
P
resent research involves the complete simulation of pultrusion manufactur-

ing process of glass/polyester composites. For that purpose, the curing

process is divided to two liquid and gel-solid phases. The physical charac-

teristics of the resin consist of specific heat, viscosity and coefficient of heat transfer

changes with variations of temperature and increasing the degree of curing process

(α). In each of the two liquid and gel-solid phases, some of these parameters play an

important role in the heat transfer and consequently in the simulation results. The

released heat during the resin curing process is another important parameter. This

parameter depends on the absolute temperature of the resin and accelerates the resin

curing process. The most important parameter in simulation of the resin curing

process is the degree of cure of the resin, which is used in calculation of the viscos-

ity of the resin in this process and also helps in indicating the end of the curing

process. The physical properties of fibers do not change during the curing process,

while they affect the heat transfer of the resin and duration of the curing process.

Therefore, instead of modeling the fibers and the resin, an equivalent material is

introduced which demonstrates the behavior of fibers and the resin during the curing

process.
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¤†¾ê …² �©• ‹±…‹± ̈õ…ø~ ‹õ¬ ‹† ]71[:

Þú ¬° „ó t| ²ì†ó æ²ï ‹±…ÿ …{í†ï Ö±…üñ~ �©• …¶•.

¬° ¤†è• ¬üñ†ìýà€ °²üò ‹† ºý� â±ì†üþ ì»©¿þ )nim/K|01( â±ï

ìþ|ºõ¬ Þú ¬° …üò ¤†è• â±ì†ÿ ¤†¾ê ‹±…‹± ‹† Þê â±ì†ÿ ð†ºþ …²

Ö±…üñ~ �©• …¶• ]71[:

‹ú ÎŒ†°– ¬üã±€ ¬° �©• øî|¬ì† …Ö³ôó ‹± …ð±ÿ́ â±ì†üþ Þú ¤ýò �©•

„²…¬ ìþ|ºõ¬€ ìÛ~…°ÿ …² …ð±ÿ́ â±ì†üþ )RQ( ¬…̈ê °²üò ‹†Úþ ìþ ì†ð~.

‹±…ÿ „²…¬ Þ±¬ó …üò …ð±ÿ́€ °²üò �©}ú º~û ¬ô‹†°û ¬° ¬ì†üþ ÷†‹• ì†ðñ~

C
o|002 Ú±…° ¬…¬û ìþ|ºõ¬ ]71[.

¬° …üò ¤†è• Þê …ð±ÿ́ â±ì†üþ ‹±…‹± ̈õ…ø~ ‹õ¬ ‹† ]71[:  |

‹±…ÿ ì¥†¶Œú ¬°›ú �©• ìþ|{õ…ó …² ìÏ†¬èú )4( …¶}×†¬û Þ±¬ ]71[:  |

ô ¶±Î• �©• øî ‹±…‹± ̈õ…ø~ ‹õ¬ ‹† ]71[:

°…û ¬üã± �ý~… Þ±¬ó ¬°›ú �©•€ ì¥†¶Œú „ó ‹ú Þíà ìñ¥ñþ CSD|

¬üñ†ìýà …¶•. …â± ìñ¥ñþ CSD| °²üò ‹± ¤·� ¬ì†ÿ ìÇéÜ °²üò ¬°

¬¶}±¹ ‹†º~€ ìþ|{õ…ó °… ¬° ø± ¬ì†ÿ ¬è©õ…û ‹ú ¬¶• „ô°¬. ¬° …üò

¤†è• ìÏ†¬æ– )1( ô )2( ‹ú {±{ý� ²ü± {Óýý± ̈õ…øñ~ Þ±¬ ]71[:

α

αα

ºßê 1 -ðíõ¬…° ›±ü†ó ºŒýú|¶†²ÿ �©• °²üò.

( ) dtdtdQH
ft

0

R ∫= )2( 

( ) dtdtdQH
t

0
∫= )1( 

RR QHH += )3( 

RHH=α )4( 

( ) RHdtdQdtd =α )5( 

( ) dTdtdQH
T

0
∫= )6( 



327

ºŒýú|¶†²ÿ Ö±…üñ~ ¶†̈• �õè}±ôó́ Þ†ì�õ²ü• ºý»ú - �éþ|…¶}± ì¥íõ¬ ìù±¬…¬ ºß±üú€ …ºß†ó ì¥íõ¬ …Ú~ìþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î ô ¶õï€ ºí†°û 4€ ìù± -„‹†ó  9831 

¬° …üò ›† ¶õö…ë …¶†¶þ …üò …¶• Þú ¬° Ö±…üñ~ �õè}±ôó́ ‹†ü~ …² Þ~…ï

…èãõÿ �©• …¶}×†¬û Þ±¬. ¬° Ö±…üñ~ �õè}±ôó́ ðíþ|{õ…ó ì¥†¶Œ†– °… ‹±

¤·� ²ì†ó ¤ê Þ±¬€ ²ü±… {Óýý± øñ~¶ú ÚÇÏú ô ðõÑ °²üò ²ì†ó �©• °…

{Óýý± ìþ|¬ø~. …â± …² �©• øî ¬ì† …¶}×†¬û ºõ¬€ ‹†ü~ ‹ú …²…ÿ ø± øñ~¶ú

ô ø±ðõÑ °²üò ìœíõÎú|…ÿ …² „²ì†ü¼|ø†ÿ CSD| ¬° ¬ì†ø†ÿ ì©}éØ

…ðœ†ï ºõ¬. ôèþ€ …â± ì¥†¶Œ†– ‹± ¤·� ¬ì†ÿ ìÇéÜ °²üò …ðœ†ï ºõ¬€

{ñù† ìþ|{õ…ó ‹† …¶}×†¬û …² üà ìñ¥ñþ CSD| ¬üñ†ìýà ìÛ~…° {õ…ó â±ì†üþ

°²üò °… ¬° ¬ì†ÿ ì»©À ‹ú ¬¶• „ô°¬ )P=td/Qd(|ô ðý³ ìþ|{õ…ó

¬°›ú �©• °… …² ìÏ†¬èú )8( ‹ú ¬¶• „ô°¬.

¬èýê ¬üã± …°›¥ý• ¬…º}ò …èãõÿ �©• ¬üñ†ìýà ‹ú �©• øî|¬ì† ¬°

Ö±…üñ~ �õè}±ôó́ …üò …¶• Þú �©• ¬° Ö±…üñ~ �õè}±ôó́ ‹ý»}± ºŒýú �©•

¬üñ†ìýà …¶•. ²ü±…€ ¬ì†ÿ °²üò ‹œ³ ¬° ðõ…¤þ ð³¬üà Ú†è� ‹† üà ºý�

{Û±üŒ†_ ÷†‹• …Ö³…ü¼ ìþ|ü†‹~. ¬° …üò ¤†è• ìþ|{õ…ó ðõ…¤þ ð³¬üà Ú†è� °…

‹ú ¬èýê …üò Þú ¬ì†ÿ ÷†‹}þ ¬° Æõë Ú†è� {œ±‹ú ìþ|Þññ~€ ‹† °ô½ øî|¬ì†

ô ðõ…¤þ ¬…̈éþ °… ‹† °ô½ ¬üñ†ìýà ¤ê Þ±¬. ôèþ€ ‹† {õ›ú ‹ú …üò Þú

ðõ…¤þ ð³¬üà Ú†è� ¬°¾~ ‹·ý†° Þíþ …² Þê ÚÇÏú °… º†ìê ìþ|ºõð~€

ìþ|{õ…ó …² „ðù† ¾±Ù ðË± Þ±¬ ô Þê Ö±…üñ~ °… ‹† �©• ¬üñ†ìýà

ºŒýú|¶†²ÿ Þ±¬.

°²üñþ Þú ¬° …üò ºŒýú|¶†²ÿ …² „ó …¶}×†¬û º~€ °²üò �éþ|…¶}±

0447 IRS| ‹õ¬ Þú ‹ú ô¶ýéú üßþ …² º±Þ•|ø†ÿ {õèý~ �±ôÖýê|ø†ÿ

�õè}±ôó́ ¬…̈ê Þ»õ° …¶}×†¬û ìþ|ºõ¬. …² ì}ýê …{ýê Þ}õó �±ôÞ·ý~

)PKEM(| ‹ú Îñõ…ó Î†ìê �©• …¶}×†¬û º~ Þú ÆŒÜ ¬°¾~ {±Þý� ìõ°¬

ðý†² ‹±…ÿ Ö±…üñ~ �õè}±ôó́ ìÛ~…° 2% …² {·±üÐ|Þññ~û ‹ú °²üò �éþ|…¶}±

…Â†Öú º~. ìñ¥ñþ CSD| °²üò ¬° ºßê 2 „ì~û …¶•.

‹† …ð}ã±…ë|âý±ÿ …² ìÏ†¬èú )9( ô ‹† …¶}×†¬û …² ìÏ†¬æ– )6( {† )8( ¬°›ú

�©• )( ‹ú ¬¶• ìþ|„ü~:  |

ì¥†¶Œú â±…ð±ôÿ

¬° Ö±…üñ~ �©• °²üò ¶ú ìñÇÛú ì†üÐ€ ́ë ô ›†ì~ ‹† …Ö³…ü¼ ¬ì† ô ‹† ºßê

â±Ö}ò Ö±…üñ~ �©• ‹ú {±{ý� …{×†Ý ìþ|…Ö}ñ~. ‹ñ†‹±…üò€ ¬° ºŒýú|¶†²ÿ

�©• °²üò …üò ¶ú ð†¤ýú °… ‹†ü~ è¥†Í Þ±¬. ôèþ€ ‹† �̄ü±½ Þíþ ̈Ç†

ìþ|{õ…ó ð†¤ýú ́ë ô ›†ì~ °… üßþ ¬° ðË± â±Ö•. ì»©¿ú ̈õŽ ðÛÇú ́ë

…Ö³…ü¼ ð†âù†ðþ â±…ð±ôÿ …¶•. ôÚ}þ â±…ð±ôÿ ‹ú ‹þ|ðù†ü• ìýê Þñ~€

ðÛÇú ́ë ¤†¾ê º~û …¶•. ôèþ€ …² ðË± Îíéþ …ð~…²û|âý±ÿ â±…ð±ôÿ

‹þ|ðù†ü• …ìß†ó �̄ü± ðý·•. ‹ñ† ‹ú üà ìÏ†¬èú Ú±…°¬…¬ÿ ô {œ±‹þ ðÛÇú ́ë

ìõÚÏþ ¤†¾ê ìþ|ºõ¬ Þú ¬° ìÏ†¬èú )1( ‹±…‹± ‹† 013 |ü† 014 |‹†º~ ]61[:

Þú ¬° „ó€ 0| â±…ð±ôÿ ô ‹ú {±{ý� â±…ð±ôÿ …ôèýú ô ÷†ðõüú …¶•. ¬° η η

ηr

α

ºßê 2-ìñ¥ñþ CSD| „²ì†ü¼ º~û ¬° …üò �µôø¼ ‹±…ÿ °²üò �éþ|…¶}±

0447 IRS| ‹† 2% PKEM.|
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Îíê ðÛÇú|…ÿ Þú ‹±…‹± ‹† 301 |ü† 401 |‹†º~€ {×†ô– Ÿñ~…ðþ ‹† øî

ð~…°ð~ ô …² â±…ð±ôÿ ‹þ|ðù†ü• ²ü†¬ ¬ô° ðý·}ñ~. üßþ …² ì~ë|ø†ÿ ìÏ}Œ±

‹±…ÿ �©• °²üò �éþ|…¶}±€ ì~èþ …¶• Þú {õ¶È  uoH]9[ …°…üú º~û ô …²

ìÏ†¬èú ì»ùõ° ôüéý†ï - èñ~ë - Ö±ÿ  )FLW( ]81[ â±Ö}ú º~û …¶•:

‹† ›†ÿ|â̄…°ÿ ìÏ†¬èú )01( ¬° ìÏ†¬èú )21( {Óýý±…– â±…ð±ôÿ ‹† ¬ì† ¬°

�©• °²üò|ø†ÿ â±ì†¶©• ‹ú ¬¶• ìþ|„ü~. ºßê 6 ð»†ðã± {Óýý±…–

â±…ð±ôÿ ‹† ¬ì†ÿ ìÇéÜ °²üò …¶•.

‹† {õ›ú ‹ú ºßê ìñ¥ñþ ¬ü~û ìþ|ºõ¬€ â±…ð±ôÿ °²üò …‹}~… …² ¬ì†ÿ ì¥ýÈ

Þú ¤~ô¬ Pc|006 …¶•€ ‹† …Ö³…ü¼ ¬ì† ìễ ø± ¶ý†ë ¬üã±ÿ Þ†ø¼ ìþ|ü†‹~ {†

…üò Þú ¬ì† ‹ú ¤~ô¬ Co08 ìþ|°¶~. …² ¬ì†ÿ Co08 �©• °²üò º±ôÑ

ìþ|ºõ¬€ �~ü~û �©• ô …Ö³…ü¼ ¬ì† …÷± ì}Û†‹ê °ôÿ â±…ð±ôÿ °²üò ¬…°ð~. ‹†

…Ö³…ü¼ ¬°›ú �©• â±…ð±ôÿ …Ö³…ü¼ ìþ|ü†‹~ ô …² Æ±Ù ¬üã± …Ö³…ü¼ ¬ì†

‹†Î™ Þ†ø¼ â±…ð±ôÿ ìþ|ºõ¬. …üò ¬ô �~ü~û …÷± üà ¬üã± °… {† ¬ì†ÿ Co09

¨ñþ̃ ìþ|Þññ~ {† ›†üþ Þú â±…ð±ôÿ {† ¬ì†ÿ Co09 ÷†‹• ìþ|ì†ð~. …² ¬ì†ÿ

C
o09 ‹ú ‹Ï~ �©• °²üò ‹ú º~– …Ö³…ü¼ ü†Ö}ú {† ›†üþ Þú â±…ð±ôÿ Ÿñ†ó

…Ö³…ü¼ ìþ|ü†‹~ Þú …Ö³…ü¼ ¬ì† ðý³ …÷±ÿ °ôÿ Þ†ø¼ â±…ð±ôÿ ðíþ|â̄…°¬.

Æõ°ÿ Þú ¬° ¬ì†ÿ Co311 ìÛ~…°‹±…‹± ‹† 301 |ìþ|ºõ¬. …üò Î~¬ ¬ì†ÿ ́ë

º~ó ‹±…ÿ �éþ|…¶}± 0447 IRS| ‹† Î†ìê �©• PKEM| …¶•. …² …üò ðÛÇú ‹ú

‹Ï~ ºŒýú|¶†²ÿ ô…°¬ ì±¤éú ́ë ô ›†ì~ ìþ|ºõ¬.

ì¥†¶Œú Ê±Öý• â±ì†üþ ôüµû

¬° …üò �µôø¼ …² ¬…¬û|ø†ÿ lamaK| ô ruoroS|]9[ ‹±…ÿ ì¥†¶Œú Ê±Öý•

â±ì†üþ ôüµû …¶}×†¬û º~û …¶•. ºßê 4 ð»†ðã± {Óýý±…– Ê±Öý• â±ì†üþ

ôüµû )pC( ¬° ì©éõÉ �éþ|…¶}± ô …¶}ý±ó ¬° ¶±Î•|ø†ÿ â±ì†üþ ì©}éØ

01€ 5 ô  nim/C
o5/2 …¶•.

ºŒýú ¶†²ÿ Ö±…üñ~ �õè}±ôó́

¬° …üò ‹©¼ ºŒýú|¶†²ÿ Þê Ö±…üñ~ �õè}±ôó́ üÏñþ °²üò ‹ú øí±…û …èý†Ù

…°…üú ìþ|ºõ¬. ºŒýú|¶†²ÿ ì·}Ûýî Ö±…üñ~ �õè}±ôó́ Îíç_ ð†ìíßò …¶•€

²ü±… ìÏ±Öþ {à {à …èý†Ù ‹ú ÚÇ± m7 ¬° üà ì¥ýÈ °²üñþ ‹ú ÚÇ±

mc|3 ‹ú ð±ï|…Ö³…° Òý±ìíßò …¶• ô ¤}þ ¬° ¾õ°– Îíéþ º~ó

ð±ï|…Ö³…° …² ¤ê Ÿñýò ì·‰éú|…ÿ Î†›³ ̈õ…ø~ ‹õ¬. ‹ñ†‹±…üò€ ‹±…ÿ ¤ê

Ÿñýò ì·‰éú|…ÿ ‹†ü~ …² ¬ü~â†û ì†Þ±ô ‹ú ì·‰éú ðã†û Þ±¬. ‹ú …üò ìÏñþ Þú

…‹}~… ‹† ¬° ðË± â±Ö}ò üà °º}ú …² …èý†Ù ô °²üò ¬ô° „ó )‹† ¬° ðË± â±Ö}ò

ð·Œ• ¤œíþ …èý†Ù( ô Ú±…° ¬…¬ó º±…üÈ ì±²ÿ ìñ†¶� ì·‰éú ¤ê

ìþ|ºõ¬ ô ìñ¥ñþ|ø†ÿ {õ²üÐ ¬ì† ô ¬°›ú �©• ¬° ðÛ†É ì©}éØ ÚÇÏú

¤†¾ê ìþ|ºõ¬. …² Æ±Ù ¬üã±€ ìþ|{õ…ó ì†¬û øíãñþ ‹ú ›†ÿ {±Þý�

°²üò ô …èý†Ù ‹ú âõðú|…ÿ ‹ú ¬¶• „ô°¬ Þú øí†ó ð}†ü� ì±¤éú �ý¼

¤†¾ê ºõ¬. ‹ú ÎŒ†°– ¬üã±€ ‹ú ›†ÿ ¤ê üà ì·‰éú ¬ô Ö†²ÿ ›†ì~ -

ì†üÐ )°²üò ô …èý†Ù( Þú ¤ê „ó ‹±…ÿ üà ð±ï|…Ö³…° …›³…ÿ ì¥~ô¬ ̈ýéþ

²ì†ó|‹± ô {† ¤~ô¬ÿ ¶©• …¶•€ …² üà ì†¬û øíãò ‹±…ÿ ¤ê …¶}×†¬û

ìþ|ºõ¬€ ‹ú Æõ°ÿ Þú øí†ó ð}†ü� ¤†¾ê ºõ¬.

�ý~… Þ±¬ó ì†¬û ìÏ†¬ë ‹±…ÿ ºŒýú ¶†²ÿ Ö±…üñ~ �õè}±ôó́

¬° …üò ¤†è•€ ì~ë …² ¬ô ‹©¼ ›†ì~ üÏñþ …èý†Ù ô ì†üÐ üÏñþ °²üò

{»ßýê ìþ|ºõ¬. ‹± …¶†¹ ì¥†¶Œ†– ‹ú Îíê „ì~û ‹ú ô¶ýéú °ô½ …›³…ÿ

ì¥~ô¬ ìñ¥ñþ|ø†ÿ {õ²üÐ ¬ì† ô ¬°›ú �©• ¬° ðÛ†É ì©}éØ ÚÇÏú ‹ú

μ

ηr

ηr

( ) ( )
( )

24.28106.333.143T

92.2911.226.51

78.406.6,Tlog

α−α−−
α++

α+−=αη
)21( 

ºßê 3-{Óýý±…– â±…ð±ôÿ ‹± ¤·� ¬ì†ÿ ìÇéÜ. ºßê 4-{Óýý±…– Ê±Öý• â±ì†üþ ôüµû ¤ýò �©• ]9[.
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¬¶• ìþ|„ü~ )ºßê 6(.

Îíéý†– �©• ¬° ¬ô Ö†² ì†üÐ ô ›†ì~ …ðœ†ï ìþ|âý±¬. ¬° Ö†² ì†üÐ

¬üõ…°û Ú†è� ‹ú ì~– s|051 ¬° ¬ì†ÿ Co001 ðãú ¬…º}ú ìþ|ºõ¬ {† …üò Þú

°²üò ¬° ¬ì†ÿ ¤~ô¬ Co311‹ú ðÛÇú ́ë º~ó ìþ|°¶~. �̧ …² …üò ðÛÇú

ºŒýú|¶†²ÿ ô…°¬ Ö†² ›†ì~ º~û ô ¬ì†ÿ Ú†è� ‹ú Co041 …Ö³…ü¼ ìþ|ü†‹~ ô

�̧ …² ¤~ô¬ s|5 Þê ÚÇÏú ‹ú ¬ì†ÿ Co41 ìþ|°¶~ ô …èãõ°ü}î ¤ê ì}õÚØ

ìþ|ºõ¬. ºßê 6 ð»†ðã± {õ²üÐ â±ì† üà °º}ú …èý†Ù ô °²üò …Æ±…Ù „ó

°… ð»†ó ìþ|¬ø~.

¬° …üò|›† ðý†² …¶• Þú ì†¬û øíãñþ ‹ú ›†ÿ {±Þý� °²üò ô …èý†Ù ‹ú

âõðú|…ÿ ‹ú ¬¶• „ô°¬ Þú øí†ó ð}†ü� ì±¤éú �ý¼ ¤†¾ê ºõ¬. ‹ú

ÎŒ†°– ¬üã±€ ‹ú ›†ÿ ¤ê üà ì·‰éú ¬ô Ö†²ÿ ›†ì~ -ì†üÐ )°²üò
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