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SUMMARY 

Pressurized, entrained gasification is a promising new technology for 
the clean and efficient combustion of coal. Its principle is to operate a coal 
gasifier at a high inlet gas velocity to increase the inflow of reactants, and at 
an elevated pressure to raise the overall efficiency of the process. 
Unfortunately, because of the extraordinary difficulties involved in 
performing measurements in hot, pressurized, high-velocity pilot plants, its 
fluid dynamics are largely unknown. Thus the designer cannot predict with 
certainty crucial phenomena like erosion, heat transfer and solid capture. 

In this context, we have conducted a study of the fluid dynamics of 
Pressurized Entrained Coal Gasifiers (PECGs). The idea was to simulate the 
flows in generic industrial PECGs using dimensional similitude. To this end, 
we employed a unique entrained gas-solid flow facility with the flexibility to 
recycle –rather than discard– gases other than air. By matching five dimen-
sionless parameters, experiments employing plastic and glass powders flu-
idized with mixtures of sulfur hexafluoride, carbon dioxide, helium and air at 
ambient temperature and pressure achieved hydrodynamic similarity with 
generic high-temperature risers of variable scale operating at 1 and 8 atm. 

We interpreted our results in the upper riser using steady, fully-devel
oped momentum balances for the gas and solid phases. This analysis showed 
that, for a wide range of experiments, two parameters capture the dependence 
of the pressure gradients upon the ratio of the mean gas and solid mass flow 
rates. The first is the ratio of the mean particle slip and superficial gas veloci
ties. The second represents spatial correlations between the radial profiles of 
interstitial gas velocity and voidage. Variations of the first with dimension-
less parameters indicated that our “atmospheric” and “pressurized” 
experiments conformed to distinct viscous and inertial regimes. 

In this study, we established also that the descending velocity of 
particles clusters at the wall of a riser scales exclusively with the square root of 
the particle diameter and the gravitational acceleration. This observation 
showed that the dynamics of wall clusters is chiefly determined by inter-
particle contacts. Because these clusters govern heat transfer at the wall, this 
conclusion has important consequences for modeling. 

These activities were conducted with Air Products & Chemicals, Inc., 
which was a member of a consortium that included Foster Wheeler and 
Deutsche Babcock Energie- und Umwelttechnik AG. 

At the completion of this work, the results have exceeded the 
expectations outlined in the original proposal. The present report 
summarizes these accomplishments, which have led to four publications, 13 
presentations, several quarterly reports, and the support of three graduate 
students. 
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1. Introduction 

Pressurized entrained coal gasifiers (PECGs) represent a promising 
technology for designing efficient, clean and compact coal combustors. 
Because it operates at gas densities an order of magnitude larger than 
conventional units, the PECG displays a markedly different flow behavior 
than its counterpart, the atmospheric circulating fluidized bed (ACFB). In 
particular, because at its base large relative “slip” velocities between solids and 
gases enhance the role of gas inertia, the PECG exhibits a shorter acceleration 
region than the ACFB. Similarly, because higher fluid densities tend to 
stabilize fluidization, the pressurized riser features a more homogeneous and 
steady suspension. 

Given difficulties in pressurizing laboratory units, studies of this 
regime are limited. Plasynski (1991) investigated the pneumatic transport of 
solids in a tube of 2.6 cm diameter at pressures u p to 21 atm. Wirth (1992) 
reported vertical gas pressure profiles in a circulating fluidized bed (CFB) 
pressurized u p to 50 atm. Tsukada, Nakanishi and Horio (1993) did so in a 
CFB of fluid-cracking catalyst operating at 7 atm. These authors also 
presented radial distributions of solid volume fraction. Karri and Knowlton 
(1996) pressurized a riser transporting fluid-cracking-catalyst (FCC) with 
nitrogen at 1.4 and 6.8 atm. By recording average axial pressure gradients and 
radial profiles of solids mass flux and suspension density, they concluded 
that, at greater gas densities, the suspension is less likely to collapse and the 
net solid volume fraction is smaller. 

While progress has been made in the design and operation of 
industrial pilot-scale pressurized CFBs (e.g., Robertson and Van Hook, 1993), 
difficulties in performing measurements under pressure make it challenging 
to understand their flow. To avoid this problem, we employ dimensional 
analysis and simulate the behavior of pressurized, high temperature 
conditions in a laboratory facility operated near ambient pressure and 
temperature. Following Chang and Louge (1992), the idea is to recirculate 
–rather than discard– fluidization gas mixtures of adjustable density. 
“Atmospheric” and “pressurized” conditions are reproduced using, 
respectively, light mixtures of helium and carbon dioxide, and denser 
mixtures of sulfur hexafluoride and air. Hydrodynamic analogy between the 
cold bed and a hot industrial reactor is achieved by matching all relevant 
dimensionless parameters. Beside providing information on the behavior of 
pressurized industrial combustors, our study elucidates the role of gas density 
and riser scale in relatively dense entrained gas-solid suspensions, as well as 
the effects of dimensionless groups governing the operations of the bed and 
its dynamics. 

In this study, we interpreted static pressure measurements in the upper 
riser using steady, fully-developed balances of the gas and solid momenta. 
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This analysis permitted us to derive a simple equation capturing the 
dependence of the mean solid volume fraction on the ratio of the solid and 
gas mass flow rates. This equation features two parameters. The first is the 
ratio of the mean relative “slip” velocity between the two phases and the 
superficial gas velocity. The second represents spatial correlations between 
the radial profiles of interstitial gas velocity and voidage. Calculations of the 
first parameter for our data as well as those of Wang, Rhodes and Gibbs (1995) 
and Louge, Lischer and Chang (1990) suggested the existence of two regimes 
exhibiting distinct flow behavior. 

This report begins with the dimensional similitude, its prescriptions 
for test conditions and a short description of the experimental facility. We 
then compare results obtained at low and high gas densities and investigate 
the effects of riser diameter and Archimedes number under “pressurized” 
conditions. Finally, we outline an analysis for the upper riser and interpret 
its results. A list of specific accomplishments is provided at the end. 

2. Dimensional Similitude 

In this work, we employed dimensional analysis to prescribe operating 
conditions that permitted our experiment to match the flow in a generic 
industrial riser. In the absence of inter-particle forces or electrostatics, 
continuum equations for gas-solid suspensions derived, for example, by 
Anderson and Jackson (1967) yield five dimensionless groups: 

Fr = u / vg^ds , (1) 

M = G / pu , (2) 

Ar = psp((()ds)3g / µ2 , (3) 

R = p s / p , (4) 

L = D / c|)ds , (5) 

where p, \i, and p s are the density of the gas, its viscosity, and the material 
density of the solids, respectively; u is the superficial gas velocity; G is the 
overall solid flux; g is the acceleration of gravity; and D is the riser diameter. 
The Froude number Fr and solid loading M are the operational parameters. 
The first is a dimensionless measure of the superficial gas velocity. The 
second is the ratio of the overall solid and gas fluxes. The Archimedes 
number Ar combines gas and solid properties. It arises naturally in 
correlations capturing the terminal velocity of an individual particle. R is the 
density ratio. The dimensionless size L is a measure of the scale of the unit. 
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Following the suggestion of Chang and Louge (1992), the effective particle 
diameter is the product of the mean particle Sauter diameter d s and its 
sphericity f . Because in this study we employ a single facility, other 
dimensionless aspect ratios such as the ratio of riser height and diameter are 
readily matched in all experiments. 

Other combinations of independent flow parameters can produce 
equivalent sets of five dimensionless groups, see for example Glicksman, 
Hyre and Farrell (1994). In an attempt to reduce the number of governing 
parameters, Glicksman, Hyre and Woloshun (1993) also proposed an 
alternative “reduced” set of four dimensionless groups that simplifies 
implementation of the technique by permitting the laboratory facility to be 
fluidized by air alone. Because our approach employs a complete set of five 
groups, it is not subject to the corresponding approximations. 

We follow Chang and Louge (1992) in assuming that the set of 
independent parameters entering Eqs. (1) through (5) is sufficient to describe 
the fluid dynamics. In these relatively rapid flows where particle collisions 
can play a significant role (Sinclair, 1997), this implies that impact parameters 
have similar magnitudes for all solids considered. In this context, we avoid 
powders with artificially low frictional properties such as coated glass beads, 
which can produce unusually small pressure gradients in dilute suspensions 
(Chang and Louge, 1992). Similarly, we suppress electrostatics generated in 
the plastic powders by adding up to 0.5% by weight of Larostat 519, a 
commercial anti-static salt. The salt enhances the ability of the powders to 
discharge on the metal walls of our unit. Finally, our approach ignores 
changes in the gas density resulting from pressure gradients along the riser 
height. Relative density variations are minimized by setting the absolute gas 
pressure at the riser top as high as possible. In any event, excursions of the 
gas density relative to its nominal value did not exceed 12% and 4% at the 
highest solid loading of the “atmospheric” and “pressurized” tests, 
respectively. 

3. Experimental Prescriptions 

An important objective of this study is to compare the behavior of 
atmospheric and pressurized risers. To this end, we contrast our results to 
those of Chang and Louge (1992) under “atmospheric” conditions and we 
investigate the effects of scale on pressurized units. 

To distinguish “atmospheric” and “pressurized” tests, it is instructive 
to imagine two generic industrial reactors simulated by this technique. The 
first operates under atmospheric conditions. The second is pressurized, but it 
runs at the same temperature, superficial velocity and solid flux; it contains 
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the same gas and solid composition; and it has the same physical dimensions. 
In this case, the two analogous combustors differ mainly through the gas 
density. In terms of dimensionless groups, the “atmospheric” and 
“pressurized” simulations have markedly different Archimedes number and 
density ratio. However, they have identical values of the Froude and the 
ratio M/R = G / r s u . 

Algebraic manipulations of (1) through (5) relate the operating 
conditions and properties of the laboratory facility to those in the hot 
industrial reactor that it models. In this study, we simulate a generic coal 
combustor with r s = 1500 kg/m 3 , m = 5.10-5 kg/m.s and f d s = 300 mm. There, 
the density of hot gases is typically 0.31 k g / m 3 near ambient pressure and it is 
2.5 k g / m 3 at 8.2 atm. Properties of the corresponding test suspensions are 
shown in Table 1. All glass and plastic powders have identical particle-size-
distribution (PSD) relative to the mean Sauter diameter (Fig. 1). 

1 -

0.5 -

0 -

q£ Q m * 

ti° 
8 

A 

^° 
AD 

DO 

^ , , 
0 1 2 3 

Relative diameter 

Fig.1. Cumulative PSD of solids used in the “pressurized” simulations. The 
squares represent glass beads of d s = 97 µm (“large PECG”); the circles and 
triangles are plastic grit of d s = 136 µm (“Archimedes tests”) and 216 µm 

(“small PECG”), respectively. The particle sieve diameter is made 
dimensionless with ds. The underlying dimensionless PSD is identical to that 

used by Chang and Louge (1992) in “atmospheric” simulations. 

The experiments with plastic grit reproduce conditions in a riser of 
relatively small scale, while those with glass beads do so for a unit of larger 
diameter. As Table 1 indicates, within each class of riser size, the 
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dimensionless diameters of the “atmospheric” and “pressurized” simulations 
are nearly matched. Within each size class, slight changes in L arise from 
differences in the viscosity of the two test gas mixtures. Because L does not 
affect dimensionless pressure profiles in atmospheric risers of moderate 
diameter (Chang and Louge, 1992), this subtlety is inconsequential for our 
comparisons. 

In these experiments, we compared the “atmospheric” and 
“pressurized” vertical profiles of static pressure for 68 tests with operating 
conditions of Fr and M / R shown in Table 1. In the “pressurized” 
simulations, the values of M / R corresponded to loadings of 0.6 £ M £ 4.6. 
Because the recycle leg connecting our downcomer and riser limited the solid 
flux, the relatively modest upper bound for M was the result of the larger gas 
density of the “pressurized” tests. Conversely, the lower gas density of the 
“atmospheric” simulations produced loadings at least an order of magnitude 
larger. In addition, the relatively small size of our downcomer did not permit 
us to suspend large quantities of solid in the riser without depleting the 
downcomer column below a comfortable level. 

Fig.2. The circulating fluidized bed facility 

To investigate the role of the Archimedes number in pressurized units, 
we also carried out another 19 experiments with smaller plastic grit fluidized 
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by a mixture of sulfur hexafluoride and air. The corresponding gas and solid 
properties are labeled “Archimedes tests” in Table 1. 

4. Apparatus 

The circulating fluidized bed facility is sketched in Fig. 2. It runs near 
ambient temperature and pressure. Chang (1991) and Chang and Louge (1992) 
provided details of its operations. Its unique ability is to recycle any mixture 
of inert fluidization gases, thus setting all five dimensionless numbers at the 
desired values. The riser is a vertical column 20 cm in diameter and 7 m high 
where solids are entrained by a gas of relatively high velocity introduced 
through a porous metal grid distributor (Pall Rigimesh). Two stages of 
cyclones and cartridge filters return clean gases to the blower. Solids are 
stored in the fluidized “downcomer” and recycled at the base of the riser 
through a slide valve. 

Static pressure is measured using 23 taps mounted flush along the 
height of the riser. The taps are read in sequence using a scanning valve 
connected to a single pressure transducer. The calibration of the latter is 
regularly checked against water and mercury manometers. A thermal 
conductivity detector (TCD) and an oxygen analyzer monitor the gas 
composition in “atmospheric” simulations. Because SF6 would decompose 
in their hot cells, these instruments are not used in the “pressurized” 
simulations. Instead, we infer the composition of the relatively heavy gas by 
recording its static head in the riser. This measurement agrees well with 
independent analyses from a gas chromatograph and a mass spectrometer. 

The solid flux is captured by closing a sintered butterfly valve midway 
through the downcomer and recording the corresponding accumulation of 
solids above the valve. The superficial gas velocity is measured with a vortex 
flowmeter and corrected for the pressure drop between the instrument and 
the top of the distributor. Finally, the solids PSD is recorded before and after 
each series of experiments using a standard Ro-Tap test sieve shaker. 

5. Vertical Gas Pressure Profiles 

In the relatively dense suspensions of circulating fluidized beds, 
vertical profiles of static gas pressure reveal the underlying character of the 
flow. In the upper riser, the pressure gradient generally reaches a constant 
value that is primarily associated with the bulk density of the suspension. At 
the base, particles gradually accelerate to a fully-developed radial flux profile, 
while the pressure gradient and solid volume fraction diminish with 
increasing elevation. In this acceleration region, the mean gas-solid slip 
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velocity is much higher than at the top and the flow is likely dominated by 
gas inertia. 

zt 
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Fig. 3. Effects of gas density on vertical profiles of dimensionless pressure 
with Fr = 130 and M/R = 0.0033. The open and solid symbols represent 
“atmospheric” and “pressurized” simulations, respectively. The 
triangles and squares are “small” and “large” diameters simulated 
using plastic grit and glass beads, respectively. The corresponding 
values of Ar, R and L are shown in Table 1. 

Figure 3 illustrates the effects of gas density on vertical profiles of static 
gas pressure. There, the elevation is shown as a fraction of riser height, 
z † º z / H , and the static gas pressure relative to the riser top is made 
dimensionless as p †º (p-p t o p ) / r s gD. In the upper riser, the pressure gradient, 
and thus the solid volume fraction, are generally smaller for denser gases. 
This observation confirms the trends observed by Karri and Knowlton (1996). 
At the base, because in the inertial regime denser gases produce larger drag, 
the height of the acceleration region is considerably smaller for “pressurized” 
simulations. 

Surprisingly, the Froude number hardly affects the pressure gradient in 
the upper riser (Fig. 4). However, as expected, smaller Froude numbers 
produce higher acceleration regions, particularly at high loadings. The data of 
Chang (1991) and Chang and Louge (1992) under “atmospheric” conditions 
also betray minimal effects of the Froude number on the pressure gradient 
(Fig. 5). However, as our later analysis will explain, this insensitivity to the 
Froude number is not universal, although the corresponding dependence is 
generally weak. As Fig. 4 illustrates, the solid loading is the operational 
parameter with greatest effect on the pressure gradient in the upper riser. 

1 

0 
0 1 2 
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Fig. 4. Effects of Froude and loading in “pressurized” simulations with plastic 
grit (“small PECG”). The open and solid triangles represent Fr = 102 
and 132, respectively. Conditions are L = 1315, Ar = 370, R = 600 and the 
values of M/R shown. 
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Fig. 5. Effects of Froude in “atmospheric” simulations with plastic grit (“small 
ACFB”). The open and solid triangles represent (a) Fr = 106 and 130 
and (b) Fr = 130 and 170, respectively. Conditions are L = 1215, Ar » 50 
and R = 4815. The loadings are (a) M/R = 0.0017 and (b) M/R = 0.0024. 
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Comparisons between the “pressurized” plastic and glass experiments 
also suggest a minimal effect of scale in the upper riser (Fig. 6). However, at 
the base, pressurized units of larger scale appear to exhibit a slightly shorter 
acceleration region, particularly at high loadings. Curiously, Chang and 
Louge (1992) reported the opposite trend in “atmospheric” simulations. In 
their experiments, suspensions of metal grit simulating a large riser produced 
a taller acceleration region than suspensions of glass or plastic powders, 
which represented smaller units. 

z † 

0.5 

L=1315,M/R=0.0021 A 
L=2030,M/R=0.0021 D 
L=1315,M/R=0.0079 A 

L=2030,M/R=0.0077 D 

0.5 p† 1.5 

1 H 

z † 

0.5 

p† 
0.4 0.8 

Fig. 6. Effects of scale in “pressurized” simulations with R = 600 and Ar » 360. 
The triangles and squares represent experiments with plastic and glass 
powders at L = 1315 (“small PECG”) and 2030 (“large PECG”), 
respectively. Conditions are (a) Fr » 130, M/R = 0.0021 (open symbols), 
M/R » 0.0078 (solid symbols) and (b) Fr » 102, M/R » 0.0016 (open 
symbols), M/R = 0.0043 (solid symbols). 

Finally, to study the effects of Ar alone, we compared simulations of 
the “large” PECG with “Archimedes tests” involving plastic grit under the 
same operating conditions. By adjusting the balance of air and SF6, the two 
experiments achieved the same density ratio. In addition, because they 
employed two powders of similar size, these experiments simulated risers of 
nearly identical scale. Thus, they differed primarily by widely unequal 
Archimedes numbers (Table 1). As Fig. 7 illustrates, we found that this 
difference did not affect vertical pressure profiles in the upper riser over a 
wide range of conditions. 
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Fig. 7. Effects of Archimedes number in “pressurized” simulations with 
R = 600, Fr = 102 and M/R = 0.0043. The circles represent experiments 
with plastic grit at L = 2092 and Ar = 95 (“Archimedes tests”). The 
squares are glass beads with L = 2029 and Ar = 350 (“large PECG”). 

6. Analysis 

Our observations of the relative insensitivity of the pressure gradient 
to Ar, Fr and L in the upper riser suggest a simple interpretation. We begin 
with the time-average momentum balances of Anderson and Jackson (1967). 
For the gas phase, 

Dui 
K Dt ax (T

ij) 
dp 
Oxi psgi - Fi (6) 

where s is the voidage, p is the gas pressure, Tij is the gas stress tensor 
including terms arising from a Reynolds decomposition, Fi is the volumetric 
drag force exerted by the gas on the solids, gi is the component of gravity 
along the interstitial gas velocity Ui or the particle velocity Vi, and 
D/Dt=d/dt+Uid/dxi. For the solid phase, 

Ps(l-s) 
Dvi d dp 

(Sij) - (1-s) - ps(1-s)gi + Fi Dt Oxj (Sij 
(7) 

where Sij is the solid phase stress tensor. For simplicity, we assume that the 
flow is fully-developed, axisymmetric and steady in the upper riser. In this 
case, the convective terms vanish and Eqs. (6) and (7) reduce to a balance of 
volumetric forces. For the gas, 

1 

0 
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dp 1d(r t ) 
- e = reg + F - (8) dz r d r 

and for the solids, 

dp 1d(rS) 
- (1-e) = rs(1-e)g - F - , (9) dz r d r 

where z and r are the upward vertical and radial coordinates, respectively. 
Note that, because the convective terms vanish, the gas density appears only 
in the relatively small term arising from the gas weight and implicitly in the 
drag. 

In order to interpret static pressure measurement, we define the cross-
sectional averaging of any hydrodynamic property of interest Y as, 

D/2 
2 Y 2p r dr, (10) 

pD 0 

_ . 4 D/2 
Upon adding Eqs. (8) and (9) and averaging, 

dp 4 
- -- = [rs(1-e)+re]g - ( S + t ) , (11) dz D w w 

where S w and t w are shear stresses exerted by the wall on the solid and gas 
phases, respectively. In general, these stresses must not vanish. Adding Eqs. 
(8) and (9) and subtracting Eq. (11) yields 

4 1d[r(S+t)] 
- -

[rs(1-e)+re]g - (S + t ) = [rs(1-e)+re]g - . (12) 
D w w r dr 

Therefore, if S and t vanished, then the voidage would not exhibit radial -variations, e=e, which is contradicted by experimental evidence of radial 
voidage profiles, see for example Horio (1997). Nevertheless, because they 
decrease with D, the contributions of the shear stresses to the pressure drop 
become negligible in relatively large risers. Thus, for simplicity, we ignore 
them in our analysis and recover the familiar expression for the gas pressure 
gradient 

dp - -- = [rs(1-e)+re]g. (13) dz 

Upon averaging the gas momentum Eq., we obtain 
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- d p - -- e = reg + F (14) 
dz . 

Eliminating the pressure gradient with Eq. (13), we find 

- - -
e(1-e) g(r s-r) = F . (15) 
It remains to describe the volumetric drag. At any radial position, it is 
proportional to the solid volume fraction and the local relative velocity 
between the two phases, 

rs F = (1-e) (u -v ) , (16) 
T 

where u and v are the interstitial gas and particle velocities, respectively, and 
T is the particle relaxation time defined in terms of the drag force on one 
particle by 

rs 3 r 
= C d u s l i p , (17) 

T 4d 
where C d and u s l i p are, respectively, the drag coefficient and mean slip 
velocity experienced by a particle in the presence of its neighbors and d is its 
diameter. 

We introduce several simplifications to evaluate the average drag 
force. Following Chang and Louge (1992), we equate the particle diameter d to 
the product of the particle sphericity and mean Sauter diameter, d= fd s . Then, 
as Littman et al (1993) proposed, a balance of weight and drag similar to that 
involved in calculating the terminal velocity suggests a relation between the 
drag coefficient and the slip velocity, 

1 2 1 
2 r u2

sl ip C d = 3 r s g d (1-R) . (18) 

Crucially, we further assume that u s l i p scales with the superficial gas velocity 
through a slip coefficient l to be determined, 

u s l i p = l u (19) 

and that both l and T are uniform across the riser. We will later discuss the 
significance of these assumptions in the light of our results. 
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Eliminating the velocities with definitions of u = us and 

G = p s v (1s) , the average volumetric drag becomes 

Ps M 
T 

u [(a/s) - (1 + T ) ] R (20) 

where a = s u / u s captures spatial correlations between the radial profiles 
of interstitial gas velocity and voidage. Finally, combining Eqs. (17) through 
(19) and substituting the resulting expression for T in Eqs. (15) and (20), the 
force balance yields 

1 - s(1 + T ) = 1 S (1-S) - (a - 1). 
R 

(21) 

0.03 

0.02 

0.01 

0.02 

s2(1-s) 

0.04 

Fig. 8. Plot of 1- - (1+ M/R) versus - 2 (1- - ) for the “atmospheric” simulations of 
Chang and Louge (1992) with R « 4800. The triangles represent 
experiments with L = 1214 and Ar « 48 (“small ACFB”); the squares are 
L = 1806 and Ar « 49 (“large ACFB”). The best least-squares fit is 
X = 0.872±0.007 and (a-1) = 0.00045±0.00013. 

0 
0 
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We note that a is a quantity slightly larger than unity. For example, if 
the profiles of interstitial gas velocity and voidage were parabolic, then a 

-straightforward integration would yield a = (4 - ew /e ) /3 , where ew is the wall 
-voidage. In this case, because in general e > ew, it follows that a > 1. 

Similarly, because at close packing ew cannot be lower than approximately 
-40%, while e cannot exceed unity, an upper bound for a is 1.2. 

0.02 

0.01 

0.01 0.02 

e2(1-e) 
0.03 

- - 2 -Fig. 9. Plot of 1- e(1+ M/R) versus e (1-e) for the “pressurized” simulations 
with R = 600. The squares represent L = 2029 and Ar = 356 (“large 
PECG”); the triangles are L = 1315 and Ar = 370 (“small PECG”); the 
circles are L = 2092 and Ar = 95 (“Archimedes tests”). The best least-
squares fit is l = 0.700±0.018 and (a-1) = 0.00111±0.00018. 

We invoke data from a wide range of conditions to gauge the merit of 
the approach leading to Eq. (21). In addition to our own results and those of 
Chang and Louge (1992), we resurrect data from Louge, Lischer and Chang 
(1990) for FCC catalyst fluidized in air and we borrow from Wang, Rhodes and 
Gibbs (1995), who reported solid volume fractions in the upper riser of an 
atmospheric CFB operated at temperatures of 20, 270 and 550°C. The 
corresponding conditions are summarized in Table 1. As Figs. 8 through 11 

- - 2 -clearly show, experimental plots of 1- e(1+ M/R) against e (1-e) consist of 
single straight lines of slope and intercept independent of M/R. Therefore, 
Eq. (21) captures the dependence of the cross-sectional average solid volume 

0 

0 
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fraction on M / R in a simple way, despite considerable variations of that 
quantity. 

0.04 

0.02 -

0 0.02 0.04 
s2(l-s) 

0.06 

- - 2 -
Fig. 10. Plot of 1- e(1+ M/R) versus e (1-e) for FCC catalyst with Ar » 3.7 and 

L » 4610 (estimates based on f = 0.7) and R = 1140. The best least-

squares fit is l = 0.784±0.056 and (a-1) = 0.0002±0.0021. 
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Fig. 11. Plot of 1- e(1+ M/R) versus e (1-e) for the data of Wang, Rhodes and 

Gibbs (1995). The lines are the corresponding least-squares fits to the 
data. For temperatures of 20° and 270°, we find l = 0.625 and 0.461, 
and (a-1) = 0 and 7 10 -6, respectively. At 550°C, we find l = 0.392, 0.335 
and 0.281, and (a-1) = 4 10-6, 2 10 -5 and 3 10 -5 for Fr = 87, 122 and 174, 
respectively. 
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Fig. 12. Predicted versus measured solid volume fractions in the upper riser. 
Predictions are obtained by inverting Eq. (21) and using the least-
squares fits of l and a found in Figs. 8 to 11. The abscissa is inferred 
from the measured pressure gradient using Eq. (13). 

The significance of l and a is further illustrated by inverting Eq. (21). 
As Fig. (12) shows, the knowledge of these parameters for each category of 
experiments permits us to predict the average solid volume fraction in the 
upper riser from the measured solid loading M. Note that values of a are 
generally small. However, assuming a = 0 can lead to large relative errors in 

-predicting (1-e) under dilute conditions. In the next section, we investigate 
how l varies with Fr, Ar and R. 

7. Flow Regimes of the Upper Riser 

The slip coefficient l varies widely among the tests summarized in 
Table 1. In this section, we argue that these tests belong to two limiting flow 
regimes with different dependence of l on the dimensionless parameters 
characterizing the suspension. Combining Eqs. (1), (18) and (19), we obtain 

4 (R - 1) l 2 = . (22 
3 2 

C d Fr 
Therefore, in this simple treatment, the slip coefficient is largely determined 
by the behavior of C d . We now focus upon the flow structures that influence 
the mean drag. 
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Particle clusters are a ubiquitous feature of CFB risers. Horio (1997) 
discussed their significance and visualized their behavior. Because they 
involve a majority of solids and because their particle concentration is much 
higher than the surrounding suspension, the clusters dominate the average 
of any quantity proportional to the solid volume fraction. As a result, the 
drag that they experience likely governs the mean momentum exchange 
between the two phases and, consequently, the average gas pressure gradient 
that we measured. 

In this context, our assumption of a constant mean slip across the riser 
is compatible with the presence of radial profiles of average quantities such as 
the mean solid flux and volume fraction. It is possible that, on average, each 
cluster exhibits a characteristic slip velocity roughly independent of radial 
position. In this case, the radial profiles of mean solid flux and volume 
fraction would merely derive from radial variations in the cluster 
population. 

As Figs. 8 to 11 clearly demonstrate, l is remarkably independent of the 
average solid loading. If the flow consisted of a homogeneous suspension of 
particles exchanging momentum with the surrounding gas, then the drag 
force would vary with the average distance between neighboring particles 
(Foscolo and Gibilaro, 1984). In that case, the loading would affect the slip 
coefficient appreciably. Instead, particles appear to congregate in clusters that 
become more numerous as loading grows without changing their basic 
momentum interaction with the surrounding flow. 

As Yerushalmi and Cankurt (1979) pointed out, the presence of clusters 
effectively reduces the mean drag experienced by solid particles. Within an 
individual cluster, the largest slip likely occurs at the periphery. Because 
particles in the cluster’s interior entrain the surrounding gas at nearly the 
same velocity, they possess a much smaller slip. In this model, the only 
appreciable drag is experienced by particles distributed over a region a few 
particle diameters thick at the cluster’s periphery. There, an estimate of the 
mean strain rate is 

g ~ u s l i p / d . (23) 

The ability of clusters to follow changes in the surrounding gas velocity 
fluctuations diminishes with increasing values of a Stokes number that is the 
product of the mean strain rate and the particle relaxation time, 

St = g T ; (24) 

or, in terms of the drag coefficient, 
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4 R 
St = . (25) 

3 

C d 

Combining Eqs. (22) and (25), the slip coefficient is yjSt I 1 yjSt 
X ~ F \ l 1-T7 ~ ^ . (26) 

r v R Fr 
We expect two asymptotic limits in the drag coefficient. In the first, 

viscous forces dominate. By analogy with a single particle, we assume that 
the resulting drag coefficient is inversely proportional to the slip Reynolds 
number. 

Cd ~ 24/Reslip , (27) 

where the superscript denotes the viscous limit and 

u slip P d 
Reslip = , (28) 

µ 
or, equivalently, 

Reslip = ; v F r ' \ / R . (29) 

In this viscous limit, the Stokes number is of order 

0 R Ar 1 R Ar 
St ~ (1- ~ (30) 

2 R) 2 
18 18 

Because the momentum interaction between gas and solids involves groups 
of particles, we do not expect that the numerical factors in Eqs. (27) and (30) 
are accurate. However, the trends embodied in these simple Eqs. are 
instructive. 

Gas inertia dominates the other asymptotic limit. For simplicity, we 
assume that the corresponding drag coefficient is constant, 

Cd ~ Cd, (31) 

where the superscript denotes the inertial limit. Then, the slip coefficient 
depends mainly upon the density ratio; from Eq. (22), 
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Fig. 13. Values of Re s l i p and R for the experiments summarized in Table 1. 
The bars represent excursions in Re s l i p resulting from variations of Fr 
and the numbers show the average Stokes number for each series of 
tests. 

By locating each series of experiments in the (R, Re s l i p) plane, Fig. 13 
permits us to identify the regime of each experiment. There, we calculate 
Re s l i p from Eq. (29) and estimate the Stokes number using 

St ~ Std/(1+0.15 Resli ) (33) 

where the expression in parentheses captures effects of gas inertia for an 
isolated particle with Re s l i p < 800 (Clift, Grace and Weber, 1978). 

Wang, Rhodes and Gibbs (1995) argued that their flows were chiefly 
affected by the gas viscosity. In their experiments, they observed decreasing 
solid volume fractions as the gas temperature was raised between 20°C and 
550°C. They argued that, at fixed values of u and G, the decrease in solid 
volume fraction indicated a smaller mean relative velocity between the two 
phases and, consequently, a larger drag. Because greater temperatures 
produce smaller gas densities and greater viscosities, and because the drag 
grows monotonically with these two parameters, they concluded that the 
increasing drag could only be attributed to changes in the viscosity. Because 
our ACFB simulations and the experiments of Wang, Rhodes and Gibbs 
exhibit small values of Re s l i p , we expect that they both belong to the viscous 
limit. 

0 
0 
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Fig. 14. Variations of X in the viscous limit. Symbols are found in Figs. 11 
and 13. The horizontal bar represents the range of superficial 
velocities in the “atmospheric” simulations. The line is a best fit 
proportional to yjSt. 

As Fig. 14 shows, the corresponding dependence of X upon \JSt is 
qualitatively captured by Eq. (26). However, that Eq. clearly exaggerates the 
Froude number’s role. In fact, at the high Stokes of our ACFB experiments, X 
is insensitive to Fr. In the experiments of Wang, Rhodes and Gibbs (1995) at 
550°C, the Stokes number is lower, while X displays a relatively weak 
dependence of order Fr -0.5. These observations suggest that high Stokes 
numbers limit the effects of the superficial gas velocity upon the mean cluster 
drag in a similar way that they inhibit the response of a single particle to gas 
velocity fluctuations. In addition, Eq. (26) always underpredicts the measured 
values of X, thus confirming that the mean drag coefficient of the suspension 
is much smaller than that of an individual particle. 

Because they exhibit greater values of Reslip, the PECG simulations and 
“Archimedes tests” are likely dominated by gas inertia. In fact, our 
measurements of X under “pressurized” conditions are quite insensitive to 
the Stokes number, as Eq. (32) suggests. Curiously, despite relatively low 
Reynolds numbers, the slip coefficient of the FCC experiments fails to 
conform to the trends of the viscous limit in Fig. 14. Instead, when this 
coefficient is plotted along with its counterpart from the “pressurized” 
simulations, its dependence on R is consistent with the predictions of the 
inertial limit. Because the FCC experiments share a relatively low density 

1 

0 
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ratio with the PECG simulations, this suggests that, in addition to the slip 
Reynolds number, R also plays a role in determining the flow regime. An 
alternate explanation is that surface forces inherent to the FCC powder may 
have caused its clusters to exhibit a peculiar cohesion that the other, larger 
solids in Table 1 would not possess. Further research is needed to resolve this 
paradox. 

8. The Scaling of Cluster Velocity at the Wall 

Recent models of heat transfer to the wall of circulating fluidized bed 
risers have underlined the central role played by particle clusters (Lints and 
Glicksman, 1993). In this flow regime, the suspension consists of an 
ascending dilute core surrounded by a descending annulus near the wall. In 
the annulus, the suspension partly condenses into denser clusters separated 
from the wall by a thin gas film of order the mean particle diameter 
(Glicksman, 1997). The clusters generally dominate the convective heat 
exchange with the wall because of their relatively high solid volume fractions 
and heat capacity. Accordingly, Lints and Glicksman (1993) suggested that the 
rate of heat transfer to the wall scales with the mean time spent by individual 
clusters there. They calculated this transit time from the average descending 
cluster velocity and the mean contact length with the wall. 

Although descending cluster velocities are reported in several studies, 
their scaling with riser conditions and suspension parameters has remained 
unclear. For simplicity, Lints and Glicksman (1993) assumed that cluster 
velocity is constant in order to calculate the cluster contact time with the wall, 
while Glicksman (1997) scaled the cluster residence time using the superficial 
gas velocity. Our inspection of earlier studies implies a different scaling. 

Table 2 summarizes descending cluster velocities recorded by several 
authors under a wide variety of flow conditions. The data are collected 
primarily in the upper region of the riser where the flow is likely to be fully-
developed. We exclude data recorded in the bottom acceleration zone or 
under unusual circumstances. For example, we do not consider the 
descending wall velocities of single clusters injected in an otherwise empty 
tube (Glicksman, 1988). Although these velocities have similar magnitudes 
to those observed in a more conventional riser suspension, such a flow with 
negligible vertical pressure gradient is not likely governed by similar physics. 
Perhaps as a consequence, cluster velocities in that unusual flow are 
relatively independent of particle size. 

- 25 -



Fig. 15. Suggested scaling of descending cluster velocity at the wall with 
particle diameter and gravitational acceleration. The symbols are data 
from the investigators shown; the line is Ucl ~ 36\/gd. 

The cluster velocities in Table 2 span a range of approximately a factor 
of two. As Fig. 15 indicates, they appear to scale with the square root of the 
particle diameter and the gravitational acceleration, Ucl ~ 36 yjgd. This trend 
is remarkably robust, considering the broad variations in solid flux, 
superficial gas velocity, riser diameter, riser geometry and solid density 
among those experiments. The measurements of Glicksman and Noymer 
(1996) and Wu, et al (1991) confirm that the cluster velocity is relatively 
insensitive to the solid flux and superficial gas velocity. The high 
temperature tests of Golriz and Leckner (1992) further suggest that the gas 
density and viscosity also fail to influence the trend. 

Rhodes, Mineo and Hirama (1992) exploit the high temporal and 
spatial resolution of a high-speed video camera to distinguish two families of 
clusters. The first consists of occasional, relatively slow strands in close 
proximity or contact with the wall. The second is a more prominent bulk 
downflow slightly farther from the wall; it exhibits a faster velocity in 
agreement with the trends summarized in Table 2. Because the other authors 
do not distinguish between the two families, their measurements are likely 
dominated by the uninterrupted, faster bulk downflow. Remarkably, the 
downward velocity of neither class appears to be affected by the superficial gas 
velocity or overall solid flux. The velocity difference between the two classes 
may reflect the downward shearing of the particle phase at the wall. For 
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completeness, Table 2 provides cluster velocities measured by Rhodes, Mineo 
and Hirama for both classes. 

Because the cluster velocity is seemingly unaffected by overall flow 
conditions, it is likely that it is set by a local force balance at the wall. Its 
apparent insensitivity to the properties and velocity of the gas further 
suggests that interactions in the particle phase dominate the balance. In this 
case, the only parameters relevant to the velocity scaling would include the 
material density and mean diameter of the particles, the gravitational 
acceleration and, if the particles are engaged in collisional interactions, the 
parameters characterizing the impacts. Because in this formulation the 
particle material density is the only parameter involving mass, it cannot 
appear in the velocity scaling. In addition, because collisional parameters 
often belong to a relatively narrow range of values (Massah, et al, 1995; 
Lorenz, Tuozzolo and Louge, 1997), we expect that cluster velocities from a 
wide range of experiments would indeed scale as Vgd. 

9. Conclusions 

In this work, we have investigated the fluid dynamics of pressurized, 
entrained coal gasifiers (PECG) by recording vertical profiles of static gas 
pressure in a facility capable of matching conditions in a typical industrial 
power plant. Comparisons with traditional atmospheric circulating fluidized 
beds (ACFBs) have shown that 

• at the same superficial gas velocity and solids flux, PECGs exhibit a much 
shorter acceleration region than ACFBs. Therefore, to characterize the 
behavior of PECGs, it is generally sufficient to study the flow in the upper 
riser, where the flow is nearly fully-developed. 

• In the upper riser of ACFBs and PECGs, the dependence of the cross-
sectional average solid volume fraction upon solid loading is captured by a 
simple expression that features two parameters independent of the loading. 
The first is the ratio l of the mean particle slip and superficial gas 
velocities. The second represents spatial correlations between the radial 
profiles of interstitial gas velocity and voidage. 

• Our experiments show that l is a weak function of the dimensionless scale 
of the unit and the Froude number. 

• Variations of l with other dimensionless parameters indicate that the 
ACFB and PECG experiments conform to distinct viscous and inertial 
regimes. In the viscous regime, l increase as the square root of a Stokes 
number based upon the mean cluster strain rate and the particle relaxation 
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time. The dependence of l upon superficial gas velocity is weaker at 
increasing values of the Stokes number. In the inertial regime, l is 
reckoned to grow with the ratio of the solid and gas densities. Its 
dependence on superficial gas velocity is weak. 

• The descending cluster velocity at the wall scales with the square root of the 
particle diameter and the gravitational acceleration. This observation 
suggest that, at the wall, forces among particles are more crucial than 
interactions with the gas. 

10. Summary of accomplishments 

In 1993, we proposed a program to elucidate the behavior of 
pressurized entrained coal gasifiers in cooperation with Air Products and 
Chemicals and Foster Wheeler. This program included three main 
objectives: (1) to perform experiments aimed at comparing atmospheric and 
pressurized entrained risers; (2) to study their scale-up; and (3) to interact 
with industry in the context of these activities. The results of this program 
have generally exceeded our original expectations. We summarize these 
accomplishments in this section. 

(1) The experiments and corresponding analyses have led to the 
technical conclusions of the previous section. 

(2) Three Ph.D. candidates have been trained in the course of this 
project. They are Stéphane Martin-Letellier, Vincent Bricout and A. Elizabeth 
Griffith. 

(3) The following publications have acknowledged support from this 
grant: 

• M.Y. Louge, V. Bricout and S. Martin-Letellier: “On the dynamics of 
pressurized and atmospheric circulating fluidized bed risers,” Chem. Eng. 
Sci., in preparation (1997). 

• A.E. Griffith and M. Louge: “The Scaling of Cluster Velocity at the Wall of 
Circulating Fluidized Bed Risers,” Chem. Eng. Sci. , in press (1997). 

• Martin-Letellier S. and Louge M.: “The Hydrodynamic Behavior of 
Pressurized Circulating Fluidized Beds,” in Gas-Particle Flows, FED-Vol 228, 
ASME (1995), pp. 169-174. 

• Martin-Letellier S. and Louge M.Y.: “The role of gas density in circulating 
fluidized bed risers,” Fluidization and Fluid Particle Systems, Arastoopour 
H., ed, AIChE (1995), pp. 122-127. 
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(4) This work was presented in the following talks acknowledging DOE 
support: 

• “Circulating Fluidized Bed Research at Cornell,” Annual Meeting of the 
International Fine Particle Research Institute, Osaka, June 9, 1997, 
contributed. 

• “Particulate Research at Cornell,” invited department seminar, New Jersey 
Institute of Technology, Department of Mechanical Engineering, November 
29, 1995. 

• “Hydrodynamic Behavior of Circulating Fluidized Beds,” ASME/JSME 
conference, Hilton Head, SC, August 16, 1995, invited lecture. 

• “Circulating Fluidization Research at Cornell,” invited lecture, Annual 
Meeting of the International Fine Particle Research Institute, University of 
Illinois at Urbana-Champaign, June 12, 1995. 

• “Particulate Research at Cornell,” invited department seminar, University 
of Minnesota, Department of Aerospace Engineering and Mechanics, May 5, 
1995. 

• “The Role of Gas Density in Circulating Fluidized Bed Risers”, AIChE 
Meeting, Miami Beach, FL, November 13, 1995. 

• “The Role of Gas Density in Circulating Fluidization,” invited seminar, Air 
Products and Chemicals, Allentown, PA, October 17, 1995. 

• “Circulating fluidized bed similarity - effect of riser size and gas density”, 
AIChE Winter Annual Meeting, San Francisco, November 18, 1994, 
impromptu presentation. 

• “Circulating Fluidized Bed Scale-up”, invited presentation, Électricité de 
France, Chatou, August 9, 1994. 

• “Particulate Research at Cornell,” invited lecture, Dow Corning Corp., 
Carrollton, KY, June 2, 1994. 

• “Hydrodynamics of Entrained Coal Gasifiers,” invited lecture, Foster 
Wheeler Development Corporation, Livingston, NJ, October 12, 1993. 

• “Hydrodynamics of Entrained Coal Gasifiers,” Air Products and Chemicals, 
Allentown, PA, invited seminar, October 5, 1993. 

• “Particulate Research at Cornell,” invited department seminar, University 
of Pittsburgh, Chemical and Petroleum Engineering Department, September 
24, 1993. 
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