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�� 
�, @AB
C ���D E� "#�$%. /0<� ��� & ��

�D EF GFH�I GF�$JK �LM> 1.0-2.0 atm��1 N%O PQF RS%. 9:� TE, '�, ���D E�

���� ��� ! U"H � V1 �
W! 8X�$%. F���Y#� V, ���  ��� � �� Z[�1 plug

flow1 F�X\]� �	
 ^�� �L_`� ab#c de) f��$%.

Abstract − Critical velocities were measured by differential pressure transducers in a solid circulation experimental appara-

tus which was a 1.8 m in length, 0.034 m in diameter of Plexiglas horizontal pipe. Three kinds of particles of FCC catalyst, zinc

titanate and polyethylene were used. Pressure drop, standard deviation of pressure drop fluctuations and solid conveying rate

were measured to determine the critical velocity. Critical velocity increased with increasing solids conveying rate, however,

there was little effect of the pressure on the critical velocity in the range from 1.0 to 2.0 atm. The critical velocity was correlated in

terms of particle density, diameter and solid conveying rate. Unstable Pressure balance was occurred at front section and at rear

section of a horizontal pipe in a pressurized circulation system when it was disturbed by plugs at a velocity less than Ucr.
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[1]. *+,�� ��- .�� 	
�/0, +1� 2�- .3�4 5

6�� �7� 89 ): ��� 	
&�; �). <=,> ����

� ?@> ��� � A%B ): A�� ���- ���� C!DE

1878F GH� IJ'� ���-KB LM�� NOP/ �Q RS

� TUNJ%B �
&' ()[2].

�V
 ���� C!D%B W2� 'X	YE '�� ���-K

(9 ,Z� 7[� \]�- ^�). 7[� _` a�b �;� �

�� c2�d aE efg�� *94', 7[� _` h�b i53

� plug jk� *9l). �V
%B ��[;� mn ��� o7�

�� p+q 0r 7[� sRt aE uv dilute-phase pneumatic trans-

port wx�  �d, ��[;� mn '�� o7�y� 7/��%

isR�z &9 '� ��8� 
� {|% � }� C~�- ��

[;� saltation velocity(Usalt)  �d � 7[��� wx� dense-

phase pneumatic transport wx�  �)[3-5]. ��� �V
 ���

�%B ��[;� ���% �  )�� �E jk�y� ��� �

�z �). �oR� ����� ��%B ��9/' *o- 
� {

|%B �� �� ��&- stratified flow, ��
� �o- ,E ��

��� ��� �� ��&d �o- ��� bulk density� ��� �

;� �/' dune� m�� �� ��&- dune flow, ��&- ��

% �� 
� ��� ���- plug flow� �z �R /� � ().

Plug jk� ��- �J aE ��7[� critical velocity(Ucr)  �d

Muschelknautz� Wojahn[6], Wirth[7], Wirth� Molerus[8]E 53�

��wx� i53� ��wx� �R �- ��7[�� 3��).

Table 1E ��� �V
 ����% �� ��� 3�� ^�).
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cale 
��� �V
 ����E  ¡� �V
 ����% �� ����

� ¢�, ��� ��
� £m ��, ��&- ¤5 ��� �/' (

- '7� ¥= 7/, 36�� ��&- J¦� �/' (�4, ��

&- ��� 3§� mechanism% �� ��� ¨9 .3� p6% (

9 ©ª,> �«� M¬�d ­®� 9X¯� °�/ ±- 
 ���

²³¥� (). ´� batchµ� � ¶·%B ): ¶·�� ��� �

�� ¸� ��d, ��� ��&- ¤5 ¹¹� jk�y� ��� �

�� �[,> .3� 7/�� 9Xp º¦� ()[15, 16]. »Q4 �

Q� º¦8� ¼½�'� �- ��� ®[ &9¾', º¦� ¼½�

� J¦� ¿À)b uÁ,�� ÂE �Ã� ��Ä � (�Å� ÆÇ

��� �V
 ����% �� ��� ÈÉt Ê��' (- ËÌ�

4 ÍÎ%B- ÏÐ ÂE ��� ��9// ±Ñ). ´� ��� �

V
 ���� <³E ¸�JÒ, �V
, ¶·� �¥&- ºÓC!D

�� ��9� (9 <Á C!D� ,
%- )� `�� (Ô).

�% Õ ��%B- <Á C!D% ,
q � (- 7¤� .3� Ö

��- �e Ó×.3� �V
%B 7[��% �: �-' jk�y

� ���', Øe®� �
�� C!D� ef, ��� H¥, ���

¸�[;� ��% �: u®7[� Ù3�� JÒ� scale-upC 53

,> ����� ²� ­®�Ú� Û
�-K Ü,� ().

2. � �

2-1. ����

Õ ��%B 	
� '�Ó×JÒ� ?Ý;- Fig. 1� �). ��� j

k�y� 
Þ�� ²� JÒ� O=E Plexiglas� 089ß). �V
E

à� 1.8 máÎu 0.034 m�d, +1� â%B 0.72 m ã9ä oR� �

º% DP1(P1, P2)� DP1%B 0.02 m Ïå% DP2(P3, P4)� Øe�×��

­Ò�æ). Øe�×�� ²Ò­3E �V
 6�� ��� çL&-

ejector� wè� �V
� �é
�� êëwx� ìí� Æ�� �- o

R� \]�). �:î� �é
E ï oR� Îu 0.05 máa� 0.63 m,

Table 1. Summary of previous researches on horizontal dense-phase pneumatic transport

Author(s) Solids
Particle 

diameter(mm)
Pipe internal

diameter(mm)
Length(m)

Mass flow rate of 
solids(kg/s)

Superficial air 
velocity(m/s)

Solid/air mass 
flow rate ratio

Classification of the
work done

Albright et al.  
[9] 

Pulverized 
coal

90% through 
200-mesh

6.25
7.83

11.060
17.68 0.018-0.170

1.72-5.12
2.00-6.28
1.82-6.4

141-219
125-197
145-236

Tabulated data; correlation

Wen and 
Simons [10]

Coal powder 0.754
0.500
0.112

Glass pipes 12.7, 
19.1, 25.4; (using 
coal powder only)

3.048 0.005-0.038 0.15-15.0 50-850 Data presented as small-s
graphs; propose design 
method and correlation

Glass beads 0.279
0.147
0.071

Steel pipe: 9.25; 
(for both materials)

Lippert[11] Alumina
0.075
0.066

40 12.5 0.28-2.50 1-20 10-250 Data presented on
phase diagrams 

P.E.C.Report
[12]

Sand

0.864

2.39

3.63

25.4

50.8

76.2

22.86
53.34
22.86
53.34
121.92
167.64
30.48
53.34
60.96
121.92

0.06-0.42

0.03-1.7

0.04-2.31

1.24-6.90

0.88-8.15

0.33-7.24

40-160

9-191

2-292

A large amount of 
tabulated date; some 
semiempirical correlations

Konrad[13]
Polyethylene 

granules
 ~4 47.3 6.36 0.05-0.645 1.72-4.25 14-81

Tabulated data for plug 
conveying flow pattern; 
theory to predict pipeline 
∆P; correlation

Chari[14]

PPG
catalyst
carrier

0.437 25.4
50.8
76.2

0.16-2.44 0.0122-0.563 0.20-0.495 48-208

Tabulated data for moving 
bed flow; correlation

Sodium 
tripolyphos-  

phate
granules

0.320 25.4
50.8
76.2

0.61-2.44 0.0260-0.566 0.245-0.514 78-204

Catalyst
beads

2.63 50.8
76.2

0.91-2.44 0.112-0.354 1.30-1.98 28-74

Potassium
sulphate
crystals

0.14 47.3 0.61-2.44 0.045-0.183 0.068-0.088 123-383
���� �39� �3� 2001� 6�
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ðoRE Îu 0.035 máa� 4.65 m�d, ñ oR� à� 0.17 m� reducer


% �� �ò&9 (). óî� +1�- Îu 0.16 máa� 1.25 m�

7¤� +1�� .� RTô� �ò&9 (). +1�� �é
E �V


% �� �ò&9 (). ðoR� �é
� +1�- loop-seal% ��

�ò&9 (�d, '���õ� Ù3�� ²� load cell hopper� ­Ò�

æ). �T7L&- '� ��� Öö�� ²�� �é
 L�%- 	�

÷ø� ­Ò�æ', 	�÷ø%B Öö&/ ±E ��- cù� 	
��

Öö�æ). 7õ� ú¢E 3?� =õ7õ®� 	
�� �V
, +1�,

�é
� 7[� û�,�� Á9q � (). cù �º%- efÁ9ü

ý� ­Ò�� 2�eP/ �e<³� q � (z �æ).

2-2. ����

+1�% ��� þp � 7¤� Cÿd, �V
� �é
% ���

.��� ��- ef� 7[� ú¢�). 6� C!D� ef� �V


� �é
%B� 7[� �� )� +1� �º� slide valve� �

9 ��� Ó×C�). ��ù m	ù% 4
4- Ù3Øe� Cì%

�: ��� *3� uè� 4
Î9 3��y% ;��æ)' ôº&

b Ù3� Øe� ��ù% IJ�' '���õ� Ù3�). �E �


�� ef, ��, slide valve� ú�� {��d <³Ò� Ù3�).

2-3. ��	
 � ���


Õ <³%B- Ï�®�«Á, FCC(Fluid Catalytic Cracking) ��,

polyethylene ��� 	
�æ). ��8� ¸2� �¥� <³���

�²� Table 2� 3% �� 4
ÎÔ). Geldart[17] ��R�
% ��

Ï�®�«Á- »� A� B� u®wx% [�- ���d, FCC �

�- »� A, polyethylene ��- »� B% [�- ���). Fig. 2

- <³% 	
� ��� �;RÖ� 4
�).

3. �� 	 
�

3-1. ����� ����� ��� ��

ef��� u®7[% �Ò- wè� ¿��� ²�B 1.0, 1.3, 1.5,

1.7, 2.0 atm%B u®7[� Ù3�æ). Fig. 3E FCC ��� uv �

V
%B 7[��% �: 6�,> Øe2¤� 4
� ^�� �V


Î%B �-'�� jk�y� ©Ùq � (). �¹ slide valve� ��

3;- 40%�d ØeE DP1% �� Ù3&Ô). (a)- ��7[�

4.0 m/s� stratified flow� �oR� ��8E 
� �o%B  ¡��

o7��� ��� ��9/4, *o� ��- 
� {|%B ���

4 ´- ��Q/d �QB ��� ��9/d ��,  *� Øe2

¤� �>). (b)- ��7[� 3.5 m/s� dune flow� 4
�). �V


� �o%B- ,E �� ��� ��� ��  ¡��� ��&d,


� �o- ��� bulk density� ��� �;� �ä �� ��d

� �o- dune� m�� �d ���). �¹; *o� ��8E �

��4 ��Q� j�bB ��&9/d, �!" #: [;� $- '

�;� ��8� ��&- ripple� 4
Î (a)% �� % Øe2¤�

4
Î- ^� & � (). (c)- ��7[� 3.0 m/s� ��� 
� {

|� ¦¦ az �� ��)� òÍ 
� ��� ���- plug flow

� 4
Î- ^�� ~E �²%B Øe2¤� 4
Î- (a), (b)% �

� (c)- ì',�� �(� Øe�é� & � (). � �(� Øe�

é� {� ��% �� 
� �) 4
4- ^�� plug flow� ò3

�- ºB� Á.�d, �¹� 7[� u®7[�� ò3/� � ().

Plug� �V
� /4 �Ð
�� �¤�z &b �V
E )C dune

flow� 4
4z &d )C plug� ¬�- Ó×� �z �). Hong[18]

E �V
Î �-'�� jk%B 7[� ���% �  ��, *3�

Øe2¤� 4
Î) *�� % +� Øe2¤� 4
Î- 7[� u

®7[� �É�� �Ñ). (c)- Hong� u®7[ ò3�É� , *

Ò�� 4
�). (d)- ��7[� 2.5 m/s� u®7[�) hE 7[

Fig. 1. Schematic diagram of a circulating process with a horizontal pipe.
1. Horizontal pipe 16. Slide valve
2. Riser 17. Reactor
3. Cyclone 18. Cyclone
4. Load cell hopper 19. Filter
5. Loop-seal 10. Pressure control valve

Table 2. Properties of particles used 

Particles 
Properties

Zinc titanate FCC Polyethylene

Mean particle diameter[m] 55×10-6 74×10-6 544×10-6

Particle density[kg/m3] 2010 1380 917
Bulk density[kg/m3] 1415 898 492
Geldart classification AB A B

Table 3. Conditions of experimental parameters 

Parameters
Particles

Static pressure[atm] Gas density[kg/m3] Gas velocity[m/s] Slide valve opening percent[%]

Zinc titanate 1.0 1.21 2.0-6.0 50
FCC 1.0, 1.3, 1.5, 1.7, 2.0 1.21-2.39 1.5-15 40, 50, 60, 70
Polyethylene 1.0 1.21 1.3-6.0 50
HWAHAK KONGHAK Vol. 39, No. 3, June, 2001
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�
%B Øe2¤� 4
�). �-'�� jk�y- (c)� ��� �y� 4


�). (c)� (d)% (9 plug� 4
Î- peak� a�� +� Ø�� �

�-K �^E �V
%B Øe� Ù3�% (9 plug� à�� �;�

Ø�� ¬- 4
4- ̂ �� 	Ú&9ä). ��%B ef 1.0 atm, slide

valve� 40%* ¹ Øe2¤�� ò3&9ä u®7[E 3.0 m/s�).

Fig. 4- ef 1.0, 1.3, 1.5, 1.7, 2.0 atm%B 7[% �: DP1� Ø

e� .ÉîØ� 4
� »��). .ÉîØ� �z 4
4- ^E Ø

e2¤� /�� �V
Î� ��-'� jk� 53,�/ 0�)-

ôºÇ�� Á.�). ��7[ 3.5-5.5 m/s� wx%B- Øe2¤�

��,  *� 1� �2��B .ÉîØ� 20�0� ~E 1� 4


Î4 plug flow� C~&- 3.0 m/s%B- »�%B ��¸- {� �

� .ÉîØ� 20��� 1� �/d ��, % Ê�� �æ). �e

� ���� �eú�%B- ��� jk� 34 ÛM� ¯Ð5� �

�d �E 7[ ú�� $- �e� Øe 1% �� �z 4
6). �

�� ¯Ð5� 7 ä �7- C!D� ef� Ê�q�8 ��� �

;� Ê��' �� >� ��� 9:[;- Ê��z &9 ��� [

;� ��� 7[% 7� ;��- ^�� 	Ú&9ä).

��%B 0.034 m� Ðu� $- �V
%B slide valve 40%* ¹

u®7[E ef�² 1.0-2.0 atm%B- ¤*� 7[> 3.0 m/s%B 4


4 ef��% �� ;): wè� ¨- ^�� 4
6).

3-2. ��	
� ����� ��� ��

����% (9 ��� H¥(��, �;, RÖ)% �  ��� ��

ì� �¶~
� )�z ~
�� ): ���y� $z &Å� ­®

� p6% (9 W2� 'X ��� �)[19]. ��H¥� �V
%B

� u®7[% �Ò- wè� <Ï�� ²� FCC ��, Ï�®�«Á,

polyethylene ��� 	
�� <³�æ). Ï�®�«Á� FCC ��

- ��� ��;% (9B ��� 1� �/4 �;% (9 % Ø�

� ��d, polyethyleneE ��, ~E �;� =E �;RÖ� �/

' (). Fig. 5- Ï�®�«Á, FCC ��, polyethylene ��% ��

slide valve 50%* ¹ DP1� Øe� .ÉîØ� 4
� ^�� Ï�

®�«Á- 4.5 m/s, FCC ��- 4.0 m/s%B % Ê�� �� u®7

[5� < � (�4 polyethylene� uv >?� Ê�� ��/ ±Ñ

Fig. 2. Particle size distributions of three particles.

Fig. 3. Dense-conveying flow pattern and differential pressure change
with decrease of gas velocity.

Fig. 4. Determination of a critical velocity by standard deviation data
with gas velocity.
���� �39� �3� 2001� 6�
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). �^E polyethylene� uv 1.3 m/s%B plug� ¬�bB �V
�

@6t �' 4 ��� jk� ��/ ±Ï 4
l N��). Fig. 6E

Fig. 5� polyethylene ��� .ÉîØ� �� V Øe� 4
� ^�

� 7[� ��q�8 �V
 {|� ���� aÏ� Øe� Ê��

� ��) 7[ 1.3 m/s%B Ê��A Øe� ���� ��-K �^

E Øe® 6º%B plug� ¬- 4 ��� jk� ��/ ±Ï 4


l N��� polyethylene ��� =E �;RÖ� >� 4
l N�

�� ¬��). ´� »�%B �B� DP2� DP1 �) % Øe� 4


Îd 7[� ��q�8 » Ø�- 4 Cä). 7[� ��q�8

DP2� DP1� Øe� Ø� C/- ^E ���� a�� aÏ/� ¹

D�d, DP2� DP1� ��� �y� efg�� 4
Î- ^��o

ù �V
 �o ���� '3&9 (-z Ï	  jk� ��- ^�

� ¬��). Ï�®�«Á� FCC� uv �o� ���E '3&9

(' �o0� jk� �æ). Õ <³%B- polyethylene ��� �

��- ¤5 36�� & � ¨Ô�d Ï�®�«Á4 FCC% �� 4

EE jk� �æ�4 ���� aÏ� 
� ��� ���b 4 ��

jk� ��/ ±Ñ). Jiang $[20]E �;RÖ 90-500µm� $- V

 Ðu 325µm, particle density 660 kg/m3, bulk density 445 kg/m3�

$- �Ì� polyethylene ��% V Ðu 4,400µm, particle density

1,010 kg/m3, bulk density 664 kg/m3� $- % ��� F��� ��

ì� �¶ >f% �� 4
4- agglomeration� Á�G � (�d,

p6 53¥� Ez �)' �æ). Li $[21], Bi $[22]; �Ì ��

% �� % ��� F��b 7¤�� Ez �)' �æ). <³% 	


� polyethylene ��� uv Fig. 2%B �æB� 100µm� �Ì�

� où 1,500µmP/� % ��8� H� (- =E �; RÖ� �

/' (�d, ��W� ��I;� wè, <³JÒ� J/ $� �7�

36�� 4
4/ ±E ^�� ¬��). ��%B �V
%B ��

� ��% (9 ��� �;, ��, �;RÖ $ �Q �/ H¥� w

è� K- ^�� 	Ú�).

3-3. ������� ����� ��� ��

��¸�[;� ��� u®7[% �Ò- wè� <Ï�� ²�

FCC ��% �� slide valve 40, 50, 60, 70%� �' <³� �æ).

Fig. 7E slide valve� 40, 50, 60, 70% �L� ¹� DP1% �� Ù3

� Øe� .ÉîØ� �
� 4
� »��� slide valve� 40%* ¹

3.0 m/s, 50%* ¹ 4.0 m/s, 60%* ¹ 5.0 m/s, 70%* ¹ 6.0 m/s� u

®7[�� ò3q � (Ô). ��� �V
 ����% (9 ���

�V
�� 7�&b ��� *o- o7��� ��G ^�', *o

- o7��� ��&/ 0�' 
� {|% ã9� ��G ̂ �). 


� {|� �  ��&- ���E ��% �� Mµ� ¬�', » �

�% )C ¸�&- ��� ��� þv- �3� +½q ^�). �

V
� �� ��% (9 mn ��� o7��� ��&)� 7[�

��CN% �  
� {|% ã9/� C~�- 7[� 7[� Ê�

CN% �  
� {|% (- ��� o7��� ��&- ��� 7

[E B� ): 7[� ��d ��� uv� 4 aE 7[� c2�

�)[23, 24]. +1��où �V
�� ��� ¸�G ¹ ��� 7�

&- oR� ��� 3��y� '�[;� �/' ��&- oR�-

��Ø� ¬à ^�). O, ¤*� 7[%B ��� +1��où �V


�� ̧ �G ¹ slide valve� ��3;� C=�8 �V
 6º� {

|% P�- ��8E 4 ÂÏ= ^�', �� >� u®7[E aE

7[%B 4
4- ^�� ¬��). Fig. 8(a)- slide valve� 40% �

Ô� ¹ efú�; 7[% �: '���[;� 4
� »��� e

f� Ê�q�8 ��� �;� Ê��� '���[;� Ê��� <

� (). Fig. 8(b)- Ï�®�«Á, FCC, polyethylene ��% �� slide

valve� 50% �Ô� ¹� '���[;�). u®7[� 6�� '��

�[;� ��� ��- & � ¨Ô). 7[� Ê��% �  '���

[;- Ê��)� ��, *3� 1� ��-K �^E slide valve� �

�3;% �: Æ�¸�
õ� 
® (- ^�� ¬��). Fig. 8(c)-

Fig. 5. Critical velocity change of three particles.

Fig. 6. Differential pressure change at the upper section(DP1) and the
lower section(DP2) in a horizontal pipe in case of polyethylene.

Fig. 7. Effect of slide valve opening percent on critical velocity.
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regression coefficient = 0.86

3-4. Plug flow�  !"# $%&'�( ��� ��� ��

��� �V
 ����% (9 u®7[� Ù3E .3� 53,>

p6� ²� Q c2�). �t �eÓ×C!D� $- .3% (9 �

V
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ÒÅ� W2� 'X ��� �).

Fig. 9(a)- u®7[�) aE 7[%B +1�� �é
 	�� e
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4- +1�� �é
� ef� 4
�

»��). ��� �Û� ��� ²� �é
� Rì aE ef� 7

/�d p6�æ). (a)- 2.0 atm, slide valve- 40%, 7[ 3.5 m/s%

B +1�� �é
� ef� 4
�). �¹� �V
� jk�y-

dune flow� ��, 53,> ef2¤� ��d �é
� Rì aE

ef� 4
Îd p6� ^� & � (). (b)- (a)� �E ú�%B

u®7[> 3.0 m/s%B� +1�� �é
� ef� 4
�). »�%

B �B� +1�� ef� �é
�) ì',�� az 4
S� &

� (). +1�� ef� �é
� ef�) az 4
4- �7- �

V
%B plug� ¬- �V
�� 7�&- ��� �é
�� �/

0�' Óì,�� eT&9 +1�� xjk� ¬- 4
4- ^��

¬��). ��%B Õ ^UV plug flow- Ó×.3% (9 �V
�

�� i53� jk�y� ��d ñ +1� 	�� ef% wè� �

W .3� 53,> p6% ²³ 2�� ~
�z �). »QÅ� .

3� p6% XB �V
%B u®7[� Ù3�� u®7[ ���

Æ, p6 ú�� YÏSZ).

4. � �

'�Ó×JÒ� �V
%B �������� ²� u®7[(critical

velocity)� Ù3�� )�� �E ò�� [Ô).

Ðu 0.034 m, à� 1.8 m� $- �V
%B Ù3� 3õ,> u®

7[E )�� �).

• Zinc titanate: 4.5 m/s(1.0 atm, Gs= 32.87 kg/m2s)

• FCC ��: 3.0 m/s(1.0, 1.3, 1.5, 1.7, 2.0 atm, Gs= 18.24, 18.53,

22.31, 25.36, 29.76 kg/m2s)

Ucr 65.35 Gs ρp⁄( )1.1 Dt dp⁄( )0.28=

Fig. 8. Effect of gas velocity on solids conveying rate.

Fig. 9. Reverse of absolute pressures between a front section of a hor
zontal pipe(a reactor) and a rear section of a horizontal pipe(a
riser) in a pressurized circulation system when it is disturbed by
plugs at a velocity less than Ucr.
���� �39� �3� 2001� 6�
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 J.:
4.0 m/s(1.0 atm, Gs= 27.68 kg/m2s)

5.0 m/s(1.0 atm, Gs= 28.23 kg/m2s)

6.0 m/s(1.0 atm, Gs= 28.21 kg/m2s)

• Polyethylene ��: 1.3 m/s(1.0 atm, Gs= 8.48 kg/m2s)
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7[� u®7[�� ò3q � (Ô', Ù3� Øe� .ÉîØ� 4
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% i53� 2�� ~
�æ). u®7[� ©Ùq � (- )�� �

E �
µ� ÁC�æ).

(r2 = 0.86)
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Dt : diameter of a horizontal pipe [m]

dp : particle diameter [m] 

Gs : solids conveying rate [kg/m2s] 

P : pressure [atm]

Ucr : critical velocity [m/s] 

Ug : superficial gas velocity [m/s] 

Usalt : saltation velocity [m/s]

ρp : particle density [kg/m3]

� �
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