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1. INTRODUCTION

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® Substance
Degliobizzi et al. 1983 L.ILH Plastics
Hariu & Molstad 1949 L, 1 Sand, silicon

alumina catalyst

Hinkle 1953 LI Plastics, aluminum
Hitchcock & Jones 1958 LI Peas, glass
Koncheski et al. 1975 L1 Coal
Rose & Barnacle 1957 L. I Mustard seed
Uematu & Morikawa 1960 L, 1 Rape seed
Voigt & White 1948 L.LH Sand, glass
Welshof 1962 L1 Grain

L = 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,/p.;

(d) the particle/pipe diameter ratio, d/D;

(e) the Reynolds number, Re = U, p, D /u, (where U, is the air superficial velocity);
(f) the Froude number, Fr = UZ/gD;

(g) the frictional pressure drop per unit length, AP;/AL;

and

(h) the friction factor, f = (AP;/AL)/(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:

f.=4(0.0014 + 0.125 Re™%%). {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:

AP,
AL
S 2
— . U?
2D pa a
where AP, 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 AP; is observed.
A relative deviation of the experimental data points and those predicted by the correlation was

defined as

3

fi_

(31

e, =

.

where £, is the quantity observed in the experiment and /i 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:

2=t g
N
Bl =L S e 5]
13k
and
— l s =32 6
U—,/V—lz(ei_e), []

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 [¢| treats equally high or low relative deviations. For this reason the
present authors place more importance on a low value of [¢| than of o.

Table 2 lists ¢, [¢] and o for all the correlations used, as evaluated for all the sets of data at hand.

4. THE CORRELATIONS

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=fitd, By
and .
S=AB+¢), (8]

where f,, f.2, 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
1——
Fr

= . e
S =h4 0005 m* o s F

where Fr, is based on the settling velocity of particles.

4.2. Belden & Kassel (1949)

m* ,
4.3. Dogin & Lebedev (1962)
0.1
f=f+Cm* (—g—) Re%4Fr—03 <%), [11]

where the constant C has the value 6.6 x 107%, as suggested by the authors, or 8 x 1077, 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=ﬁ,+m*<%> 1 (2]
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where U, is the solids velocity and f, is a function of the solid and air properties.

4.5. The Hitchcock and Jones correlation (1958)

~09
F = fu+ 0.003 ;m*09 Fr 03 <g) . (3]
4.6. Koncheski et al. (1975)
AP 7.8
sz = 0.00454 17058850910 expy (—“033)‘ (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 #, is the solids mass flow rate, y is the specific gravity of solids
and D must be in inches.

4.7. The expression derived by Michaelides (1987)
m*

JEr
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.

f=/£+0076

[15]

4.8. The study 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 (PLR1): -

f=L0+m». (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=f,(1+4Re " m*), (17]
labeled PLR2 here; and

S =76f m*#$Re 02 [18]
labeled PLR3.

4.9. Richardson & McLeman {1960)
These authors suggest the expression

45000 >’ [19]

= 14+ ——
r=A(1+ g
where V), is the settling velocity of the particles and U, the actual velocity of the particles both in
ft/s; m, must be in lb/s.

4.10. Rose & Barnacle (1957)
_ E . & 0.5 20

where ¢ 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:

7= fir timtin(5) 000, (£, 1)

where ¢, (x) are functions of the variable x in the parentheses.

4.12. Shimizu et al. (1978)
f=£(014+0.379m*). [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) 0.324
0.284
0.252

0.368
0.347
0.24

2.942
—2.904
3.079

0.343
0.021
0.435

0.255
0.127
0.286

0.245
-0.013
0.336

1.132
-0.938
1.857

0.647
—0.151
2.577

—0.175
0.478

0.467
-0.407
0.526

0.292
0.125
0.341

0.419
0.307
0.366

0.236
0.087
0.276

0.395
—0.021
1.066

0.167- 10'°
—0.167- 10"
0.685-10'°

Rose & Barnacle (1957)

Dogin & Lebedev (1962), D&LI

Dogin & Lebedev (1962), D&L2

Pfefler et al. (1966), PLR1

Barth (1958)

Richardson & McLeman (1960)

N Qal QRN QR Qe Qe QR QR Qe Q a N

Hinkle (1953)

Belden & Kassel (1949)

Shimizu e: al. (1978)

Pfeffer et al. (1966), PLR2

Pfeffer et al. (1966), PLR3

Nl Qi Qe Qo

Michaelides (1987)

Hitchcock & Jones (1958)

Q R QA at

Koncheski er al. (1975)
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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 2, |¢| and ¢ 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 [¢|, which signifies that
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Figure 1. Graphical representation of the resuits.
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the absolute errors are not large. A low value of ¢ and [¢| 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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REFERENCES

BarTtH, W. 1958 Flow patterns during the conveyance of solid particles and droplets in gases.
Chem. Ing. Tech. 30, 171-180.

BELDEN, D. H. & KasseL, L. S. 1949 Pressure drops encountered in conveying particles of large
diameter in vertical transfer lines. Ind. Engng Chem. 41, 1174-1178.

DEeGLIOBIZZI, M. A., MICHAELIDES, E. E. & THOMPSON, F. M. 1983 Experimental studies on the
feeding of solid particles in a pneumatic conveying system. Report No. 251, Univ. Delaware,
Newark, Del.

Docin, M. E. & LeBepev, V. P. 1962 Dependence of the resistance in pneumatic conveying
pipelines on the fundamental parameter of the two-phase flow. Ind. Engng Chem. 2, 64.

GOVIER, G. W. & Aziz , K. 1977 The Flow of Complex Mixtures in Pipes. Krieger, Huntington,
NY.

Hariu, O. H. & MoLstap, M. C. 1949 Pressure drop in vertical tubes in transport of solids by
gases. Ind. Engng Chem. 41, 1148-1160.

HeTsront, G. (Ed.) 1982 Handbook of Multiphase Systems, Chap. 7. McGraw-Hill, New York.

HINKLE, B. L. 1953 Acceleration of particles and pressure drops encountered in horizontal
pneumatic conveying. Ph.D. Thesis, GIT, Atlanta, Ga.

HircHeock, J. A. & Jones, C. 1958 The pneumatic conveying of spheres through straight pipes.
Br. J. appl. Phys. 9, 218-222.

KoncHesk, J. L., GEORGE, T. J. & CRAIG, J. G. 1975 Air and power requirements for the pneumatic
transport of crushed coal in horizontal pipelines. Trans. ASME JI Engng Ind. 97, 94-101.
MARTIN, J. & MICHAELIDES, E. E. 1985 A critical review of frictional pressure-drop correlations
for gas—solid flows. In Multiphase Flow and Heat Transfer III, Part B (Edited by VEzZIROGLOU,

N. T.), p. 353. Hemisphere, Washington, D.C.

Mason, J. S. & BoooTHROYD, R. G. 1971 Comparison of friction factors in pneumatically-conveyed
suspensions using different-sized particles in pipes of varying size. In Pneumotransport 1, Paper
Cl. BHRA, Cranfield, Beds.

MICHAELIDES, E. E. 1987 Motion of particles in gases: average velocity and pressure loss. J. Fluids
Engng. In press.



442 BRIEF COMMUNICATION

MUSCHELKNAUTZ, E. 1959 Theoretical and experimental investigations on the pressure loss in
pneumatic conveyors with special regard to the influence of friction and materials to be conveyed.
VDI ForschHft 476B, 25-57.

OweN, P. R. 1969 Pneumatic transport. J. Fluid Mech. 39, 407-432.

PFEFFER, R., ROSETTI, S. & LICKLEIN, S. 1966 Analysis and correlation of heat transfer coefficient
and heat transfer data for dilute gas-solid suspensions. Report NASA. TN-D 3603.

RicHARDSON, J. F. & McLEMAN, M. 1960 Pneumatic conveying, Part II: solids velocities and
pressure gradients in a one-inch horizontal pipe. Trans. Inst. chem. Engrs 38, 257-266.

Rosk, H. E. & BArRNAcCLE, H. E. 1957 Flow of suspensions of non-cohesive spherical particles in
pipes. Engineer June, 898.

Rosk, H. E. & DUCKWORTH, R. A. 1969 Transport of solid particles in liquids and gases. Engineer
Mar., 392, 430, 478.

SCHUCHART, P. 1970 Pneumatic conveying. Chem. Process Engng 15, 76-80.

SHIMIZU, A., ECHIGO, R., HASEGAWA, S. & HisHIDA, M. 1978 Experimental study on the pressure
drop and the entry length of the gas—solid suspension flow in a circular tube. Int. J. Multiphase
Flow 4, 53-64.

UeMaTu, T. & MORIKAWA, Y. 1960 Pressure losses in pneumatic conveying systems. Bull. JSME
3, 444-448.

VoicT, E. G. & WHITE, R. R. 1948 Friction in the flow of suspensions. Ind. Engng Chem. 40,
1731-1738.

WELSHOF, R. M. 1962 Pneumatic conveying at high particle concentration. ¥'DI ForschHft 492,
12-42.

WirTH, K. E. & MoLERUs, O. 1983 Prediction of pressure drop with pneumatic conveying or solids
in horizontal pipes. J. Powder Bulk Solids Technol. 7, 17-20.



