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xt B VESE— 5%% RE
¢ daP _ 1 3 1 3P | 3= Pa _$ 03T
F( P+st —a—t—_paxi[pK‘j(pgaz,-_'-ax,-)J—‘_Q; p aT at

#}F Boussinesq fRi%, &

¢ $ Ip| P _ Ty (1 3P 3z pa _# 3paT
(3P+ e 3PJ EY) _31,-[K""( + .):l"’Q (2-4)

IR RS KE Ss:

ss= mg( T5+ 4 24 (2-5)
REBEHHRHHE,
Ss 4P _ 3 e (1 3P iz Pa_$ 3paT
po—er?_t ax[ U(pg a.rj+31, ]+on p 3T 3t (2-6)
e, ATHEALFTESE, TUBE
Pg = p 2-7
13p ., ]
7ﬁ 78 (2-8)
_ 1 .
H_pogP+z (2-9)
R (2-9 W HBERISEAL, X, R (2-6) TER
JH Po I H T
28 e PN R Bl LT A ARk TR
=, BEFEESE
HTHKERZEFERTHEIBIERN
2 (4ph) + div(phV) = div(DgradT) + Qpoho + ks (Ts — T (2-11)

AF: —KBAE, IM'];
D—#¥y #ARY, JL'e'T'];
ho— HILA9#ER, (IM'];
T—KMBE, [(0];

—3T-1®—1]a
K @1 $#EESLERBZ2MEXRKEERZRMN/ZHR, Y T:>T R, KBEEAM
B, 4 T.<ThH, KBRERE.
® (2-11) TE/R



po 2k 42 (;t‘o)h + o7+ 22 1 div(o?)h = div(DgradT + Qpoho + k(Ts — T)

FAEKX @D, ®A

4o ?9_}: + 7 g}’f = div(DgradT) + Qpg(hq — h) + ks(Ts — T) (2-12)
BE
h=cT (2-13a)
hg = coTq (2-13b)
H}HE
Q=-c 2-14)

AP c— KB L#HE, (IMT'O71];
ce— RIC QW HHAE, IMT'O'];
To— WL Q WK, [@].

W (2-12) ARBH

$pc %72? + ocV - g = div(DgradT) + Qpoc(Tq — T) + ks(Ts —T)  (2-15)

fﬂpfﬁu_l:iﬂ, 15

aT aT _ 1. Pa _ ks _
¢ﬁ+v'a—x‘_—-pcd1v(DgradT)+ pQ(TQ T)+pc(Ts )

EEB o ATR, ROAANEENGERNIBOESRR, 51# oo/p XA, FHB
E pe=p, RE v

aT 3 aT 0 3: 0 ‘
857 + 7+ 55 = DdivDgradD) + QTo =T + BB =T 216)
XE
D
= ot (2-17a)
=&
=t (2-17b)

HE (2-16) AR BREGHERHIE,
RIMOTLERD], X Q<ort, Bk, To URETFTT, MK (2-16) HWESLHWE
SR ERAFESN; HQ>0nt, MEKEN, ToREFT, ZHEAHEX.
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gN’ dr 31,[pg i3z
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dP, a1, 3N, 22
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_Q+¢aTNJ dJ

XE R BERSKE BRER) ROENS/DET, FHEK p=p.
st (2-19) RS -—WNARKER, RE

Zm {SSNJdP, Q+¢GTNJdT,}NIdO
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(2-19)
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AP BE_“-¥-7B K W%-?&ﬂlﬁ-ﬁ.
ByfySh k&I .

ér\
Venleg =9 (2-20)
WA ErNkEk, IEREA
Ss dPJ ﬂ] 3N, aN,
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4
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2[[[ Q@Nda - Zm $arN,N, T4 (2-21)
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k= 3 22 ,aaf’dﬂ (2-22b)
7
R
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R
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+ 2,QC; — ZMTAudT’ I=1,2,"n (2-23)
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B,
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IN AT
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r
nE
Ss Ay } _ Ss A,_, H
{2P08N+ZPgK" T 4 og Bt J'*’E

I Nip 3 AT

-2 ﬂ] Tk ITa0 + SQ0 - ZMA;JE—’, Tm 1.2, im (2-20)

%M%%K%HB‘D&‘E (2-10) k#ER, RE&F
SSets, L2 4. > xir, = Zﬂ

- 2(1_ %)M aa l ua da+ EQCI - EWTAIJ d7;'l’ 1= 1,24++4n
14

EUA T ERE
ZSSA;, Ay Z fﬁ W (HY, + AH))

2ﬂq’d3 Ya- "°J]I "N’K.,a 40+ 30— Ngara I

AT,

A3
(2 2au + 3 2K fon, = Zﬂq‘dB— > Bk,

‘8x

-Zu——- J]] aN’K 2240+ EQ’C"; ZMA;,%—’, I=1,2,n

(2-25)
A (2-25) R\ AH,, BN
H{* = HY + AH)
R\ HY, BT —-RZAHE.
Z. REGERISFRE
BESHERFR C-16) RARY BEFE RIMHAXF4RiE (Yanenko, 1971) R
W, BE G Ho0 BBK, BB
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W#E G+ Az, t+00) BRBH, BFR

42T 7.3L =0 (2-27)
Z;

FR (227 RWMEEGTE, TRARAREFERERE, XEFEER.
FRE (2-26) RYBEFTRE, TLURAERTERSE, HKABKBSENGSARTTE

REEFHEMY, BREXRKOILEFIH.
ﬁiﬂﬁiﬁt (2-18), & (2-26) AAER

dT d < daN
dtJ i’oax[Dl 3 JTJ]+Q(TQ_NJTJ)+_"kS(TSBNJTJ)

ﬁEGalerkm ¥, WE
| (5 ¢NJ‘1—T—’—%£[D aN’T] Q(Tq — NJT)
Y

¢NJ

—%zs(TS"_NJTJ)}N]dQ=Oy I=1,2,"',Tt
PR AmkER, B8

dT, = dN;aN
S (G G+ 85,55 5T — Qe ~ NiTHN,

aF %Zs(Ts - N,T,)N,}da - 2 ﬂq;dB = 09 I = 1,2""9” (2'28)
C g

X B g BB A ey HERE.

&
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14

aNJ
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dﬂ (2-29
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dT 0 0
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Sk 55 7 A REAIE
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KRHEE AT A120 km, HibEitFERFRILEE, BWHETH (H3-1), LR
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W, KEWR. KBHA. FAAMEEN . X5XTRERBRTICAERAEN, BWEER
BEBTEAYE GELERET R BIRK L, B F kS B #0250 J 0k 7 € 88 5 _E 4o
Wi, BERSTRHETRBEARES, FHEFHL 5Zm',
XRTRBREAMESZEASE EEZANETH LEEL TR . EFHKEN12.4C.
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T DK RO RS . 340 S 2 K — 4% A o A L S ) T 4 i 1) 2 K Y B 288 4 180 489 Dy b
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100 mAEH.
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B, hiF,. R/HEE. EEMLTR/AKEHIHK.

(1) #W: REFBERETPHBHECEBEER LR E, TEUMERH
FAm LEs.

(2) AR THEEITHAEAMNTHEROKRBEEAR, EBRIE=FhK
DEMDHE, RERFRUEHRAMEA, HFAHKFHRE-ERITREEREENHR
BE.

) #HE: REAREESRZIMNTENRBBARE, £36EL, SH#EE, BT
R#EBEENREEE.

4) HMTHK: BREEB=ZARMEENESL (KR, EREMPFTLER) REE
F, B KRPEEERAHERERZER, HKCEIBELHRES, KEMSRETF K. M4
THANEE, EANFRABHRFERENTLEE.

XRTHARBNFRELITFRACHHEB—F, BRUTRLHE BHHE, 2KEXHRR
{EO. 1442 W/m?, H/ME0.063 W/m?, SEHIRF(HO. 0935 W/m?, BTt HEiyn
0. 0741 W/m* CTa#E, 1993), HATFFHAMARMO. 0628 W/m?,
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BUE  RKEWHE S TR0k RERFE

KT T #KkWTFREBRABERRRY, BTAKERERFPHFLLR. HEF
URBREAANENTRB-PRAFRARBAFEAFE=RARBERR-FREBLRER
B, ABEENRINE, FHREARKRMERE.

F—F EERTRAABERE

BT RS THRAKEEERTURRESAENPER- PRABFHBREKE, BRI
HWERA, SHERIE. RBEL KGR ERE, THEERKEEEEEWNT
UMAK=2, DRBAMME., ERFMUEENP LG AREE . EAEENTERTR
#£4-1.

R41 RBTEERRBREERE
I 18 .3: 4

m

Sk &
m?/d C

ol ) K9 # #® ZRE

nMER

REhE

HEHER

1000~ 3500

1000~1500

1000~4000

AR

RKE XK

B

1000~4000

200~600

i FTCE

Pt

BERE

-] Ry

1030~ 4000

>2000

1200~4200

—. AWRKREER
MMARMEE RS GAERBRHRAN, AEAHERUBEXRERAMSWRSH
EREEEM, TRAFTATRAR  ATERRA T, #HI20~1700 m, KI5 H1100
~1200 m; ERBHFRUBRNBREGR-—RRZT, KT & RKEFHBEH, #E1000~
4000 m B BAZHBMOEHERBRBEREREAKEHERRRET, R3O0 03~0. 06,
BAREELZ MM HX- 10 BBEBRRKEISm, HPARREEKEZREL m, 5
BREA37Y%; NK-2HBBRERAAEE2.94m, BRABRTNER S BIEEM
22%; WRAHIBRBE AN R AMZ209.67 m, KA ERNBMRFERES m, SRBOEE
A928%; WR2BHBBMAMEMMELL. 94 m, HPEBRETEKEREEFR37-5m, &
20% WA LM EEHERARRAABEEBERRETER SR EE N WO FHEN27%.
EREBHREK, KERFE, SHRAPKLRHBES~11 m, BRE—BH60
~3600 m*/d, BEE/GHRFARBEMI, HAKLZBFREME, EFEKLPHI0~50 m.HH
ﬁﬁ%ﬁ%##%ﬁ#ﬂﬁﬁ—ﬂﬂiw"&t‘b‘
. ERRARME
%Rﬁﬂﬁ%z%ﬁﬁ&%ﬁﬁﬁu%iﬁl?ﬁfﬁﬁﬂuﬁ ErdtmAREw, TEE
BE1045 m LT, RASEEGHBBEAK, BEERKNEBREENRB LAARREKS . B
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RKE, BEEAT0m, RBEABRBEELTE., HAFEHRER, KLHEhE20~35
m, HK H X800 m*/d, KE75~95. TCAREERTCEEMMB T KiEE, AEKL
BRE—-ITHEKE.

=, PHATERAMKE

FHAHRRERSH EEAXMREE, TEAGEXRERMBE KR 20, 8
BEI1030m T, EEMAKNEERFEANR LA . KA MER LA LEECEHERE
B, PHTARABERREBRT. EXERAZ . WRHITERBREILABE, &%
117.67 m, PREFTEEBEE3IS m, §HEFMN32%; XQ-03# B MK H /2 HEAET70.6 m,
HAOBRMEERBREE33 m, £46. 7% 45 H RHVIHIAK LB HE10~23 m, H H #1200
~2600 m*/d, # OAKE60~78C . XQ-09F+FMIFHIHBMEKIK A2, RUERBREEEE
183 m, RWEBREFERBEN N2 m, SEEEMN3Y; BEEHXLHESIH172 m,
77.5 m f46. 9% EFH BHMPK LW LM EH2ORK, EHWHKE1200~2160 m*/d, F 0O
KBB4 C . FRUMAMEEELR S Z, AHRGABEOAH A UTEI~5 km REAH
5 ME=FRuBEHEM, RZABEHRER, TRARRLEEIIZ m, HERETGHEER
WK XQ-08H#WBKEET6.24 m, HFNRMEBREFEAEEREEN22 m, HBBE
BERI29% s WROFHIEEERE70.22 m, HAHREBWERFTRERISO m, H41% Pk
LR M F214~25. 7 m, AW AKEKF120 m¥/d, HOKESS~96C . PHTH RMHE
REXBIENHRHER, AUAHT. BEX, MEKEKR, KB, XPXUZEXLA
BHERY, BNLEREBRZENHEHBEEETHRAKEMBERNOHFOKE, REAXEL
FFR MK B BOE .

% REHTHRANTFEHA

—. FREIERE

KBTFREEPKMALEE, KAKHT0WL704 R+, BFFR# D, F
REARK, KB KFRE K EZARA B L. 1980F IR EBI19934FELIRT, FRHEK
Min, FREHEK, BRBEREHARMES, EWNANBENRBBE S, CRARLSE
REERB T KUEERE TR, RTANARABERL T KU EHEETRE2 1 m, PHTY
FAER T KETEHEETRL 2 mER, #BAFMHKAXE EMIO80ERTE Y A AR
A OGKUTR BRI AB2040%) TRBI1992FEKEEFEILRB LR A% TR -
FOKBMNEIRAHREL, EEAAREESABEENE, BT HOKARF QKB
ABAMEL, FOKBNZFAREX/MYEW, EMKEEX—NBHEEEH OB
SEKUAKBEBHATHARSIESNT. HUBERERR.

B 19934F LASR K1 FF R 2 5 T #oK M8 HA i, 48502 B 19964 LU kB ¥ 5
WA AR T RANFRARERR . KBRTX —HE TRKGHMF OFRIEER
ZUBERGETEL B¢ IAXBTHITRKF B19964FEF1998EMFFRBEL, B
-2H B REME, KEFHETHRKEHELEZREY BIEPHREEH, —BHNI0BT
WEWRFIA L) HARERRY, HENPEIEREY, FREB/D, XEAER.BH4-3
7 HX-10, WR4, NK-01. WR83H B 19934 LAk 893+ oK B fk 7 Rl £k, H+ HX-10
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1997

H4-1 WAEEPKFRFFTFRET L
BURE BT (19964E1 A ~19984F12H); MRBBERFARE (m3/A)

Illlllllll‘lllllillf

1996 1997 1998 &£

F4-2 HESBTHABFREEAMSL
AR REE (19964E1 4 ~19984E128); YR AFRE (m¥/H)




—HX-10
—WR4

__P__x_;_______x_[\_r
2883988 °8 988 ]

vt

1 L | I T Y T T
s ° 2 8§ 8 8 ¢ T3 E288F8°89 S
d

*
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1997 &

1995

Hi-3 BAEEBKGEHFRBEME
BB (19934E1H ~1998%E12H ) AL EEMAFOKE (C) TAEHFOKAKE md

1993



i WRAHFF R BB R AMERK, NK-01F1 WRSH FR H ¥ T 7l E #k HX-103F
EESEHARBHFRBKBE, HOKBFAR, KAEOCLET, KUFFTRE; EER
BB, O KE35~40C, KB FEFFEF WRAHEHF R T A, ZRABFRIE S,
EXJLER, KMERBPAER T, AIERBHAREA, MAFAKB-EEEKFIK, X
AZEL5C LT WRBH B 19944 IR EER BB H A KRR, Kb LA, ZIERBEBEH
QKB TR, KAt AR T M NK-013 R 1995~ 19974E a9 8, ok Ok B fK B4k
BR#RS WRSHAM.

. REARKGHKAARARZH S

B4-45 KRBT R T #Kk 8361997, 19984EMIFRahA ML B T B3I BA FF R
KEEEFH (I XQ-053) Fb, KEIT4HMH O KBAKMUYEFREMMINTET, B
FREMWM LTI TR PAESELI0A THAFHFRBKUE  KEEKEHFH kbt 0k
BAEF R, ARMEETFRETOHABKALMA KR, FHEFREAEETARE, B
KEAAMARBAREB D REFILFARE, HAKMMF I KBHRETRE, KEEKE
BIFRBTAIAKFE B 40 HX-31HZE 1997 F R AT H O/K#15.5C, HEMBKIITE —
45.3 m, FAREHF O KEBESLCT, HEUMIKMNIHFFE—10.01 m, BBFRAEHFDEE
68. 5°C, 3l 7K L 1 tH & K £135. 29 m NK-10H Fr MM B FFREEH O | KB E61.2C, It
i K AL H 8 K A B 49. 82 m, HX-093 53X S 38 9 42. 6'C F120. 54 m, HX-253F %63.9C
M22. 2T m  XMHARHKUBTFHKEOARERERTRKEHARIBPELEE T
Y BRE®ES, 1997; Murray, 1996), MEREEB T IXKBHEHBKNURESLER.

AT RS HEP, HAKIEEATUARERRHFEENNRD S HEBREKESK
BRE, #AKMULEAD —-EHE . RINMNEBHBEDIFENEER A MRUXKEER
KENE, WUEHBRXRRNOFRELN

P = pgh (4-1)
KA. P—FKES, MPa sliASE;
p—— KB, kg/m%;
g—EAmMEE, HMERHNI 81 m/s%;
P—BEBHKNMER, m,

KX @D TARITEHKEENERNNARES, EATKRREESL/E
KR HTF K.

MTHREBHTRAK, FRKEHNEREERHED LM TFEABEKR, BT KN EERR
BEROTEEMEERT, RAEARX - R#ATHE EYHEEFC O EERILREN
F+ RO E /D, B30 247Ky 20°C B 2K B 5B B 2 998. 23 kg/m®, XK K60 CHIOCE, K
% BE 4 %) %7983. 1971965 34 kg/m® N & MBI X FASL, BUAH A BA R BB E . HIK,
KEEBAESE, RERESERD, AIN20CHKMEBEREZH N4 74 X107°N/cm?,
IAKBBRREARTE, K810 MPa, 7K KRB 45 /N 40. 5% , T B BEE KB 7 8 K i k@
EERBEAFE/D EER, 1986). Bk, TTHUZBRKMESEENER, BTR%EM
HRERERKGEHHHEES:

P = 2(pc+ po)gh (4-2)
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VB (W) TN (0.Ym¥ Asvmm.@% Qe (WEWTY  (O)EN¥ ()W TN (QIE (W)

o B PSR A R
BAspR ] (19974818 ~19984E12) YL LEBRADKE (O FEBIHOALES (m)

E4-4 1
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.ﬁ.
3
)
a m.ﬁ == =9
=5 ¥ 22 ik
MP______ e fady Pl by y el ____;.__p___. | P O I P P T ' P N T
EESSA-8TS SETTRCFITH BE883R°8 33 2E28SR°§33 88SSR°FF3
Q¥ WEEDY OB WEEHY QB @RI Q)ENY  OEYTN  QIBY  (WRETN

WA R AWK EEH TR A £
BEHEHNE (19975F 1A ~1998E12H): YLK EEWAFOKE (C), FEBEFDOAMKES (m)

BH4-4 (2)
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HH: e HAKBXR KK EE, kg/m’;
es—FF KR XS B K R B, kg/m’®,

FREHRKGEHEFRUBNHF KA TFEHRAORS, INMHREHRBKES, BAIFK
BE, HAKKBEAKBENEEMAR, MIOKBUWETLHERBE, PEBKEHE
TFTHOKBSHEKBHERER . SE8H U —EREIFRBKE, FOKKBENFREBHO
TR/, BIESIKFAHTHOKBESHRKBHERND, INNHFEEIBRIFRRE.
BAAEMEER/NDTHERE . REFHNHRRES ZHHFRHEHBMEHER, N H
FHHEHKNERTZHOBKA X TR —&#, SHKFGTHOMFRANRZMKB,
BIEAEFRFZGTHREAENTHESE, FASKABE TR FHE AN R EHKM
BMAKRAHTHAKERE L HF, BEHTFERARETHOEHFEBEXTHKFLGTHH
ASHREZE, BEBKEGTHAKENTEHEEXTIIKKETHAKEREHHERE,
HXWHEGETHHREAHFAHER  BX-ENZEHLHERDKEFTHAERE,. R
REKAFRHBKANEE, TURIHKUARE.BR, FARGETHOHAKERE
(RAFEEE) RARSHOBRERKR, WEHTRABKSIENSIKUARERK.

AEWKEHTHAOKBETYHELERE, MARKBETRERBBHEEIC/
100 m FHABBHEE, FREBPHANF R FONBEERN2~3C, AN KEGN
K A&GT WHRARMER, W] 8 S ER KR T E B K ERH KR8 H
BRZBKUARE, RASIKUBKABEUXRBET I, Y BEBEHN13.5C, 75
KEHGHT, %1000=hr<2000 m B}, HFESHOBEERH2C, 22000=~r<3000 m &, FHJE
5H#ORERIC,THHBUARERFAKKERE - FHEKBNEEROSIKARKAS
B, R4-2PH TR HGER B, % h=1800 m B HEAKR67. 5C, H O KB H13.5C,
K FHATHOKEBTIEES. 5C, MBHKMBAFRENLT. 46 m; 4 A=2800 m, F/§
K97 5CHf, HHHEREN, SH/KATERER 8 KAI54. 32 m! MR &7 B HH HX-31
H Rr=2270m) EFRHAKIBRHOKBML. SCHEBIS4'CHT, KRG BB ShA AL F
B #35.20 m, 5ELWAY35. 29 m AL,

ERFARETREREYN, RERKEHBTHOSHEKBEEESR, BHEANE

42 REMTRKEHFHACHNE Bf7: m

HEKB(C) 43.5 49.5 55.5 61.5 67. 5 73.5 79.5 85.5 91.5 97.5

1000 3.82 5. 23 6. 61 8.13 9.70 11. 45 13. 37 15. 47 17. 54 19. 50

1200 6. 28 7.93 9.76 11.64 13. 74 16. 05 18. 57 21. 05 23. 39

1400 9.25 11.38 13.58 16.03 18.72 21. 67 24. 56 27.29

1600 13.01 15.52 18. 32 21. 39 24.76 28. 06 31.19

1800 17. 46 20. 61 24. 07 27. 86 31.57 35.09

2000 22. 30 25. 99 30. 03 34.51 38. 80

2200 28.59 33.04 37.96 42. 68

> H R H B OB

2400 36. 04 41. 41 46. 56

g

2600 - 44.86 | 50.44
2800 54. 32
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BRERL, HAKEREMBENARTERE, E7FREFT HRUFEE—AF&H, T
BB 3 20 2 O P 3 K KB R T - K A T R R K B T X 65 R A KL E R
ARATERKIATHE, HRAFKES.

FZH AT RAAKKNFRE

—. KRUEFEXRBE

R X B8 T #oK7E X I8, _E 787K ¥ 1) £ KK R EAF E R B AL B &g, Bp
BAARMBEEG A, FE (TDS) ZH AR, KIERR b BRI LB Z 3725 R4 8 2
MEADE RERREEDTHKMTILERO. 3 g/L HFE4.7 g/L, Ca®*, SO S RM
W, SO A RBEik2 g/L, BERR W K1600 mg/L, Ki¥H 8 i HCO;—~Na-Mg-Ca
4K W% % HCO; —Na # . HCO, +SO, *Cl—Na ® , C1-SO, *HCO, —Na B & Cl-HCO,+S0,—
NaBAMCl—Na B . pFH TG AREER KT EHO. 4 g/LIHZE2.1¢g/L, BE107~
178 mg/L, K{bFAK B HCO;—Ca-Mg Bk 3 2 HCO;—Na-Ca #, HCO;—Na &Y,
HCO;+-50,—Na # . HCO,-S0,+Cl—Na &, Cl-HCO;+SO,—Na B Cl—Na 8,

AXRBHREHABEILERK, THRKRARRHERKED N0 F4-3. 8H R
HERKDIEEX T4 g/, BEH1632.5~1656.5 mg/L, pH {HH7~8, Kib¥EHKRBLL
SOCl—Na-CaBl {H E. FH T ERAEER KT HE R N2 g/L £EH, BEE 150~
235 mg/L, pH{HKN7~8, /KILFEXRH P, C1-SO,—Na RN X . H 5, HLoREFHF 6 FH,
ERRMAKNT B R 73~1.82 g/L, EBHE H130.4~169.6 mg/L, W9 H 325~
366.1 mg/L, Kk ¥ & ®% Cl-HCO,-SO,—Na & #1 Cl-SO, -HCO,—Na &,

£4-3 HTHAKEFESHERH Bfr. mg/L
Pk#iﬂ
B/C
nWR HX-10|818.0] 44.0 {496.0/| 94.2 [895.1[2052.1 3.68 | 1.28 | 2.4 | 27.5 [225.0| — b4665. 58

HAEE [H B Nat | K+ [Ca®* [Mg?*t| ClI~ |SOf~| F~ |@Fe| B** | SiO; | CO; | H,S | TDS

AR WR4 [790.0} 42.5 (531.1] 79.0 |834.812065.3 4.0 [ 6.8 — | 30.5)195.3] 2.0 |4568.5 58.5

P FTHM| WR3 |540.0| 66.0 | 40.1 | 13.4 [530.0(355.4( 7.22 | 0.04 | 35.0[ 56.0 |375.3| 0.89 1976.5 74

hxh M| WRS [570.0]52.5 [ 70.1|15.2 |503.5/528.3] 8.2 | 1.6 | — |52.0[375.3]0.17 163.7 65

fFHTLR | Me {544.0| 70.0 [ 40.1)13.4 1522.21350.6] 7.54 1 0.52 | 35.0( 57.6 |381.4} — [1980.0 76.8

h¥HTH M| WRO [542.5{62.5 [ 39.7 | 12.8 |528.2(348.2| 9.84 | — — {73.0(360.0]19.850966. 4| 85.4

(B A%, 1987

EEWTRAPEIERRREN SO MEHF F), TARMHALIERTRKFHE
BREMKHBFESEMREXR, PE~I0CHHEERFENARTHA . —AHB T #AR
E®|FAEIOC, HEHT HAKTF SO, FRMIN mg/L Z£F . Mesh, KBFIREH, XHH
A ERBAENAEBLZEF LCHEERNELEY, ASREEKXBREARBES
EHEKERBT -, HREX 5B HEREXELYS . B, SO, F~ 0] F/EEE
RERHSHEREAS.

WFRAKFPRSERT EBEA N,. O, CO,MUEMEA CH,. Ar fl He H# N, A&
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BAWHRT5%~80%, O, 88%~20% . K FHEEL (N,/O,) kEHHK4~5, BTFKRK
PRILMES 714, RRAN NEB T AEBLIRTHEMAERTERBIMBR. BE NS
HEM, OB SKEAFRERAMRN, FFUNSBHRL K 0,4, #K & iy CO.4k
PEARTHEKR, H1.4%~43%, KEIEBRFAK.

=, 3R AK R ) L IR R E
R4-4F|H T H AT POk K SBERMURFH, “C H3E, MGG T XEBK L

SEEK. BELTKABZRBANE. HBERLRHTHE,

Ra-4 BTAKECRSE

ol

#* 5

8120/%,

3D/ %,

*H/TU

“C/pPMC

UC £l /a
(B IEMH)

LY

HX-10

—9.11

—70.35

1.75

LY F 3

WR4

—9.01

—76.51

0. 2152

22520

ERFR

SR-2

=9.0

—72.0

1.7

18474

AR

SR-8

—9. 06

—74.6

0.9

23836

PH T R

SR-1

—9.05

—75.1

1.1

2.2

13306

o # Tl

WR3

—9.20

—70.55

1. 26

P R

x4

—9.04

—~71.94

1.8+0.9

Gk I

w3

—9.0

—70.46

0. 70

0.1338

26130

PHITH R =1 <i.2

KBRS
R K34 1

ERME B B
BT ATHK '

K XH=
ES S 3T

(Bl & /SM%, 1987, BRIRES, 1991)

B4-50 T AKNE ., FRERMRXRA, ¥ TETER, RANGMLHTEB=RM
K. REBAKMBEBTKOBIE R KRR ASMEKE 0D &K —73. 0%~ — 66. 0%,
PO A —10.5%~—9.5% HTHEBBWEAXERETRASKEAKE (5D=85"0+10)
£ . REMT K D HHI—70%~—65%0, 80 AN —10%~—9. 5%, BN EEE KX
SEAEHERETHF KBRTELREZRAMEER T HAKERESH T HA, AfE L
B, EfiNE. FEERAMEARLEEPMY —, D HMH TN E K —81. 3% ~—
64- 8% SO HM BB N —9. 55%~—8.55%:, P DEM LB EREM T KR,
THREETFREESRT KO TR, £E3-5F DR MCOREEHINEASBAEHERE
AW, THAKK D HMMOEARACNEERR TASKEK. R, FEEERNERER
EBHOEE, BRI TRKERE, RERS T, REK-BRMFMK-SEARAETRIER.

EAEMTHRK, BCREMWE. BRRR, TRAPHITHANBMEE, 0D M 080 HHIE¥
BiE.ZEENNSH&FG LR EBETENRER—BTRAKREDHHE BT 1,
T KA oD B H X8 K B 6D (A 10%~15%,, WREFWIREHM100 m, 6D
REAG2. 5%03 3K, Wi Ah 44 X %5 4R BI b 7k (X 86 H 400~ 600 m, 1368938 T $47K 49 % 2 5k & 463 1L

33

—10.0 —69.5 46. 30

—69. 25

—9.21 —73.46 0.3~6.9




oD (%o

|

_100 I 1 | |
-12 -10 -8 -6 -4 -2 0

SO (%
B4-5 FRTHTFRAL, ABREALKERE

1-RSREAREHE 2-REHTK 3-—HZFZRAMERK —RERAKBHRK
S—RERRMMEERK 6—PHTH RMMEHK

X.
3T #oK BB S v R AL B H R BB E K6 9TU, BAKEN0.3TU, HEM T YK
SRk, HRKEHERCHKE, Bit5XARMEKKRKRERE, BT AKHERER
HEEN.

#F #OKC FR R EH2C REFKBRMPSNRE, BABTRKOFRALYN
1.3~2.6F a, A BILRAHEE S A TRKEZHEENBR, RUBT HKKBRA
EWMURKIEKABHAE, BILRABEHEBER, RTRKIEARRHREITK.

FWY EEHTHRAEKE

#itREPFLHEREEEERME, Ex EATRENREE, TEABTE:
BT RGBS ENRE, EEROLRHLMBEEZFB LW, BT £
KWEES, FHERARNZHM, UREEANRER, 8RR REE . EZKIAFEH
B, BMEAKMRELR, SFXERM, KBFBRER, ERAEE, &, .
RE, MEFRBEAMGRES, ERAEERTNR, AT RKNERNEBRUATEH
MEH K SEKHOABIG, URBFKFBT KORNIE, HHRREE T 0T KA
BB BZLFR, KRBXHRERENRARBELE, KEBIAXKIEKHABHS;

34



BEEFH=4, FRHERERVR, EREEEL THEHAHRE, BELBLUXHPH
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HERBALUTRE. ORBR. EREAMNFH LR =1 RMEEEFE LK ETH > EAE

Es5-2 HRRYVEF A
38



Fl; QEERFRBTHRKHABRNERE, FHATHAIZEYME; O T EHBHHIE
BV ERTTH S B RELINE XTSRS H 2 K264 H 1k, BOEAFIRIT92
MAREERT, BMEERRUREIL0URE, SRR LW FE4ME A 120408 K. %
BEAAREEBFHTRS, AEEMNERAMETHS . SANRSREBRNRSKRE, A
EBITHE, BEMB—REE, NEBITXERKL 2. 3. 45T, REANB_REA
EMTHRKNS, 6, 7. 8, == MNEATHESUREKEANESKAF, A LB THHE, B
F— ek LM TR 2. 3%T, B KA LT T4, 5. 6, e .
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(B5-15. 5-16), FIRBHSEIN FRS-1.20%W, ESPHBENESHENEEN .2
5-15%, MPH B9 LW E SRR I\EH MH OKOIER (5-5) |BRBRY; Z£E5-16%, B
B HBBEAF OKRHBE, TLUANERBHF R T HokE (BEI10A KRB RELH
¥, FOKBAREY, BEHKAR, AXBEMNERHFOKBRFFTIS, EHPE
— B RABRER THOKBOBREE (—REH2~3C) . REHAHEEH NS LNE
HEFEITREFT L. SMKRKE, HHHEBEMSENEE EIRBAMHOKEMLE
2~3C) MEPHLEIEERBHEIC,

FZF HTHRAFXFESHHN

HALRERIYMWEER T HROKEBRMAME, TSR M T HkF R A%
e,

RBWHARE ST RN G EBE, KA%ET1980ENE, WEFRERBL, FR
A K B A GO LISK , ¥ B Bl JLAE S BEE 55 0 7=k B9 %52 , 2245 # Kk TF R 30 b #e e
540K (H5-17), FREUHANE/LERBTFRAFRANTFRBELMSE (H4-
1, 4-2) WLIRY, BREHBTHRKEHAELSRBYIFRER G, EREBY Al
~10H) FREBR/D, FEARZER . BTRAWFRIN, RETRETRS BEH S
FRMAK, E—BBRAYTHEFEETFRBA, ERBRARITILA B H: R 6 o
RK, UEEFSHMIFRABRRTR, BR-YTEBRBAKKEY FRLE. A, HTH
EFREZRKERBBRALARTRR, B RAKIFRE I H Ok AR 68 RN B B 3 &
100m AT, REHREHFBRERBLIOMASE. DT THERELEHKEHNTFRDE,
TUMACRY NEREL TRKZEBEEBEE, XU FRRHFRT R T K EH
BETARITIN.

— B—FRHR

B—FFRITRAMRIFRY R, BLL19984E8 A BEE H A BEAE M 1615, i S54E80 3
RYEARR BIFRIFMIT R, 5 K H54EH T 200348 5 A9 1 FE BE . B 5-18. 5-194
HTRMHANEHMBEELME, TUFH, ERNHNHEEHEBSHTE, 5SEXTF
R — A2 KRR (R5-2)HHBEEN TR (R5-2), LM XQ-09, HX-
14, HX-15%BE FTHEM KL, SERBE THREEIOCES.



Hs5-17 EAEMKFRHA ED AEE

252 FMHARAREANG. KAMNFEHTRRSME

B—RARHR B_FARITR
n W Eh#H BEEMH EhEM [ L3 0
ASE C R E C
XQ-09 0-13 12.66 0.13 12. 66
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3-Dimensional Numerical Modeling of Geothermal
Water Flow in Deep-Seated Aquifers

by Zhou Xun, Chen Mingyou and Li Cijun

Abstract

The density of geothermal water in deep formations changes with temperature since the
water occurs in strata of great depths and has high temperatures. As a result, changes in hy-
draulic heads and temperatures of geothermal water system are extremely complicated. In this
paper, a 3-dimensional density-dependent transient mathematical model for describing the cou-
pled geothermal water flow and heat transport was established and used to simultaneously sim-
ulate and predict the spatial and temporal evolution of pressure and temperature in the geother-

mal water system near Tianjin.

Mathematical Model

The density of geothermal water is not a constant due to the change in temperature of the
water. By assuming that the flow velocity is expressed using the 3-dimensional Darcy’s law
and the density of water is approximately expressed as a linear function of temperature, pres-
sure, and total dissolved solids (which is assumed not to change with time), by using the
Boussinesq’s assumption, and by introducing the specific storage, we can derive a density-de-
pendent governing equation describing the thermal water flow, from a mass conservation equa-

tion, as follows;

Ss AP _ 2 (13P 32|, gfe_# 2p3T
Pog t_axt[Kij(Pgaxj+an):|+Q

i=1,2,3;=1,2,3 ¢
where P is the pressure, p, is the density at the reference condition, p is the density of the wa-
ter, Ssis the specific storage, K,; is the components of the hydraulic conductivity tensor, ¢ is
the porosity, g is the gravitational acceleration, T is the temperature, Q is the source
(positive) or sink (negative), pq is the density of the source or sink. The governing equation
describing heat transport can be derived from an energy conservation equation, in the following

form:

V)

T 1., _ ks
Py pcdlv(DgradT) + QT —T) + Y
i=1’2,3;j=19293 (2)

69

aT
¢W+v- (TS_T)9

W



where ¥V is the Darcy’s velocity, D is the heat conductivity, ¢ is the specific heat of water, Tq
is the temperature of the source or sink, T's is the temperature of rock matrix, and ks is the co-
efficient of heat exchange between water and rock. The third term of the right-hand side in e-
quation (2) is the term describing heat exchange between water and rock, indicating that wa-
ter is heated when Ts>>T, and the temperature of water decreases when Ts<<T.

The finite equation of Eq. (1) can be derived based on the Galerkin method. Eq. (2) can
be solved using the split-operator method, resulting in a convective equation and a diffusive e-
quation. They can be solved using the modified method of characteristics and the Galerkin
method, respectively. The solution of the finite equations, which are used for numerical calcu-
lation, is obtained by simultaneously solving for pressure and temperature or by first solving for
pressure, then solving for temperature, on the basis of the initial values of pressure and tem-

perature of the system.

Geological Setting and Features of the Basement Aquifer System near Tianjin

The study area is located on the Cangxian Uplift in the depressed area of the northeastern
North China Plain. The associated fault network consists of two major sets of normal faults.
The first set of the faults trend roughly in a NE direction, and the second set of the faults, in
a WNW direction. The basement rocks occur as an anticline with an axis striking to the NE.
Two limbs of the anticline have been cut by faults. The strata gently dip to the northwest at
angles of 9 to 13 degree. The oldest rocks tapped by the geothermal wells are dolomite of Mid-
dle and Upper Proterozoic age followed by Cambrian and Ordovician marine carbonate rocks.
The overlying continental sedimentary rocks are of Carboniferous, Permian, Jurassic and Cre-
taceous age. After a period of uplift and erosion, a depression was created in what is now the
North China Plain, and deposition of unconsolidated sediments of Tertiary and Quaternary age
followed.

In the depressed area of the northern North China Plain, heat flow anomalies have been
found on uplifts such as Cangxian Uplift. In general, geothermal gradient in the area of uplifts
is more than 3'C/100 m and geothermal temperatures at a depth of 1000 m are more than
60°C. In contrast, in the area of depressions, the geothermal gradient is less than 2. 5'C/100
m and temperature at a depth of 1000 m is less than 40'C. In the study area there are more
than 10 heat flow anomalies with geothermal gradient of greater than 3. 5C/100 m. The loca-
tions of the anomalies coincide with the highlands of the basement rocks on Cangxian Uplift.
The geothermal gradients decrease with depths, indicating that clastic rocks at shallow depths
have lower heat conductivities than carbonate rocks at deeper depths. Sediments of Quaternary
clay and Neogene mudstone act as caprocks preserving the high temperature.

The basement aquifers include the Middle and Upper Proterozoic dolomite, the Cambrian
calcareous maris with bedded limestone, and the Ordovician limestone. Most of the thickness
revealed by a well in the Middle and Upper Proterozoic aquifer and the Ordovician aquifer has
been found fissured and cavernous. Wells tapping these aquifers produce 1000 to 4000 m®/d of
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hot water at temperatures of about 60 to 97°C. Isotopic compositions of the geothermal water
indicate that the water is of meteoric origin. The available data suggest that the thermal water
in Tianjin area was recharged in the northern mountain area and flowed laterally for a long dis-
tance from north to south to metropolitan Tianjin, and continued to flow further south. Dur-
ing the journey the water continually exchanged heat with the surrounding rocks and at the
same time obtained heat from conductive flow beneath the aquifer system.

Exploitation of thermal water is most intensive for about 5 months from November to
March. It is followed by a shut-in period of 7 months (non-pumping period) during which
pumping is reduced considerably. Typically, the water level and the wellhead temperature in a
well increase significantly at the beginning of the pumping period and reach the maximum val-
ues during the pumping period, then decrease rapidly towards the end of the pumping period.
Thus, water levels during pumping period are a few meters to tens of meters higher than dur-
ing non-pumping period in most of the wells producing hot water, due to the decrease in densi-
ty with increasing temperature in the wells. Consequently, the reservoir pressure or well bot-
tom pressure, must be used to model the thermal water flow in the deep aquifer system, rather

than the water level in a well.

Modeling and Prediction of the Geothermal Water System near Tianjin

In order to model the thermal water flow and heat transport in the basement aquifer sys-
tem, we generalized the system as a 3-layer one that corresponds to the Ordovician aquifer,
the Cambrian aquitard and the Middle and Upper Proterozoic aquifer. The model scope is bor-
dered by Hulianzhuan, Baodi-Ninghe Faults in the south and north. The northern and south-
ern boundaries of the model are prescribed pressure and temperature boundaries, and the east-
ern and western boundaries are defined as no-water flow and no-heat flow boundaries. For wa-
ter flow, the top and bottom boundaries are no-water flow boundaries, while for heat flow,
they are constant heat-flux ones. The finite-element grid used for this model consists of 4
nodes in the vertical direction and 301 nodes in the horizontal direction for a total of 1204 nodes
and 792 hexahedral elements. Parameters of the aquifers and the geothermal water needed to
the numerical model include hydraulic conductivity, specific storage, heat conductivity and
specific heat of the water, etc. According to the changes in hydrogeologic properties and yields
of the aquifers, the flow domain was subdivided into 11 zones. Pressures and temperatures of
15 observation wells were matched for the one-year period beginning September, 1997 and
ending August, 1998 with a 30-day time step. A calibration process was made using a trial-
and error procedure to adjust parameter values of the aquifer and the water. The match ob-
tained was considered satisfactory with an average absolute error of less than 0. 5 atm in pres-
sure and an average absolute error of less than 3°C in temperature during the 12-month period.

Two schemes of pumpage were designed to use the calibrated model to predict the future
changes in pressure and temperature for an additional 5 years. The assumption of the first
pumpage scheme is that pumpage in the existing wells is at current withdrawal rates. The sec-
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ond pumpage scheme is assumed to add 9 new pumping wells and 6 injection wells to the first
pumpage scheme. Results of the prediction for the first pumpage scheme show that pressures
decrease slightly (no more than 2 atm) during the 5-year period, and that the temperatures
decrease gradually with temperature losses of approximate 10°C in some observation wells. In
addition, the pressures and temperatures in the observation wells are nearly identical for the
two pumpage schemes.

The results of the predictive scenario simulations indicate that both the pressure and tem-
perature of the geothermal system have a tendency to decrease during the 5 years due to the
withdrawal of the hydrothermal water. However, the declines in the pressure and temperature
are not so significant as expected, possibly because of (1) the moderate pumping rates of the
geothermal wells, (2) the periodical pumping schemes (5 months of pumping followed by 7
months of non-pumping), and (3) the huge extent of the geothermal system.
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