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The National Energy Technology Laboratory’s chemical looping reactor
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Challenge: how to bridge scales in turbulent particle-laden flows?
*QMi2ti "BQK�bb Tv`QHvbBb J2i?Q/QHQ;v :�b@bQHB/ ~Qr h?2`K�HHv@2pQHpBM; ~Qr 6mim`2 qQ`F

:Ãæ´Ø� ĉÀPĤ� ıÀ�íğŎ dğ�PÕĥ �íŊç  íğ ´PĤÂĤíØÃ� ©íŊĥ
log(Energy)

log(wave number)

Flow of energy

Macroscale

Microscale

Production 
of energy

Dissipation 
of energy

Production 
of energy

Inertial 
range

/ğPÙ �� �æĤ�� 'ĽØŎ ĭ� ĻřĻā jR9

*QMi2ti "BQK�bb Tv`QHvbBb J2i?Q/QHQ;v :�b@bQHB/ ~Qr h?2`K�HHv@2pQHpBM; ~Qr 6mim`2 qQ`F

:Ãæ´Ø� ĉÀPĤ� ıÀ�íğŎ dğ�PÕĥ �íŊç  íğ ´PĤÂĤíØÃ� ©íŊĥ
log(Energy)

log(wave number)

Flow of energy

Macroscale

Microscale

Production 
of energy

Dissipation 
of energy

Production 
of energy

Inertial 
range

/ğPÙ �� �æĤ�� 'ĽØŎ ĭ� ĻřĻā jR9

Introduction            Drag Modeling            Particle Clustering            Final Remarks



IFPRI Workshop |Multiphase/Multi-physics Flow Lab 4

*QMi2ti "BQK�bb Tv`QHvbBb J2i?Q/QHQ;v :�b@bQHB/ ~Qr h?2`K�HHv@2pQHpBM; ~Qr 6mim`2 qQ`F

:Ãæ´Ø� ĉÀPĤ� ıÀ�íğŎ dğ�PÕĥ �íŊç  íğ ´PĤÂĤíØÃ� ©íŊĥ
log(Energy)

log(wave number)

Flow of energy

Macroscale

Microscale

Production 
of energy

Dissipation 
of energy

Production 
of energy

Inertial 
range

/ğPÙ �� �æĤ�� 'ĽØŎ ĭ� ĻřĻā jR9

Credit: DOE Natl. Energy Tech. Lab
Credit: DOE Natl. 
Energy Tech. Lab

Challenge: how to bridge scales in turbulent particle-laden flows?
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Outline for today’s talk

1. New stochastic drag law for CFD-DEM

2. Role of clusters on heat and mass transport

3. Incorporating heterogeneity into coarse-grained models
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o Fluid equations

o Lagrangian particle tracking

o Two-way coupling
(recall Berend van Wachem’s talk)

CFD-DEM equations

<latexit sha1_base64="u8HBGtBB/Ls95bvEHF/kK7aMVR0="></latexit>
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Drag

Fluid-particle coupling:
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Developing drag laws from direct numerical simulations

Directly solve Navier—Stoke equation with 
appropriate boundary conditions at the surface 
of each particle

o Immersed boundary methods
o Lattice Boltzmann

Drag à Output

Typical setup: homogeneous (triply-periodic) 
box of particles with applied mean velocity

Ensemble average the drag force over multiple 
realizations and correlate to input parameters

Example: Tenneti et al. (2011)
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Standard practice in commercial CFD software
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Drag in a dense assembly of particles

It is now well established that a collection of particles exhibit a significant 
variation in drag about its mean.

[Esteghamatian 
et al. (2018)]

Existing drag laws fail to capture particle velocity variance and dispersion.

Each case has the same value of        and 

U
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Rem
<latexit sha1_base64="MvagjT4Gb1UqSrcMbtLr7QwBlfQ=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cK9gPaUDbbTbN0dxN2N0IJ+Qte9e5NvPpjvPpL3LQ52NYHA4/3ZpiZFyScaeO6305lY3Nre6e6W9vbPzg8qh+fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpveF33umSrNYPplZQn2BJ5KFjGBTSMMkYqN6w226c6B14pWkASXao/rPcByTVFBpCMdaDzw3MX6GlWGE07w2TDVNMJniCR1YKrGg2s/mt+bowipjFMbKljRorv6dyLDQeiYC2ymwifSqV4j/eYPUhHd+xmSSGirJYlGYcmRiVDyOxkxRYvjMEkwUs7ciEmGFibHxLG0JRF6zoXirEayT7lXTu2m6j9eNllvGU4UzOIdL8OAWWvAAbegAgQhe4BXenNx5dz6cz0VrxSlnTmEJztcvUJCU2A==</latexit>

�“Neighbor effect”

[Akiki et al., (2016)]
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New stochastic drag force model

hFdragi = f(Rep,�, . . . )
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⇥
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Equation of particle motion:

Split drag into mean and 
fluctuation components:

Mean drag modeled by adding 
Rep and ɸ correction to drag 
for an isolated particle Fiso 

(Tenneti et al. 2011):
Treat fluctuating component stochastically 
as an Ornstein-Uhlenbeck process:

Time scale of fluctuating hydrodynamic drag 
force approximated by time between 
successive collisions1 (Chapman et al. 1970):

Need a model for the standard 
deviation in drag force!

✔

✔

<latexit sha1_base64="am8xGqLzw5LearNLTpBCdHkBjzQ="></latexit>
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drag = � 1

⌧F
F 00
drag dt+

�Fp
⌧F

dW
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⌧ · ndS = hFdi+ F 00

d

<latexit sha1_base64="Rq24izIJMk/2Sw7EK8GXDaMC/g4="></latexit>
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dvp

dt
= Fcol +mpg +

Z
⌧̌ · ndS

| {z }
Drag
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New stochastic drag force model
o Particle-resolved simulations reveal the 

distribution of drag forces is Gaussian

o Like the mean drag, the standard deviation 
collapses when normalizing by Fiso!

�F
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Homogeneous cooling / heating

o Cooling:

dp

L
x

z

y

<latexit sha1_base64="v+LDI42yv7tWsZoU7OhXMHn8i1Q=">AAAB+HicdVC7SgNBFJ31GeMrainIYBCslt2Yx6YyYGOZgJsEkiXMTmaTIbMPZmaFuKS0stXeTmytUvkftrb+hLOJghE9cOFwzr2ce68bMSqkYbxpS8srq2vrmY3s5tb2zm5ub78pwphjYuOQhbztIkEYDYgtqWSkHXGCfJeRlju6SP3WNeGChsGVHEfE8dEgoB7FSCqpYfdyeUO3ytVi9QwqUilUzXJKrGKlVIKmbsyQP3+dNj 5uj6b1Xu692w9x7JNAYoaE6JhGJJ0EcUkxI5NsNxYkQniEBqSjaIB8IpxktugEniilD72QqwoknKk/JxLkCzH2XdXpIzkUv71U/MvrxNKznIQGUSxJgOdBXsygDGF6NexTTrBkY0UQ5lTtCvEQcYSl+s1CiutPsuop35fD/0mzoJtl3WgY+ZoF5siAQ3AMToEJKqAGLkEd2AADAu7APXjQbrRH7Ul7nrcuaV8zB2AB2ssnjMaYLw==</latexit>

U

<latexit sha1_base64="w4ov3MM9N062JsNATvUPZsUkf7s=">AAACC3icdVDLSgMxFM3UV62v+ti5CRahboZMLY4ulIIblwpWC20pmTTThmYyQ3JHLKWf4C+41b07cetHuPVLzLQKKnog5HDOvdx7T5BIYYCQNyc3Mzs3v5BfLCwtr6yuFdc3rkycasbrLJaxbgTUcCkUr4MAyRuJ5jQKJL8OBqeZf33DtRGxuoRhwtsR7SkRCkbBSp3ixmUZjsneSfa1hAphuNcplojreRXP9zFx96tH/kFGfOL5pII9l0xQqm2FE5x3iu+tbszSiCtgkhrT9EgC7RHVIJjk40IrNTyhbEB7vGmpohE37dFk9zHetUoXh7G2TwGeqN87RjQyZhgFtjKi0De/vUz8y2umEB62R0IlKXDFpoPCVGKIcRYE7grNGcihJZRpYXfFrE81ZWDj+jEliMYFG8rX5fh/clVxvQOXXNh0qmiKPNpGO6iMPOSjGjpD56iOGLpF9+gBPTp3zpPz7LxMS3POZ88m+gHn9QOPOJyY</latexit>

T (t = 0) > T (t = 1)

<latexit sha1_base64="kBCLYSyCL8roHpisJn3k2PxaQL8="></latexit>

T =
1

3
hv0

p · v0
pi

<latexit sha1_base64="MrsdfXi3+aR4t+3i3kpvihBedrw=">AAAB/nicbVC7SgNBFL0bXzG+ohYWNoNBsAq7ImojBGwULCKYByRLnJ2dxCEzs8vMrBCWgL9gq72dWOqv2FpY+g1OHoVJPHDhcM693HtPEHOmjet+Opm5+YXFpexybmV1bX0jv7lV1VGiCK2QiEeqHmBNOZO0YpjhtB4rikXAaS3ong/82j1VmkXyxvRi6gvckazNCDZWql2deW7Yilv5glt0h0CzxBuTQmnn8vvnPXNbbuW/mmFEEkGlIRxr3fDc2PgpVoYRTvu5ZqJpjEkXd2jDUokF1X46PLeP9q0SonakbEmDhurfiRQLrXsisJ0Cmzs97Q3E/7xGYtqnfspknBgqyWhRO+HIRGjwOwqZosTwniWYKGZvReQOK0yMTWhiSyD6ORuKNx3BLKkeFr3jontt0zmCEbKwC3twAB6cQAkuoAwVINCFR3iCZ+fBeXFenbdRa8YZz2zDBJyPX4wUmQM=</latexit>

L = 10dp

w/ stochastic term

w/ out stochastic term

PR-DNS

Evaluation of granular temperature (Rem=20, ɸ=0.1, ⍴p/⍴f =100)
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Homogeneous cooling / heating

o Heating:

dp

L
x

z

y

<latexit sha1_base64="v+LDI42yv7tWsZoU7OhXMHn8i1Q=">AAAB+HicdVC7SgNBFJ31GeMrainIYBCslt2Yx6YyYGOZgJsEkiXMTmaTIbMPZmaFuKS0stXeTmytUvkftrb+hLOJghE9cOFwzr2ce68bMSqkYbxpS8srq2vrmY3s5tb2zm5ub78pwphjYuOQhbztIkEYDYgtqWSkHXGCfJeRlju6SP3WNeGChsGVHEfE8dEgoB7FSCqpYfdyeUO3ytVi9QwqUilUzXJKrGKlVIKmbsyQP3+dNj 5uj6b1Xu692w9x7JNAYoaE6JhGJJ0EcUkxI5NsNxYkQniEBqSjaIB8IpxktugEniilD72QqwoknKk/JxLkCzH2XdXpIzkUv71U/MvrxNKznIQGUSxJgOdBXsygDGF6NexTTrBkY0UQ5lTtCvEQcYSl+s1CiutPsuop35fD/0mzoJtl3WgY+ZoF5siAQ3AMToEJKqAGLkEd2AADAu7APXjQbrRH7Ul7nrcuaV8zB2AB2ssnjMaYLw==</latexit>

U

<latexit sha1_base64="kBCLYSyCL8roHpisJn3k2PxaQL8="></latexit>

T =
1

3
hv0

p · v0
pi

<latexit sha1_base64="MrsdfXi3+aR4t+3i3kpvihBedrw=">AAAB/nicbVC7SgNBFL0bXzG+ohYWNoNBsAq7ImojBGwULCKYByRLnJ2dxCEzs8vMrBCWgL9gq72dWOqv2FpY+g1OHoVJPHDhcM693HtPEHOmjet+Opm5+YXFpexybmV1bX0jv7lV1VGiCK2QiEeqHmBNOZO0YpjhtB4rikXAaS3ong/82j1VmkXyxvRi6gvckazNCDZWql2deW7Yilv5glt0h0CzxBuTQmnn8vvnPXNbbuW/mmFEEkGlIRxr3fDc2PgpVoYRTvu5ZqJpjEkXd2jDUokF1X46PLeP9q0SonakbEmDhurfiRQLrXsisJ0Cmzs97Q3E/7xGYtqnfspknBgqyWhRO+HIRGjwOwqZosTwniWYKGZvReQOK0yMTWhiSyD6ORuKNx3BLKkeFr3jontt0zmCEbKwC3twAB6cQAkuoAwVINCFR3iCZ+fBeXFenbdRa8YZz2zDBJyPX4wUmQM=</latexit>

L = 10dp

w/ stochastic term

w/ out stochastic term

PR-DNS

<latexit sha1_base64="lKKk7RcNiWASU+0kvqwP4Xm7ijw=">AAACC3icdVDLSgMxFM34rPVVqzs3wSLYTcmobS0oFNy4rNBqoS0lk2Y0NJMZkjtiKf0Ef8Gt7t2JWz/CrV9ipq1gRQ+EHM65l3vv8SIpDBDy4czNLywuLadW0qtr6xubma3slQljzXiDhTLUTY8aLoXiDRAgeTPSnAae5Nde/zzxr++4NiJUdRhEvBPQGyV8wShYqZvJ1g/gjORPk68tlA+DfDeTI4VShRyVi5gUyBgJcYvFShm7UyVX3fHHqHUzn+1eyOKAK2CSGtNySQSdIdUgmOSjdDs2PKKsT294y1JFA246w/HuI7xvlR72Q22fAjxWf3YMaWDMIPBsZUDh1vz2EvEvrxWDf9IZChXFwBWbDPJjiSHESRC4JzRnIAeWUKaF3RWzW6opAxvXzBQvGKVtKN+X4//J1WHBLRXIpU3nGE2QQrtoDx0gF5VRFV2gGmoghu7RI3pCz86D8+K8Om+T0jln2rONZuC8fwF1XpyH</latexit>

T (t = 0) < T (t = 1)

Evaluation of granular temperature (Rem=20, ɸ=0.1, ⍴p/⍴f =100)
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Outline for today’s talk

1. New stochastic drag law for CFD-DEM

2. Role of clusters on heat and mass transport

3. Incorporating heterogeneity into coarse-grained models
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Biomass pyrolysis in fully-developed riser flow

Biomass: bagasse, the woody pulp bi-product from 
the commercial processing of sugarcane
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Biomass pyrolysis in fully-developed riser flow
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Ignoring multiphase effects results in a maximum over-
prediction of 33% for syngas and 9% for tar during 
standard residence times.

Clusters restrict contact between phases à lower yield!

0D
3D

Comparison with a perfectly mixed (0D) model

Time Time Time
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Effect of particles on the thermal entrance length

Thermal entrance length is a critical parameter in the design of industrial reactors

For single-phase laminar flow:

How is this modified for turbulent particle-laden flows? 

<latexit sha1_base64="tQufb3r4J1n8I7wVUgOiONAZon4=">AAACGHicbZC7TsMwFIadcivlFmBkwKJCYioJKpcFqRIdGAuiF6mNIsd1Wqt2EtkOUhVl5CV4BVbY2RArGytPgptmoC1HsvTp/8/ROf69iFGpLOvbKCwtr6yuFddLG5tb2zvm7l5LhrHApIlDFoqOhyRhNCBNRRUjnUgQxD1G2t7oZuK3H4mQNAwe1DgiDkeDgPoUI6Ul1zxkbqKG6Wn92qpY50lPcHhPUreeUUOkrlnWRlZwEewcyiCvhmv+9PohjjkJFGZIyq5tRcpJkFAUM5KWerEkEcIjNCBdjQHiRDpJ9pEUHmulD/1Q6BcomKl/JxLEpRxzT3dypIZy3puI/3ndWPlXTkKDKFYkwNNFfsygCuEkFdingmDFxhoQFlTfCvEQCYSVzm5mi8fTkg7Fno9gEVpnFfuiYt1Vy7VqHk8RHIAjcAJscAlq4BY0QBNg8ARewCt4M56Nd+PD+Jy2Fox8Zh/MlPH1C+ASn1I=</latexit>

lth/D = 0.05ReDPr

<latexit sha1_base64="g8Ke5fuHk8c2yLJ5BSyH+jHfNJY=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgYxnBfEByhL3NJlmzt3fszgnhOPwLttrbia2/xdZf4ia5wiQ+GHi8N8PMvCCWwqDrfjuFtfWNza3idmlnd2//oHx41DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjG+nfuuJayMi9YCTmPshHSoxEIyilZqyl+Io65UrbtWdgawSLycVyFHvlX+6/YglIVfIJDWm47kx+inVKJjkWambGB5TNqZD3rFU0ZAbP51dm5Ezq/TJINK2FJKZ+ncipaExkzCwnSHFkVn2puJ/XifBwY2fChUnyBWbLxokkmBEpq+TvtCcoZxYQpkW9lbCRlRThjaghS1BmJVsKN5yBKukeVH1rqru/WWl5ubxFOEETuEcPLiGGtxBHRrA4BFe4BXenGfn3flwPuetBSefOYYFOF+/NcmV7g==</latexit>

lth [http://home.ku.edu.tr/mmuradoglu/ME302/chapter8.pdf]
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Effect of particles on the thermal entrance length
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Effect of particles on the thermal entrance length

<latexit sha1_base64="VG0JN1bQNP3Q6hrV2vOxQNCI6To=">AAACDHicbZDLSsNAFIZPvNZ6i3bpJlgEVyUpoi4LblxWsBdoQplMJ+3QmUmYmQgh9BV8Bbe6dydufQe3PonTNAvb+sOBj/+cwzn8YcKo0q77bW1sbm3v7Fb2qvsHh0fH9slpV8WpxKSDYxbLfogUYVSQjqaakX4iCeIhI71wejfv956IVDQWjzpLSMDRWNCIYqSNNbRrTZ8hMWbETybUlwUO7brbcAs56+CVUIdS7aH9449inHIiNGZIqYHnJjrIkdQUMzKr+qkiCcJTNCYDgwJxooK8eH7mXBhn5ESxNCW0U7h/N3LElcp4aCY50hO12pub//UGqY5ug5yKJNVE4MWhKGWOjp15Es6ISoI1ywwgLKn51cETJBHWJq+lKyGfVU0o3moE69BtNrzrhvtwVW+5ZTwVOINzuAQPbqAF99CGDmDI4AVe4c16tt6tD+tzMbphlTs1WJL19Qtq/5t1</latexit>

2h�i

Homogeneous (perfectly mixed)

Heterogeneous (clustered)

Heterogeneous

Homogeneous

Fluid temperature
Particle temperature
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CFD-DEM derived empirical correlations

<latexit sha1_base64="g8Ke5fuHk8c2yLJ5BSyH+jHfNJY=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgYxnBfEByhL3NJlmzt3fszgnhOPwLttrbia2/xdZf4ia5wiQ+GHi8N8PMvCCWwqDrfjuFtfWNza3idmlnd2//oHx41DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjG+nfuuJayMi9YCTmPshHSoxEIyilZqyl+Io65UrbtWdgawSLycVyFHvlX+6/YglIVfIJDWm47kx+inVKJjkWambGB5TNqZD3rFU0ZAbP51dm5Ezq/TJINK2FJKZ+ncipaExkzCwnSHFkVn2puJ/XifBwY2fChUnyBWbLxokkmBEpq+TvtCcoZxYQpkW9lbCRlRThjaghS1BmJVsKN5yBKukeVH1rqru/WWl5ubxFOEETuEcPLiGGtxBHRrA4BFe4BXenGfn3flwPuetBSefOYYFOF+/NcmV7g==</latexit>

lth

o For single-phase pipe flow:

o For a homogeneous (well-mixed) particle distribution:

o For a heterogeneous (clustered) particle distribution:

o Model for volume fraction variance:

<latexit sha1_base64="QMWaclicxBH5nga1gabJN+i9lvI=">AAACFnicbZDLSsNAFIYnXmu9RV2KMFgEVyURbxuhoAuXVewF2hAm00k7dGYSZiZCCVn5Er6CW927E7du3fokTtMsbOuBgY//P4dz5g9iRpV2nG9rYXFpeWW1tFZe39jc2rZ3dpsqSiQmDRyxSLYDpAijgjQ01Yy0Y0kQDxhpBcPrsd96JFLRSDzoUUw8jvqChhQjbSTfPmB+qgfZlVN1ztKu5PCeZP5NTnWZ+XbFGHnBeXALqICi6r790+1FOOFEaMyQUh3XibWXIqkpZiQrdxNFYoSHqE86BgXiRHlp/o0MHhmlB8NImic0zNW/EyniSo14YDo50gM1643F/7xOosNLL6UiTjQReLIoTBjUERxnAntUEqzZyADCkppbIR4gibA2yU1tCXhWNqG4sxHMQ/Ok6p5XnbvTSs0p4imBfXAIjoELLkAN3II6aAAMnsALeAVv1rP1bn1Yn5PWBauY2QNTZX39As75nsc=</latexit>

lth = 0.05ReDPr

<latexit sha1_base64="Y7Aw4XTCY2ECFA3R3eHoQ+5BRGY=">AAACKHicbZDLSgMxFIYz3q23qks3wSK4qhkRdSMU3LisYluhMw6Z9LQNJpkhyQhlmMfwJXwFt7p3J277JKbTLrwdCPn4/3M4yR+nghtLyKc3N7+wuLS8slpZW9/Y3Kpu77RNkmkGLZaIRN/F1IDgClqWWwF3qQYqYwGd+OFy4nceQRueqFs7SiGUdKB4nzNqnRRVj0SU22FxTy5I3c8DLfENFOXd1MVRIKgaCAjSIQ90iVG1RuqkLPwX/BnU0KyaUXUc9BKWSVCWCWpM1yepDXOqLWcCikqQGUgpe6AD6DpUVIIJ8/JjBT5wSg/3E+2OsrhUv0/kVBozkrHrlNQOzW9vIv7ndTPbPw9zrtLMgmLTRf1MYJvgSUq4xzUwK0YOKNPcvRWzIdWUWZfljy2xLCouFP93BH+hfVz3T+vk+qTWILN4VtAe2keHyEdnqIGuUBO1EENP6AW9ojfv2Xv3PrzPaeucN5vZRT/KG38BsXemog==</latexit>

l0th = 0.1RePr/h�i

<latexit sha1_base64="QKfkPVhiwjehsr7Avk3Z1ygoCRk="></latexit>

lth = 0.1RePr/h�i+ 0.64

p
h�02i
h�i

✓
0.1

Re

h�i + 0.02Re3
◆

<latexit sha1_base64="sSI5xjpmyhViVTvmtifPDzkuH1M="></latexit>

h�02i = 1.48h�i (0.55� h�i)
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Outline for today’s talk

1. New stochastic drag law for CFD-DEM

2. Role of clusters on heat and mass transport

3. Incorporating heterogeneity into coarse-grained models

Introduction            Drag Modeling            Particle Clustering            Final Remarks



IFPRI Workshop |Multiphase/Multi-physics Flow Lab 23

What models should be used at industrial scales?

We just showed that heterogeneity (clustering) plays a significant role

Challenge: how to model subgrid-scale heterogeneity in industrial-scale simulations?

o Filtered two-fluid model?

o MP-PIC?

o Random walk?

o EMMS (CFD-DEM or TFM)?

Random walk models coupled w/ RANS are among the most popular:

o Particle equations:

o Fluid velocity seen decomposed into resolves/unresolved:

o Model unresolved velocity stochastically:

<latexit sha1_base64="p22o/wONUcqLTAFQDlIUMKjrGMM="></latexit>

dxp

dt
= vp,

dvp

dt
= Fcol +mpg +

F (Re,�)

⌧p
(u� vp)

<latexit sha1_base64="pc2Ix9GdMnB91jLn3/fphWF2KiU=">AAACGXicbVDNS8MwHE39nPOr6tFLcIiCMFoR9SIMvHic4D5gLSPN0i0sSUuSCqP06j/hv+BV797Eqyev/iWmaw9u80HI473fR/KCmFGlHefbWlpeWV1br2xUN7e2d3btvf22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Nvc7j0QqGokHPYmJz9FQ0JBipI3Ut6EX8DTJbrzIVOVD0kLIzor7pG/XnLozBVwkbklqoESzb/94gwgnnAiNGVKq5zqx9lMkNcWMZFUvUSRGeIyGpGeoQJwoP53+JIPHRhnAMJLmCA2n6t+OFHGlJjwwlRzpkZr3cvE/r5fo8NpPqYgTTQQuFoUJgzqCeSxwQCXBmk0MQVhS81aIR0girE14M1sCnlVNKO58BIukfV53L+vO/UWt4ZTxVMAhOAKnwAVXoAHuQBO0AAZP4AW8gjfr2Xq3PqzPonTJKnsOwAysr1+2GKGT</latexit>

u = u+ u0
<latexit sha1_base64="pWsVULeG+aLT+LIaHfoHljdwbwk="></latexit>

du0 = �u0
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+

s
2�2

SGS

⌧L
dW
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Continuous random walk (CRW)

o Pros: Random walk models reproduce with accuracy one-point statistical moments 
(such as dispersion coefficients and particle kinetic energy)

o Cons: Fail to capture instantaneous spatial distributions (clustering)

o Consider a Taylor—Green vortex as a model for an LES/RANS grid cell

Exact solution Random walk

Culprit: white noise 
destroys spatial correlation

<latexit sha1_base64="pWsVULeG+aLT+LIaHfoHljdwbwk="></latexit>

du0 = �u0

⌧L
+

s
2�2

SGS

⌧L
dW
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Particle clustering in homogeneous turbulence

DNS (2563)

LES (323)

Pair separation (r)

Radial distribution function
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Embedding spatial information

<latexit sha1_base64="3W0r7+JnORVWYwixLVl6myMUNDM="></latexit>

r = kx(i)
p � x(j)

p k

<latexit sha1_base64="LCWyjHADkKuM7ik6RX6xzjVS0Ac=">AAACAnicdVDLSsNAFJ34rPVVdelmsAiuQhLS1u4KblxWtA9oQplMJ+3QmSTMTIQSsvMX3Orenbj1R9z6JU7aClb0wIXDOfdy7z1BwqhUlvVhrK1vbG5tl3bKu3v7B4eVo+OujFOBSQfHLBb9AEnCaEQ6iipG+okgiAeM9ILpVeH37omQNI7u1CwhPkfjiIYUI6WlgRfwzLulY47yYaVqmVbDdZ0atEy75jrNgjhNu1GvQdu05qiCJdrDyqc3inHKSaQwQ1IObCtRfoaEopiRvOylkiQIT9GYDDSNECfSz+Yn5/BcKyMYxkJXpOBc/TmRIS7ljAe6kyM1kb+9QvzLG6QqvPQzGiWpIhFeLApTBlUMi//hiAqCFZtpgrCg+laIJ0ggrHRKK1sCnpd1KN+fw/9J1zHtumnduNWWu4ynBE7BGbgANmiAFrgGbdABGMTgETyBZ+PBeDFejbdF65qxnDkBKzDevwBSyZhD</latexit> ⌃
C

o
rr

el
at

io
n

<latexit sha1_base64="Fh95tkhNgxq/wCEWpXZXbQ1wfkI=">AAAB+HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKsfZW8OKxBfsBbSib7aZdutmE3Y1QQ3+BV717E6/+G6/+ErdpBCv6YODx3gwz8/yYM6Ud58MqbGxube8Ud0t7+weHR+Xjk66KEkloh0Q8kn0fK8qZoB3NNKf9WFIc+pz2/NnN0u/dU6lYJO70PKZeiCeCBYxgbaS2HJUrjt3IgFakXstJw0Wu7WSoQI7WqPw5HEckCanQhGOlBq4Tay/FUjPC6aI0TBSNMZnhCR0YKnBIlZdmhy7QhVHGKIikKaFRpv6cSHGo1Dz0TWeI9VT99pbiX94g0cG1lzIRJ5oKsloUJBzpCC2/RmMmKdF8bggmkplbEZliiYk22axt8cNFyYTy/Tn6n3SrtntlO+1apVnN4ynCGZzDJbhQhybcQgs6QIDCIzzBs/VgvViv1tuqtWDlM6ewBuv9C+ZNlCQ=</latexit>r

<latexit sha1_base64="2Ip7fLQrZKi/LTtunhKYrSOStsI="></latexit>

du0 = �Adt+B · dW ⌃ = BBT

• How to capture instantaneous spatial distribution in LES/RANS?

• Key idea: leverage what is available. In each grid cell we know:

– One-point fluid information (turbulent kinetic energy, dissipation, etc.)

– Two-point particle information (relative particle positions)

• Introduce covariance matrix 𝚺 in the diffusion term
(replace white noise with spatially correlated noise)
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Spatially-correlated random walk

o We propose a model of the form:

o SGS model that captures one-point and two-point statistics!

<latexit sha1_base64="qZXsUrT7dbTssVwNO1zDIv0VKss="></latexit>

B(i) dW ⇡ B̂ dW
(i)

=

PN
j=1 b(x

(j))⇢(|x(j) � x(i)|) dW (j)

qPN
j=1 ⇢(|x(j) � x(i)|)2

DNS LES+CRW LES+SCRW
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Concluding remarks

1. Introduced a stochastic approach for neighbor-induced drag fluctuations

o Time scale closure from kinetic theory
o Proposed model for force variance

2. Force Langevin framework yields accurate
statistics for homogeneous suspensions

3. Industrial-scale simulations remain challenging. Need models that can 
capture subgrid-scale heterogeneity!

4. Proposed a framework based on spatially-correlated random walks
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Questions?CAPECELATRO RESEARCH GROUP 
JESSECAPS.COM 

10,000 spher ica l par t ic les 
randomly d is t r ibu ted in a 
quiescent flow. Particle-fluid 
density ratio = 1,000. 

Overlapping particles repel due 
to collision force. 

Particles fall under the influence 
of gravity and entrain the 
surrounding fluid. 

Clusters of particles form and fall 
faster compared to isolated 
particles due to drag coupling. As 
a result, the fluid becomes highly 
unsteady, referred to as cluster-
induced turbulence. 

Fluidization the process by which fine solids are transformed into a fluid-like 
state through contact with a gas or liquid 
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