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Performance testing of cross flow heat exchanger operating in the atmosphere

of flue gas particulate with vapor condensation
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Performance  testing  of  a  cross  flow  heat  exchanger  operating  under  the  atmosphere  of  flue  gas

particulate from combustion was carried out in this work. This heat exchanger exchanges heat between flue

gas from the fuel oil combustion and cold water. The heat exchanger is composed of a spiral finned tube bank

having 3 rows and 8 tubes per row with a staggered arrangement. The fin spacings considered are 2.85 and

6.10 mm. The theories of thermodynamics and heat transfer are used for analyzing the performance of this

system.
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Performance testing of cross flow heat exchanger operating

Nuntaphan, A. and Kiatsiriroat, T.

In this experiment, the flue gas temperature of 200ºC from combustion having 0.35 kg/s mass flow

rate flows along outside surface of the heat exchanger and transfers heat to the 25ºC cooling water having

0.15 kg/s mass flow rate flowing in the tube side. Each experiment uses 750 hr for testing. During the testing,

part of flue gas condenses on the heat transfer surface.

From the experiment, it was found that the heat transfer rate of both heat exchangers tended to

decrease with time while the airside pressure drop increased. These results come from the fouling on the

heat transfer surface. Moreover, it is found that the heat exchanger having 2.85 mm fin spacing has an

approximately 4 times higher fouling resistance than that of the 6.10 mm fin spacing.

In this work a model for calculating the fouling resistance is also developed as a the function of time.

The model is developed from that of Kern and Seaton and the mean deviation of the model is 0.789.

Key words : heat exchanger, performance testing, fouling resistance
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Figure 1.  Spiral finned tube
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ß“π«‘®—¬ à«π„À≠à∑’Ë‡°’Ë¬«¢âÕß°—∫‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ∑’Ë∑”ß“π¿“¬„µâΩÿÉπ‡¢¡à“®“°°“√‡º“‰À¡âπ—Èπ  à«π„À≠à
·≈â«‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ¥—ß°≈à“«®–∑”ß“π¿“¬„µâ
 ¿“«–·Àâß (dry condition) °≈à“«§◊Õ ‰¡à¡’°“√§«∫·πàπ
¢Õß·°ä ‰Õ‡ ’¬∑’Ë‰¥â®“°°“√‡º“‰À¡â∫πæ◊Èπº‘«¢Õß‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ  ∑—Èßπ’È‡π◊ËÕß®“°°“√„™âß“π‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ„π ¿“«–¥—ß°≈à“« ®–°àÕ„Àâ‡°‘¥°“√
°—¥°√àÕπ (corrosion) ¢Õßæ◊Èπº‘«‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕππâÕ¬°«à“°√≥’ ¿“«–‡ªï¬° (wet condition) ´÷Ëß®–
‡°‘¥°“√§«∫·πàπ¢Õß·°ä ‰Õ‡ ’¬∫“ß à«π∫πæ◊Èπº‘«‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ ·µàÕ¬à“ß‰√°Áµ“¡ °“√„™âß“π‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ∫“ß≈—°…≥–¡’§«“¡®”‡ªìπ®–µâÕß
∑”ß“π¿“¬„µâ ¿“«–‡ªï¬° Õ“∑‘ ‡§√◊ËÕßÕÿàππÈ”ªÑÕπ (econo-

mizer) ¢ÕßÀ¡âÕ‰ÕπÈ”¢π“¥‡≈Á° ‡ªìπµâπ  ´÷Ëß¢âÕ¡Ÿ≈¢Õß
 ¡√√∂π–·≈–°“√ – ¡µ—«¢Õß ‘Ëß °ª√°∫πæ◊Èπº‘«¢Õß
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ¿“¬„µâ ¿“«–¥—ß°≈à“«¬—ß‰¡à
™—¥‡®ππ—°

®“°ª√–‡¥Áπ¥—ß°≈à“«¢â“ßµâπ  ºŸâ«‘®—¬®÷ß¡ÿàß‡πâπ∑’Ë®–
»÷°…“∂÷ß ¡√√∂π–¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ·∫∫
‰À≈µ“¡¢«“ß∑’Ë„™â∑àÕ§√’∫·∫∫‡°≈’¬« ´÷Ëß∑”ß“π¿“¬„µâ

 ¿“æÕ“°“»∑’Ë¡’ΩÿÉπ‡¢¡à“®“°°“√‡º“‰À¡â  ·≈–‡°‘¥°“√
§«∫·πàπ·°ä ‰Õ‡ ’¬∫“ß à«π∑’Ë‰¥â®“°°“√‡º“‰À¡â∫πæ◊Èπ
º‘«¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ ∑—Èßπ’È‡π◊ËÕß®“°¢âÕ¡Ÿ≈
ß“π«‘®—¬„π‡√◊ËÕß¥—ß°≈à“«§àÕπ¢â“ßπâÕ¬ ·≈–º≈∑’Ë‰¥â®“°ß“π
«‘®—¬π’È ®–‡ªìπª√–‚¬™πåÕ¬à“ß ŸßµàÕ°“√ÕÕ°·∫∫Õÿª°√≥å
·≈°‡ª≈’Ë¬π§«“¡√âÕπ„Àâ‡À¡“– ¡°—∫ ¿“æ°“√„™âß“π®√‘ß
µ≈Õ¥®π “¡“√∂„™â‡ªìπ·π«∑“ß„π°“√∫”√ÿß√—°…“‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπÕ’°Àπ∑“ßÀπ÷Ëß

Õÿª°√≥å·≈–«‘∏’°“√∑¥≈Õß

Õÿª°√≥åÀ≈—°„π°“√∑¥ Õ∫ ¡√√∂π–¢Õß‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ·∫∫‰À≈µ“¡¢«“ß ¿“¬„µâ ¿“«–ΩÿÉπ
‡¢¡à“®“°°“√‡º“‰À¡â§◊Õ Õÿ‚¡ß§å≈¡ (Figure 2) ‚¥¬¡’À≈—°
°“√∑”ß“π§◊Õæ—¥≈¡ (blower) ®–¥Ÿ¥≈¡ºà“π™ÿ¥ Standard

Nozzle ´÷Ëß¡’Àπâ“∑’Ë«—¥§«“¡‡√Á«≈¡ ·≈–®–‡ªÉ“≈¡¥—ß°≈à“«
ºà“π™ÿ¥„Àâ§«“¡√âÕπ´÷Ëßª√–°Õ∫¥â«¬À—«‡º“ (burner) ‚¥¬
„™âπÈ”¡—π¥’‡´≈‡ªìπ‡™◊ÈÕ‡æ≈‘ß ·≈–™ÿ¥§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘Õ“°“»
‡æ◊ËÕ √â“ßÕ“°“»∑’Ë¡’Õÿ≥À¿Ÿ¡‘ Ÿß Õ“°“»√âÕπ ´÷Ëßª√–°Õ∫
¥â«¬ΩÿÉπ‡¢¡à“®“°°“√‡º“‰À¡â®–‰À≈ºà“π°≈ÿà¡∑àÕ∑’ËµâÕß°“√
∑¥ Õ∫ „π¢≥–‡¥’¬«°—π‡¢¡à“∑’Ë‡°‘¥®“°°“√‡º“‰À¡â®–‡√‘Ë¡
 – ¡µ—«∫πæ◊Èπº‘«¢Õß∑àÕ§√’∫ ·≈–®–¡’ª√‘¡“≥‡æ‘Ë¡¡“°¢÷Èπ
®π∂÷ß√–¥—∫Àπ÷Ëß „π°“√√–∫“¬§«“¡√âÕπ®“°°≈ÿà¡∑àÕ®–„™â
πÈ”‡¬Áπ‰À≈¥â“π„π∑àÕ‡æ◊ËÕ√—∫§«“¡√âÕπ®–∑”°“√«—¥Õÿ≥À¿Ÿ¡‘
¢ÕßÕ“°“»√âÕπ·≈–Õÿ≥À¿Ÿ¡‘¢ÕßπÈ”∑’Ë¥â“π‡¢â“·≈–ÕÕ°°≈ÿà¡
∑àÕ  µ≈Õ¥®π§à“§«“¡¥—πÕ“°“»µ°§√àÕ¡°≈ÿà¡∑àÕ ·≈–
Õ—µ√“°“√‰À≈¢ÕßÕ“°“»·≈–‡æ◊ËÕπ”§à“‡À≈à“π’È¡“§”π«≥
 ¡√√∂π–¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë™à«ß‡«≈“µà“ßÊ
Õπ÷Ëß¢π“¥¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë∑¥ Õ∫· ¥ß
¥—ß Table 1 ·≈–≈—°…≥–¢Õß∑àÕ§√’∫·≈–°“√®—¥‡√’¬ß∑àÕ
(Figure 3)

®“°¢âÕ¡Ÿ≈¥—ß Table 1 ®–‡ÀÁπ‰¥â«à“ß“π«‘®—¬π’È®–
∑¥ Õ∫‡ª√’¬∫‡∑’¬∫ ¡√√∂π–¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ 2 ·∫∫ °≈à“«§◊Õ ‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë„™â∑àÕ
µ‘¥§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫ 2.85 ¡¡. ·≈– 6.10 ¡¡.
‚¥¬„π°“√∑¥ Õ∫‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ®–∂Ÿ°π”¡“
µ‘¥µ—Èß„πÕÿ‚¡ß§å≈¡  ·≈°‡ª≈’Ë¬π§«“¡√âÕπ√–À«à“ß·°ä 
‰Õ‡ ’¬√âÕπ∑’Ë‰À≈ºà“πæ◊Èπº‘«¿“¬πÕ°¢Õß∑àÕ °—∫πÈ”‡¬Áπ´÷Ëß
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‰À≈‡«’¬πºà“π∑“ß¥â“π„π∑àÕ ‚¥¬ ¿“«–∑’Ë„™â∑¥ Õ∫ · ¥ß
¥—ß Table 2

„π°“√∑¥ Õ∫®–∑”°“√«—¥§à“Õÿ≥À¿Ÿ¡‘¥â“π‡¢â“·≈–
ÕÕ°®“°‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑—Èß„π à«π¢Õß·°ä 
‰Õ‡ ’¬ ·≈–πÈ”À≈àÕ‡¬Áπ ‚¥¬„™â‡∑Õ√å‚¡§—∫‡ªî≈™π‘¥‡§
(K-type thermocouple) ´÷Ëß¡’§«“¡·¡àπ¬”Õ¬Ÿà„π™à«ß
±0.01ºC √«¡∑—Èß«—¥§à“Õ—µ√“°“√‰À≈¢ÕßπÈ”‚¥¬‡§√◊ËÕß«—¥
Õ—µ√“°“√‰À≈∑’Ë¡’§«“¡·¡àπ¬” ±0.1 ≈‘µ√/«‘π“∑’ ·≈–«—¥
Õ—µ√“°“√‰À≈¢Õß·°ä ‰Õ‡ ’¬‚¥¬„™â πâÕ∑‡´‘≈¡“µ√∞“π
(standard nozzle) „π°√≥’¢Õß§«“¡¥—πÕ“°“»µ°§√àÕ¡
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ®–«—¥‚¥¬„™â¡“πÕ-

¡‘‡µÕ√å·∫∫‡Õ’¬ß (incline manometer) ∑’Ë¡’§«“¡·¡àπ¬”
ª√–¡“≥ ±1 ª“ §“≈  §à“‡À≈à“π’È®–π”¡“§”π«≥À“
 ¡√√∂π–¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë‡«≈“µà“ßÊ
Õπ÷Ëß„π°√≥’∑’Ë∑”°“√∑¥ Õ∫§√∫∑ÿ°Ê 250 ™—Ë«‚¡ß ®–∂Õ¥
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπÕÕ°®“°Õÿ‚¡ß§å≈¡ ‡æ◊ËÕ ”√«®
°“√‡°“–µ—«¢Õß‡¢¡à“∫πº‘«∑àÕ µ≈Õ¥®πµ—¥™‘Èπ à«π¢Õß
§√’∫√–∫“¬§«“¡√âÕπ‡æ◊ËÕ‰ª∑¥ Õ∫À“°“√°—¥°√àÕπ‚¥¬„™â
°≈âÕß®ÿ≈∑√√»πå°”≈—ß¢¬“¬ Ÿß

°“√»÷°…“°“√ – ¡µ—«¢Õß‡¢¡à“∫πæ◊Èπº‘«¢Õß‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ‡æ◊ËÕ«‘‡§√“–ÀåÀ“§à“§«“¡µâ“π∑“π
°“√∂à“¬‡∑§«“¡√âÕπ‡π◊ËÕß¡“®“°‡¢¡à“∑’Ë‡°“–∫πæ◊Èπº‘«

Figure 2.  The experimental apparatus

Figure 3.  Geometrical parameters of spiral finned tube
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(fouling resistance)  ®“°¢âÕ¡Ÿ≈°“√∑¥≈Õß„π°√≥’∑’Ë
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ°”≈—ß·≈°‡ª≈’Ë¬π§«“¡√âÕπ
√–À«à“ß·°ä ‰Õ‡ ’¬·≈–πÈ”À≈àÕ‡¬Áππ—Èπ∑”‰¥â¬“°¡“°
‡π◊ËÕß®“°ª√“°Ø°“√≥å¢Õß°“√∂à“¬‡∑§«“¡√âÕπ¢≥–¡’°“√
§«∫·πàπ¢Õß·°ä ‰Õ‡ ’¬∫πæ◊Èπº‘«‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ∑’ËÕÿ≥À¿Ÿ¡‘ Ÿß¡’§«“¡´—∫´âÕπ¡“°   ‡æ◊ËÕ‡ªìπ°“√·°â
ªí≠À“¥—ß°≈à“« ºŸâ«‘®—¬®÷ß„™â«‘∏’°“√π”‡Õ“‡§√◊ËÕß·≈°‡ª≈’Ë¬π
§«“¡√âÕπ∑’Ë¡’™—Ë«‚¡ß°“√∑¥ Õ∫‡∑à“°—∫ 0, 250, 500 ·≈–
750 ™—Ë«‚¡ß ¡“∑¥ Õ∫À“§à“§«“¡µâ“π∑“π°“√∂à“¬‡∑
§«“¡√âÕπ‡π◊ËÕß®“°‡¢¡à“ ‚¥¬π”¡“∑¥ Õ∫„πÕÿ‚¡ß§å≈¡
·≈°‡ª≈’Ë¬π§«“¡√âÕπ√–À«à“ßÕ“°“»‡¬Áπ°—∫πÈ”√âÕπ ´÷Ëß
‡√’¬°°“√∑¥ Õ∫·∫∫π’È«à“ heating coil ‚¥¬„π°“√∑¥ Õ∫
®–Õâ“ßÕ‘ßµ“¡¡“µ√∞“π ANSI/ARI (1981, 1986, 1987,

1989) ‡ªìπÀ≈—°  ‚¥¬ ¿“«–„π°“√∑¥ Õ∫¥—ß°≈à“«· ¥ß
¥—ß Table 3  Õπ÷Ëß «‘∏’°“√§”π«≥ ¡√√∂π–¢Õß‡§√◊ËÕß

·≈°‡ª≈’Ë¬π§«“¡√âÕπ ·≈–§à“§«“¡µâ“π∑“π°“√∂à“¬‡∑
§«“¡√âÕπ¢Õß‡¢¡à“∑’Ë‡°“–∫πº‘«∑àÕ  ‰¥â· ¥ß‰«â„πÀ—«¢âÕ
∂—¥‰ª

°“√§”π«≥ ¡√√∂π–°“√∂à“¬‡∑§«“¡√âÕπ

‡π◊ËÕß®“°ß“π«‘®—¬π’È‡°’Ë¬«¢âÕß°—∫°√–∫«π°“√∂à“¬‡∑
§«“¡√âÕπ¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ  ¥—ßπ—Èπ„π∑’Ëπ’È
®–¢Õ°≈à“«∂÷ß∑ƒ…Æ’∑’Ë‡°’Ë¬«¢âÕß°—∫°√–∫«π°“√¥—ß°≈à“«¥—ß
µàÕ‰ªπ’È

°√≥’∑’Ë‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∂à“¬‡∑§«“¡√âÕπ
√–À«à“ßπÈ”·≈–·°ä ‰Õ‡ ’¬√âÕπ„πß“π«‘®—¬π’È ®–µ—Èß ¡¡ÿµ‘∞“π
«à“‰¡à¡’°“√ Ÿ≠‡ ’¬§«“¡√âÕπ®“°‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ Ÿà ‘Ëß·«¥≈âÕ¡ ¥—ßπ—Èπ “¡“√∂§”π«≥Õ—µ√“°“√∂à“¬‡∑
§«“¡√âÕπ®“°πÈ”∑’Ë‰À≈‡¢â“‰ª√–∫“¬§«“¡√âÕπÕÕ°®“°
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ ‰¥â¥—ß ¡°“√µàÕ‰ªπ’È

Table 2. Testing conditions

      Item  Value

1. Inlet temperature of flue gas (Tfi) 200ºC
2. Inlet temperature of cooling water (Twi) 27ºC
3. Mass flow rate of flue gas ( ṁ f ) 0.3 kg/s
4. Volume flow rate of cooling water ( ṁw) 9 l/min
5. Testing interval (t) 750 hr

Table 1. Geometrical parameters of cross flow

heat exchanger.

      Item       Sizing

1. Type of heat exchanger Cross flow
2. Type of finned tube Spiral finned tube
3. Number of tube row (nr) 3
4. Number of tube in row (nt) 8
5. Tube arrangement Staggered
6. Tube length (l) 45 cm.
7. Outside diameter of tube (do) 21.7 mm.
8. Inside diameter of tube (di) 16.5 mm.
9. Transverse tube pitch (St) 55.6 mm.

10. Longitudinal tube pitch (Sl) 48.2 mm.
11. Fin height (fh) 10 mm.
12. Fin thickness (ft) 0.4 mm.
13. Fin spacing (fs) 2.85 mm., 6.10 mm.
14. Material Steel

Table 3. Testing condition for heating coil.

      Item              Value

1. Inlet temperature of air (Tai) 30ºC
2. Inlet temperature of hot water (Twi) 70ºC
3. Mass flow rate of air ( ṁa ) 0.1-0.4 kg/s
4. Volume flow rate of hot water ( ṁw ) 10 l/min
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Q = ṁwcpw (Two − Twi ) (1)

°“√»÷°…“À“§à“§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ
‡π◊ËÕß®“°‡¢¡à“∑’Ë – ¡Õ¬Ÿà∫πæ◊Èπº‘«¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π
§«“¡√âÕπ„πß“π«‘®—¬π’È ®–π”‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ
∑’Ëºà“π°“√∑¥ Õ∫∑’Ë√–¬–‡«≈“  0,  250,  500  ·≈–  750

™—Ë«‚¡ß ¡“∑¥ Õ∫‡æ◊ËÕÀ“§à“ —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡
√âÕπ√–À«à“ßÕ“°“»°—∫æ◊Èπº‘«‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ
·≈–§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ‡π◊ËÕß®“°‡¢¡à“
‚¥¬„π°“√∑¥ Õ∫®–¬÷¥µ“¡¡“µ√∞“π ANSI/ARI (1981,

1986, 1987, 1989) ‚¥¬π”‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ
¡“∑¥ Õ∫„πÕÿ‚¡ß§å≈¡  ·≈°‡ª≈’Ë¬π§«“¡√âÕπ√–À«à“ß
Õ“°“»‡¬Áπ°—∫πÈ”√âÕπ ‡æ◊ËÕ≈¥º≈°√–∑∫®“°°“√§«∫·πàπ
¢Õß·°ä ‰Õ‡ ’¬∫πæ◊Èπº‘«‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ ´÷Ëß
°“√∑¥ Õ∫·∫∫π’È‡√’¬°«à“ °“√∑¥ Õ∫·∫∫ heating coil

°√≥’‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ‰¡à¡’ΩÿÉπ‡¢¡à“®“°
°“√‡º“‰À¡â‡°“–µ‘¥Õ¬Ÿà∫πæ◊Èπº‘« (∑’Ë 0 ™—Ë«‚¡ß) Õ—µ√“°“√
∂à“¬‡∑§«“¡√âÕπ¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ§”π«≥
‰¥â®“° ¡°“√¥—ßµàÕ‰ªπ’È

Qa = ṁacpa (Tao − Tai ) (2)

Qw = ṁwcpw (Twi − Two ) (3)

Qave =
Qa + Qw

2
(4)

Õπ÷Ëß  „πß“π«‘®—¬π’È§«“¡·µ°µà“ß¢ÕßÕ—µ√“°“√
∂à“¬‡∑§«“¡√âÕπ®“°πÈ”·≈–Õ“°“»‰¡à‡°‘π 5%

¥—™π’∑’Ë„™â∫àß∫Õ° ¡√√∂π–∑’Ëπ‘¬¡„™â„πªí®®ÿ∫—π§◊Õ
§à“ª√– ‘∑∏‘º≈ (effectiveness) ´÷Ëß “¡“√∂§”π«≥‰¥â®“°

ε =
Qave

Qmax
(5)

ε =
Qave

(ṁcp )min ∆Tmax
(6)

„π°“√§”π«≥§à“ª√– ‘∑∏‘º≈¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π
§«“¡√âÕπ  π‘¬¡„™â§«“¡ —¡æ—π∏å¢Õß  ε-NTU  „π°“√
§”π«≥ ´÷Ëß„π°√≥’¢Õßß“π«‘®—¬π’È ‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ®—¥Õ¬Ÿà„πª√–‡¿∑‰À≈µ“¡¢«“ß ‚¥¬¡’®”π«π∑àÕ 3 ·∂«
·≈°‡ª≈’Ë¬π§«“¡√âÕπ√–À«à“ßπÈ”√âÕπ´÷Ëß‰À≈¿“¬„π∑àÕ °—∫

Õ“°“» ÷́Ëß‰À≈¥â“ππÕ°∑àÕ ‚¥¬°”Àπ¥„Àâ§à“ (ṁcp )min  Õ¬Ÿà
¥â“πÕ“°“»  “¡“√∂· ¥ß§«“¡ —¡æ—π∏å¢Õß ε-NTU „π
√Ÿª¢Õß (ESDU, 1991)

ε =
1

C* 1− e−3KC*

1+ C*K 2 (3 − K) +
3(C* )2 K 4

2
























(7)

K = 1− e−NTU /3 (8)

C* =
ṁacpa

ṁwcpw
(9)

NTU =
UA

ṁacpa
(10)

§à“ —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡√âÕπ√«¡æ◊Èπ∑’Ë¢Õß
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë∑”°“√»÷°…“„π°√≥’Õ¬Ÿà„π
 ¿“«– –Õ“¥ “¡“√∂§”π«≥‰¥â®“°

1
UA =

1
hi Ai

+
ln(do / di )

2πktlt
+

1
ηohoAo

(11)

§à“ —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡√âÕπ¢Õß°“√‰À≈
¢ÕßπÈ”¿“¬„π∑àÕ§”π«≥‰¥â®“° ¡°“√¢Õß Gnielinski

(1976) §◊Õ

hi =
k
d







i

(ReDi −1000)Pr( f i / 2)

1+12.7 f i / 2(Pr2/3 −1) (12)

f i = 1.58ln(ReDi ) − 3.28[ ]−2
(13)

Õπ÷Ëß ¡°“√ (12)  “¡“√∂„™âß“π‰¥â„π™à«ß 0.5 <

Pr < 2000 ·≈– 2300 < ReDi < 5×106

®“° ¡°“√ (11)  §à“ η
o
  π‘¬“¡«à“§◊Õ  Õ—µ√“°“√

∂à“¬‡∑§«“¡√âÕπ∑’Ë·∑â®√‘ß¢Õß§√’∫·≈–∑àÕµàÕÕ—µ√“°“√
∂à“¬‡∑§«“¡√âÕπ¢Õß§√’∫·≈–∑àÕ„π°√≥’∑’ËÕÿ≥À¿Ÿ¡‘¢Õß
§√’∫·≈–∑àÕ¡’§à“‡∑à“°—π§à“ §”π«≥‰¥â®“°

ηo = 1−
Af

Ao
(1− η) (14)

Ao = Af + Ab (15)

Ao =
nlπ

f s + f t
0.5(df

2 − do
2 ) + df f t + do f s( ) (16)
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Af =
nlπ

f s + f t
0.5(df

2 − do
2 ) + df f t( ) (17)

„π°“√«‘®—¬π’È‰¥âª√–¡“≥æ◊Èπ∑’Ë¢Õß∑àÕ§√’∫∑’Ë∑¥ Õ∫
«à“¡’¢π“¥‡∑à“°—∫æ◊Èπ∑’Ë¢Õß∑àÕ§√’∫·∫∫«ß°≈¡   §à“
ª√– ‘∑∏‘¿“æ¢Õß§√’∫  “¡“√∂§”π«≥‰¥â®“° ¡°“√¢Õß
Schmidt (1949) ¥—ßπ’È

η =
tanh(mrφ)

mrφ (18)

m =
2ho

kf f t
(19)

φ =
Req

r −1






1+ 0.35ln
Req

r














 (20)

Req

r = 1.27
XM

r
XL

XM
− 0.3







1/2

(21)

XM =
St

2
(22)

XL =
(0.5St )

2 + (Sl )
2

2
(23)

®“°™ÿ¥ ¡°“√∑’Ë°≈à“«¡“¢â“ßµâπ  ∑”„Àâ “¡“√∂
§”π«≥§à“ —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡√âÕπ√–À«à“ßÕ“°“»
°—∫æ◊Èπº‘«¿“¬πÕ°¢Õß∑àÕ (ho) ‰¥â

„π°√≥’¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë¡’ΩÿÉπ‡¢¡à“
®“°°“√‡º“‰À¡â‡°“–µ‘¥Õ¬Ÿà∫πæ◊Èπº‘«¿“¬πÕ°   “¡“√∂

§”π«≥§à“§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ‡π◊ËÕß®“°
‡¢¡à“ (Zf) ‰¥â®“°

1
UA =

1
hi Ai

+
ln(do / di )

2πktlt
+

1
ηohoAo

+ Zf (24)

Õπ÷Ëß§à“ —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡√âÕπ√–À«à“ß
Õ“°“»°—∫æ◊Èπº‘«¥â“ππÕ°¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ
®–„™â§à“∑’Ë§”π«≥‰¥â®“° ¿“«– –Õ“¥ ·≈–ß“π«‘®—¬π’È®–
»÷°…“§à“§«“¡µâ“π∑“π°“√∂à“¬§«“¡√âÕπ‡π◊ËÕß®“°‡¢¡à“∑’Ë
™à«ß‡«≈“°“√∑¥ Õ∫µà“ßÊ º≈¢Õß√–¬–Àà“ß√–À«à“ß§√’∫
µàÕ§à“¥—ß°≈à“«

º≈°“√∑¥≈Õß·≈–°“√«‘‡§√“–Àå

º≈°“√∑¥ Õ∫ ¡√√∂π–¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π
§«“¡√âÕπ·∫∫‰À≈µ“¡¢«“ß¿“¬„µâ ¿“«–ΩÿÉπ‡¢¡à“®“°°“√
‡º“‰À¡â· ¥ß¥—ß Figure 4 ´÷Ëß¡’ª√–‡¥Áπ ”§—≠¥—ßµàÕ‰ªπ’È

Õ—µ√“°“√∂à“¬‡∑§«“¡√âÕπ¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π
§«“¡√âÕπ∑’Ë„™â§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫ 2.85 ¡¡. ®–
¡’ ¡√√∂π–∑’Ë Ÿß°«à“°“√„™â§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫
‡∑à“°—∫ 6.10 ¡¡. ∑—Èßπ’È‡π◊ËÕß¡“®“°æ◊Èπ∑’Ëº‘«¢Õß∑àÕ§√’∫∑’Ë
 Ÿß°«à“ Õ¬à“ß‰√°Áµ“¡ ‡¡◊ËÕæ‘®“√≥“Õ—µ√“°“√∂à“¬‡∑§«“¡
√âÕπ¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑—Èß Õß™π‘¥ æ∫«à“
Õ—µ√“°“√∂à“¬‡∑§«“¡√âÕπ®–‰¡à§ß∑’Ë ‚¥¬®–‡æ‘Ë¡¢÷Èπ·≈–
≈¥≈ßµ≈Õ¥‡«≈“  ¿“æ¥—ß°≈à“«‡ÀÁπ‰¥â™—¥‡®π„π°√≥’¢Õß
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë„™â§√’∫∑’Ë¡’√–¬–Àà“ß 2.85 ¡¡.

Figure 4.  Heat transfer rate of cross flow heat exchangers at various time
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¡‘.¬. 2549
°“√∑¥ Õ∫ ¡√√∂π–¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ·∫∫‰À≈µ“¡¢«“ß

Õµ‘æß»å  π—π∑æ—π∏ÿå ·≈– ∑πß‡°’¬√µ‘  ‡°’¬√µ‘»‘√‘‚√®πå595

ª√“°Ø°“√≥å¥—ß°≈à“« “¡“√∂Õ∏‘∫“¬‰¥â¥—ßπ’È
„π¢≥–∑’Ë∑¥ Õ∫®–¡’°“√ – ¡µ—«¢Õß‡¢¡à“∫πæ◊Èπ

º‘«¢Õß∑àÕ§√’∫µ≈Õ¥‡«≈“ àßº≈„ÀâÕ—µ√“°“√∂à“¬‡∑§«“¡
√âÕπ¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ≈¥≈ß ‡¡◊ËÕ°“√ – ¡
µ—«¢Õß‡¢¡à“‡æ‘Ë¡¡“°¢÷Èπ ‡¢¡à“‡À≈à“π—Èπ®–À≈ÿ¥≈à«ß≈ß¡“
‡π◊ËÕß®“°πÈ”Àπ—°¢Õßµ—«¡—π‡Õß À√◊Õ∂Ÿ°¢—∫ÕÕ°®“°æ◊Èπº‘«
¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ‚¥¬πÈ”·≈– “√‡§¡’„π·°ä 
‰Õ‡ ’¬´÷Ëß§«∫·πàπ∫πæ◊Èπº‘«¢Õß∑àÕ§√’∫  àßº≈„ÀâÕ—µ√“°“√
∂à“¬‡∑§«“¡√âÕπ‡æ‘Ë¡¢÷ÈπÕ’°§√—ÈßÀπ÷Ëß ª√“°Ø°“√≥å¥—ß°≈à“«
‡ÀÁπ‰¥â™—¥‡®π„π°√≥’∑’Ë∑àÕ§√’∫¡’√–¬–Àà“ß√–À«à“ß§√’∫
‡∑à“°—∫ 2.85 ¡¡.  ∑—Èßπ’È‡π◊ËÕß®“°∑àÕ§√’∫¡’æ◊Èπ∑’Ëº‘«¡“°
¥—ßπ—Èπª√‘¡“≥°“√ – ¡µ—«¢Õß‡¢¡à“ ·≈–πÈ”·≈– “√‡§¡’∑’Ë
‰¥â®“°°“√‡º“‰À¡â∑’Ë§«∫·πàπ∫πæ◊Èπº‘«∑àÕ§√’∫‡æ‘Ë¡ Ÿß¢÷Èπ
 àßº≈„ÀâÕ—µ√“°“√·≈°‡ª≈’Ë¬π§«“¡√âÕπ¡’§«“¡·ª√ª√«π Ÿß
‚¥¬Õ—µ√“°“√∂à“¬‡∑§«“¡√âÕπ‡ª≈’Ë¬π·ª≈ß„π™à«ß ±20%

Õ¬à“ß‰√°Áµ“¡ ‡¡◊ËÕ‡«≈“‡æ‘Ë¡¢÷Èπ Õ—µ√“°“√∂à“¬‡∑
§«“¡√âÕπ¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑—Èß Õß·∫∫¡’
·π«‚πâ¡≈¥≈ß ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ∑’Ë„™â∑àÕ§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫‡∑à“°—∫ 2.85 ¡¡.
´÷Ëß∑’Ë√–¬–‡«≈“ 750 ™—Ë«‚¡ß  Õ—µ√“°“√∂à“¬‡∑§«“¡√âÕπ
‡©≈’Ë¬≈¥≈ßª√–¡“≥ 15% „π¢≥–∑’Ë‡§√◊ËÕß·≈°‡ª≈’Ë¬π

Figure 5.  Fouling formation on heat transfer surface in case of of 2.85 mm fin spacing

§«“¡√âÕπ∑’Ë„™â∑àÕ§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫‡∑à“°—∫
6.10 ¡¡. Õ—µ√“°“√∂à“¬‡∑§«“¡√âÕπ‡©≈’Ë¬≈¥≈ßª√–¡“≥
5% ∑—Èßπ’È‡π◊ËÕß¡“®“°Õ—µ√“°“√ – ¡µ—«¢Õß‡¢¡à“∫πæ◊Èπ
º‘«¢Õß∑àÕ§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫‡∑à“°—∫ 2.85 ¡¡.
¡“°°«à“∑àÕ§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫‡∑à“°—∫ 6.10 ¡¡.

Figures 5-6 · ¥ß¿“æ‡ª√’¬∫‡∑’¬∫¢Õß‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑—Èß Õß·∫∫ ∑’Ë√–¬–‡«≈“°“√∑¥ Õ∫
µà“ßÊ  ÷́Ëßæ∫«à“ª√‘¡“≥°“√ – ¡µ—«¢Õß‡¢¡à“®“°°“√
‡º“‰À¡â‡æ‘Ë¡¢÷Èπµ“¡√–¬–‡«≈“∑’Ë∑¥ Õ∫ ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë„™â∑àÕ§√’∫∑’Ë¡’√–¬–Àà“ß
√–À«à“ß§√’∫‡∑à“°—∫ 2.85 ¡¡. ¡’°“√ – ¡µ—«¢Õß‡¢¡à“
‡æ‘Ë¡¡“°¢÷ÈπÕ¬à“ß‡ÀÁπ‰¥â™—¥µ—Èß·µà√–¬–‡«≈“ 500 ™—Ë«‚¡ß
‡ªìπµâπ‰ª

°√≥’‡ª√’¬∫‡∑’¬∫°—∫‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë
„™â∑àÕ§√’∫·∫∫‡°≈’¬« ÷́Ëß∑”ß“π¿“¬„µâ ¿“«–∑’Ë‰¡à¡’°“√
§«∫·πàπ¢Õß·°ä ‰Õ‡ ’¬∫πæ◊Èπº‘« (ª√–™“, 2542) æ∫«à“
°√≥’¥—ß°≈à“«¡’°“√ – ¡µ—«¢Õß‡¢¡à“ Ÿß¡“°‡¡◊ËÕ‡∑’¬∫°—∫
°√≥’∑’Ë»÷°…“ ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß µ—Èß·µà√–¬–‡«≈“∑¥ Õ∫
250 ™—Ë«‚¡ß ‡ªìπµâπ‰ª ‚¥¬‡¢¡à“∑’Ë – ¡µ—«Õ¬Ÿà¡’§«“¡Àπ“
ª√–¡“≥ 10 ¡¡.  àßº≈„ÀâÕ—µ√“°“√∂à“¬‡∑§«“¡√âÕπ≈¥≈ß
´÷Ëßµà“ß®“°‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ„π°√≥’∑’Ë»÷°…“π’È
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´÷Ëß„π¢≥–·≈°‡ª≈’Ë¬π§«“¡√âÕπ¡’°“√§«∫·πàπ¢Õß·°Á 
‰Õ‡ ’¬∫πæ◊Èπº‘«µ≈Õ¥‡«≈“  àßº≈„Àâ°“√ – ¡µ—«¢Õß‡¢¡à“
‰¡à Ÿß¡“°π—° ‚¥¬¡’§à“‡©≈’Ë¬§«“¡Àπ“¢Õß‡¢¡à“ª√–¡“≥
1 ¡¡.

º≈°“√∑¥ Õ∫À“§à“§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡
√âÕπ¢Õß‡¢¡à“∑’Ë‡°“–µ‘¥∫πæ◊Èπº‘«¢Õß∑àÕ§√’∫ · ¥ß¥—ß
Figure 7 ´÷Ëßº≈°“√§”π«≥∑’Ë‰¥â Õ¥§≈âÕß°—∫ Figures 5-6

°≈à“«§◊Õ §à“§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ‡π◊ËÕß®“°
‡¢¡à“¡’§à“ Ÿß¢÷Èπµ“¡√–¬–‡«≈“∑’Ë∑¥ Õ∫ ·≈–∑àÕ∑’Ë¡’√–¬–
Àà“ß√–À«à“ß§√’∫‡∑à“°—∫ 2.85 ¡¡. ¡’§à“§«“¡µâ“π∑“π°“√
∂à“¬‡∑§«“¡√âÕπ Ÿß∑’Ë ÿ¥‡π◊ËÕß®“°¡’°“√ – ¡µ—«¢Õß‡¢¡à“
„πª√‘¡“≥∑’Ë¡“°

ß“π«‘®—¬π’È¬—ß‰¥â √â“ß‚¡‡¥≈¢Õß°“√ – ¡µ—«¢Õß
‡¢¡à“∫πæ◊Èπº‘«‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ ‚¥¬æ—≤π“¡“
®“°‚¡‡¥≈¢Õß Kern ·≈– Seaton (1959) ¥—ßµàÕ‰ªπ’È

Zf = Zf
* (1− e−βt ) (24)

®“°º≈°“√§”π«≥§à“§«“¡µâ“π∑“π°“√∂à“¬‡∑
§«“¡√âÕπ‡π◊ËÕß®“°‡¢¡à“„π Figure 7  “¡“√∂æ—≤π“
‚¡‡¥≈¢Õß§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ‡π◊ËÕß®“°
‡¢¡à“ “¡“√∂§”π«≥®“°

fs  =  2.85 mm

Zf = 0.1936(1− e−5×10−5t ) (25)

fs  =  6.10 mm

Zf = 4.6112(1− e−7×10−7t ) (26)

Õπ÷Ë ß Figure 8 · ¥ß°“√‡ª√’¬∫‡∑’¬∫º≈°“√
§”π«≥§à“§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ‡π◊ËÕß®“°
‡¢¡à“√–À«à“ß‚¡‡¥≈°—∫º≈°“√∑¥≈Õß ´÷Ëßæ∫«à“‚¡‡¥≈∑’Ë
æ—≤π“¢÷Èπ„™â∑”π“¬º≈°“√∑¥≈Õß‰¥â¥’„π™à«ß ±30% ‚¥¬
¡’§à“ à«π‡∫’Ë¬ß‡∫π§≥‘µ»“ µ√å‡∑à“°—∫ 0.789

ß“π«‘®—¬π’È¬—ß‰¥â∑”°“√«—¥§à“§«“¡¥—πÕ“°“»µ°§√àÕ¡
‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑—Èß Õß™ÿ¥∑’Ë√–¬–‡«≈“µà“ßÊ
¥—ß· ¥ß„π Figure 9 ´÷Ëßæ∫«à“§à“§«“¡¥—πÕ“°“»µ°§√àÕ¡
‡æ‘Ë¡¢÷Èπµ“¡√–¬–‡«≈“ ‡π◊ËÕß¡“®“°°“√ – ¡µ—«¢Õß‡¢¡à“
∑’Ë‡æ‘Ë¡¢÷Èπ ·≈–∑àÕ§√’∫∑’Ë¡’√–¬–Àà“ß√–À«à“ß§√’∫‡∑à“°—∫ 2.85

¡¡. ¡’§à“§«“¡¥—πÕ“°“»µ°§√àÕ¡ Ÿß°«à“ 6.10 ¡¡.
‡π◊ËÕß®“°‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ„πß“π«‘®—¬π’È

∑”ß“π¿“¬„µâ ¿“«–∑’Ë‡°‘¥°“√§«∫·πàπ¢Õß·°ä ‰Õ‡ ’¬∑’Ë
‡°‘¥®“°°“√‡º“‰À¡â∫πæ◊Èπº‘«¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ ´÷Ëß„π∑“ßªØ‘∫—µ‘·≈â««‘»«°√ºŸâÕÕ°·∫∫¡—°®–À≈’°‡≈’Ë¬ß
 ¿“«–¥—ß°≈à“«  ´÷Ëß‚¥¬ª°µ‘·≈â««‘»«°√¡—°®–ÕÕ°·∫∫„Àâ

Figure 6.  Fouling formation on heat transfer surface in case of of 6.10 mm fin spacing



«.  ß¢≈“π§√‘π∑√å «∑∑.

ªï∑’Ë 28 ©∫—∫∑’Ë 3 æ.§.
 

-
 

¡‘.¬. 2549
°“√∑¥ Õ∫ ¡√√∂π–¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ·∫∫‰À≈µ“¡¢«“ß

Õµ‘æß»å  π—π∑æ—π∏ÿå ·≈– ∑πß‡°’¬√µ‘  ‡°’¬√µ‘»‘√‘‚√®πå597

Figure 7.  Thermal resistant due to fouling of heat exchanger

Figure 8. Comparison of fouling resistant from

experiment and model

Figure 9.  Pressure drop across tube bank

Õÿ≥À¿Ÿ¡‘¥â“πÕÕ°¢Õß·°Á ‰Õ‡ ’¬®“°‡§√◊ËÕß·≈°‡ª≈’Ë¬π
§«“¡√âÕπ Ÿß°«à“ 160-180ºC ‡ ¡Õ  ‡æ◊ËÕªÑÕß°—π°“√
§«∫·πàπ¢Õß‰Õ√–‡À¬µà“ßÊ „π·°Á ‰Õ‡ ’¬∫πæ◊Èπº‘«‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ ∑—Èßπ’È‡π◊ËÕß®“°¿“«–¥—ß°≈à“«®–°àÕ„Àâ
‡°‘¥°“√°—¥°√àÕπæ◊Èπº‘«¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ
§àÕπ¢â“ß Ÿß ·µàÕ¬à“ß‰√°Áµ“¡„π∫“ß§√—Èß°“√À≈’°‡≈’Ë¬ß¿“«–
¥—ß°≈à“«‡ªìπ‰ª§àÕπ¢â“ß¬“°  ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß‡§√◊ËÕß
·≈°‡ª≈’Ë¬π§«“¡√âÕπ·∫∫‰À≈µ“¡¢«“ß∑’Ë„™â¥÷ß§«“¡√âÕπ
∑‘Èß®“°À¡âÕ‰ÕπÈ”°≈—∫¡“„™âª√–‚¬™πå„π°“√ÕÿàππÈ”ªÑÕπ
(economizer) À√◊ÕÕÿàπÕ“°“» (air preheater)

„π°√≥’∑’ËÕ—µ√“°“√„™â‰ÕπÈ”¢ÕßÀ¡âÕ‰ÕπÈ”‰¡à§ß∑’Ë
 àßº≈„ÀâÕÿ≥À¿Ÿ¡‘·°Á ‰Õ‡ ’¬·ª√‡ª≈’Ë¬πµ“¡‰ª¥â«¬ ¥—ßπ—Èπ
¡’‚Õ°“  Ÿß∑’Ë®–‡°‘¥°“√§«∫·πàπ¢Õß·°ä ‰Õ‡ ’¬∫πæ◊Èπº‘«

‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ ´÷Ëß¿“«–¥—ß°≈à“«®–§≈â“¬°—∫
°“√∑”ß“π¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ∑’Ë°”≈—ß»÷°…“Õ¬Ÿà

¥—ßπ—Èπ„πß“π«‘®—¬π’È®÷ß‰¥â∑”°“√µ√«® Õ∫°“√
°—¥°√àÕπ¢Õßæ◊Èπº‘«‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ  ‚¥¬
‡©æ“–Õ¬à“ß¬‘Ëß∫√‘‡«≥§√’∫√–∫“¬§«“¡√âÕπ ´÷Ëß‡ªìπ∫√‘‡«≥
∑’Ë√—∫º≈°√–∑∫¡“°∑’Ë ÿ¥  ‚¥¬„πß“π«‘®—¬π’È‰¥âπ”µ—«Õ¬à“ß
¢Õß§√’∫√–∫“¬§«“¡√âÕπ‰ªµ√«® Õ∫‚¥¬°“√„™â°≈âÕß
®ÿ≈∑√√»πå¢π“¥°”≈—ß¢¬“¬ 200 ‡∑à“ ‡æ◊ËÕÀ“√àÕß√Õ¬¢Õß
°“√°—¥°√àÕπ∑’Ë‡°‘¥¢÷Èπ ÷́Ëßæ∫«à“‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ∑’Ë∑”°“√∑¥ Õ∫¿“¬„µâ ¿“«–°“√§«∫·πàπ¢Õß‰Õ
√–‡À¬„π·°ä ‰Õ‡ ’¬∫πæ◊Èπº‘«∑’Ë√–¬–‡«≈“µà“ßÊ ¬—ß‰¡àæ∫°“√
°—¥°√àÕπÕ¬à“ß‡¥àπ™—¥ ·µàª√–‡¥Áπ¥—ß°≈à“«π’È¬—ß‰¡à “¡“√∂
 √ÿª≈ß‰ª‰¥â‡≈¬«à“ °“√∑”ß“π¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
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„π√–¥—∫µàÕ‰ª

 √ÿªº≈°“√∑¥≈Õß
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ª√–¡“≥ 15% „π°√≥’¢Õß√–¬–Àà“ß√–À«à“ß§√’∫‡∑à“°—∫
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√–À«à“ß§√’∫ ‚¥¬§√’∫∑’Ë¡’√–¬–Àà“ß‡∑à“°—∫ 6.10 ¡¡. ®–¡’
Õ—µ√“°“√ – ¡®–πâÕ¬°«à“§√’∫∑’Ë¡’√–¬–Àà“ß 2.85 ¡¡.

4. ‚¡‡¥≈¢Õß§«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ
¢Õß Kern ·≈– Seaton (1959)  “¡“√∂π”¡“ª√–¬ÿ°µå„™â
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√“¬°“√ —≠≈—°…≥å

Pr = Prandtl Number ¢Õß°“√‰À≈¿“¬„π∑àÕ
Q = Õ—µ√“°“√∂à“¬‡∑§«“¡√âÕπ («—µµå, W)

r = √—»¡’¢Õß∑àÕ¥â“ππÕ° (‡¡µ√, m)

ReDi = Reynolds Number ¢Õß°“√‰À≈¿“¬„π∑àÕ
Sl = √–¬–Àà“ß√–À«à“ß·∂« (‡¡µ√, m)

St = √–¬–Àà“ß√–À«à“ß∑àÕ∑’ËÕ¬Ÿàµ‘¥°—π„π·∂«‡¥’¬«°—π
(‡¡µ√, m)

t = ‡«≈“ (™—Ë«‚¡ß, hr)

T = Õÿ≥À¿Ÿ¡‘ (Õß»“‡´≈‡´’¬ , ºC)

UA =  —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡√âÕπ√«¡æ◊Èπ∑’Ë
(«—µµå/‡§≈«‘π, W/K)

Zf = §«“¡µâ“π∑“π°“√∂à“¬‡∑§«“¡√âÕπ‡π◊ËÕß®“°
‡¢¡à“ (‡§≈«‘π/«—µµå, K/W)

Zf
*

= Asymptotic Fouling Factor

µ—«°”°—∫≈à“ß

a = Õ“°“»
ave = ‡©≈’Ë¬
f = ·°Á ‰Õ‡ ’¬
i = ¥â“π‡¢â“
o = ¥â“πÕÕ°
w = πÈ”

 —≠≈—°…≥å°√’°

β =  —¡ª√– ‘∑∏‘Ï à«π°≈—∫
ε = §à“ª√– ‘∑∏‘º≈
ηo = ª√– ‘∑∏‘¿“æ¢Õßæ◊Èπº‘« (Surface Efficiency)

η = ª√– ‘∑∏‘¿“æ¢Õß§√’∫ (Fin Efficiency)

Ab = æ◊Èπ∑’Ëº‘«¿“¬πÕ°∑àÕ∑’Ë‰¡à∂Ÿ°§√’∫∫—ß
(µ√.‡¡µ√, m2)

Af = æ◊Èπ∑’Ëº‘«¢Õß§√’∫ (µ√.‡¡µ√, m2)

Ai = æ◊Èπ∑’Ëº‘«¿“¬„π∑àÕ‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡√âÕπ
(µ√.‡¡µ√, m2)

Ao = æ◊Èπ∑’Ëº‘«¥â“ππÕ°¢Õß‡§√◊ËÕß·≈°‡ª≈’Ë¬π§«“¡
√âÕπ (µ√.‡¡µ√, m2)

cp = §à“§«“¡®ÿ§«“¡√âÕπ®”‡æ“–
(®Ÿ≈/°‘‚≈°√—¡/‡§≈«‘π, J/kgK)

df = ¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß¿“¬πÕ°¢Õß∑àÕ§√’∫
(‡¡µ√, m)

di = ¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß¿“¬„π∑àÕ (‡¡µ√, m)

do = ¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß¿“¬πÕ°∑àÕ (‡¡µ√, m)

fh = §«“¡ Ÿß¢Õß§√’∫ (‡¡µ√, m)

fs = √–¬–Àà“ß√–À«à“ß§√’∫ (‡¡µ√, m)

ft = §«“¡Àπ“¢Õß§√’∫ (‡¡µ√, m)

hi =  —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡√âÕπ¢Õß°“√‰À≈
¿“¬„π∑àÕ («—µµå/µ√.‡¡µ√/‡§≈«‘π, W/m2K)

ho =  —¡ª√– ‘∑∏‘Ï°“√∂à“¬‡∑§«“¡√âÕπ¢Õß°“√‰À≈
¿“¬πÕ°∑àÕ («—µµå/µ√.‡¡µ√/‡§≈«‘π, W/m2K)

kf =  —¡ª√– ‘∑∏‘Ï°“√π”§«“¡√âÕπ¢Õß§√’∫
(«—µµå/‡¡µ√/‡§≈«‘π, W/mK)

kt = §à“ —¡ª√– ‘∑∏‘Ï°“√π”§«“¡√âÕπ¢Õß∑àÕ
(«—µµå/‡¡µ√/‡§≈«‘π, W/mK)

l = §«“¡¬“«∑àÕ (‡¡µ√, m)

lt = §«“¡¬“«√«¡¢Õß∑àÕ (‡¡µ√, m)
ṁ = Õ—µ√“°“√‰À≈‡™‘ß¡«≈ (°°./«‘π“∑’, kg/s)

n = ®”π«π∑àÕ
NTU = Number of Transfer Unit


