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In this paper, we represent the viscosity of hard chain fluids. This study was initiated with an in-

vestigation of the equilibrium molecular dynamic simulations of pure hard-sphere molecules. The natural

extension of that work was to hard chain fluids. The hard chain model is one in which each molecule is

represented as a chain of freely jointed hard spheres that interact on a site-site basis. The major use of the

results from this study lie in the future development of a transport perturbation theory in which the hard

chain serves as the reference. Our results show agreement to within the combined uncertainties with the

previous studies. Comparisons have also been made to a modified Enskog theory. Results show the failure of

the Enskog theory to predict the high density viscosity and that the theory fails more rapidly with density

as the chain length increases. We attribute this to a failure of the molecular chaos assumption used in the

Enskog theory.  Further comparisons are made to real fluids using the SAFT-MET and TRAPP approaches.
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Shear viscosity of hard chain fluids

Ratanapisit, J. and Ely, J.F.

As expected, the hard sphere model is not appropriate to estimate properties of real fluids. However, the

hard sphere model provides the good starting point to serve as the reference basis to study chain molecule

systems.

Key words : viscosity, molecular dynamics, hard chain fluids, Enskog theory, TRAPP,
SAFT, perturbation theory

∫∑§—¥¬àÕ

®ÿ‰√«—≈¬å  √—µπ–æ‘ ‘∞ ·≈– James F. Ely

§«“¡Àπ◊¥¢Õß‰À≈‚´à·∫∫·¢Áß‚¥¬‡∑§π‘§´‘¡ÿ‡≈™—π·∫∫æ≈»“ µ√å‡™‘ß‚¡‡≈°ÿ≈

«.  ß¢≈“π§√‘π∑√å «∑∑. 2548 27(4) : 847-857

„πß“π«‘®—¬π’È ‰¥âπ”‡ πÕº≈°“√»÷°…“§«“¡Àπ◊¥‡©◊Õπ¢Õß¢Õß‰À≈‚´à·∫∫·¢Áß ‚¥¬°“√»÷°…“‡√‘Ë¡µâπ®“°°“√

„™â‡∑§π‘§´‘¡ÿ‡≈™—π ¡¥ÿ≈·∫∫æ≈»“ µ√å‡™‘ß‚¡‡≈°ÿ≈À√◊Õ‚¡‡≈°Ÿ≈“√å‰¥π“¡‘° å (equilibrium molecular dynamics

simulations) °—∫√–∫∫¢Õß‰À≈∑√ß°≈¡‡¥’Ë¬« (hard sphere fluids) ·≈â«®÷ßæ—≤π“‰ª Ÿà¢Õß‰À≈‚´à∑’Ë¡’§«“¡¬“«‡æ‘Ë¡¢÷Èπ

·∫∫®”≈Õß‚¡‡≈°ÿ≈‚´à·∫∫·¢Áßª√–°Õ∫¥â«¬∑√ß°≈¡·¢Áß∑’Ë‡™◊ËÕ¡µàÕ°—π¥â«¬æ—π∏–¬◊¥À¬ÿàπ °“√§”π«≥®–Õ¬Ÿà∫π∞“π

¢Õß·µà≈–∑√ß°≈¡„π‚§√ß √â“ß¢Õß‚¡‡≈°ÿ≈  º≈°“√´‘¡ÿ‡≈™—π∑’Ë‰¥â®–∂Ÿ°π”‰ª„™â»÷°…“¢—Èπ Ÿß‡æ◊ËÕæ—≤π“∑ƒ…Æ’‡æÕ√å-

‡∑Õ‡∫™—π (perturbation theory) ¢Õß°“√∂à“¬‚Õπ‚¥¬„™â¢Õß‰À≈‚´à·∫∫·¢Áß‡ªìπ∞“πÕâ“ßÕ‘ß  „π∑’Ëπ’Èº≈°“√∑¥≈Õß

®“°´‘¡ÿ‡≈™—π®–∂Ÿ°π”‰ª»÷°…“‡ª√’¬∫‡∑’¬∫°—∫º≈°“√∑¥≈Õß®“°°“√∑”´‘¡ÿ‡≈™—πÕ◊ËπÊ √«¡∑—Èß»÷°…“‡ª√’¬∫‡∑’¬∫°—∫

∑ƒ…Æ’‡Õπ §Õ° (Enskog theory) ·≈–°“√ª√–¬ÿ°µå∑ƒ…Æ’‡Õπ §Õ° (modified Enskog theory) ¥â«¬‡™àπ°—π ‚¥¬

æ∫«à“∑ƒ…Ø’‡Õπ §Õ°„Àâ§«“¡§≈“¥‡§≈◊ËÕπ Ÿß„π°“√∑”π“¬§à“§«“¡Àπ◊¥‡©◊Õπ‡¡◊ËÕ√–∫∫¡’§«“¡Àπ“·πàπ Ÿß §«“¡

·¡àπ¬”¢Õß∑ƒ…Æ’π’È®–≈¥≈ßÕ¬à“ß√«¥‡√Á«µ“¡§«“¡Àπ“·πàπ∑’Ë Ÿß¢÷Èπ‡¡◊ËÕ§«“¡¬“«¢Õß‚´à‡æ‘Ë¡¢÷Èπ ∑—Èßπ’ÈÕ“®‡ªìπ‡æ√“–

 ¡¡ÿµ‘∞“π™π‘¥‚¡‡≈°Ÿ≈“√å‡§ÕÕ ¢Õß∑ƒ…Æ’‡Õπ §Õ°‰¡à‡À¡“– ¡ πÕ°®“°π’Èº≈°“√»÷°…“´‘¡ÿ‡≈™—π¢Õß‰À≈‚´à·∫∫

·¢Áß‰¥â‡ª√’¬∫‡∑’¬∫°—∫º≈∑’Ë‰¥â®“°«‘∏’°“√·∫∫ TRAPP ·≈–·∫∫ MET-SAFT ´÷Ëß‡ªìπ°“√ª√–¬ÿ°µå∑ƒ…Æ’‡Õπ §Õ°

√à«¡°—∫ ¡°“√ ¿“«–¢Õß SAFT   º≈°“√∑¥≈Õß‡ªìπ‰ªµ“¡∑’Ë§“¥°“√≥å π—Ëπ§◊Õ ·∫∫®”≈Õß¢Õß‰À≈‚´à·∫∫·¢Áß

‰¡à‡À¡“–∑’Ë®–π”‰ª„™â∑”π“¬§à“ ¡∫—µ‘¢Õß¢Õß‰À≈®√‘ß Õ¬à“ß‰√°Áµ“¡º≈°“√∑¥≈Õß¢Õß‰À≈‚´à·∫∫·¢Áß “¡“√∂π”

¡“„™â‡ªìπ∞“πÕâ“ßÕ‘ß‡æ◊ËÕπ”‰ª Ÿà°“√æ—≤π“∑ƒ…Æ’‡æÕ√å‡∑Õ‡∫Õ™—π¢Õß¢Õß‰À≈‚´à®√‘ß‰¥â¥’ ·≈–®–‡ªìπ®ÿ¥‡√‘Ë¡µâπ°“√

æ—≤π“·∫∫®”≈Õß¢Õß¢Õß‰À≈‚´à∑’Ë¡’‚§√ß √â“ß´—∫´âÕπµàÕ‰ª

°“√æ—≤π“∑ƒ…Æ’°“√∑”π“¬ ¡∫—µ‘¢Õß‰À≈‚´à
(chain fluid) °”≈—ß‰¥â√—∫§«“¡ π„®Õ¬à“ßµàÕ‡π◊ËÕß ∑—Èßπ’È
¢Õß‰À≈‚´à®—¥‡ªìπ “√∑’Ëª√–°Õ∫¥â«¬Õ–µÕ¡µà“ßÊ ‡™◊ËÕ¡
‡√’¬ßµàÕ°—π ·≈–¡’§«“¡¬◊¥À¬ÿàπ„π°“√‡§≈◊ËÕπ∑’Ë ‚§√ß √â“ß
·≈–æ≈»“ µ√å‚¡‡≈°ÿ≈¢Õß‰À≈‚´à®– àßº≈µàÕ ¡∫—µ‘√–∫∫
´÷Ëß§«“¡∂’Ë°“√™π°—π‡Õß¿“¬„π‚¡‡≈°ÿ≈®–¡’º≈µàÕ ¡∫—µ‘
√–∫∫‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ§«“¡¬“«‚´à¡“°¢÷Èπ  ¥—ßπ—Èπ°“√æ—≤π“
∑ƒ…Æ’¢Õß‰À≈‚´à∑’Ë¡’‚§√ß √â“ß´—∫´âÕπ®÷ßµâÕß»÷°…“
æ≈»“ µ√å√–¥—∫‚¡‡≈°ÿ≈ °“√„™â§Õ¡æ‘«‡µÕ√å´‘¡ÿ‡≈™—π‡æ◊ËÕ
»÷°…“æ≈»“ µ√å‚¡‡≈°ÿ≈¢Õß‰À≈‚´à ®–„Àâ¢âÕ¡Ÿ≈∑—Èß¥â“π
‚§√ß √â“ß·≈–æƒµ‘°√√¡¢Õß‚¡‡≈°ÿ≈‚´à ‚¥¬„π∑’Ëπ’È®–„™â

‡∑§π‘§´‘¡ÿ‡≈™—π·∫∫æ≈»“ µ√å‡™‘ß‚¡‡≈°ÿ≈ (molecular

dynamics simulation technique) ´÷Ëß‡ªìπ«‘∏’Àπ÷Ëß„π«‘∏’
‡§¡’§Õ¡æ‘«‡µÕ√å∑’Ëπ‘¬¡„™â„π°“√§”π«≥§ÿ≥ ¡∫—µ‘¢Õß “√
∑’Ë π„® ‡æ◊ËÕ»÷°…“æƒµ‘°√√¡„π√–¥—∫Õ–µÕ¡¢Õß·µà≈–
‚¡‡≈°ÿ≈ ·≈â«π”‰ª§”π«≥À“§à“‡©≈’Ë¬¢Õß§ÿ≥ ¡∫—µ‘π—ÈπÊ
¢Õß√–∫∫ ‡æ◊ËÕ‡™◊ËÕ¡‚¬ß‰ª Ÿà§à“§ÿ≥ ¡∫—µ‘„π√–¥—∫¡À¿“§∑’Ë
 “¡“√∂«—¥‰¥â„π√–¥—∫ÀâÕßªØ‘∫—µ‘°“√ «‘∏’°“√π’È®–„Àâ¢âÕ¡Ÿ≈
„π√–¥—∫π“‚π (nano-scale) ´÷Ëßπ‘¬¡„™â„π°“√»÷°…“·≈–
ÕÕ°·∫∫¥â“π«— ¥ÿ»“ µ√å √«¡∑—Èß “¡“√∂„™â∑¥ Õ∫§«“¡
∂Ÿ°µâÕß¢Õß∑ƒ…Æ’∑’Ëæ—≤π“¡“®“°√–‡∫’¬∫«‘∏’«‘‡§√“–Àå‰¥â

·∫∫®”≈Õß∑√ß°≈¡·¢Áß (hard sphere model)
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‡ªìπ·∫∫®”≈ÕßÀπ÷Ëß∑’Ëπ‘¬¡„™â°—π¡“° ‡æ◊ËÕ„™â‡ªìπ∞“πÕâ“ßÕ‘ß
„π°“√»÷°…“∑ƒ…Æ’‡æÕ√å‡∑Õ‡∫™—π (perturbation theory)

∑—Èßπ’È‡ªìπ‡æ√“–‚§√ß √â“ß‚¡‡≈°ÿ≈‚ à́·∫∫·¢Áß‡ªìπ à«π ”§—≠
¢Õßæ≈»“ µ√åæÕ≈‘‡¡Õ√å®√‘ß ´÷Ëß‰¥â√«¡º≈¢Õß°“√‡™◊ËÕ¡µàÕ
°—π¢Õß∑√ß°≈¡„π‚¡‡≈°ÿ≈·≈–ª√‘¡“µ√®”°—¥∑’Ë‰¡à “¡“√∂
‡°‘¥°“√‡À≈◊ËÕ¡‰¥â ‚¥¬æ∫«à“·√ß°√–∑”®“°ª√‘¡“µ√®”°—¥
∑’Ë‰¡à “¡“√∂‡°‘¥°“√‡À≈◊ËÕ¡®–¡’º≈µàÕ°“√∑”π“¬§à“ ¡∫—µ‘
∑’Ë§«“¡Àπ“·πàπ Ÿß πÕ°®“°π’È VACF (velocity auto-

correlation function) ¢Õß¢Õß‰À≈‚´à·∫∫·¢Áß®–≈¥≈ß
„π≈—°…≥–‡À¡◊Õπ°—∫¢Õß‰À≈∑√ß°≈¡·¢Áß ·µà≈¥≈ß¥â«¬
Õ—µ√“‡√Á«¡“°‡¡◊ËÕ§«“¡¬“«‚´à‡æ‘Ë¡¢÷Èπ   ”À√—∫°“√»÷°…“
¢Õß‰À≈‚ à́π—Èπ  ·∫∫®”≈Õß∑√ß°≈¡·¢Áß®–∂Ÿ°π”¡“ª√–¬ÿ°µå
‡æ‘Ë¡‡µ‘¡ ‡æ◊ËÕ„Àâ “¡“√∂π”·µà≈–∑√ß°≈¡¡“‡™◊ËÕ¡‡ªìπ‚´à
¬“«‰¥â (Bishop, 1979; Denlinger, 1990;  Rapaport,

1978; Rapaport, 1979; Smith, 1995) ‡™àπ ·∫∫®”≈Õß
æÕ≈‘‡¡Õ√å‚´à ª√–°Õ∫¥â«¬∑√ß°≈¡·¢Áß‡√’¬ßµàÕ°—π§≈â“¬
 √âÕ¬≈Ÿ°ªí¥  ·µà≈–∑√ß°≈¡µàÕ‡™◊ËÕ¡∂÷ß°—π¥â«¬æ—π∏–∑’Ë
¬◊¥À¬ÿàπ‰¥âºà“π»Ÿπ¬å°≈“ß¢Õß∑√ß°≈¡  À√◊Õ·∫∫®”≈Õß
æÕ≈‘‡¡Õ√å‚´à∑’Ëª√–°Õ∫¥â«¬∑√ß°≈¡·¢Áß‡√’¬ßµàÕ°—π§≈â“¬
 √âÕ¬≈Ÿ°ªí¥ ·≈–·µà≈–∑√ß°≈¡µàÕ‡™◊ËÕ¡∂÷ß°—π¥â«¬æ—π∏–
·∫∫ ª√‘ßŒ“√å‚¡π‘°ºà“π»Ÿπ¬å°≈“ß¢Õß∑√ß°≈¡ ‡ªìπµâπ

§«“¡Àπ◊¥‡ªìπ ¡∫—µ‘°“√∂à“¬‚Õπ‚¡‡¡πµ—¡ ´÷Ëß‡ªìπ
 ¡∫—µ‘µ—«Àπ÷Ëß∑’Ë‡°’Ë¬«¢âÕß°—∫æ≈»“ µ√å‚¡‡≈°ÿ≈‚¥¬µ√ß
 ¡°“√∑’Ë„™â∑”π“¬§«“¡Àπ◊¥¡’¡“°¡“¬ ‡™àπ  ¡°“√®“°
∑ƒ…Æ’‡Õπ §Õ° (Enskog theory) ∑’Ëæ—≤π“¡“®“°√–∫∫
∑’Ëª√–°Õ∫¥â«¬∑√ß°≈¡·¢Áß„π ¿“«–§«“¡Àπ“·πàπ Ÿß
 ¡°“√ª√–¬ÿ°µå¢Õß∑ƒ…Æ’‡Õπ §Õ° À√◊Õ MET (modi-

fied Enskog theory) ∑’Ë√«¡º≈¢Õß·√ß¥÷ß¥Ÿ¥√–À«à“ß°—π
„π¢Õß‰À≈‡¢â“ Ÿà√–∫∫ (Hanley, 1972)  ´÷Ëß„π∑’Ëπ’È®–
ª√–¬ÿ°µå„™âº≈®“° ¡°“√ ¿“«–¢Õß‰À≈‚´à SAFT (statis-

tically associating fluid theory) (Chapman ·≈–§≥–,

1989;  Huang ·≈– Radosz, 1990)  πÕ°®“°π’È§«“¡
Àπ◊¥‡©◊Õπ “¡“√∂§”π«≥‰¥â®“°«‘∏’·∫∫ TRAPP (Ely,

1981; Ely ·≈– Hanley, 1981) ´÷Ëßæ—≤π“¡“®“°∑ƒ…Æ’
 ¿“«– ¡π—¬ (corresponding states theory) ‡ªìπµâπ
∂÷ß·¡â«à“®–¡’ ¡°“√§«“¡Àπ◊¥‡©◊Õπ¡“°¡“¬°Áµ“¡  ·µà
·∑∫∑ÿ° ¡°“√®–¡’¢âÕ®”°—¥„π°“√„™â∑—Èß ‘Èπ

ß“π«‘®—¬π’È»÷°…“§«“¡Àπ◊¥‡©◊Õπ¢Õß‰À≈‚ à́®–¡ÿàß

‡πâπ„π‡©æ“– à«π·∫∫®”≈Õß∑√ß°≈¡·¢Áß ‚¥¬®–ª√–°Õ∫
¥â«¬ Õß à«π  §◊Õ   à«π·√°®–‡ªìπ°“√ √â“ß¢âÕ¡Ÿ≈°“√
∑¥≈Õß‚¥¬°“√∑”´‘¡ÿ‡≈™—π ‚¥¬®–æ‘®“√≥“„Àâ§√Õ∫§≈ÿ¡
∂÷ß™à«ß∫√‘‡«≥§«“¡Àπ“·πàπ Ÿß   ”À√—∫ à«π∑’Ë Õß®–
‡ª√’¬∫‡∑’¬∫º≈°“√∑¥≈Õß∑’Ë‰¥â°—∫ ¡°“√§«“¡Àπ◊¥®“°
∑ƒ…Æ’‡Õπ §Õ° ·≈–«‘∏’ MET-SAFT ´÷Ëß‡ªìπ°“√„™â
 ¡°“√ª√–¬ÿ°µå MET √à«¡°—∫ ¡°“√ ¿“«– SAFT √«¡
∑—Èß‡ª√’¬∫‡∑’¬∫§«“¡Àπ◊¥∑’Ë‰¥â°—∫°—∫§«“¡Àπ◊¥¢Õß‰À≈
®√‘ß‚¥¬„™â«‘∏’ TRAPP ∑—Èßπ’È‡æ◊ËÕ»÷°…“§«“¡‡ªìπ‰ª‰¥â∑’Ë®–
æ—≤π“∑ƒ…Æ’‡æÕ√å‡∑Õ‡∫™—π ∂÷ß·¡â«à“ß“π«‘®—¬π’È®–‡πâπ‰ª
‡©æ“–°≈ÿà¡¢Õß‰À≈‚´à¢π“¥ —Èπ°Áµ“¡ ·µà “¡“√∂π”
À≈—°°“√‰ªª√–¬ÿ°µå„™â‰¥â°—∫°“√»÷°…“¢Õß‰À≈‚ à́¢π“¥
¬“«‰¥â

°“√ ‘́¡ÿ‡≈™—πæ≈»“ µ√å‡™‘ß‚¡‡≈°ÿ≈ (Molecular Dynamics

Simulations)

°“√´‘¡ÿ‡≈™—π∑√ß°≈¡·¢Áß·≈–¢Õß‰À≈‚´à·∫∫·¢Áß
∂Ÿ°æ—≤π“Õ¬à“ßµàÕ‡π◊ËÕß (Alder and Wainwright, 1959;

Erpenbeck, 1991; Frenkel and Smit, 1996; Haile,

1992) ∑√ß°≈¡·¢Áß‡ªìπ·∫∫®”≈Õß∑’Ë‰¡à¡’·√ß°√–∑”µàÕ
°—π¬°‡«âπ‡¡◊ËÕ‡°‘¥°“√™π°—π‡∑à“π—Èπ ‚¥¬„π√–À«à“ß™à«ß
°“√™ππ—Èπ ∑√ß°≈¡®–‡§≈◊ËÕπ∑’Ë‡ªìπ‡ âπµ√ß¥â«¬§«“¡‡√Á«
§ß∑’Ë ®π°√–∑—Ëß‡¡◊ËÕ‡°‘¥°“√™π®÷ß¡’°“√‡ª≈’Ë¬π§«“¡‡√Á«·≈–
∑‘»∑“ß¢Õß§ŸàÕ–µÕ¡∑’Ë™ππ—ÈπÊ ¥—ßπ—Èπ°“√´‘¡ÿ‡≈™—π∑√ß°≈¡
·¢Áß®–„™â√–‡∫’¬∫«‘∏’°“√À“‡«≈“°“√™π§√—Èß„À¡à ¡“°°«à“
®–‡ªìπ°“√À“«‘∂’°“√‡§≈◊ËÕπ∑’Ë¥—ß‡™àπ°“√ ‘́¡ÿ‡≈™—πÕ–µÕ¡∑’Ë
‰¡à·¢Áß‡°√Áß µ“√“ß°“√§”π«≥®–∂Ÿ° √â“ß¢÷Èπ‡æ◊ËÕÀ“‡«≈“
∑’ËπâÕ¬∑’Ë ÿ¥¢Õß§ŸàÕ–µÕ¡∑’Ë®–‡°‘¥°“√™π§√—Èß„À¡à ¥—ßπ—Èπ
°“√§”π«≥·∑∫∑—ÈßÀ¡¥®÷ß‡ªìπæ’™§≥‘µ „π∑’Ëπ’Èæ≈»“ µ√å
¢Õß‰À≈‚ à́·¢Áß®–„™â·∫∫®”≈Õß∑’Ë‡ πÕ‚¥¬ Rapaport

(1978) ¥—ßπ’È ‚¡‡≈°ÿ≈‚ à́·¢Áß®–ª√–°Õ∫¥â«¬∑√ß°≈¡·¢Áß
‡°√Áß ‚¥¬·µà≈–∑√ß°≈¡‡™◊ËÕ¡µàÕ°—π¥â«¬æ—π∏–‡≈Á°Ê ∑’Ë
¬◊¥À¬ÿàπ§«“¡¬“«‰¥â ∑√ß°≈¡·¢Áß‡°√Áß‡À≈à“π’È‡§≈◊ËÕπ∑’Ë‰¥â
Õ¬à“ßÕ‘ √– ¬°‡«âπ‡©æ“–°“√‡§≈◊ËÕπ∑’Ë∑’Ë∑”„Àâ∑√ß°≈¡·¢Áß
‡°‘¥°“√‡À≈◊ËÕ¡´âÕπ √«¡∑—Èß°“√‡§≈◊ËÕπ∑’Ë®–µâÕß‰¡à∑”„Àâ
∑√ß°≈¡¿“¬„π‚¡‡≈°ÿ≈·µ°·¬°ÕÕ°®“°°—π‰¥â π—Ëπ§◊Õ ‰¡à
 “¡“√∂‡§≈◊ËÕπ∑’Ë‰¥â‰°≈‡°‘π§«“¡¬“«æ—π∏–∑’Ë‡™◊ËÕ¡∂÷ß°—π
¢âÕ¥’¢Õß·∫∫®”≈Õßπ’È∑”„Àâª√–¬ÿ°µå√–‡∫’¬∫«‘∏’∑—Ë«‰ª¢Õß
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∑√ß°≈¡·¢Áß‡¥’Ë¬«‰¥â ‚¥¬°“√‡§≈◊ËÕπ∑’Ë√–À«à“ß§Ÿà∑’Ëµ‘¥°—π
π—Èπ “¡“√∂„™â√–‡∫’¬∫°“√§”π«≥°“√‡™◊ËÕ¡µàÕ°—π√–À«à“ß
∑√ß°≈¡·¢Áß∑’Ë·¬°®“°°—ππ—Ëπ‡Õß

 ”À√—∫°“√§”π«≥§«“¡Àπ◊¥®“°«‘∏’´‘¡ÿ‡≈™—π·∫∫
 ¡¥ÿ≈π—Èπ  “¡“√∂À“‰¥â®“°§«“¡ —¡æ—π∏å‰Õπå ‰µπå
(Einstein relation) ´÷Ëß‡ªìπ°“√§”π«≥®“°ª√‘¡“≥°√–®—¥
¬°°”≈—ß Õß  ”À√—∫°“√À“§«“¡Àπ◊¥‡©◊Õπ„π∑‘»∑“ß xy

· ¥ß‰¥â¥—ßπ’È

η
xy

=
1

Vk
B
T lim

t→∞

1
2t A

xy
(t) − A

xy
(0)[ ]2

j=1

N

∑ (1)

‚¥¬∑’Ë‡∑Õ¡ A
xy
 · ¥ß‰¥â¥—ßπ’È

A
xy

(t) = m ẋ
i

i

N

∑ (t)y
i
(t) (2)

‚¥¬ η
xy
 ‡ªìπ§«“¡Àπ◊¥‡©◊Õπ„π∑‘»∑“ß xy  V ‡ªìπª√‘¡“µ√

m ‡ªìπ¡«≈  T ‡ªìπÕÿ≥À¿Ÿ¡‘  t ‡ªìπ‡«≈“  k
B
 ‡ªìπ§à“§ß∑’Ë

‚∫≈´å·¡ππå  α
j
 ‡ªìπµ”·Àπàß r

i
 (‚¥¬ α = x, y, z ·≈–

j = 1,...,N)  α̇
j  ‡ªìπ‚¡‡¡πµ—¡¢ÕßÕ–µÕ¡ j „π·π« α

(‚¥¬ α = x, y, z ·≈– j = 1,...,N)  ·≈– N ‡ªìπ®”π«π
¢ÕßÕπÿ¿“§∑—ÈßÀ¡¥∑’Ë¡’Õ¬Ÿà„π‡´≈≈åª∞¡¿Ÿ¡‘ Õ¬à“ß‰√°Áµ“¡
‡π◊ËÕß®“°¢âÕ®”°—¥‡æ◊ËÕ≈¥º≈°√–∑∫¢Õßºπ—ß„π‡´≈≈åª∞¡¿Ÿ¡‘
∑”„Àâ‡∑Õ¡°“√§”π«≥„π ¡°“√∑’Ë (1) ®–µâÕßª√—∫„Àâ
 Õ¥§≈âÕß°—∫»—°¬å¢Õß√–∫∫∑’Ë‡ªìπ·∫∫‰¡àµàÕ‡π◊ËÕß ¥—ßπ—Èπ
ª√‘¡“≥°√–®—¥®–À“‰¥â¥—ß ¡°“√∑’Ë (3)

A
xy

(t) − A
xy

(0) = ∆A
xy

(t) ≈ m ∆τ
∆τ

t

∑ ẋ
i

i

N

∑ (t)ẏ
i
(t) + m ∆ẋ

i
(t)y

ij
(t)

∆τ

t

∑

(3)

‚¥¬ τ ‡ªìπ™à«ß‡«≈“°“√™π¢Õß§ŸàÕ–µÕ¡∑’Ë™π°—π ¥—ßπ—Èπ
§«“¡Àπ◊¥‡©◊Õπ∑’Ë§”π«≥®“°ª√‘¡“≥°√–®—¥¬°°”≈—ß Õß
®÷ßÀ“‰¥â®“°°“√·∑π ¡°“√∑’Ë (3) ≈ß„π ¡°“√∑’Ë (1)

πÕ°®“°π’È‡æ◊ËÕ§«“¡ –¥«°°“√´‘¡ÿ‡≈™—π·≈â« µ—«·ª√∑’Ë
‡°’Ë¬«¢âÕß®–‡ªìπµ—«·ª√‰√âÀπà«¬  ¥—ßπ’È

η
R

=
η

k
B
T

mσ2







1
2 m

σ
(4)

‚¥¬ η
R
 ‡ªìπ§«“¡Àπ◊¥≈¥∑Õπ (reduced shear visco-

sity)  „π∑”πÕß‡¥’¬«°—π  ‡«≈“≈¥∑Õπ®–· ¥ß‰¥â‡ªìπ

t
R

=
k

B
T

mσ2 (5)

‚¥¬ t
R
 ‡ªìπ‡«≈“≈¥∑Õπ (reduced time) ·≈– σ ‡ªìπ

‡ âπºà“π»Ÿπ¬å°≈“ß¢Õß∑√ß°≈¡·¢Áß

∑ƒ…Æ’®≈πå¢Õß°ä“´·≈–¢Õß‰À≈∑’Ë¡’§«“¡Àπ“·πàπ Ÿß

(Kinetics Theory of Gases and Dense Fluids)

‡¡◊ËÕ√–∫∫°ä“´‡®◊Õ®“ßª√–°Õ∫¥â«¬‚¡‡≈°ÿ≈‡¥’Ë¬«∑’Ë
‡À¡◊Õπ°—π·≈–¡’·√ß°√–∑”µàÕ°—π·≈â«π—Èπ ‚¡‡≈°ÿ≈®–„™â
‡«≈“ à«π„À≠à„π°“√‡§≈◊ËÕπ∑’ËÕ¬à“ßÕ‘ √– °“√™π à«π„À≠à
®–‡ªìπ·∫∫§Ÿà∑«‘¿“§  °“√§”π«≥ ¡∫—µ‘√–∫∫®÷ß “¡“√∂
„™â ¡¡ÿµ‘∞“π·∫∫‚¡‡≈°Ÿ≈“√å‡§ÕÕ  (molecular chaos)

·≈–¢π“¥‚¡‡≈°ÿ≈¡’§à“πâÕ¬°«à“√–¬–∑“ß∑’Ë‡§≈◊ËÕπ∑’Ë‰¥â„π
√–À«à“ß™à«ß°“√™π  (mean  free  path)  ‚¥¬  Chapman

·≈– Enskog ‰¥â· ¥ß™ÿ¥§”µÕ∫¢Õß ¡°“√‚∫≈´å·¡π
 ”À√—∫ ¡°“√§«“¡Àπ◊¥¢Õß°ä“´‡®◊Õ®“ß· ¥ß‰¥â¥—ßπ’È

η
0

=
5

16 π
mk

B
T

σ2Ω(2,2) (T )













(6)

‚¥¬ η
0
 ‡ªìπ§«“¡Àπ◊¥¢Õß°ä“´‡®◊Õ®“ß (mPa·s)  m ‡ªìπ

¡«≈ (kg)  k
B
 ‡ªìπ§à“§ß∑’Ë‚∫≈´å·¡π 1.38048×10-23 J/K

T ‡ªìπÕÿ≥À¿Ÿ¡‘ (K)  σ ‡ªìπ‡ âπºà“π»Ÿπ¬å°≈“ß¢Õß‚¡‡≈°ÿ≈
(m)  ·≈–  Ω(2,2) ‡ªìπÕ‘π∑‘°√—≈°“√™π´÷Ëß‡ªìπµ—«·ª√‰√â
Àπà«¬·≈–‡ªìπøíß°å™—π°—∫Õÿ≥À¿Ÿ¡‘

Enskog ‰¥âª√–¬ÿ°µå ¡¡ÿµ‘∞“π¢Õß√–∫∫°ä“´
‡®◊Õ®“ß¡“„™â°—∫°ä“´·≈–¢Õß‡À≈«∑’Ë¡’§«“¡Àπ“·πàπ Ÿß
‚¥¬∑ƒ…Æ’‡Õπ §Õ°‰¥â‡ πÕ·π«∑“ß¥—ßπ’ √–∫∫ª√–°Õ∫
¥â«¬∑√ß°≈¡·¢Áß∑’ËÕ¬Ÿà¥â«¬°—π·πàπ  æƒµ‘°√√¡¢Õß∑√ß
°≈¡·¢Áß∑’Ë¡’§«“¡Àπ“·πàπ Ÿß®–§≈â“¬°—∫√–∫∫∑’Ë¡’§«“¡
Àπ“·πàπµË”  ¬°‡«âπ‡©æ“–Õ—µ√“°“√™π∑’Ë‡æ‘Ë¡¢÷Èπ  ‚¥¬
Õ—µ√“°“√™π¢÷Èπ°—∫øíß°å™—π‡√‡¥’¬≈¥‘ ∑√‘∫‘«™—π (radial

distribution function)   ¡°“√§«“¡Àπ◊¥‡©◊Õπ¢Õß
∑ƒ…Æ’‡Õπ §Õ°· ¥ß‰¥â¥—ßπ’È

η
E

η
0

= bρ
1

bρχ + 0.8 + 0.761bρχ



 (7)

‚¥¬ η
E
 ‡ªìπ§«“¡Àπ◊¥‡©◊Õπ (mPa·s)  b ‡ªìπª√‘¡“µ√∑’Ë

∂Ÿ°®”°—¥ (cm3/mol) ®“°°≈ÿà¡ N ‚¡‡≈°ÿ≈∑’Ë¡’¢π“¥‡ âπ
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§«“¡Àπ◊¥¢Õß‰À≈‚´à·∫∫·¢Áß

®ÿ‰√«—≈¬å  √—µπ–æ‘ ‘∞ ·≈– James F. Ely851

ºà“π»Ÿπ¬å°≈“ß σ Õ¬Ÿà„π√–∫∫ (excluded volume) ´÷ËßÀ“
‰¥â¥—ßπ’È b = 2πN

A
σ3/3 ·≈– ρ ‡ªìπ§«“¡Àπ“·πàπ (mol/

cm3)  N
A
 ‡ªìπ‡≈¢Õ“‚«°“‚¥√ ·≈– χ ‡ªìπøíß°å™—π‡√‡¥’¬≈

¥‘ ∑√‘∫‘«™—π·≈–‡ªìπµ—«·ª√‰√âÀπà«¬  ´÷ËßÀ“‰¥â®“° ¡°“√
∑’Ë (8)

bρχ = Z −1 =
PV
RT −1 (8)

‚¥¬ Z ‡ªìπ·ø°‡µÕ√å°“√Õ—¥ (compressibility factor)

P ‡ªìπ§«“¡¥—π  ·≈–  R ‡ªìπ§à“§ß∑’Ë¢Õß°ä“´
∑ƒ…Æ’‡Õπ §Õ°¡’¢âÕ®”°—¥„π°“√∑’Ë®–π”‰ª„™â°—∫

°ä“´®√‘ß ‡æ√“–°ä“´®√‘ß¡’·√ß¥÷ß¥Ÿ¥√–À«à“ß‚¡‡≈°ÿ≈∑’Ë¡’º≈
µàÕ√–∫∫ ¥—ßπ—Èπ®÷ß‰¥â¡’°“√ª√—∫∑ƒ…Æ’‡Õπ §Õ° (Hanley,

1972) ‚¥¬„™â§«“¡¥—π‡∑Õ√å¡—≈ (thermal pressure) ·∑π
§«“¡¥—π P ‡æ◊ËÕπ”º≈·√ß¥÷ß¥Ÿ¥√–À«à“ß‚¡‡≈°ÿ≈‡¢â“¡“
§”π«≥ ¥—ßπ’È

bρχ =
1

ρRT T
∂P
∂T





 ρ













−1 = T
∂Z
∂T





 ρ

+ Z −1 (9)

 ¡°“√∑’Ë (9) §◊Õ ¡°“√‡Õπ §Õ°ª√–¬ÿ°µå À√◊Õ MET ·≈–
b  “¡“√∂À“‰¥â®“° —¡ª√– ‘∑∏‘Ï‰«‡√’¬≈≈”¥—∫ Õß (second

virial coefficient) ¥—ßπ’È

b = B + T
dB
dT





 ρ

(10)

‚¥¬∑’Ë B ‡ªìπ —¡ª√– ‘∑∏‘Ï‰«‡√’¬≈≈”¥—∫ Õß

 ¡°“√§«“¡Àπ◊¥‡©◊Õπ (Shear Viscosity Predictive

Equations)

Ely ·≈– Hanley (1981) ‰¥â‡ πÕ«‘∏’°“√§”π«≥
 ¡∫—µ‘°“√∂à“¬‚Õπ¢Õß¢Õß‰À≈®√‘ß  ‚¥¬‡ πÕÀ≈—°°“√·∫∫
TRAPP ́ ÷Ëß‡ªìπ ¡°“√∑’Ëæ—≤π“¡“®“°∑ƒ…Æ’ ¿“«– ¡π—¬
´÷Ëß§«“¡Àπ◊¥¢Õß‰À≈∑’Ë π„®®–¡’§«“¡ —¡æ—π∏å°—∫§«“¡
Àπ◊¥¢Õß‰À≈Õâ“ßÕ‘ß  ”À√—∫ ¡°“√§«“¡Àπ◊¥¢Õß “√
∫√‘ ÿ∑∏‘Ï‚¥¬«‘∏’ TRAPP · ¥ß‰¥â¥—ßπ’È

η
j
(ρ,T ) = η

R
(ρ

R
,T

R
)F

η (11)

‚¥¬  η
j
 ‡ªìπ§«“¡Àπ◊¥¢Õß “√∑’Ë π„®  ρ ‡ªìπ§«“¡

Àπ“·πàπ‡™‘ß‚¡≈ ·≈–µ—«ÀâÕ¬ R · ¥ß§à“¢Õß‰À≈Õâ“ßÕ‘ß

´÷Ëß§«“¡Àπ◊¥·≈– ¡∫—µ‘Õ◊ËπÊ ¢Õß¢Õß‰À≈Õâ“ßÕ‘ßÀ“‰¥â®“°
 ¡°“√∑’Ë¡’§«“¡·¡àπ¬” Ÿß   ”À√—∫ ¿“«–Õâ“ßÕ‘ßÀ“‰¥â®“°
 ¿“«– ¡π—¬  ‚¥¬ T

0
 = T/f  ·≈– ρ

0
 = ρh  ¥—ßπ’È

f =
T

c

T
c

R 1+ ω − ωR( ) 0.05203 − 0.7498lnT
r( )[ ]

(12)

h =
ρ

c

R

ρ
c

Z
c

R

Z
c

1− ω − ωR( ) 0.1436 − 0.2822lnT
r( )[ ]

(13)

·≈–

F
η

=
M

44.094 f






1
2

h
−2

3
(14)

‚¥¬  ω ‡ªìπ·ø°‡µÕ√åÕ–‡´πµ√‘°  T
r
 ‡ªìπÕÿ≥À¿Ÿ¡‘≈¥∑Õπ

(reduced temperature)  M ‡ªìππÈ”Àπ—°‚¡‡≈°ÿ≈  µ—«ÀâÕ¬
c · ¥ß ¿“«–∑’Ë®ÿ¥«‘°ƒµ‘  ·≈–µ—«¬° R · ¥ß§à“¢Õß‰À≈
Õâ“ßÕ‘ß   ”À√—∫ f ·≈– h ·≈– Fη  ‡ªìπ§à“‰√âÀπà«¬

 ”À√—∫ ¡°“√ ¿“«– SAFT ´÷Ëß‡ªìπ√Ÿª·∫∫Àπ÷Ëß
„π°“√„™â∑ƒ…Ø’‡æÕ√å‡∑Õ‡∫™—π¢Õß‚¡‡≈°ÿ≈‚´à    ¡°“√
SAFT · ¥ß„π‡∑Õ¡æ≈—ßß“π‡Œ¡‚Œ≈µå´‡ªìπ¥—ßπ’È

ares = aHS + achain + aasso + adisp (15)

‚¥¬∑’Ë a ‡ªìπæ≈—ßß“π‡Œ¡‚Œ≈µå´   ”À√—∫µ—«¬°¡’§«“¡
À¡“¬¥—ßπ’È res ‡ªìπ ¡∫—µ‘µ°§â“ß (residual property)

HS ‡ªìπº≈¢Õß·√ßº≈—°·∫∫∑√ß°≈¡·¢Áß  chain ‡ªìπº≈
¢Õß°“√‡™◊ËÕ¡µàÕ√–À«à“ßÕ–µÕ¡„π‚¡‡≈°ÿ≈ asso ‡ªìπº≈
®“°·√ß°√–∑”‡©æ“– ‡™àπ ·√ß®“°æ—π∏–‰Œ‚¥√‡®π ‡ªìπµâπ
÷́Ëß„π∑’Ëπ’È aasso ®–‡ªìπ»Ÿπ¬å ‡æ√“–‚¡‡≈°ÿ≈¢Õß‰À≈®–‰¡à¡’

·√ßæ‘‡»…Õ◊Ëπ„¥ ·≈– disp ‡ªìπº≈®“°¥‘ ‡æÕ√å™—π (dis-

persion)  ”À√—∫æ≈—ßß“π‡Œ¡‚Œ≈µå´¢Õß·µà≈– à«π· ¥ß
‰¥â¥—ßπ’È

aHS

RT = m
4y − 3y2

(1− y)2 (16)

achain

RT = (1− m)
2 − y

2(1− y)3 (17)

adisp

RT = m D
ij

u
k

B
T





j=1

9

∑
i=1

4

∑
i y

y
0







j
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‚¥¬ m ‡ªìπ®”π«π à«π∑’ËµàÕ‡™◊ËÕ¡°—π„π‚¡‡≈°ÿ≈‚ à́·≈–
‡ªìπµ—«·ª√‰√âÀπà«¬   y ‡ªìπ§«“¡Àπ“·πàπ≈¥∑Õπ¢Õß
‰À≈ (reduced fluid density)  À√◊Õ‡´°‡¡πµå·æ°°‘ß
·ø√°™—π (segment packing fraction) ·≈–‡ªìπµ—«·ª√
‰√âÀπà«¬  ´÷ËßÀ“‰¥â®“°

y =
πN

a

6 ρmd3 (19)

‚¥¬ ρ ‡ªìπ§«“¡Àπ“·πàπ‡™‘ß‚¡≈ (mol/ºA3)   d ‡ªìπ‡ âπ
ºà“π»Ÿπ¬å°≈“ßª√– ‘∑∏‘º≈¢Õß‚¡‡≈°ÿ≈ (ºA)  ·≈–‡ªìπ
øíß°å™—π°—∫Õÿ≥À¿Ÿ¡‘  ”À√—∫ D

ij
 ‡ªìπ§à“§ß∑’Ë (universal

constants) ∑’Ë‡ πÕ‚¥¬ Chen ·≈– Kregleski (1977)

u/k ‡ªìπæ≈—ßß“π∑’Ë·µà≈– à«π°√–∑”µàÕ°—π (K) ·≈–‡ªìπ
øíß°å™—π°—∫Õÿ≥À¿Ÿ¡‘ ·≈– y

0
 = 0.74048  „π∑’Ëπ’È§à“§«“¡

¥—π·≈–·ø°‡µÕ√å°“√Õ—¥®–§”π«≥®“° ¡°“√ ¿“«–
SAFT ‚¥¬„™â§«“¡ —¡æ—π∏å¢Õß‡∑Õ√å‚¡‰¥π“¡‘° å¢Õß
æ≈—ßß“π‡Œ¡‚Œ≈´µåµ°§â“ß‡æ◊ËÕÀ“‡∑Õ¡¢Õß T(∂P/(∂T)

V

·≈– —¡ª√– ‘∑∏‘Ï‰«‡√’¬≈≈”¥—∫∑’Ë Õß  ‡æ◊ËÕπ”‰ª„™â„π ¡°“√
ª√–¬ÿ°µå¢Õß‡Õπ §Õ° MET

°“√∑¥≈Õß´‘¡ÿ‡≈™—π

√–∫∫∑’Ë„™â„π°“√»÷°…“ª√–°Õ∫¥â«¬®”π«π‚¡‡≈°ÿ≈
‚´à Nc ‚¡‡≈°ÿ≈ ‚¥¬·µà≈–‚¡‡≈°ÿ≈ª√–°Õ∫¥â«¬∑√ß°≈¡
·¢Áß∑’Ë¡’¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß‡ªìπ σ ·≈–·µà≈–∑√ß°≈¡
‡™◊ËÕ¡µàÕ°—π¥â«¬æ—π∏–¢π“¥‡≈Á°Ê ∑’Ë¬◊¥À¬ÿàπ·≈–¢¬—∫‡≈◊ËÕπ
‰¥â ‚¥¬æ—π∏–π’È®–‡™◊ËÕ¡ºà“π»Ÿπ¬å°≈“ß¢Õß·µà≈–∑√ß°≈¡
 ”À√—∫æ—π∏–∑’Ë‡™◊ËÕ¡√–À«à“ß∑√ß°≈¡·¢Áß®– “¡“√∂‡≈◊ËÕπ
‰¥âÕ¬à“ßÕ‘ √–„π√–¬– δ ∂÷ß (1+δ)σ ‚¥¬ δ · ¥ß§«“¡∂’Ë
¢Õß°“√™π°—π√–À«à“ß à«π∑’Ëµ‘¥°—π„π‚¡‡≈°ÿ≈ ´÷Ëß®–¡’§à“
‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ§à“ δ ≈¥≈ß Õ¬à“ß‰√°Áµ“¡À“°§à“ δ ¡’§à“πâÕ¬
‡°‘π‰ª·≈â« ®– àß„Àâæ≈»“ µ√å¢Õß‚¡‡≈°ÿ≈‚´à‡ªìπº≈¡“®“°
°“√™π√–À«à“ß∑√ß°≈¡·¢Áß∑’Ëµ‘¥°—π„π‚¡‡≈°ÿ≈¡“°°«à“
„π∑’Ëπ’È°“√´‘¡ÿ‡≈™—π®–¥”‡π‘πµ“¡À≈—°°“√¢Õß Alder ·≈–
Wainwright (1959), Rapaport (1978) ·≈– Smith ·≈–
§≥– (1995)   ”À√—∫§à“ δ ®–°”Àπ¥„Àâ‡ªìπ 0.1 µ“¡º≈
°“√»÷°…“§à“·ø°‡µÕ√å°“√Õ—¥¢Õß‰À≈‚ à́·¢Áß‚¥¬ Delinger

·≈– Hall (1990)

°“√´‘¡ÿ‡≈™—π‚¡‡≈°ÿ≈‚´à®–ª√–°Õ∫¥â«¬ ’Ë·∫∫§◊Õ
∑√ß°≈¡·¢Áß‡¥’Ë¬«À√◊Õ 1-mers  ‰¥‡¡Õ√åÀ√◊Õ 2-mers

∑√ß°≈¡·¢Áß ’ËÀ√◊Õ 4-mers  ·≈–∑√ß°≈¡·¢Áß·ª¥À√◊Õ
8-mers µ“¡≈”¥—∫   Õÿ≥À¿Ÿ¡‘√’¥‘«´å®–°”Àπ¥‡ªìπÀπ÷Ëß
·≈–§«“¡Àπ“·πàπ®–·ª√‡ª≈’Ë¬π‡æ◊ËÕ„Àâ§√Õ∫§≈ÿ¡„π™à«ß
 ∂“π–∑’Ë‡ªìπ¢Õß‰À≈  ”À√—∫®”π«π∑√ß°≈¡·¢Áß¡’§à“§ß∑’Ë
‡ªìπ 512 ‚¥¬Õπÿ¿“§‡À≈à“π’È®–∂Ÿ°®—¥≈ß„π‡´≈≈åª∞¡¿Ÿ¡‘
§à“·æ§°‘ß·ø√§™—π (packing fraction) ¢Õß√–∫∫®–¢÷Èπ
°—∫§«“¡Àπ“·πàπ  ·≈–À“‰¥â¥—ßπ’È

φ =
πNσ3

6V =
πρ*

6
(20)

‚¥¬ φ ‡ªìπ·æ§°‘ß·ø√§™—π    N  ‡ªìπ®”π«πÕπÿ¿“§„π
‡´≈≈å   V ‡ªìπª√‘¡“µ√¢Õß‡´≈≈åª∞¡¿Ÿ¡‘   σ ‡ªìπ‡ âπºà“π
»Ÿπ¬å°≈“ß¢ÕßÕπÿ¿“§  ρ* ‡ªìπ®”π«π§«“¡Àπ“·πàπ
(number density)

‡«≈“°“√´‘¡ÿ‡≈™—π®–·ª√‡ª≈’Ë¬π‰ªµ“¡§«“¡¬“«
‚¡‡≈°ÿ≈‚´à ∑—Èßπ’È‡π◊ËÕß®“°‚¡‡≈°ÿ≈‚´à∑’Ë¬‘Ëß¬“«¢÷Èπ ®–µâÕß„™â
‡«≈“ºàÕπ§≈“¬À√◊Õ√’·≈°´åπ“π¢÷Èπ¥â«¬‡™àπ°—π  ”À√—∫°“√
§”π«≥ ¡∫—µ‘√–∫∫  ‡™àπ  Õÿ≥À¿Ÿ¡‘  æ≈—ßß“π  ·≈–§«“¡
Àπ◊¥‡©◊Õπ („π∑’Ëπ’È°“√§”π«≥· ¥ß„π‡∑Õ¡¢Õß§«“¡Àπ◊¥
‡©◊Õπ√’¥‘« ǻ) ®–Õ¬Ÿà∫π∞“π°“√§”π«≥¢Õß·µà≈–∑√ß°≈¡
„π‚¡‡≈°ÿ≈ ‚¥¬«‘∏’°“√´‘¡ÿ‡≈™—π¡’¥—ßπ’È  ∑’Ë ¿“«–‡√‘Ë¡µâππ—Èπ
‚§√ß √â“ß√–∫∫∑—Èßµ”·Àπàß·≈–§«“¡‡√Á«®–∂Ÿ° √â“ß ®“°π—Èπ
µ“√“ß‚§√ß √â“ß√–∫∫∑—Èß¢ÕßÕ–µÕ¡·≈–Õ–µÕ¡¢â“ß‡§’¬ß
®–∂Ÿ° √â“ß¢÷Èπ‡æ◊ËÕÀ“Õ–µÕ¡¢â“ß‡§’¬ß∑’Ë„°≈â∑’Ë ÿ¥ æ√âÕ¡
 √â“ßµ“√“ß°“√™π‡©æ“–§ŸàÕ–µÕ¡∑’Ë„°≈â°—π‡∑à“π—Èπ ∂â“°“√
™π‡°‘¥√–À«à“ßÕ–µÕ¡∑’ËÕ¬Ÿà„π‚¡‡≈°ÿ≈‡¥’¬«°—π·≈â« ®–µâÕß
æ‘®“√≥“‡æ‘Ë¡‡µ‘¡ ”À√—∫°√≥’°“√™π∑’ËÕ“®‡ªìπº≈¡“®“°
æ—π∏–∑’Ë¬÷¥‡Àπ’Ë¬«√–À«à“ßÕ–µÕ¡‡À≈à“π—Èπ‡§≈◊ËÕπ∑’ËÀà“ß°—π
µ“¡§«“¡¬“«æ—π∏– µ“√“ß°“√§”π«≥®–∂Ÿ°π”¡“‡ª√’¬∫
‡∑’¬∫√–À«à“ß§Ÿà™πµà“ßÊ ‚¥¬§Ÿà™π∑’Ë®–‡°‘¥¢÷ÈπµàÕ‰ª®–µâÕß
‡ªìπ§Ÿà™π∑’Ë„™â‡«≈“°“√™πµË” ÿ¥  ”À√—∫¿“¬À≈—ß°“√™ππ—Èπ
µ”·Àπàß·≈–§«“¡‡√Á«¢Õß§Ÿà™ππ—ÈπÊ ‡∑à“π—Èπ∑’ËµâÕß¡’°“√
§”π«≥„À¡à́ È”  „π¢≥–∑’ËÕ–µÕ¡Õ◊ËπÊ  ¬—ß§ß¡’§«“¡‡√Á«§ß∑’Ë
¬°‡«âπ®–µâÕß§”π«≥À“µ”·Àπàß∑’Ë‡ª≈’Ë¬π‰ª„π™à«ß√–À«à“ß
°“√™π∑’Ë‰¥â‡§≈◊ËÕπ∑’Ë‰ª ®“°π—Èπª√—∫µ“√“ß‚§√ß √â“ß√–∫∫
‡æ◊ËÕÀ“§«“¡‡ªìπ‰ª‰¥â¢Õß§Ÿà™π§Ÿà„À¡à

 ”À√—∫µ—«·ª√∑“ßæ≈»“ µ√å®–∂Ÿ°‡°Á∫‡ªìπ™à«ßÊ
‡™àπ  ∑ÿ° n §√—Èß¢Õß°“√§”π«≥  °“√´‘¡ÿ‡≈™—π®–¥”‡π‘π
µàÕ‰ª‚¥¬«π È́”°√–∫«π°“√¢â“ßµâπ‰ª®π°√–∑—Ëß§√∫µ“¡
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µâÕß°“√  „π°“√∑¥≈Õß´‘¡ÿ‡≈™—π®–·∫àß°“√§”π«≥ÕÕ°
‡ªìπ 10 ™à«ß„À≠à ‚¥¬≈–™à«ß®–Õ‘ √–µàÕ°—π ¥—ßπ—Èπ¢âÕ¡Ÿ≈∑’Ë
‰¥â∑—Èß 10 §à“®–ª√–¡“≥‡ªìπ°“√·®°·®ß·∫∫‡°“ å‡ ’́¬π
(approximate Gaussian distribution) ∑—Èßπ’È‡æ◊ËÕ≈¥§«“¡
§≈“¥‡§≈◊ËÕπ„π°“√§”π«≥  ”À√—∫·∫∫®”≈Õß‚¡‡≈°ÿ≈‚´à
·¢Áß·≈–°“√°√–∑”√–À«à“ßÕπÿ¿“§-Õπÿ¿“§ ‡ªìπ¥—ß∑’Ë· ¥ß
‰«â„π Figure 1

º≈°“√»÷°…“

Figure 2 · ¥ß§«“¡Àπ◊¥‡©◊Õπ ‡¡◊ËÕ§à“·æ°°‘ß
·ø√°™—π‡ªìπ 0.38 ®–‡ÀÁπ«à“‡«≈“ºàÕπ§≈“¬®–‡æ‘Ë¡¢÷Èπ
µ“¡®”π«π‚´à∑’Ë‡æ‘Ë¡¢÷Èπ  ∑—Èßπ’È‡ªìπº≈¡“®“°°“√‡æ‘Ë¡¢÷Èπ
¢Õß§«“¡∂’Ë°“√™π¿“¬„π‚¡‡≈°ÿ≈  ”À√—∫ Table 1 · ¥ß
º≈°“√§”π«≥§«“¡Àπ◊¥‡©◊Õπ¢Õß‚¡‡≈°ÿ≈‚ à́  ·≈– Figure

3-6 · ¥ß°“√‡ª√’¬∫‡∑’¬∫§à“∑’Ë‰¥â®“°°“√´‘¡ÿ‡≈™—π„πß“π
π’È‡∑’¬∫°—∫º≈°“√∑¥≈Õß¢Õß Alder ·≈– Wainwright

(1959) ·≈–º≈°“√∑¥≈Õß¢Õß Smith ·≈–§≥– (1995)

æ∫«à“‡¡◊ËÕ§à“·æ°°‘ß·ø√°™—π§ß∑’Ë·≈â« §«“¡Àπ◊¥‡©◊Õπ®–
¡’§à“‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ§«“¡¬“«‚´à‡æ‘Ë¡¢÷Èπ ·≈–‡¡◊ËÕ§«“¡¬“«‚´à
¢Õß‚¡‡≈°ÿ≈§ß∑’Ë·≈â« ®–æ∫«à“§«“¡Àπ◊¥‡©◊Õπ‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ
§à“·æ°°‘ß·ø√§™—π‡æ‘Ë¡¢÷Èπ ∑—Èßπ’È‡ªìπº≈¡“®“°°“√™π∑’Ë
‡æ‘Ë¡¢÷Èπ√–À«à“ß‚¡‡≈°ÿ≈·≈–¿“¬„π‚¡‡≈°ÿ≈   àßº≈∑”„Àâ
Õ—µ√“°“√∂à“¬‚Õπ‚¡‡¡πµ—¡‡æ‘Ë¡¢÷ÈπÕ—µ‚π¡—µ‘

 ”À√—∫ Figure 7-10 · ¥ßº≈°“√‡ª√’¬∫‡∑’¬∫
√–À«à“ß§«“¡Àπ◊¥‡©◊Õπ®“°°“√∑” ‘́¡ÿ‡≈™—π‡∑’¬∫°—∫§à“∑’Ë
‰¥â®“°∑ƒ…Ø’‡Õπ §Õ° ¥—ß ¡°“√∑’Ë (7) ‚¥¬æ∫«à“º≈°“√
∑¥≈Õß∑’Ë§«“¡Àπ“·πàπ Ÿß¡’§«“¡·µ°µà“ß°—πÕ¬à“ß¡“°∑—Èß
‚¡‡≈°ÿ≈‡¥’Ë¬«·≈–‚¡‡≈°ÿ≈‚´à πÕ°®“°π’È‡¡◊ËÕ§«“¡¬“«¢Õß
‚ à́‡æ‘Ë¡¢÷Èπ §«“¡·µ°µà“ß√–À«à“ß§«“¡Àπ◊¥‡©◊Õπ∑—Èß Õß

Figure 1.  Hard chain model and their site-site interactions with different chain molecules.

Figure 2. Reduced shear viscosity as a function of reduced time t* at packing fraction 0.38.

( __ ) hard sphere, ( _ _ )  2-mers, (__ _ _ __)  4-mers.
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Shear viscosity of hard chain fluids

Ratanapisit, J. and Ely, J.F.

«‘∏’®–æ∫‡™àπ°—π„π™à«ß§«“¡Àπ“·πàπµË” ∑—Èßπ’ÈÕ“®‡ªìπº≈
¡“®“° ¡¡ÿµ‘∞“π‚¡‡≈°Ÿ≈“√å‡§ÕÕ „π™à«ß§«“¡Àπ“·πàπ
 Ÿß°Á‰¥â √«¡∑—Èß‡¡◊ËÕ§«“¡¬“«‚´à‡æ‘Ë¡¢÷Èπ (‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫
°—∫∑√ß°≈¡‡¥’Ë¬«) ·≈â«π—Èπ °“√™π°—π√–À«à“ßÕ–µÕ¡¢Õß
‚¡‡≈°ÿ≈‚´à®–¡’§«“¡·µ°µà“ß¡“°¢÷Èπ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°—∫
°“√™π°—π√–À«à“ß‚¡‡≈°ÿ≈∑√ß°≈¡‡¥’Ë¬« ¥—ßπ—Èπ·∫∫®”≈Õß
¢Õß∑ƒ…Æ’‡Õπ §Õ°®÷ß§«√®–¡’‡∑Õ¡∑’Ë ‡°’Ë¬«¢âÕß°—∫
‚§√ß √â“ß‚¡‡≈°ÿ≈‚´à¥â«¬‡™àπ°—π

 ”À√—∫°“√‡ª√’¬∫‡∑’¬∫º≈∑’Ë‰¥â°—∫«‘∏’°“√·∫∫
TRAPP  ‚¥¬„™â ¡∫—µ‘¢Õß‰À≈®√‘ß¢Õß¡’‡∏π  Õ’‡∑π
πÕ√å¡—≈∫‘«‡∑π ·≈–πÕ√å¡—≈ÕÕ°‡∑π ‡ª√’¬∫‡∑’¬∫°—∫¢Õß
‰À≈∑√ß°≈¡·¢Áß‡¥’Ë¬«  2-mers   4-mers  ·≈–  8-mers

‚¥¬§«“¡Àπ◊¥‡©◊Õπ®“°«‘∏’°“√¢Õß TRAPP ®–‡æ‘Ë¡¢÷Èπ
‡¡◊ËÕ®”π«π‚´à‡æ‘Ë¡¢÷Èπ ∂÷ß·¡â«à“·π«‚πâ¡°“√‡ª≈’Ë¬π·ª≈ß

¢Õß§«“¡Àπ◊¥‡©◊Õπ¢Õß∑—Èß Õß«‘∏’®–§≈â“¬°—π°Áµ“¡  ·µà
§à“§«“¡Àπ◊¥‡©◊Õπ∑’Ë‰¥â¡’§«“¡·µ°µà“ß°—πÕ¬à“ß™—¥‡®π
πÕ°®“°π’È§«“¡Àπ◊¥‡©◊Õπ¢Õß‰À≈∑√ß°≈¡·¢Áß‡¥’Ë¬«¡’§à“
 Ÿß°«à“§«“¡Àπ◊¥‡©◊Õπ‚¥¬«‘∏’°“√·∫∫ TRAPP  ‚¥¬µ≈Õ¥
÷́Ëß· ¥ß∂÷ß·π«‚πâ¡§«“¡‡ªìπ‰ª‰¥â∑’Ë®–„™â·∫∫®”≈Õß∑√ß

°≈¡·¢Áß‡¥’Ë¬«„π∑ƒ…Æ’ MET ‰¥â √«¡∑—Èß§«“¡Àπ◊¥‡©◊Õπ
¢Õß‰À≈‚´à·¢Áß®–¡’§à“µË”°«à“ (Õ¬à“ß‡ªìπ√–∫∫) ‡¡◊ËÕ‡∑’¬∫
°—∫§«“¡Àπ◊¥‡©◊Õπ¢Õß‰À≈®√‘ßÕ¬à“ß™—¥‡®π ‚¥¬‡©æ“–
Õ¬à“ß¬‘Ëß‡¡◊ËÕ§«“¡¬“«‚´à‡æ‘Ë¡¢÷Èπ  ¥—ßπ—Èπ®÷ß°≈à“«‰¥â«à“¢Õß
‰À≈‚ à́·¢Áß¡’·π«‚πâ¡§«“¡‡ªìπ‰ª‰¥â∑’Ë®–„™â‡ªìπ∞“πÀ≈—°
‡æ◊ËÕæ—≤π“∑ƒ…Æ’‡æÕ√å‡∑Õ√‡∫™—π‰¥â  ”À√—∫°“√‡ª√’¬∫
‡∑’¬∫º≈∑’Ë‰¥â°—∫«‘∏’°“√·∫∫ MET-SAFT æ∫«à“§«“¡
Àπ◊¥‡©◊Õπ®“°«‘∏’°“√·∫∫ TRAPP „Àâ§à“„°≈â‡§’¬ß°—∫«‘∏’
°“√¢Õß MET-SAFT ·µà®–¡’§à“ Ÿß°«à“§«“¡Àπ◊¥‡©◊Õπ∑’Ë

Table 1. Reduced shear viscosity simulation results for hard sphere chain fluids.

packing fraction hard sphere hard sphere hard sphere hard sphere

fluids dimer fluids 4-mer fluids 8-mer fluids

0.10 0.26 0.17 0.13 0.11
0.15 0.33 0.24 0.26 0.39
0.20 0.36 0.33 0.38 0.43
0.25 0.49 0.52 0.59 0.72
0.27 0.59 0.64 0.72 1.03
0.28 0.63 0.68 0.81 1.14
0.29 0.68 0.71 0.88 1.21
0.30 0.72 0.77 0.92 1.42
0.31 0.81 0.84 0.97 1.82
0.32 0.96 0.96 1.06 1.80
0.33 1.02 1.17 1.37 2.10
0.34 1.09 1.32 1.48 2.38
0.35 1.15 1.44 1.57 2.75
0.36 1.34 1.55 1.80 3.19
0.37 1.42 1.66 2.17 3.41
0.38 1.56 1.89 2.39 4.29
0.39 1.60 2.08 2.78 4.62
0.40 1.77 2.15 2.98 5.01
0.41 1.89 2.39 3.25 5.90
0.42 2.19 2.65 3.52 6.83
0.43 2.41 2.97 4.35 8.45
0.44 2.75 3.58 4.9 9.92
0.45 3.06 4.10 6.2 11.05
0.47 5.42 — — —
0.48 6.20 — — —
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Figure 3. Reduced shear viscosity of hard sphere

fluid as a function of packing fraction.

Figure 4. Reduced shear viscosity of hard sphere

dimer fluids as a function of packing

fraction.

Figure 5. Reduced shear viscosity of hard sphere

4-mer fluids as a function of packing

fraction.

Figure 6. Reduced shear viscosity of hard sphere

8-mer fluid as a function of packing

fraction.

‰¥â®“°°“√´‘¡ÿ‡≈™—π¡“° ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß‡¡◊ËÕ®”π«π‚´à
 Ÿß¢÷Èπ §«“¡Àπ◊¥‡©◊Õπ¢Õß‚¡‡≈°ÿ≈‚´à®“°°“√ ‘́¡ÿ‡≈™—π®–
¡’§à“µË”°«à“§«“¡Àπ◊¥‡©◊Õπ®“°«‘∏’°“√ MET-SAFT Õ¬à“ß
‡ªìπ√–∫∫ ¬°‡«âπ‡©æ“–§«“¡Àπ◊¥‡©◊Õπ¢Õß‰À≈∑√ß°≈¡
·¢Áß∑’Ë¡’ Ÿß¡“°„π™à«ß§«“¡Àπ“·πàπ Ÿß  ´÷Ëß· ¥ß∂÷ß
·π«‚πâ¡§«“¡‡ªìπ‰ª‰¥â„π°“√„™â¢Õß‰À≈‚´à·¢Áß‡ªìπ∞“π
À≈—°„π°“√æ—≤π“∑ƒ…Æ’‡æÕ√å‡∑Õ‡∫™—π‰¥â  ”À√—∫§«“¡
Àπ◊¥‡©◊Õπ∑’Ë‰¥â®“°∑ƒ…Æ’‡Õπ §Õ°®–„Àâ§à“Õ¬Ÿà√–À«à“ß
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´÷Ëß„π∑’Ëπ’Èº≈°“√™π°—π√–À«à“ß‚¡‡≈°ÿ≈‡ª√’¬∫‡∑’¬∫°—∫°“√
™π°—π¿“¬„π‚¡‡≈°ÿ≈‡¡◊ËÕ°”Àπ¥„Àâ§à“·æ°°‘ß·ø√°™—π‡ªìπ
0.35 ‰¥â· ¥ß„π Table 2

 √ÿªº≈·≈–«‘®“√≥å

°“√´‘¡ÿ‡≈™—π·∫∫æ≈»“ µ√å‡™‘ß‚¡‡≈°ÿ≈∂Ÿ°π”¡“„™â
‡æ◊ËÕÀ“§«“¡Àπ◊¥¢Õß¢Õß‰À≈‚´à·∫∫·¢Áß·≈–·∫∫‚¡‡≈°ÿ≈
‡¥’Ë¬« ‚¥¬æ∫«à“º≈°“√∑¥≈Õß´‘¡ÿ‡≈™—π„π∑’Ëπ’È Õ¥§≈Õß°—∫

°“√ ‘́¡ÿ‡≈™—π·∫∫æ≈»“ µ√å‡™‘ß‚¡‡≈°ÿ≈„πß“π«‘®—¬Õ◊ËπÊ
√«¡∑—Èß‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°—∫∑ƒ…Æ’‡Õπ §Õ°·≈â« æ∫«à“
§«“¡Àπ◊¥‡©◊Õπ¢Õß‰À≈∑√ß°≈¡·¢Áß∑’Ë‰¥â®“°°“√ ‘́¡ÿ‡≈™—π
·∫∫æ≈»“ µ√å‡™‘ß‚¡‡≈°ÿ≈¡’§«“¡ Õ¥§≈âÕß°—∫∑ƒ…Æ’
‡Õπ §Õ° Õ¬à“ß‰√°Áµ“¡§«“¡Àπ◊¥‡©◊Õπ¢Õß‰À≈‚´à‚¥¬«‘∏’
´‘¡ÿ‡≈™—π®–¡’§«“¡·µ°µà“ß®“°∑ƒ…Æ’‡Õπ §Õ°¡“°¢÷Èπ
‡¡◊ËÕ§«“¡¬“«‚ à́‡æ‘Ë¡¢÷Èπ À√◊Õ/·≈–§«“¡Àπ“·πàπ¢Õß√–∫∫
‡æ‘Ë¡¢÷Èπ   ”À√—∫º≈°“√∑¥≈Õß¢Õß∑ƒ…Æ’ MET-SAFT

¢Õß¢Õß‰À≈‚ à́∑’Ë¡’§«“¡¬“«‡æ‘Ë¡¢÷Èπ„π™à«ß§«“¡Àπ“·πàπ

Figure 7. Comparison of reduced shear viscosity

as a function of packing fraction of

hard sphere fluid to other predictive

models.

Figure 8. Comparison of reduced shear viscosity

as a function of packing fraction of

hard  sphere  dimer  fluid  to  other

predictive models.

Figure 9. Comparison of reduced shear viscosity

as a function of packing fraction of

hard sphere 4-mer fluid to other pre-

dictive models.

Figure10. Comparison of reduced shear visco-

sity as a function of packing fraction

of hard sphere 8-mer fluid to other

predictive models.
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Table 2. Collision rates of hard sphere chain fluid at packing fraction 0.35.

Fluid Intercollision/total collision Intracollision/total collision

hard sphere 1 0
hard sphere dimer 0.48 0.52
hard sphere 4-mers 0.32 0.68
hard sphere 8-mers 0.24 0.76
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