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Typical Fluid Design Process
e R = V4

‘ No Design
Change <« Criteria
Fast
Yes
Slow
Flow
/arameter (No Feedback)

%‘.eometrlR v
CFD //Flow FielV
/Gridding/

/Algorithm
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CAD: Computer Aided Design




The Design of Power Plants

e VVarious Components

e Geometrically and Aerodynamically
Complex

e Difficulties in Conventional CFD
Methods

e Need for a Numerically Simple and
Fast Model to Couple with CAD
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Circulating Fluidized Bed (CFB)

Multiphase Flow
Turbulence
Chemical Reaction

Hybridized CFD Method
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Hybridized GFD Method
FNM \ SPH

e Simplest Method e Transient
e Gridless

e Easily Parallelizable
e Easy to Hybridize

e Sparse Network Nodes

e Fast Simulation Speed

le through Pseudo-particles
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e The single path flowrate adjustment method
was invented by Hardy Cross (1936).

e The network solution technique was originally
used in the calculation of pipe flows.

e Steady-state or transient fluid flows in complex
geometries

e Simplest mathematical structure and smallest
computational effort
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e Hybridization with available CFD codes (e.g.,
SPH)

e Automated design process
e Extension beyond simple pipe networks
e Use of experimental data

e Use in virtual reality demonstrations
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e Construction of a graphical network using three key
elements [nodes(Ni), branches(Bi), and loops(Li)]

e Unknown variables
-Flow distribution in the branches
-Pressures at the nodes

L3

Fixed Fixed
Grade Node Grade Node
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Mass Gonservation
N+L
D= or Y Sy =0 (j=1,2,-, N)
in out i=l1

i, : Mass flowrate of i” branch

S ;; : Flow direction 1n i " branch relative to j” node

+1 when fluid flows into j " node
—1 when fluid flows out of ;" node
0 when i branch has no connection with ;" node

: Total number of nodes
: Total number of loops

==
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HJ—ZEP:

, . .th
H; : Energy lossin j loop

H; = Zki(mi )ni

i"™ branch in ;™ loop

k; : Coefficient for different head
n; : Exponent for different head losses

E, :Energy input in the fluids by a pump or compressor

AE ; : Difference in pressure head at the source nodes

No Energy Input and Head Change
N+L N+L
> 0,dp; =) 0,Kii; =0 (j=N+1, N+2,, N+L)

0 ; :Similar sign conventlon as S

Ap; : Pressure drop of i’ " branch i 1n ' loop
K; :Globally linearized flow coefficients
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Globhally Linearized Loop Equations

Linear equations for mass conservation
Nonlinear constitutive equations for pressure

ZL@S;{)% -4
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FHilter Test Facility at NETL
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FNM

100 = Inner Loop Convergence
90 Initial Guess -
Qi =y g i
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A :Value of 4 at (n+1)

:Value of 4 at n” iteration
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CAD Designs Length Scale

Conf. A Conf. B Conf. C sk G e
Nfil 3 1 2
Nsec 6 ] 4
Nmed 7 7 5
Vessel Dimensions
Lves (1) 49180 4.9180 1787
Dves (f) 0.6667 0.6667 0.6667
Aves (ft) 0.3491 03491 03491
Cves (f) 20044 20944 20944
Lsec (ff) 0.8197 0.8197 08197
Lmed (ft) 0.7026 0.7026 0.6557
Filter Exterior Dimensions - (Cross-Section)
DODAt (f) 0.1969 0.1969 0.1969
AQDAt (ft ) 0.0304 0.0304 0.0304
CoD () 06184 0.6184 0.6184
Filter Interior Dimensions - (Cross-Saction)
DIDf () 01312 01312 0.1312
AIDfit (ft) 0.0135 0.0135 0.013
CIDAt (/) 04123 04123 04123
Annulug Dimensions - (Cross-Section)
Ablack (ft) 0.0913 0.0304 (0.0609
hopen (ft) 0.2578 0.3188 0.2882
Pwet (! 39497 27128 31302
Ohyd () 0.2610 0.4698 0.3461
Annulus Section
DsecEF (f) 0.2610 0,498 0.3461
1 o " AsecEF (i) 0.0859 0.3186 0.1441
1 Pagc (f) 13166 27128 16656
5, L [ Medium Section
pm v o A:: (t) s 0435 04345 0408
) ) ’ Lefff) 0.0656 0.0856 0.0656
— — Deff () 06578 0.6578 06365
- i
HiHHE i ,T;}'?,',‘?Spm R ao swm 2o
- - AL (t) 91243 30414 40552
= | AR ot 38,3979 95453 140710
s spectRel0 soss 13 2812
[ g &
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Pressure Drop
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Case Study (): Circulating Huidized
Bed System at NETL

Cyclone

[}

Spoilin
%‘uas .

Transport Reactor

Limestone Coal

I

Gas

Startup Heater e

Air

Screw
Cooler
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Network Input Qour
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Element Length Diameter m (Input) m (Output)

1 8.00 9 0.250 0.253
2 4.00 9 0.250 0.253
3 3.00 9 0.313 0.767
4 3.00 9 0.938 0.798
S 4.00 4 0.625 0.031
6 56.00 9 0.250 0.253
7 20.00 14 0.063 0.514
8 10.00 14 0.063 0.202
9 40.00 4 0.625 0.031
10 11.66 6 0.063 0.202
11 11.50 14 0.250 0.253
12 11.50 14 0.250 0.253
13 10.00 10 0.250 0.598
14 5.00 14 0.500 0.851
15 12.00 6 0.500 0.149
16 15.00 14 0.125 0.716
17 39.00 14 0.250 0.598
18 12.00 6 0.125 -0.118
19 10.00 14 0.500 0.149
20 20.00 14 0.500 0.149
21 10.00 14 0.625 0.031
22 12.00 4 0.625 0.031
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e Breakthrough Nature

— Lagrangian, Mesh-less, and Transient
e Easy Implementations

— Parallelization
— Complex geometry
— Fluid-structure interaction

— Turbulent & reactive fluid
e Particle/Field Hybridization

- SPH& Pressure Implicit Vorticity Model on other CFD codes
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Applications of SPH

Astrophysics
:‘:ﬁ NS .: " i

L

kS
#

Evolution of a Rotating Protostar

L. B. Lucy, “A Numerical Approach to Testing of
the Fission Hypothesis,” Astron. J. 82, 1013, 1977.

Solid Mechanics

Compression of a Hyperelastic Material

S. Liand W. K. Liu, “Meshfree and Particle Methods
and Their Applications”, App. Mech. Rev. 55, 1, 2002.

Heat Conduction

J.H. Jeong, M.S. Jhon, J.S. Halow, and J. VanOsdol,
“Smoothed Particle Hydrodynamics: Applications to

Heat Conduction,” Computer Physics Communications
153(1), 71, 2003.

Virtual Reality Demonstration

om

Current Poster Presentation
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Particle and Field Descriptions

Modeling of Multiscale Systems

Particle Dynamics Field Equations
Ordinary differential equation (ODE) Partial differential equation (PDE)
00/0(0/0 00
00 00000 » Nanotechnology
: : : : : : : @| - Particle/fluid coupling |m)
oo oloooe * Chemical reaction
00 0 0 000
SPH — Hybrid?—> CFKD
;:..’.v‘ _m.... ; A& : < i+1
E: o &?I‘ ‘.: . ‘ . %
'_" . i . i ot
“‘ B e
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Fundamental Governing Equations

Particle (SPH Framework)

Field (CFD Framework)

Non-Newtonian Fluids

dgf[ =D mi(v;—v})+(VW);
Pi dv =—ZE(P1 +p;)(VW);; +ZE(T1 +77) (VW)
dt P; Pj

Constitutive Relationship for Newtonian Fluids

T, = Z&(“ [VV + (VV)T]+ (K — %u)(V . V)Ij Wi
Pj ~
T : transpose, I :unit dyad J

Incompressible Newtonian Fluids

ij(vi _Vj)'NW)ij =0

or

Zﬂ(vzp+pVV W), W, =0

QOO
QOO
QOO
QOO

Non-Newtonian Fluids

op
—+ Ve v)=0
At Ve(pv)

p(%,+VoVV)=—Vp+VoT

Constitutive Relationship for Newtonian Fluids

T=p [Vv+(Vv)T]+(K—§uj(v.v)1

T : transpose, I :unit dyad

Incompressible Newtonian Fluids

Vev=0

or

Vzp =—pVv:W
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Implementation of boundary conditions:
Ghost particle method

.................... g Interaction domain

System
boundary

/l
/T boundary GhOStp&rtiCle

55 DI, SN i Interaction

Pseudo-particle Structured grid
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Application: Heat Transier

Irregular System Geometry with Dirichlet Boundary Condition
Illustration of the mesh-less nature of SPH

T=T,#T, att=0

J.H. Jeong, M.S. Jhon, J.S. Halow, and J. VanOsdol, “Smoothed Particle Hydrodynamics:
Applications to Heat Conduction,” Computer Physics Communications, 153(1), 71, 2003.
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SPH Formulation
in Weakly Compressibie Fluids

Test Example:

2D Vortex Spin-down Flow

e Mass & Momenta Balances
e Artificial Equation of State

s

P : Pressure, c:sound speed,
and p, : reference density

Reynolds number (Re) =420 and /" =7.0
Velocity field at 1 =0
v(t =0)=0.25[(y —0.5)i + (0.5 — x)j]

Carnegie Mellon
Myung S . Jhon (mj3a@andrew .cmu.edu, 412-268-2233), Department of Chemical Engineering, Carnegie Mellon University 27




20 Vortex Spin-down Fow

®e® O © 0060600606 000000000gq,0
o e o o

.E H '.: ;fw... .s . o o~ ._,o—..':;“o—.koﬂt."....... :
: e ° b .'\,::\ ..o.
: '/-7’55;;\\6- i S '
" &:K\i?\}xx LA E : //::‘\\ ",
: S = \\XX\XU . .} / ///“E“f: s
: e T
é ‘c",* 1 : :i Il “."(% T?
RISoeN, 11‘%:-5”11} : ORI A R
SRR R i if
e ; e S MR
A NS \\:ﬁ; : ‘ e I:
s \\\5.:'4/ : “u, e i:
..\'\\"‘\‘;é_:::? : .. \Z%T.
. S : SO ‘e
SRR S SN

t=2.0 t=4.0

L]
000 %0 ° ¢ 6 ® 6% coc0c0cc00e ° ®© o0 0 o0 © o © 00 0000000000, o ®
o XYY PR s oo o

®© 0o _,06°% 0 © 060 cecccecc0co0e ° °
e c° R e .". ° ° oo o . . o . °
: o “,. o0 g o T Seeccee, 00 o te s .c:‘yﬁw._..**:-.......".. Py . . %y geevTee” oo :0.......
° o o, ° M ° H 5 L e Ceo o,
: H “ PN o:\.: S o. : & : k. (8 o ST N WY ““. '.0. : o : ’.‘o—o—o—».‘k*.\.\.\.:.'.. ° :
: : : e .. . . ‘. ‘.' v ::.\ tq.'. ° ° : ‘O ‘l “,rro-'.,.‘ o o ....‘. °
(RN %\\\ e o e s d JJ(./“/.«/N St N e R A “,'r:~::‘*u‘« e % e
e 6 9 s ./M\‘\'\ *'c ¢ & 64 o// e e, U Vit “‘ P o o .‘.(( ¢ o . .“‘;\_\.\ o e,
. ;JJJ/,//.Q/-;,“M.\.\\\ K Pl ///«frbt:\-\.\\x\’\ T e g ]f;:x\\ e T,
R R et ' teld PSS S ES S R R e SR IR SN
o oo M 4 J . AR ) . P K ¢ ° teqe
i ¢ et Tee o 4 i S AR 19 s JEd e o T ° ? 40
4 { LA Te Pt é ® e AR ° 0, % 8 é 4 ¢ o © ® %e % e 0
Ps ‘5..017 2,0 o9 l$$". ® . o e .‘$$4 &‘..09, ?f?,.
by \;“-';; }”:: ) %%%f‘»"",’,’f?j ’;’: ":Eif:::‘»‘-’-”l’f’r’;’?’”':
] o "o Ve -0 2 . o o
o RSN . [AONRERE Kret R RS At a B T
‘ \"\.\.\ow/o/'/////' f/’? . .o K\\ \.\-\.\.\.\'\- o ;’ > oo b %y \\'\.‘ P ’f)/ % T e
° o _o -
3 RSN IR R N s S NS R TR RSP d B SN
eyl C e ST AR R
L) ° al o
o “eeves, R :’ : . : o.'n."\‘\- ;’ "’ s . . e "-....\'\.\,\. ‘*“H*4/.:), -" -'. s .
L b I A % H : °% . b \.\:'\‘“ o ‘: <& :. M 0% oo, ® e : 0-0-0-0-0-e Fy .: :. :
° ot"o-o",,‘_:'“‘ﬂ-—’;' oo’ .: ° ° o0 '-oo....' 0 e-3% g0 . o .o : o o0 ®%c00e, :1‘..—0—0-0".'.. o '. :
] ® e .o P ° . . T e e o0 o ° . ° * o 0o 0 ¢ °
®ee o 0 °°%0000000000000 o0 o°0 0 , %0 %00 o 0 ®°°%°%%0000000000 00 " 0 o , 00 00 o

0°°000000009009090 50 0 0° o %0

t=6.0 t=28.0 t=10.0

Carnegie Mellon
28

Myung S. Jhon (mj3a@andrew.cmu.edu, 412-268-2233), Department of Chemical Engineering, Carnegie Mellon University




SPH Formulation with
Vorticity-Stream Function Method (1)

4 Equations <= 4 Unknowns (v and p)

or

7 Equations <==» 7 Unknowns (v,®, and p)

N

Pressure explicit (4 equations) Pressure implicit (6 equations)
Vev=0, VA = -0,
O=Vxv 3
> 0
P(%+V~VV)=—VP+MV2V v=VxA P(E"‘VX(@XVXA)j:MVZW
3 more equations to solve for I more equation to solve for P
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o Vorticity(®) Transport Equation

e Poisson Equation for Vector Potential (or
Stream Function), A

e Pressure is obtained from the calculated
vorticity and stream function.

e The illustration below is based on the
Eulerian view.
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Gase Study: 20 DIRF System
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> Velocity >
Particle Methods O000 Continuum Methods
e Lagrangian 8888 e Eulerian
e ODEs e PDEs

< Pressure <

mapping
-

Particle view Field view

An accurate estimate of pressure is a prerequisite for hybrid SPH code development.
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Particle/Feld Hybridization (1

Flow Chart

Generate the pseudo-particles.

2

Compute the number density of the particles.

n. :ZW(Xj_Xi)EZWij
] ]

N2

P

Solve the momenta balance equations.

T, = _MZ% [(Vw)ij(vi + Vj) +(v; + Vj)(vw)ij]

J

d

Pressure input
obtain p from mapping

Y ()W), -2 (@ +)-W, + 2 K2 W, | | PIVM or FNM

L2

dx;
dt

Update the positions of the particles.

- Vi or Xi - J.Vidt

) 2

x; and v;

PIVM: Pressure Implicit
Vorticity Method
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Particle/Field Hybridization (i}

2D Test Example

v="V, .
., )
=/
y
|- b
Re- FNM?22 |
Do PIVM
T v
th Hv o =
v=Vx(y e;)
Viy =-o
D4 b P
Vp=—pVv:Vv @D (I1)

« FLUENT and PIVM results complement one another with nearly identical convergence times.
* When a velocity boundary condition is imposed, PIVM may be superior.

*| How about SPH/FNM hybridization?
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Particle/Feld Hybridization (1l

Top to Bottom Approach

Pressure Calculation:
From FNM (Global Feature of
the System)

P

=

R S T

Hybridization

T e ey

Velocity Calculation:
From SPH (Local Flow Feature
inside Each Component)
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Virtual Reality Demonstration (]

A
. ______ut
g PE .
| . . | Filter
Vessel | Core
Annulus |
| Filter
| Medium
I
l
Finite
Annulus|
Section |
|
i
Filter Medium

3D Pressure profile via FNM
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Virtual Reality Demonstration (i)
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The development of a CFD code that links geometrical CAD
software to an FNM/SPH for the general design process is
discussed.

A generalized FNM method suitable for hybridizing CFD
codes is constructed.

The capabilities of FNM is illustrated by two case studies; hot
gas filtration & circulating fluidized bed test facilities at NETL.

SPH fundamentals (including the weakly compressible flow
and novel vorticity formulation) have been examined.

The essence of SPH formulation is illustrated via test
examples.

FNM & SPH coupling codes suitable for virtual reality
demonstrations are currently under construction.
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