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This note is intended to define choking in a vertical 
pneumatic conveying line mathematically and to present 
an unique approach to calculating the choking velocity 
and choking voidage by using readily available properties 
of the transported materials and system characteristics. 
The phenomenon of choking has been described in Zenz 
and Othmer (1960) and other standard textbooks on 
fluidization engineering. Understanding the choking phe- 
nomenon is essential in arriving at an optimum design. 
Unfortunately, little information is available in the litera- 
ture for predicting the choking velocity and choking void- 
age. The difficulty stemmed partly from the fact that the 
point of choking was usually determined by subjective ob- 
servation. As Capes and Nakamura (1973) pointed out, 
choking was not a clear-cut phenomenon but involved a 
whole range of instabilities. They defined the choking as 
the point where internal solid circulation, with solids mov- 
ing downward at the wall and moving upward in the core, 
began. However, with dense particles like steel shots, they 
observed that the slugging phenomenon took place at gas 
velocities considerably above those at the point of internal 
solid circulation. Apparently, an objective definition of 
choking based on theoretical considerations is needed if a 
general predicting model is to be developed. 

REVIEW OF PREVIOUS WORKS 

Recently Leung et al. (1971) reviewed the existing cor- 
relations and pointed out the inadequacy of the correlations 
by Zenz and Othmer (1960) and by Doig and Roper 
(1963). In turn, they proposed a method for calculating 
solid flow sates at the onset of choking based on two as- 
sumptions: the voidage at the onset of choking eC is equal 
to a constant value of 0.97, and the slip velocity Us* = 
( U f )  , - ( U p )  at the onset of choking is equal to Ut,  the 

terminal velocity of a single particle. The error in assuming 
Usl = Ut was likely to be small; however, the assumption 
of eC = 0.97 involved too large an error. The experimental 
choking voidages ranged from 0.87 to 0.99 for smaller pipe 
sizes (Lewis et al., 1949; Ormiston, 1966). Assuming a 
constant value of 0.97 could give an error in calculating 
choking flow rates of up to 400%. For a larger pipe size, 
Capes and Nakamura (1973) reported a much larger chok- 
ing voidage (up to 0.9994). The assumption of constant 
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Fig. 2. Comparison of calculated and experimental choking velocities. 
Calculated Chcking Velocity, dsec 

transport line of 0.68 cm I.D. (Hariu and Molstad, 1949) 
were plotted against the dimensionless group [ (Uf - U p )  / 
UtlZ. Extrapolation of the data to the choklng point where 
Uf - U p  = Ut converged to a common point of f p  E 0.01. 
Choking in vertical pneumatic conveying was thus defined 
mathematically as the point at which the solids friction fac- 
tor is equal to 0.01. 

Dynamic relationship between the solids and gases in a 
vertical pneumatic conveying line has been described 
earlier with the following modified terminal velocity equa- 
tion by Yang (1973a) : 

At choking, Equation (1) can be simplified and rearranged 
to give 

Equation (2)  correctly predicts an increase of choking 
voidage with increasing diameter and a decrease of chok- 
ing voidage with increasing choking velocity. 

EVALUATION OF CHOKING VELOCITY AND 
CHOKING VOIDAGE 

The carrying capacity of a vertical pneumatic transport 
tube at choking can be expressed as 

Gc = ( U S ) C h  = C(Vf)c - Utl Pp ( 1  - 4 (3) 
If the amount of solids to be transported is known, the 
choking velocity and choking voidage can be obtained by 
trial and error between Equations (2) and (3). The chok- 
ing flow rate can then be calculated from Equation (3) .  
If the operating gas velocity is known, the maximum car- 
rying capacity of the transport line can be obtained by solv- 
ing Equations ( 2 )  and (3) analytically. 
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Fig. 3. Comparison of calculated and experimental choking voidages. 
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COMPARISON WITH LITERATURE DATA 

The proposed model was used to calculate the choking 
velocity and choking voidage from experimental data avail- 
able in the literature. Comparison between the calculated 
and experimental choking velocities and voidages is sum- 
marized in Figures 2 and 3. The data included in this com- 
parison have specific gravities ranging from 0.91 to 7.85, 
particle sizes from 40 to 3400p, particle terminal velocities 
from 0.12 to 22.87 m/s and pipe sizes from 2.54 to 7.62 
cm. 

The voidage data by Zenz and Othmer (1960) were not 
included in this comparison because they obtained those 
data by calculation rather than through experimental mea- 
surement. Their data on choking velocity were included in 
Figure 2. 

The calculated results were tabulated and compared 
with those obtained by Capes and Nakamura (1973), 
Ormiston (1966), and Lewis et al. (1949) in Tables 1 to 
3, respectively, in the Supplement. The calculated values 
were shown for both ( f p ) c  = 0.01 and ( f p ) c  = 0.02 for 
comparison. Typical results are summarized in Table 1. 

DISCUSSION 

The model fitted the data by Capes and Nakamura 
( 1973) surprisingly well. For choking velocity, it was good 
to -+20%, and for choking voidage, good to the third sig- 
nificant figure. Since the data by Capes and Nakamura 
(1973) were the most accurate (in author's opinion) and 
with widest material properties, the performance of the pro- 
posed model was gratifying. The model also fitted the data 
by Ormiston (1966) and Lewis et al. (1949) reasonably 
well. For ( f p ) c  = 0.01, the model fitted the choking veloc- 
ity data to ?30% for 90% of the data and to 220% for 
60% of the data, and for choking voidage, good to at least 
the second decimal point. 

The assumption of ( f p ) c  = 0.04 gave a much better cor- 
relation for Ormiston (1966) and Lewis et al. (1949) 
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TABLE 1. COMPARISON BETWEEN CALCULATED AND EXPERIMENTAL CHOKING VELOCITIES AND VOIDAGES 

Material 

Steel ( p p  = 7.51 g/cm3, 

Steel ( p p  = 7.70 g/cm3, 

Polyethylene ( p p  = 0.91 g/cm3, 

Rape seed ( p p  = 1.09 g/cm3, 

Glass ( p p  = 2.86 g/cm3, 

Glass beads ( p p  = 2.48 g/cm3, 

Sand ( p p  T 2.66 g/cm3, 

Ut = 3.99 m/s) 

U t  = 22.93 m/s) 

Ut  = 9.15 m/s) 

U t  = 6.49 m/s) 

U t  = 15.43 m/s) 

Ut  = 0.12 m/s) 

Ut = 1.10 m/s) 

Experimental 
Particle Choking” 
diameter, velocity, Choking 

P m/s voidage 

260 
260 

2,340 
2,340 
3,400 
3,400 
1,780 

l ,780  
2,900 
2,900 

40 
40 

120 
120 

8.26 
5.64 

19.02 
19.36 
9.34 

10.36 
7.20 
7.20 

16.16 
16.69 

1.22 
2.01 
2.36 
3.51 

* Choking velocity here refers to superficial velocity at choking. 

voidage data than that a t  ( f p ) c  = 0.01 (see Figure 3).  The 
difficulty of determining solid friction factors in a pneu- 
matic conveying line has been discussed previously (Yang, 
1973a, 1973b, 1974u, 1974b). Extrapolation of experimen- 
tal solid friction factors to the choking point will be  some- 
what different, using different sets of experimental data 
from different researchers; however, it  seems clear that the 
assumption of constant solid friction factor at choking is 
reasonable. Moreover, the proposed model, which gives 
much better predictions for choking velocities than any 
other model currently available in the literature, is also 
the only model available for predicting the choking void- 
age from the properties of the transported materials and 
the system characteristics. The model should be valuable 
for design purpose. 
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= cross-sectional area of conveying line, cm2 
= diameter of conveying line, cm 
= particle diameter, cm 
= solid friction factor 
= gravity acceleration, cm/s2 
= solid flow rate per unit area, g/s-cmZ 
= loading ratio, WJWf 
= superficial gas velocity, cm/s 
= actual gas velocity; Uf = Uo/r ,  cm/s 
= actual solid particle velocity; U p  = Us/  (1 - 

= superficial solid velocity, cm/s 
= slip velocity; U,1 = Uf - Up,  cm/s 
= terminal velocity of a single particle, cm/s 
= gas flow rate, g/s 
= solid flow rate, g/s 
= particle density, g/cm3 
= voidage 

cm/s 

0.9967 
0.9994 
0.9902 
0.9986 
0.9923 
0.9991 
0.9876 
0.9975 
0.9938 
0.9994 
0.994 
0.966 
0.975 
0.950 

Calculated 
Choking 
velocity, Choking 

m/s voidage 

5.93 0.9946 
4.73 0.9992 

25.05 0.9924 
24.01 0.9982 
11.22 0.9934 
10.05 0.9988 
8.80 0.9920 
7.66 0.9978 

17.63 0.9924 
16.42 0.9985 

1.16 0.9962 
2.33 0.9834 
3.15 0.9818 
3.69 0.9713 
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