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Abstract − Heat transfer characteristics between the horizontal tube and the fluidized-bed proper have been investigated in a

bench-scale pressurized fluidized-bed combustor for the combustion of anthracite coal. Effects of fluidizing velocity(0.9, 1.1,

1.3 m/s), bed temperature(850, 900, 950oC) and amount of excess air(10, 20, 30%) on the individual heat transfer coefficient

have been determined. The heat transfer coefficient has increased with increasing bed temperature, while it has decreased with

increasing fluidizing gas velocity. The values of heat transfer coefficient in the pressured fluidized-bed combustor have been in

the range of 370-720 W/m2K, which are much higher than those of typical value(200 W/m2K) in the atmospheric bubbling flu-

idized-bed combustor. The heat transfer coefficients have been well correlated in terms of operating parameters by way of

dimensionless as well as dimensional forms.
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1. � �

������ ��� 	�
� �� 
�� ��� �� � ���

��� ��� ���� , !"�#$%, &'� �(), *) +� ,

- ��-	� $%�.� ��)� /0 12�	 34. ��� 56�

7) ��� 89: 56 ;�� <= >?@ 5A� 56� �2B CD

EFG, HIJ &'56 K4 10L 1M 8- ?�NOP QRS4[1].

��� 56 � ?"�  .2T� 	� UV� W�� XYZ[ \

�� �� ]0	 56  ^ �?_� `a � L?bc� dG 4e

?�N \�P QR^� , ?�N \�P fgh9 i 56  ^�

�� �j� [k ? lm@1 nko X 3P CD EFG, ��� 5

6 � p[qr� sk[t �uP `# 56  ^ �?_� `a�

L?bc� de ?�N \� vw- xX[14[2]. ��� 56  ^

�?_� ?�N \� 5y� z  M{����� |}�~9:, ��

V��
��� �?_� �� ?�N \� VA� K	� �� 34

[3]. 56  ^� {YP �T�Q vessel s� 56 � qaT� �{

���- W�� �W ��� �	, ���W� .E W�� X�[ �

�� 4e bc� 56 � �# sk[1	, ̂ �?�� ���
� ?

�N� �XT: �?_� bc� M_�1 �{������ ?�Nr

X� M{�� K4 p	 3-4L k�� 8- �P QR^	 34[4-7].

� 5y��� �{��� 56 � ?�N \�P #&TW `T�

56 ^� X� 1��?_P qaT	, ��� ��, ��) ;� �

�W���P �)���� ?�NrX� �) ��P _�T�4. �

� ?�NrX� ��B X 3� M__rJP ��J� ���J9 

�mT�4.
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2. ����	
�� �
 �����

��?�NrX� ��� ^�� ?�1 �?_� �T� ?@(Q1)�

�?_ ^�� � � ��� ¡- ?@(Q2)9 �¢ yB X 34.

Q1=Uo£A£∆TL (1)

Q2=mw£Cpw£∆T (2)

�W�, Q� ?@(W), Uo� ��?�NrX(W/m2K), A� �?_�

�?�[(m2), mw� �?_ ̂ �� � � ��� �@(kg/s), Cpw� �

?_ ^�� � � ��� ?2@(kcal/kgK), ∆TL- �X�����

(K), ∆T� �?_ ^�� � � ��� Uy� my��� ���(K)

14. �� ��?�NrX� J (3)� ,1 �?_ ^� ��� �¤

\�� ¥¦P §� ?�N >¨(hi), �?_� ��� ©� >¨(km),

����� �?_ ª�9 � ?�N >¨(ho)9  ª«�4.

(3)

�W�, xm- �?_� ¬­(m), km- �?_� ?���(W/mK)1

4. dG� ���� �?_ ª�
� ?�N \�t ®¯�?rX(ho)

� 4° J (4)  ¡P X 34.

(4)

�?_ ^� ��� �N>¨, hi� �?_� bc, ��� �¤ ±N

� ��� ²�� dG �T:, �³� ´³�� µµ 4°� ,- J

P 12T� yB X 34[2].

�³_rJ, Re<2,100

(5)

´³_rJ, Re>10,000

(6)

�W�, Pr- Prandtl X, Re� Reynolds X, ki� ��� ?���(W/

m2K)14. � 5y��� Uo� hi�P �kT	 yT�� J (4)� �#

X�_� ®¯?�NrX, ho� yT�4.

3. ����

3-1. ����

¶·¸a� ��[t ¹º�� Fig. 1� QR^~4. ��� 56 �

5A � �W� �»�, 56  ]0	 L�( ¼0� + �½ 3��9

  y��~4. 5At &'- Q¾b �» ¸a� �# k@[9  5

6 � T�(�W�LW �¢ 81 0.1 m)� �»�:, ��) W��

MFM(mass flow meter)9  k@T� 56 � �»T�4. 56�-

�LW� ¿# 3� ��� À®1 0.17 m�� 81 2 mÁ� À®1

0.25 m  Â¸�Ã 39:, � 56  81� 5 m1~4. �� 56 �

^)H� Ä?H  y��Ã 3	, {YP ÅÆW `# '6ÇÈ� {

Y2W s� qa�Ã 34. 56  ���� {Y� ��� �kB X

3�É Ê(tap)1 qa�Ã 39:, 56 � ?�N \�P �ËTW

`T� X� 1��?_P �W �ÌÈ9 �¢ 0.74, 0.91, 1.08, 1.24, 1.41,

1.58, 1.74 m ̀ a� µµ qaT�4. Fig. 2�� X� 1��?_� M

Í�� QR^~4. �?_- ?P Î�[9  lmT	, 
ÏT½ q

aTW `T� �Ð�_P Ë2T�4. ̂ �� SCH.40 3/8”_9  Ñµ

X� zU�	, Ò�� SCH.40 1”_9  ?ÓÔ� ÑµX� Lm�~4.

3-2. ����

� 5y� ¶·� Ë2� &'- Õ^ �5'1:, ²�P Table 1�

QR^~4. �5'- '6� h�@1 58%1	, ±?@- 4,530 kcal/

kg14. �u�&a� 	k'6 55%, Ö±� 5%, ]0	 ×� 36%�

4. ]0	 � ²Ø� Ë2� ÙI� Ú�� 2,500 kg/m3, ÙI UV�

�W Û`� 300-700µm�4. $%W ^�� �81� 2 m, {YP 6

1
Uo

------ 1
hi

----
Do

D i

------ 
  xm

km

------
Do

DLog

----------- 
  1

ho

-----+ +=

1
ho

----- 1
Uo

------  1
hi

----–
Do

Di

------ 
   

xm

km
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DLog

----------- 
 =

hiD i

ki

---------- 1.62
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---------------- 
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---------- 0.023Pr
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Fig. 1. Schematic diagram of bench scale pressurized fluidized-bed combustor.
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002



220 ������������� �
W{9  �kT½ ��T�9:, �W� �;- 0.9-1.3 m/s  Ü�T

�4. �W��O- 10, 20, 30%, 56  ��� 850, 900, 950oC  �

)T�9:, ���� ��, �?_ Uy� my� ÑµX �� ]0	

ÑµX@9 �¢ ®¯?�NrX, ho� rÌT�4. X� 1��?_

7¹� Ý1� 0.67 m1	, �ÌÈ9 �¢ 1.08 m ̀ a� 3� �?_

P Ë2T� µ �u�Þ��� ®¯?�NrX� yT� �ÓT�9

:, qa� 7¹� �?_� �T� ®¯?�NrX� �kh9 i �

�� 81� de ?�NrX� �)� �ËT�4. �?_� `a�

1.08 m� `aT	 39Q ,- `a� ?��� qa�Ã 3� ßW

àá� 0.85 m� 1.26 m� `a� ?��� ��� 12T� K
â9

  ��� ��� lkT� ?�NrX� rÌT�4.

4. �� � ��

4-1. ��	 
�� 
�

���56 �� ��� ��� ?�NrX� ãa� ¥¦P Fig. 3

� QR^~4. �W��O1 20%� à, �W� �;1 0.9m/s� 1.1m/s µ

µ� �T� ��� 850oC�� 950oCÁ� ä�h� dG ?�NrX

� µµ 415-640 W/m2K, 370-610 W/m2K9  ��� ��� �åT�

®¦P QR^~4. �� kg� �� �å�X� 0.5� 2.4æ� à� ?

�NrX �)� QR^~4. ��� ��� 1,000oC1T��� çË

� �� ?�N1 5-10%ãD9 � ] ¥¦1 [9:, M{� ®� �

�� ä�� dG W�� ?���, kg� 0.5-2.4æ9  ä�TW àá

� ?�NrX� �� À¾[9  ä�TQ ���� ��� 1,000oC

� è9� çË� �� ?�N ¥¦P §W àá� ?�NrX� ��

� 4æ9  »éê ä�T� ë9  ìíî 34[8]. Fig. 3�� K� �

� ,1 � ¶·�� kg� �� �å�X� 0.9 m/s� à 4.11	, 1.1 m/s�

à 4.5  rÌ�~4. �� µ ¶·�Þ�� kg� �� �å�X� Û

`� 2.8-4.5�4. 1� ,1 kg� �� �X� M{��� ®�K4 �

¶·�� 8½ QR´ ë-, 56 � {Y1 ä�T� W�� Ú��

ä�T� W�� ?���� ä�T	 1� �# ?�N1 ä�TW à

át ë9  ÈÄ�4[9].

4-2. ������ 
�

Fig. 4� 950oC� �Þ�� ��);�� �� ?�NrX� �)�

QRS ë14. ?�NrX� �W��O 20%�� ��� �;1

0.9 m/s�� 1.3 m/s  ä�BXÉ 640 W/m2K�� 550 W/m2KÁ� ï

6T�4. �� �W��� 30%��� 600 W/m2K�� 430 W/m2KÁ

� »éê ï6T�4. �$[9  ���^� W��;1 ä�T� 	

��³@� ï6  ��� �� ?�N- ï6T	, �³� �� ?�

N- ä��4. �³� �� ?�N ¥¦1 ��� �� ?�N ¥¦K

4 �W àá� ��?�N- ��  ä�T� ®¦P K1:, 	�U

V� �?_�� ¿!ð�� ñr�Þ� ò�� �NB àÁ� ?�N

rX� ä�T½ �4[10]. ó, W�� �;P ä���� 	�UV�

�¤� ¿!«M1 éô#�: 1� ,1 ������ ́ ³ «M� ä

�� 	�UV� ��� ^� ?� ª�� ¿!Ç�� ð�X� ä�

Fig. 2. Schematic diagram of horizontal heat transfer tube.

Table 1. Properties of anthracite coal

Component Weight percent, %

Proximate analysis Moisture 19
Volatile materials 15
Ash 36
Fixed carbon 55

Elemental analysis Carbon 58
Hydrogen 12

*Calorific Heating Value: 4,530 kcal/kg

Fig. 3. Effects of temperature on the heat transfer coefficient(excess air
=20%).
���� �40� �2� 2002� 4�
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�õ� 	�UV� �� �³ Î�� ä���W àá�[11, 12] W��

;� ä�� dG ?�NrX� ä��4	 ö X 34. ]÷Q Ã< 1

M��� �;��� ��� �� ø� ï6� M�[9  ù� ?�

NrX� p�úP Kt4	 ìíî 34. ] 1�� W��;1 ä�

T�� W�� �W� ä�T�D, M�[9  �?_� ûüT� W�

UV� ýX� ø1 ï6T�  �³� �� ?�N ä��1 ï6T

W àá14[13]. ñr�ÞK4 þ �;P ä���� 	�UV� �?

_ Ë1� ¿!ð�X ä�@K4� 	�Ú�(solid packing density)�

ï6@� �# �½ ¥¦P §E ?�NrX� ï6�4.

Fig. 5�� ��� �� 900oC�� �; 0.9� 1.1 m/s� �T� ��

�W� ä�� de ?�NrX� �)� QR^~4. W� �;1 ÿ

- ®�K4 8- ®��� ���W� �� ¥¦1 [½ QR�4. �

��W� �� ¶·- ��� �;P �kT½ ������ �5'�

øP �)���� X}� ë14. àá� ���W@1 [- ë- Ä

` �
� �U�� &'� ø1 ä�� ë1� , ?�N ?�t 56

 ^� ?1 M�[9  ä�T� ?�NrX �� ä�T�4. Fig. 6

�� ��� ��� ���W� �� ?�NrX� �)� +�¾9 

QRS ë14. ��� �»��1 ?�NrX� ��� ��� �åT 	, �W��O� $�åT�9:, �W��OK4� ��� ��� ¥

¦P �1 §�4.

4-3. ���� ��

¶·� Ë2� &'- >Ö±�1: ×�P 36% h�T	 3� Õ^

�5'14. Jin[14] +- Õ^ �5'� �Õ ¾)'� �T� ,- ¶

· �Þ�� ?�NrX� _�T�4. �Õ ¾)'- Õ^ �5'��

N0 Ö±�1 33%1:, ×�� "� ÿ- 5%  øØ� &'14. Fig.

7�� ¬ &'� �T� �W��O � ��� ��� de ?�NrX�

�)¥	P QR^~4. ¾)'� ?�NrX Û`� 480-800 W/m2K

 � µ �Þ�� 56T�P à 56  ̂ � ×�1 
³T� ß	, �

� Ë1��1Q ��W�� �
�W àá� 56  ^� 	�UV�

���1 �W �²Øt ÙI14. $�� �5'- 950oC�� 700 W/

m2K1�D, 850oC��� 550 W/m2KÁ� ï6T� ®¦P QR^:,

¾)' K4 KÏ[9  ÿ- ?�NrX� K1	 34. �5'� h

�� ×�- 35%  ¾)'� ×� h��K4 "� 8E 56  ^�


³T½ �4. r; 56T� 
³T� ×�1 ä�TW àá� 56

  ^� � 81� ä��4. dG� zW[9  �²ØP ��#�D

�4. 56  ^ 	�UV� �W� ÙID �HT��D, Ã<k� 5

Fig. 4. Effects of fluidizing velocity on the heat transfer coefficient at
950oC.

Fig. 5. Effects of excess air on the heat transfer coefficient at 900oC.

Fig. 6. Effects of excess air and temperature on the heat transfer coeffi-
cient.

Fig. 7. Comparison of the heat transfer coefficients of anthracite and
shenhwa coal.
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002
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6� |}�� ×�1 �²Ø� ���P ��T½ �4. û�ê 56

� |}o X 3� �u�Þ� �N� ��� ^� �²Ø- �W �²

Øt ÙI� UV(300-700µm)K4 M�ê � 500-2,000µm� Û` 

�½ ���Ã|4. Emulsion >¨1�[15]� d � ?�NrX� W

�� W�� �W� ��� 	� packet1 aÔ�� ð�X� ¥¦P

§��, 1 ��� ð�X� ��� UV�W� À¿[t ¥¦P §	

34. ó UV� �W� .PXÉ �?_ ª�1 W�� �W� ��1

ï6T�  ?"� 	BP T� 	� UV� ¿!B W×� �E�:

� Ü packet9  aÔ�� ;�� �Gî �;T½ ?1 �No X

34	 �4. àá� ×�P �1 �hT	 3� �5'� 56� ?�

NrX� ¾)'� �T� .- ë9  ÈÄ�4.

4-4. ��� ��� �� �����

`�� 4� �?_- �ÌÈ9 �¢ 1.08 m� 	k ̀ a� 3� ë

14. ���� � 81� �� ?�NrX �)� _�T	V �ÌÈ

9 �¢ 0.74, 0.91, 1.08, 1.24, 1.41, 1.58, 1.74 m� `a� �?_P

Ë2T�4. ��� �� 850oC, ��);� 1.1 m/s� �Þ�� �?

_�� ?�NrX� yT� Fig. 8� QR^~��, 0.91-1.08 m� Û

`� `a� �?_� ?�NrX� �¸ 8½ QR�4.

0.74 m� `a� �?_� ?�NrX� 1.08 m� �?_ K4 ÿ-

?�NrX� ��4. 0.74 m� `a� �?_� ?�NrX� ÿ½ Q

RQ� 1�� &'� zU `a� 0.1 m1�  56  ^� $%��

K4 ÿ- &'1 �U�Ã 56  ^� ��� �Ã�0W àá9 

ËA�4. �U� &'- �W� �# ��) �	 56T�� MæT

� , �^� ��� 81� dG MæT½ �4. 1� dG � ���

� � 0.91 m ̀ aÁ�� ?�NrX� ä�T	 34. �� &' UV

� “Þ� !Ö±) Ö±�� 56 char� 56”� Är� �" 56

T�� U®1 .E��  ���� 1.08 mÁ�� ?�NrX � 81

� dG ä�T� ë9  qgB X 34[16]. ]÷Q 1.24 m� `a�

�?_�¢� ?�NrX� «>ê ï6T� 1.74 m� `a���

200 W/m2KÁ� ï6T	 34. 1.08 m 1M� 81�� ��� 81

� dG ?�NrX� ï6T� ë- �� ��� �� ¥¦K4� W

�� MæT�� W�� ��� W�� ð�X ï6� �� ë14[17].

4-5.  ! "� �� #�$

� ¶·�� �k� �{��� 56 �� X��?_� ���


� ®¯?�NrX� Nusselt X, Galileo X ]0	 Reynolds X� M

_J9  J (7)� ,1 QR# X 3~4[18]. J (7)- çË� �� ¥

¦- "� [9�  	íT� ß��� M_rX� 0.98  ¶·n��

$ �aT�4.

(7)

��, X��?_� ®¯?�NrX� J (8)� ,1 ¶·�X�� h

X  QR# X 3~4.

(8)

J (12)� M_rX� 0.94  ¶·n�� $ �aT�4.

5. � �

�{��� 56 ��� ?�N \�� _� 5y�� 4°� ,-

n�P ¡P X 3~4.

(1) ?�NrX� ��� ��� �åT	, �W��O � ��);�

� $�åT�4.

(2) �5'- h�� ×�� $%W^ 
³  tT� �?_� ¿!

T� �²Ø� U®1 ä�T	 ÿ- ×�� &'K4 "� ÿ- ?�

NrX� �%P ì X 3~4.

(3)  �u�Þt ��);�(ug), �W��O(ea) � ��(T) +P 1

2T� ?�NrX�� M_JP 4°� ,1 ¡P X 3~4. ?�N

rX� ��);�� �W��OK4 ��� ��� � ¥¦P §	 3

°P ÂtB X 3~4.

� �

� 5y� ÌuV��� ��T� &k�'�W(¹±Ëu� �Ô9

  X}�~)F4. 5y�� ��� ïË *+F4.

����

A : heat transfer area of heat exchange tube [m2]

Cp : specific heat [J/kgK]

Di : inside diameter of heat exchange tube [m]

DL : log mean diameter of heat exchange tube [m]

Do : outside diameter of heat exchange tube [m]

Dt : bed diameter [m]

d : particle diameter [m]

E : amount of excess air [%]

h : individual heat transfer coefficient [W/m2K]

hi : individual heat transfer coefficient based on tube inside area [W/m2K]

ho : individual heat transfer coefficient based on tube outside area [W/m2K]

k : thermal conductivity [W/mK]

km : thermal conductivity of heat exchange tube [W/mK]

L : length of heat exchange tube [m]

m : flow rate of fluid [kg/hr]

Q : heat capacity [W]

T : temperature [K]

∆TL : log mean temperature difference [K]

Nu
hodp

kg

---------- 9.30
dp

3ρg ρp ρg–( )

µg
2

-------------------------------
2.22–

dpρgUg

µg

-----------------
0.36–

= =

ho 1.46 1011– ug
0.65– 1 ea+( ) 1.26– T4.44×=

ho 1.46 1011–
ug

0.65–
1 ea+( ) 1.26–

T4.44×=

Fig. 8. Effects of bed height on the heat transfer coefficient at 850oC
and 1.1 m/s.
���� �40� �2� 2002� 4�
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d

D.:

R,

n,

H.,

d

.,

m-

,

Uo : overall heat transfer coefficient based on outside area [W/m2K]

ug : fluidizing velocity [m/s]

xm : thickness of heat exchange tube [m]

%&'( )*

µ : viscosity [kg/mhr]

ρ : density [kg/m3]

Dimensionless number

Ga : Galileo number, dp
3 ρg(ρp−ρg)g/µg

2

Nu : Nusselt number, hodp/kg

Pr : Prandtl number, Cpgµg/kg

Re : Reynolds number, dpρgug/µg

+,*

g : gas phase

p : particle 

w : water

��� 
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