VHQVRUV

IRU H[SHULPHQWDO PHDVXUHPHQW RI PXOWL�

SKDVH IORZV N

� 1RQ�LQYDVLYH

� )XOO�ILHOG� UDWKHU WKDQ

ORFDO RU DYHUDJHG

� ,QFUHDVH VSDWLDO DQG

WHPSRUDO UHVROXWLRQ

(QKDQFH FDSDELOLW\ IRU DQDO\VLV RI

UHVXOWV q

'HYHORS QHZ H[SHULPHQWDO PHWKRGV

DSSOLFDEOH WR ODUJH VFDOH IORZVq

.H\� N  7RS 3ULRULW\ q  +LJK 3ULRULW\r  0HGLXP 3ULRULW\

1XPHULFDO�VLPXODWLRQ�FDSDELOLWLHV�IRU�PXOWLSKDVH�&)'�VKRXOG�EH�GHYHORSHG�DW�WKUHH�OHYHOV�ZKLFK

SDUDOOHO�WKRVH�XVHG�LQ�VLQJOH�SKDVH�&)'���7KHVH�LQFOXGH�GLUHFW�QXPHULFDO�VLPXODWLRQ��'16���ODUJH

HGG\�VLPXODWLRQV��/(6���DQG�5H\QROGV�$YHUDJHG��5$��VLPXODWLRQV��VHH�6HFWLRQ�����&XUUHQW

6LWXDWLRQ����([WHQVLRQ�RI�WKHVH�VLQJOH�SKDVH�PHWKRGV�WR�PXOWLSKDVH�V\VWHPV�ZLOO�UHTXLUH�DQ

LQWHJUDWHG�HIIRUW�WKDW�LQYROYHV�GHYHORSPHQW�RI�QXPHULFDO�PHWKRGV��FRQVWLWXWLYH�WKHRU\�DQG

FRQFXUUHQW�H[SHULPHQWDO�YDOLGDWLRQ�

1XPHULFDO�0HWKRGV

8OWLPDWHO\��WKH�JRDO�LV�WR�GHYHORS�QXPHULFDO�FDSDELOLWLHV�WKDW�DUH�HIILFLHQW��DFFXUDWH�DQG�DOORZ

VLPXODWLRQ�RI�WKH�FRPSOLFDWHG�SDWWHUQV�LQYROYHG�LQ�FKHPLFDO�SURFHVVHV��H�J���PL[LQJ���ZLWK�WKH

DELOLW\�WR�PRGHO�FRQGLWLRQV�DV�WKH\�FKDQJH�RYHU�WLPH���5HVHDUFK�QHHGV�LQ�QXPHULFDO�PHWKRGV�ZLOO

KHOS�WR�RYHUFRPH�VRPH�RI�WKH�PRUH�FULWLFDO�EDUULHUV�DVVRFLDWHG�ZLWK�FXUUHQW�FRPSXWDWLRQDO�OLPLWV

DQG�DGYDQFHG�FRPSXWHU�DUFKLWHFWXUHV���)RU�H[DPSOH��WKH�GHYHORSPHQW�RI�DGDSWLYH�FRPSXWDWLRQDO

JULGV�DQG�LPSURYHG�SDUDOOHOL]DWLRQ�WHFKQLTXHV�ZLOO�HQDEOH�EHWWHU�LQWHJUDWLRQ�RI�&)'�ZLWK�KLJK

SHUIRUPDQFH�FRPSXWLQJ�SODWIRUPV���7KH�GHYHORSPHQW�RI�PRUH�HIILFLHQW��DFFXUDWH�DOJRULWKPV�DQG�
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Mid Term
(3-5 years)

Characterize/ 
model dense 
phase   N

Develop more 
efficient, 
accurate 
algorithms 
and solvers  
Μ

Characterize/ 
model dense 
phases (e.g., 
laminar / turbulent 
flows   N

Characterize/ 
model 
interactions 
between phases   
N

Develop reliable 
turbulence closures for 
multi-phase flows   N

Characterize boundary conditions 
and interactions (e.g. inlets and 
wall and interior surface 
interactions)   N

Experimental 
Validation

Numerical
 Methods

Phenomenology 
and Constitutive 

Relations

Near Term
(0-3 years)

All Time
Frames

Long Term
(5-10 years)

Develop relevant data sets 
for code verification and 
scaling   N

Incorporate 
complex 
geometry  Μ

Develop 
adaptive 
computational 
grids  Μ

Improve 
parallelization 
techniques  
Μ

Model 
changing 
positions of a 
free surface  
Φ

Characterize/ model 
chemistry and 
chemical coupling 
phenomenon for multi 
phase  Φ

Develop 
wrap-around 
optimization 
using 
large-scale 
CFD 
simulation and 
small 
parameter 
models  Φ

Develop 
chemistry 
models for 
volume and 
surface 
phenomenon  
Μ

Incorporate 
population 
balance Φ

Develop new 
experimental 
methods 
applicable to 
large scale 
flows  Μ

Enhance 
capability for 
analysis of 
results  Μ

Perform 
experimental 
validation at 
small scale  
N

Conduct small 
and large 
scale 
separate 
effects tests  
N

Develop new diagnostics 
and sensors for 
experimental measurement 
of multi-phase flows  N

Develop 
multiphase 
flow test beds

Develop models to 
customize complexity for 
user needs

E
xhibit 7-2.  R

esearch N
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im
e F

ram
e
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PDWKHPDWLFDO�VROYHUV�ZLOO�HQKDQFH�FRPSXWDWLRQDO�HIILFLHQF\�DQG�VSHHG���5HVHDUFK�ZLOO�DOVR�VWULYH

WR�RYHUFRPH�EDUULHUV�FUHDWHG�E\�WKH�ODFN�RI�XQGHUVWDQGLQJ�RI�EDVLF�FKHPLVWU\�DQG�SK\VLFV�RI

PXOWLSKDVH�IORZV��H�J���FKDUDFWHUL]DWLRQ�RI�FKHPLVWU\�DQG�FKHPLFDO�FRXSOLQJ�SKHQRPHQRQ��

,Q�WHUPV�RI�WLPH�IUDPHV�IRU�5	'��VHH�([KLELW�������HDUO\�SURJUHVV�LQ�WKH�GHYHORSPHQW�RI�GHQVH

SKDVH�PRGHOV�ZLOO�EH�HVVHQWLDO�WR�WKH�RYHUDOO�UHVHDUFK�SURJUDP�LQ�QXPHULFDO�PHWKRGV��

'HYHORSPHQW�RI�UHOHYDQW�GDWD�VHWV�IRU�YDOLGDWLRQ�DQG�VFDOLQJ�LV�QHHGHG�WKURXJKRXW�WKH�SURJUDP��

7KH�VDPH�LV�WUXH�IRU�FKHPLVWU\�DQG�FKHPLFDO�FRXSOLQJ�PRGHOV¥GHYHORSPHQW�VKRXOG�EHJLQ�ZLWK

OHVV�GHWDLOHG�PRGHOV�WKDW�DUH�FRQWLQXDOO\�LPSURYHG�LQ�WHUPV�RI�PRGHO�FRPSOH[LW\�DQG�IORZ

FRXSOLQJ��3DUDOOHOL]DWLRQ�LV�DQ�LPSRUWDQW�SDUW�RI�WKH�UHVHDUFK�SODQ��EXW�LV�QRW�WKH�SULPDU\�IRFXV�RI

HDUO\�ZRUN���,Q�WKH�DUHD�RI�RSWLPL]DWLRQ��ERWK�GLUHFW�RSWLPL]DWLRQ�XVLQJ�ODUJH�VFDOH�&)'

VLPXODWLRQV�DQG�¦VPDOO�SDUDPHWHU§�PRGHOV�WKDW�FDQ�EH�UXQ�VHSDUDWHO\�IURP�WKH�VLPXODWLRQ�ZLOO�EH

H[SORUHG���0RGHOLQJ�WKH�FKDQJLQJ�SRVLWLRQ�RI�D�IUHH�VXUIDFH��IRU�SRO\PHU�IORZV���GHYHORSLQJ

DGDSWLYH�FRPSXWDWLRQDO�JULGV�DQG�WKH�DELOLW\�WR�PRGHO�IORZV�DURXQG�FRPSOH[�JHRPHWULHV�ZLOO�EH�D

ORQJ�WHUP�HIIRUW�

3KHQRPHQRORJ\�DQG�&RQVWLWXWLYH�5HODWLRQV

&RQVWLWXWLYH�UHODWLRQV�DUH�QHHGHG�WR�DFFXUDWHO\�GHVFULEH�WKH�FKHPLFDO�DQG�SK\VLFDO�SKHQRPHQRQ

RFFXUULQJ�LQ�VSHFLILF�IOXLG�IORZV���7KH�GHYHORSPHQW�RI�DFFXUDWH�FRQVWLWXWLYH�UHODWLRQV�LV�D

FRQWLQXLQJ�SURFHVV�RI�LQWHUDFWLRQV�EHWZHHQ�GHULYDWLRQV�EDVHG�RQ�WKHRU\��VLPXODWLRQV��DQG

H[SHULPHQWV���7KH�DFFXUDF\�RI�FRQVWLWXWLYH�UHODWLRQV�PXVW�EH�GHPRQVWUDWHG�WKURXJK�D�YHULILFDWLRQ

SURFHVV�LQ�ZKLFK�VLPXODWLRQ�UHVXOWV�DUH�FDUHIXOO\�FRPSDUHG�ZLWK�GHWDLOHG�H[SHULPHQWDO�GDWD��

9HULILFDWLRQ�UHTXLUHV�VLPSOLILHG��LGHDOL]HG�H[SHULPHQWV�ZKLFK�DOORZ�RQH�IHDWXUH�RI�WKH�SURFHVV�WR

EH�LVRODWHG�DQG�H[DPLQHG���,Q�JHQHUDO��WKH�GHVLUH�LV�WR�REWDLQ�FRQVWLWXWLYH�UHODWLRQV�WKDW�DUH

DFFXUDWH��YHULILHG��VLPSOH��FRQVLVWHQW��KLHUDUFKLFDO��JHQHUDO��DQG�WKHRUHWLFDOO\�EDVHG���

,GHDOO\�UHVHDUFK�LQ�WKLV�DUHD�ZLOO�SURJUHVV�DORQJ�ZLWK�DQ�LQFUHDVHG�XQGHUVWDQGLQJ�RI�WKH�FKHPLVWU\

DQG�SK\VLFV�RI�PXOWLSKDVH�IORZV��H�J���PRGHOLQJ�RI�GHQVH�SKDVHV��FKDUDFWHUL]DWLRQ�RI�ERXQGDU\

FRQGLWLRQV��GHYHORSPHQW�RI�FKHPLVWU\�PRGHOV����7KH�GHYHORSPHQW�RI�UHOLDEOH�WXUEXOHQFH�FORVXUHV

IRU�PXOWLSKDVH�IORZV�DQG�WKH�LQFRUSRUDWLRQ�RI�SRSXODWLRQ�EDODQFH�ZLOO�HQKDQFH�FRPSXWDWLRQDO

HIILFLHQF\�DQG�LPSURYH�WKH�DFFXUDF\�DQG�UHOLDELOLW\�RI�UHVXOWV�

(DUO\�SURJUHVV�LQ�GHQVH�SKDVH�PRGHOV��DORQJ�ZLWK�GHYHORSPHQW�RI�UHOLDEOH�WXUEXOHQFH�FORVXUHV�

FKDUDFWHUL]DWLRQ�RI�ERXQGDU\�FRQGLWLRQV��LQOHWV�DQG�ZDOO�DQG�H[WHULRU�VXUIDFH�LQWHUDFWLRQV���DQG

PRGHOLQJ�RI�LQWHUDFWLRQV�EHWZHHQ�SKDVHV�ZLOO�EH�HVVHQWLDO�WR�WKLV�UHVHDUFK�DFWLYLW\���&KHPLVWU\

PRGHOV�ZLOO�EH�LPSRUWDQW�WKURXJKRXW�WKLV�UHVHDUFK��LQFOXGLQJ�GHYHORSPHQW�RI�PRGHOV�RI

LQFUHDVLQJ�FRPSOH[LW\�IURP�UHGXFHG�PRGHOV�WR�IXOO�FKHPLVWU\�ZLWK�VXUIDFH�FKHPLFDO�HIIHFWV�

([SHULPHQWDO�9DOLGDWLRQ

$�ZHOO�SODQQHG�H[SHULPHQWDO�SURJUDP�ZLOO�SURYLGH�YDOLGDWLRQ�RI�PRGHO�UHVXOWV�IRU�FRPSOH[

PXOWLSKDVH�IORZV�DQG�LQFUHDVH�WKH�XVHIXOQHVV�RI�UHVXOWV�WR�SODQW�HQJLQHHUV��HQKDQFLQJ�RYHUDOO

&)'�XVDELOLW\���([SHULPHQWDO�YDOLGDWLRQ�JRHV�KDQG�LQ�KDQG�ZLWK�UHVHDUFK�LQ�QXPHULFDO�PHWKRGV

DQG�FRQVWLWXWLYH�UHODWLRQV���([SHULPHQWDO�WHVWV�DW�D�VPDOO�VFDOH�DUH�QHHGHG�IRU�PRGHO�GHYHORSPHQW

DV�ZHOO�DV�FORVXUHV�IRU�WXUEXOHQFH��FKHPLVWU\��SKDVH�LQWHUIDFHV��DQG�ERXQGDU\�FRQGLWLRQV���/DUJH

VFDOH�H[SHULPHQWDO�PHDVXUHPHQWV�ZLOO�EH�HTXDOO\�LPSRUWDQW�IRU�YDOLGDWLQJ�PRGHO�SHUIRUPDQFH���$

VWURQJ�H[SHULPHQWDO�SURJUDP�LV�HVVHQWLDO�WR�WKH�RYHUDOO�UHVHDUFK�SODQ��DV�WKH�H[SHULPHQWDO



5HVHDUFK�1HHGV�������

PHDVXUHPHQWV�RI�PXOWLSKDVH�IORZV�DUH�H[WUHPHO\�GLIILFXOW�WR�REWDLQ�DQG�UHTXLUH�FDUHIXO�DQDO\VLV

ZKHQ�FRPSDULQJ�ZLWK�PRGHO�UHVXOWV�

7KH�RSWLPDO�PXOWLSKDVH�IORZ�GLDJQRVWLF�IRU�YDOLGDWLRQ�RI�PXOWLSKDVH�IORZ�PRGHOV�SURYLGHV�QRQ�

LQYDVLYH��IXOO�ILHOG��VSDWLDOO\��LQ�VSDFH��DQG�WHPSRUDOO\��RYHU�WLPH��UHVROYHG�PHDVXUHPHQWV�RI

YHORFLW\��SUHVVXUH��WHPSHUDWXUH��PDWHULDO�SKDVH��DQG�FKHPLFDO�FRPSRVLWLRQ���$�SRUWLRQ�RI�WKH

UHVHDUFK�SURJUDP�LV�GHVLJQHG�WR�RYHUFRPH�WKH�ODFN�RI�GLDJQRVWLFV�FXUUHQWO\�DYDLODEOH�IRU

SURYLGLQJ�LQIRUPDWLRQ�DW�WKLV�OHYHO���$�ZLGH�YDULHW\�RI�SK\VLFDO�WHFKQLTXHV��H�J���DFRXVWLF�

HOHFWULFDO��RSWLFDO��UDGLDWLRQ��VKRXOG�EH�H[DPLQHG�DV�SRVVLEOH�GLDJQRVWLF�WRROV���'HYHORSPHQW�RI

DGYDQFHG�PXOWLSKDVH�IORZ�WHVW�EHGV�ZLOO�EH�HVVHQWLDO�IRU�HYDOXDWLQJ�D�ZLGH�UDQJH�DQG�VFDOH�RI

IORZV��H�J���VL]H��YHORFLW\��DQG�FRQWUROOLQJ�IORZ�UHJLPHV���7KH\�ZLOO�VHUYH�DV�SODWIRUPV�IRU

HYDOXDWLQJ�GLDJQRVWLFV�DV�ZHOO�DV�DFTXLULQJ�GDWD�IRU�PRGHO�GHYHORSPHQW�DQG�YDOLGDWLRQ�
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���6XPPDU\

6XPPDU\�������

CFD Goals

&)'�FDQ�DVVLVW�WKH�GHVLJQ�DQG�RSWLPL]DWLRQ�RI�QHZ�DQG�H[LVWLQJ�SURFHVVHV�DQG�SURGXFWV���&)'

FDQ�DOVR�EH�XVHG�IRU�UHGXFLQJ�HQHUJ\�FRVWV��LPSURYLQJ�HQYLURQPHQWDO�SHUIRUPDQFH��DQG

LQFUHDVLQJ�SURGXFWLYLW\�DQG�SURILW�PDUJLQV���$OWKRXJK�VLQJOH�SKDVH�&)'�KDV�EHHQ�DSSOLHG�WR�JUHDW

DGYDQWDJH�LQ�WKH�DHURVSDFH��DXWRPRWLYH��DQG�SRZHU�LQGXVWULHV��WKH�FXUUHQW�SDFNDJHV�DYDLODEOH�DUH

OLPLWHG�IRU�XVH�LQ�WKH�FKHPLFDO�LQGXVWU\��SDUWLFXODUO\�IRU�UHDFWLQJ�DQG�RU�WXUEXOHQW�PXOWLSKDVH

IORZV���7KH�FKHPLFDO�LQGXVWU\�QHHGV�DGYDQFHG�&)'�VRIWZDUH�WKDW�FDQ�EH�XVHG�E\�D�EURDG�VHJPHQW

RI�WKH�FKHPLFDO�FRPPXQLW\�WR�VROYH�PRUH�FRPSOH[�IORZ�SUREOHPV���&)'�WRROV�IRU�WKH�FKHPLFDO

LQGXVWU\�QHHG�WR�EH�

& 9HUVDWLOH�¥�SRUWDEOH�WR�YDULRXV�PDFKLQHV��XVDEOH�E\�JHQHUDOLVWV�UDWKHU�WKDQ�MXVW�VSHFLDOLVWV�

VFDODEOH��UHOLDEOH��DQG�FRPSDWLEOH�ZLWK�FXUUHQW�FKHPLFDO�LQGXVWU\�GDWD�EDVHV�

& )XQGDPHQWDOO\�%DVHG�¥��FRQWDLQLQJ�PRUH�DQG�EHWWHU�SK\VLFV�FRXSOHG�ZLWK�FKHPLFDO

UHDFWLRQV��UDWKHU�WKDQ�QRQ�PHFKDQLVWLF�FRUUHODWLRQV�WKDW�DUH�QRW�VFDODEOH�

& ([SHULPHQWDOO\�9HULILHG�¥�VLPXODWLRQV�YDOLGDWHG�ZLWK�H[SHULPHQWDO�UHVXOWV�

& &RPSXWDWLRQDOO\�(IILFLHQW�¥�DGDSWDEOH�WR�PXOWLSURFHVVRU�ZRUN�VWDWLRQV�DQG�FOXVWHUV�RI

SURFHVVRUV��DEOH�WR�H[SHGLHQWO\�SURYLGH�XVHIXO�UHVXOWV�

& 8VHU�)ULHQGO\�¥�DFFRPSDQLHG�E\�SURIHVVLRQDO�WHFKQLFDO�VXSSRUW�WKDW�LV�DSSURSULDWH�IRU

LQGXVWULDO�HQJLQHHUV�DV�ZHOO�DV�UHVHDUFKHUV�

& ,QIRUPDWLRQ�7UDQVIHU�¥�LQFOXGH�PHFKDQLVPV�IRU�LQIRUPDWLRQ�GLVVHPLQDWLRQ�DQG�HGXFDWLRQDO

VXSSRUW�

The Road to Follow

:RUNVKRS�UHVXOWV�KDYH�GHPRQVWUDWHG�WKDW�SUHFRPSHWLWLYH�UHVHDUFK�DQG�GHYHORSPHQW�LV�QHHGHG�WR

DGYDQFH�WKH�VWDWH�RI�WKH�DUW�DQG�WR�EXLOG�FDSDELOLWLHV�IRU�FRPSXWLQJ�PXOWLSKDVH�IORZV���5HVHDUFK

VKRXOG�LQFOXGH�DFWLYLWLHV�LQ�QXPHULFDO�PHWKRGV�DQG�FRQVWLWXWLYH�WKHRU\�WR�DGYDQFH�FRPSXWDWLRQDO

FDSDELOLW\�IRU�UHDFWLYH�DQG�WXUEXOHQW�PXOWLSKDVH�IORZV���7KH�UHVHDUFK�DJHQGD�VKRXOG�LQFOXGH�D

ZHOO�LQWHJUDWHG�H[SHULPHQWDO�SURJUDP�WKDW�ZLOO�DOORZ�YDOLGDWLRQ�RI�PRGHOV�GHYHORSHG�IRU

SUDFWLFDO�FKHPLFDO�SURFHVVHV�

)RU�HIIHFWLYH�UHVRXUFH�OHYHUDJLQJ��ULVN�PLQLPL]DWLRQ��DQG�SURYLGLQJ�D�VWDEOH�EDVHOLQH�IRU�IXQGLQJ�

SUHFRPSHWLWLYH�UHVHDUFK�VKRXOG�EH�FRRSHUDWLYHO\�VXSSRUWHG�WKURXJK�WKH�FKHPLFDO�LQGXVWU\�

FRPPHUFLDO�VRIWZDUH�YHQGRUV��DQG�WKH�)HGHUDO�JRYHUQPHQW��'HSDUWPHQW�RI�(QHUJ\�DQG
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'HSDUWPHQW�RI�'HIHQVH����)RU�PD[LPXP�XVH�E\�LQGXVWU\��WKH�GHYHORSPHQW�SURFHVV�ZLOO�EH

GLUHFWHG�E\�WKH�WHFKQRORJ\�XVHUV���WKH�8�6��SHWURFKHPLFDO�LQGXVWU\�

,QGXVWU\�KDV�LGHQWLILHG�WKH�)HGHUDO�5	'�/DERUDWRU\�V\VWHP�DV�D�FDQGLGDWH�IRU�OHDGLQJ�&)'

WHFKQRORJ\�GHYHORSPHQW���$V�VXFK��)HGHUDO�VXSSRUW�RI�5	'�ODERUDWRULHV�IRU�&)'�GHYHORSPHQW�

RQ�EHKDOI�RI�LQGXVWU\��FRXOG�PD[LPL]H�WKH�UHWXUQV�RQ�WKH�5	'�LQYHVWPHQW���3URMHFW�VHOHFWLRQ�

FRQWURO��DQG�HYDOXDWLRQ�VKRXOG�EH�FDUULHG�RXW�E\�D�EURDG�FURVV�VHFWLRQ�RI�SRWHQWLDO�LQGXVWULDO

XVHUV���)HGHUDO�ODERUDWRULHV�FDQ�SDUWQHU�ZLWK�LQGLYLGXDO�LQGXVWULHV�IRU�WHFKQRORJ\�GHYHORSPHQW�

DQG�XQLYHUVLWLHV�FDQ�DGGUHVV�IXQGDPHQWDO�LVVXHV�LQ�WKH�GHYHORSPHQW�RI�WKLV�WHFKQRORJ\���

7KH�WHFKQRORJ\�FDQQRW�EH�ZLGHO\�DSSOLHG�ZLWKRXW�WKH�FXVWRPHU�VHUYLFH�DQG�VXSSRUW�EDVH�RI�WKH

VRIWZDUH�EXVLQHVV��DQG�WKHVH�EXVLQHVVHV�PXVW�EH�EURXJKW�LQWR�WKH�WHFKQRORJ\�SURJUDP�DV�VRRQ�DV

SRVVLEOH�



5HIHUHQFHV�������

5HIHUHQFHV

&0$ ����� 8�6� &KHPLFDO ,QGXVWU\ 6WDWLVWLFDO +DQGERRN ����� &KHPLFDO 0DQXIDFWXUHUV

$VVRFLDWLRQ� :DVKLQJWRQ� '�&�

'2& ����� ���� $QQXDO 6XUYH\ RI 0DQXIDFWXUHV� 8�6� 'HSDUWPHQW RI &RPPHUFH�

'2: ����� 7\OHU %� 7KRPSVRQ� ¦&RPSXWDWLRQDO )OXLG '\QDPLFV IRU WKH &KHPLFDO 3URFHVVLQJ

,QGXVWU\�§ -XQH ����� '2: &KHPLFDO &RPSDQ\� 0LGODQG� 0LFKLJDQ�

/$1/ ����� :� %ULDQ 9DQGHU+H\GHQ� 5HDFWLYH 0XOWLSKDVH )ORZ 6LPXODWLRQ :RUNVKRS 6XPPDU\�

/RV $ODPRV 1DWLRQDO /DERUDWRU\� -XQH ����� >/$�85��������@�

1$7/ ����� 7HFKQRORJ\ 5RDGPDS:RUNVKRS IRU WKH &KHPLFDO ,QGXVWULHV RI WKH )XWXUH �

&RPSXWDWLRQDO )OXLG '\QDPLFV DQG 0XOWLSKDVH )ORZ� 2FWREHU ����� PXOWLSOH DXWKRUV�

9,6,21 ����� 7HFKQRORJ\ 9LVLRQ ����� 7KH 8�6� &KHPLFDO ,QGXVWU\� ����� D FROODERUDWLYH HIIRUW RI WKH

$PHULFDQ &KHPLFDO 6RFLHW\� WKH &KHPLFDO 0DQXIDFWXUHUV $VVRFLDWLRQ� WKH &RXQFLO IRU

&KHPLFDO 5HVHDUFK� WKH $PHULFDQ ,QVWLWXWH RI &KHPLFDO (QJLQHHUV� DQG WKH 6\QWKHWLF

2UJDQLF &KHPLFDO 0DQXIDFWXUHUV $VVRFLDWLRQ� $YDLODEOH IURP WKH $PHULFDQ &KHPLFDO

6RFLHW\� :DVKLQJWRQ� '�&�
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$FNQRZOHGJPHQWV�������

$FNQRZOHGJPHQWV

7KH�FKHPLFDO�LQGXVWU\�DQG�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�JUDWHIXOO\�DFNQRZOHGJH�WKH�HIIRUWV�DQG

VXSSRUW�RI�QXPHURXV�LQGLYLGXDOV�ZKR�KHOSHG�WR�FUHDWH�WKLV�GRFXPHQW���7KH�IROORZLQJ�LV�D�OLVW�RI

FRQWULEXWRUV�IURP�FRPSDQLHV��JRYHUQPHQW�DJHQFLHV��QDWLRQDO�ODERUDWRULHV��DQG�DFDGHPLF

LQVWLWXWLRQV�

&O\GH�2��%HDVOH\��-U�

2DN�5LGJH�1DWLRQDO�/DERUDWRU\

'DQ�%XWOHU

/RV�$ODPRV�1DWLRQDO�/DERUDWRU\

3KLOLS�&ROHOOD

/DZUHQFH�%HUNHOH\�1DWLRQDO�/DE�

%UXFH�+��&UDQIRUG��-U�

8�6��'HSDUWPHQW�RI�(QHUJ\

&OD\WRQ�&URZH

:DVKLQJWRQ�6WDWH�8QLYHUVLW\

-DFN�'RUQLQJ

8QLYHUVLW\�RI�9LUJLQLD

-DPHV�$��)RUW

3DFLILF�1RUWKZHVW�/DERUDWRU\

(KU�3LQJ�+XDQJ�)X

8�6�'HSDUWPHQW�RI�(QHUJ\

:DOWHU�)XFKV

8�6��'HSDUWPHQW�RI�(QHUJ\

6XH�*HOGHUEORRP

'RZ�&RUQLQJ

3DXO�*LOOLV

'RZ�&KHPLFDO

0DUN�*ROGPDQ

6LOLFRQ�*UDSKLFV��,QF�

'RQ�+DUGHVW\

6DQGLD�1DWLRQDO�/DERUDWRULHV

-D\�+DUJUHDYHV

$PRFR�5HVHDUFK�&HQWHU

%LOO�+HDUG

([[RQ�5HVHDUFK�	�(QJLQHHULQJ�&R�

0LNH�+HQHVH\

,%0

0DUN�+ROPHV

6LOLFRQ�*UDSKLFV��,QF�

-RKQ�:��+RSVRQ

/RV�$ODPRV�1DWLRQDO�/DERUDWRU\

3KLO�+VLHK

$OFRD�7HFK�&HQWHU

(GZDUG�/��-R\FH��-U�

/RV�$ODPRV�1DWLRQDO�/DERUDWRU\

.DLODV�.DLODVDQDWK

1DYDO�5HVHDUFK�/DERUDWRU\

6DQJ�:RRN�.DQJ

8QLYHUVLW\�RI�&DOLIRUQLD

7KRPDV�$��.LWFKHQV��-U�

8�6��'HSDUWPHQW�RI�(QHUJ\

.RVWDV�.RQWRPDULV

'X3RQW�&HQWUDO�5HVHDUFK
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'LFN�/D5RFKH

6LOLFRQ�*UDSKLFV��,QF�

&ODUHQFH�/DZ

'X3RQW�&HQWUDO�5HVHDUFK

/XFLD�/LOMHJUHQ

3DFLILF�1RUWKZHVW�/DERUDWRU\

5REHUW�/\F]NRZVNL

$UJRQQH�1DWLRQDO�/DERUDWRU\

7KRPDV�-��2©%ULHQ

8�6��'HSDUWPHQW�RI�(QHUJ\

-RKQ�2OHVRQ

'RZ�&RUQLQJ

-DPHV�3DUN

2DN�5LGJH�1DWLRQDO�/DERUDWRU\

$UWKXU�&��5DW]HO��,,,

6DQGLD�1DWLRQDO�/DERUDWRULHV

0LNH�5RFR

1DWLRQDO�6FLHQFH�)RXQGDWLRQ

8SHQGD�6��5RKDWJL

%URRNKDYHQ�1DWLRQDO�/DERUDWRU\

&KDUOHV�5XVVRPDQQR

8�6��'HSDUWPHQW�RI�(QHUJ\

0DVVLPR�6DQJDOOL

$PRFR�&R�

3DXO�6HFKULVW

8QLYHUVDO�2LO�3URGXFWV

'HQQLV�1��6PLWK

8�6��'HSDUWPHQW�RI�(QHUJ\

3KLOLS�-��6PLWK

8QLYHUVLW\�RI�8WDK

3URIHVVRU�6DQNDUDQ�6XQGDUHVDQ

3ULQFHWRQ�8QLYHUVLW\

7\OHU�%��7KRPSVRQ

'RZ�&KHPLFDO�&RPSDQ\

-LP�7LSSHWW

'X3RQW�&HQWUDO�5HVHDUFK

5LFKDUG�$��9DOHQWLQ

$UJRQQH�1DWLRQDO�/DERUDWRU\

%ULDQ�9ROLQWLQH

8�6��'HSDUWPHQW�RI�(QHUJ\

(G�:ROIUXP

1DWLRQDO�5HQHZDEOH�(QHUJ\�/DE


