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ABSTRACT

In this thesis benchmarking was used to determine the accuracy of the injection molding
CAE software Moldflow™, The benchmarking data were obtained by experiments; the
visualized melt filling behaviors inside rib shape cavities, step-change cavities, and obstacle-pin
cavities with tapered thickness using a three-dimensional (3-D) glass-inserted mold. The
measured melt temperature distributions along the thickness direction using an integrated
thermocouple sensor was developed based on many different molding conditions. The database
includes all these important data in addition to material data generally required for numerical
simulation.

To determine the accuracy of the simulation software the following three characteristics
were compared: fill pattern, injection pressure at three locations, and temperature profile in the
runner just before the gate.

The results indicate that the Moldflow™ software makes some assumptions that cause
the simulation to be not entirely accurate; however the simulation does give a very good

understanding of how the mold cavity will fill.
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Figure 34-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl: CR3500 @ 6.3

CC/S IMJECHIOM TALE ...vveiuieeeeiieriieeeie et e e tee e et e et e eseresseeassneesseesssessbesntesanseasabeessaesssseensseanseeans 100
Figure 35-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl: CR4500 @
18.8 CC/S INJECHION TALE ...eerueeeriieeiieeiiaeiteeteeeeeesreesreesereessbe st e e seae st e e beessnbeesaneesasseeanseesnneanns 101
Figure 35-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl: CR4500 @ 18.8
CC/S INJECHION TALE ....eeveruriieerirreeiireeestreesasteeesureerastessaaesasassnesssssesssstessssessessssessesseseesssenenssnees 102
Figure 36-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl: CR4500 @
6.3 CC/S INJECHION TALE ..uvvveeririeeirrierieeeesirteeesueeresateeseaseeseveasssaesssseessssssessssresssnsssesnssssenssssens 103
Figure 36-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl: CR4500 @ 6.3
CC/S INJECHIOM TALE ...couvteieirieeiteciieiie ettt bt et e e e e e teras e e ese s r e b e sabe st e sbeeabesertesbeeamee e s enabenmeenane 104
Figure 37-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl: 700GP @
18.8 CC/S INJECTION FALE «..eveeeveeeieeiieieeieeesiteeeeireeestteeebteeessbeesssbeasssesessaseaeeassssaasessssnesrssaneasssees 105
Figure 37-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl: 700GP @ 18.8
CC/S IMJECHION TALE .....veereieeineriereireeereesree st e e et e et e saueeeane e s beesate s st esastesasteeneteennseaeaneesaneesaneesane 106
Figure 38-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl: 700GP @
6.3 CC/S IMJECHION TALE ....eevuveeuririiiriiiiiiiiiteereret et eereerstebeset e e e e st etesaseseeesseeneeeastesueesreeoneesseesanen 107
Figure 38-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl: 700GP @ 6.3
CC/S INJECHIOMN TALE ...c.evieuviiriienitietieee et eteete et et e st esteebe st esteteesbesateembesaseeabesneeenseesneesasesseennne 108
Figure 39-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl: 2000GP @
18.8 CC/S TNJECLION TALE .....eviiuriiriireeerrrreerieeeeerteeesteeeesitreeessaeesssaeessssseesssseassasssaessassssesssssesanses 109
Figure 39-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl: 2000GP @ 18.8
CC/S INJECTION TALE ...covvveeeeriiieieiieerieecrteet e reee e est e st e e se s st e sse e bes bt e st e e e enbe s see st esneesareessesanesseeeans 110
Figure 40-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl: 2000GP @
6.3 CC/S INJECHIOMN TALE ....evveeeeiereeeieireeiiteeesireeeerereesaereesassaeessssaessaeeasssesssssesesssssessesssnesssssssensssees 111
Figure 40-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl: 2000GP @ 6.3
CC/S INJECHION TALE ..eevvereruieeeuieieieerieesianeseeessneesseressnsessnesssesesssesssssssesessesasssssnssesasseessssssssesnsssnens 112
Figure 41a — Experimental Flow Pattern — 4 mm parallel rib cavity..........c.ccoeeeeivrivnncnnnenne 113
Figure 42a — Experimental Flow Pattern — 2 mm parallel rib cavity.........cccceevervrnicnncancnn. 114
Figure 43a — Experimental Flow Pattern — 2 mm parallel rib cavity...........ccccococevniiiiicnnnnn. 115
Figure 44a — Experimental Flow Pattern — 4 mm parallel rib cavity........c.ccccoevvverecrerncennnnnn. 116
Figure 45a — Experimental Flow Pattern — 2 mm perpendicular rib cavity..........ccccceeeeennenn. 117
Figure 46a — Experimental Flow Pattern — 4 mm perpendicular rib cavity.........ccccccovvvennenn. 118
Figure 47a — Experimental Flow Pattern — 2 mm perpendicular rib cavity.........cc.cccovevernenenn. 119
Figure 48a — Experimental Flow Pattern — 4 mm perpendicular rib cavity.........cccccevvcvvrrunenn. 120
Figure 49a — Experimental Flow Pattern — Obstacle pin cavity J-2000GP ...........c.cccccoueeee... 121
Figure 50a — Experimental Flow Pattern — Obstacle pin cavity CR-3500..........ccccceceevrenenne 122
Appendix B — Pressure Profile at Three Locations............ccccoceeiniiniciiiininiincneeeceeecscneennee 123

iX



Figure 1b - Pressure profile at three locations in Obstacle Pin cavity, mtl: 700GP @ 37.7 cc/s
INJECHON TALE. .c..veeveeiieetieeiienitesreseeeereetteestesereesee st esat et e s st e s e e st e asasetaeubesmtesaseesbaeasassbasbaensesseen 123

Figure 2b - Pressure profile at three locations in Obstacle Pin cavity, mtl: 700GP @ 6.3 cc/s
INJECHION TALE. ... vt eueeetteieeiteeieeeie ettt e bt et e s st et et sttt e e e beasatesatesabanasessbeastesbnenbeeseeabens 123

Figure 3b - Pressure profile at three locations in Obstacle Pin cavity, mtl: 2000GP @ 37.7 cc/s
IMJECHION TALE...c.nuveruteetteeittee et e e et ce e et e et s st e e et e sttt e et e s s e e s netesaaeesaseeanbeeenneeesbeaseeenaeesanee 124

Figure 4b - Pressure profile at three locations in Obstacle Pin cavity, mtl: 2000GP @ 6.3 cc/s
IMECLION TALE....cuueeeneiieeiiaritersteeteeeeste e st e e s ee e n e e et e e e r e e seeeesstesseeesaeeaanseesssaasssassssnasssaensneesssesan 124

Figure 5b - Pressure profile at three locations in Obstacle Pin cavity, mtl: CR3500 @ 37.7 cc/s
INJECTION TALE...ceuuvteneeieeitieiieesiteeece et eemte e et e e e et e s ete e e s eeesbaeesaeaesseeeaaeee st aansesaseaensaeennaeeaseenes 125

Figure 6b - Pressure profile at three locations in Obstacle Pin cavity, mtl: CR3500 @ 6.3 cc/s
INJECHION TALE....eeuierureerieeeiteesteeste e saeesteesae s st s bt e s bbssane e s e e et e embee e seeessee e seeesseenbeeenseenssnennn 125

Figure 7b- Pressure profile at three locations in Obstacle Pin cavity, mtl: CR4500 @ 37.7 cc/s
IJECTION TALE....ceuuueieniteeeuieeeiieee e st e eee e e e st e st e et es e e e s e e e s bt e atessabeeaseteanbeeeneeeeaaeaemeaeaseeensteanns 126

Figure 8b - Pressure profile at three locations in Obstacle Pin cavity, mtl: CR4500 @ 6.3 cc/s
INJECHION TALE......eeiviiereeieiieeeitee et et ettt st st r e e s at e et et e e bt eabeenae e st e st enseasbeensessnennees 126

Figure 9b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: CR3500 @ 37.7
CC/S INJECHIOM TALE .....veeeuvieriiiieiieireeeinee st e e eee st et e e e st e e eabe e bt e e bt e e nre e e se e abe e mressuaeeaseeanneans 127

Figure 10b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: CR4500 @
3777 CC/S INJECHION TALE .....eeeeenieriiiieiiiett ettt ettt sbe et st s st e sstesebeesa e e b e sabesneeeneentessnees 127

Figure 11b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: CR4500 @ 6.3
CC/S INJECHION TALE ..e.ueeeneeeneeieieeeiieiee sttt ebe et sb e et et s b e sstesae e eberanessae et e saeesneetesant e 128

Figure 12b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: 2000GP @
37.7 CC/S INJECHION TALE ...eneeeeieieiiiiiiiiite ettt et ete et e et e e e ae e s e e e eneee s e e e s e e e eneesaneennneennns 128

Figure 13b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: CR3500 @ 6.3
CC/S IMJECHIOM TALE ..cvvveruienieeiieieere ettt sttt sateset e st e st sats e b e s e reebsesateebe s bt eaneenaesaeesaees 129

Figure 14b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: 700GP @ 6.3
CC/S IMJECHION FALE .. .vveeevreeerrerierersseeesreeareeeassesansesaseeeaseae st ee st asseeesseeesseteeasaeensteenseeestensstenseeanns 129

Figure 15b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: 700GP @ 37.7
CC/S INJECHION TALE ..e.uveeeeeeereeireieeiee e eiteeteesre st esbessse e bee st ete et esstesseasanesatesasessasentesstenstensesnsees 130

Figure 16b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl: 2000GP @ 6.3
CC/S INJECHION TALE ...euveineieiireeieenieeire ettt ettt bbb n s s rssas e b s s sas s s sa e b s e saeesanes 130

Figure 17b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: CR3500
@ 18.8 CC/S INJECHOMN TALE.....cocueeeiiririiiriciiccee ettt sb e s e e e sane s rn s st e sans 131

Figure 18b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: CR3500
@ 6.3 CC/S INJECHON TALC......eourerereeeneinreriieiete it eeeiteere et sr e e s b s e s b e s as b san s as b 131

Figure 19b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: CR4500
@ 18.8 CC/S INJECHION TALE.....ccoreerniiiiiiiiiiiiiie ittt et ae et 132

Figure 20b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: CR4500
@ 6.3 CC/S INJECHON TALC....veuveeereeiierneetiieret ettt re e et assr s e b st srn s b b srn e sn b sanennes 132



Figure 21b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: 700GP
@ 18.8 CC/S INJECHION TALE......c..eeeiiieireriteiireesreesireasiresereesibesessesssasansssessesessseessssesssasessaesssnennes 133

Figure 22b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: 700GP
@ 6.3 CC/S INJECLION TALC......eeveeerierirrerrieieiiereiesteereeseesssesteesseessesseesssesssesaassasssseessessesseessanes 133

Figure 23b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: 2000GP
@ 18.8 CC/S INJECHION TALE ...cuviiueiiiueiuiieieeeeteeteeeieeteesteeeeeeteeutebeeabeeneeeassesseesaeeensesasaenseenseensannns 134

Figure 24b - Pressure profile at three locations in 2 mm perpendicular rib cavity, mtl: 2000GP
@ 6.3 CC/S INJECHIOMN TALE.......eeuveeirireiiesieirreeateeateseaeesseessssassaesseaesssssessesssssessssnsassesassesssansass 134

Figure 25b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: CR3500 @
37T CCIS INJECHIOM TALE ...ttt ettt see e see st e ese e san e estesateesbeesbtesanesatensesnneen 135

Figure 26b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: CR3500 @ 6.3
CC/S IMJECHIOML TALE ....uveiviiiniiiiteieiteeit e et e s e e st e st e st e ebeeeaseeuteenaeeesat e e bteasabeesantesssneensneesnnesnns 135

Figure 27b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: CR4500 @
37.7 CC/S INJECHON TALE ......veeeuiiiiaiiriieiitieeereesreesreesteestnesbeesteessseessensessrsenssessssesssaesssessseannns 136

Figure 28b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: CR4500 @ 6.3
CC/S IMJECHON TALE ..cevveeneeieieerieeeniersteesaeessaeesteessseesuatesbaessseesseeessaesssesssseassseesssnsesssessssessnnans 136

Figure 29b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: 700GP @ 37.7
CC/S IMJECHON TALE ...ttt ettt ettt et sbe st bt et e saesetesat e e e bt e e e seemeennenseene 137

Figure 30b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: 700GP @ 6.3
CC/S INJECHION TALE ....ouviivietieiieeriteeee st eeit et e ette et e sute s st e sbeesueesbesbte bt esstesabesstesntesneesaneaneesmnesneenns 137

Figure 31b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: 2000GP @
37.7 CCIS INJECHION TALE ....uveeeniieeiiieiiieeitieentteeeteeeereeseseesseneessasesaesssaesssnassseesssseessseesssserassessssesns 138

Figure 32b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl: 2000GP @ 6.3
CC/S TNJECHION TALE ... eeeeeniieeeeiieiaeitiee e itie e e ettt eeeeaeeesarbeessabaaeaseseesasaeeessenaessseesessssenessansesssnsseranse 138

Figure 33b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: CR3500
@ 18.8 CC/S INJECLION TALE......cecueeeriieirieeiieeriteeereesraesseesateeseseseaesnnesebeeaseesaneeessseessenensenesannens 139

Figure 34b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: CR3500
@ 6.3 CC/S INJECION TALC......cerueerueerrerrerierieeeieesiesteeteeeesenesstetessesstesaseebeseseeeseesinesseasssesenonns 139

Figure 35b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: CR4500
@ 18.8 CC/S INJECION TALE......coeueerierreeeeieeeiiterieerneesree s e e see s e e e s eeseneesseesesasesaasessanesannens 140

Figure 36b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: CR4500
@ 6.3 CC/S INJECLION TALC......eeeuveeeirrtiereeieesieenteeeesiee st eee et eeesaeessesseasseesabessnesossosseesasesnesaeons 140

Figure 37b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: 700GP
@ 18.8 CC/S INJECION TALE......eeueeriiirieireeireerieesreerseesbeeeareesaatesaeesseeessreesmereeebeenessssnsassnesnaeos 141

Figure 38b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: 700GP
@ 6.3 CC/S INJECHION TALC.....cccuvreeeeiieeeirreeeiieeeseireeessreessaaeseesseessnnesssaneessssssesseseneessansesesmessanes 141

Figure 39b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: 2000GP
@ 18.8 CC/S INJECLION TALE......eevueeeiurerrireririeeireeereeaeeeereesastesabeesseesaneesraeeanssasssesssasssssesssaessnenes 142

Figure 40b - Pressure profile at three locations in 4 mm perpendicular rib cavity, mtl: 2000GP
@ 6.3 CC/S INJECHION TALC...ccuueeeuereriieritrerisieranteeaeeesneeeereeeseeeeeensessbeessssesssseesansesnrassnssentnsassean 142



Figure 41b — Experimental data of Pressure profile at three locations in obstacle pin cavity,

ML J-2000GP ...ttt e e 143
Figure 42b —- Experimental data of Pressure profile at three locations in 4 mm parallel rib
cavity, Mtl: CR-2500.......cccooiiiiiiiiceceeteeete et s e et e e beesae e e e saeasaaestaenaas 144
Figure 43b — Experimental data of Pressure profile at three locations in 4 mm perpendicular
rib cavity, mtl: CR-2500 .....c.cccoiiiiiieeceereeeee et re et e et naae s rae e 144
APPENAIX € -TADIES ...ttt ee ettt e e s bt e et e e e s e e e be e sseeerbeasbaensaeean 145
Table 1 — Pressure at different locations in obstacle pin Cavity.........cccoeverrvirceerreerereeeseenne 145
Table 2 — Peak injection pressure in obstacle pin CaVILY .......ccveevverrieeriieencieeniesieesiiessresnns 146
Table 3 - Fill time comparison in obstacle pin Cavity ........ccceveerieevierieeiiesieseeeeee e 146
Appendix D —Temperature at FIOW FrOnt........c.cccocoiriiiirieeiiecece et seee e 147
Figure 1d - Temperature at flow front in obstacle pin cavity, mtl: J700GP @ 37.7 cc/s ....... 147
Figure 2d - Temperature at flow front in obstacle pin cavity, mtl: J700GP @ 6.3cc/s .......... 147
Figure 3d - Temperature at flow front in obstacle pin cavity, mtl: J2000GP @ 37.7 cc/s ..... 148
Figure 4d - Temperature at flow front in obstacle pin cavity, mtl: J2000GP @ 6.3 cc/s ....... 148
Figure 5d - Temperature at flow front in obstacle pin cavity, mtl: CR3500 @ 37.7 ccf/s....... 149
Figure 6d - Temperature at flow front in obstacle pin cavity, mtl: CR3500 @ 6.3 cc/s......... 149
Figure 7d - Temperature at flow front in obstacle pin cavity, mtl: CR4500 @ 37.7 cc/s....... 150
Figure 8d - Temperature at flow front in obstacle pin cavity, mtl: CR4500 @ 6.3 cc/s......... 150
Figure 9d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR3500 @ 37.7 cc/s
................................................................................................................................................. 151
Figure 10d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR4500 @ 37.7 cc/s
................................................................................................................................................. 151
Figure 11d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J2000GP @ 37.7 cc/s
................................................................................................................................................. 152
Figure 12d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J700GP @ 37.7 cc/s
................................................................................................................................................. 152
Figure 13d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR3500 @ 6.3 cc/s
................................................................................................................................................. 153
Figure 14d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR4500 @ 6.3 cc/s
................................................................................................................................................. 153

Figure 15d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J700GP @ 6.3 cc/s154
Figure 16d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J2000GP @ 6.3 cc/s

................................................................................................................................................. 154
Figure 17d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl: CR3500 @ 18.8
CC/S ettt ettt s b et e b ettt e b e R s e b s eR e Rt e bt e e b s s e ae e e Rt e ern e e e ane e bb e e e 155

xii



Figure 18d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl: CR3500 @ 6.3
CC/S ittt ettt et et st bt e b e et e a b e s ae e bt e e e r e et ebe e et e beeeaas 155

Figure 19d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl: CR4500 @ 18.8
CC/S ittt ettt ettt e bt st e et et et e bt e s be e e bt e e b besh b e e be e et be e eseense e e sn et e neeaenseenteeaane 156

Figure 20d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl: CR4500 @ 6.3
CC/S ettt e h bt be bt e b s breeb e e s hae st saaas 156

Figure 21d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl: J700GP @ 18.8
CC/S ittt ettt ettt sttt et et e e e e e et e b s be e b s e e sn e e nbeseabeessaeeaabeeeareene 157

Figure 22d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl: J700GP @ 6.3
CC/S ottt ettt et b e bt ettt e eb ek e et e s e b e bt e en e e st e s n e et e e areenheenaean 157

Figure 23d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl: J2000GP @
I8LB CC/S ettt sttt h ettt ettt b e sra et naneeaee 158

O/ S ettt e sttt eeeeeeeuaeereseeatastaeraeseane e retseaanan—aereraanaaeteeanenn—aaarareerraanrasarereanarareerrnaarseeenranas 158

................................................................................................................................................. 159

Figure 30d - Temperature at flow front in 4 mm parallel rib cavity, mtl: JJOOGP @ 6.3 cc/s161
Figure 31d - Temperature at flow front in 4 mm parallel rib cavity, mtl: J2000GP @ 37.7 cc/s

Figure 33d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: CR3500 @ 18.8
CC/S ettt ettt ettt ettt ettt ettt R et e a b bbbt sb s n e e b e s n e e s sae s e s e a b s eaes 163

Figure 34d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: CR3500 @ 6.3
CC/S ettt ettt e a et a e a e e 163

Figure 35d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: CR4500 @ 18.8
CC/S ittt ettt b s ek a bbb st e bR b e e e e ere e tbeeaes 164

Figure 36d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: CR4500 @ 6.3
CC/S ettt ettt et et e ettt e et a e e et e e et a e e b bbbt e a e b e e b e s s rs e e ers e e saeeaen 164

Figure 37d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: J700GP @ 18.8
CC/S tureirrieeitees it e esttesete et e e ta e teeeste e sae e sae e s et e et e e ne e bt s e R e s b b et ae e r et e Rt s e e e e e s re e e ab e s bt e esbbeeons 165



Figure 38d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: JJ700GP @ 6.3

CC/S 1ttt et sa bbbt e st b e R e e b e e e b e n e e b s ne e 165
Figure 39d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: J2000GP @
L8.8 CO/S ettt b e b e st s b e na e 166
Figure 40d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl: J2000GP @ 6.3
CC/S ettt ettt st e e s e bt s e e b e e e b e e e be et e et e s b ae e s ebean e s s e e e s e rne e s ante s 166
Appendix E — Engineering Drawings of Caviti€s........ceecceeeviierieniiieenieenieeneenceercee e 167
Figure 1e — Engineering Drawing of Obstacle Pin Cavity ......c.cccoevviiiiiiiniicniicnnieeneereeeee 167
Figure 2e — Engineering Drawing of 2 mm Parallel Rib Cavity.........cccceeervieiiiiieenennecneneeen. 167
Figure 3e — Engineering Drawing of 4 mm Parallel Rib Cavity.......cccccceeveiniicriiiincnnncnnen. 168
Figure 4e — Engineering Drawing of 2 mm Perpendicular Rib Cavity.........c.ccccocveenenininnn 168
Figure Se — Engineering Drawing of 4 mm Perpendicular Rib Cavity........cc.ccccoooeevninininnnn. 169
Biographical Sketch of AUtROT .........oocviiiiiiiiiie ettt 170

Xiv



I. Introduction

A remarkable development in the injection molding process is the application of
computer simulation to part and mold design, material selection, and process control. Before
computer simulation became available, the large number of interactive process variables limited
the molding engineer's ability to predict accurately the outcome of a particular set of design
parameters, material selections, and processing conditions. Furthermore, many engineers are not
aware of the limitations of plastics that are imposed by inappropriate design and processing. The
results were often poor performance, over-design, high costs, and missed project milestones. In
today's competitive climate, these approaches have become increasingly inadequate and
inefficient when applied to the molding of larger, more complex, more precise, and costlier parts,
to the processing of new materials, or to emerging processes. It is a misconception to think that
OEM designers are performing mold filling simulations all the time. In most instances, the
designers focus on components, not on tools. It is most often the toolmaker or molder who puts
in runner systems and gates and sizes for shrinkage. If these considerations were part of the

initial design, production problems would be greatly reduced.

In these days, more and more commercial products are made of plastics. There are two
major reasons. The first reason is the useful inherent property of plastics materials, such as
lightness, cheapness, toughness, chemical resistance, etc. The second reason is the simplicity,
flexibility, and speed of the shaping operations into useful objects. Injection molding is one of
the major processes for plastics forming. Injection molding has good features for mass
production of complicated parts, such as automated process, high degree of dimensional

accuracy, and good reproducibility of production. Now injection molding has an increasing



global market for industrial parts, such as automobile parts, medical devices, computer data

storage compact disk (CD), digital video disk (DVD), optical lenses, and others.

Traditionally, in injection molding, engineers use trial-and-error method to figure out the
optimal molding conditions. However, it is very time consuming and costly to perform this trial-
and-error method. To make the parts more cost effective, we need to seek a more efficient way to
do this work. CAE (Computer Aided Engineering) is a very useful and common tool used in

industry to substitute the traditional trial-and-error method.

CAE is a technology using computer software to simulate and analyze the complicated
process. Injection Molding CAE can simulate the molding filling/packing/cooling processes
without doing any molding trial. The simulation results provide valuable graphical information
such as filling pattern, cavity temperature, cavity pressure, shear stress, mold outside temperature
distribution, etc. From these results, engineers can predict some possible problems, such as weld
line location, flow problem, air trap position, etc. Accordingly, the cost in mold design can be
optimized and the time-to-market can be minimized as well. Injection Molding CAE is yet to be
perfected. The CAE system is required to be more user friendly, that is simpler and easier to use,
shorter simulation time, more seamless integration with CAD software, improved accuracy in

simulation results, and enhanced material data/database.

Review of Basic Injection Molding

In this thesis, the fundamental knowledge of injection molding is reviewed below:
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Figure 1. A single screw injection-molding machine

The injection system consists of a hopper, a reciprocating screw and barrel assembly, and
an injection nozzle as seen in figure 1 above. This system confines and transports the plastics as
it progresses through the feeding, compressing, degassing, melting, injection, and

packing/cooling stages.
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Figure 2. A typical molding system

A mold is a tool used for shaping a plastics product. It is the most important part of a

molding machine. The mold is an arrangement, in one assembly, of one/some vacant cavity



spaces built to the shape of the desired product, with the purpose of producing large numbers of
plastics parts. Thus the primary purpose of the injection mold is to determine the final shape of
the molded part. The mold design, construction, and cooling channel arrangement largely
determine the quality of the parts and its manufacturing cost. Figure 2, above, is an example of a

typical mold. Figure 3, below, shows the molded parts with the runner system still attached.

Branch Runner

Figure 3. The molded system includes a delivery system and molded parts
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(1) Filling/Injection Phase

The plastics material is heated to a hot molten state in the injection-molding machine.
The screw moves toward the runner in the mold. The nozzle is opened, and the material is

injected into the cavity of the mold by the forward motion of the screw.
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(2) Packing Phase

As soon as the material is injected in the mold, it begins to cool and solidify, because it
contacts the cold mold surface. Additional material is fed into the mold by packing pressure in

order to compensate for part shrinkage until the sprue has frozen.

(3) Cooling Phase

The part is then cooled in the mold. During a cooling phase, most of a dissipated thermal

energy is removed by coolant in the cooling lines via a heat convection mechanism.

— SN0 o= AR

(4) Mold opening/Part ejection Phase



When the molded part is cool and solid enough, the mold opens and the molding is
ejected from the cavity with assistance from an ejector system inside the mold. This completes a

cycle and the next production cycle can begin.
Figure 4. Injection Molding Process

Injection molding is a cyclic process, consisting of the filling, packing, cooling phases.
During the injection molding process, the machine undertakes a sequence of operations in a

cyclic fashion. A process cycle is one complete operation of an injection-molding machine.
Basic Principles of Injection Molding CAE Simulation
1. Geometric Modeling

In traditional 2.5D CAE, the injection-molded solid object is represented by a 2.5D
surface model, called mid-plan model, to perform simulation. Surface modeling or solid
modeling could create this mid-plane model. The former can be performed in one of the CAE
module called pre-processor, whereas using 3D CAD can do the latter. The former requires a
great amount of time and effort investments in surface modeling, and the latter requires extra
effort to correct the geometric error due to file transformation from solid model to surface model.
On the contrary, in 3D CAE, solid element will be used in simulation. The geometric modeling
can be performed in 3D CAD and then imported into 3D CAE pre-processor. Since 3D CAE is
based on the true geometric shape of the injection-molded part, no geometry simplification is
needed as in 2D CAE. In addition, no extra effort is required to correct the error due to file

transformation as in 2D CAE.



2. Meshing

After the geometric modeling is done, the geometry model will be meshed into many
partitions, called elements, in order to perform flow calculations. The meshed geometry model
is called analysis model. For 2.5D CAE, a two-dimensional shell-type element is utilized,
whereas 3-dimesional solid elements will be used in 3D CAE. It is noted that in 2D CAE the

thickness has to be assigned in element properties, by the user.

3. Mechanical Modeling

The simulation of mold filling process for molten polymer within the mold cavity is very

complex and challenging in computer modeling. The inherent difficulties include:

1. The associated non-isothermal

2. Non-Newtonian and transient fluid flow

3. Moving boundary

4. Temperature-dependent viscosity of the polymer melt

5. The irregular shape of the mold cavity.

2.5D Mathematical Formulation

During the injection filling stage, the following assumptions are adopted:

1. Molten plastics flow is incompressible (Ve v = 0)



2. Pseudo-steady state flow
3. Viscous flow behavior
4. Fully developed flow

5. Part is thin. No flow component in gap-wise direction and velocity gradient is only considered

in gap-wise direction (z-direction)

6. Molten plastics flow behaves as generalized Newtonian flow
7. Neglect of conventional heat transfer

8. 1-dimensional heat conduction

Based on these assumptions, the governing equations of the filling process are governed

by:
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3D Mathematical Formulation

During the injection filling stage, the following assumptions are adopted:

1. Molten plastics flow is incompressible

2. Pseudo-steady state

3. Viscous flow behavior

4. Fully developed flow

5. Molten plastics flow behaves as generalized Newtonian flow

6. Neglect of conventional heat transfer

7. 3-dimensional heat conduction

Based on these assumptions, the governing equations of the filling process are by
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JP azvy azvy 82vy ;
—_—= + +
ay ax2 8y2 822 ( )
Z-component
2 2 2
dP 9 v d v 0 v
LSRR PR @®
9z Jdx dy dz
Energy Equation
3T 2T a1 a7 2
pC — =« 5+ + + 1y 9
Pat ax"  3yr a3

Where properties p, |, Cp and x are density, viscosity, specific heat and thermal
conductivity, respectively. Vector V; denotes velocity. Scalar P and T stand for pressure and

temperature, respectively. Note that shear rate isWefined as

(10
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During the post-filling, the governing equation and the associated assumptions still
hold, except the assumption of incompressible flow in filling phase is no longer valid in post-

filling stage. We must include the compressibility into the governing equations. That is,

V e v =0 is not valid.

ﬁ
_( ) an
at

Precise experimental data such as cavity filling patterns, temperature, pressure profiles,
etc. are important for the verification of numerical simulation results. Murataa & Yokoi[1] have
been conducting a research project on CAE benchmarking, aiming to construct a database on
melt filling patterns, melt temperatures, and pressure distributions for CAE verification bench
mark tests on injection molding. In their experiments, they visualized melt filling behaviors
inside rib shape cavities, step-change cavities, and obstacle-pin cavities with tapered thickness
using a three-dimensional (3-D) glass-inserted mold. They also measured melt temperature
distributions along the thickness direction using an integrated thermocouple sensor they
developed under many different molding conditions. The database includes all of these important

data in addition to material data generally required for numerical simulation.
In this thesis, Moldflow™ CAE software will be validated using:

1. The melt filling patterns

11



2. Melt pressure distribution

3. Melt temperature distribution along the cavity thickness

Inside an obstacle-pin cavity with tapered thickness and cavities with various rib patterns

from the database constructed.
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II. Literature review

The continued improvement of the Injection molding process drives injection molding
CAE software manufactures to continually improve their softwares as well. This drives research
which both promotes improvement and provides data to validate the assessments. In this
Literature review a research papers will be reviewed for the research that has been done which is
relevant to this thesis. The paper will be used to support and show contrast to the conclusions of
this thesis.

In a research paper by Gelotte and Broadbent [2007] two parameters guided their study:
flow patterns and injection pressures of actual molded parts and molding simulation software
predictions. In this study the short shot method was used for the “actual” flow pattern and
machine readout was used for the actual injection pressure. The short shot method is when a
percentage of the amount of material necessary to fill the mold is injected and cooled to show
how the mold will fill at 10%, 20%, 50%, etc. This method is widely used because of how easy it
is to perform, however it does not simulate a true molding environment and therefore is not
entirely accurate. However this study did find a way to increase the accuracy of the injection
pressure prediction of the software by manipulating the Heat Transfer Coefficient (HTC). By
adjusting the HTC value in the software Gelotte el al. were able to increase the accuracy of the
injection pressure predictor to within 29.5% of the actual molding pressure. This is an
improvement over the 40% difference seen in this thesis without adjusting the HTC. As for the
results of the short shot method vs. Moldflow™ the same differences that have been observed in
this thesis are seen here. The Moldflow™ “simplifies” the shape of the flow front, when in
reality the flow reacts very sensitively to the differences in the cavity geometry. For example in

figure 2 of the research paper at 24.98% filled the short shot shows that when the melt front

13



reached the top edge of the part it “race tracked” for approximately half the length of the part
leaving the rest of the part barely filled. In contrast the Moldflow™ simulated fill at 24.98%
shows that the flow front splits flow fronts which are moving through the part at an even pace.
At 50% these observations are still valid: the short shot now has two “race tracks” top and
bottom, and the Moldflow™ simulation is practically flat across with only a slight “race track”
near the top edge.

The research done by Gellote el al. [2007] shows how CAE injection molding softwares

can improve with just a little research in the right areas.
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I11. Methodology

Since this thesis was only looking at the accuracy of the CAE software Moldflow™ MPI
the procedure that was followed, in molding the parts and record the data that was used in this
thesis will not be included. The procedure used to gather the data that is used in this study is
cited in either Database for Validation of Numerical Simulation Results in Melt Filling Process
by Murata and Yokoi, or Visualization Analysis of Flow Front Behavior During Filling Process
of Injection Mold Cavity by Two Axis Tracking System by Yokoi, Masuda and Mitsuhata.
To run the simulations:

1. The five parts being examined were first modeled in SolidWorks™ without the runner

system

2. The models were then saved as .stl files, and then imported into MPL

3. The models were meshed using a mid plane mesh because the parts are very simple

geometries that can be simulated well with this type of mesh. A global edge length of

Imm was used to get a mesh that was fine enough to show a smooth flow front, but not

so fine that it took too long to run.

4. The runner system was created using beams, the runner was given one element per mm

length.

5. The next step was to set the material and process settings.

6. For the process settings, the injection rate controlled was used and set to 6.3 cm’/s,

18.8 cm®/s, or 37.7 cm’/s depending upon which study was being evaluated.

7. The four materials that were used for this experiment are two PPs by Idemitsu

Petrochemical Co., Ltd - grades J-2000GP (low viscosity) and J-700GP (high viscosity)

15



and two GPPSs by Dainippon Ink and Chemical, Inc. grades - CR-3500 (low viscosity)
and CR-4500 (high viscosity).

8. The rest of the settings, such as melt temperature etc., were left at the MPI default
setting.

9. Then the simulations were run.

The simulations took between two and 15 minutes, depending upon the study and if

multiple simulations were running at the same time.
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IV. RESULTS and DISCUSSION

The data from the Moldflow™ simulations appear in the Appendices.
Analysis of Flow path and Fill time

When comparing the pictures of the fill pattern generated by the Moldflow™ simulation
to the sketches generated with the experimental data it was clear that the simulation became
more accurate the further it was away from the gate. The only area in all of the forty comparisons
that was significantly different was the fill pattern just past the gate, (Figures 4a and 49a). The
experimental sketch was more arced than in the simulation. That is, the simulation represented
the forward and transverse flow close in velocity, and the experiment showed the forward
velocity was higher than the transverse velocity. Also the fill time comparison was very accurate;
the Moldflow™ simulations averaged 7.59% lower than the experimental data with a 1.38%
standard deviation.

Comparison 1 is a side by side contrasting of all of the available flow pattern figures from
the research done by Yokoi, Masuda and Mitsuhata and the Moldflow™ simulations. In all of
these comparisons the image(s) on the left are from Moldflow™ simulations and the
experimental data is on the right. In the Moldflow™ images the contours were all set to the

maximum of 100.
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Comparison 1 — Obstacle Pin Cavity, J-2000GP at 37.7 cc/s
In this comparison it is clear that in the Moldflow™ simulation (left) that the speed of the

flow front was moving faster in the longitudinal direction and slightly more slowly in the
transverse direction, but in the experimental data (right) the flow was slightly faster in the
longitudinal direction. This could be due to momentum exhibited by the actual flow front not
accounted for by the assumptions, in the Moldflow™ software, that the polymer exhibited a
perfect fountain flow. Also in this comparison it becomes clear that for future analysis it would

be more accurate to have the contour setting in Moldflow™ be adjustable by time increments.
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Comparison 2 — Obstacle Pin Cavity, J-2000GP at 6.3 cc/s
Now it is clear that the assumption of fountain flow was not perfect; the flow front moves

longitudinally slightly faster than transverse. Also on the left side of the cavity, in the
experimental image, the flow was slowed by the wall and created an arc. That happens to a much
lesser extent in the Moldflow™ image and in some contours did not occur at all. Lastly, in the
experimental image, the area just to the right and past the obstacle pin showed two distinct flow
fronts that eventually merged to form one flow front, that is not the case in the Moldflow™
simulation, the flow fronts merge almost immediately after the obstacle pin indicating a much
smaller weld line which could influence a designer to disregard a possible weak point. In reality

the weld line will be larger and weaker and might cause a failure.
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(‘omparison 4 — Obstacle Pin Cavity, CR-3500 at 6.3 cc/s
In Comparisons 3 and 4 there are further examples of what was explained in comparisons

1 and 2. In short, at the gate the flow was not a perfect fountain the longitudinal speed was faster

than the transverse speed, two flow front existed after the obstacle pin for a longer period of time

20



than Moldflow™ showed, and the resistance by the left wall of the cavity created another small

flow front on the left side of the part.
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Comparison 5 — 2 mm Parallel Rib Cavity, J-2000GP at 37.7 ce/s

The cavities with 2 mm ribs running parallel to the flow showed some of the same
differences as the obstacle pin cavity. First, the resistance from both the left and right walls
created small arcs in the flow front, in the experimental image, which did not appear in the
Moldflow™ image. Also, the effect of the rib on the flow front after the rib was not seen in the
Moldflow™ image like it was in the experimental image. In the experimental image the flow
front, from mid-way through the rib to the end of the cavity, looked like an “m” with two distinct
flow fronts. In the Moldflow™ image the flow front at the rib looks like a “v”, and was
completely flat across after the rib. Also, the observation about the longitudinal speed being
higher than the transverse speed from the obstacle pin cavity seemed to be holding true to all the
simulations in all cavity types. This observation was further confirmed in the side view, in the

experimental image the flow front arched so the flow front hit the top of the rib before filling the
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near corner. In the Moldflow™ image the contours showed that the polymer flowed up the near

wall of the rb filling the corner first.
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Comparison 7 — 2 mm Parallel Rib Cavity, CR-3500 at 37.7 cc/s
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Comparison 8 — 2 mm Parallel Rib Cavity, CR-3500 at 6.3 cc/s
Comparisons 6, 7, and 8 all showed the same differences that were seen in comparison 5.

Those differences were;
1. Faster longitudinal flow than transverse flow
2. “M” shape flow from the rib to the end of fill in the experimental image
3. “V” shape flow in the rib section of the Moldflow™ image

4. A flat flow front at the end of fill in the Moldflow™ image.
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Comparison 9 — 4 mm Parallel Rib Cavity, J-2000GP at 37.7 cc/s

In the comparisons of cavities with a 4 mm thick rib parallel to flow a much different
flow pattern than in the cavities with a 2 mm thick rib parallel to flow was observed. First, in the
experimental image, the flow from the start of the rib to the end of fill had three fronts, with the
middle front being the fastest, after the rib the middle front became wider and by the end of fill
only the two side fronts existed. In the Moldflow™ image the flow had the shape of an arrow,
with only one front which, after the rib ends, quickly faded to a flat flow front. As in the other
cavities longitudinal speed of the flow front was faster than the transverse speed. One possible
explanation why there was only the one flow front in the Moldflow™ image was because the
simulation was only affected by the rib and not the resistance of the cavity wall that created

fronts on either side of the rib.
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Comparison 10 — 4 mm Parallel Rib Cavity, J-2000GP at 6.3 cc/s
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Comparison 11 — 4 mm Parallel Rib Cavity, CR-3500 at 37.7 cc/s
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Comparison 12 — 4 mm Parallel Rib Cavity, CR-3500 at 6.3 cc/s

In comparisons 10, 11, and 12 the same differences were observed in comparison 9. In
short, Moldflow™ showed one flow front in the rib area becoming one after the rib ended while
the experimental image showed three fronts in the rib becoming two after the end of the rib at the
high injection rate and one at the low injection rate, and the longitudinal flow speed was slightly
higher than the transverse which was not shown by Moldflow™. An additional observation was
that Moldflow™ showed, like in the experimental image, that the flow front slowed down
significantly in the area with the rib. Also the flow front at the end of fill was more accurate in

the Moldflow™ image when the injection rate was slow.
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Comparison 13 — 2 mm Perpendicular Rib Cavity, J-2000GP at 18.8 cc/s

In the cavities with 2 mm ribs perpendicular to flow the Moldflow™ simulation was very
close to the experimental image. The only differences were that, as in all of the cavities thus far,
the longitudinal flow speed was faster than the transverse speed and the flow front in the
experimental image had a slight “m” shape while the Moldflow™ image showed a flat flow

front.
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Comparison 14 —~ 2 mm Perpendicular Rib Cavity, J-2000GP at 6.3 cc/s
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Comparison 15 — 2 mm Perpendicular Rib Cavity, CR-2500 at 18.8 cc/s

28



Glzse L4660 Wetar
wee  Full packing bmas  ide

e ’ 54

i

“13ya

ﬁ L 730
[

Hate

Comparison 16 — 2 mm Perpendicular Rib Cavity, CR-2500 at 6.3 cc/s

In comparisons 14, 15, and 16 the differences are the same as in comparison 13. One
additional observation is that Moldflow™ showed a good representation of the flow front

slowing down and speeding up as it passed and filled the ribs.
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Comparison 17 — 4 mm Perpendicular Rib Cavity, J-2000GP at 18.8 cc/s

The differences between Moldflow™ and experimental images in the cavities with 4 mm
ribs perpendicular to flow are the same as in the cavities with 2 mm ribs perpendicular to flow
except the slowing and surging of the flow front due to the ribs was much more significant than
in the cavities with 2 mm ribs perpendicular to flow. The thickness of the base was only 2 mm;
so when the front reached a rib there was three times the area to fill as before the rib, causing the

significant fluctuations in flow front speed.

30



NS ——

P ——

Dliss
sio

P pBs

Mot

tFult packng e sxde

243
7 o j63
.
80
4 & 54
o 45
hR| -
i3 T T
Lo o SO EL
] o e
LI e )
‘0 ﬁ-l
N
c TUII T
B - 09
15 oo
8 5303
a
Gate

Comparison I8 — 4 mm Perpendicular Rib Cavity, J-2000GP at 6.3 cc/s
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Comparison 19 — 4 mm Perpendicular Rib Cavity, CR-2500 at 18.8 cc/s
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Comparison 20 ~ 4 mm Perpendicular Rib Cavity, CR-2500 at 6.3 cc/s

The differences among comparisons 18, 19 and 20 were the same as comparison 17.
Also, as in all of the other comparisons, Moldflow™ did not show that the longitudinal speed of
the flow front was slightly faster than the transverse speed as in the experimental images.

It became a concern that these evaluations were not accurate because of the assumptions
made by the software while using a mid-plane mesh type. It is generally assumed that when
using a mid-plane mesh that the friction due to the side walls is negligible due to the small
surface area in comparison to the top and bottom surfaces. Therefore the friction on the walls is
considered to be zero. In order to disprove that this assumption was the cause of the results that
have been seen throughout these past twenty comparisons one 3D mesh was made to verify the
flow patterns in the mid-plane meshed analyses. Below is a side by side comparison of the 3D

meshed Moldflow™ analysis and the experimental data.

32



0 955
{Full packing time}

Thickpe=-~-. ™~ ' {Thin
sige -, Yside

L Yes

o5

\‘\( D4

Gate

Comparison 21 — 3D meshed Obstacle Pin Cavity, J-2000GP at 37.7 cc/s

The 3D meshed analysis eliminates any concerns that the mesh type is affecting the
results of the rest of the study. It is clear in this comparison that the 3D mesh type shows that the
plastic flow will be equal in the transverse and longitudinal directions, which is disproven by the

experimental data.

Analysis of Peak Injection Pressure

After conducting a comparison of the data generated by the Moldflow™ simulation to the
experimental data it was clear that the simulated data was just that, simulated. The simulated
peak injection pressure, on average, was almost 40% lower than the experimental data with
approximately a 9% standard deviation. This could be because of a countless number of
variances that could have been occurring during the experiment that the simulation does not
account for. However, even though the simulation could be looked at by a person untrained in
injection molding as inaccurate, the simulation gave an engineer considerable information about

how a part will be molded before the mold is ever built.
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Furthermore, the simulated injection profile at the three given locations in the experiment
was difficult to compare to the Moldflow™ simulation. In Appendix C there is a chart of the
injection pressures at only locations P1 and P2 in the obstacle pin cavity. P1 was the runner
pressure and P2 was the pressure 30mm from the edge of the part. The data showed that the
simulated pressures at the given locations, on average, were only approximately 4% varied from
the experimental data. However, the standard deviation of the percent difference was over 14%,
indicating that the simulation was not extremely accurate and once again can only be used to get
an idea of what will occur while molding. The simulation could not to be taken as an exact
representation of what will occur. Also, the data used to calculate these differences were
extrapolated from the graphs, which added a degree of error.

Below is a side-by-side comparison of four pressure profiles from the experimental data

in three different cavities, with two materials, and three injection rates.
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Comparison 22 — Obstacle Pin cavity, mtl: J-2000GP

In this side-by-side comparison it is clear that the Moldflow™ simulation was similar,
however not very accurate. The peak of P1 was approximately 8.9 MPa in the Moldflow™

simulation and only 7.25 MPa in the experimental data. The peak of P2 in the simulation is
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approximately 5.8 MPa and only 4.5 MPa in the experimental data. One reason for the major
difference in the appearance of P3 is due to the different scale that P3 followed on the graph of
the experimental data. In the graph generated by Moldflow™ the P3 was at the same scale as P1
and P2 therefore it appears to be much different than in the Moldflow™ simulation. However the
picture was much clearer when looking at Figure 2b, which is the Moldflow™ generated graph
at a larger scale. In Figure 2b it became clear just how inaccurate the simulation was, P1, P2, and

P3 all peak around 12 MPa. All followed a nearly vertical rise around the 10™ second of
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Comparison 23 — Obstacle Pin cavity, mtl: J-2000GP

Unlike the previous comparison it was immediately obvious how inaccurate this
simulation was. The only, somewhat, redeeming factor to this simulation was that it agreed with
the experimental data that around the 2" second of injection the pressure at P3 would increase
very rapidly. All other aspects of this simulation were inaccurate. Figure 1b showed this same
simulation data at a larger scale. This figure shows that the pressure at P1, P2, and P3 all
increased at roughly the same time and rate and all plateau and peak at roughly the same time

and pressure. This did not agree at all with the experimental data.
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Comparison 24 — 4 mm perpendicular rib cavity, mtl: CR-3500

In this comparison the simulation had a similar shape as the experiment but upon a closer
look it was clear that the simulation was very inaccurate. Figure 33b showed the same simulation
data at a larger scale, in the simulation we see that P1, and P2 both have only dropped
momentarily and will peak much higher. Also, their initial peaks at 14MPa and 9.5 MPa,
respectively, were significantly lower than the experimental data of 23 MPa and 16 MPa,

respectively.
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This side-by-side comparison appeared to be the closest to the experimental data, but
only before taking a deeper look at the simulation. Figure 26b shows that, as in all the other
comparisons, the pressure at P1, and P2 dipped and then peaks much higher than in the
experimental data. Also the initial peaks of P1, and P2 in the Moldflow™ simulation were 13

MPa and 10 MPa, respectively, compared to 11 MPa and 5 MPa in the experimental data.

Another occurrence in these comparisons was that at the slow injection rates the
simulation predicted a higher peak pressure than in the experiment. The higher injection rates
predicted a lower peak pressure than in the experiment. Also, the time at which the pressure
peaked was predicted accurately by Moldflow™ in the majority of cases. The side-by-side
comparisons show the simulated data is not identical to the experimental data, but offers some
insight into what will happen before the mold was ever built. This can be an enormous cost

saving tool that will also help ensure high quality products every time.
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V. CONCLUSIONS

In conclusion, this comparison of a Moldflow™ simulation to experimental data was a
good indicator that CAE software was used by Engineers to gain knowledge about how a plastics
part would mold before the mold was ever built. The results should not be taken as an exact
representation of the quality of the actual molded parts. CAE software, in general, cannot include
inputs for every imaginable variable that can change how the simulated action will occur. The
conditions during the experiment could have been varying slightly, this could cause the high
percenta difference that was seen in the peak injection pressure. The fill time, fill pattern, and
pressure at given locations simulations were fairly accurate and would be very useful to a
product design engineer trying to bring a part to market.

For further improvement of the mold filling simulation Moldflow™ should make it
possible to create contours by time interval to make more easily comparisons with further
experimental. Also, the assumption of perfect fountain flow has been disproven by the
experimental data used here; this should also be taken into account in future software
improvement to predict better the end of fill and possible air traps and weld lines.

CAE software is used by engineers who have been trained to know how the process being
simulated is supposed to occur and who are able to decipher good simulated data from bad. CAE
software is constantly improving and without a doubt future injection molding CAE software
will be so able to predict accurately final products that it will become the standard to use the

software before ever building a mold.
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VI. RECOMMENDATIONS

Flow line comparison is very difficult because Moldflow™ uses a number of contours
and the study puts a line every (x) seconds. This makes the observations only approximate and
not exact. If Moldflow™ were to make it possible to create flow front lines spaced by time
increments future analysis of the software accuracy would be greatly improved and help
Moldflow™ to make its software as accurate as possible.

The assumption of fountain flow is not perfect; it appears that longitudinal flow is
slightly faster than transverse flow due to possibly momentum or another force. This should be

accounted for to ensure accurate air trap, end of fill, and weld line predictions.
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Appendix A - Flow Patterns
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Figure 3a - Flow Front Profile in Obstacle Pin cavity, mtl: 2000GP @ 37.7 cc/s
injection rate
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Figure 4a - Flow Front Profile in Obstacle Pin cavity, mtl: 2000GP @ 6.3 cc/s
injection rate
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Figure 5a - Flow Front Profile in Obstacle Pin cavity, mtl: CR3500 @ 37.7 cc/s
injection rate
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Figure 9-2a - Flow Front Profile in 2 mm parallel rib cavity, mtl: CR3500 @ 37.7
cc/s injection rate
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Figure 12-1a - Flow Front Profile (side) in 2 mm parallel rib cavity, mtl: CR4500 @
6.3 c¢/s injection rate
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Figure 12-2a - Flow Front Profile in 2 mm parallel rib, mtl: CR4500 @ 6.3 cc/s
injection rate
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Figure 13-1a - Flow Front Profile (side) in 2 mm parallel rib cavity, mtl: 700GP @
37.7 cc/s injection rate
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Figure 13-2a - Flow Front Profile in 2 mm parallel rib cavity, mtl: 700GP @ 37.7
cc/s injection rate
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Figure 14-1a - Flow Front Profile (side) in 2 mm parallel rib cavity, mtl: 700GP @
6.3 cc/s injection rate
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Figure 14-2a - Flow Front Profile in 2 mm parallel rib cavity, mtl: 700GP @ 6.3 cc/s
injection rate
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Figure 15-1a - Flow Front Profile (side) in 2 mm parallel rib cavity, mtl: 2000GP @
37.7 cc/s injection rate
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Figure 15-2a - Flow Front Profile in 2 mm parallel rib cavity, mtl: 2000GP @ 37.7
cc/s injection rate
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Figure 16-1a - Flow Front Profile (side) in 2 mm parallel rib cavity, mtl: 2000GP @
6.3 cc/s injection rate
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Figure 16-2a - Flow Front Profile in 2 mm parallel rib cavity, mtl: 2000GP @ 6.3
cc/s injection rate
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Figure 17-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
CR3500 @ 18.8 cc/s injection rate
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Figure 17-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity, mtl:
CR3500 @ 18.8cc/s injection rate
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Figure 18-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
CR3500 @ 6.3 cc/s injection rate

67



moldflow

Movpriow PLasTcs siGHT

Scale (100 mm)

Filt time
=1102}s]

[s]

1102!
WY

8 268
55612
2756

00000

90
0
0
Z

Figure 18-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity, mtl:

CR3500 @ 6.3 cc/s injection rate
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Figure 19-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
CR4500 @ 18.8cc/s injection rate
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Figure 19-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity, mtl:
CR4500 @ 18.8 cc/s injection rate
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Figure 20-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
CR4500 @ 6.3 cc/s injection rate
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Figure 20-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity., mtl:
CR4500 @ 6.3 cc/s injection rate
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Figure 21-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
700GP @ 18.8cc/s injection rate
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Figure 21-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity, mtl:
700GP @ 18.8cc/s injection rate
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Figure 22-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
700GP @ 6.3 cc/s injection rate
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Fisure 22-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity, mtl:
T00GP @ 6.3 cc/s injection rate
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Figure 23-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
2000GP @ 18.8 cc/s injection rate
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Figure 23-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity, mtl:
2000GP @ 18.8 cc/s injection rate
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Figure 24-1a - Flow Front Profile (last rib) in 2 mm perpendicular rib cavity, mtl:
2000GP @ 6.3 cc/s injection rate

79



Fill time
=11 40(s)

[s]

1140

5549
[t et bt I

5699
SR ————
st ]
T e R -

L 2850
) I

ﬁl [ 1%__;

Movrpriow Puasncs InsiGHT Scale (100 mm)

co8

Figure 24-2a - Flow Front Profile (top) in 2 mm perpendicular rib cavity, mtl:
2000GP @ 6.3 cc/s injection rate
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Figure 25-2a - Flow Front Profile (top) in 4 mm parallel rib cavity, mtl: CR3500 @
37.7 cc/s injection rate
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Figure 26-1a - Flow Front Profile (side) in 4 mm parallel rib cavity, mtl: CR3500 @
6.3 cc/s injection rate
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Figure 26-2a - Flow Front Profile (top) in 4 mm parallel rib cavity, mtl: CR3500 @
6.3 cc/s injection rate
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Figure 27-1a - Flow Front Profile (side) in 4 mm parallel rib cavity, mtl: CR4500 @
37.7 cc/s injection rate
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Figure 27-2a - Flow Front Profile (top) in 4 mm parallel rib cavity, mtl: CR4500 @
37.7 cc/s injection rate
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Figure 28-1a - Flow Front Profile (side) in 4 mm parallel rib cavity, mtl: CR4500 @
6.3 cc/s injection rate
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Figure 28-2a - Flow Front Profile (top) in 4 mm parallel rib cavity, mtl: CR4500 @
6.3 ccfs injection rate
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Figure 29-1a - Flow Front Profile (side) in 4 mm parallel rib cavity, mtl: 700GP @
37.7 cc/s injection rate
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Figure 29-2a - Flow Front Profile (top) in 4 mm parallel rib cavity, mtl: 700GP @
37.7 cels injection rate
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Figure 30-1a - Flow Front Profile (side) in 4 mm parallel rib cavity, mtl: 700GP @
6.3 cc/s injection rate
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Figure 30-2a - Flow Front Profile (top) in 4 mm parallel rib cavity, mtl: 700GP @
6.3 cc¢/s injection rate

92



Fill time
=1706(s]

1706

1279

08529

/ ({ / .

i e

_ ;' / /

] —
n-

0

moldflow” . . : -

Movoriow PLasmcs Insior Scale (40 mm)

Figure 31-1a - Flow Front Profile (side) in 4 mm parallel rib cavity, mtl: 2000GP @
37.7¢cc/s injection rate
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Figure 31-2a - Flow Front Profile (top) in 4 mm parallel rib cavity, mtl: 2000GP @

37.7ce/s injection rate
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Figure 32-1a - Flow Front Profile (side) in 4 mm parallel rib cavity, mtl: 2000GP @
6.3 cc¢/s injection rate
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Figure 32-2a - Flow Front Profile (top) in 4 mm parallel rib _cavity, mtl: 2000GP_@
6.3 cc/s injection rate

96



Fill time
=4.138(s]

4138

3104

2.069

1035

et T e T ™ v

00000

moldflow . . P

MoLpriow PLasTics ISIGHT Scale (40 mm)

Figure 33-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl:
CR3500 @ 18.8 cc/s injection rate
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Figure 33-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl:
CR3500 @ 18.8 cc/s injection rate
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Figure 34-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl:
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Figure 34-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl:
CR3500 @ 6.3 cc/s injection rate
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Figure 35-1a - Flow Front Profile (1ast rib) in 4 mm perpendicular rib cavity, mtl:
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Figure 35-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl:
CR4500 @ 18.8 cc/s injection rate
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Figure 36-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl:
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Figure 36-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl:
CR4500 @ 6.3 cc/s injection rate
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Figure 37-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl:
700GP @ 18.8 cc/s injection rate
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Figure 37-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl:

700GP @ 18.8 cc/s injection rate
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Figure 38-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl:
700GP @ 6.3 cc/s injection rate
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Figure 39-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl:
2000GP @ 18.8 cc/s injection rate

109



_moldflow

Mororiow Pusncs Isiaet

UV |

St o e vy e

Scale {100 mm)

Filt time
= 4 257{s]

{s]

4257

3193
2128
1064

00000

90
0
0

Figure 39-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl:

2000GP @ 18.8 cc/s injection rate
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Figure 40-1a - Flow Front Profile (last rib) in 4 mm perpendicular rib cavity, mtl:
2000GP @ 6.3 ce/s injection rate
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Figure 40-2a - Flow Front Profile (top) in 4 mm perpendicular rib cavity, mtl:
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Appendix B — Pressure Profile at Three Locations
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Figure 1b - Pressure profile at three locations in Obstacle Pin cavity, mtl: 700GP @
37.7 ce/s injection rate
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Figure 2b - Pressure profile at three locations in Qbstacle Pin cavity, mtl: 700GP @
6.3 cc¢/s injection rate
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Figure 3b - Pressure profile at three locations in Obstacle Pin cavity, mtl: 2000GP
@ 37.7 cc/s injection rate
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Figure 4b - Pressure profile at three locations in Obstacle Pin cavity, mtl: 2000GP
@ 6.3 cc/s injection rate
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Figure 5b - Pressure profile at three locations in Obstacle Pin cavity, mtl: CR3500
@ 37.7 cc/s injection rate
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Figure 6b - Pressure profile at three locations in Qbstacle Pin cavity, mtl: CR3500
@ 6.3 cc/s injection rate
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Figure 7b- Pressure profile at three locations in Obstacle Pin cavity, mtl: CR4500 @
37.7 cce/s injection rate
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Figure 8b - Pressure profile at three locations in Obstacle Pin cavity, mtl: CR4500
@ 6.3 cc/s injection rate
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Figure 9b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
CR3500 @ 37.7 cc/s injection rate
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Figure 10b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
CR4500 @ 37.7 cc/s injection rate
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Figure 11b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
CR4500 @ 6.3 cc/s injection rate
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Figure 12b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
2000GP @ 37.7 cc/s injection rate

128



27007 Pressure:XY Plot A N1337

B N376
@® N68

20 257

MPa

1350

6 7507

00000~

4000 9500 1500 20 50 26 00
Timefs]

Figure 13b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
CR3500 @ 6.3 cc/s injection rate
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Figure 14b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
700GP @ 6.3 cc/s injection rate
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Figure 15b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
T00GP @ 37.7 cc/s injection rate
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Figure 16b - Pressure profile at three locations in 2 mm parallel rib cavity, mtl:
2000GP @ 6.3 cc/s injection rate
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Figure 17b - Pressure profile at three locations in 2 mm perpendicular rib cavity,
mtl: CR3500 @ 18.8 cc¢/s injection rate
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Figure 18b - Pressure profile at three locations in 2 mm perpendicular rib cavity
mtl: CR3500 @ 6.3 cc/s injection rate
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Figure 19b - Pressure profile at three locétions in 2 mm perpendicular rib cavity,
mtl: CR4500 @ 18.8 cc/s injection rate
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Figure 20b - Pressure profile at three locations in 2 mm perpendicular rib cavity,
mtl: CR4500 @ 6.3 cc¢/s injection rate
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Figure 21b - Pressure profile at three locations in 2 mm perpendicular rib cavity,
mtl: 700GP @ 18.8 cc/s injection rate

21007

A N1765

15757

10 507

MPa

$ 2507

000007 v T
5000 9750 14 50 1925 2400

Time|s] y
-

Figure 22b - Pressure profile at three locations in 2 mm perpendicular rib cavity,
mtl: 700GP @ 6.3 cc/s injection rate
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Figure 23b - Pressure profile at three locations in 2 mm perpendicular rib cavity,
mtl: 2000GP @ 18.8 cc/s injection rate
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Figure 24b - Pressure profile at three locations in 2 mm perpendicular rib cavity
mtl: 2000GP @ 6.3 cc/s injection rate
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Figure 25b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl:
CR3500 @ 37.7 cc¢/s injection rate
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Figure 26b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl:
CR3500 @ 6.3 cc/s injection rate
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Figure 27b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl:
CR4500 @ 37.7 cc/s injection rate
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Figure 28b - Pressure profile at three locations in 4 mm parallel rib cavitv, mtl:
CR4500 @ 6.3 cc/s injection rate
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Figure 29b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl:
700GP @ 37.7 ¢c/s injection rate
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Figure 30b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl:
700GP @ 6.3 cc/s injection rate
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Figure 31b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl:
2000GP @ 37.7 cc/s injection rate
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Figure 32b - Pressure profile at three locations in 4 mm parallel rib cavity, mtl:
2000GP @ 6.3 cc/s injection rate
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Figure 33b - Pressure profile at three locations in 4 mm perpendicular rib cavity,
mtl: CR3500 @ 18.8 cc/s injection rate
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Figure 34b - Pressure profile at three locations in 4 mm perpendicular rib cavity,
mtl: CR3500 @ 6.3 cc/s injection rate

139



28007

Pressure:XY Plot A N2449
B N423
® N532

21007

14 00

MPa

7 0001

000007 b

2 000 6 000 1000 14 00 18 00

Time[s]
-

Figure 35b - Pressure profile at three locations in 4 mm perpendicular rib cavity,
mtl: CR4500 @ 18.8 cc/s injection rate
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Figure 36b - Pressure profile at three locations in 4 mm perpendicular rib cavit
mtl: CR4500 @ 6.3 cc/s injection rate
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Figure 37b - Pressure profile at three locations in 4 mm perpendicular rib cavity,
mtl: 700GP @ 18.8 cc/s injection rate
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Figure 38b - Pressure profile at three locations in 4 mm perpendicular rib cavity,
mtl: 700GP @ 6.3 cc/s injection rate
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Figure 39b - Pressure profile at three locations in 4 mm perpendicular rib cavity,
mtl: 2000GP @ 18.8 cc/s injection rate
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Figure 40b - Pressure profile at three locations in 4 mm perpendicular rib cavity,
mtl: 2000GP @ 6.3 cc/s injection rate
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Appendix C -Tables

Table 1 — Pressure at different locations in obstacle pin cavity

Pressure at location(Mpa)
Experiment Moldflow
P1 Percent Difference
J-2000/6.3 5.1 6.0 -8.11%
J-2000/37.7 7.1 6.2 6.77%
J-700/6.3 9.9 11.9 -9.17%
J-700/37.7 9.8 8.5 7.10%
CR-3500/6.3 8.1 8.2 -0.61%
CR-3500/37.7 9.2 8.4 4.55%
CR-4500/6.3 10.0 14.0 -16.67%
CR-4500/37.7 10.1 13.0 -12.55%
P2
J-2000/6.3 4.2 4.1 1.20%
J-2000/37.7 6.0 4.0 20.00%
J-700/6.3 8.5 4.0 36.00%
J-700/37.7 7.9 5.0 22.48%
CR-3500/6.3 6.8 5.8 7.94%
CR-3500/37.7 7.8 5.8 14.71%
CR-4500/6.3 8.0 10.0 -11.11%
CR-4500/37.7 8.5 8.4 0.59%
Avg. 3.94%
Std. Dev. 14.28%
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Table 2 — Peak injection pressure in obstacle pin cavity

Peak Injection Pressure
Experiment Moldflow Percent Difference
J-2000/6.3 3500 1750 33.33%
J-2000/37.7 4900 2400 34.25%
J-700/6.3 5200 2500 35.06%
J-700/37.7 6800 3400 33.33%
CR-3500/6.3 5800 2800 34.88%
CR-3500/37.7 7500 2900 44.23%
CR-4500/6.3 9800 3300 49.62%
CR-4500/37.7 11500 3400 54.36%
Avg. 39.88%
Std. Dev. 8.36%

Table 3 — Fill time comparison in obstacle pin cavity

Fill Time(s)

Experiment Moldflow Percent Difference
J-2000/6.3 11.25 10.05 5.63%
J-2000/37.7 1.92 1.712 5.73%
J-700/6.3 11.85 10.16 7.68%
J-700/37.7 1.98 1.724 6.91%
CR-3500/6.3 11.65 9.846 8.39%
CR-3500/37.7 1.95 1.624 9.12%
CR-4500/6.3 11.85 9.877 9.08%
CR-4500/37.7 1.98 1.68 8.20%
Avg. 7.59%
Std. Dev. 1.38%
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Appendix D -Temperature at Flow Front

l Temparature at flow front
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Figure 1d - Temperature at flow front in obstacle pin cavity, mtl: J700GP @ 37.7
cels
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Kigure 2d - Temperature at flow front in obstacle pin cavity, mtl: J700GP @ 6.3cc/s
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Figure 3d - Temperature at flow front in obstacle pin cavity, mtl: J2000GP @ 37.7
cc/s
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Figure 4d - Temperature at flow front in obstacle pin cavity, mtl: J2000GP @ 6.3
cefs
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Figure 5d - Temperature at flow front in obstacle pin cavity, mtl: CR3500 @ 37.7
ce/s
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Figure 6d - Temperature at flow front in obstacle pin cavity, mtl: CR3500 @ 6.3 cc/s
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Figure 7d - Temperature at flow front in obstacle pin cavity, mtl: CR4500 @ 37.7
cc/s
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Figure 8d - Temperature at flow front in obstacle pin cavity, mtl: CR4500 @ 6.3 cc/s
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a Temperature at flow front
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Figure 9d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR3500 @

37.7 cels
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Figure 10d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR4500 @
37.7 cels
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Figure 11d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J2000GP @

.
L Temperature at flow front
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Figure 12d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J700GP @

37.7 ce/s
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Figure 13d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR3500 @

6.3 cc/s
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Figure 14d - Temperature at flow front in 2 mm parallel rib cavity, mtl: CR4500 @
6.3 cc/s
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] Temperature at flow front
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Figure 15d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J700GP @
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Figure 16d - Temperature at flow front in 2 mm parallel rib cavity, mtl: J2000GP @
6.3 cc/s
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L Temperature at flow front
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Figure 17d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
CR3500 @ 18.8 cc/s
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Figure 18d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
CR3500 @ 6.3 cc/s
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O Temperature at flow front
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Figure 19d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
CR4500 @ 18.8 cc/s
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Figure 20d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
CR4500 @ 6.3 cc/s
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Figure 21d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
J700GP @ 18.8 cc/s
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Figure 22d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
J700GP @ 6.3 cc/s
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Figure 23d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
J2000GP @ 18.8 cc/s
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Figure 24d - Temperature at flow front in 2 mm perpendicular rib cavity, mtl:
J2000GP @ 6.3 cc/s
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Figure 25d - Temperature at flow front in 4 mm parallel rib cavity, mtl: CR3500 @
37.7 cels
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Figure 26d - Temperature at flow front in 4 mm parallel rib cavity, mtl: CR3500 @
6.3 cc/s
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Figure 27d - Temperature at flow front in 4 mm parallel rib cavity, mtl: CR4500 @
37.7 cels
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Figure 28d - Temperature at flow front in 4 mm parallel rib cavity, mtl: CR4500 @
6.3 cc/s
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Figure 29d - Temperature at flow front in 4 mm parallel rib cavity, mtl: J700GP @

37.7 ccls
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Figure 30d - Temperature at flow front in 4 mm parallel rib cavity, mtl: J700GP @
6.3 cc/s
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Figure 31d - Temperature at flow front in 4 mm parallel rib cavity, mtl: J2000GP @
37.7 ccls
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Figure 32d - Temperature at flow front in 4 mm parallel rib cavity, mtl: J2000GP @
6.3 cc/s
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Figure 33d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
CR3500 @ 18.8 cc/s
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Figure 34d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
CR3500 @ 6.3 cc/s
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1 Temperature at flow front
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Figure 35d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
CR4500 @ 18.8 cc/s
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Figure 36d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
CR4500 @ 6.3 cc/s
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Figure 37d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
J700GP @ 18.8 cc/s
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Figure 38d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
J700GP @ 6.3 cc/s
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Figure 39d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
J2000GP @ 18.8 cc/s

[ Temperature at fiow front
=2302(C]

c

23D2l

2263

2204

2154

2105

aal

okdfiow’ - . -

Mororiow Pusncs Insiey Scale (100 mm}

Figure 40d - Temperature at flow front in 4 mm perpendicular rib cavity, mtl:
J2000GP @ 6.3 cc/s
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Appendix E — Engineering Drawings of Cavities
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