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CFB Configuration Focus on Riser Outlet
Effect on riser P-profile 

φ=0.3 m

φ=0.25 m

H=
15

.3
 m

  
Φ= 0.3 m

h

0

2

4

6

8

10

12

14

16

18

0 500 1000 1500 2000 2500 3000 3500

Ri
se

r H
ei

gh
t, 

m

Pressure, Pa

12.7 cm

0 cm



3National Energy 
Technology Laboratory

Literature on Riser End effects

Author Riser cross section Riser 
height 

(m)

Gs (kg/m2s)  
&

Ug (m/s)

Material & 
density 
(kg/m3)

Particle 
size (mm)

Exit shape
Diame
ter (m)

Rectangular 
(m x m)

Brereton & 
Grace [3] 0.152 NA 9.3 9 to 116 &

3.7 to 9.2
Sand 2650 148 Abrupt Ts, 

rounded L
Harris et 

al. [4] 0.15 NA 0.83 1 to 5.5
& 1.3 FCC 1700 48 Mitered L, 

rounded L

Pugsley et 
al. [5]

0.1 NA 6
10 to 45

&
4 to 6

Sand 2500 220 Mitered L, 
rounded LFCC 2200 71

.2 NA 12
Sand 2500 230 Mitered L, 

rounded LFCC 1500 80

Jin et al. 
[6] .140 NA 11

30 to 180
&

1.3 to 10

FCC 1545 59

Abrupt T, angled L
Silica-gel 711 165

Silica-gel 706 80

Sand 2672 37

Senior [7] 0.152 NA 9.3
20 & 60

&
6.5 & 9.0

Glass beads 
2470

230

Abrupt T,
rounded L

218
233

Sand 2600 160

Sand 3220 177

Sand 4420 148

• Exit geometry has a 
clear effect on riser 
solids concentration 
profiles.

• The extent of exit 
effects can be related 
to riser diameter and 
particle terminal 
velocity.

• Smooth and abrupt 
exits
– Abrupt exits reflect 

particles back downwards 
along the riser walls. 

– smooth exits allow most 
up-flowing particles to exit 
riser.
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Literature on Riser End effects

Author Riser cross section Riser 
height 

(m)

Gs (kg/m2s)  &
Ug (m/s)

Material & 
density 
(kg/m3)

Particle 
size 

(mm)

Exit shape
Diameter 

(m)
Rectangula
r (m x m)

Zheng & 
Zhang [8] 0.102 NA 5.25

4 to 13
&

5.2 to 6.2

Resin
1400 550 Abrupt T,

mitered L, angled L

Zhang et 
al. [9] NA 0.316 x .08 4

13 to 16 
&

4.4 to 5

Sand
2600 175, 350

Abrupt T with varied 
heights,

mitered L, angled L

Fan et al. 
[10] 0.102 NA 5.25

4.2 to 10.3
&

5.14

Resin
1400 500 Abrupt T,

mitered L, angled L

Monazam 
et al.

[11-12]
0.3 NA 15

6.9 to 12.8
&

6.4

Cork
189 812

Abrupt T
19 to 77

&
5.35

Coke
1250 1250

43 to 282
&

7.7

Glass 
beads
2550

60

Current 
Study 0.3 NA 15

18.4 to 163
&

4.35 to 7.7

Glass 
Beads
2550

66

Abrupt T with 
movable plunger47.2

&
6.85

Coke
1250 143

• Solids back-mixing 
and length of exit 
effects decrease 
with increasing gas 
velocity.

• For a T-shaped exit 
geometry, the 
cavity between 
riser roof and exit 
stimulates internal 
recirculation of 
particles, resulting 
in increased bed 
density, decreased 
solids flux, and 
visual observation 
of cluster 
formation.
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• 16 m height
• 0.3 m diameter riser
• 0.25 m diameter standpipe
• Some sections acrylic and 

some carbon steel
• Humidified riser air
• L-valve with sparger

aeration along length
• Aeration at discrete points 

along standpipe
• Various ports allowing 

probe insertion (3/4” NPT)
NETL CFCFB test facility

Fourth floor

Ground floor

Third floor

Cold Flow Circulating Fluidized Bed (CFCFB)  Facility

Presenter
Presentation Notes
Indicate ports:
Solids circulation rates – 10 to 150 klb/hr
Riser air – 10 to 100 kscfh
Solids characteristics: 900 µm, 0.867 g/cc, phosphorescent polyethylene beads
                              Glass beads 60 and 200 um
                               Cork
                               Coke
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Pressure tap locations on the CFCFBTypical pressure plot from the CFCFB

Pressure measurements @ 1 sample/s
Also averaged for 30 s and 5 min intervals

Low Frequency ΔP measurements

Riser ΔP @ 21 locations
Standpipe ΔP @ 9 locations
Other  ΔP measurements :

Crossover
L-valve
Cyclone

Presenter
Presentation Notes
Pressure loop is computed by subtracting the individual dP’s from the total pressure drop in the riser
And adding the dP’s up the standpipe. When the circled points coincide then the loop is balanced
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Spiral vane inserted in standpipe
Measured parameter:

Pulse/second

Constant parameters:

Area = 0.545 ft2

Length/Θ = 1.02 ft/180°

Θ/pulses = 360°/128

ρbulk = 35 lb/ft3
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Solids circulation measurements 

Developed at NETL

Presenter
Presentation Notes
Variations in solids velocity indicated by spiral output signal.  Abrupt change caused by change in aeration flows/move air
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Granular Materials - Test Matrix

Material Coke Glass Beads
P (kPa) 109.7 to 116.7 102 to 140
(ρs-ρg)/ρg 1015 to 1079 1275 to 1643
ρg (kg/m3) 1.30 to 21.38 1.48 to 1.90
Re 66 to 86 85 to 152
Fr 9.5 to 15.8 6.2 to 19.8
Gs/Gg 5.5 to 11.0 1.1 to 20.4
Configuration Loop seal L-valve
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s

Ug, m/s

Glass Beads
Data Set 1
Glass Beads
Data Set 2

Material Coke Glass 
Beads

Density 
(kg/m3) 1250 2550

Particle 
Size (mm) 230 68

Sphericity 0.85 0.90
Utr1 2.35 1.69
Utr2 4.28 3.52

D/dp 1325 5000
Ar 608 868

Geldart
Group B A
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Hydrodynamics in Transport Regime

The hydrodynamics were analyzed from data taken 
above the transport velocity for a wide range of 
operating conditions.

• The riser generally includes three distinct 
regions:

1) Acceleration zone where the solids accelerate upon 
entry into the riser and gas & solids are  poorly 
distributed.

2) Fully developed flow zone where the gas and solids 
distribution reach some steady state (constant void along 
this length of the riser).

3) Deceleration or exit zone for CFB units equipped with 
an abrupt exit at the top of the riser.

• The three sections of the riser were analyzed 
individually determining average voidage, 
pressure drops, and solid inventory as a function 
of axial location.
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Data Analysis: Riser End Effects

• Voidage is inferred from pressure profile.

• Change in apparent voidage exponentially decays from Fully 
Developed region

• Integrating directly 

Monazam et al. (2016) Riser end-effects, submitted to Powder Technology

Monazam and Shadle (2008) Ind. Eng. Chem. Res., 47;  p. 8423-8429.
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Riser axial voidage varies with solids flux
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Effect of Length of Dead End Tee
Ug= 6.85 and ms= 3.45 kg/s. coke
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• Due to particle degradation, only 5 tests were conducted using Coke.
• All tests exhibited the “reverse-C” shape, as seen with the glass beads.
• Average voidage decreased when projected roof height changed from 0 cm to 

15.25 cm above riser exit.
• Little to no appreciable change in voidage between projected roof heights of 

15.25 cm and 30.5 cm.

h=0 cm  PARTICLE 
ATTRITION !!!
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Effect of Riser Exit Geometry on
Axial Voidage Profile (glass beads)

• No appreciable effect of plunger position at higher solids flux rates - Only at lower 
solids fluxes

• As Ug, increases: 1) Maximum value solid fraction decreases, 2) Length of end effects 
decreased, 3) Height of minimum solids fraction relatively unchanged.
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Effect of the Length of the Dead End Tee

• Low solids flux cases 
exhibit little change in 
exit voidage.

• As solids flux increases, 
exit voidage decreases.

• In most cases, for a given 
solids flux, exit voidage
decreases with increasing 
gas velocity.

• In each case, exit voidage
reaches a minimum value 
at a given plunger height, 
above which there is little 
to no change in voidage.
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Adding correction for Riser Exit Geometry

Monazam et al. (2006)
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• No  correction for variation in the 
projected height in dead end Tee 

• Over-predictions of riser exit voidage.

• Correction for the dimensionless 
dead end height

• Results in close match between 
experiments and model predictions, 
including those published by Zhang et 
al. (2013).
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Estimation of Height of Minimum Exit 
Voidage
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• Observed that there is a height at which the 
riser exit voidage asymptotically reaches a 
minimum value.

• This minimum height was obtained for each of 
the experiments to develop the following.

The predictions match well, with 98.7% of the variance 
explained (R2)
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Summary

• Investigated the Riser End effect in industrial scale CFB
• Observed dramatic particle attrition on particles when using 

an abrupt exit without cavity above riser outlet.
• Confirmed literature trends of reduced solids reflux into riser 

with shorter cavity above riser outlet.
• The Length of the effected region of the riser remained 

unchanged by the size of the cavity above the outlet.
• The exit voidage exponentially decreased and a correction 

for the effect was developed:

• The height required for the riser outlet was directly 
proportional to the load ratio, ie.:









−= 25.0' )(0.0301.1

C
exit D

h
exit

εε

25.05.0

min 215.0
−



















=

t

g

gg

s

c U
U

U
G

D
h

ρ



18National Energy 
Technology Laboratory

References
1. Wen, C. Y., Chen, L. H., 1983. Flow modeling of fluidized beds, in: N.P. Cheremisinoff, R. Gupta (Eds.), The Handbook of Fluids 

in Motion, Ann Arbor, Michigan, 665-714.
2. Grace, J. R., 1996. Riser geometry influence on CFB particle and fluid dynamics. in Fifth International Conference on Circulating 

Fluidized Bed Technology. Beijing, China, PL2 1-16.
3. Brereton, C. M. H., Grace, J. R., 1994. End effects in circulating fluidized bed hydrodynamics, in: A. A. Avidan (Eds). Circulating 

Fluidized Bed Technology IV, Hidden Valley, PA., 137-144.
4. Harris, A. T., Davidson, J. F., Thorpe, R. B., 2003. Influence of exit geometry in circulating fluidized-bed risers. AIChE J. 49, 52-

64.
5. Pugsley, T., Lapointe, D., Hirschberg, B., Werther, J., 1997. Exit effects in circulating fluidized beds riser. Can. J. Chem. Eng. 75, 

1001-1010
6. Jin, Y., Yu, C., Qi, C., Bai, D., 1988. The influence of exit structures on the axial distribution of voidage in a fast fluidized bed. In: 

M. Kwauk, D. Kunii (Eds.) Fluidization 88, Science and Technology, Science Press, Beijing, 165-173.
7. Senior, R. C., 1992. Circulating fluidized bed fluid and particle mechanics: Modeling and experimental studies with application to 

combustion. PhD Thesis, University of British Columbia, Vancouver, Canada.
8. Zheng, Q., Zhang, H., 1994. Experimental study of the effect of bed exits with different geometric structure on internal recycling 

of bed material in CFB boilers. In: A. A. Avidan (Eds). Circulating Fluidized Bed Technology IV, Hidden Valley, PA., 145-151.
9. Zhang, R., Yang, H., Wu, Y., Zhang, H., Lu, J., 2013. Experimental study of exit effect on gas–solid flow and heat transfer inside 

CFB risers, Experimental Thermal and Fluid Science 51, 291-296. 
10. Fan, B., Zhang, J., Qiao, X., Jin, Y., 2013. Experimental study on the effect of exit geometric configurations on hydrodynamics in 

CFB, Research Journal of Applied Sciences, Engineering and Technology, 5, 5465-5468.
11. Monazam, E.R., Breault, R.W., Shadle, L.J., 2016, Pressire and apparent voidage profiles for riser with an abrubt exit (T-shape) in a 

CFB riser operating above fast fluidization regimes, Powder Technology, 291, 383-391.
12. Monazam, E.R., Shadle, L.J., 2008. Analysis of the acceleration region in a circulating fluidized bed riser operating above fast

fluidization velocities, Ind. Eng. Chem. Res., 47, 8423-8429.
13. Lim, K. S., Zhu, J. X., Grace, J. R., 1995. Hydrodynamics of gas-solid fluidization, Int. J. Multiphase Flow, 21(Suppl.), 141.
14. Monazam, E.R., Shadle, L.J., Mei, J., Spenik, J., 2005. Identification and characteristics of different flow regimes in a circulating 

fluidized bed, Powder Technology, 155, 17-25.
15. Louge, M., Change, H., 1990. Pressure and voidage gradients in vertical gas-solid risers, Powder Technology, 60, 197-201.



It’s All About a Clean, Affordable Energy Future
For More Information, Contact NETL

the ENERGY lab
Delivering Yesterday and Preparing for Tomorrow

National Energy 
Technology Laboratory 19

Co-authors: Ronald W. Breault, Esmail R. Monazam, Steve 
Rowan, and  Luke H. Macfarlan



Disclaimer
This report was prepared as an account of work sponsored by an agency of 

the United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 

implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately 

owned rights. Reference therein to any specific commercial product, process, 
or service by trade name, trademark, manufacturer, or otherwise does not 

necessarily constitute or imply its endorsement, recommendation, or favoring 
by the United States Government or any agency thereof. The views and 

opinions of authors expressed therein do not necessarily state or reflect those 
of the United States Government or any agency thereof.

This research was supported in part by an appointment to the 
National Energy Technology Laboratory Research Participation 
Program, sponsored by the U.S. Department of Energy and 
administered by the Oak Ridge Institute for Science and 
Education.


	Engineering Conferences International
	ECI Digital Archives
	5-23-2016

	The effect of riser end geometry on gas-solid hydrodynamics in a CFB riser operating above fast fluidization regimes
	Larry Shadle
	Recommended Citation


	Slide Number 1
	CFB Configuration Focus on Riser Outlet�Effect on riser P-profile 
	Literature on Riser End effects
	Literature on Riser End effects
	Cold Flow Circulating Fluidized Bed (CFCFB)  Facility
	Low Frequency ΔP measurements
	Solids circulation measurements � Developed at NETL
	Granular Materials - Test Matrix
	Hydrodynamics in Transport Regime
	Data Analysis: Riser End Effects
	Riser axial voidage varies with solids flux
	Effect of Length of Dead End Tee�Ug= 6.85 and ms= 3.45 kg/s. coke
	Effect of Riser Exit Geometry on�Axial Voidage Profile (glass beads)
	Effect of the Length of the Dead End Tee
	Adding correction for Riser Exit Geometry
	Estimation of Height of Minimum Exit Voidage
	Summary
	References
	It’s All About a Clean, Affordable Energy Future
	Slide Number 20

