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This paper focuses on the numerical analysis of melting process in phase change material which
considers the moving boundary as the main parameter. In this study, pure ice slab and saturated porous
packed bed are considered as the phase change material. The formulation of partial differential equations
is performed consisting heat conduction equations in each phase and moving boundary equation (Stefan
equation). The variable space grid method is then applied to these equations.  The transient heat conduction
equations and the Stefan condition are solved by using the finite difference method. A one-dimensional
melting model is then validated against the available analytical solution. The effect of constant temperature
heat source on melting rate and location of melting front at various times is studied in detail.

π‘æπ∏åµâπ©∫—∫

Research Center of Microwave Utilization in Engineering (RCME), Department of Mechanical Engineering,
Faculty of Engineering, Thammasat University, Rungsit Campus, Klong Luang, Pathum Thani, 12120,
Thailand.

1
π—°»÷°…“À≈—° Ÿµ√ «».¡.  “¢“«‘»«°√√¡‡§√◊ËÕß°≈

2
Ph.D. (Mechanical Engineering), √Õß»“ µ√“®“√¬å Àπà«¬«‘®—¬‡æ◊ËÕ°“√„™â

ª√–‚¬™πå®“°‰¡‚§√‡«ø„πß“π«‘»«°√√¡ (RCME) ¿“§«‘™“«‘»«°√√¡‡§√◊ËÕß°≈ §≥–«‘»«°√√¡»“ µ√å ¡À“«‘∑¬“≈—¬∏√√¡»“ µ√å

»Ÿπ¬å√—ß ‘µ Õ”‡¿Õ§≈ÕßÀ≈«ß ª∑ÿ¡∏“π’ 12120

Corresponding e-mail: ratphadu@engr.tu.ac.th

√—∫µâπ©∫—∫ 3 æƒ»®‘°“¬π 2549       √—∫≈ßæ‘¡æå 28 °ÿ¡¿“æ—π∏å 2550



Songklanakarin J. Sci. Technol.

Vol. 29  No. 5  Sep. - Oct. 2007 1394

Numerical solution using variable space grid technique

Serttikul, C. and Ratanadecho, P.

It is found that the nonlinearity of melting rate occurs for a short time. The successful comparison
with numerical solution and analytical solution should give confidence in the proposed mathematical treat-
ment, and encourage the acceptance of this method as useful tool for exploring practical problems such as
forming materials process, ice melting process, food preservation process and tissue preservation process.

Key words : phase change, moving boundary, variable space grid
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ß“π«‘®—¬π’È‡ªìπ°“√»÷°…“∂÷ß°“√«‘‡§√“–Àå√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢¢Õß°√–∫«π°“√∑”≈–≈“¬„π«— ¥ÿ‡ª≈’Ë¬π·ª≈ß

‡ø  ´÷Ëß®–æ‘®“√≥“µ”·Àπàß¢Õßº‘«≈–≈“¬ (moving boundary) ‡ªìπµ—«·ª√ ”§—≠„π°“√»÷°…“§√—Èßπ’È  «— ¥ÿ‡ª≈’Ë¬π

·ª≈ß‡ø ∑’Ëæ‘®“√≥“®–ª√–°Õ∫¥â«¬ ™‘Èπ∑¥ Õ∫∑’Ë‡ªìπ·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏‘Ï (pure ice) ·≈–™‘Èπ∑¥ Õ∫¢Õß«— ¥ÿæ√ÿπ∑’Ë

·¢Áßµ—«¡’≈—°…≥–‡ªìπ°âÕπ ’Ë‡À≈’Ë¬¡ ‚¥¬∑’Ë¿“¬„πª√–°Õ∫¥â«¬≈Ÿ°·°â«¢π“¥‡≈Á°¡“°Ê (glass bead) º ¡°—∫πÈ”∑’Ë·¢Áß

µ—«‡µÁ¡Õ¬Ÿà„π√Ÿæ√ÿπ¢Õß≈Ÿ°·°â«  ´÷Ëß®–‡√’¬°«à“  ·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—«  ‚¥¬∂◊Õ«à“‡ªìπ«— ¥ÿæ√ÿπ·∫∫Õ‘Ë¡µ—«

(saturated porous media) ‡√‘Ë¡µâπ®“°°“√ √â“ß·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å„π√Ÿª¢Õß ¡°“√Õπÿæ—π∏å¬àÕ¬´÷Ëßª√–°Õ∫

‰ª¥â«¬  ¡°“√°“√π”§«“¡√âÕπ ( heat conduction equation ) „π·µà≈–‡ø   ·≈– ¡°“√°“√‡§≈◊ËÕπ∑’Ë¢Õßµ”·Àπàß

º‘«≈–≈“¬ (moving boundary equation)   À≈—ß®“°π—Èππ” ¡°“√‡À≈à“π’È¡“ª√–¬ÿ°µå„™â°—∫«‘∏’°“√·ª√º—π√–¬–°√‘¥

(variable space grid method) √–∫∫ ¡°“√∑—ÈßÀ¡¥ “¡“√∂À“º≈‡©≈¬‚¥¬√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢ ‚¥¬Õ¬Ÿà∫πæ◊Èπ∞“π

¢Õß«‘∏’‰ø‰πµå¥‘ø‡øÕ‡√π´å (finite difference) „π√–∫∫ 1 ¡‘µ‘ ´÷ËßÀ≈—ß®“°∑’Ë‰¥âº≈‡©≈¬®“°°“√∑”π“¬‚¥¬„™â

√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢·≈â« ®–∂Ÿ°π”¡“‡ª√’¬∫‡∑’¬∫°—∫§à“º≈‡©≈¬∑’Ë‰¥â®“° ¡°“√·¡àπµ√ß (exact solution) µ—«·ª√

 ”§—≠∑’Ë„™â„π°“√»÷°…“§◊Õ æƒµ‘°√√¡¢Õß°“√∑”≈–≈“¬∑’Ë·µ°µà“ß°—π√–À«à“ß°√≥’¢Õß°“√∑”≈–≈“¬«— ¥ÿ‡ª≈’Ë¬π·ª≈ß

‡ø ·∫∫∏√√¡¥“ (·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏‘Ï) °—∫„π°√≥’¢Õß·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—« Õ‘∑∏‘æ≈¢Õß√–¥—∫Õÿ≥À¿Ÿ¡‘

¢Õß§«“¡√âÕπ∑’ËªÑÕπ ´÷Ëß¡’º≈µàÕÕ—µ√“°“√∑”≈–≈“¬ ·≈–≈—°…≥–°“√‡§≈◊ËÕπ∑’Ë¢Õßº‘«≈–≈“¬∑’Ë‡«≈“µà“ßÊ

®“°°“√»÷°…“æ∫«à“Õ—µ√“°“√∑”≈–≈“¬¢Õß∑—Èß 2 °√≥’¡’≈—°…≥–‡ªìπ·∫∫‰¡à‡™‘ß‡ âπ Ÿß„π™à«ß·√°¢Õß°√–∫«π

°“√ ·≈–Õ—µ√“°“√∑”≈–≈“¬¢Õß·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—«®–¡’§à“ Ÿß°«à“°√≥’·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏‘Ï πÕ°®“°π’È‡¡◊ËÕ

‡ª√’¬∫‡∑’¬∫§à“∑’Ë‰¥â®“°°“√∑”π“¬°—∫§à“∑’Ë‰¥â®“° ¡°“√·¡àπµ√ßæ∫«à“¡’§«“¡„°≈â‡§’¬ß ·≈– Õ¥§≈âÕß‰ª„π∑‘»∑“ß

‡¥’¬«°—π´÷Ëß¬◊π¬—π§«“¡∂Ÿ°µâÕß¢Õß∑ƒ…Æ’æ◊Èπ∞“π‰¥â‡ªìπÕ¬à“ß¥’  Õß§å§«“¡√Ÿâ∑’Ë‰¥â®“°°“√«‘‡§√“–Àå “¡“√∂π”‰ª„™â

ª√–‚¬™πå‰¥â∑—Èß‡ªìπ§«“¡√Ÿâæ◊Èπ∞“π„Àâ°—∫ß“π«‘®—¬„π√–¥—∫∑’Ë Ÿß¢÷Èπ  ·≈–‡ªìπª√–‚¬™πåµàÕß“π∑“ß«‘»«°√√¡∑’ËÀ≈“°À≈“¬

´÷Ëß¡’§«“¡ ”§—≠∑—Èß‡°’Ë¬«¢âÕß°—∫™’«‘µª√–®”«—π Õ“∑‘ °“√À≈Õ¡≈–≈“¬„π°√–∫«π°“√¢÷Èπ√Ÿª‚≈À– °√–∫«π°“√·ª√√Ÿª

·≈–∂πÕ¡Õ“À“√ À√◊Õ°“√∂πÕ¡‡π◊ÈÕ‡¬◊ËÕµà“ßÊ „π¥â“π°“√·æ∑¬å ‡ªìπµâπ

°“√·°âªí≠À“°“√‡°‘¥°“√‡ª≈’Ë¬π·ª≈ß‡ø  À√◊Õ°“√
‡§≈◊ËÕπµ—«¢Õßº‘«≈–≈“¬π—Èπ‡ªìπªí≠À“∑’Ë¡’π—°«‘®—¬„Àâ§«“¡ π„®
‡ªìπæ‘‡»… ‡π◊ËÕß®“°¡’§«“¡´—∫´âÕπ∑’Ë‡°’Ë¬«‡π◊ËÕß°—π√–À«à“ß
§«“¡‰¡à‡ªìπ‡™‘ß‡ âπ¢Õß‡ß◊ËÕπ‰¢¢Õ∫‡¢µ ·≈–µ”·Àπàß¢Õß
º‘«≈–≈“¬ ®÷ß∑”„Àâ‰¡à “¡“√∂∑”π“¬µ”·Àπàß°“√‡§≈◊ËÕπµ—«

¢Õßº‘«≈–≈“¬‰¥â‡æ’¬ß®“°°“√§“¥§–‡π‡À¡◊Õπ„π√–∫∫ªí≠À“
‡™‘ß‡ âπ πÕ°®“°π’Èªí≠À“°“√‡ª≈’Ë¬π·ª≈ß‡ø ¬—ß¡’§«“¡
 ”§—≠¡“°°—∫ªí≠À“∑’Ë‡°’Ë¬«¢âÕß°—∫™’«‘µª√–®”«—π ‡™àπ °“√
≈–≈“¬¢Õß°âÕππÈ”·¢Áß„π¡À“ ¡ÿ∑√  °“√À≈Õ¡≈–≈“¬„π
°√–∫«π°“√¢÷Èπ√Ÿª‚≈À– °√–∫«π°“√·ª√√Ÿª·≈–∂πÕ¡Õ“À“√
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À√◊Õ°“√∂πÕ¡‡π◊ÈÕ‡¬◊ËÕµà“ßÊ „π¥â“π°“√·æ∑¬å  ·≈–¬—ß¡’
µ—«Õ¬à“ßÕ◊ËπÊ Õ’°¡“°„π°“√Õ∏‘∫“¬∂÷ß§«“¡ ”§—≠¢Õß°“√
‡ª≈’Ë¬π·ª≈ß‡ø  ∑—Èß„π°√≥’¢Õß°“√∑”≈–≈“¬ ·≈–°“√·¢Áß
µ—« °“√∑’Ë‡√“ “¡“√∂∑”§«“¡‡¢â“„®°≈‰°¢Õß°“√‡ª≈’Ë¬π·ª≈ß
„πª√“°Ø°“√≥åµà“ßÊ ‡À≈à“π’È ®–™à«¬„Àâ‡√“ “¡“√∂ÕÕ°·∫∫
À√◊Õæ—≤π“ª√—∫ª√ÿß°√–∫«π°“√∑’Ë‡°’Ë¬«¢âÕß„Àâ¡’ª√– ‘∑∏‘¿“æ
¬‘Ëß¢÷Èπ

‡¡◊ËÕæ‘®“√≥“√“¬ß“π«‘®—¬∑’Ëºà“π¡“ ‡√‘Ë¡µâπ®“°ªï §.».
1860  Neumann  (Carslaw  and  Jaeger,  1959;
Muehlbauer and Sunderland, 1965) ‰¥â∑”°“√»÷°…“
ªí≠À“°“√‡ª≈’Ë¬π·ª≈ß‡ø ∑’Ë¡’ 1 ‡ø  (one phase change
problem)  ”À√—∫‡ß◊ËÕπ‰¢¢Õ∫‡¢µ∑’Ë¡’Õÿ≥À¿Ÿ¡‘§ß∑’Ë®π
 “¡“√∂À“§”µÕ∫¢Õßªí≠À“∑’ËÕ¬Ÿà„π√Ÿª¢Õßº≈‡©≈¬·¡àπµ√ß
„π°√≥’ 1 ¡‘µ‘‰¥â ”‡√Á®  µàÕ¡“„πªï §.». 1889 Stefan
(Rubinstein, 1971) ‰¥â»÷°…“ªí≠À“‡æ‘Ë¡‡µ‘¡®π “¡“√∂À“
º≈‡©≈¬„π°√≥’°“√‡ª≈’Ë¬π·ª≈ß‡ø „π≈—°…≥– Õß‡ø 
æ√âÕ¡°—π (two phase change problem) ‰¥â‡™àπ°—π °≈à“«
‰¥â«à“π—°«‘®—¬∑—Èß Õß§ππ’È∂◊Õ‡ªìπ®ÿ¥‡√‘Ë¡µâπ¢Õß°“√»÷°…“ªí≠À“
°“√¢Õß‡ª≈’Ë¬π·ª≈ß‡ø „π¬ÿ§µàÕ¡“ ´÷Ëß∑”„Àâ “¡“√∂À“º≈
‡©≈¬·¡àπµ√ß‰¥âÀ≈“°À≈“¬«‘∏’  ‡™àπ  «‘∏’ Neumann's
Solution (Crank, 1981)  «‘∏’ Similarity transformation
method (A.B. Taylor, 1974) À√◊Õ«‘∏’ Heat balance
integral methods (Goodman, 1961)

À≈—ß®“°π—ÈπµàÕ¡“‰¥â¡’°“√æ—≤π“‡æ◊ËÕπ”‡ πÕ«‘∏’°“√
À“º≈‡©≈¬·∫∫„À¡à ‚¥¬„™âÀ≈—°°“√∑“ß√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢
„π°“√ª√–¡“≥À“§à“º≈¢Õß§”µÕ∫  ‡™àπ  Murray ·≈–

Landis (Murray, 1959) ‰¥â∑”°“√‡ª√’¬∫‡∑’¬∫√–À«à“ß«‘∏’
·ª√º—π√–¬–°√‘¥ (variable space grid method) °—∫«‘∏’
°”Àπ¥√–¬–Àà“ß°√‘¥·∫∫§ß∑’Ë (fixed space grid method)
´÷Ëßæ∫«à“«‘∏’·√°π—Èπ¡’§«“¡·¡àπ¬”¡“°°«à“ ‡π◊ËÕß®“°¡’§à“
§«“¡§≈“¥‡§≈◊ËÕπ¢≥–‡√‘Ë¡µâππâÕ¬°«à“ πÕ°®“°π’È Masta-
naiah (1976) ‰¥â»÷°…“°√–∫«π°“√‡ª≈’Ë¬π·ª≈ß‡ø ‚¥¬„™â
«‘∏’ Taylor' forward projection method ·≈–∑”°“√
‡ª√’¬∫‡∑’¬∫°—∫§à“∑’Ë‰¥â®“°°“√«‘‡§√“–Àåº≈‡©≈¬·¡àπµ√ß
æ∫«à“¡’§«“¡ Õ¥§≈âÕß·≈–„°≈â‡§’¬ß°—π¢Õß§à“∑—Èß Õß

 ”À√—∫∫∑§«“¡π’È®–π”‡ πÕªí≠À“¢Õß°“√∑”≈–≈“¬
„π«— ¥ÿ‡ª≈’Ë¬π·ª≈ß‡ø ∑—Èß„π°√≥’∑’Ë‡ªìπ·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏‘Ï
·≈– ·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—« (πÈ”·¢Áß+«— ¥ÿæ√ÿπ) ‚¥¬
µ—«·ª√∑’Ë∑”°“√»÷°…“§◊ÕÕ‘∑∏‘æ≈¢ÕßÕÿ≥À¿Ÿ¡‘∑”≈–≈“¬∑’Ë¡’µàÕ
«— ¥ÿ‡ª≈’Ë¬π·ª≈ß‡ø ∑—Èß Õß ≈—°…≥–°“√‡§≈◊ËÕπµ—«¢Õßº‘«
≈–≈“¬ ‚¥¬«‘∏’∑’Ëπ”‡ πÕ„π∫∑§«“¡π’È§◊Õ«‘∏’°“√·ª√º—π√–¬–
°√‘¥ ´÷Ëß‡ªìπ«‘∏’·ª≈ßæ‘°—¥‡æ◊ËÕ„™â√à«¡°—∫«‘∏’∑“ß√–‡∫’¬∫«‘∏’‡™‘ß
µ—«‡≈¢∑’Ëßà“¬·°à°“√∑”§«“¡‡¢â“„® ·≈–¡’§«“¡·¡àπ¬”§àÕπ¢â“ß
 Ÿß ‡æ◊ËÕ‡ª√’¬∫‡∑’¬∫°—∫æƒµ‘°√√¡„π°√≥’¢Õß°“√∑”≈–≈“¬
«— ¥ÿ‡ª≈’Ë¬π·ª≈ß‡ø ∑’Ë ¿“«–µà“ßÊ ‚¥¬°“√«‘‡§√“–Àå‡™‘ß
µ—«‡≈¢·≈–‚¥¬º≈‡©≈¬·¡àπµ√ß«‘∏’ Similarly Transform-
ation Method (Carslaw and Jaeger, 1959)

·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å

1. √Ÿª·∫∫®”≈Õß∑“ß°“¬¿“æ

≈—°…≥–¢Õß·∫∫√Ÿª√à“ß®”≈Õß∑“ß°“¬¿“æ∑’Ë®–
∑”°“√»÷°…“· ¥ß„π Figure 1 °≈à“«§◊Õ «— ¥ÿ‡ª≈’Ë¬π·ª≈ß

Figure 1.  Physical model of problem
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‡ø ∑’Ë„™â„π°“√∑¥≈Õß¡’ 2 ™π‘¥ §◊Õ °√≥’∑’Ë‡ªìπ·∑àßπÈ”·¢Áß
∫√‘ ÿ∑∏‘Ï ·≈–·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—« (πÈ”·¢Áß+«— ¥ÿ
æ√ÿπ)  ¡’§«“¡¬“«∑—ÈßÀ¡¥‡∑à“°—∫  10  ´¡.  ´÷Ëß¡’Õÿ≥À¿Ÿ¡‘
‡√‘Ë¡µâπ ¡Ë”‡ ¡Õ‡∑à“°—∫ -30  ¥â“π∫π∂Ÿ°„Àâ§«“¡√âÕπ´÷Ëß¡’
Õÿ≥À¿Ÿ¡‘§ß∑’Ë‡∑à“°—∫ 40oC, 70oC ·≈– 100oC µ“¡≈”¥—∫
 à«π≈—°…≥–°“√‡§≈◊ËÕπ∑’Ë¢Õßº‘«≈–≈“¬®–∑”°“√æ‘®“√≥“
‡©æ“–„π∑‘»∑“ßÀπ÷Ëß¡‘µ‘ §◊Õ ·°π X ·≈–¡’°“√∂à“¬‡∑§«“¡
√âÕπ‡©æ“–·°π∑’Ëæ‘®“√≥“‡∑à“π—Èπ ‚¥¬„π∑’Ëπ’È‡æ◊ËÕ§«“¡ –¥«°
„π°“√«‘‡§√“–Àå®–æ‘®“√≥“„Àâ¡’™—Èπ¢Õß‚´π¢Õß‡À≈« (un-
frozen layer) ‡π◊ËÕß®“°°“√∑”≈–≈“¬‡°‘¥¢÷Èπµ—Èß·µàµâπ

®“° Figure 1 · ¥ß„Àâ‡ÀÁπ∂÷ß‡ âπ°“√‡ª≈’Ë¬π·ª≈ß
Õÿ≥À¿Ÿ¡‘∑—Èß„π∫√‘‡«≥‚´π¢Õß‡À≈« ·≈–‚´π¢Õß·¢Áß (Frozen
layer) ‚¥¬∑’Ë°“√‡ª≈’Ë¬π·ª≈ßÕÿ≥À¿Ÿ¡‘„π‚´π¢Õß‡À≈«®–Õ¬Ÿà
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2
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0
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Õÿ≥À¿Ÿ¡‘‡√‘Ë¡µâπ¢Õß«— ¥ÿ‡ª≈’Ë¬π·ª≈ß‡ø ¢≥–∑’Ë¬—ß‰¡à‰¥â√—∫
§«“¡√âÕπ T

f
 §◊Õ§à“Õÿ≥À¿Ÿ¡‘∑’Ëµ”·Àπàßº‘«≈–≈“¬   à«π T

s

§◊Õ§à“Õÿ≥À¿Ÿ¡‘§ß∑’Ë∑’ËªÑÕπ„Àâ·°à«— ¥ÿ‡ª≈’Ë¬π·ª≈ß‡ø ∑“ß¥â“π
∫π ·≈–∑’Ëµ”·Àπàß X = ε  ∑’Ë‡ªìπ√–¬–∑’Ë∫Õ°µ”·Àπàß¢Õß
º‘«≈–≈“¬®÷ß ®–§àÕ¬Ê ‡§≈◊ËÕπ∑’Ë‰ª„π∑‘»∑“ß·°π X ¡“°
¢÷Èπ‡¡◊ËÕ‡«≈“‡æ‘Ë¡¢÷Èπ ´÷Ëß®–∑”„Àâ‡°‘¥°“√¢¬“¬∫√‘‡«≥∑’Ë‡ªìπ
‚´π¢Õß‡À≈«¡“°¢÷Èπ¥â«¬

°≈à“«‚¥¬ √ÿª®“°·∫∫®”≈Õß∑“ß°“¬¿“æ (physical
model) ∑’Ë®–∑”°“√»÷°…“®–Õ¬Ÿà¿“¬„µâ‡ß◊ËÕπ‰¢¢Õß ¡¡ÿµ‘∞“π
¥—ßπ’È

1) √–∫∫∑’Ëæ‘®“√≥“‡ªìπ√–∫∫ 1 ¡‘µ‘
2) æ‘®“√≥“‡©æ“–º≈¢Õß°“√π”§«“¡√âÕπ‡∑à“π—Èπ
3) ‰¡à§”π÷ß∂÷ß°“√‡ª≈’Ë¬π·ª≈ßª√‘¡“µ√¢Õß«— ¥ÿ

‡ª≈’Ë¬π·ª≈ß‡ø  ‡π◊ËÕß®“°°“√∑”≈–≈“¬
4) °”Àπ¥„Àâ«— ¥ÿæ√ÿπ·∫∫Õ‘Ë¡µ—«∑’Ëæ‘®“√≥“¡’≈—°…≥–

‡ªìπ homogeneous
·≈–„π à«π¢Õß‡ß◊ËÕπ‰¢¢Õß√–∫∫∑’Ë„™â„π°“√«‘‡§√“–Àå

°”Àπ¥„Àâ√–∫∫∑’Ëæ‘®“√≥“¡’‡ß◊ËÕπ‰¢‡√‘Ë¡µâπ·≈–‡ß◊ËÕπ‰¢
¢Õ∫‡¢µ¥—ßπ’È

1.1 ‡ß◊ËÕπ‰¢‡√‘Ë¡µâπ
1) ≥ µ”·Àπàß∑’Ë  0 < x < L, t = 0, T =

T
0
 = -30oC

1.2 ‡ß◊ËÕπ‰¢¢Õ∫‡¢µ

1) ≥ µ”·Àπàß∑’Ë x = 0, t > 0, T = T
s
 =

Const

2) ≥ µ”·Àπàß∑’Ë  x = L, t > 0, 
∂T

∂x
= 0

3) ≥ µ”·Àπàß∑’Ë  x = ε, t > 0, T
1
 = T

2
 =

Const = T
f
 = 0oC

2. √Ÿª·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å

®“°°Æ°“√Õπÿ√—°…åæ≈—ßß“π ‡¡◊ËÕæ‘®“√≥“‡©æ“–
°“√π”§«“¡√âÕπ∑’Ë∂à“¬‡∑ºà“πª√‘¡“µ√§«∫§ÿ¡„¥Ê „π∑’Ëπ’È®–
æ‘®“√≥“‡ªìπ°√≥’°“√∂à“¬‡∑§«“¡√âÕπ·∫∫Àπ÷Ëß¡‘µ‘  ‡√“
 “¡“√∂‡¢’¬π ¡°“√‡™‘ßÕπÿæ—π∏å‡æ◊ËÕ„™âÕ∏‘∫“¬°“√∂à“¬‡∑
§«“¡√âÕπ∑—Èß¿“¬„π∫√‘‡«≥‚´π¢Õß‡À≈« ·≈–¿“¬„π∫√‘‡«≥
‚´π¢Õß·¢Áß„π°√≥’Àπ÷Ëß¡‘µ‘ ‰¥â¥—ßπ’È

∂T
1

∂t
= α

∂ 2T
1

∂x2 (1)

‚¥¬∑’Ë§à“ α §◊Õ §à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—«¢Õß§«“¡
√âÕπ (thermal diffusivity)

j §◊Õ µ”·Àπàß„¥Ê „π«— ¥ÿ‡ª≈’Ë¬π·ª≈ß‡ø 

‡π◊ËÕß®“°ªí≠À“∑’Ë∑”°“√»÷°…“„π§√—Èßπ’È‡ªìπªí≠À“‰¡à
‡™‘ß‡ âπ ́ ÷Ëß‡°’Ë¬«¢âÕßµàÕ°“√‡ª≈’Ë¬π‡ø ·≈–°“√‡§≈◊ËÕπµ—«¢Õß
¢Õ∫‡¢µ ¥—ßπ—Èπ„π°“√«‘‡§√“–Àå®–µâÕß‡°’Ë¬«¢âÕß°—∫°“√·ª≈ß
æ‘°—¥·°π (coordinate transformation) ·≈–‡¡◊ËÕ —ß‡°µ
®“° Figure 2 ®–æ∫«à“‡¡◊ËÕ‡«≈“ºà“π‰ª ∑’Ë®ÿ¥À√◊Õµ”·Àπàß
„¥Ê ∑’Ëæ‘®“√≥“®–¡’Õÿ≥À¿Ÿ¡‘‡æ‘Ë¡¢÷Èπ „π¢≥–‡¥’¬«°—πµ”·Àπàß

Figure 2.  Transformation of coordinate
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 ¡°“√§«“¡√âÕπ (Heat Equation) „π√Ÿª∑—Ë«‰ª ”À√—∫°√≥’
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Figure 3. Description for variable space grid
method
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°≈à“«§◊ÕÕ—µ√“°“√¢¬“¬µ—«¢Õßº‘«≈–≈“¬∑’Ë‡§≈◊ËÕπ∑’Ë‰ª∑“ß¢«“
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s
) ⋅ ∆x) ®“°§«“¡

 —¡æ—π∏å¥—ß°≈à“«®–‰¥â ¡°“√ ¥—ßπ’È
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=

n
s
− i

s

n
s

dε
dt (8)

¥—ßπ—Èπ  ”À√—∫°√≥’„π∫√‘‡«≥∑’Ë‡ªìπ¢Õß·¢Áß
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 ⋅
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


 (9)

®“° Figure 1 ∑”°“√ ¡¥ÿ≈§«“¡√âÕπ∑’Ëº‘«≈–≈“¬ (x = ε) ®–‰¥â

L
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
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¥—ßπ—Èπ®–‰¥â ¡°“√°“√‡§≈◊ËÕπ∑’Ë¢Õßº‘«≈–≈“¬ (moving boundary equation) ¥—ßπ’È
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
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
 (12)

®“° ¡°“√∑’Ë (12) ‡π◊ËÕß®“° ¡¡µ‘∞“π∑’Ë‰¡à§‘¥º≈¢Õß°“√‡ª≈’Ë¬π·ª≈ßª√‘¡“µ√®÷ß°”Àπ¥„Àâ§à“§«“¡Àπ“·πàπ¢Õß¢Õß·¢Áß ρ
s

¡’§à“§ß∑’Ë

√Ÿª·∫∫ ¡°“√„π√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢

®“°·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å∑’Ë∂Ÿ° √â“ß¢÷Èπ ®–∂Ÿ°π”‰ª·°âªí≠À“‡æ◊ËÕÀ“º≈‡©≈¬§”µÕ∫‚¥¬«‘∏’°“√ Finite Differ-
ence Method ´÷Ëß‡ªìπ«‘∏’°“√ª√–¡“≥§à“¢Õßº≈‡©≈¬‚¥¬„™â√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢™π‘¥Àπ÷Ëß ‡æ◊ËÕÀ“Õÿ≥À¿Ÿ¡‘∑’Ë‡ª≈’Ë¬π·ª≈ß‰ª
‡π◊ËÕß®“°°“√π”§«“¡√âÕπ ·≈–≈—°…≥–°“√‡ª≈’Ë¬π·ª≈ß‡ø À√◊Õµ”·Àπàß°“√‡§≈◊ËÕπ∑’Ë¢Õßº‘«≈–≈“¬ ´÷Ëß “¡“√∂· ¥ß‡ªìπ
√–∫∫ ¡°“√„π√Ÿª√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢‰¥â¥—ßπ’È
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s

n
s

⋅ dε
dt











®–‰¥â

T
s(i)

t+∆t,(n+1) − T
s(i)

t,n

∆t
= α

s

T
s(i+1)

t+∆t,(n) − 2T
s(i)

t+∆t,(n+1) + T
s(i−1)

t+∆t,(n+1)

∆x
s

t+∆t,(n)( )2 +
T

s(i+1)

t+∆t,(n) − T
s(i−1)

t+∆t,(n+1)

2∆x
s

t+∆t,(n)
⋅
n

s
− i

s

n
s

⋅ dε
dt







t+∆t,(n)

(14)

3.  ¡°“√°“√‡§≈◊ËÕπ∑’Ë¢Õßº‘«≈–≈“¬
®“° ¡°“√ (12)

dε
dt

= 1
L

s
ρ

s

λ
s

∂T
s

∂x
s

− λ
l

∂T
l

∂x
l











®–‰¥â

ε t+∆t,(n) − ε t

∆t
= 1

L
s
ρ

s

λ
s

−3T
ls

+ 4T
s(l)

t+∆t,(n) − T
s(2)

t+∆t,(n)

2∆x
s

t+∆t,(n−1)
− λ

l

3T
ls

− 4T
l(nl −l)

t+∆t,(n) + T
l(nl −2)

t+∆t,(n)

2∆x
l

t+∆t,(n−1)









 (15)

‚¥¬∑’Ë

dε
dt







t+∆t,(n)

= ε t+∆t,(n) − ε t

∆t
(16)

∆x
l

t+∆t,(n) = ε t+∆t,(n)

n
l

(17)

∆x
s

t+∆t,(n) = L − ε t+∆t,(n)

n
s

(18)

‚¥¬∑’Ë t §◊Õ  ‡«≈“
∆t §◊Õ  ‡«≈“∑’Ë‡æ‘Ë¡¢÷Èπ
n §◊Õ  ®”π«π√Õ∫¢Õß°“√§”π«≥´È”
l §◊Õ  ‚´π¢Õß‡À≈«
s §◊Õ  ‚´π¢Õß·¢Áß
L §◊Õ  §«“¡¬“«∑—ÈßÀ¡¥¢Õß«— ¥ÿ∑¥ Õ∫
ε §◊Õ  µ”·Àπàß¢Õß¢Õ∫‡¢µº‘«≈–≈“¬

4.  ”À√—∫‡ß◊ËÕπ‰¢„π°“√§”π«≥∑“ß√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢¡’¥—ßπ’È
4.1 °”Àπ¥™à«ß‡«≈“ ∆t (time step) ¡’§à“‡∑à“°—∫ 1 «‘π“∑’  ”À√—∫°“√§”π«≥À“°“√‡ª≈’Ë¬π·ª≈ßÕÿ≥À¿Ÿ¡‘·≈–

µ”·Àπàß¢Õß√Õ¬µàÕ√–À«à“ß‡ø À√◊Õº‘«≈–≈“¬
4.2 ®”π«π°√‘¥∑’Ë √â“ß ·∫àß‡ªìπ°√‘¥„π∫√‘‡«≥‚´π¢Õß‡À≈« (n

l
) ‡∑à“°—∫ 100 ®ÿ¥ ·≈–°√‘¥„π∫√‘‡«≥‡ø ¢Õß·¢Áß

(n
s
) ‡∑à“°—∫ 50 ®ÿ¥
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4.3 °”Àπ¥§à“§«“¡§≈“¥‡§≈◊ËÕπ∑’Ë¬Õ¡√—∫‰¥â¡’
§à“‡∑à“°—∫ 10-6 ‡æ◊ËÕÀ¬ÿ¥°“√§”π«≥´È”¢ÕßÕ—≈°Õ√‘∑÷¡∑’Ë √â“ß
¢÷Èπ

‡Àµÿº≈∑’Ë‡≈◊Õ°§à“æ‘°—¥‡À≈à“π’È‡π◊ËÕß®“°‡ªìπ§à“æ‘°—¥∑’Ë
∑”„Àâ§à“§”µÕ∫∑’Ë‰¥â®“°«‘∏’°“√∑’Ëπ”‡ πÕ¡’§«“¡·¡àπ¬”¡“°
∑’Ë ÿ¥‡∑à“∑’Ë‡ªìπ‰ª‰¥â

Figure 4.  Flow chart for the algorithm
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®“° Figure 4 ®–Õ∏‘∫“¬∂÷ß≈”¥—∫¢—ÈπµÕπ ·≈–√“¬
≈–‡Õ’¬¥¢Õß·ºπº—ß«‘∏’°“√§”π«≥  ”À√—∫°“√·°âªí≠À“°“√
‡ª≈’Ë¬π·ª≈ß‡ø ®“° ¡°“√∑’Ë (13)-(18)

‚¥¬∑’Ë§à“§ÿ≥ ¡∫—µ‘µà“ßÊ π’ÈÀ“‰¥â®“°°“√À“§à“‡©≈’Ë¬
§ÿ≥ ¡∫—µ‘¢Õß  Porous  Matrix  ·≈–πÈ”„π·µà≈–‡ø 
(Rattanadecho and Wongwises, 2007)

º≈∑’Ë‰¥â®“°°“√·°âªí≠À“¥â«¬√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢ ·≈–

«‘®“√≥å

º≈§”µÕ∫∑’Ë‰¥â®“°√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢∑’Ëπ”‡ πÕ
„π°√≥’∑’Ëæ‘®“√≥“«— ¥ÿ∑¥ Õ∫‡ªìπ·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏‘Ï  ‡¡◊ËÕ
π”¡“‡ª√’¬∫‡∑’¬∫°—∫§à“∑’Ë‰¥â®“°º≈‡©≈¬·¡àπµ√ß®“°«‘∏’
Similarly Transformation Method [1] ‚¥¬¡’√Ÿª·∫∫
¢Õß ¡°“√¥—ßµàÕ‰ªπ’È

®“° ¡°“√

µ = Ste

π
e−µ2σ2

erf (µ ⋅σ) − erf (µ ⋅ε )
− Sbλ1/2e−µ2λ

erfc(µ ⋅λ1/2 )









(18)
®–∑”„Àâ “¡“√∂À“º≈‡©≈¬¢Õß ¡°“√ ”À√—∫°“√À“µ”·Àπàß
¢Õßº‘«≈–≈“¬‰¥â¥—ßπ’È

ε = 2µ(α
l
⋅ t)1/2 (19)

·≈– ¡°“√°“√À“°“√°√–®“¬µ—«¢ÕßÕÿ≥À¿Ÿ¡‘∑’Ë∫√‘‡«≥‡ø 
¢Õß‡À≈«·≈–¢Õß·¢Áß¥—ßπ’È

T
l
=

erf (µ ⋅σ) − erf (µ ⋅ η
l
)

erf (µ ⋅σ) − erf (µ ⋅ε )
(20)

T
s
=

erfc(µλ1/2η
s
)

erfc(µλ1/2 )
(21)

®“°º≈‡©≈¬·¡àπµ√ß∑’Ë‰¥â ‡¡◊ËÕπ”¡“‡ª√’¬∫‡∑’¬∫°—∫
«‘∏’°“√∑’Ëπ”‡ πÕæ∫«à“Õ—µ√“°“√‡§≈◊ËÕπµ—«¢Õßº‘«≈–≈“¬¢Õß
∑—Èß§Ÿà¡’§à“ Õ¥§≈âÕß°—π¥—ß· ¥ß„π Table 2 ·≈– Figure 5
´÷Ëß· ¥ß„Àâ‡ÀÁπ‡ªìπÕ¬à“ß¥’«à“«‘∏’°“√∑’Ëπ”‡ πÕπ—Èπ¡’§«“¡
·¡àπ¬”·≈–‡™◊ËÕ∂◊Õ‰¥â

À≈—ß®“°∑’Ë‰¥â∑”°“√‡ª√’¬∫‡∑’¬∫„Àâ‡ÀÁπ∂÷ß§«“¡ Õ¥-
§≈âÕß°—π¢Õß∑—Èß Õß«‘∏’´÷Ëß¬◊π¬—π„Àâ‡ÀÁπ∂÷ß§«“¡∂Ÿ°µâÕß¢Õß
 ¡°“√·≈–‡∑§π‘§«‘∏’∑’Ëπ”‡ πÕ·≈â«π—Èπ À“°∑”°“√«‘‡§√“–Àå
‡æ‘Ë¡‡µ‘¡‚¥¬°“√°”Àπ¥„Àâ«— ¥ÿ∑¥ Õ∫∑’Ë‡√“æ‘®“√≥“‡ªìπ
·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—« §”µÕ∫∑’Ë‰¥â®“°°“√ª√–¬ÿ°µå
„™â√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢°—∫°≈ÿà¡ ¡°“√ (13)-(18) ‚¥¬Õ¬Ÿà
∫πæ◊Èπ∞“π¢Õß«— ¥ÿæ√ÿπ·∫∫Õ‘Ë¡µ—« ∑”„Àâ “¡“√∂‡ÀÁπ∂÷ß
§«“¡·µ°µà“ß¢Õß≈—°…≥–°“√‡§≈◊ËÕπµ—«¢Õßº‘«≈–≈“¬ ·≈–
Õ‘∑∏‘æ≈¢Õß√–¥—∫Õÿ≥À¿Ÿ¡‘∑’Ë„™â„π°“√∑”≈–≈“¬¢Õß°√≥’·∑àß
πÈ”·¢Áß∫√‘ ÿ∑∏‘Ï·≈–°√≥’·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—«‰¥â¥—ßπ’È

‡¡◊ËÕæ‘®“√≥“≈—°…≥–°√“ø∂÷ßæƒµ‘°√√¡¢Õß°“√

Table 1. Properties of porous pack bed (ice + porous)

 Properties Unfrozen layer Frozen layer

ρ kg / m3 1942.0 1910.0
α (m2 / s) 0.21 x 10-6 0.605 x 10-6

λ (W / m·K) 0.855 1.480
L (J / kg) - 167.5 x 103

Table 2. The value of melting front from simulation method and exact solution method
at several temperature load

Time (s) 40oC 40oC (exact) 70oC 70oC (exact) 100oC 100oC (exact)

180 0.0034900 0.0034231 0.0047200 0.0046231 0.0056100 0.0055323
360 0.0049300 0.0048723 0.0066600 0.0065723 0.0079300 0.0078606
540 0.0060300 0.0059945 0.0081600 0.0080715 0.0097100 0.0096411
720 0.0069600 0.0069237 0.0094200 0.0093409 0.0112100 0.0111615
900 0.0077800 0.0077785 0.0105300 0.0104822 0.0125300 0.0125114
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Figure 5.  Compare between the melting front of presented method and exact solution method

Figure 6. The simulations of temperature dis-
tribution of constant load at 40oC (pure
ice)

Figure 7. The simulations of temperature dis-
tribution of constant load at 40oC (ice+
porous)

Figure 8. The simulations of temperature dis-
tribution of constant load at 70oC (pure
ice)

Figure 9. The simulations of temperature dis-
tribution of constant load at 70oC (ice+
porous)
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™¬“ππ∑å  ‡ √‘∞∏‘°ÿ≈ ·≈– º¥ÿß»—°¥‘Ï  √—µπ‡¥‚™1403

≈–≈“¬∑’Ë‰¥â®“°º≈°“√§”π«≥‚¥¬√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢∑’Ë
π”‡ πÕ∑—Èß„π°√≥’·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏‘Ï·≈–°√≥’¢Õß·æ§‡∫¥
¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—« ®“° Figure 6, 7, 8, 9, 10 ·≈–
11 ®“°π“∑’∑’Ë 3 ®π∂÷ßπ“∑’∑’Ë 15 ‚¥¬‡æ‘Ë¡¢÷Èπ∑’≈– 3 π“∑’
æ∫«à“∑’ËÕÿ≥À¿Ÿ¡‘∑”≈–≈“¬ (T

s
) ∑—Èß 40oC  70oC ·≈– 100oC

≈—°…≥–°“√°√–®“¬µ—«¢ÕßÕÿ≥À¿Ÿ¡‘„π∫√‘‡«≥∑’Ë∂Ÿ°∑”≈–≈“¬
®–¡’§à“≈¥≈ß®“°µ”·Àπàß‡√‘Ë¡µâπ (´÷Ëß¡’Õÿ≥À¿Ÿ¡‘‡∑à“°—∫
Õÿ≥À¿Ÿ¡‘∑”≈–≈“¬) ‰ª®π∂÷ßµ”·Àπàß¢Õßº‘«≈–≈“¬ ´÷Ëß∑’Ë®ÿ¥
π’È®–¡’Õÿ≥À¿Ÿ¡‘§ß∑’Ë‡∑à“°—∫ 0oC À≈—ß®“°ºà“π∫√‘‡«≥π’È‰ª®–
‡¢â“ Ÿà∫√‘‡«≥∑’Ë‰¡à∂Ÿ°∑”≈–≈“¬ ´÷Ëß·π«‚πâ¡¢ÕßÕÿ≥À¿Ÿ¡‘®–
§àÕ¬Ê ≈¥≈ß®“° 0oC ®“°∑’Ë®ÿ¥º‘«≈–≈“¬‰ª®π°√–∑—Ëß∂÷ß∑’Ë
µ”·Àπàßª≈“¬ (X = L) ·∑àßπÈ”·¢Áß®–¡’§à“Õÿ≥À¿Ÿ¡‘§ß∑’Ë‰¡à
‡ª≈’Ë¬π·ª≈ß‰ªµ“¡√–¬–§«“¡¬“«„π·°π x ¢Õß°âÕπ

πÈ”·¢Áß‡π◊ËÕß®“°¡’°“√Àÿâ¡©π«π‰«â∑’Ëµ”·Àπàßª≈“¬
∂T

∂x
= 0





®“° Figure 5 ®– —ß‡°µæ∫«à“‡¡◊ËÕ‡æ‘Ë¡Õÿ≥À¿Ÿ¡‘¢Õß°“√∑”
≈–≈“¬ (T

s
) ®“° 40oC 70oC ·≈– 100oC º‘«≈–≈“¬®–

‡§≈◊ËÕπ∑’Ë‰¥â‡√Á«¢÷Èπ‡π◊ËÕß®“°Õ‘∑∏‘æ≈¢Õß§«“¡√âÕπ∑’Ë àßºà“π‰ª
¬—ßº‘«≈–≈“¬¡“°¢÷Èπ πÕ°®“°π—Èπæ∫«à“∑’ËÕÿ≥À¿Ÿ¡‘¢Õß°“√∑”
≈–≈“¬„¥Ê ‡¡◊ËÕ‡«≈“‡æ‘Ë¡¢÷Èπ√–¬–∑“ß¢Õßº‘«≈–≈“¬®–¡’§à“
‡æ‘Ë¡¢÷Èπ ·µà®–‡æ‘Ë¡¢÷Èπ„πÕ—µ√“∑’Ë≈¥≈ß‡¡◊ËÕ‡«≈“ºà“π‰ª¢≥–
Àπ÷Ëß ‡æ√“–°“√∑’Ë∫√‘‡«≥∑’Ë‡°‘¥°“√≈–≈“¬¢ÕßπÈ”·¢Áß‡æ‘Ë¡¢÷Èπ
µ“¡‡«≈“π’È´÷Ëß∑”„Àâ‡°‘¥‚´π¢Õß‡À≈« ‚´π¢Õß‡À≈«∑’Ë‡°‘¥°“√

¢¬“¬µ—«‡æ‘Ë¡¢÷Èππ’È‡ª√’¬∫‡ ¡◊Õπ‡ªìπµ—«µâ“π∑“π§«“¡√âÕπ∑’Ë
∂Ÿ° àß‰ª¬—ßº‘«πÈ”·¢Áß

πÕ°®“°π’È‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫√–À«à“ß°√≥’·∑àßπÈ”·¢Áß
∫√‘ ÿ∑∏‘Ï°—∫°√≥’·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ∑’Ë·¢Áßµ—«∑’Ë‡«≈“„¥Ê π—Èπ
®–æ∫«à“„π°√≥’∑’Ë‡ªìπ·æ§‡∫¥¢Õß«— ¥ÿæ√ÿππ—Èπ®–¡’Õ—µ√“
°“√≈–≈“¬∑’Ë‡√Á«°«à“„π°√≥’∑’Ë‡ªìππÈ”·¢Áß∏√√¡¥“ ‡π◊ËÕß®“°
°√≥’¢Õß·æ§‡∫¥¢Õß«— ¥ÿæ√ÿππ—Èπ®–„™â§à“§«“¡√âÕπ·Ωß¢Õß
°“√∑”≈–≈“¬πâÕ¬°«à“°√≥’¢Õß·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏å ·≈–
·æ§‡∫¥¢Õß«— ¥ÿæ√ÿππ—Èπ¡’§à“§«“¡®ÿ§«“¡√âÕπ∑’ËµË”°«à“„π
°√≥’¢Õß·∑àßπÈ”·¢Áß∫√‘ ÿ∑∏‘Ï Õ’°∑—Èß°“√∑’ËπÈ”°√–®“¬µ—«Õ¬Ÿà„π
™àÕß√Ÿæ√ÿπµà“ßÊ ¿“¬„π porous matrix π—Èπ®–‡ªìπ°“√™à«¬
„Àâ¡’æ◊Èπ∑’Ë„π°“√√—∫æ≈—ßß“π§«“¡√âÕπ¡“„™â„π°√–∫«π°“√∑”
≈–≈“¬‡æ‘Ë¡¢÷ÈπÕ’°¥â«¬

 √ÿª

À≈—ß®“°æ‘®“√≥“º≈‡©≈¬¢Õß°“√‡§≈◊ËÕπ∑’Ë¢Õßº‘«
≈–≈“¬ æ∫«à“ §”µÕ∫∑’Ë‰¥â®“°°“√„™â√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢
¥â«¬«‘∏’«‘∏’·ª√º—π√–¬–°√‘¥∑’Ëπ”‡ πÕ„π§√—Èßπ’Èπ—Èπ ¡’§«“¡
·¡àπ¬”§àÕπ¢â“ß Ÿß ”À√—∫ªí≠À“°“√‡ª≈’Ë¬π·ª≈ß‡ø „π√–∫∫
1 ¡‘µ‘ ÷́Ëßº≈≈—æ∏å¢Õß√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢∑’Ë‰¥â®“°ªí≠À“
µ—«Õ¬à“ßπ—Èπ æ∫«à“ ¡’§à“ Õ¥§≈âÕß°—∫∑’Ë‰¥â®“°º≈‡©≈¬·¡àπ
µ√ß„π∑ÿ°°√≥’

Figure 10. The simulations of temperature dis-
tribution of constant load at 100oC
(pure ice)

Figure 11. The simulations of temperature dis-
tribution of constant load at 100oC
(ice+porous)
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πÕ°®“°π—Èπ®–æ∫«à“ ”À√—∫°“√æ‘®“√≥“«— ¥ÿ„Àâ‡ªìπ
·æ§‡∫¥¢Õß«— ¥ÿæ√ÿπ  Õ—µ√“°“√≈–≈“¬∑’Ë‡°‘¥¢÷Èπ„π°√≥’∑’Ë
æ‘®“√≥“„Àâ‡ªìπ«— ¥ÿæ√ÿππ—Èπ ®–¡’§à“ Ÿß°«à“„π°√≥’∑’Ëæ‘®“√≥“
‡ªìππÈ”·¢Áß‡π◊ËÕß®“°‡Àµÿº≈¥—ß°≈à“«

‡¡◊ËÕæ‘®“√≥“∂÷ß«‘∏’°“√π”‡ πÕ∑’Ë§àÕπ¢â“ß –¥«°°«à“
°“√À“º≈‡©≈¬·∫∫·¡àπµ√ß ‚¥¬‡©æ“–„π°√≥’∑’Ë‡ªìπªí≠À“
∑’Ë¡’§«“¡´—∫´âÕπ·≈–¡’§«“¡‰¡à‡™‘ß‡ âπ (Nonlinearity)  Ÿß
¥â«¬‡Àµÿπ’È∑”„Àâªí≠À“°“√‡ª≈’Ë¬π·ª≈ß‡ø ®÷ß‡ªìπªí≠À“∑’Ë
 “¡“√∂æ—≤π“§«“¡√Ÿâ§«“¡‡¢â“„®‰¥âÕ’°¡“°‚¥¬ª√–¬ÿ°µå„™â°—∫
√–‡∫’¬∫«‘∏’‡™‘ßµ—«‡≈¢„π√Ÿª·∫∫„À¡àÊ ‡π◊ËÕß®“°‡ªìπªí≠À“∑’Ë
 “¡“√∂µàÕ¬Õ¥§«“¡√Ÿâ‰¥â Ÿß Õ—π‡ªìπº≈¡“®“°æ—≤π“°“√¢Õß
√–∫∫§Õ¡æ‘«‡µÕ√å∑’Ë Ÿß¢÷Èπ

°‘µµ‘°√√¡ª√–°“»

§≥–ºŸâ«‘®—¬¢Õ¢Õ∫§ÿ≥ ”π—°ß“π°Õß∑ÿπ π—∫ πÿπ°“√
«‘®—¬ ( °«.) ∑’Ë π—∫ πÿπ∑ÿπ«‘®—¬„π§√—Èßπ’È

√“¬°“√ —≠≈—°…≥å

ρ density, (kg/m3)
α thermal diffusivity (m2/s)
λ effective thermal conductivity, (W/mK)
t time, (s)
T temperature, (oC)
x cartesian coordinates
ε distance of moving front (m)

X position in coordinate x
σ density of solid / density of liquid
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ρ
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Sb subcooling number

Sb =
k
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c
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h
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







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erf error function
erfc complementary Error function

(erfc = 1 - erf)
Ste stefan number

Ste =
ρ

1

ρ
s

⋅
c

1
(T

h
− T

0
)

h
s
− h

1

L latent heat [J/kg]
n the total of node that consider
i the number of node that consider
c specific heat
h enthalpy
µ—«ÀâÕ¬

i initial
l unfrozen
s frozen
µ—«¬°

n number of iterations
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