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BASIC EQUATIONS AND ITS RESISTANCE LAW OF UNSTEADY
FLOW THROUGH POROUS MADIA OF SANDY SOIL

By Yoshito Tsucaiva and Afsushi YAMAMOTO

Synopsis

Applying local volume-averaging method to the microscopic continuity and Navier-Stokes equations,
the macroscopic continuity equation and equations of motion of flow through porous media of sandy soil
are derived. From the order estimation of each term in the derived equations, the simplified macro-
scopic basic equations for unsteady flow through porous media is obtained under the periodic boundary
condition.

The resistance law of flow in porous media is derived by assuming the log-normal grain size dis-
tribution and modeling the pore system of porous media by series of capillary tube, in which relation be-
tween the grain size and the pore size is considered. The proposed capillary tube model is applied to
evaluation of the total resistance of flow in the real porous media, in which permeability is expressed as
a function of the grain size distribution and porosity. The evaluated permeability by the capillary tube
model is in good agreement with experiments by Takeuchi (1971) and Loudon (1952).
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Fig. 1. A schematic of a control volume including numerous soil grains.
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H, Fig. 8 KRT LI o»rntHFiIZHETR

BB 2T L7m— o DB E £ 2, ZOMBMERLE o

O/ FRIBUE X R B, .

de Jong® 5 HRBE RO BEBRICLY, 14T unit pore [~
DERS L, EPHHEOH 13 CRELHBONE —
HWEROFLHOERIZELWIEERL TS, Fig. 8. Definition of unit pore.
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BRI L, 3, THFEREOBETIERL, BRJCHBTELOLL, TR C 2BV TARTEZ 5,
Ly = Cp wooveeeeremn e (87)

RIZ, BAMBEOIFERDE, RRP RS I2al—Ya VICEYVBRESAEREBTVDE, T7-%
B™ § Kophk™ I 7-MBHE 2 EL, Y Ial—3a ili) ZORBERERDTVE, LALS
ST, NAELEBRELOMRERE L, MBRESA 2 AEIERIM IR MR D S MEHRIKkD 5,
HAMBRoOKZ 2R, BEERIBCTRTFOXREEBIUORELE (LN FRBLIUMERGR) 12L-T
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BE CENTRTFELIRDLN, Ol FLIRUEETHBRIIEETLILDET S,

ST, 3oL F (EHFE; DL, D, BLU D) FPEVICELTWALE, THFRLEE2ES=A
FOE S it Heron DAL RO LI 1Tk HR B,

1
S=Z'\/(D1+D2 +D3) D1D2D3 ............................................................................ (88)

EZATHRE S, EEOFETY - - HARBOKMEREICIZIZHBI LTV EEZ NI NG, Sxd?
ETRERDL IR B,
d=¥D,D,D,D;,  Da
ZLT, tRTFE3MErL CEICLZEZITE, ZOBRIPIEERLTARDLIICER S,
do< YD DD Dr, Da=2F DZC:- “ Do) (90)

CNIZHBRE d 2, MINTEH D, &, Dy, Dyy..., D, OFf Co + 1 BORMEHTHZ SR B L) BIFER
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Thbo 85I, Deld Dy X Dy XX Dey EHARBETALSBL R VALERL, LHHEELEHENE LT
BHIICRAEIRET 5o

d= am ............................................................................................ 91)
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BIRkD B, R Ol OFEBOMEE & D ERKEH L,
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D, ZOBETHNEXL>Co >0 L b, EHIXINDPLRROYFEIRDLNL,
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E (dS) = a3D5°3 exp [(_2_9__ —_ 9) 0.02] ................................................................ (94)
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Bk, HBIER o XBIBRE n L BAAEKL ) OBGHBOBR N, »O8HETHII L TEL, L
ML, TON, FTHFOFBEBRBICIVEAENIBHEDIDTH S0, RORELEITE &
B, RAO a BLU N, DFEF1~5 REDREDETTH %,
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HHLLDERET B
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Fig. 9. Series of capillary tube model.
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25, ZOEBERNARAIIBIKET, EEOEMICL Z2BIERGERL, REEBRIZLHEROH
FRTHEDET S,

EROBBEEHBESS SICHCERTORN-TEY, RBOATR, 2 S6ICRREOBEOL
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R (97 O ay 2HVB E, RESHIEEE oo & BKRE K ORBHLROBBRIELN L,

2Dy f(n) = Crexp (— G Go2) ++rrermmnnrere e (107
50
Z 2z,
0?5 1 {2Cu\%8 _ 1
fm) = ——_)2/3' , Gi= k7 (——3 CL) , C:=3+ T s (108)

ZORTIE, BRI bk PHBE 0, RRKE Do BLUBERE o0 ORBEL LTRASLTEY, &
BHEDHEDIEODE 0o FSREVEEKEE k NSRBI LERL TV,

372, & (91) @ iz (98), (99), (100) BL U (101) D ar~as ®FHVTH, C, GBIV fm) 7F
’)‘L”“?béf:“h"(“‘t (107) DEFRIIED S LV, BT, a AV TEDLLREDARTLERDL ) X% %,

fln) = T_ C:=2+ }:2 ............................................................................. (109)
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n3/ 5

11

S =t Cl=3—12(g%:)2/3, c2=1_69+a ........................................ (110)
a, TV,

C2=—1(% ......................................................................................................... a11)
as VL, XKRDLH L%,

f(n)=—(—lf—an);’ C;=712-, Cz=1+1?i .......................................................... 112)

2D f(n) &, Kozeny DX, (50) LRI LERTH B, B C & G 1Tid, TRFOFEKE, TRFEK
M, RROBHES® BLUEFLVTRERINTOULIREOER, PEOHRLBETL, LT,
FNEFNERIZIDROLLEVFHLHEEZ LN,

(4) EBHRLORER
A2 5 LU Loudon'® 2B H 7 AR TF B & UNETIT o 2B KA B KRB O R (Tables 1,28 & 18
3) FAHVT, X (107) OBBEEZASLEEDI, RAER a D5 A FCE-TRRZ2MBEROME
f) iZoWTHET B, RNDT—% (Table 1) THLNTWBHHERE U, i35 67) 12X DIEERE o
IZHE L, Loudon® 57— % (Table3) THEOLNTWANRERE D BLU Dy 3EFNREFIK (59) BLU
(60) i & WIEERE 0 ICRE L7

Table 2, Experimental results for
permeability of sand by

Table 1. Experimental results for permeability of Takeuchi'?
glass beads by Takeuchi'? Ui | EiRE | EKEK
R [FEHEE| MBS |5 R0 BRI 2 B Run (mm) n (cn'f/s>
e | | G % | (cm/s) 1| 036 | 040 | 0.0633
E | 0620 | 038 | 110 | 0.062 | 0.288 2 0.44 0.40 0.105
F | 0774 | 038 | 113 | 0.079 | 0.383 3 0.62 0.40 0.161
G | 0915 | 0.38 1.09 | 0.056 | 0.575 4 0.62 0.42 0.225
H | 1.200 | 0.38 | 1.08 | 0.050 | 1.030 5 0.75 0.39 0.217
I | 1.464 | 0.38 | 1.14 | 0.085 | 1.460 6 0.75 0.40 0.294
10| .12 | 035 | 241 | 0.572 | 0.466 7 0.92 0.40 0.471
11 ] 120 10346 | 250 | 0.596 | 0.567 8 1.3 0.38 0.374
12 | 0981 | 0.361 | 1.63 | 0.318 | 0.500 9 1.3 0.375 | 0.591
13] 1.04 | 0364 | 233 | 0.550 | 0.530 10 0.36 0.40 0.813
14| 112 | 0346 | 2.00 | 0.451 | 0.596
151 0971 | 0.356 | 124 | 0.140 | 0.438 Table 3. Experimental results for permeability
16 | L11 0.351 | 1.90 0.417 | 0.551 of glass beads by Loudon'®
17 | 1.10 | 0.360 | 1.74 | 0.360 | 0.610 — — ‘
18 | 125 | 0.368 | 189 | 0414 | 0749 Run| | %R mypm g BASRH
(mm) | (mm) " % (cm/s)
1| 0831 | 068 | 04 | 0168 | 0.205
2 | 0541 | 0.440 | 0.4 | 0.173 | 0.510
310303 | 0270 | 0.4 | 0.094 | 0.066
4 10164 | 0120 | 0.4 | 0.273 | 0.019
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Fig. 10 2 NS DERT— 5 %, BEIC of, WEICERTLLEKBEEL>TRRLZODTSH
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AbNb, 8612, (d) DOFEH% C:=0.623 123 LT, FULEBEROMEEE &L Kozeny DR (50) DALFAL
BDyHF CGIEETHL1ITHHI LY, Kozeny DRAIEHRFE 0 DEBELPBRIEELTY
LI ENDbIB,

2T, X (107) BEBER LI (HBETE TV, Fig. 10(a)~(d) 25 XHBEOBRE f(n) OES
FHET A LTI LV, #2T, EEBEOEVEAXRL DI, BRHNIMT 7207 AR T & MNE
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Fig. 10, Comparison of theoretical and experimental'>'® permeabilities of glass
beads.
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X103, L4 X103 BL280 X102 45, 2oL, & (107) ORBEROBEMIZE (109) %BHEL
T &, BARK L FHRE 2 CHLTROVET AL, 372, 2OTAOK S OHBREORKII L
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Fig. 11. Relation between permeability % and porosity z.
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