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Develop experimental
techniques for gaining
information from deep into
opaque multiphase

Develop a plan for generating
validation test cases, identify
fundamental experiments and

|identify computational challenge [

hase Flow Research, June 6-7, 2006

M t Mid-Term (by 2012) Long-Term (by 2015)
ntify the deficiencids of ti I I I IX u re S particle sizes and segregation,| spherical grains.
rrent models, assess\the | Measure spatial variation of
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icument the “current bast . . simultaneously measure / 4. JConauct murtphase chemicar
” pi hat is emerging from N . N -
studies at different scales. velocity and volume fractiok of reactor experiments with
|'_ lentify a standard approa 6. Develop software work different phases. Planar flo detailed measurements (e.g.,
sign l 4 formyltiphase flow code that allows multiple codes field, rather than point-to- ozone decomposition in fluidized
processing plants. These needs T r developments in theory, experiments, computational {__verificatign. (open-source and commercial) point traverses, is required, beds).
algorithm and code development and validation. eds in the four tracks were then put 8.| Develop a for generating awark tagether (e.g., measure radial soli 5. Determine the importance of
together in an effort to identify themes that cut across the various tracks: AL resentation on such validation test tages, identify | | 7. [Solve numerical issues with the concentration in riser usifig flow- generated electrostatic
integration was prepared by Professors Dimitri Gidaspow and Sankaran Sundaresan. They 0 fundamental experitents, and Dreiflg;;‘t of PSD (e.g., MRT) - forces on dilute gas-solids flows
the workshop identified several issues that cut across the four tracks, which can be grouped into four identify computational Q ) 3. | Develop experimental for both cold and hot (process)
categories: challenge problem: techniques for gainin conditions.
C. 1. Develop fundamental aspects | 1. Develop continuum descriptions | 1. Model particle deposition and \ information from degp into 6. Measure flow fields in the
[ 1 Theory and stress and flow fields in of dense particulate systems re-suspension, which includes opague multiphase fmixtureg. presence of obstacles, such as
nse particulate systems (See Table 1.3). the effect of particle size 4. TTEISUTEIents or heat transfer tubes, baffles, etc.
e Table 1.1). 2. Handle the transition from distribution. phenomena to egtablish I} 7. Develop measurement
lop drag relations that regimes in which the particles 2. Model particle attrition and boundary conditfons. techniques for high pressure
n e rs a n e C a u S e a n andle particle size and are in enduring contact to agglomeration, and 5. Small-scale exgeriment: and temperature bubble
sity distributions and are regimes in which the particles fragmentation of coal. provide data
T licble over the entire are in collisional contact. 3. Account for particle dispersion check sub-ma
3 ° ° ge §f solids volume 3. Develop methods to model in solid-fuel injectors and simultaneousl| M L4 I
ction adsorption/desorption and gasifiers. We need to in gas-solids
effe Cts Of a rtl C I e C I u Ste rl n velop ktress relations for heterogeneous chemical simultaneously account for gas and solid ea S u re S atl a
[ ] te poly-disperse systems. reactions. particle dispersion as well as 6. | Develop stan
mulate\proper boundary 4. Determine the significance of fluctuating kinetic energy. experiments
ditions fpor multiphase flow electrostatic forces and van der | 4. Determine the significance of simulations (d ° L]
d o tems. Thg wall boundary Waals (cohesive) forces on gas emanation from particles or lattice Bolt:
e e e Ct O a rtl C e C u Ste rl n dition mu§t capture key hydrodynamics and develop (via chemical reactions) on combination ¢
fects such ay the solids flux appropriate models. overall hydrodynamics and a custom dra
tribution neqr a wall. Exits | 5. lon the theary ta madel develan i model given powder.
ow to handld solids versus

|

on drag, collisions and gas-phase |\ Train adequate .
turbulence modulation are number of graduate
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n e e d e d ear-Term (by 2009)\ St d e n ts i n t h i S a re a Near-Tem}\(by 2009) Mid-Term (by 2012) Long-Term (by 2015)
u . Constitute a tash force to 1. Establish communication

boundary conditions. U:
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M or other techniques to define benchmark\gas-liquid between different entities
N and liquid-solids prgblems, working on open source
ydrodynamics-only heat and mass transfer ydrodynamics with chemical 6. ! " . which will guide CFD\model multiphase flow codes.
ulation of transport reactor simulation of transport reactor reactions simulation of 5.] Undgrstand the cause and gas-liqui ws; e.g., the theoretical challenges in devel d 2. Devel hall bl f

at le (200 kg/h coal at a scale of at least 12.5 MW transport reactor at a scale of effect®dof particle clustering. transition in a e column mathematical formulations of Ui + Pevelop chalienge proviems for
feed rate) to r1 09 (or 5,000 kg/h coal feed rate) to at least 25 MW (or 10,000 The effét of particle from “bubbly” to “chu multiphase flow: resolution of emrnenta\ TS ) multiphase flow with heat &
computer cluster overnight: run on 2012 computer cluster ka/h coal feed rate) to run on s e, @llEES, turbulent” regime. (I -EEEE TS 6 Gy 2. ﬁzﬁw “Shf:rc;:r;trl];ica:a ns ’::iz;;a:ger and chemical

and gas-phase turbulence 7. Develop radiation model for Itiphase flow equations, R ommum’ty,pwhic |

modulation ar&needed. particle-particle and particle- i iqg the need to time- may includq newsletter, we

[ . 6.| Development of pnstitutive wall heat transfer. ion of page, and réNylarly schedule:
rov I e eta I e ata O n at \ relations for continyum 8. Develop constitutive models for continuum models N Seminars and Werkshops.
odels from discreteymodels non-spherical particles. statistically steady probleniss 3. JEducation: Develdg curriculum
ich 9. [evelop multiphase turbulence for modular univers)
models that incorporate courses; train adequa
luctuations in the volume number of graduate stu ts
c raction. in this area; develop on-lini
e a S WO S C a e S e 7 imes in gas- 10.[Consider the effect of lubricatio instructional modules.
hd iqui iqgiNg-solids orces in particle-particle
flows and develop aphgopriate nteractions.
constitutive relations an /

.
simplified models.
eX e rl I I l e n s I I I u S ave We - I Provide detailed circulating || 1. Define material properties
d fluidized bed data on at least relevant scales, along wi

two scales (~0.15 m and ~0.§

"1 Use large flow facilities to elucidate
{the effect of particle size

m diameter vessels). The

defined entrance, exit and
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report detailed data for local lateral distribution of wall or
pressure, velocities ... internals by particle impact




Project Scope

| Development, Verfication, and Validation of Multiphase Models for Polydisperse Flows

| - L |

Theory Data | Model [ Program .
Denvelopment Collection Validation Managament Deliverables
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. ‘ Expariments
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Turbulence
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Objectives

® Provide extensive riser data for on-going
modeling efforts

® PSRI challenge problems (Past)

°
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Equipment

PSRI 8”ID x 72’ Riser .
Risers have been

/ designed to provide
PSRI 12”ID x 60’ Riser symmetric profiles

Colorado =™



Particle Size Distributions

MEVIRE

Sand

PE

Small
Glass

|
Colorado
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PSD

dps0=223 pm
Pp=2650 kg/m3

{ ]
800 1000 1200 1400

dps0=650 pm

800 1000 1200

P»=2500 kg/m?

800 1000 1200

Material

Large
Glass

Large &

Small
Glass

Large
Glass &
PE

dp50=%\50 pm
pp=2500-,!§g/ m3

800 1200 1404

600 800 1000 1200
dp. microns

1000 1200




Materials of Interest

HDPE Glass Glass
dave = 650 pm dave =650 pm  d,, =170 pm
pp =900 kg/m*> p, =2500 kg/m* p, = 2500 kg/m?

Colorado PSRI



Design of Experiments

Sand Narrow pummmd 2 u, & 2 G; Full Factorial DP/L, &(r), Gs(r), He RTD, Clusters

Polyethylene gemmmg 2 uo & 2 G; Full Factorial DP/L, &(r), Gs(r), He RTD, Clusters
Glass A Broad pummmd 2 u, & 2 G Full Factorial DPI/L, &(r), Gs(r), He RTD, Clusters, HSV
12” ID x 60’ Standard
é .
PSRI Riser Configurations Glass A Narrow 2 uo & 2 G; Full Factorial DP/L, &(r), Gs(r), He RTD, Clusters

Glass B Narrow =N 2 y, & 2 G; Full Factorial DP/L, &(r), Gs(r), He RTD, Clusters, HSV

Glass B & PE =eeema 2 Uo & 2 G Full Factorial DP/L, &(r), Gs(r), He RTD, Clusters
Glass A & B mmmg 2 Uo & 2 G; Full Factorial DP/L, &(r), Gs(r), He RTD, Clusters

I PSRI



Standard Techniques

5 axial positions by | | radial

positions (NS & EW) .

o
Pitot Tube
B e "
Extraction Probe
I TSR N RN o

Fiber Optic Probe  ®

il Helium Tracer
Colorado
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® Pitot tube

Dynamic pressure corresponds to
particle velocity

® [Extraction probe

Solids flux via mass flow rate corrected
for cylindrical effects

Local solids concentration can be
obtained with particle velocity
measurements

Samples will be used for segregation
study

® Fiber optical probe

L ocal solids concentration
Cluster size

® WWavelet decomposition

® Guenther & Breault
® Yang & Leu

® Helium tracer

Gas residence time distribution

® Dispersion

Guenther and Breault.. Powder Technology (2007) vol. 173 (3) pp. 163-173; Yang and Leu., AIChE Journal (2009) vol. 55 (3)



Recent Results

® Reverse core-annulus behavior near the
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Test Conditions

| 3.5 m/sec | 3.5 m/sec
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Core-Annulus Behavior

Solids Upflow at the Wal

i
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Loading Profiles with 650 um Glass Beads ('j,

Low G High G,

U =135mis, G =120kgims | U=tasmbs, G=260kgn’s

Low Uo 8‘0_02_\‘

—— fiyH =0.92
H/H =073
= fyH =0.47
H/H =027
—— A/H =016




Loading Profiles with 650 um HDPE = A%

"A

20 4

Low G,

, , ¥ | ,
U =135mis, G =120kgin“s U =135ms, G =260kg/m?s
8 S

—— fvH =0.92
H/H =073
== fyH =0.47
H/H =0.27
—— fvH=0.16

Reverse core-annulus at riser top at low G,

C olorldo



Loading Profiles with 170 um Glass Beads

Low G,

U5=13.5mis. G =l 20kglm23

High G,

U =135mis, G =260kghn’s

0.06 r '
Us=17mls. Gq=260kglmzs
0.04 A
s ™

0.02:

|. \
R [N
%

.

DR

v\
)
[

—— fyH =0.92
HH=0.73
- fi/H =0.47
H =0.27
——/H =016




Questions

® |n general
® Core-annulus profiles are reported
® Solids density is highest at the wall
® Deviation observed for 2 of the 3 materials
at the top of the riser
® 650 pm Glass Beads: All conditions
® 650 um HDPE: Only at low Gs SHlElss Beg s

® |70 pum Glass Beads: Not observed
® VWhat causes reverse core-annulus!?
® TJurbulence
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Turbulence Effect

* Simulations and experiments reported

* As dilution increases, turbulence increases, loading
at the riser center increases

* Deviation reported at max solids loading of 0.006
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Rough Wall Effect

* Simulations and experiments reported

* As wall roughness increases, loading in riser
center increases

*But, topmost measurement taken at newly-
installed Plexiglas™ section =2 smooth wall?

Lt Simulations: Jenkins and Louge (1997), Benyahia et al. (2005), Benyahia et al. (2007),
U(:O]()rado Experiments: Zhou et al. (1996), Jasti and Higgs (2008)
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Exit Effects

* Particle bombardment = roughening of inner walls
of elbow-exit

Rough Wall + Exit-geometry = Reverse core-annulus

Samm
Colorado = *
Usinetaity of Celecads 2 Bealter|




Stokes Number and Likelihood
of Reverse Core-Annulus

Material dpso, Particle Reverse Core-| Stokes
um | Density, kg/m3|  Annulus? Number

B 650 2500 All Conditions |  8.3/p
Beads
Large

HDPE 650 900 Only at Low G; .6/

R |70 2500 Not Observed | 0.5/
Beads

® As Stokes Number increase, the likelihood of
clnds = Feverse core-annulus increases in rough bends

Usi
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Recent Results

® Reverse core-annulus behavior near the

. oA i . bE 4 - \ A R ¢ S o i v 35 b Ty g
0 o B a-'-’ Ay R s -' e \ oy oy - P ~ ". RUBS 4 - ” t - g - . =S -~ | - ‘,,'_Al,.. e ¥ --. e ik A
- < g B o e il v ® s Q T i [ B 2 \ S ) 1 F V] e | ol g Bl ¥ . . i » - A -
(et w s B 2Y: i ) TI1€ 1 = ¥ O DIRRISHEARY: A1\ N it ,:.p' R

Colorado =™



Previous Results

Sand in an 8-Inch Diameter x 72-Foot Tall Riser

Downflow in the Annulus Upflow in the Annulus

-o- 45'Elev. at Center, dpg, =165 um
-O= 45'Elev. at Wall, dp;,=182 um
-a- 12'Elev. at Center, dps,=166 um

-0= 12 Elev. at Wall, dps, =202 um /

-9~ 45'Elev. at Center, dpy,=165 um
-O= 45'Elev. at Wall, dp,=182 um
-a~- 12'Elev. at Center, dp;,=166 um
== 12Elev. at Wall, dpg, =202 um

Center 4 7&
Wall

<D
o

5
o

©
)
N
7]
-
©
c
== |
®

Center 4

dp, microns dp, microns

Larger Particles Segregating to the Wall Little Segregation

d*" Karri, S.B.R., & Knowlton, T.M. (1998). Flow Direction and Size Segregation of Annulus Solids in a Riser. In L-S. Fan, T.M.
0

CO]O” Knowlton (Eds.), Fluidization IX (pp. 189-195) New York: Engineering Foundation.

of Celerndy a2 Bealter



Material of Interest

p,=2500kg/m? Gaussian distribution
Sphericity = 0.95 dys0=170um, o/d 5= 25%

ASample

—Gaussian 25%

100 200 300 400
size (um)

Glass Beads with Broad PSD

il
Colorado
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Test Conditions

10 m/sec 10 m/sec
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Mass Flux Profiles

10m/s, 50kg/m?s
“+h/H=0.92

*h/H=0.73

50 ¥ | §\ -4h/H=0.47
0.50

000 0500 0000 0500 10007 hH027
130 1 R h/H=0.16
250

350+ 15m/s, 50kg/m?s
. 250 “+h/H=0.92

g 150 A @t | Fh/H073
o >

0.50 : “th/H=0.47

0000 050 o000 o0so0 oot /H027
1301 R h/H=0.16
250

10m/s, 300kg/m?s
“*+h/H=0.92

*h/H=0.73

0\ h/H=0.47

0'591.0 0500 0.000 0.500

-1.50 [/R

330+ 15m/s, 300kg/m?2s
. 250 - “*+h/H=0.92

<

g 150 -
050 - N hyH=047

00 00 050 00w o0si0  Loog™hH=02T

130 1 iR h/H=0.16
250

*h/H=0.73

Upflow and downflow annulus

Usi

Colordo flat line, M-shaped, inverted U



BEEN:
Colorado
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vs,n et (m/ S)

Solids Velocity Profiles

10m/s, 50kg/m?s

~+-h/H=0.92
“~h/H=0.73
—*~h/H=0.47
“*h/h=0.27

h/H=0.16

15m/s, 50kg/m?3s

~*-h/H=0.92
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Loading Profiles
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Fiber Optic Voltage Profile
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Qualitative solid concentration profile
__ Cluster analysis via wavelet decomposition
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Helium Tracer Profiles
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Size Segregation
U_=15m/s, G.=50kg/m?s U,=15m/s, G;=300kg/m?s
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Overview

® Downflow (dilute core-dense annulus)
® Radial segregation of larger particles to the wall
® |n agreement with previous results

® Upflow (dilute core-dense annulus)
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Conclusions

® Work on the |2-inch diameter x 60-foot tall riser
is completed
® Data analysis still underway
® Work on the 8-inch diameter x 72-foot tall
riser to start in July 2010
® A reverse core-annulus profile was measured near
the top of the riser for the larger/denser particles
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Future Work

® Design of experiment for the 8-inch
diameter x 72-foot tall riser

~ ® Cluster analysis
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