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New thermodynamic fundamentals for vertical pneumatic conueying are proposed 
with derivation based strictly on mass conservation and continuum concept. For a 1-D, 
uertical, steady gas-solid flow, these new mass and energy balances allowed the deriua- 
tion of a new nondimensional energy factor containing the pressure drop. This energy 
factor correlated quite well with the difference between the inlet gas velocity and solids 
terminal uelocity, when tested against high-pressure, 15-m-high, uertical pneumatic 
transport data from Institute of Gas Technology. The energy factor was also checked 
against atmospheric-pressure data of the 5-m lift line of the Pennsyluania State Uniuer- 
sity. The new energy factor covers quite well both the atmospheric- and high-pressure 
sets of data (923 tests) including two heights, lean- and dense-phase transports, seueral 
pipe diameters, broad and narrow particle-size distributions, and different materials. 
The dissipation terms in gas-solid flow were also clearly identij?ed. 

Introduction 
Although the simplified case of uniform (averaged) gas ve- 

locity, particle velocity, and distribution over the cross-sec- 
tional of a pipe in steady gas-solid flow could be considered 
quite a simple problem, the state of the art, as applied to 
pneumatic conveying, still leaves much to be desired (Knowl- 
ton, 1986). 

The classical hydrodynamic models for one-dimensional (1- 
D) steady gas-solid flow state continuity and momemtum 
equations for each of the phases obtain a mixture momem- 
turn equation by the simple addition of the gas and solids 
momemtum ones. From a strict point of view, following Teo 
and h u n g  (1984), Arastoopour and Gidaspow (1979a,b) and 
Arastoopour et al. (19821, we usually have three nonlinear 
first-order differential equations which describe the system, 
that is, gas continuity, solids continuity, and mixture momem- 
turn conservation. Also, we want to determine four continu- 
ous functions: the gas and solids velocities, the gas (or solid) 
void fraction, and the gas pressure. Therefore, we need one 
more differential equation. The variations of gas density are 
accounted for by means of its thermodynamic relationship 
with pressure and temperature through an equation of state 
(generally ideal gas), being usual to assume isothermal flow 
(Rudinger, 1980; Arastoopour and Gidaspow, 1979a,b; and 
Arastoopour et al., 1982). These three differential equations 
are the noncontroversial and widely admitted ones (Teo and 
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Leung, 1984). Although the fourth equation, which would 
close the above set of differential equations, still remains an 
open question. 

Arastoopour and Gidaspow (1979a,b) and Arastoopour et 
al. (1982) exhaustively discuss their own proposals for the 
fourth equation and those of the specialized literature com- 
paring the analytical results of a total of four models with 
experimental measurements. It is clearly explained in their 
conclusions that comparison of any hydrodynamic model to 
experimental data involves the fitting of an inlet solid void 
fraction. 

Although these hydrodynamic models (Arastoopour and 
Gidaspow, 1979a,b) seem to predict well the pressure drop 
with narrow particle-size distributions, some checks with 
broad particle-size distribution indicated the need for better 
estimates of particle interaction forces and voidage to relate 
accurately the main variables of the system (Arastoopour et 
al., 1982). 

By the other side, the empirical correlations (see, for ex- 
ample, the exhaustive revisions about vertical pneumatic con- 
veying pressure drop correlations of Leung and Wiles (19761, 
Teo and h u n g  (1984) and Knowlton (1986)) work with aver- 
age values (for all the riser) of the velocities and void frac- 
tions of the solid and gas, avoiding the needing of the contro- 
versial fourth equation. 

These correlations hand a simple equation for the total 
pressure drop, which is the sum of the pressure drop contri- 
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butions due to acceleration, gravity, and friction. The friction 
term is the more studied (see the revision of Leung and Wiles 
(1976)) being usual to work with different correlations for near 
atmospheric conditions and high-pressure systems. Also, there 
is some confusion about the acceleration term: in many cases, 
the recommended correlations for predicting pressure gradi- 
ent (Konno and Saito, 1969; Capes and Nakamura, 1973; 
Nakamura and Capes, 1973; Yang, 1978) were only written 
for data taken in the fully developed region. Also, the extent 
to which the flow is “developed” was measured by reading 
the pressure drops at several locations, where the slope of 
the pressure gradient was constant. 

However, as pointed out by Fan and Zhu (19981, the pres- 
sure drop over the developing regions of gas-solid flows 
(where the particles are accelerated) is often significant or 
even dominant, with typical developing regions the particle 
entrances and regions immediately beyond pipe bends. 

In his extensive review, Knowlton (1986) concludes that the 
pressure drop correlations were evaluated for a very limited 
amount of data, the best correlations for pneumatic transport 
can generally be expected to predict parameters no more ac- 
curately than 30 to 40%, and, if the correlations were to be 
applied to high temperature and/or high-pressure systems, 
their accuracy could be much worse than 30 to 40%, since 
nearly all the correlations were developed from data ob- 
tained at ambient conditions. Also, Teo and h u n g  (1984) 
affirm that, although there are many correlations for predict- 
ing pressure drop in dilute phase conveying, there is consid- 
erable doubt whether the correlations may be extrapolated 
with confidence, if at all. 

Unfortunately, it seems that neither the hydrodynamical 
models nor the empirical correlations have given satisfactory 
results for the prediction of the pressure drop, probably the 
most fundamental parameter for design and operation pur- 
poses (Arastoopour and Gidaspow, 1979a). 

Recently, a new approach to the gas-solid modeling has 
been proposed by the author (Collado and Muiioz, 1997). The 
main idea is quite simple: if the two phases have different 
velocities, they cannot cover the same distance (the length of 
control volume) in the same time. Thus, the time scale of the 
two phases cannot be the same, and we should scale time- 
dependent magnitudes of one phase to the other one before 
combining them. Indeed, the scale factor is the slip ratio or 
gas-solid velocity ratio. Based on this new thermodynamic 
point of view, new mass, energy, pressure-energy, and en- 
tropy equations for vertical pneumatic conveying have been 
recently derived by the author, allowing to derive a new 
nondimensional energy factor which contains the total pres- 
sure drop. 

The energy factor correlated quite well with a solids refer- 
ence velocity, namely, the difference between the inlet super- 
ficial gas velocity and the solids terminal velocity. It was tested 
against high-pressure, 15 m height, vertical pneumatic trans- 
port data (Knowlton and Bachovchin, 1976) from the Insti- 
tute of Gas Technology. 

In this article, after a brief review of this new approach 
based on thermodynamic fundamentals, the comparison of 
the energy factor against atmospheric-pressure data taken in 
the 5.8 m lift line of the Pennsylvania State University (Jones 
et al., 1966, 1967) is analyzed, and a strong dependence of 
the energy factor on the solids reference velocity has been 

also verified for the atmospheric-pressure data. A brief out- 
line of this analysis was already sketched in Collado (2000d). 

As a major result, a general correlation of the energy fac- 
tor has been found, which is able to cover quite well both the 
atmospheric- and the high-pressure set of data (923 tests). It 
includes two lift line heights, lean and dense phase transport, 
several pipe diameters, broad and narrow particle-size distri- 
butions, and several quite different materials. The pressure 
drop for both the atmospheric- and the high-pressure data 
was taken just from the solid inlet, so including the accelera- 
tion region. 

Furthermore, following the new point of view, new global 
momemtum and mechanical energy balances for a gas-solid 
flow are presented. The comparison of the mechanical en- 
ergy balance with the pressure-energy equation allows to 
identify the mechanical losses in a gas-solid flow, which are 
logically due to the velocity gradients near the wall and the 
slip between the phases. 

Comment that the same expressions of these one-dimen- 
sional steady two-phase flow balances have been already 
compared successfully with flow boiling data (Collado, 
2000a,b,c). These balances are merely particular cases of new 
general multiphase flow fundamentals based on mass conser- 
vation and the continuum concept, and presented elsewhere 
(Collado, 1999). 

New Mass and Energy Balances for 1-D Steady 
Gas-Solid Flow 
New mass balance 

The gas and solid continuity equations of the new model 
are exactly the same as the classical ones for a 1-D, nonreact- 
ing, steady, gas-solid flow 

mg = p u E A ,  =constant - -( d pgugeAC) = 0 
dz g g  

where v, m, p, and A ,  are velocity, mass-flow rate, material 
density, and the cross-sectional area of the line, respectively; 
subscripts g and s stand for gas and solid, respectively. Fi- 
nally, E is the porosity or gas void fraction and z is the verti- 
cal coordinate. 

The main novelty in the proposed mass conservation set of 
equations (Collado and Mufioz, 1997) was the inclusion of a 
new equation which stated that, at steady state, the gas-solid 
velocity ratio (in the following slip ratio and denoted by S )  is 
a constant throughout the duct 

This assertion was exclusively based on mass conservation 
and the continuum concept, and it was practically derived 
through the integration of the mass contained in the duct, 
previously divided into differential control volumes of vari- 
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able length proportional to the gas velocity, that is, following 
an Eulerian-Lagrangian approach. Equation 3 would be the 
new proposed fourth equation which would close the system 
of differential equations discussed by Teo and h u n g  (1984). 

Equation 3 also allows to justify that either of the two phase 
velocities (gas or solids) could be the representative velocity 
of the whole mixture. With that being the case, we first state 
the classical mixture density, pm 

Then, combining Eqs. 1 and 3, we can yield two global mass 
conservation equations, both valid, with the only difference 
being the time scale used. In the first one, the gas velocity 
multiplies the mixture density, suggesting that it would be the 
representative velocity of the mixture 

In the second one, the solid velocity acts as the global ve- 
locity of the mixture 

New energy balance 

ture em (in Joules per unit mass of mixture) is defined as 
Following Rudinger (1980), the specific energy of the mix- 

Now, taking the gas velocity as the representative velocity 
of the mixture, we can derive a new expression of the global 
energy balance (in Watts) for a vertical, steady state, two- 
phase flow between two stations i (inlet), o (outlet) 

where Q, and W, are the heat and the work exchanged (per 
unit time) by the gas-solid mixture as a whole, respectively; 
and u and gz are the internal energy and the gravity terms, 
respectively. 

Substituting Eq. 7 in Eq. 8, one obtains 

In this equation, the pressure acting over the entire cross sec- 
tion of the duct is the only force which can produce work 
(Rudinger, 1980). Then pm will correspond with the product 
of the force (pressure) by the displacement per unit time 
(velocity) of the section where it is applied. However, work- 
ing with the whole system (gas + solid), we would have to use, 
by coherence, the representative velocity of the global gas- 
solid system, which is the gas velocity as we have chosen above 

Substituting Eq. 10 in Eq. 9, while taking into account the gas 
and solid mass-flow rates expressions (Eqs. 1 and 2) and the 
slip ratio constancy (Eq. 3), and after grouping separately the 
gas and solid terms, we yield (see more details in Collado and 
Muiioz (1997)) 

where H is the vertical distance from the inlet to the outlet 

We now apply the classical thermodynamic definition of 
gas enthalpy as a combination of gas internal energy, gas 
pressure, and gas density (Kestin, 1979). For the solids (an 
incompressible substance), we use the expression of internal 
energy in the function of the specific heat (Kestin, 19791, as- 
suming this is constant (Rudinger, 1980). 

Finally, dividing Eq. 11 by the gas mass-flow rate nlg, we 
state the mixture energy equation in Joules per unit mass of 
gas 

H = Z, - 2,. 

+ ( u,", - ~ , ? , ) / 2  + gH - AP/p,} 'S-7 = 4 (12) 

where q is the total heat absorbed by the mixture per unit 
mass of gas, h is the gas enthalpy, c is the specific heat of 
solid material, T' is the solid temperature (Kelvin), A P is the 
pressure drop between the inlet and the outlet of the lift line, 
and A P  = PI - Po, and 7 = mJmg is the load ratio or solid- 
gas mass flow ratio, constant through the duct. 

Pressure-Energy Equation and the Entropy 
Balance For Gas-Solid Flow 

In the energy balance of Eq. 12, it is more convenient to 
separate the thermal terms from the mechanical ones with 
the objective of identifying the mechanical irreversibilities or 
losses due to velocity gradients or friction (between the mix- 
ture and the wall, and between the phases). Classically, this 
has been done through the comparison (Zucker, 1977; Hall, 
1956) of the momentum equation with the pressure-energy 
equation which is usually derived from the energy balance 
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with the help of the second Tds equation (Bejan, 1988). For 
the gas 

short, solid effective work), denoted by w,,, as 

w,, = I( &/2- v.22) + SH - AP/P,] (18) 
dh = dP/pg + TgdSg ho - hi = JdP/p, + /Tgdsg (13) 

In many vertical pneumatic conveying systems, as in the 
IGT and Pennsylvania University tests, it is quite usual that 
the vertical component of the solid velocity is near zero at 
the solids feeding port. So, in these cases, v,, = 0, and the 
coherent expression of the effective work and the solid effec- 

where dP/p, is the differential gas expansion work, Tg is the 
gas absolute temperature, and sg is the gas entropy. Substi- 
tuting Eq. 13 in Eq. 12 and reordering the terms 

+ [(v:,-v~)/2+gH-AP/pS]*q*S (14) 

The first term in brackets on the righthand side represents 
the lost work due to irreversibilities or entropy generation 
(Bejan, 1988) of the whole system in Joules per unit mass of 
gas 

Comment that, for the particles (an incompressible sub- 
stance), the entropy differential is given by ds, = c * dT,/T, 
(Kestin, 1979). Equation 15 would be the entropy balance of 
the global system (gas + solids). 

Thus, the energy equation for the mixture (in Joules per 
unit mass of gas) becomes 

+ ~ ( v ~ , - v ~ ) / ~ + ~ H - A P / ~ , ] . ~ . S  (16) 

Equation 16 would be the pressure-energy equation for a 
gas-solid flow, since it preserves the inherent properties of 
the energy equation and yet applies them to pressure varia- 
tion (Hall, 1956; Zucker, 1977). This equation would be 
equivalent to the mixture momentum equation used by Aras- 
toopour and Gidaspow (1979a,b). In conclusion, the hydrody- 
namic model proposed here would have the following four 
differential equations: gas continuity (Eq. 11, solid continuity 
(Eq. 2), slip ratio constancy (Eq. 31, and the mixture pres- 
sure-energy equation (Eq. 16). 

Energy factor 
From Eq. 16, it is clear that the second term on the left- 

hand side represents the useful or effective work of the gas 
on the solids (effective work) in Joules per unit mass of gas 
(Collado and Muiioz, 19971, which we denote by we 

Further, by convenience, we define the effective work of 
the gas on the solids per unit mass of solid in the pipe (in 

and 

respectively. 
Dividing the effective work by a reference kinetic energy of 

the solids, a nondimensional energy factor, denoted by f,, 
was obtained 

where, based on the usual engineering procedures (Knowlton 
and Bachovchin, 19761, the solid reference velocity was de- 
fined (Collado and Mufioz, 1997) as the difference between 
the superficial inlet gas velocity Ug, and the terminal velocity 
in the solids v, (two velocities which can be measured or cal- 
culated with ease) 

Finally, highlight that the necessary outlet solid velocity us, 
in Eqs. 19 and 20 was calculated with the help of Eq. 3 or the 
constancy of the slip ratio through the line. In these tests, as 
v,, = 0, we would have an indetermination in Eqs. 2 and 3. 
However, due to Eq. 3, we only need a “reasonable”va1ue of 
the slip ratio in the line, which was approximated with the 
help of the above defined solid reference velocity 

This approximation will be discussed later. 

Energy Factor vs. Atmospheric-Pressure, Vertical 
Pneumatic Conveying Data 

In Collado and Muiioz (1997) a comparison was made of 
the energy factor (Eq. 21) with experimental pressure drop 
data of the vertical (15.1 15 m), high-pressure, pneumatic 
transport of Montana lignite and siderite ore (until 46.9 bar 
of inlet pressure and 746.6 kg/m2s of solids load) from the 
research facility of the Institute of Gas Technology (IGT) 
(Knowlton and Bachovchin, 1976). An excellent correlation 
between this energy factor, which includes the pressure drop, 
and the proposed reference solid velocity (Eq. 221, was ob- 
tained. 

We are going to compare here the same effective work, 
solid effective work, and energy factor and the same calcula- 
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Table 1. Characteristics of Materials and Vertical Pneumatic Transport Tests of Knowlton and Bachovchin (1976) 
and Jones et al. (1966, 1967) 

Densiy Std. Terminal Pres. (bar) Inlet Gas Vel. Solid-Gas Mass- Solids Load 
(kg/m ) Surface D,, Dev. Vel., ul /Gas/ (m/s) Flow Ratio (kg/m*.s) 

Solids P, ( pm) ( pm) (m/s) ID (mm) "81 *,/kg Fil J A  c 

IGT (135 tests) 
Montana lignite 1,259 362 516 1.1-2.2 (Calc.) 4.8-46.9/N2/73.6 2.5-24.1 0.3-5.9 77.1-203.5 
Siderite ore 3,908.5 160 108 0.8-1.1 (Calc.) 10.8-32.1/N2/73.6 2-7.8 1.3-14.1 195.2-746.6 
Penn. Univ (788 tests) 
Glass beads No. 108 2,530.9 349 28.8 2.6 (Exp.) Atmosph./Air/ 5.8-33.5 0.3- 13.3 11.7- 1 15.5 

7.75, 10.21 
Glass beads No. 106 2,498.9 578 45.8 4.1 c') " 7.75, 10.21,22.1 6.5-33.2 0.2-14.8 4.8-109.3 
Fused Alumina No. 100 3,892.5 201 30.8 1.2 (") " 7.75, 10.21 3-15.5 1.9-16.7 12.6-123.8 
Fused Alumina No. 60 3,956.6 453 57.6 2.4 (''1 " 7.75, 10.21 4-32.6 0.5-9.6 21.5-71.9 
Fused Alumina No. 36 3,892.5 740 61 3.9c') " 7.75, 10.21, 22.1 6-32.3 0.2-9 3.4-67.9 
Zircon silica No. 1 3,476 561 50.7 4.2 ("1 " 7.75, 10.21 7.1-32.6 0.6-12.2 19.5-106.9 
Zircon silica No. 2 3,331.8 382 40.4 2.8 ("1 " 7.75, 10.21 5.1-32.6 0.6-11.5 8.7-104.5 
Steel shot A 7,560.7 490 43 6.6 ("1 " 7.75, 10.21 3.9-37.5 0.8-1 1.6 15.5- 165.5 
Steel shot CI 7,592.8 273 21.6 4.1 ("1 " 7.75, 10.21 8.1-37.2 0.9-22.3 45.7-254.7 
Steel shot C2 7,608.8 322 27.3 4.6 (") " 7.75, 10.21 7.2-37.8 1.1 -16.1 49.9-220 
Steel shot D1 7,256.4 765 38.5 9.2 (") " 7.76, 10.21 11.5-38.1 0.7-8.8 37.7-139.4 
Steel shot D2 7,240.3 660 38.8 8.4 (") " 10.21 3.2-37.8 0.7-7.6 38.6-125.8 

tion procedure already proposed in Collado and Muiioz 
(1997) with experimental data for atmospheric-pressure, ver- 
tical pneumatic transport tests made by Jones et al. (1966, 
1967) from the Pennsylvania State University. 

The height of the line was 5.79 m, and, until twelve differ- 
ent materials were tested, all of them had a very narrow size 
distribution. Three different steel lift lines of 3/8 in., 1/2 in., 
and 1 in. O.D. were used. The authors also directly measured 
the terminal velocity of all the materials. 

In Table 1 the main characteristics of the materials used in 
the pressure drop tests of the Penn State Univ. are shown. 
For comparison, the same data for the IGT (Knowlton and 
Bachovchin, 1976) tests have been also included. Due to the 
broad size distribution of the materials tested by IGT, their 
global terminal velocity was a weighted mean of the calcu- 
lated individual terminal velocities of each size interval (Col- 
lado and Muiioz, 1997). The 923 tests of Table 1 include 
high-pressure (until 47 bar) and atmospheric pressure tests, 
two line heights (15.2 and 5.8 m), diluted and dense phase 
(7 > 10) transports, four pipe diameters, broad and narrow 
particle-size distributions, and 14 quite different materials. 

In Figure 1, the pressure drop vs. the measured inlet gas 
velocity for all the vertical pneumatic transport tests of Table 
1 is shown, AP ranging from a few millibar to 1,200 milibar, 
and Ugl from 2 m/s to 38 m/s. Figure 2 and Figure 3 show 
the dependency of the effective work (Eq. 19) and the solid 
effective work (Eq. 20) on the superficial velocity UgL both 
for the two set of data. 

In Figure 4 the dependency of the energy factor (Eq. 21) 
on the solid reference velocity (Eq. 22) for the two set of data 
is presented in logarithmic scale. The energy factor correla- 
tion for the IGT data was formerly presented in Collado and 
Muiioz (1997) and some preliminary results of the compari- 
son with the Pennsylvania set of data were outlined in Col- 
lado (2000d). Obviously, it would be interesting to find a gen- 
eral correlation which covered all the data presented. 

We have found that substituting in the energy factor of the 
Penn data their lift line height (5.79 m) by the value of the 
IGT installation height (15.115 m) the atmospheric data cor- 
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& IGT-Sidente ore 
X PENN-ZIM~ Slhca No 2 
X PEW-Sfeel shot A 
+ PEW-Steel shot C1 

0 PEW-Sfsel shot D1 

100 

10 

1 
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Ugi (&s> 

Figure 1. Pressure drop vs. inlet superficial gas veloc- 
ity for IGT and Penn. Univ. tests. 

relation coincides with the high-pressure one (Figure 5). The 
cubic polynomial shown in Figure 5 fits the 923 values quite 
well, the regression coefficient being 0.9992. 

This general correlation of the energy factor shown in Fig- 
ure 5 is based on the IGT height. Logically, if we would want 
to find the energy factor for the Penn tests with other height, 
we should merely undo the process 
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Figure 2. Effective work vs. inlet superficial gas veloc- 
ity for IGT and Penn. Univ. data. 
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Figure 4. Energy factor vs. solid reference velocity for 
IGT and Penn. Univ. data. 

Of course, any possible extension of this procedure should 
be first carefully checked with more data from other heights. 

Discussion 
A key point of the new model is the slip ratio constancy 

along the line (Eq. 31, the new balances being based on it. 
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Figure 3. Solid effective work vs. inlet superficial gas 
velocity for IGT and Penn. Univ. data. 

This is true for the effective work (Eq. 17) and the solid ef- 
fective work (Eq. 20) also. 

The theoretical demonstration of the slip ratio constancy 
was exclusively derived for a 1-D steady two-phase flow, and 
it was only based on mass conservation and continuity (Col- 
lado and Mufioz, 19971, with neither relevant to the demon- 
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Figure 5. Energy factor vs. solid reference velocity for 
IGT and Penn. Univ. data (both with IGT 
height). 
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stration if the solids were accelerated or not (provided that 
we can assume a steady 1-D solid velocity field) nor if we 
treat with dense or dilute transports. 

Thus, Eq. 3 would be theoretically valid just from the point 
of the lift line, where a net upward average velocity of the 
solid was established. Then, it would be verified for almost 
all the lift line, excluding the short section after the feeding 
point where the solid particles would be changing from hori- 
zontal direction to vertical one. 

The physical need of the slip ratio constancy has been ad- 
vanced at the introduction. The slip ratio act as a time scale 
factor between the phases which have different velocities. The 
key point is that we are treating simultaneously two different 
velocities in the same length (that of the control volume). 
Thus, having in mind velocity concept, it is completely impos- 
sible that the time scales of the two phases be the same 

Equation 3 would merely propose that for a 1-D steady 
state this time scale factor between the phases should be a 
constant along the pipe. Unfortunately, the classical equa- 
tions do not consider at all this physical fact. 

On the other hand, the slip ratio constancy is also used to 
work out an approximate value of the outlet solid velocity, 
which is needed in Eqs. 19 and 20. We assume a “reasonable” 
value of the slip ratio for the line, which we have chosen 
equal to the quotient of the superficial inlet gas velocity and 
the solid reference velocity (Eq. 23). Calculating the outlet 
gas velocity, we can work out the outlet solid velocity with the 
help of this “reasonable” slip ratio. 

From Eq. 3, it could be rightly argued that this “reasona- 
ble” slip value implies to assume a “fictitious” inlet vertical 
solid velocity equal to 

However, working with 1-D models, we will always have a 
discontinuity in Eq. 2 just at z = 0 in the systems (as the IGT 
and Penn tests) where the solids enter the line with zero ver- 
tical velocity. 

For solving this problem, as we have already commented, 
Arastoopour and Gidaspow (1979a,b) suggest to assume a 
“reasonable” inlet solid void fraction to fit the pressure drop 
data. Here, the proposed solution to this unavoidable discon- 
tinuity is based on the constancy of the slip ratio along the 
lift line (Eq. 31, and the assumption of a “reasonable” value 
of the slip (Eq. 23). The clear advantage over the Aras- 
toopour and Gidaspow (1979a,b) models other than the accu- 
racy of the correlation found, is that the calculation proce- 
dure is clear and straightforward and not necessary to tune 
the assumption for fitting the pressure drop data. 

Furthermore, this “fictitious” inlet vertical solid velocity is 
not directly included neither in the effective work, nor the 
solid effective work (Eqs. 19 and 20). Thus, Eq. 23 does not 
at all mean that the particles are already wholly accelerated 
at the inlet and that there is no acceleration region in the 
duct. 

Indeed, in the IGT lift line, the first pressure drop tap was 
just below the solid feeding port, whereas in the Pennsylvania 

University line, it was just at the outlet of a short bend next 
to the solid particles entrance. Thus, for both set of tests, a 
zero vertical component of the particles velocity (uSi = 0) was 
assigned in Eqs. 19 and 20. In conclusion, at the difference of 
the recommended empirical correlations, this implies that the 
reported pressure drop data and the new correlations pro- 
posed (see Figures 4 and 5 )  definitely include the important 
term (Fan and Zhu, 1998) of the acceleration of the solids 
after the entrance. 

On the other hand, the data of Knowlton and Bachovchin 
(1976) lie mostly in the “fast fluidization” region in which 
circulating fluidized beds operate and reflux occurs. Never- 
theless, even though one of the main assumptions of the 
derivation of Eq. 3 is that there is no refluxing in the pipe 
(Collado and Mufioz, 19971, the correlations work quite well 
(see Figures 4 and 5).  

Mechanical Losses for 1 -D Steady Gas-Solid Flow 
Finally, we will briefly outline in this paragraph the main 

mechanical losses in a gas-solid system following the new 
point of view. These losses would correspond with the me- 
chanical nonequilibrium internal to the global gas-solid sys- 
tem in particular, the global friction of the mixture with the 
pipe wall (or the velocity gradient near the wall), and the 
internal friction in this 1-D system due to the difference of 
velocities between the phases (the slip). It is well known from 
classical thermodynamics (Hall, 1956; Zucker, 1977) that the 
comparison of the pressure-energy equation with the momen- 
tum equation should allow to identify the mechanical irre- 
versibilities in a fluid system. 

We will first derive a new 1-D steady-state global momen- 
tum balance for a vertical gas-solid flow following the new 
presented procedure. 

New momentum balance for I-D steady gas-solidJlow 
The vertical, 1-D momentum equation states (Hunsaker 

and Rightmire, 1947) that the resultant force Fz (pressure, 
wall friction and gravity) on the global gas-solid system, mo- 
mentarily occupying a fixed differential control volume of 
height dz,  equals the net rate of outflow of z momentum 
through the control volume (in Newton): 

A,dP + 7,rrDdz + gp,A,dz + d { (  pmrnm)ugAc}  = 0 (27) 

where T~ is the gas-solid average shear stress at the pipe wall. 
Again as in the case of the energy balance, the gas velocity is 
chosen as representative mixture velocity. By coherence with 
the new modeling procedure, we define a mixture momen- 
tum rn, (per unit mass of mixture) as 

Substituting Eq. 28 in Eq. 27, we yield 

A,dP + T%,aDdz + gp,A,dz 

Dividing Eq. 29 by A,dz and reordering terms, we have the 
differential mixture momemtum balance (in Newton/m3) 
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dP 47, 
dz dz dz D (30)  
dug dug p,7(l - €)ux- + p g e u  - + gp, = - - - - 

For the sake of comparison with classical 1-D momentum 
balances (Arastoopour and Gidaspow, 1979a,b; Aratoopour 
et al., 1982), we again arrange the terms in Eq. 30 stating 

du dP 47, 
dz dz D 

+ g p , + p , ( 1 - e ) u S  s=---- (31)  

Note that we have used in the above equation the fact that 
the slip ratio is a constant through the pipe. Also, note that 
the only difference with the standard expressions is the last 
term on the lefthand side of Eq. 31, which accounts for the 
pressure drop due to the nonequilibrium of velocities be- 
tween the phases (slip). Coherently, if the slip was equal to 
one (equilibrium of velocities between the phases), this term 
would be zero. 

New mechanical energy balance for 1-D gas-solidjlow 
From the momentum equation (Eq. 31), we might obtain a 

mechanical energy balance: first, we multiply Eq. 31 by the 
product of the cross-sectional area and the dz to identify the 
gas and the solids mass-flow rates (Eqs. 1-2). Also, we group 
the gas and solids terms separately 

Now we multiply this momemtum equation (Eq. 32) by the 
mixture velocity (in this case the gas velocity) 

Finally, dividing Eq. 33 by the gas mass-flow rate, a me- 
chanical energy balance of the gas-solid flow in Joule per unit 
mass of gas is obtained 

+ S-u,-du,} +(4rWdz)/(  p,eD) (34)  

Identification of the dissipation terms in gas-solid j h w  

tion (Eq. 16) will be 
The differential expression of the pressure-energy equa- 

Then, substracting Eq. 35, the differential pressure-energy 
equation from Eq. 34, the differential mechanical energy bal- 
ance, we obtain a clear identification of the lost work terms 
(per unit mass of gas) 

In Eq. 36, the first term of the lost work represents the slip 
dissipation due to the difference of velocities between the 
phases, which is dependent on the load ratio, the solid veloc- 
ity, and the slip ratio. The second term accounts for the global 
wall friction of the mixture which depends on the value of 
the average wall friction, and also on the length and the di- 
ameter of the pipe. 

Conclusions 
Based on thermodynamic fundamentals and a new strict 

treatment of the slip between the phases, a new pressure- 
energy equation for a 1-D steady gas-solid flow is presented. 
From this equation, a new nondimensional energy factor, 
which includes the total pressure drop, has been obtained. 
Such a factor has been checked against high-pressure data 
from the IGT lift line of 15.115 m height, and the atmo- 
spheric-pressure data from the Pennsylvania University lift 
line of 5.79 m height. 

A total of 923 tests were performed where the pressure 
drop was taken just from the inlet, which includes dilute and 
dense phase transports, several pipe diameters, broad and 
narrow particle-size distributions, and very different materi- 
als. 

As a major result, for both sets of pressure drop data, a 
quite strong global correlation of the energy factor with a 
reference solid velocity (clearly defined as the superficial in- 
let gas velocity minus the solid terminal velocity) has been 
found. Not to mention the large set of data quite well corre- 
lated, the model presents some clear advantages over the 
classical hydrodynamic models because we do not need to fit 
an unknown “reasonable” inlet solid voidage (Arastoopour 
and Gidaspow, 1979a,b) and the problems due to broad par- 
ticle-size distributions (Arastoopour et al., 1982) can been 
readily overcome with the new approach. In reference to the 
empirical correlations, in addition to the problem of the poor 
accuracy, notice that the recommended ones were written for 
data taken in the fully developed region. Thus, they do not 
take into account the pressure drop over the acceleration re- 
gion of the solids after the entrance, which is often signifi- 
cant or even dominant (Fan and Zhu, 1998); whereas the 
model proposed here does include successfully the pressure 
drop due to inlet solids acceleration. Finally, following the 
new approach, a new momentum balance was derived. From 
the comparison of the momentum and pressure-energy equa- 
tions, the mechanical losses due to global wall friction and 
slip between the phases were clearly identified. 

Notation 
A ,  =cross-sectional area of the line, m2 

AP =total pressure drop in the lift line, N.m-2 

c = solid heat capacity, J/kg K 
e =specific energy, J/kg 

f, = nondimensional energy factor (Eq. 21) 
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g =gravitational constant, 9.81 m-s-’  
h =gas specific enthalpy, J/kg 

H =height of the lift line, m 
rit =mass-flow rate, kg.s-’ 

m ,  =specific mixture momentum, m * 5 -  ’ 
P =pressure, N.m-’ 
q =heat exchanged per unit mass of gas, J/kg gas 

Q, =heat exchanged per unit time by the mixture, W 
s = specific entropy, J/kg * K 
S =slip ratio (see Eq. 3)  
T =temperature, K 
u =specific internal energy, J/kg 

u =velocity, m.s-’ 
ut =solid terminal velocity, ms- ’ 
w, =effective work, J/kg gas (see Eq. 19) 

ugl =superficial inlet gas velocity, mas-’ 

us_  ref =solid reference velocity, m * s- (Eq. 22) 

wioSt =lost work, J/kg gas (see Eq. 15) 
=solid effective work, J/kg solid-in-line (Eq. 20) 

W,, =work exchanged per unit time by the mixture, W 
z =vertical coordinate, m 

Greek letters 
E =cross-sectional average gas voidage 
7 = solid-gas mass flow rate ratio 
p =density, k g . r f 3  
T~ =gas-solid average shear stress at the pipe wall, N-m-’ 

Subscripts 
g =gas 
i =inlet 

m = gas-solid mixture 
o =outlet 
s =solid 

Literature Cited 
Arastoopour, H., and D. Gidaspow, “Analysis of IGT Pneumatic 

Conveying Data and Fast Fluidization Using a Thermohydrody- 
namic Model,” Powder Tech., 22, 77 (1979a). 

Arastoopour, H., and D. Gidaspow, “Vertical Pneumatic Conveying 
Using Four Hydrodynamic Models,” Ind. Erg. Chem. Fundam., 18, 
123 (1979b). 

Arastoopour, H., S. C. Lin, and S. A. Well, “Analysis of Vertical 
Pneumatic Conveying of Solids Using Multiphase Flow Models,” 
AIChE J., 28, 467 (1 982). 

Bejan, A., Aduanced Engineering Thermodynamics, Wiley, New York 
(1988). 

Capes, C. E., and N. Nakamura, “Vertical Pneumatic Conveying: An 
Experimental Study with Particles in the Intermediate And Turbu- 
lent Flow Regimes,”Can. J.  Chem. Eng., 51, 31 (1973). 

Collado, F. J., and M. Muiioz, “New Considerations on the Mass and 
Energy Balances in One-Dimensional Two-Phase Flow at Steady 
State,” Powder Tech., 92, 195 (1997). 

Collado, F. J., “Reynolds Transport Theorem for Two-phase Flow,” 
Proc. Int. Symp. Two-Phase Flow Modelling and Experimentation 

1999), Pisa, Italy, G. P. Celata, P. Di Marco, and R. K. Shah, eds., 
Edizioni ETS 91 (1999). 

Collado, F. J.. “New Mass and Energy Balances for Boiling Flow.” 
Boiling 2000-UEF Conf , Anchorage, AK, United Engineering 
Foundation, 467 (2000a). 

Collado, F. J., “Mixture Enthalpy in Subcooled Boiling Flow,“ Trans. 
of ANS,  82, 254 (2000b). 

Collado, F. J.. “Slip Ratio, Heat Flux and Mixture Enthalpy in Sub- 
cooled Boiling Flow,” ASME-AIChE-AIM 2000 Nut. Heat Transfer 
Conf,  Pittsburgh, NHT-12169 (2000~). 

Collado, F. J., “Thermodynamics of Vertical Pneumatic Transport,” 
Powder Hand & Proc., 12, 2.53 (2000d). 

Fan, L. S., and C. Zhu, Principles of Gar-Solid Flows, Cambridge 
Univ. Press, Cambridge (1998). 

Hall. N. A,. Thermodynamics of Fluid Flow, 2nd printing, Prentice- 
Hall, Englewood Cliffs, NJ (1956). 

Hunsaker, J. C., and B. G. Rightmire, Engineering Applications of 
Fluid Mechanics, 1st ed., McGraw-Hill. New York (1947). 

Jones, J. H., W. G. Braun, T. E. Daubert, and H. D. Allendorf, “Slip 
Velocity of Particulate Solids in Vertical Tubes,” AIChE J., 12, 
1070 (1966). 

Jones, J. H., W. G. Braun, T. E. Daubert, and H. D. Allendorf, 
“Estimation of Pressure Drop for Vertical Pneumatic Transport of 
Solids,” AIChE J . ,  13, 608 (1967). 

Kestin, J., A Course in Thermodynamics, revised ed., Hemisphere, 
Washington, DC (1979). 

Knowlton, T. M., “Solid Transfer in Fluidized Systems,” Gas Flu- 
idization Technology, Chap. 12, D. Geldart. ed., Wiley-Interscience, 
New York (1986). 

Knowlton, T. M., and D. M. Bachovchin, “The Determination of 
Gas-Solids Pressure Drop and Choking Velocity as a Function of 
Gas Density in a Vertical Pneumatic Conveying Line,’’ Fluidization 
Technology, D. L. Keairns, ed., Hemisphere, Washington, DC, p. 
253 (1976). 

Konno, H., and S. Saito, “Pneumatic Conveying of Solids Through 
Straight Pipes,”J. Chem. Eng. of Japan, 2, 211 (1969). 

Leung, L. S., and R. J. Wiles, “A Quantitative Design Procedure for 
Vertical Pneumatic Conveying Systems,” Ind. Eng. Chem., Process 
Des. Deu., 15, 552 (1976). 

Nakamura, N., and C. E. Capes, “Vertical Pneumatic Conveying: a 
Theoretical Study of Uniform and Annular Particle Flow Models,” 
Can. J. Chem. Eng., 51, 39 (1973). 

Rudinger, G., Fundamentals of Gas-particle Flow, Handbook of Pow- 
der Technology, Vol. 2, J. C. Williams and T. Allen, eds., Elsevier, 
Amsterdam (1980). 

Tea, C. S., and L. S. Leung, “Vertical Flow of Particulate Solids in 
Standpipes and Risers,” Hydrodynamics of Gas-Solids Fluidization, 
Chap. 11, N .  P. Cheremisinoff and P. N. Cheremisinoff, eds., Gulf 
Publishing, Houston (1984). 

Yang, W., “A Correlation for Solid Friction Factor in Vertical Pneu- 
matic Conveying Lines,” AIChE J.,  24, 548 (1978). 

Zucker, R. D., Fundamentals of Gas Dynamics, Matrix Publ., Beaver- 
ton (1977). 

Manuscript receiued Dec. 12, 2000, and rrvision receiued Nou. 12, 2001 

1108 May 2002 Vol. 48, No. 5 AIChE Journal 




