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1. I N T R O D U C T I O N  

In the past 30 years the subject of  pressure drop in gas-solid systems has been examined by several 
experimentalists. Thus, several sets of experimental data have been compiled and about two dozen 
correlations are known to have emanated from these data. Rose & Duckworth (1969) have shown 
that the pressure drop in gas-solid pipelines is a function of at least 6 dimensionless groups. One 
can use as many as 12 dimensionless groups (Martin & Michaelides 1985) if one considers all the 
solid particle characteristics that could possibly influence the pressure drop in pipelines. Of these 
groups, some play an important role in the determination of pressure drop and are present in most 
correlations, others are less important and rarely appear. 

The most frequently used correlations appear in handbooks, such as those by Hetsroni (1982) 
or Govier & Aziz (1977), and are recommended for certain ranges of  their parameters. Many of 
the published correlations are difficult to use, either because they contain parameters which are 
difficult to measure or evaluate (e.g. particle sphericity or shape factors) or because they require 
the use of graphical functions, which are used to represent the contributions of all the dimensionless 
groups. 

Few of the researchers have provided any indication as to the accuracy and limitations of their 
correlations. This creates a problem for designers who wish to use a correlation, but do not know 
the limits of  its applicability as far as loading, particle sizes and pipe diameters are concerned. The 
problem is even more acute if one tries to decide which of the many available correlations to use 
in a particular situation. The present project was undertaken for this reason: to provide a critical 
evaluation of  the many correlations which have appeared and the degree to which these correlations 
agree with several experimental data sets. Thus, several data sets were collected and arranged in 
a way that may be used to give all the parameters present in the correlations. Then each correlation 
was compared to each of the data sets. 

During the literature search a special effort was made to collect the original data on which the 
authors based their correlations. This was possible only to a limited extent, because a lot of the 
data were not published with the correlation or because the original publication was not available; 
in other cases the expressions presented by one author were based on the experimental data of 
someone else. Nevertheless, the data sets of  14 different authors were obtained containing approx. 
1450 experimental data between them. After examining the reports a few of these data sets were 

judged to be inappropriate to use for two reasons: either because inadequate allowance was made 
for the acceleration of  solids in the pipe or because the variables listed were incomplete and, hence, 
the data sets could not be used with some correlations. Graphically presented data were usable with 
difficulty and in these cases a great deal of effort was spent interpreting the graphical information 
correctly. 

2. DATA SETS USED FOR THE STUDY 

Table 1 summarizes the sources used for gathering the experimental data for this study. 
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Table 1 

Author(s) Year Loadings a Substance 

Degliobizzi et  al. 1983 L, I, H Plastics 
Hariu & Molstad 1949 L, I Sand, silicon 

alumina catalyst 
Hinkle 1953 L, I Plastics, aluminum 
Hitchcock & Jones 1958 L, I Peas, glass 
Koncheski et  al. 1975 L, I Coal 
Rose & Barnacle 1957 L, I Mustard seed 
Uematu & Morikawa 1960 L, I Rape seed 
Voigt & White 1948 L, I, H Sand, glass 
Welshof 1962 L, I Grain 

aL = low, I = intermediate, H = high. 

All the data sets were fed into a computer. The following information was used with all the 
correlations examined: 

(a) the pipe diameter, D; 
(b) the solids loading, m*; 
(c) the solids/air density ratio, p,/pa; 
(d) the particle/pipe diameter ratio, d/D; 
(e) the Reynolds number, Re = U~p.D/#~ (where U~ is the air superficial velocity); 
(f) the Froude number, Fr = U]/gD; 
(g) the frictional pressure drop per unit length, APf/AL; 

and 

(h) the friction factor, f = (APdAL)/(p ~ U~/2D). 

This information was adequate for the critical evaluation of all the correlations examined in this 
study. Wherever the friction factor for air flowing alone in the pipe was needed, the following 
expression was used: 

fa = 4(0.0014 + 0.125 Re-°3'-). [1] 

3. METHOD OF COMPARISON 

The method used for evaluation was to find out how well a given correlation predicted the 
individual sets of data under the same conditions in which the experiments were conducted. First, 
all correlations were arranged to yield the D'Arcy friction factor f :  

APt 
AL 

f = - - ,  [2] 
1 

2--~ paU ] 

where APt is the total frictional pressure drop for the solids and the gas flowing in the pipe and 
AL is the length of pipe over which APf is observed. 

A relative deviation of the experimental data points and those predicted by the correlation was 
defined as 

f -A 
e,= A '  [31 

where f is the quantity observed in the experiment and ~ the quantity calculated by the correlation 
under the same conditions in which the experiment took place. 

From the relative deviation, an average relative deviation, an absolute deviation and a standard 
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deviation of  the error were obtained as follows: 

N 
1 ~1 [eli 

and 

[41 

[5] 

l N 

a = N ' ~ -  1 t ~ (e, - ~)2, [6] 

where N is the number of data points in a set. 
The standard deviation is mostly biased by the very high relative deviations (because of  the 

squaring operation), while I~1 treats equally high or low relative deviations. For this reason the 
present authors place more importance on a low value of  I~1 than of a. 

Table 2 lists ~, IZ'l and a for all the correlations used, as evaluated for all the sets of data at hand. 

4. THE C O R R E L A T I O N S  

Two basic statistical models have been used in the past for the generation of pressure-drop 
correlations: model A assumes that the air and solid contributions are additive and model B 
assumes that the total friction factor is a multiple of the air friction factor f~. The functional forms 
of the two models are 

f = f~ + ~f~ [7] 

and 

f =f~(fl + ~b)", [8] 

where f , ,  f,~, r ,  ~b and n may be constants or functions of the air and solid flow variables. 
The correlations used in this study are based on both models A and B, as the reader may easily 

observe. A list of these correlations is given below. 

4.1. Barth (1958) 

1 
Fr 

f =f~ + 0.005 m* [9] 
1 + 0.00125 F ~ '  

where Fro is based on the settling velocity of  particles. 

4.2. Belden & Kassel (1949) 

I +-m*) ~ m* l R e  " [10] f = ( 1  + m * )  0 .049+0.22(1 -0.., 

4.3. Dogin & Lebedev (1962) 

f = fa + Cm* (d ) ° ' l  Re°4 Fr-°5 (P~'],  \P~/ [11] 

where the constant C has the value 6.6 × 10 -6, as suggested by the authors, or 8 x I0 -s, as 
suggested by Soo in Hetsroni (1982). This was treated as two expressions; D&L1, based on the 
first value of  C; and D&L2, based on the second value. 

4.4. Hinkle (1953) 

f -~'fa+m*(Up~2 L, [12] 
\v . /  
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where Up is the solids velocity and fp is a function of the solid and air properties. 

4.5. The Hitchcock and Jones correlation (1958 

[13] 

4.6. Koncheski et al. (1975) 

AL = 0.00454 ?nS0"688~fl 0"410 exp . [14] 

This is the only correlation not expressed in dimensionless form. It is valid in its present form in 
the British system of units and rh~ is the solids mass flow rate, 7 is the specific gravity of solids 
and D must be in inches. 

4. 7. The expression derived by Iklichaelides (1987) 

m* 
f = £  + 0.076 7-~r r. [15] 

This is derived from the sets of all the available data and naturally appears to be the best of the 
group examined in this study. 

4.8. The stud), by Pfeffer et al. (1966) 

This work is a source of experimental correlations for frictional pressure drop and for 
heat-transfer coefficients. In the study it is recommended that the following expression be used for 
f (PER1): 

f =f~(1 + m*) °3. [16] 

In the present study it was found that [16] in general underpredicts the data, a fact corroborated 
by Soo (Hetsroni 1982). 

Two more expressions were found in the Pfeffer et al. study, both of which merit consideration. 
They both emanate from heat-transfer equations after Reynolds analogy has been applied and they 
are representative of models A and B, as discussed at the beginning of this section: 

f =fa(1 + 4 Re -°32 m*), [17] 

labeled PLR2 here; and 

f = 7.6f~ m ,o.~ Re-°2), 

labeled PLR3. 

[18] 

4.9. Richardson & McLeman (I960) 

These authors suggest the expression 

f =fa (1 45000 ms) + ' [19j 

where V0 is the settling velocity of the particles and Up the actual velocity of the particles both in 
ft/s; rhs must be in lb/s. 

4.1(9. Rose & Barnacle (1957) 

f = f ~ + T m  \P,,/  tO, [20] 

where ~O is a function of the Reynolds number of the flow and is given graphically in the original 
study. This function was represented by spline polynomials in the computer program used for the 
present work. 
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4.11. Rose & Duckworth (1969) 

These authors suggested a correlation of the following form: 

f = f . +  ~bt (m*)~b2 ( d )  ~b3 (Fr)~b, ( ~ ) ,  [21] 

where ~bi (x) are functions of the variable x in the parentheses. 

4.12. Shimizu et al. (1978) 

f =f~(1 + 0.379 m*). [22] 

This is suggested as an approximate expression for the friction factor. 
It must be pointed out here that one may find in the literature other data correlations, such as 

those by Muschelknautz (1959), Mason & Boothroyd (1971), Wirth & Molerus (1983), Schuchart 

Table 3 

Correlations Data file All data 

Rose & Duckworth (1969) I~1 0.324 
0.284 

a 0.252 

Rose & Barnacle (1957) I~1 0.368 
0.347 

a 0.24 

Dogin & Lebcdev (1962), D&L1 [~l 2.942 
-2 .904 

cr 3.079 

Dogin & Lebedev (1962), D&I~2 lel 0.343 
0.021 

~r 0.435 

Pfeffer et  al. (1966), PLRI I~1 0.255 
0.127 

a 0.286 

Bartb (1958) I~1 0.245 
-0 .013 

u 0.336 

Richardson & McLeman (1960) [Z'I 1.132 
-0 .938 

a 1.857 

Hinkle (1953) I~1 0.647 
-0.151 

a 2.577 

Belden & Kassel (1949) ~ -0 .175 
a 0.478 

Shimizu et  aL (1978) I~1 0.467 
--0.407 

a 0.526 

Pfeffer et  al. (1966), PLR2 )el 0.292 
0.125 

a 0.341 

Pfeffer et  al. (1966), PLR3 1~1 0.419 
0.307 
0.366 

Michaelides (1987) I~1 0.236 
0.087 

a 0.276 

Hitchcock & Jones (1958) I~1 0.395 
-0.021 

cr 1.066 

Koncheski et  al. (1975) I~I 0.167.10 t° 
- 0 . 167 '  10 I° 

v 0.685.10 I° 
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(1970) among others. These correlations were excluded from the present study for one or more of 
the following reasons: 

(a) They required knowledge of flow parameters other than those contained in the 
data sets. 

(b) They pertain to a very specific flow regime (e.g. slug flow, dense phase etc.). 
(c) The information provided was of a graphical nature which could not be 

represented easily by spline polynomials. 
(d) Their validity was limited to special flows or systems. 

After comparing each correlation with all the data sets individually, the data from all the sources 
were combined in a single set and the correlations compared with this large data bank. The results 
are given in table 3, where ~, lel and a are given for each correlation. Figure 1 shows these results 
in graphical form for 11 selected correlations with the minimum fractional errors. 

At this point it must be emphasized that a good correlation is characterized by a value of ~ which 
is close to zero (no bias towards overpredicting or underpredicting) and low I~ l, which signifies that 
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the absolute errors are not large. A low value of a and [el will ensure that the spread of the 
deviations from their mean value is not high and this may account for the consistency of a 
correlation. 

5. CONCLUSIONS 

It is apparent that the expression proposed by Michaelides (1987) is the best to correlate the sets 
of data used in the present study. This should not be surprising, given that the expression emanates 
from these data sets. It is suggested, however, that for better results the value of the constant (0.076) 
is taken from the original paper. 

The expressions suggested by Barth (1958) and Rose & Duckworth (1969) appear to be 
acceptable for the prediction of the pressure drop in general. Pfeffer et al. (1966) (PRL1), in general, 
underpredict the data, as corroborated by Soo in Hetsroni (1982). Other correlations may be 
acceptable with some types of solids. 

Of the correlations examined, that of Koncheski et al. (1975) should not be used at all for pipe 
diameters <50 mm. The original expression suggested by Dogin & Lebedev (1962) overpredicts 
consistently and the modified one suggested by Soo in Hetsroni (1982), is at least a better expression 
than the original. 

All other expressions examined are in the middle category and one may draw conclusions about 
their applicability by consulting tables 2 and 3 of the present work. 
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