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ABSTRACT

Downhole heat exchanger (DHE) is an apparatus for extracting heat by
suspending looped pipes ina geo thermal well . It gradually has been used in the
geothermal resour ce ut lization in rece nt years. Since it does not need pumping hot
water out of the aquifers, just gaining heat from the well, it can eliminate the problem
of surface d isposal and no impact on the subsurface environment comparing with
ground water heat pump system. The convection promoter pipes to gether installed in
the geothermal well with DHE can serve to enhance the outside heat transfer of DHE,
i.e. heat output can be increased. A promoter pipe is simply a pipe that is open at both
ends and placed in a well with the looped pipes of downhole heat exchanger. Some
foreign scholars have pointed out that the convection promoter pipes can enhance heat
exchanger, but the supportive or efféctive e xperimental data has not been available.
There are few punished domestic research papers about t he promoter pipes. The
numerical simulations of promoter pipes in DHE are not available. The objective of
this paper is for understanding the mechanism o f heat transfer enhancement about
convection promoter pipes through experiments. In addition, the natural convection in
ano pen-ended square cavity part ially filled with po rous media is numerically
simulated.

In the experiment, a DHE simulation system is established in the lab according to
the DHE systems in a practical design, in which we can summarize the role of
convective promoter pipes in DHE heat transfer enhancement, and analyze the
experimental error. A comparison test is carried out for the DHE systems of with and
without convection promoter pipe installation. The experimental results show that the
promoter pipes do improve the heat output or the heat transfer performance. The best
length of the pipes is obta ined from the three kinds of promoter pipes with different
length according to the experimental d ata. In addition, it is found that the higher
temperature difference between the inlet water of DHE and the wat er in the thermal
aquifer, the higher temperature increment between the inlet and outlet of DHE, or the
more heat output. In this case, a larger heat transfer coefficient outside the DHE tube
can be obtained. However, the thermal power output or the heat transfer performance

does not necessarily increase witht he circulation flow rate through t he DHE.



Therefore, anaq uifer with a large geothermal gradient is favorable to DHE
installation, but to increase circulation flowrate through DHE is at a price of
increasing e lectric power consumption due t o pumping. Therefore, a comprehensive
consideration is necessary in order that both economy and technology are feasible in a
real application.

As a theoretical investigation for the DHE in a open perorated well in an aquifer,
this article establishes a model of an open-ended square cavity partially filled w ith
porous media. This model is solved by using LBM and the treatment of interface and
open boundary condition whi ch is introduced in deta il. The co mputation code s
validated in both mesh number dependence and accurac y by comparing the results
with those of previ ous work in porous media. The re lationship between flow field,
temperature field, local Nu distribution on the left wall of the cavity and Ra. Da. ¢
the width ratio of pure fluid region and porous region has been obtained and analyzed.
A correlation of the averaged Nu on the left wall of the cavity with Ra. Da. ¢ is
proposed. Some heat transfer characteristics inside the aquifer are discussed in detail.

Finally, based on the current experimental and theoretical inadequacies.
recommendations for improvement are proposed and the follow-up study of t he

subject project is suggested.

KEY WORDS : convective promoter pipes, downhole heat exchanger, natural

convection, LBM, porous media



LI REMREZREX
L11 BERSIMER A ™R

ﬁﬁ%,%ﬁwﬁaﬁﬁﬁ,a%WAM@%%%%%Q%ﬁmkﬁiﬂ%
EEEH%EEA%E%%%&%MJ@W%%ﬁ%ﬁé%ﬁﬁﬁ@ﬂ%%ﬂﬁ
%%%%ﬁaﬁ%ﬁ%ﬁ%ﬂﬁ&&ﬁ%ﬁ%ﬁ%E&%k%&%ﬁﬁ%ﬁ%ﬁ
%,H%E%éﬁ%,A%E%E%ﬁ%?%ﬁmﬁ@ﬁﬁﬁﬁﬁtm%gc@
%,%ﬁ%%%EEWﬂﬁmﬁﬁ,%ﬁ%ﬁﬁﬁ%ﬁ%ﬁ&?ﬁﬁiﬁﬂﬁ%
%ﬁ%%ﬁ%,%é%ﬁ%@ﬁ@ﬁﬁ%&%,NA%%EEEE@FEWE@
%a%%&@Iﬂk\ﬁm%ﬁﬁmmmu&EE%%%MWﬂﬁh%%&iﬁ
ﬁﬂw,%gﬂﬁ%ﬁmﬂmﬁ$,ﬁﬁw%%%u,ﬂﬁﬁﬁﬁ%mﬂ%ﬁﬁ
& DRLAEIRESE. #4:, REMRELSSENLRHE,

Iﬂ%ﬁm%3m%¢x,A%%ﬁ%%%%ﬁ%uoﬁiméﬁmqﬁﬁ
E%%Wﬁﬁﬁ%ﬁﬁ%ﬂ,Fi%%ﬁﬁ%%ﬁ%%ﬁ%,ﬁA%miﬁmﬁ
&T—ﬁ%mamuﬁt¥¢,éﬂﬁﬁﬁﬁﬁﬁnvmm,ﬁﬁéiﬁmﬁ
%ﬂu%w34@mmoHﬁ&m%ﬁﬂ%ﬁﬁ%\ﬂgﬁ%\ﬁmﬁi%%é
SRETFREHE A T BT 407 7 1y 4 34 (AR R B R R

%ﬁ%%ﬁ%%éﬁ%ﬁ%%%mm%J@MW%E%H@m$@$H%L
BﬁoEW,ﬁﬁ%ﬁﬁ%ﬁﬁ+ﬁ%ﬁ,Igﬁmﬁmﬁ%ﬂk%ﬁ%nﬁ
ﬂﬂaﬁﬂ*ﬁﬁﬁ%ﬁ%%#ﬁ%%%%&Jﬁﬁ%ﬁik%ﬁm%*ﬁﬁ\
ﬁﬁﬁ\ﬁw\m%%ﬁ@%ﬁﬂ\k%ﬂﬁ%ﬁﬁwﬁﬁﬁﬁﬁﬁmﬁﬁ%
é@ﬁﬁﬁM%%mmmm§§$@EEMEWQ%ﬂiéwﬂa%ﬁkmm
iﬁ%ﬁﬂiﬁﬁ%ﬁﬁﬁ%o%—ﬁﬁ.ﬁﬁﬁﬁﬁﬁﬁﬁwﬁ%~,iﬁﬁ
iaﬁﬁ%ﬁﬁﬁﬁéimw%ubﬁ%ﬁﬁ%ﬂMUﬁﬁim%%ﬁmﬁﬁ
ﬁ%%ﬂ%ﬁﬁﬁ%ﬁ%%ﬁuEIE%@%@%$%%€%§%%E§,%ﬁ
Fi:ﬁ%%%ﬁ%%%,:a%%&%ﬁ&ﬁ%ﬁﬁ%%%ﬁ%,EME%%
WT%ﬁQM,ﬁAmmiﬁﬁﬁﬁﬁﬁMommﬁéé,&@%mﬁﬂtmo
ﬁ?ﬁ&i,ﬁ&wsﬁmm,@ﬁﬁ@@%i@@%ﬁ&%%%ﬁ%ﬁﬁ&%
MﬁuLm%ﬂ#%%ﬁ%ﬁ%k%%ﬁﬁ&%%%%ﬂ%ﬁﬁﬁwE%I%



o

AoAs .
W i

ﬁEmT1%m%ﬁ%¥ﬁ@¢ﬁﬁﬁ—¢%ﬁ%%mcmﬂ,%%mﬁﬁﬂ%
ﬁ%ﬂ%ﬁ\%F%ﬁ\%w%ﬁﬁm\@iﬁﬁ%#ﬁﬁﬁ%ﬂ%Z%,ﬁ%
B R BT A AE B — & 12
ﬂﬁ%,%mmﬁEEEM%ﬁSW%H@,;mm%ﬁﬁﬁ%ﬁ%ﬁﬁ,
ﬁ%ﬁﬂﬂﬁi%ﬁm%ﬁ$§ﬁﬁaﬁmﬁﬁﬁﬁua%&kmﬂ@A%m%
Eczﬁﬁxﬁﬁm%%¢%%ﬁéﬁﬁ,mﬁﬁé%ﬁﬁﬁmﬁ%s
%%ﬁ%ﬂﬁﬁ%ﬁ%ﬁ%#ﬂ%ﬁ%%ﬂk*ﬂmﬁﬁ$n&%Eﬁ%z
%m&%@%‘km%\m%\mm%u&ﬂﬁ%%ma¢@%%%MWWE$
%ﬁ%%m+ﬁﬁﬁ,ﬁﬂﬁ&%#d%ﬂ%,ﬁﬁ&*aﬁ—EM¥,EHi
EEL%%%E&%EE%%OﬁM#,ﬁzmoiﬁ@ﬂﬁi%%ﬂ%%%ﬂ
mﬁ%GMWﬁ&ﬁm,ﬁ%ﬁﬁ%ﬂ%ﬁ%mm%wﬁéﬁﬁﬁ¢mﬁﬁoﬂ
AR BRI AR RO LIBIG B R, BUF,
ﬁ%%%—ﬁMﬂﬁ%H%ﬁ%%ﬂﬁ#%%ﬁu%EMT%ﬁ%%ﬁﬁﬁ
%mmﬁmﬂﬁy5ﬁ$ﬁMﬂTm%mmmﬁﬁoEM@T%@W%,%@,
%%/ﬂﬁiﬁﬁﬁ@ﬁ%&ﬁ$ﬁ,%ﬁﬁﬁaﬁwﬁ%%%k%M%ﬂ%ﬁ,
ﬁﬁﬁﬂmmkﬁﬁﬂ%%TEﬁ@&%%%%ﬁpﬁﬁ%ﬂﬁWﬁﬁmmm%
REMSE, BT HAFREENEAR, MR R LR —a400,
&mmﬂﬂﬁﬁ+ﬁ$§,ﬁéﬁﬂMﬁﬁmﬁwhﬁﬂ&miﬁﬁ%%
*ﬁﬁmmﬁﬁ<%4m%),EW&%%M%W%E%HWOM%ML%,ﬁ
Emmﬂﬁﬁiﬁﬁﬁﬁﬁmﬂ,éEﬁ%%%%%#&EF#%ﬁﬁ,m%#
&DﬂgﬁtﬁﬁﬁT%C,wwﬁﬁﬁmxtm,m%ﬁﬁﬁﬁ&%%ﬁmﬁ
mﬁwaﬁm%ﬁﬁoﬂﬁ,Mﬁﬁﬂ%E%X%,&mﬂMN%mﬁFmﬁm
&,mm&%a%ﬁﬁmmﬁﬁw%%XEw%mkﬁ@i%ﬁ%ﬂﬁﬁ,é
@i%ﬁEﬁm%ﬂﬁmw%uW%ﬁmﬂm%m%%ﬁm@Wﬁ@ﬁmmi,
é@ﬁiﬂﬂﬁﬂ%%ﬂﬂ%é%%%@M@jﬁ*mﬁéﬁﬁﬂMBﬁ%ﬁ@
Bk ED,
ﬁﬁ&ﬁﬁ,ﬂ%ﬁ%ﬂﬁ%%ﬁﬁﬁ\¢ﬁﬁ%ﬁﬁﬂ%ﬁzwc%ﬁﬂ
%ﬁ%ﬁ%ﬁ%ﬁﬂﬁ@o*ﬁﬂﬂﬁﬁﬁ%ﬁ%ﬂ@,I%%%ﬁﬁ%%\ﬁ
ﬁmm\ﬁﬁ\ﬁﬁﬁﬁﬁ,@%E%ﬂmmmﬁﬁﬂ%aé&%ﬁmﬂm%u
m%nﬁﬁﬁz~oMﬁmm@ﬂmﬁﬁawwmﬁﬁm%ﬁﬁmﬁ,ﬂﬁ&%
ﬁﬁﬁa%?X%%ﬂﬂ*;%ﬂ@%@ﬂ%ﬁ&%ﬁ,W%MmTE%mMW
ﬁﬂi,%ﬁ%%ﬁ@@ﬂmEu@%,zﬁﬂ%m¢ﬁﬁﬁﬁﬁﬁwﬁéﬁﬁ
%&Hﬁ%%%ﬁ%%ﬁ,I%,iiﬁﬂﬂTm%E%%&k%ﬁ%ﬁKﬁ%D
m@@ﬁﬂ&éﬁmﬁww%ﬁ%ﬂﬁ%m%ﬁ%L£E%$$%ﬁ&mﬁm%

2



foke e .
SR SR

TOKMRARE R PR, B T e R S MR, KR TR, %
éﬁﬁﬂ@?ﬁ%#iﬁ%kﬁE¢~%§%Hﬂ#@@%ﬁ&%%ﬂTm%ﬁ
%,ﬁﬁ?ﬂ@mﬁ%iﬁ,%%E%ﬁﬁ%ﬁ,ﬁ%ﬁﬁﬁk%ﬂ@@wﬁ,
H%@@%?&Eﬁﬁ&%ﬂt%ﬁﬁﬁ%%ﬁ@,Ei%¢%&ﬁﬂ%é@
DU ELREE A AR IR 1 2 b 2 1 M

TR A TS U AR, 126K S TR F 7K U 25 = o
e BT IR L TR S 7 2 A, B S P50t
ﬁi%ﬂﬂﬁﬁ%ﬁ%?%-ﬁ,ﬁﬂ?ﬂﬁﬁﬁ%,mﬁiﬁ%ﬁ%w,ﬂT
Mﬁﬂﬁ%ﬁ%ﬁ%iﬁﬁﬁ?%W%u%uﬁﬁ%ﬁ%ﬂﬁﬁﬁimﬁ%%ﬁ
T,ﬁ%ﬁ%ﬁ%ﬁ%ﬁﬁoﬂ?ﬁﬂﬁﬂﬁ%%ﬁ%ﬁﬂ%ﬁZ%oEﬁﬁ%
%¢,ﬁF*%Kﬁ%%@ﬁmﬁEﬁA%@ﬁ%%,EﬂFﬁﬁEﬁ%ﬁ%E
%EA%E,H@HEEEEE%T:%ﬁ%%%ﬁﬁ%%%?%%%ﬁ%&%
T SURBCRIUK, T EAEEERHRA 0 B8, AN T8 IR, 4
ﬁﬂT%FﬂEW%%EﬁY@,%ET%&%W,EKTKﬁﬁ%ﬁﬁ%%Q
@%,ﬁ%*@@%?ﬁ%%%,H%W%%Eﬁ%?ﬁﬁ%%%Zﬂ%w%o

%ﬂuiﬁ%,ﬁ¥ﬁﬁﬂm%ﬂM§E%%ﬁk,Lﬁﬂ?%ﬂﬁ%ﬁ%
ﬁﬁﬁﬁ&%ﬁﬂ%ﬂ%ﬁﬁ%ﬁ@%ﬁﬁ@ﬁH%E%E*%ﬁ$mﬂ%ﬁﬁ
%—ﬁﬁﬁ%ﬁﬁﬁﬁowﬁ%%,Wﬂ%#F%M%%%,EﬁﬁﬂmiRﬁ
ﬁﬂ%%%&m,@%ﬁﬂ~%ﬁ%ﬁﬂ%ﬁ%%ﬁﬁﬂ%%ﬁﬁ%ﬂ,H%
SEE AR — AR SR R — R O, SRS )i N
ﬁ#%iiﬁ%éﬁwT%&ﬁﬁﬁ%ﬁﬁ%ﬂﬂ#?%ﬂ%%%%ﬂ%%ﬁ%
AR T RIS 2 W R4,

1.1.2 ERS 78R B AR R IR

B T HNE R B TR R AE 193 ERY, 782 9 Charles Livest 24T,
@%%%ﬁlﬁmﬂ%Tww&%@ﬁ%m&ﬁ%%mm$@%%%wﬁmu&
E,%Eé~Dﬁ%@&%%%@T#T&%%Mﬁ%Iﬁ,@igu%ﬂlﬁ
ﬁ%wzmkﬂuﬁwm,%@ﬁ%WM%Kmmm%aﬁﬁﬁﬂwﬁ#Tmﬂﬁ
%%E@ﬁ,W%ﬁm&ﬁﬁﬂwﬁ#T&mﬁﬁﬁﬁaE%@émn@ﬁﬂo
Z%#F&m%%%umm¢%Tém—%¢¥m%é%%oEMme%m
ﬂﬂ%ﬂmﬂmﬁ%#w,E*ﬁ%ﬂ%#?ﬁmﬁm%mﬁnm,wﬁﬁﬁ$
%%0E5¢ﬁiﬁﬁtﬂ%%¢ﬁé%,ﬁ@?ﬂ%ﬁ%#?%%%ﬁﬁﬁ%
mﬁﬁm;Eiﬁﬁﬂﬂ#%@w%ﬁ,ﬁ*%~¢%%ﬂﬂ%%%#?&ﬁ
%%%ﬁ%%wwm,E%%@mmﬁ%%%%ﬂm&%,m#ﬁmmﬁﬁ—

3



BB 5077 0,

E%@ﬁ%WM%KMmmmﬁiﬁiﬁﬁﬁﬁﬁy*%E%Mﬁwmﬁﬁ
%Eﬁﬁ%%%@%%@%%yﬁM%Tﬁ%ZE,#W%mﬁE$~ﬁ,ME
14%%0@%%MRWM&%%EME%W%EE%W@E%%,#&ﬁ%m
ﬁ%ﬁ%ZE%i%&%ﬂpE&ﬁ%i%ﬁ%%%&&ﬂ%&mﬁﬁﬁﬁiﬁ
BRI ZER

Temperature (°F)

110 130 - 150 170 150 210

Depth in well (ft)
g b 3 ]

D
33

150 -
R » Casing
* Without casing
+ + Perforation zone
200 -

V11 BB 1 Ay B AR S 1 R A

ﬁ%ﬂ@ﬁﬁ%ﬁ%@wH%Hﬁ%ﬂ%ﬁ&ﬁmm&miﬁ%$m,%E
ﬁ%@é%i%ﬁﬁ%ﬁ%ﬁ#ﬂﬁﬁ%%ﬁ%mhE¢ﬁﬂ7ﬁ%ﬁﬁ%%a
ﬂﬁ%ﬁmmm%mﬁo@Eﬁ*&ﬁ%&i%%i%ﬁﬁﬁ%%@%%ﬁ%,
ﬁ%ﬁ%%ﬂ%ﬁ%ﬁﬂ@*%ﬁjgm%ﬁ%ﬁﬁ%ﬁﬁmﬁ,&ﬁé%wﬁ
ﬁ,@%ﬁma%Eémmmmmm%ﬁ¥%ﬁ$%ﬁM%%M%%$,%#
¢ﬁﬁﬁﬁ%ﬁyﬁ%ﬂﬁﬂ%#&mmﬁi#uoW*Eﬁﬁ%¢%mw,M
mm%ﬁﬁ%mnﬁﬁﬁo%ﬂimwﬁi%,%ﬁ%ﬁ%#?ﬁ%%%@ﬂm
m%m%%&%ﬂﬁﬁéﬁﬁﬂﬁi%mﬁm%%AE%E#&EEE%&%%
E%E%w%%%ﬁﬁ¢°%%,%ﬁﬁ%w\%%@ﬁﬁﬁﬁﬂ¥@w,ﬁw
ﬁ%@%ﬁﬁﬂt%kﬁ,%%ﬂﬁﬁﬁ:%mH%Uﬁ#meﬁﬁﬁﬁ#ﬁ
E&%a%%,Hﬁﬁ%%%ﬁ%ﬁﬁ%%w,%zuﬁ%ﬁﬁﬁ%ﬁ@%#ﬁ
ﬁ%mmﬁﬁﬁ%&;ﬁﬂ%ﬁ%%Tﬁ%ﬁ%ﬁﬁw,ww%%ﬁnﬁﬁi



LRI T A IO R T o), B H TR NE XA B RIS, %
TSGR BT RR HBE P AN 2 A A LT s i o
®.

5PN 19864 4 T4 TR N e SR LI T, 3 (S 2235 22 v g
ERFWAE B HEIA L TR AR T, LERET (URE
HUAIE T BB M BIUGRR IR A (RTS8 e R0
WEFL) S50 N EETE1998 4 TR T F A8 AT, AR
&%&Tﬁ%ﬁﬁ#?&%%%@%%ﬁﬁw%Nﬁ@ﬂﬁ@mh@%ﬁﬂ*%
EOFE IS 5 B B ROK RS2 W SRB 0B A 1, Uk sebrt B ki e
Ao BURRIN L BREH T 8% RGO R T 0 Pt B (B9 TR LR B T
it fiE o RBREERIE T AR N FRRICETRE , B2 <t | e 2h % it
RIS, HEKR O T B . SR B TR R
#T&%%,#M%Tﬁﬁﬁ%@ﬁ%,@%m?%#%ﬁﬂ,ﬁ%@ﬁ%ﬁ%
A—HLB, BRI REL, U R R b B ik i 2, S54GRS
NBUITHIABERA AT L BE . FIN, o T— 208 0 S B, 3R
AR, PRI STREURED, B R R R, PR A
RIEMSEbs TIRESR TR,

12 FTHASIM ISR TR

1000.00
. 1000}
999.951 VAN \
990}
2 99990} / \ e .,
c \ = 980}
gwwy./ . 2
a G 970+
999.80} \\\
. 960}
999.75 L o,
0 2 4 6 8 10 0 20 40 60 80 100
T/°C T/C

@)AM%&ﬁﬁ&mm¢mmm%%m%(m%%%&ﬁﬁ&EwMWQWM%%M%
B2 K% 1 S e R i

T E 5 TR LA 5 P 8 A T D502 TE4C IR 2 B A H999.972kg/m’, T
E1-2(2)FTR. KK TE0-100°C RN 3 25 B A B 52, 4 1-22(b)FT 7R
HEAE AR N BB 0K 72 A R It 5 K R 2 SR
B R IR BE R B (19 36 2R 2 18 SR 7 2 (AR B



G
3 . 5 -
- .
: . I
] i \ T
...;',:»! »-JA.\
- ] - N
f - '] L l
R L
\ ,‘_'_l ~ ;—-x—‘ ) )
—~ -2
\ - f.‘. | 1 . - ‘
Voo R
\ : I !;_;., »‘-—:_»_ =
' . :l { g - ,
AR ‘:A:—I‘ o \.')‘! o ;_— . ,
Nt :’E - ..» o/
~ - 3 0 ) y
~ -

B 13 #E XN O THRAR RS
L IFEE 2 XMUMIEE 3 U IS 4 IRSKI2 5 BTN 6 B 7 Ak

WE3PTR, HTEABRETETH EAMTRTS . B LS TER
RAARHAVINE P A& . 1 T3 I . SR RIRA S . AP
MR RE I RHH AR 8RB R, BB THmRes, S
RO BOKEIT B, BT RN A, Sk dhi Tt
m ISEIR PRI REFEAN WA, ATRE, S R,
BOLEL, SR OIAR N RIRR, B8k SIB P ER IOk HE, TS (B 2
RIAL HEAGHATNEN . ZEEEHTE TN, 0T W4 I8 p ik
DI, FREESM G HOKGEE, HPHERAKMARE, 3 F RS hy Bk
e AR OHKFIF R T 21 A8, BRNZHLIT A, KET

RBRGEAR G FH HAHE WKL SHABRIER IR, SR
MEKFETEE, BESEEREE, NI GRTAAS, FRA KR

M TR B L PR S B L (e

MK EETT AT R, ERT A KRN Z I Ak 2
MRS A RRAKRNT T, ETRE, RELHRFHOAERH, BRIE
7K BB KLU R A OSSP B R e 2, TR L AR, (o
AR R I RIRAIE P S BT NI, ALk S B R R

6



—_— —— e ~— ————— —~— | |6

S 2_| 2

IR TR

u I

|

|
I
! |

iy

i

s el —

-------- -

5 \_/
t (b) (c)
M 14 BHEEFHH TR A
1ﬁﬁzﬁmﬁ3wm4ﬂﬁ%5ﬂT%msuﬂm%%7m%%m&

AT FFERARMOR S, AR UEH T IA— RIS SR F LI
AL UE 14@FTR. BENTHRFA, UEAKBERO#KRN, FFn
UMEROKBOUH . S p R e s mt, UK E R gy,
M L3 FF LA : RN ERE R 2 Wb i T s, ERE 0 T
HERA, RRHRIZ, W 1-40)FTR. MEKTERARE, Sl
MUK TR, #EAR, BTENA TR, AEENTRITORGS, HEs
AIFFREMRIAH P KR BEARR 08, BERh, S8 s, WESM LT
RAWAEE, WIGWRS —FA MO RRE, WE 14055, sHisg
ML IBEED DI RIGT et 3 I R A K iR 22 B R O B 1 22, T L 3 e
BR, RS MIRIRIRT . MR AL R, EEMHER. Fuhe
MRBEE R, EARREMN RE LA BRI EE0E, S TR E R gy
BB E R ABABOME. AR THRAN R 2L ER, X — ST
Pk E



004
0.0]
004

1.8y

,i‘ S

P 1-5 ST AR R

e
v e
|
|
|
[

WARA I, W 2RI R RIS, -5
e HEEWHRITL, BT RS8R ZIT, USRS Tk,
URE LR T W, TORHR S N K R RS M, H 5 4
KRS, MEEENIMERTBE, MXMEEL SR HRBEE, B
PR BEAN IR 1 L), 58 SN AT B R A K RS, R
HIRVKREA S PRSI o, TR T 3BT EATTRILE, A A II2E T
Ko SR BRI L) S AR AR RME A 03, (TLRER5 7 R 5 A f s
WOMEZ . IR E SUBMIN S Z [ B 3 R3S, W 165777,
RS e LR EURL B AN, e BB — U |, BT 2
FHEEHRNG b R WERAE MR, BAREER T K ks,
EHNEFEER,

B 1-6 JF RS SIS A R B



1.3 #&F Boltzmann 4 RMRMEERA
1.3.1 #&F Boltzmann 75 3£ RS IH

& F RS I7FE (Lattice Bol tzmann Method, LU i FRLBM) 47 JL 148
AR — R B BB ST 0. & R AN £8 BE I 0 P 2 kB B W
T SRR AR L] S R 243 (b F AT R RO, S5 %k
HUSEIHEITEU, 3T LA BT 10 5 8 Syt A RZRE) e = C R R
AR AT B W, BNA 5 M0 BT o3 R, LR S
IATHE, R T ME, B RKTE T it Emk.

LBM itk 71 BEINL(LGA) B it R BRI i3k, B4 1986 4E 1 U
Frich S53lli I FHP 8™, lojG, M7 SBEAT €110, 8 0E 7R
DXV S B el S5 1 B A BB AL 1988 4E McNamara A Zanett AT ERE
FHP BLARIAE K AR N-S JiREBF 00800823, 4R T LB RARY, 7 F oy F
ZHARE LB BELK B Qian™F1 Chen™ 2t It557 I S KA SIS TG DY BGK 42
ﬂ(Bhatnagar-Gross-Krook, BGK)1?,

1993 4J& LBM 7CEL 8 RS FH 5 T SRR A3 T4 R . 70U 3T T
7R FHI R SE IR FE P 243 1 B8 000 043 A B M RS, 28 42 AR L ST T
LT GRS RPN, i 80 SR I T a0, s
KEES SMERHEE T BIPI% R s, e WMRENFZ AN Tk
VS TTARRTS T B A . 260 EXA A S T L LBE S 5RE00 % bk 1
PowerFlow. {HfG2II1Z, EN%F{E LBE HHEMIATRER D, AR
BN, TS LBE SEAKIN 538 7 thte A\ 2542 1.

ZANRRAAERE RO LN, EIET £/ (1R %R T 155 &
T KRR, it AP R S 2. 35 L M A 1
it @REP S EEREP SRR WETRE. AR LR
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