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Fig.1 Simulation model based on LBM-Simulink
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SR K/[W/(mK)] 0.159-7.101x107°T
5 71 %4 FE 1/(Pa-s) 0.08467-0.0004T+5%x107" 7>
T pl(kg/m®) 1098.72-0.712T

(3) P52 o MR S e 4l 1 = 4, 2
M I Ath, 2 A

(4) MR AR 2 S IS 290 ) A S0 AR s A 7R R
FH e M 4 2% 4K

(5) BREE 4 WA EEE R s g 2 4, HAR
N R AR R A ) A B B 25°C (298.15K0).
1.2 TEHRFESITRETHHRRESEH

AR s DAL 1 AR A2 R B SR A b g A
SRR 1PNk QTN AR R/ TWASEE SHINE 17 = AR N A - K 7 TN
I R 8 20 A0 iy T 8 2 1) 7= 40 D 38 B RE 1 AT 55 R0
B, b EARK N

P =TI+ Iy + By (D

A, L A T 20 590 AR s S AL AN v s e AL A58
Tis By 23 30 AR s e 4RI i Hs 98 24 10 45 24 BELAE
By BUENG UL N BB AT -
FEJa SCIIBE ST, D T 7 A RE AT X B S B 5y
AT 5 45 e R U SRR St 11 P T 4 2 SR A DA A5 R R
TR EC 1.0 548 IS4 R R AR AUE LR 2,
R2 FYARSY

Tab.2 Equivalent parameters of heat source
) O
Zz
T2 K/[W/(mK)] SFRBREIW
Bty 21 3800
1 g2 4l 368 55 000
i R S 368 43 000

2 TERISR-HIIE LBM EE

LBM J& Bl R BBy 73l ) 2 B ik
SR, SR 3 A ok 5 IR W A B 1 O 1,
JOR AR T Ak TG R TR 2E 27
£ (Lattice Boltzmann Equations, LBEs) K fi# fll %%
WP B Iy 3 e = A 1M, Wl 3 s . A k4T LBEs
KA, T8 S AR LUTF IR S0 A ) 00 RRE T R 4 AR
J 4 () R BCR vk S 3, Bk A kO A G s
SR B IR PR, O K FLRE A D it - [ A i ) AR

&, EAFERAR B WAKE R LBM A 4% 1
oA eA L AN AF h ALEAT S R (1
Pk s.

ikl

BT
| R

| PR D209) |
v

| A WSLBESKAE |
| R
| BRI ES |

K3 LBM il H i
Fig.3 LBM calculation process
2.1 D2QIIETHEZESRE
IR B HUR SE B LBM 3K i 1) 2D B,
FEMS F I8 P AR g ool LLTT DxQy k&R, H
Hox RORYERL y FORKE T IIERE T . AR YRR
RS, D2Q9 #EAY (HAT 9 AN TT IR 4> FE I
M) T LUSE I M R AE U I A 1 TR RO, R A
WA PR AL B0 - A% AR T AR e A R o PRLE AR 3C
AR s A4 LBEs #>R 1 D2Q9 il % B 7Y ok 1
W, BARGR TR T B 4 Fros . Horb 2 dildk
HERE ¢ LN Ag .

¢ c, cs
<0}

& <

< Cy Cg

Bl 4 D2QY #lk A
Fig.4 D2Q9 lattice model

(0, 0) i=0
¢; =4(cosb,,sinf,)c i=1,2,3,4 2
\/E(cos@,sin@i)c i=5,6,7,8

(3)

ﬁq:', C%Tf&.%};ﬂéﬁo
2.2 RIKEEFAH LBEs
TR AR T 2% N BB AR I e o AR L FE R



3318 SR B 27 NI S 4

2025 5 H

HIFAA Y)Yy, R I EATRE . ARSCEET
SCHR [31] 01 18] 4 XL 43 A £ 8 ( Double-Distribution
Function, DDF) K 5 —F2 sty B (8] AU 4b 77 T
Jiik, AR M K AR i B A1 4 LBEs A
WAL G R . I SR LBEs RT3l
TG A bR KL S, ) (e, £)53
fi(x+eAnt+At) = f,(x,0)(1-wp )+ o [ (x,0)+ F

g (x+¢Att+At) = gi(x,t)(l— a)g)+ 0,871 (x,1)

(4)
Kep, Ar I AE K o=Ad o il @,=At/ 7, 55 3
VAR KR PR RN AR S R s 7 Rl 43l Dk BE
W RV FE 3 (R R st s 18] 5 /59 (e, 0) B g7 (x,0) 20
IR AL 37 10 V5 o0 A B AL F RT3 311
A 33, R AT E] 50 (Boussinesq) U Bl v
2, B

T-T

—F=c )]
T,-T, 7

F=3w,pg,p
Kb, p WAGMERE: g, Ai—y J7 In) (1) g i
By pRIEN REG T F T, 0 0l D AR 7 (i
BE) FNAMFe (VBE) MWL o, b Wi—y J7 In) (1R 2
& . @k D2QY SN JT I RCE, LA

EAE A

4o
9
1 .
o =4=— i=1,2,3,4 (6)
9
|
— i=5,6,7,8
36

T 7y AL E 7 TR A b I ] o 55 5k

1

rp = 2¢] 0 (2v+ QL) =5 —+— (7
ciAr 2

z'g:2cszAt £+C§At = 20: +l (8)
pc, At 2

K, vRIEFIFE; o WA HOER; o Nk

P, WA D2QI MM E, Ml =73,
V-1 ) R A O3 A R BN

3(c-u) 9(c-u)2 3u?

A=wp|l+—L—

S lp[ c? 2¢* 202

3(0#)}

02

L 1

9

gl = a)iT{l +

B2V L T BB CE 31 MR B

S F S ) 7 1 09 AT 06 o S 0
LI U I AR A
530

X

1
. M-
M- T
sl
=~

(10>

S
iy

~
[
M-
o9

Il
(=]

23 WIEREBEXS

7t LBM Ml FVM {j B i b Mg S H %, 45
SR o BORGAff,  H O TH SRR R AR KK
P ARSOE M HEAT MRS LG HER B, g R W
3, 3 TRES A% E BN, R U A LBM

B T B AR RS 7 50 H RO A% B e A, B R SOk
PR T 8O0 1250420 BE47 LBM @B 50, 3 45
TCHN 43 654 HEAT FVM A% I 73
F3 MBLAHEEBER
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40 5 10 1

T TR T 2GR iR U T 4 R A T BN S SRE D DF A 3321

WITECR, 4510 Eigg), AR L
JrHRRE TN T BEAE A Besl, I R
PE 5 SRR BOE AT I A 50, i 8 Wh i E A%,

138.1°CHl 137.5°C, {HJ& T & A RHFER M 0.3
TEEN 2.0 HASAT I AR A, DR 002 il ik O oK T
it %, HAKKALAE 60~70°C 2 ) 3K IR HO6 T
TR U A TR U K ) AR PR A I IS ATOIRAS, W RES
IRAR s 245 Ja 38 1o RN 24 5 T3 iy P A0 % ), DRI

o0 R it JBE AR PR T AR A OO AN o 2 64T DTR P
fili (KRB

4 ETRARHEXTESRAHEENITME

N T AL AR s 4% B B A BRI A D Bos AT, A
SR X AN [ 7 38 R BN 5 2% 18 A S5 3 P AR A A L
RO A T A% BEAT SRR VP AL . BR TG AL IR T AN
B2 Al 2P 18 B 2T i IRV O
AR R BRI AT R A

max K

s.tt. f1(K,2) < Htop)l A
(K1) < Hhs,l K e [O,Kl],te[O,Ts]
LK, )< L

Xrbs KGR E WS IS 6,
AR AR TR s Gy AR AR KA
MWk, BEEREELBME, T,
FARIEAT I L o 5w 400k A

MR AE He 2% S ™0, SR P A v 48 5 AR I A8 I
A AN A Y IRAE A

15000 15000
1% N
LOL:FIO 1104273 64273 (12)

4.1 TERBINEEE T HE 5138 71T
IR B B R E IR 25 C I, 0 AN [ 47 8

RVPMGREAT 7O . P A 3R BOR 1 d KA
e E TR e MR X 4 2% T i 4 R LK 6.
WRIER 6 P A, HPEARLEN 1.20 1,
U T X 48 2 7 i TR R WRKE o KR SE T, AT AT BE X
A s A 3 7 I B . EL TR i eh T A R b
FHI R, T RE S LR 2, WA RE
AT T2 i A0 AT 00 5 oA ) T A s 5% PR 3B AT R A
PRl I IR A AR LA G T (25°C) I, SRR
HONAERL 1.20, LAy % 22 He & 77 iy 1R 43 35

*6 IMREE2CTHES

Tab.6 Simulation results at ambient temperature of 25°C

TR WUz R/ C A%/ C S 7 i 454 2K
1.00 71.817 6 106.403 6 02228
1.10 77316 1 110.727 7 0.463 9
1.20 87.798 2 116.225 2 0.854 6
1.21 83.636 1 118.394 6 1.015 4
1.50 81.440 5 133.727 3 4.049 7
2.00 95.243 5 155.349 1 34.054 8
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Fig.9 Typical seasonal temperature curves
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Tab.7 Simulation results under typical summer

ambient temperature

RS TR/ C il e/ C LERURSRTE PN
1.00 70.028 2 117.004 0 0.532 1
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120 85.529'5 129.032 2 2.030'8
1.50 98.761 6 144.812 7 9.478 2
2.00 111.819 7 171.648 2 95.857 0
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Tab.8 Simulation results under typical winter

ambient temperature

PR DR/ C i/ C GIRSRSRIEIEN
1.00 50.772 9 88.531 2 0.025 1
1.20 56.949 9 97.804 1 0.126 2
1.50 59.664 3 115.002 3 0.606 8
1.60 62.699 0 120.694 7 0.999 1
1.70 71.035 2 126.797 4 1.596 3
2.00 79.534 4 144.461 0 6.669 4
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Transient Temperature Rise Simulation and Load Capacity Evaluation of

Oil-Immersed Transformer Based on Lattice Boltzmann Method
Yu Wenxu Guan Xiangyu Zhao Junyi Tu Jiayi Lai Zekai

(School of Electrical Engineering and Automation Fuzhou University Fuzhou 350108 China)

Abstract The dynamic transformer rating (DTR) and thermal life loss of oil-immersed transformers under
on-site variable load operation conditions are closely related to the transient temperature rise of the equipment.
However, as an implicit solution method, the traditional finite element analysis and finite volume method need to
be iteratively solved in each sub-step of transient thermal analysis, which has many computational resources and
is time consuming. It is challenging to meet the requirements of fast calculation. The rapid and accurate solution
of the temperature field (especially the hot spot temperature rise) of the oil-immersed transformer in field
operation is the premise to realize the digital operation and maintenance of the transformer and the DTR
evaluation. Therefore, this paper proposes a lattice Boltzmann (LBM) physical in the loop simulation model for
coupled electrical networks. The real time evaluation of DTR under electrical network constraints is realized
through the rapid solution of the transformer temperature field.

Firstly, the D2Q9 model is used to solve the fluid flow and thermal lattice Boltzmann equations (LBEs) to
capture the transient oil flow and temperature rise process inside the transformer. In the Simulink environment,
the equivalent current source model is used to construct the electrical network constraints of multi-level load
scenarios, and the established transformer LBM model is used as a component for numerical encapsulation to
complete the construction of the physical-in-the-loop simulation model. Secondly, to verify the effectiveness of
the proposed method, the finite volume method (FVM) is used to simulate the same oil-immersed transformer
model. The grid independence test determines the optimal number of grids. The number of grids is 1 250x420 for
LBM modeling and simulation, and the number of units is 43 654 for FVM meshing. Compared with the
constructed LBM-Simulink model with the FVM model, LBM still has the advantages of speed and memory
occupation when the number of lattices is higher than the number of FVM units. If commercial software is used,
this advantage will be further expanded. Thirdly, the steady state solution results of the hot spot temperature rise
of the established LBM model are compared with the FVM solution, and the error is 2.60%. According to the load
curve given in the transformer guidelines, it is used as input to solve the transient temperature rise of the
established LBM and FVM simulation models. Finally, the results show that the LBM and FVM calculations are
better than the transformer guide calculation. The maximum error between the hot spot temperature calculated by
LBM and FVM is 6.44%. Moreover, the hot spot temperature rise trend of LBM is consistent with the transformer
load guidelines, which verifies the effectiveness of the proposed method.

Based on the constructed LBM model, the load capacity of oil-immersed transformers under constant 25°C
and typical ambient temperature changes in summer and winter are evaluated at 6~ 18 hours during the day. The
results show that under the premise that the relative insulation life loss of oil-immersed transformers is less than
1. The maximum load capacity coefficients are 1.20, 1.10, and 1.60 under the constant ambient temperature of
25°C, typical temperature changes in summer, and typical temperature changes in winter. The simulation model
based on the proposed LBM provides an effective method for real-time monitoring of temperature rise, load
capacity evaluation, and dynamic capacity increase of oil-immersed transformers.

Keywords: Oil-immersed transformer, dynamic transformer rating (DTR), Lattice Boltzmann method
(LBM), relative insulation life

(HiE FEWF)





