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0. Introduction

0. &I

AR @ R A A T 2ERR Pelab W FL 20T i T AL R BL3E WA B AR AT RUE
BEEHESZINO R TAE, BERE T JUENREBIERR, AHEA R BT )
BT R (RuE T PSR S BEIRARRD . BRI A% T B CBE T8
WSS E BT WA T IR B CBod H T Hol S BRI X385 E 24
W) . AT PR RS SR, IR IR R LR R 5 R 4758
hior=. RJLEEMA AL N ZA BEERFEATIREAN )G, 4587 K: ET)E
FEL i P AR RSO SIS, W] I S eSO T R, W geiE | A S . A E 2 (A
ATIREETT AR R TG TR IR BT A PEAL S A, B AEHE— 20 i 58 3 AR AR Y,
B/ RIS 77 K &

TRt ,  FIREALE EET Pelab BT 2 AR MARTE R R B K, AT EARIR
BB 25 S I R 5 0 SO RN D I e R (47 1 — B 2 b, A i
—B . EE NI, WS A R . A A AL, s R SRR
1B R RG] B B P d S ) SR S Ak

AL, “HAER 7 BRI RRERARZIE R R R KL AR R A B
RN R RE” FHRB LRI REL

In this manuscript, the term "standard drag" or "uniform drag" refers to the uncorrected

it

'

drag coefficient. The term "effective drag " or "filtered drag" refers to the modified drag
coefficient.
Note: Clicking the blue words can directly link to the original article of the model. The

research outcomes below are only used for academic purposes!

1. A gradient-dependent three-marker sub-grid drag correction model

1. BEEBRN=SIFCIEEFRDIEERR

A parabolic distribution closer to the physical reality is proposed to characterize the
local inhomogeneity, and the concept of "multi-subdomain concentration gradient" is

introduced. The subgrid modeling is performed in a coarse grid, and a gradient-dependent
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three-marker subgrid drag model is established. The results [1] show that the greater the
concentration gradient, the smaller the subgrid drag correction factor and the greater the local
nonuniformity. The coarse-grid simulation results [1] under various operating conditions in
turbulent fluidized beds show better grid independence (The mesh convergence quality is
increased by 3~5 times) and the computational efficiency and accuracy are improved.
Compared with the fine grid simulation that the author tested, the computing speed of
coarse-grid simulation is expected to increase by more than 40 times [2]. The effective drag
coefficient is given by [2]:

SRt 7 E G B SEBR ) YL AT KB SINT BT HIRERE” M,
T RAL R AR ST o £ BN RS A EAT AR 7, R et T B PRI ) = Aid
WK . WA RARM] [1]: WRERREGEOR, WA 7 RABIER 7BV, JRiaAEY 5
VEBOR . 2 TO0R, RSl SR (R TE SR Rl (IR ICSIICR $2 v 3~5
i), WEACR GREARIRTT 1. $XEE il case, 5240 MM EUAHLE, KR
RERADL R TSRO B W] 3R 40 5 LA b [21. ARCR A REON [21:

18ugeg(1—¢4)

Bettective = HTFd (Re, Sg) (1)

Hy = (Sg)term Reterm( Agg)term (2)

(&g)term = 46.429 — 175.44¢, + 4434585 — 769.3¢ + 701.24¢; — 246.455¢5  (3)

Reierm =pow(Re, (—4.0614 + 2.9368 exp( 0.47648¢,))) 4
(Dgg)term = 0.25215 — 0.51151A¢, + (0.14801 — 22.488¢;5491)(Ag,)? (5)
_ (min(1,Hg) (&g,min < &g < 0.97) 6

1 (097 <ey; <1 or & = €gmin) (6)

Deg = Dyrig X |Vey| (7)

Where the dimensionless drag correlation [3] is expressed by:

Horp, BRI RN [3]:

10(1-¢4)

2
&g

0.00456
4
&g

Fd(eg, Re) =

+e2(1+1.5/1—¢5) +[0.11(1 —¢)(2 — &) — +(0.169¢7 +

222 (g5 Re) 0343 (g Re) (8)

Note that different uniform drags lead to different subgrid drag corrections. Interested
readers may refer to our article [1] for details of a specific derivation process of our subgrid

model.
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TERERIANFE A2 HE IR R BN FE IS TR . BT EREESE CE [,

The recommended flow conditions: dense bubbling/turbulent gas-solid flows.

WEFERRIR: Frnld M T3 AmRsh B AT

2. A material-property-dependent sub-grid drag correction model

2. PENE RIS F R SRR

Based on a concept of "pseudo-steady-state", a material-property-dependent subgrid
drag model is constructed [4]. A systematic mesoscale research idea is also proposed [5]. The
results [4] reveal that the subgrid drag model is closely related to material properties.
Specifically, a larger particle size or density results in a higher subgrid correction factor, and
a decrease in gas density or viscosity leads to a decrease in the subgrid drag. Under the two
types of representative particle properties, the constructed correction model accords well with
the fine-grid simulation data. The results of coarse-grid simulations of five pilot-scale fast
fluidization systems present that the developed model has good predictive performance for
the systems with different material properties [4]. The effective drag coefficient is given by
[4]:

BT GRRAME SR 1 IR S ORI B B A% T R [4], $RHE T
BONAR G RS TIIE T E R [5]. 450K [4], WAR 1 ROBERL SRR 5 3 U
FIR: BOKBPRLAR B L 5 SR AR A IR TR, T A BORS 2 1) /) 3 50
BT RATT o FEPISRACRIERIBURLIE BT T, BT e (42 IEAR A 5 40 R AR S B B o)
Bo FPRS AR, 5 22 il ROZ PSR A S N8 B S5 SRR, BT AR AR AN A A4 R
PR AR R BA MRS I ERE . AR R RECN [4]:

Petfective = HPwen-yu )
H— min( 1, max(0.03,H;)) (0.03 < & < &5 max) 10
N { 1 (0 < & < 0.03, & = & max) (10)
H, = a#gapgaps(ad5:£.§+ads‘zas+ads‘3) (an
slip
ay, = 1.8477(10%uy)"; by = (0.41398&f — 0.5589¢; — 0.78198) (12)
ap, = (1+pg)"; by = (—1.45563+1.8318¢f — 0.4921¢, — 0.083177) (13)
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a, = 1.6051 X 107%p, + 4.3110 x 107° (14)
ag,1 = —2.5305 + 0.11965d, + 0.036723d2 — 1.2740 x 10~*d3 + 1.6023 x 10~7d? — 6.7841 x 10~11a  (15)
ag,» = —1.1103 + 0.047264d; — 0.052087d? + 1.6366 x 10™*d3 — 1.9759 x 10~7d# + 8.1965 x 10711d}  (16)

ag,s = 1.8890 — 0.083996d; + 0.018797d? — 5.2820 x 107°d3 + 6.0709 x 10~8d# — 2.4557 x 10~1*ds  (17)

0.7894 < < 10.7894; 0.225 <

= - <30.225 (18)

50 < f—m < 1000; 500 < py/(kg - m™3) < 2500 (19)

Where the drag coefficient of Wen and Yu [6] is described below:
Forr, ik 8 RECR A Wen-Yu £ 8! [6], RKIAXMT:

3 e5(1—&;
Pwen-vu = 48 (e )ngDOulep(l — &)~ 265 (20)

Please refer to our recent article [4] for a specific derivation process.
HAAMERERIESE L E [4].

Note: In this model, ug;;, = |v, — v| is the dimensional slip velocity, with a unit of m/s.
B AR ug, WA RN REEE, B m/s.

The recommended flow conditions: dilute fast gas-solid flows.

WEFERRNITR: Frld T RES BT .

3. Conventional and data-driven modeling of filtered model

3. (ERSEIRIREEIERYERRE
3.1 Conventional filtered model

3.1 (EREEFSEIRYEIRIRE

3.1.1 Filtered drag correction

3.1.1 iR B OIEIEXEA

Unlike most of previous contributions, our work directly introduces the fluid phase
gradient as an additional marker [7] to formulate an explicit function correlation for filtered
drag correction factor:

HUAERZHI AR, A TAE BRI A 5 B AR N aisMrid A& [7],
F T3 TG R Ay, H R SE T
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Bfilter,y = Hyp (21)

Brittery 18 the macroscopic drag coefficient for coarse-grid simulations. The specific

expression for H, is given by:

Bitcer,y JIFH RS G DL T 1R R % HyRBCRIE W [70:

—1g(Hy) = AyAzAs + 2.9031ul,,, + 0.0604(VF; ) + 3.0180 (22)
Ay = 0.8566 — 0.9967&, + 2.1247£2 — 1.64583 + 0.5742&} (23)
Ay = —1.6309 — 0.9151uy,,, — 0.1758(uy,,)? + 0.0200(u,,)’ (24)

Az = 2.2801 — 0.8059(VP,) — 1.7460(VP2,},)2 —2.9519(VP,,)3 — 2.4812(VP,,)* — 0.7629(VP,,)5  (25)

H, = {Min(l, Max(Hg,0.03)) (0.45 < &, < 0.97) (26)
1 Otherwise

p denotes the uniform drag coefficient:

BAYIEI R TT AL

18u gg(l £ )

S 27)
Where the asterisk in this section represents a dimensionless form. F;(Rey, &) is the
dimensionless uniform drag force. '-' and '~' are the average variables, that is, the flow field
variables in coarse-grid simulations. Rey 1is the particle Reynolds number
(Res=ggpeds|ve-vs|/g). To enhance the predictive capability of the uniform drag, Zhu et al. [8]
refitted the uniform drag correlation using much more elaborate DNS data under a wide range
of operating conditions, expressed by:
Horp, *fURIERIRAZ R, FaRes, e NERIKETT. R~ P BRI AR &, B
LY LR (L1 . Re, YR (Re, = 2220t g s s o

E I, 1EF [8] SRHK T EEVEANE DNS dls, XI5 RIEAT 7 REE, RILA -

0.0867(1 — £,)(2 — &) — =~
g

10(1 -£ ) g2
Fy(Reg, &) = L +e2(1+15/T—¢)+ Re (28)
v 7 (0 0214z, + 01287) Re;00319 |
The following quantities are nondimensionalized:
AN A BN AL
P VPg,y u* _ lustipl 5 Ar
p— . A — 2
VE0y = Gampa Ustie = "o+ T G (29
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where the terminal velocity in this work is calculated as:

b, AR TARDRE BT SER A T 5

_gdi(ps—pg)
v = SR (30)

In addition, it is considered that the components of the drag in either the vertical or
lateral direction are equivalent in the current work. Further study on an anisotropic drag
correction may be performed by interested readers.

BeAh, AR TAFNAEATT R BRI R AE R T2 550 1, RIS RS IR . %
R 3 P AR ST JR ] T S 4k AH 5 5 T T 7T

The recommended flow conditions: fast dilute gas-solid flows and partial dense flows.

BEERANITR: RG] T PRESE AT AR

3.1.2 Filtered interphase heat transfer correction

3.1.2 iEBARIEMEARKERT

Unlike most of previous contributions, our work directly introduces the interphase
temperature difference as an additional marker [7] to formulate an explicit function
correlation for filtered interphase heat transfer correction factor:

HSUAERZHTAEAFRNZ, ATAEER/KH LRI ZEABSMRC R [7],
TE AL FAE I R 2R -8 i RAE IE R 7RI K

Hpeqr = % (31)

Ysiirer 1S the macroscopic interphase heat transfer coefficient for coarse-grid simulations.

The specific expression for Hp,q¢ 1 given by:

Veireer SRR AR B0 T HIBERAH ML AR B e Hpeq RIERIT [71:

—1g(Hheat) = B1B; — 49.8474 — 2.0372C,7 + 4.0014(Car)?; Car = —lg (IAT]) (32)
B; = 3.1487 — 0.0859xp (—0.9379A) (33)

By = ¢ + ¢1Car + 2 (Ca7)? (34)

co = 13.8797 + 6.0046¢, — 2.7249&7 — 091288, (35)

c; = 0.5698 + 3.0276&, — 5.2381& + 2.4681&] (36)

c; = —0.9473 — 1.7784&, + 2.3781&; — 0.9938¢; (37)
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Since most of our filtered thermal data are in the range of 0.001 < Hj.qr < 1 (nearly

100%) and 0.45 < &, < 0.97, the correlation is further corrected to:
U T AR TAEKCHS 4 T B TE0.001 < Hyqe < 120.45 < &, < 097551, BHUE

AT A% AE I AR 3t — 2D BR A1) £

Min(1, Max(Hpeqr, 0.001)) (0.45 < g, < 0.97) (38)

Hyour = {
heat 1 Otherwise

y denotes the uniform heat transfer coefficient, expressed by:

Yy SIEME R [91, RIBAHTN:

6kgeq(1—g5)Nu

— 99 d? 9 (39)

Where Nu is the Nusselt number. To expand the applicable range of Nu, Zhu et al. [9]
refitted the Nu correlation utilizing more elaborate DNS data, written by:

Horf, Nu 259K 8. Oy 1 ¥ Nu G RIVE L, /R R A TR 1) DNS Hodle X
Nu KB AREAT 1 EHr A9

1 1
Nu = (0.83 + 16.21¢, — 14.67¢2)(1 — 0.01Re{?Pr?) + (1.50 — 2.60¢, + 1.31Z)Red7Pri  (40)

Where Pr, denotes the Prandtl number (Prg = Cp,f fay,
g

ﬁﬂ%P@ﬁ%%%%ﬁ(mfﬁ%ﬁ.

The uniform interphase heat transfer coefficient has been well validated and analyzed [9]
whereas the filtered interphase heat transfer model has not been validated by experimental
data. Interested readers may perform further test and assessment of our filtered heat transfer
model.

RIS AL IR B CAF BN R G ISR T [91, TS8P [ 4% AR A i R
TR SEIGIE, BRSO AR ST A 0T 7T o

3.1.3 Filtered reaction rate correction
3.1.3 SR RALEZF(SIEXREAT

At first, we tested the dependence of Hreact On several possible filtered candidate markers
(e.g. &, Af, ugy, and VP;,). However, Hreact is only sensitive to variations in & and A;

whereas the inclusion of the other markers shows minor improvement in Hieact predictions.

9/13


https://www.sciencedirect.com/science/article/pii/S1385894719312185
https://www.sciencedirect.com/science/article/pii/S1385894719312185
https://www.sciencedirect.com/science/article/pii/S1385894719312185
https://www.sciencedirect.com/science/article/pii/S1385894719312185
https://www.sciencedirect.com/science/article/pii/S1385894719312185

The Hreact 1S then formulated [7]:
VR 1 8 S N 3R T PRl 1 (Hireaet) X0 J LA AT BE FR 318 I A1 06 s 10 AR ARG (481

ﬁ[l gg, A}, u;lip& VPg*’y) /\\\ﬁ Hreact1XXT59$DA}:E/JE4’K?FX7'3@&}EZ’ ﬁﬁgl)\/ﬁ;fmelan‘/fﬁ
P DL RIS AT 35 o Pk, AR SR T I SR R B I T [7]:

Hyeger = gg (al + azgg + a3‘§gz) (41)
a; = 5.5047(43) " a, = —13.4203(4) 702826, g, = 8.7707(A)) 02454 (42)
i <& <
Hoones = {Mll’l(l, Hyeuct) (045 < ¢, = 1) 43)
1 Otherwise

To consider the influence of mesoscale structures on the reaction rate, a first-order
solid-catalyzed reaction that converts species A into species B is considered. For complex

reaction systems, further investigations are needed.

A e R AR AE I DR i T SR AR A SN, o Rk S M A 2RI G

3.2 Data-driven filtered model
3.2 BURIRERYERIRE

This part applied machine learning to assist data-driven filtered two-fluid model
development. The data set used for model training and learning was generated from fine-grid
TFM simulations. So far, most of machine learning-aided data-driven models are black-box.
That is, an explicit algebraic correlation is not feasible. When the code language used for the
machine learning platform is inconsistent with that for the CFD solver, the former can be
directly converted to the code language used for the CFD solver. An alternative is to build a
data loader to realize the data flow communication between the machine learning platform
and CFD solver [10]. Our recent work adopted a data loader to communicate the machine
learning platform and the CFD solver and its workflow is shown in [10]. A detailed
description of the specific working process is available in our recent study [10], [11]. The
data set, trained filtered model, and data loader code that support the findings of this section

are available from the corresponding author upon reasonable request.

AR B K A TAR R AT 7 LA 52 ST 50, R 20 I RS ARADLAS 21 R AR B 14T
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W2 BT WL a5 I BR BATRAY,  RITCVAS B A AR B,
AR, YL FEES S5 CFD RS A—8u, m¥pLesy s FEiES

N CFD SRS FTRAMIE S Wl 82— MR ME#s (Data loader) SLHALEE
PP AIES S CPD SRAFS IR MEHE B [10]. A TAEFZRA G —F5ik, KL
VERAE L BAR Y] S B A H AT KRN CE [10], [11]. fEEE S FZERT, AR
B VIGEBIIBE AR R K BOE I B3RS rT R HE A AAE 2 b3k A5 o

4. Drag and interphase heat transfer models for large particle systems

4. BRI AR BARRERMRE

The "large particle" in this section denotes the Geldart D type particles and the partial
Geldart B type particles (A particle diameter larger than 200 pm is suggested). In
large-particle system, the inhomogeneous flow phenomena such as clustering seem to be not
evident and thereby are usually not considered. Interested readers are welcome to apply our
model of this section in their CFD-DEM and TFM simulations of flow and heat transfer.

AR5 TAE R, BOKBURLAE 12 873 Geldart B Z8R0RLCEBUK T 200 pm IR 7
Je “Geldart D 2K 7. FEBCRBIRLAR o, — IR 25 FER0RL 3R [ 45 AR 2 59 RUEE I
Fo BOGERTLE AT DL AES 70 B8 S H T CFD-DEM 5( TFM KR 8 5 4% #rh

4.1 Drag model for large-particle systems

4.1 BXERIISRBHIRE

The drag coefficient is expressed by:
W R EERIE AN

p =B RaRey, £) “

As we have stated above, Fa(Res, &) is the dimensionless drag force. Re; is the particle
Reynolds number (Res=ggpeds|ve-vs|/Le). To enhance the predictive capability of the drag, Zhu
et al. [8] refitted the drag correlation using elaborate DNS data under a wide range of

operating conditions, expressed by:

IR SR, Fa(Res, e NTEFER 1, Res NE M (R=#> T B
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WRITRIE I, PR [8] S-HK 1 BETEANAT DNS #idls, XJ TPk A HEAT 1R EK

0.0867(1— £,)(2 — &) — =~
&g

Famicro(Res, &) = 10(1 Dy e2(1+15/T5) + (o 0214e, + 2 1287) Rey 00319 fee (42
4.2 Interphase heat transfer model for large-particle systems
4.2 BRXERHS R EENERKER
The interphase heat transfer coefficient is expressed by:
ML R (nREAN:
_ 6kgeg(1—g)Nu (43)

d;
As we have mentioned above, Nu is the Nusselt number. To expand the applicable range
of Nu, Zhu et al. [9] refitted the Nu correlation utilizing elaborate DNS data, written by:
WIRTSCHTIR, Nu &3R8 A 7 ¥ E Nu [0i&E HTE ), A TAERHE L DNS
HyExt Nu KIBR AT 7 EFr 5

1

1
Nu = (0.83 + 16.21¢, — 14.67¢7)(1 — 0.01Red?Pr}) + (1.50 — 2.60g, + 1.31¢7 )Re)7Pr’ (44)

Where Pr, denotes the Prandtl number (Prg = Cpkg—”g).
g

Ho, P ARZE WIS (Pry = 2280)

9

The interphase heat transfer coefficient has been well validated and analyzed [9].

Interested readers may perform further test and assessment of our model.

A A AL AR B OB BN RGN M [91, BRI E 7] I AR < B ] TF
flHIE T
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