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PWIFERAVE, JOFER, BRETHIHT 7V A XHEOKREEE Krige 6
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¥, P LV EEELAKESHDHEE DT> Tvd, € LT, Griffiths and Fenton[l] i<
FoT, BEARY BV ABKEEE L EA L -BENCHT 2ARERFEN K2 ENT
Wb,
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ABFFET I RGOT—4 L LT, BRI EFIKBWTHT 18m £ h 1021m £ T,
Im T, RQDEDEX EHHICEEL A7 —F 1] 2Fic L, 7. €5 -7 2 Aw
TROQD KHT 23NV F T L %¥5EH L T/, 5ROV HLET— % % d >
TEINYFITARFEL, &F—FICL BN EHB LI, FOMER., HEEELY
KERGEBOSH VT -5 T, EINYFT IFARERTERVWI LHEGh ol

T BT EINY IS T ARERLALEES, BB T, TOHE LD Lo HTE
RERPE LN, Lz E, REBMBET-—RET -7 2 FEORBTE., Y VofER, K
BIEhBo WA, BOEREINYAT TARES L LFBEOLDITREEL 2
BEFGPo I,

I/, COFTCRIRTOF —% 2B L= 2T, RQDEICDW T, £35Y 45
FhAELTHRREFAMPBEIGTERE LR L 2

REARBR2RTOMBEEL LT, SB0EFRACHARCHBIIOWTER /2, HiIFOY
YT VT BB RS (Cy — Cyal) Cirbi/z, KEGENERES/ - O
BAHL, PL—AEOMICELT, ¥3INVATFTAERo 7, 2L, 1 RTHEL
HEV, 2 HOETRESCAE EERH o 2R L TRERHEE 21T Twde 2K
Ty IRTGABRKCEINIAT T LAWY 2 VF VIR EIVBEELZE DA, SIEEEKIC
BLTREINYFS I AL LTHREEFNVIEILEGETH I EHF D o7,

2.2 HAROHE

SR [4) RIEOMROFT, TvFHpluvIab—Ya Y EAULBEFREREN—
DThH5E, BHEHERT2VWEYFANTYIab—a v E OB ETo 2o BEE
FBBEFHE (stochastic finite element method) 1. AHIHEME, WE, BREMZ SCEES
NEAEERLED T, BEY L FOSEECREN T EEMICFAEL L) LT 2HTF
EThb, £/, BERARERER., HEE2 LoBNOEIMEFEEHV I DL, £
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KlTC&D, EVvFA MO YI2b—Ya VEEEOBN 7O 5a% 720 sFIHTE
BEVHIFIENDHEN, FRITLTEREZRDIOC, —HRICEE L DTV EL
2A-ORERAREIRE 2> TLEH. —FT. BHITEOELEE, SHEEREHE 250
bOD, WARIFEIIBVWTHEVWEITHEESEORZ DIF TRl ok T THEK
i, 2KE— A Y EOBSCESABEARESREREL, EVF IOV Ia -
YaviREL, FOERAEEFRE L, -, SHOKERBCA AR ERL. 5
TR TwA,

2.3 Griffiths and Fenton D%

Griffiths and Fenton[l] i, FERERDEZ L H v CHAI24T ) oM BEHic, EK
BEERY, EREZEFAVT, EVF IOV al—Ya Y iFo 7, EHE, 58,
HO#GREREHET 2 ERBEOZRSA Y, BE L LTASERAVTERE N,
I DFERG T EHT 5 DI, Griffiths and Fenton[1] . LAS(local average subdivision) &
BEIREETHAVTwS, COFRTHE., EREEEEB L EFHRERTAILETLLELT
Wb, £L T, LAS THELAAERSHIKET A ENBERIHITER L TERFEE
HBLATWES, Mt S NERRE, R0 (EERNOL) EREZEOADESF L2 Y,
FrE» OIGEME (E. BRI HOOHE, BEN) 2B 5, £/, BFonER
T RERN L EKRBES A TEN LB LB LEKRESE CH8. € L TEREME
25252 LICL A EEBER, TORR. MESFORNICETIHEL., MR
KB CEEL Rt R A ENELE I I o7,

2.4 Ando DR

Ando[6] it, EMOERFHE EHFEREATHA L., BRI oV TIRERBEN =
Folze Ei2, BREMCHIENKEOMEET —5 b2 ) ¥ 7 2 THML 72,
EAXESAHFRAETHECHEMT I LI EME 240, RYOBRERRS 2EBREL
PR EAT-oT0D, T2, WEREMEC SEEBEEZHVAEKRES AV TEN
CERfTv, EBERBLNAAT -5 LOBEE{To T3,



Ahe o

5B 3 B

T ES

FHRETH2 2OEREHN 2RTOBEREANIH LT, EVF A 00332 —s
VEAT oo WIS T To BV FANE Y I2al—3 DT H—F v —F % Fig.3.1
Khd o ETREMBMNCHAVEZEFVEREL, TOFEFRICH L TEMRRE S X .
FERBRESG IOV TRIFHFEE T CRNLHEER IS A /. 2LT, /55 X =5 —
EEZEL T 100 BEXRESEE 7 v 5 ARE S TEERN LTV, EEFNMEHLTERE
LAFHEI R OBATREREFRAICAE L 2, TLT, FOERLIELOS L EE L ds
e, TAMEERER Lo e L B LT,

3.1 BEROEREAES

FHATHEFEN 2 KTOMBIZ OV TEHEMN Lo Ldts T, EFRM2 AT TO
BEMMZECBLTUTR Z20ERERT,
ZRTOFERERAEOERERX T RICTRT,

Ovy | Ov,
Tot =0 (3.1)

oty iy Vg, Vy (=98 ¥ ﬁﬁ@wﬁl\%?ééo LT, y)»?“@&ﬁuﬁ\B&%gﬁﬁﬁit
BREADLSIZEKRENS,
oh Bh
V = K (-Vh) = (k,a—m) + (kya—y) =0 (3.2)
L.V REE, K BERRE, TLTREESKETH S, B1)RE. 32)KLb,
REMBCBWTLIOMBREELZ ROFN 2 TET 2 EBFERILRD & 2B HER
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TREND,

8 ( 8n\ @8 (, 6k
| o () + 7 (g5 =¢ )
¥, BAEESEFEERTOTHNIE., T7 5 X (Laplace) DFBRER B, Thbb,
8k O%h
5;;‘1"&;3":172}&:0 (3.4)

Thbo

BEMEZECE, 3.3)R. (3.4) Rofic, EREH LVBEEGSLETH S, &
FEHFCE, KEEZRETA250L., MEZBETIODOLED 55, £ Ligfkit
RTEXLRAELTYH, BHRCEL ZENTERBMERES 2V, LEFoTELD
B, BEHEZTILENS D, REMEOREREICE, T LTESEL, FRE
FHEARH b, AMETHEREZEYHwi,

3.2 BEREHTETIL

B THWBRERBT €7 V%, Fig3.2. Fig33 lRT. #h&h, BITET NV 1,
BATET N2 ET 5, TRNENDFREREDERA A —T % Fig.3.4. Fig3.5 R T #
WEFN ] BHELESHEL LT, KEE2:SALEHLBROREME, T L THN
EFN2REKBO LREREN/-Y AoREMELTEEL ., RIEPRE SN F L EHE
BBROEEMETRYEI . #12. o FE (KFEHM) I 40m, yF7H (SREFIE) I 20m D
KRB RETE, FLT, EEZOH A L Imx1m TH Y, BEEHIL 800 TH 3,
T, FET VLG EH R EERT,

1. BireFI1

(a) BREH
yRUC TR 2 KEBEEER L L, LR ETREOMKIC 10m OKEEE
5235, FALERIIBVTC s FWMICHTRETNAL DD E LTz BICFETER
BRENEKERET B,

(b) FERMREK
BEMEE L TRBEEEL. FHEKBE e 107°m/sec & L7,

2. BEHEFTN?2



(a) EFREMH
SFARFRICBWT, ¥ AR LMETROMICIE 10m OAEEE S X 720 vh
FICFATRER .  FAKFTRZERD I bTROD D, $/2, ¥ AEH LR
WARABEKERE Lz ¥ ADERE 20m & L, REOE S 1T EHM A 5m.
THMiAS10m TH5H & L

(b) FALRE
BBEAHE LTRBTEEL. FHERRE . 10 °m/sec & L7z,

3.3 Mz

FHATHE, EXBREEFIER L -BICEEIBES T & CEERIT 2TV, FAFR
DLYY, BEEET L CHREOFHhT S oW TOFSHES EH L. EESICEL
TREDIETILDEEZHE T2 2DICERTILE L) A CHEMER o 720 TNFRDE
FVC B AR EZ LTICRT,

o BITEF IV

1. EXT{LiEE Q)
HOPSMETA2ROBNBEITHESEL 5,
20
Q =) viAl, (3.5)

i=1

IHRERD LS WWERTALT 2,

s @
@ = Al (3.6)

AL, yFADZLV AV FETHY, voild, BOTOZIL AV TOFREATD
Ho HIOBRE, 20 TV AV MICHE L TWA LD, ALY 20 8L TEEKD
HHBOEE & LTV B, |

e BATET IV 2

1. BhkAE (i)
EikAEE, THRORKCE SBALGREN ) bBERAODIDEL S

i, = max i (3.7)
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i, TRBOEEOERHD 7 —FiionwT, BETI0OEI LOESF Lo

bDTHbo ' '
2. EXTALHE ()

BO»5MET A KROBTEITRESE LS,

10
Q = Evyi * Alz (38)
i=1
SRERD LD CERTALT B o
- Q.
“= WAL (39)

AL,  FEDTL AV ETHD, T, vk, HOTO yFEHOTMETH
B, BOKKREZER 0B 7-DALE WELTEEKOBKEROEEZIZLT
Wb,

3. B (D)
¥ ACVERTAEMNBATH -V DB HEEL S,

20 . - .
v=3 in Z)2+ (i =2) 0y (3.10)

=1

FAEBORESIZ20m THY, 0 EXZ5TH 5, COBTTIR, KEERER
TEELTWE LD, BV EIBANER L6 0BEARHEAEKT 2 KED
fEE Lo STT, ZH., MEAERS (ZI TR 20(m) TH5H, “hi., X

D& 5 ICERTALT %,
U

Ah‘Yde
T, Lgdv I Dk, FAEEOCES (20m) Th 5,

0= (3.11)

3.4 HEEGES

AR TR, BERENICHAWI BAEHE B8 FKSTIE L HWw TAER L2, Fig3.6 i
HBESZIIBVWTEHEWAENG A—7 — %k RT,
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Stochastic Analysis of Transport from
Underground Depository

7.1 Introduction

Field observations show that the hydraulic properties of natural
subsurface flow systems are extremely variable. Also, through theoretical
developments and laboratory experimentation, well-established
quantitative physical descriptions have been developed, in the form of
equations such as those discussed in Chapters 2 and 3. The central question
then is how the reality of natural variability can be combined in a useful
way with the well-established physics of flow and transport in permeable
materials to produce a workable tool for describing the large-scale
behavior of underground flow and transport systems.



One suggestion might be that the actnal three-dimensional distribution
of hydraulic conductivity, for example, be measured in complete detail
for the field site, and that these data then be used in a numerical model
that captures all of the effects of the variability. However, if one
recognizes that the scale of variability is on the order of meters, whereas
the scale of overall description sough in many applied problems is on the
order of kilometers, a careful assessment will show that this approach is
impractical for two reasons. First of all, the computational burden
required to treat the requisite number of nodes (106-10%) can easily
overwhelm even the largest supercomputers available today. Second, and
more important, the measurement program required to determine the
detailed distribution of hydraulic conductivity would be totally
impractical, and may even significantly alter the hydraulic properties of
the aquifer. |

A second approach would be simply to ignore the variability and
presume that a classical numerical model with homogeneous parameters in
various zones will adequately describe the situation. This approach is
essentially current practice, which has the following important drawbacks.
First, it presumes that the equations such these descried in Chapters 2 and
3 are actually valid in some average sense for the large-scale field
problems. Se_cond, it dose not consider the effects of the variability on the
reliability of predictions from the model, thus leaving the false impression
that such models will represent exactly what happens at a given location in
the field.

A third possible approach is the one in which the small-scale variability
- of the hydraulic properties is treated as being random in an appropriate,
relatively simple fashion; this approach is the main theme of this Chapter.

Data on variance and correlation scale of saturated log-hydraulic
conductivity from several different sites are summarized in Table 7.1,
(adopted from Glhar, 1993). These same data are presented graphically in
Figure 7-1, which illustrates the dependence of the standard deviation of
the natural logarithm of conductivity and the correlation scales on the
overall scale of observation.

FEM is an ideal vehicle for modelling materials with a spatial variation
in properties. Stochastic FEM analysis has been implemented in a number
of areas of geotechnical interest (see, e.g., Beacher and Ingra (1981) and
Righetti and Harrop-Williams (1988) for stress analysis and settlement of



Table 7.1 Standard deviation and correlation scale of the natural
. logarithm of hydraulic conductivity or transmissivity{after Gelhar, 1993)

Correlation scale (m) Overall scale (m)

Source Mediumn Type® O Horizontal Vertical Horizontal Vertical
Aboufirassi and alluvial-basin aquifer T 1.22 4,000 30,000
Marino (1984)
Bakr (1976) sandstone aquifer A 1.5- 0.3-1.0 100
2.2
Binsariti (1980) alluvial-basin aquifer T 1.0 800 20,000
Byers and fluvial aquifer A 09 >3 0.1 14 5
Stephens (1983)
Delhomme(1979) limestone aquifer T 2.3 6,300 30,000
Delhomme
Aquitance sandstone aquifer T 1.4 17,000 50,000
Durance alluvial aquifer T 06 150 5,000
Kairouan alluvial aquifer T 04 1,800 25,000
Normandy limestone aquifer T 23 3,500 40,000
Nord chalk T 1.7 17,500 80,00
Devary and alluvial aquifer T 0.8 820 5,000
Doctor (1982)
Gelhar er al.(1983) fluvial aquifer S 10 7.6 760
Goggin et al. eolian sandstone A 04 8 3 30 60
(1988) outcrop .
Hess (1989) glacial outwashsand A 0.5 5 0.26 20 5
Hoeksema and sandstone aquifer T 0.6 45x%x104 5x103
Kitanidas (1985)
Hufschmied (1986) sand and gravel A 1.9 20 0.5 100 20
aquifer
Loague and Gander prairie soil S 0.6 8 100
(1990)
Luxmoore (1981) weathered shell S 08 <2 14
subsoil
Rehfeldt et al. fluvial sand and A 21 13 1.5 90 7
(1989a) gravel aquifer
Russo and Bressler Homra red S 0.4- 14-39 100
{1981) mediterranean soil 1.1
Russo (1984) gravely loamysand S 0.7 500 1,600

soil




Table 7.1 Standard deviation and correlation scale of the natural logarithm
of hydraulic conductivity or transmissivity (after Gelhar, 1993),(continue)

Correlation scale (m) Overall scale (m)

Source Medium Type 9 Horizontal Vertical Horizontal Vertical

Sisson and alluvial silty-clay S 0.6 1 6

Wierenga (1981)  loam soil

Smith (1978) glacial outwashsand A 0.8 5 0.4 30 30
and gravel outcrop

Sudicky (1986) glacial-lacustrine A 0.6 3 0.12 20 2
sand aquifer

Viera et al. (1981) alluvial soil (Yolo) S 0.9 15 100

*Type, T = Transmissivity, S = Soil, and A = Three dimensional analysis
o; is the standard deviation .

foundations, Ishii and Suzuki (1987) for slope stability and Smith and
Freeze (1979a, 1979b) and Griffiths and Fenton (1993) for confined
seepage).

7.2 Stochastic finite element analysis

Stochastic FEM can be interpreted in different ways. Statistical
properties can be built into the FEM equations themselves (see, e.g.,
Vanmarcke and Grigoriu (1983)), or multiple analysis (Monte Carlo) can
be performed, with each analysis stemming from a realization of the soil
properties treated as a multi-dimensional random field. In the present
work, the latter approach has been used to examine contamination flow
from deep depository. While the Monte Carlo approach tends to be
computationally intensive, it has the advantage of being able to model
highly variable input properties.

7.2.1 Stochastic analysis
The definition of the properties of porous media in space can be made

using the concept of random functions . This stochastic approach has two
major advantages (De Marsily, 1991):
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Figure 7-1 Standard deviation and correlation scales of hydrualic
conductivity or transmissivity versus overall scale (After Gelhar (1993))

e It conceptually defines the properties in space at a given point,
without having to define a volume over which these properties must
be integrated.
» It provides means for studying the inherent heterogeneity and
variability of these properties in space, and for evaluating the
uncertainty of any method of estimation of their values.



The random functions (RF) method is a more powerful concept. It
consists of stating that the studied porous medium is a realization of a
- random process. A property like permeability can then be defined, at a
give geometrical point in space, as an average value over all possible
realizations of its point value.

7.2.2 Simulation method - Monte Carlo

Monte Carlo simulation method is probably the most powerful method,
where fewer assumptions are required. However, it is a numerical
method, which may require much central processing unit (CPU) time and

a careful examination of the results. The principle of the method is very
simple. Let U(x,&) be a stochastic process, x being the coordinates in

space and £ the state variable. Remember that U(x,&;) is called a
realization of U. One first generates 'simulations' of U in the probabilistic
sense, i.e., a large number of realizations of U. To do so, we must know
the probability distribution of function U and its covariance (or
variogram) if U is spatially correlated.

Then, for each of these realizations, the parameter represented by
U(x,&,) is completely determined and known (e.g., the permeability or
the source term or the boundary conditions). Thus, the flow and transport

equations can be solved numerically for each realization, giving the value
of the dependent variable, e.g., c(x,&;). It is then possible to statistically

analyze the ensemble of the calculated solutions c(x,&;) fori = 1,....., Nt
expected value, variance, histogram, and distribution function for each
location x. It is no longer necessary to assume that ¢ is stationary; these
statistics can be calculated at each point. The covariance or variogram can
also be determined if ¢ is found to be stationary, or intrinsic.

Because the numerical solution requires an estimate of the average of
U(x,&;) over a mesh, this estimate becomes less variable as the mesh
becomes larger, simply because of the integration. Thus, the variability of
the solution, c(x,&;), will also be affected. Furthermore, one must realize
that if C (or y) is the correlation structure of U in space, then the
correlation structure of the average of U over a mesh will be the
integrated covariance or variogram. This has not always been recognized
in the past (De Marsily, 1991).



. The main difficulty with the simulation method is how to generate the
realizations, U(x,&;). Freeze (1975) assumed that U (in this case, the
hydraulic conductivity in a one-dimensional flow problem) was not
spatially correlated. When the probability distribution of U was known,
independent values were drawn randomly in each mesh. In two
dimensions, Smith and Freeze (1979b) and Smith and Schwartz (1980,
1981a,b) imposed a correlation structure on U (the hydraulic
conductivity) using the method of the 'nearest neighbor'. The correlation
is imposed by a kind of 'moving average' of the value of U, taken in
adjacent meshes. Neuman (1984) generated the complex covariance
matrix of U and took a vector of independent random numbers. He solved
for the correlated U(x,&;) by triangulation of the covariance matrix
using Cholesky's method. Meija and Rodriguez-Iturbe (1974) used
spectral methods.

Delhomme (1979) used the method of the turning bands, developed by
Matheron (1973), which is a very powerful tool in two dimensions ( see
also; Mamtoglu and Wilson, 1982). Delhomme also used conditional
simulations of U instead of simple simulations. This is a great
improvement on the Monte Carlo method for practical problems. Indeed,
the stochastic process, U, is then said to be conditioned by the
measurements U(x;) in space: all the realizations U(x,&;) must have the
measured values U(x;) at each point x;, where a measurement has been

made. The method used to generate these conditional simulations is based
on Kriging.

Nonconditional simulations are suitable for studying the theoretical
variability of a process: the statistics of U are assumed to be known, but
no measured values are available. On the contrary conditional variability
is only that which stems from the uncertainty in the estimation of U
between measurement points. Conditional simulations are thus a logical
follow-up to Kriging. Delhomme (1979) used them for transmissivities
and mentioned that the transmissivity could be further conditioned by the
inverse problem. Such conditioning is also discussed by Neuman and
Yakowitz (1979) and Neuman (1984).

7.2.3 Conditional simulation



In situations where the spatial variation in the variable is an important
consideration, as is, for example, the case when we are dealing with
contaminant transport in heterogeneous aquifer, it is necessarily to more
realistically capture the actual variations. A conditional simulation
approach, which requires that the simulated field agree with observations

" at a given location and also vary realistically, can be developed within the
framework of kriging. First, an unconditional realization of a process
U(x) is generated over the region of interest having a covariance function
or variogram the same as the field being generated. Then, the value of
this unconditional field at the locations of the observations are used in a
kriging routine to obtain ﬁ'(x). The actual observations at these same
locations are then kriged to produce the same estimate V(x). A
conditional realization or path is then obtained as:

V,(x) = V(x) +[U(x)-0(x)] (7-1)

Because kriging is an exact interpolator, the term in square brackets is
zero at points of observations, so that V(%)= V(x), which agrees with

the observations at those points. It also can be shown that the variance of
V is the kriging estimation variance. This procedure can be repeated by
generating a different unconditional path, thereby producing a series of
realizations that honor the observed data and realistically portray the
spatial vanabﬂlty of the field.

Delhomme (1979) has used this approach to generate transmissivity
fields that honor observed values and then used these as inputs in a
numerical model to simulate the resulting head field.

7.2.4 Generation of the unconditional realizations

The unconditional random fields can be generated by several methods.
The most widely used technique in subsurface hydrology is the turning-
bands method proposed originally by Matheron (1973) and adopted for
- two dimensions (Mantoglou and Wilson 1982) and three dimensions
(Tompson ef al., 1989). The turning-bands method essentially makes use
of superposition of one-dimensional processes generated a series of rays
accompanying the space of interest and the requisite transformation



between the original multidimensional spectrum or covariance and that
for the one-dimensional line process. Other methods generally appears to
be less numerically efficient than the turning-bands method for very large
systems. The nearest-neighbor model used by Smith and Freeze (1979) to
estimate one- and two-dimensional fields apparently has unrecognized
limitations that have been brought out by King and Smith (1938).
Therefore, the turning-bands was used in the current analysis in
combination with Kriging. The Exponential model was used as the
structural model for spatial variability. This model is popular in
hydrologic applications, because it is versatile and has a simple analytical
form (Kitandis (1993)), (see Appendix B).

7.3 Trénsport from waste depository

In order to predict the contaminant migration from a waste depository
for environmental impact, a stochastic model was introduced based in the
turning bands method (Delhomme,1979). Monte Carlo simulation was
used for the simulation as discussed in section 7.2.2. Figure 7-2 shows the
finite element mesh of the model used as well as the boundary conditions
and the problem domain. Figure 7-3 the deterministic case in which the
mean of the stochastic case was used as constant. Figure 7-4(a) shows one
realization for case of 1 m correlation indicating the flow parameters
(head and velocity vectors) and Figure 7-4(b) shows the concentration
distribution from the underground depository after 20 days (velocity
vectors are shown also).

7.4 Discussion

Figures 7-5(a) and 7-5(b) show the results of the parametric study for
the concentration at the middle of the right hand side boundary. That
point was selected as to evaluate how the contamination from the waste
depository will affect the nearby environment. The method can be
extended to study other locations as well. The parametric study was done
in regard to the coefficient of variation COV which is defined as;

COV=o0,/p, (7-2)



B Underground depository Number of elements 1300 = Number of notes 1377

26m

Figure 7-2 Finite element mesh used for the analysis of transpott from
underground depository



Time = 20 days

Figure 7-3 Contamination distribution from underground depository, deterministic case



—> 8.50 m/day

Figure 7-4(a) Water pressure head and velocity distribution for case of 1m correlation



—> 8.50 m/day

Figure 7-4(b) Transport from underground depository with velocity distribution for
case of 1m correlation



Deterministice =0.00955
- and. 9}: =oo

Mean normalized concentration

| L !
-1.0 0.5 0.0 0.5 1.0 L5

log,, (O'k /i)

Figure 7-5(a) Coefficient of variation of permeability
plotted against the mean normalized concentration

where o, is the standard deviation of the permeability and g, is its mean

value. The correlation of the model was selected based on the results
summarized in Gelhar (1993) which indicate that for a range of 50 m, the
correlation may be ranged between 0 and 10 m. we extended the range up
to 20 m to evaluate the parametric study.

Figure 7-5(a) shows the log COV plotted against the mean normalized
concentration. It is clear that with the increase of the correlation scale
with low COV all realizations tend to be same as the deterministic results.
Figure 7-5(b) shows the plotting of log COV against the standard
deviations of the concentration. It is clear that with small correlation
value, the standard deviation of the concentration and with the increase of
the COV the standard deviation of the concentration increased up to some
limit and then decreased again. That may be attributed to the geometry of
the domain, since the domain is limited with a certain dimension.

. — 92—
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Figure 7-5(b) Coefficient of variation of permeability plotted against
the standard deviation of the normalized concentration

7.5 Conclusion

The effect of stochastic soil permeability on contaminated transport
under steady flow has been studied. Random field concepts for the
generation of soil permeability properties with a fixed mean, standard
deviation and spatial correlation structure have been combined with finite
element method to perform Monte Carlo simulations of contaminated
transport. Transport phenomena was numerically analyzed using
Eulerian-Lagrangian approach with Forward particle tracking techmique
based on the velocity field obtained directly from the flow model as
discussed in Chapter 2 and 3. Analysis have been done for waste disposal
deep tunnel, in order to investigate the effect of the contamination
transport under steady flow conditions, on the nearby environment. A
parametric study have been done to evaluate the effect of the standard
deviation and the spatial correlation (scale of fluctuation) on the
contamination parameter, ¢. Comparison between the stochastic and
deterministic results have been made. The parametric study shows that



transport flow is affected significantly with standard deviation and scale
of fluctuation of permeability coefficient.
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ZIZT.
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Tihy PETVIAD G EBear# R L BERELDEDIRBECKEFT IRA %
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' ViVj
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o ROEE T JHBE
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iR ¥ Lagrange® 5 % A v 3,

d a+1-La (3.7)
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CCTHECYBRCHT2EET Lol TasMES 081 5,

c(xit) = clxit) + c(xi,t) (3.9)
X (3.9) £, BEIEHTIANFESN B,

de (3.10)
dat =M

Tl RN (3.8) &b, BERIIZBE(*BROVESERIBRIRR LR 3,

de dg\_ .o

Reptg gﬂ=*;' (31

d
8 pPj 8_:1) -0 p?LR(c-a -Q

(2) Bulerian-Lagrangian Numerical Method

{a) Bulerian Approach

Bulero FgE &3, BEERVTVWIEEERROKERNETH 3. 20 L 5n
BBFFERE, LD T—HOLFET, B-3.20L3 10528 (x.7.2)8dH &L
Ty T2 BEBTOIMBPEERZLLHETH B

Euler Method HEMU MOV RVFES LD, FEMR L 2K EBH FTHEIER
N, TORFRFTRANHRLAREL, FEAROHMEITCHEINLTL 3,
Euler MethodD M Ri3. FTHELBOMEOFOYHBEMBECLHLTHDTSH
2. BUNFEBTHLIOLUMETE, EENMCEC I LI LITRBIC A 3,
Thob, AENBOEE CHENTENNEL B0 BHL TV 5 MK O L 5
KELWHERE., TRACKAOELBETRENE LS, OIS ABIHLOREE X
PREZDULATIDILADELALEEGQENHEEZENTL 2., HEOLREG 2 B &
ATwbH. BEMNBTOEPERTRL S, T, HOUEET, SULEEM
A LATy 7THRELZRESE, BENLIEFEL T LE- Ty vy —F 7o
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Eulerian Method& Lagrangian MethodD & % £-3.1IZR 7o

VA VA
E "/ ’//
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.7 : W

AL :

Z ! Z

® ~-3.2 Bulerian coordinate B -3.3 Lagrangian coordinate

(3) Eulerian-Lagrangian Numerical Method

Eulert B FE (BEEE) LlagrangianMI B FE(BHEE) it h £
NEFRELEEFTEE - TWwd, - TRulerfIBIFFHE L Lagrangianf Bk E &
B EBENEDDTCFHFILFETH L 2 3., T HEulerian-Lagran-
gian Numerical MethodT H %, FFEKLALIMTARLRE-THBERTI2VWAOHA
EZ{ % LagrangeiC R %, R+ 0ZFECL-HESH » H. @E.ﬁ*ﬁfﬁé
NEFRERA v VaOBAL BT BB LIIELCTERBICL - TR,
BulerH i A BMIC I 2 BEELEHET 5,
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BiFEl  BulerfEiF Ak Lagrangef) 5

BEET I B - R ER FetERRIR O
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BEETE (EER) FEM,FDM(EE#) EFA)l Ok
R BERULRAZE, FLdiEE FHBE
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BEILE A &=
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RISEDOH 5 3
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IRTDEE FIEEMARORKSD AR
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3.2.4 Bl -DBHOVEFEOEREWNFTE

(1) BIM_FEOER
BREILSIER
y = Ax (3.12)
HEZILNRTWVWEET B, ZTitx, yiE. NFORXZ F A, ABRNTNF O E
FHITANTHE D TR | A|DEHOTAHAVWEEZ, ADHTHA *MHEHEL.
X (3.12) OB

x:A'Iy {3.13)
EEZ 6N B,

ADPNTHR OFTATCN>HOBRE, — 8B (3.12) OBRBREELRZ L, FC
TR (3.12) cE82H 2B AL

y=AX +¢ (3.14)
EETIEITT D, RED ZEMIL.
N

Q=) e/ =§:(Yi'§:: Aikxk)2

{4.1.2)

LB, QEFEFMAECTIBxERDIEHICIR, Q2 x TRESLTOE
X E W,

N M (3.15)

—an=-22(yi- Aika)Aij=O
0x; i k
N N M (3.186)
2 Ay = 2 X AjAixk

i T X

R (3.17) 2T ARFTCTCERT &

ATy=ATAx (3.17)

LB, TIRKA'BADEETN TH S, R (3. 18) REHFEKLEFEI N,
F (3.12) OEAIZATR2 AT b0IRE L e
ETATARUFYVIIOEF TR TH B -5 (3.18) oFixX (3.13) & A&

‘—-
~—

x=(ATA)_1ATy (3.19)
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ReEb, £ (3.13) im—8HT 3,
-1 - .
x=&YAT)ATY =4y Lo

(2) HBREBEI_FE

— i, MBERC I EBRFECTOVTE, BHATELT—Y0FTEDL
EHHEOFEVWTF -4 %20, KATCFENIEARNEBZELFAREZENIK
TENRIA-Fh2 BHTFEA VLN S, BEAFBRXELTR (3.21) 2 H
[ I

Yi=filb) +05 (=12, .n) (3.21)
n
2
Ribl= > Wity; - Yi})
o ; il =) (3.22)
zzT,

y; - EREoSEHE Y - REUMEOREHE ,

b :KA/ITX—F DAY R (b1, b2, .bm)
W; i EH m: BRT—5E .

n (FRANSA-FE, oj: RE .

REL. MEERI~CABEOBRELALLEAT, Ba 2Wj-1E T 5.

A (3.21) wHiFd (b, {ﬁﬁ‘c‘.‘hf:/\“‘ff}‘~5bf;ﬁlf%ﬁﬁﬁ$ﬁﬁi
STHRLNIZIBERFETHY., BRECHEHE s IFINIBEHEETFLTH D
EEZD, TITR MEAEBREENEZAL 3,

COFETERI(DFIEAULTHEROBEGEE T AT, R (3.21) o f
BCREBREEN_FEEL*THVWILEND 5. FBEEEI_REOBELL T
., T RMODPDHETRMANIA-—FZORBUBEHEL, ThrdRBa L L
TEE_EMzASAT3L50 REZREIVBLEYRDLFEERDDF
BExHVD, -7 BCHERMDORNEXZRDHHME (REL) &0 T
SEHTE B, ’

—BRICERMIHNR (3.22) DELPRE_EHNOBELTLWA I LEHEMNICF
HALEFENRELERELFEELDR ., DX FE LU TGauss-NevtonkE #¢
RENTH 5. BOBERMED < o7 bCauss-NentonEDEH EE L 6 1
B0 T T TLHTFiZGauss-NewtonEIZ 2 W THBEICHE NS,

T CKMANTA-20FHEER2DPVEL REXRT LI TkROHER

—167—



b A RSB, cHhESOKRARTEIIELEELD, T THEIN(D)EZEDDO S 5T
HMBEE@L'COETDVTFTAT—REAL, 2ROBELTEERBL TREBEMZT
Jo

fj('b)zfj(b(o))ﬁr?(a—fja%@) ) A1.)(j0) (3.23)
DI, AV RKRMNRTA—FDEERS PAMTH B,

Ab(JO)-bJ b(JO) (3.24)

R (3.24) 2R (3.23) CRATZLERAZR 5o

n (p0) 2 (3.25)
R(b) = Z{yl— ifp(0)) +2 af‘ab ))Ab(j“)}

Ab‘“’,i:ob\’c’ﬁfj\{t"g"zaf:bbLm{E(DﬂEﬂ]z\“E} — 2o TIEER. &

(3.25) 2 REA L. R (3.26) DL > um PHEILFBRNEE %o

[z‘:-‘{ %‘:(aﬁ b(‘)))' (o)H (3.26)

a(anl?) =0 we12em)

EO= yi-£((0))
FREFAEALCBERT &

AT(0). A(O). Abl0) = AT(0). g(0) - (8.27)
[ m) :%fit(}—‘_’) ERA LT BYaCT VEA
Y’ (i=12;-m,j=1.2,",m)
AT : AOEBEETH .
® (3.27) ORI, BRATELHN B,
A B0 = (AT(O) . A0))E 4T(0). g(0) (3.28)
BTy FEAGUBAREEEXBRLIDRATKRD SN 2o
Aplk+ D) o p) L A pK) (3.29)
i, kREFERAT v T
@pirti 3, X (3.23) OREBEMNNBRFRSIE, DIV LVDAESLEREF
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HHMRMEEAZ DL HMBTED, £I TR (3.29) b " Hr B
BELLULTRERBEZREX*EVERET IV, Z0Xd5 2L TAbd+o XA fEIThh
B, WERLALELAULLTCHEZ2THE %,

ifcr\ TaET7yTHAAORSRBEREESIFEIN, BFHEOCBECE LT
EECNEBELARHEE . BRERKOBEHFHRICIBEESEFEAL. &
(3.30) KR TAMEZRELUEA W L,

ofi _filbj+ A bj)-fi(bs) (3.30)
obj d;

ST dildRFT A -2 OIS THY, BEXEOHLPEIrFATHERD
KBREANDLN, CTRERBELCRAMAARNIA-SOPHELFLVWERZ S

A. EEHEORBBE TR AR CT L bhEEL .

k 3.31
AV (3.31)
Abk-l
R (3.31) BFHASA-SbOREEOTHEINIE LT, BALHSdo R %
EEL-bDOTH B, b, BEREOERICEYTIEERTOBKIEIRESH

BAF gy F1I@BS LD, (REASA—FH+1) BEL B,

dk+1 —

Gauss-Newtonik Tk, I EBD ¥ HofErorabERLh TR b, R
(3.23) OREBELPR AP T 5L, R (3.29) OREXRTHITL
bIOWPMZUBREFEFFMEEZLDHLERLAL LW, TDEDH. WHWLWHLAEREL
PRELCOFENLEEN - T 3. Gauss-NewtonFE O WMERMER2H R, EEL
e HEE{F EITLevenberg-Marquardtik ( Marquardtik ) #d b, WX TR h
%0

[AT-A+7-1-Ab=AT-E (3.32)
ZIT.
A OBl EO#HE (Marquardt/SS A—4) »
I« Bfrfrs)

X (3.32) 3. Gauss—NevtonBEQEHFBRAOKEHEGTHNOFAERIZ. 142
ZNTA-—FEFTHEELTWAADBOIIEIALML L, 2F b, 2=04 51
Gauss-NewtonEE £ D dDTH D, Th 10l T2LHBERABTHRELZ, TR
HHB, Marquardtkid, MEORRELVASZFRTHD, BEREHFMEEDICT
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AREBBIEBVTE, oA, FREEORBIF RSB AT 2

PRELT LRI THRABRBTEOIHSREIHL, MITEISLIT2N T

A MELLTWL T EIITL DGauss-NewtonHE D L H KRS ED 2. TBES

POBELSBERDLEIENTE %,

MarquardtBE L X 33 BEFHZHU TR T

Qi(b)oFHE

@ACHSDVWTHEEHEEZENR, 2=0.001£RET %,

@Abic > W TRHREREZEE, ((b+4Ab) % F M T %,

@b Li(b+db)zi(D)RBI0DT7 77 2 — (BDHVWHMWOEENT 77 % —)
KEbhAi28Pd, ELTAOIRRA B,

®bLI(b+4AD)<I(DIABIODT7 y 2 ¥~ D AERPT B, BE
b<b+tdbt LBIZIR 3o

OEEFFEEICLLDIEITREHELEREVET,
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w
0o
(1]
£
St
B

HONNS A — 4 DOBRERS

WA Y b5 Llevenberg-Marquardt Methodid. M EE TH L -DEHEL
AHEMHEEL. SFEBMIIE R 3 », ?)lﬁiﬁ@ﬁb\%ﬁhf:ﬁ%fé%o
TOERMETONCETAVNODRELEORARCERERT 2T .

ETFNORHBICBETHE, RILVE -7 -5 VEEBOVBRA®2TF .

BREBHAHITEOTE, $FBXA2R0R3BTRXOBE - L (DEHBX) Th
20T, BATIHBEEYBRHEBEELLTT Y. T EFHEEERL T, BR
REPBUIRUEORKELEBEMT 2, AMAL B THET &R/ T 2
—F R BE - IBREXBETIHOBEE L . HOBRaTHD. TR HHPEE
THOERELICRIZTERE LR,

(2) _R7ILVEBELETIBFTOKENHE

(a) @MW FE
BRIBEBIHMELR(OBL, BrLETHII LD 0XxHBLELT—BHIER
7 L BPermn b, TDEHEL TFriend (1982) 3. Pe<2 2 L E & &
LTH®RAUL. F -Pinder-Grey {1977) R Pe<s528BRL TV 3, “hbnitd
KRENBRNIZ LAYV T, REIRTRBREZHAVVTRET 2T .
NZLHEBIRATEREN 5,

vAL

D (3.33)
2

X

Pe =

D= 2Ly

+
v am T

= V+amt (2 v=vy: HE—RTEER) (3.34)
T

D :8HER , AL Aviada1X,
v e . T JRERER ,
Op : MR L am  STFIBURE
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X5 (3.34) O TEIHERBIE2HICKERTHEFIIAEREZR L 20T,
EBoEYPER TAILERZLERERRRARLELE 3,

_vAL_ AL
oy v ooy {3.35)

Pe

B ETTFTAMEE-3.4EF 7. BN FERELTR. a/a=10Tdbs0&E%
5, — 2 (%£-3.2 BB) BEL. thZAKALEF L %£1.0,1.5,2.0,
3.0,6.0culMI F TEFTE UL AA v Va2l IV BNETS>. TOBWERLERE
%&beﬁﬁ%ﬁéoﬁﬁﬁmﬁﬁ\(YJ)=H&&Mﬁ)%mUto

£-3.2 BREF> ORERUCA v VYad XK EBNT VR

A v oA Xlcm)
o B Rlem) | #5ER(m) 1ol 151 201 301 60
casel 2.0 0.20 Pe= 0.5]| 075 1.0] 1.5 3.0
case2 1.0 0.10 Pe= 1.0 15] 2.0] 3.0 6.0
case3 0.5 0.05 Pe= 2.0{ 3.0| 40] 6.0/12.0
cased 0.2 0.02 Pe= 50| 7.5]|10.0]15.0]30.0
cased 0.1 0.01 Pe= 10.0 | 15.0 | 20.0 | 30.0 | 60.0

6cm 12cm 6cm

AN
N

- h=29.25

yA h:£/Kk8E (cm)
C:BE
M-3.4 BEREH

' .
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HEmM L L TIX. Brunch& Street (1976) M7 L 72 & A= 60,

Cs(y,z,t)zacneffc[ z-vst | EQQGXP(BVEZ)C&C[ML_]

+
21’10 2(Dn t)O'SJ 2 np 2 (D11 {)0'5
1Iv nm 1(v z-InDjj t
+5 :Z‘l [ancos( o Y)] exp[2 (Elsl——ln) z] erfc[z(D11 t)o.s]
15 nm 1fvs 2+InDy ¢
* 2 ngﬁ [Fn xcos(no Y)] exp[z (Dn Jn) Z] erfc{Z(Du t)o.s] _( 3:36)
ZIT
_{vs\2 , 4n?% w2 Dy |05 _2Cy . (nm
Jn_[(Dn) * n% Du} Fn= nn s1n(n0 E)
Co : HEVEDRBRE, vz . BE,
Cs : SpeomeE t o EFR,
D o #eordntes Vs BEBRE,
Dy : 85y 8128 £ : ML—U—HRAGRE/2,
Ny : BBEEE/2 .
(b) BWEER

KI2ZKALEEZN ZhDcaseiE PV TOENBREAR-3.5~3.9KF 4. %
NENORTE, (a) BEBHME (breakthrough curve) (b)) BMEM-AC/CHB
(4C - BHfE - REBRFE, C - 2 HYEDHABEE ) 2FL. BREKC20
TERHT 3.

TP ERENORD (a) d Y. NI LEIFAELAZE2ATEBHEEMR
B OBREIrEN TV S bh b, BRI LERASZSVAEAMNEBELZ
EHH DB,

REEZNhEFHhoRD (b)) LU TOHENDLH» D, i?‘ﬂ%ﬁtmﬁﬁ*m%*ﬁﬁ
Db OIR-3.50Pe=0.5,0.75,1.0,1.5,3.0%# L T@~3.6MPe=1.0,1.5,2.0,3.
0TH D, SARMET 5 ELERM-3.50Pe=0.5,0.75,1.00 & & B, T I TO~60m
MFTORRBELENBELOEINHEBEOALBENIRBOELSE U 3 b
DT, INZRVWTELTH %, 2T hBAACSTIL2BAEENEEICH -
REOEOHEIFINEL ZLERSVWITOBRRBE LB HELOMEBES T 5. *
2% B E5kRWICIIK-3.50Pe=0.5,0.75,1.0,1.5,3.0, ®-3.60Pe=1.0,1.5,
2.0,3.0. ®M-3.70Pe=1.0,1.5,2.0. E-3.80Pe=2.0,3.00 % T3 Liz#i 3,

MEED, REDNPOBREOFTHFLRDBIBPAITIT, Pe<1.0BE. THHEE
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HARDEBMEDCIZEATWEE &I,

Pe<3.0CFb LI ENMHRAMEH 3,

1.0 NN ELE
S 09 e 3
@) 2k
0.8 a’f-.
G
07
0.6 :
05 Theoretical[
—— Pe=0.5
0.4
H— Pe=0.75
03
—&— Pe=1.0
0.2 —%— Pe=15
01 r —4—  Pe=30
0.0 - s
0 20 40 60 80 100 120 140 160 180
time(min)
(a) WA iR
1.0
Q
U 09 ——<C—  Pe=0.5
|
0.8 '_A"“_ PB=0.75
—8—— - Pe=1.
0.7 ------- Pe l 0
—4—— Pe=15 [
0.6
—f— Pe=3.0
0.5 -
0.4
0.3
0.2
0.1
0.0
0 20 40 60 80 100 120 140 160 180
time(min)

(b)
B -3.5
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1.0

8 & ‘ ........ ..
o 09
0.8 £
0.7 S
06 L TN WU VOO0 i
0.5 g —@&— Theoretical
: ~—0— Pe=10 [
0.4 E :
—— Pexl.5
—&— Pe=2.0
—<¢— Pe=30 |
—&— Pe=60 [
i 3 i : ]
0 20 40 60 80 100 120 140 160 180
time(min)
(a) ®BEdhis
1.0
O -
U 09 —0—  Pe=1.0
~
0.8 —&— Pe=1.5
g S
0.7 —&—— Pe=20
—o— Pe=30 [
0‘6 ......
—&— Pe=6.0 [
05 ......
0.4
0-3 U F———-
0.2 TR .
0.1 frssssnalasiaragdectorrrfonrreradiaranane faurannn ihofo0 gy SR SO
0.0
0 20 40 60 30 100 120 140 160 180
time(min)
(b) Brl-AC/C &g

-3.6 case2
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1.0

0.9

- C/Co

0.8
0.7
0.6
0.5

04

0.3

1.0

0.9

Acyc

0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

D)

2 —@— Theoretical |

5) —<— Pe=2.0

—&— Pe=3.0

—8— Pe=4.0

—— Pe=6.0

—4&—  Pex12.0

i i i i 1
20 44 60 80 100 120 140 160 180
time{min)

(a) WHEMER

—— Pe=2.0

—2&— Pe=3.0

—&— Pe=4.0

—9%— Pe=6.0

""" —#&— Pe=12.0

..........

0.0 £

f:‘!’::\:f\;.-\. -
PEIEOEEAD

20 40 60 80 100 120 140 160 180
time(min)

(b) EMEM-4C/C f#

B -3.7 case3
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VilsYs

LOY, ANED:
09 @ ......... =
0.8 G
0.7 9
0.6 R s
~—®— Theoretical |
0.5 5/ .
—$—  Pe=5.0
04 2
rar Pe=7.5
0.3 :
a —@— Pe=10.0
02 —¢— Pe=15.0
0.1 2 —&—  Pe=30.0
0.0 EEE: E VOV SO O W
0 20 40 60 80 100 120 140 _160 180
time(min)
(a) BE@E g
1.0
0.9 —— Pe=5.0
08 —h— Pe=75
_
0.7 —3—— Pe=10.0
06 —&%— Pe=15.0
—#—  Pe=30.0
0.5
04
0.3
0.2
AA
0'1 ...............
0.0 ol 1 i
0 20 40 60 80 100 120 140 160 180
time(min)
{b) BrM-4C/C g
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C/Co

Aesc

1.0

—@— Theoretica]
—$— Pe=10.0

—Zx Pe=15.0
=& — Pe=20.0
—<¢—— Pe=30.0

—&— Pe=60.0

1 i i H )

80 100 120 140 160 180
time(min)
(a) R g
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0.9 ———  Pe=10.0
0.8 —h— Pe=15.0
—— =
07 Pe=20.0
—é—— Pe=30.0
0.6
—&— Pe=60.0
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03
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time(min)

(b) WHE-4C/C i

®-3.9 case5
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{3) P —S VvHBIIBTAET~DIKER

(a) BWF&E

NIZVREAKRK, BROBGSEXHE*» BLBLER2RET &8 LTY
~ZVRFETEND, 7 -FVEBOZFHER -BIZ(r<lEFEAh T3, Fh
K2WT (1) SMiERAKRCHE—REZBRERETA L TRAEZT 5.

7 —Z vERERX (3.37) TERER 3,

_VAt

AL (3.37)
ZCZT,
v

Cr

: PR
At : Z1LATFwT ,
AL: AviadasxX .

Brerrld (2) SitAKROR-3.42 B W3, A v¥ayqixXiFl.0,1.5,
2.0cZfERA L. {7 L#IEPe=1. 0L L TEWEZT I TOBMELEREBELD
EBEZL. 7-5 VB2V THRET 3. BHHIFELL TR, £-3.3 3T &
IR LRAT v T RELEETI -7 VRHEELE® S,

#*-3.3 BWE2TO5%BRUSSA LATy TR EB Y -5 VE

BOHE | BARE [ Aviadr X RILH FALAF 9T {(min)

{cm) {cm) (cm} 1.0 2.5 5.0 10,0 15.0 20.0
casel 1.00 0.10 1.00 1.0 Cr=] 0.1250 |_0.3125 | 0.6250 | 1,2500 | 1.8750 | 2.5000 |
case2 1.50 015 1.50 1.0 Cr=] 0.08331{ 0.2083 | 0.4167 | 0.8333 | 1.2500 | 1.6670
cased 2.00 0.20 2.00 1.0 Cr=1 006251 01563 | 0.31251 0.6250+¢ 0,9373 1 1.2500

BHRERXR (3.36) XD DERA VWS, b, HASRENI LEOK
FErEHKOS (v,2) ={(12.0,12.0) A4V, FHERHE-340BH =TV TITS

Ev=0.125cn/nin& % %,

(2) HBER

K-33LAFA LAEETNFhoBHERc v T HEAHEEME, BRIZ2WT
BE T %o

casel,2, 30 HEWMBE TH 52M-3.10~3.12L b, BERFAEREIFERME L
BER->TVLI2HEBRBHBRINTUZ1I0ODDOTEH Y, Cr>10odbDdiR2WTIRE
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BEHOPLBNT WS, £ TAvvatd X1.5cnDdDICDTHDE-3.
AR T L O HCr-1AZOERBME 2 F-3.13 1w

=-3.4 BIF2FO588BROCE4ALAF v TRREBL -5 v ¥

B |[BaHEE | Ay a1 X oL Fo AT w7 {mind
{cm) {em) {cm}) 11.50 11,75 1200 [ 1210 3 1225 | 12.50
cased 1.50 0.15 1.50 - 1.0 Cr=1 095831 09792 1 1.0000) 100801 1,02101 1.2500

CrlOEBBBIT SOV TIIE-3.10~3. 12, ABKER - TW3, BEET 3
HiE. Cr=1.0080 HBMBETH 5, Cr=14 50.008L 2 -5 vy HEIHEML TH
LUEdbEHo?, BAHRIEGRHME»PCHSLKERTL 3,

LEDERID, /- vyHEIFU<KIZHBETIBREIERCAEULAL DN E

Hbhad bk,

t

1.0

0.9 RIS i e

C/Co

Theoretical —@— C(Cr=1.250

Cr=0.1250 —%— (r=1.875
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—C~— Theoretical
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—0—— Theoretical —8— Cr=0.6250
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0-7 i frsnwannss
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04 I
0.3 j l/g ~—O-— Theoretical @& C(Cr=1.008
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time(min)

BI-3.13 Cased> BB Mg

(4) BHR - - -7BHEBECETS0BFHEOBRERWN

(a) BEBRKFT®

BHREFVOBAEBERVERS AR & M-3.14,3. 16K T Fo % & AN EHK.

By —A%%E-3.5,3.6ll-To U, BHETOUDELE-TROEFELIKED

WTREHET 5.

O MHABWEa 2RHBLE. PORNAOUEORKEL, PHIFBENER
R

@ HOBEa2Xk»3iclR, COoBALFSO0BEEOEREL. PHPBENR

W
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2cmX3=6cm  2cmX6=12cm 2cm X 3=8cm

®-3.14 HERZHE

6em 12cm Bem Scm  4cm 2c‘r-n_ 2ecm 4cm
. 13 I 169
] = 12 > ad v
Sy |
g [ [al |
N—"— N J
g 5 T
<
P B
g N -—(z-————o———o—%%——(‘ e o)
A X 6
§ sl 5
‘ |
% 4[s |
- 3
(b = 29.25) Tl \ 133167
h:2k#E {om) i AEH : 169 ZI ® SEmE
C: 85 EREH 144 O BlEA

®-3.15 BWHETFNMNDOEZESEER

#£-3.6 AHhF—%

SE 2R TREE BERE  ER LN
gaFn YT
EAR Bk lem/min) 0.600 §¥AARAT v T Atlnin) 5.000
B0 0.150 52— %Cr 0.312 .
HHEEGRES s (.000 THEV viem/min) 0.000
Bk H A 1/32 FiEV z{em/min) 0.125
I L ¥Pe 0.13~1.0
£-3.7 BW4¥y—2A
B s—2 |EH#E (cm) {(cm
a 2.00 0.20
b 2.00 0.40
casel c 2.00 0.60
d 2.00 0.80
e 2.00 1.00
3 15.00 1.00
b 12.50 1.00
c 10.00 1.00
case2 g4 7.50 1.00
= 5.00 1.00
f 2.50 1.00
a 2.00 0.10
cased o 2.00 1.00
cased a 0.50 0.10
b 5,00 0.10
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(b) HEBRFER

casel,2ic BiT 2 H # A A(12¢m,12c¢cn),B(-8¢cn,Ben)ic BT 32 b L —H —HBED
ERELEE-3.16~3.190 (a) KR L. TOREBNLAME (b)Itzh¥h
TFo case3 A B LT Lz ,z=12cn b0 BAS KB 2 REEH$X-3.20,3.
2l Fo T ZTRESEL TRAXEZH W 5,

AC CGify)
§ =z
C Aoy (3.38)
Ny GN
C EEERRE c OL(T) o (B) ANE
AC [ BEREEr22REE , AQD BEEHEE 28 () SHEL |
B2 @ELDE K328 (B) dHELDE

T Fcasel , 2THWMABABOBREY* o Ra . BaolilRarl2nwTEREN
HE L, case3, 4Tz B Lo HA LS, z=12cn L0 BHRHATHIBERaL.BOEE
atDBE*RLEODBHAPEENLI VP ERT T2, BEZE#EL L Tlcas
el. case2 TREThEFNE-3.70d,a%®. case3,4Tixb%E AW ko

casel (@-3.16,3.17) KDL THRNT 3. HOBRa tZBHEL TW %k,
BAMSABKEILWTHR bW ETEEM R wOIIH L, BRHSACT W TIE
WRETEHEAEHBECEVFEL THLS, REBTBERZAE TCH LIS L HICHA
SADADPBEIFI L, CNRETBRaQELICIDENCHTIEASLG
~DOLPEYVPFHEITLIOLEDNS, BARBIIBRENFrZENTWIDEIHmAICH
TE2EAFR~NDCEFDHIZLDIEBLEIT L L,

Wiz case2 (®-3.18,3.19) KO LW TRHT 5, BAMBE a4 EEL TV 5
o, BRI SQACS W TOBRARBEOZICTE~N, BRALSBDOFIHLMIZTEN XK
FElo HOBROLOEBRIL- Y -—BREBEROBRAFRCELTXRELED
BEAFRAICEIBDPTH 2, - T E-3.18,3.190 (b)) S5 b H» 2 XH>KH
HEBo AP BARATERTEE NIV, TITHEHTDIQODHBERMABIENT
N B ETOREFAXEVWLEWIETHS, TR AHBREKEWTRS
. HMBOUBLEXF VPO ZOARIBRIPERSIFNITLEFT R Do

BLEXIY, BOP B R DELEBVWTEREORVWARIFL—YF—BRAB»S
DHALPGRTHAEAT, FLRIMEa OBV TE L -4 —HAME
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PODENFTARNETSIRT, Pr—H-—GZONHBR TS 3,
FiyTcase3 il 2N THRFT %, cased3ld. PR EBEa FBHELTEH D 28
FCoBASOBERIEEICHASI L, THICHEHEL Tz-12¢cnt o HA S T L
L= —HMARBOF LI OBNRIEBTEBRENRL LTS, RiTcasedTITH
AHEa Rk BELTVWIOEM M EDBRER P LY —HAAREV AL S
MIKKEERACRENEDL-- TWA{BFIFELGNZ, ThiIBELR AR L
CHTCREMNBELAAL->TVWE3b0EEDbDN B, —H. z=12cnk O H B & TiL.
G EFLINELSETBICAL > T3, BEZL TR :zB0BEAEEZALCOH LD
REMBB LV TRV, R Lz-12c0 D AR TCERENKEZLVDORBEIEE
KAEWREDHITREREDIDDTH 5,

KEXh, OB R KETIREFEITIINL—H—MAEIP ARSI W
TR, 2B Ra LB 3RERIN Y —HRMABAOE TR &g n

- f:.o
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3.2.6 BT FHEOREE

(1) &
EBILEWTH, B FELRAOCEIBENNSA-—FOBEFREOR KK
ONTRHET S, FOFEELT, iz rboBoh-BHABEZA TS

E&II

BT A—FODREEEZIT Y. TOB. MTOZIERKHEBELTHZEZIT 30
D RSA-sORECETIDHBEC LS
@ #HALE (B NEBE)CL2EE

EEAAM@IC I BEHXE BN Dtransu-2D - BLE A . ®-3.23,3.24.
E-3.8kRTEFALEIVBOALEE Y vE. FHEARACETIEEME R

B-3.2517 T,

z 6cm - 12cm o Gcm
Gem 12cm _, Gem ~ 6em  4cm_2cm|2em 4em
1=30.0 1h=30.0 —30. 13 ! 169
T C=100.0 1EY (12 dl | n _J([ 144
% S g 9
> ah
7 v el | Bl i
F ™
E
e 38
5 3+ b 12
3 <6
S5 j L
¥ a el
§ '7? ; - o——<
2
2
(h = 29.25 Yomimmimmen. v 111 133157
h:£K®E (cm) HiREBHK : 169 @ SIREES
C:#8E EREE 144 O Eﬁq_ﬁ}é‘\
K-3.23 HmREH K-3.24 BWETFADA Yy ¥a
*#-3.8 ABDTF-—4
$iE 2K TTRER BEEE . EBLAW
AT
B EEk{cm/min) 0.600 | E(Ccm) : 4.000
AR 6 0.150 (#EaEE(m) 0.400
HEFREESs (em D 0.000 |Z7—35#Cr 0.156
B AL EL 1/32 57 L ¥Pe 0.500
FeEEVy(cm/min) 0.000 | ¥4 LAT v T Atlmin) 2.500
Fi#EVz{cm/min) 0.125
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(2) NS A-FOHEEFCETLIFTMBERLLIIES

GBS A —FDEEITE W T,
BB LT 302 HT 5,

AREERT LT 5. B-3AEHFRET L.

ﬁ:{k:ﬂ%—3-26*:\

MBEIFTOBTERE. ERICIBFLVTED
REBWRRDP_FEENO.ILLT AR DZ L

EERZEHMT-TBRICET 3 X
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x-3.9 HBHERAEHR

PR HEEE FIfEE BIEETO
Biior—A| #oHE | falE | 8RS | ITE | MQ| #59#HE | BOEE |BhofEs
{cm) {cm) {cm) (cm)
case 1 0.04 0.004 b,f 6 0 4,001 0.4002 0.0058
case 2 0.40 0.040 b,f 4 0 4.001 0.4000 0.0013
case 3 0.80 0.080 b,f 3 0 4.000 0.4000 0.0002
case 4 1.00 0.100 b,f 3 0 4.000 0.4000 0.0068
case 5 2.00 0.200 b,f 3 0 4.000 0.4001 0.0009
case 6 3.00 0.300 b,f 2 0 4.001 0.4001 0.0057
case 7 8.00 0.800 b,f 3 0 4.001 (.3998 0.0111
case § 20.00 2.000 b,f 4 3 4,001 0.4001 T 0.0025
case 9 40.00 4.000 b,f 5 7 4.000 0.4000 0.0003
casel( 60.00 6.000 b,f 6 3 3.999 0.4001 0.0052
ITE : RigEE

MQ : B TEAMRAEK

F-3.95 D, casel~W0ETDWHI LIV ELCENTDODRERAELTH - 2o
TP HEErPEErPOBRN DR Y, REBEIEMT I EMrbM B, &
CTEHLAVWEEINOETH 2. AIHHEEMHIHEME X D /ME beasel~6iT
WTIE MUEOTH 30K H LT, EE LD KEcase7T~10TIEIMQ+x0T H 2 H
HE, TNEBRELIDVPREVERX2EEEICIRAVWSI LTI A - IORRBITA%R
REVWSLINRLID, BERBRTHECLHIBAI P BASLHTHELEFEZOLHN B,
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case] —»A— case 6
1E-02
case2 —<o—— case 7
case 3 —f3— case 8
1B-03 preme—hey =
¥I7 —O— case4 ~—8@— case 9
!F]
h —0— case5 —&— casell
0 1 2 3 4 5 6
lteration
K-3.26 HoBEORERR
&5 B SN B
1E+00 B s @ o e v i ey @ T
Y .
sl
/
1E-01
case 1 —A& — case 6
1E-02 =
case 2 —<o— case 7
—4— case 3 —4— case §
1E-03 —0O— case4 —e&— case 9 &
=
—C— case$5 —&— casel0 3
i i i
0 1 2 3 4 5 6
Iteration

K-3.27 BEOoMEORFERR
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(3) #HAgooH (H KHEB)CL>2HE
BONAOBRPIVCNBEFIBRNNTA-SOHELSVWTEDIHIREBLT
(2P EeRHETE2. REBFECRBEPIFBRENOILTERZLERERZLTL
o
K-3.1I0EBF Yy -ARUVEEERE*TR T

x®-3.10 FRHFAZER

A EE RIE{H e
Bhir—A| BoRE | BaEE BHES | TTE| MQI ##soEE e BaHE HEEE
(cm) {(cm) {cm) {cm) (cm) (cm)
case 1 100 0.10 2 3T 0 1 40070 | 0.40000 | 0.0070 0.00000
case 2 1.00 0.10 b 4 | 0| 40000 | 0.39999 | 0.0000 0.00001
case 8 1.00 0.10 c 3 | 0 | 40010 | 0.40829 | 0.0010 0.00829
case 4 1.00 0.10 d 3 | 0] 39970 | 0.47457 | 0.0030 0.07457
case b 1,00 0.10 e 3 | 0| 39991 | 0.39986 | 0.0009 0.00014
case 6 1.00 0.10 f 3 | 0 | 39969 | 3.99800 | 0.0031 3.55800
case 7 1,00 0.10 e 3 | 0 | 59934 | 0.40000 | 0.0066 0.00000
case 8 1,00 0.10 h 3 | 0| 40034 | 039998 | 00034 0.00002
case 9 1,00 0.10 { 3 | 0 | 24011 | 0.35231 | 15930 0.04769
casel0 1.00 0.10 j 2 | 0 | 32028 | 0.37795 | 07972 0.02205
casell 1.00 0.10 a.e | 8 1 0 40009 | 0.40008 | 0.0009 0.00008
case12 1.00 0.10 b.f | 3 | 0| 40002 | 0.39985 | 0.0002 0.00015
case13 1.00 0.10 c.e | 3 1 0] 40004 | 039986 | 0.0004 0,00014
case14 1.00 0.10 d,h | 31 0| 39997 | 0.39880 | 0.0003 0.00120
casel5 1.00 0.10 T 370 | 36704 | 0.39240 | 0.3296 0.00760
caselb 1,00 010 | abed | 3 | 0| 40002 | 0.40006 | 0.0002 0.00006
casel? 1.00 0.0 | efeh | 3 | 0| 3.9998 | 0.40004 | 0.0002 0.00004
case18 1.00 0.10 afgﬁc[:e 3| o| 40006 | 039987 | o0.0006 0.00003

FTHAURONE. 2H/IC2PWTRHET 5, casel,2,3.4& b, BEML L
—H —RARACESKE, AEEROHENELL->TLB3 I &bh b, &
OEBHLELTEHAAHPRAAKNETAEEVEEHIBE L ORENELIR
S TWBIENBEL OGNS, ARICCcase5,6,7,8LFVTHRAL I EH0 L 5o
L L, casel,2,3 4L B LEEEHIFEL(NL->TNDE, ZThiIBALe. 8.1
P —-HARERALAWREDERICEWI L LY, BOoHRaD
BREMBRLA A EEDLDN S,

WimBHANEORITODWTRHET %, casel, 11,16 CRAEHFRIL B E D EN L
bhfiib, THIIREORVWEA AR LWEIHORECELWHAMAIK L2 ¥
BENSKTHIENTED, PEVRECRVAANAHFETLERAERT
e d, FOME L Tcased, 10,1512 THRFNTZ, BRSIL, T ML —9
—ﬁ)\ﬁﬁ*%ﬂhf:ﬁ[ﬁﬁ#ﬁ:b; BRELBELML W, £DO3-5MDcaseit BWLWTH
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EREREL Tldcasel0FEDRE V. 2T VMBS H»2E 5 Bcasel5E v b EMA
IR THDcaselDAFHEENR VLI T L TH B,

BEdp, BRAORBRIVECHALTHRE . HOIBRORASOEE 22
H\ﬂﬁ@k%ut:émaﬁféoﬁﬁgfﬁb\&m%brﬂﬁﬁ%wn
REWEWI DT TERL, BREORVWEHAR: BYUYKLRETIONFNrEETS
BEVWIBERESG o

(4) ZERERICLIIBIWFERORIE

Bruch (1970) B, 2B OS$ A BEFEARCH LW T2R L VB OEREFTVERIC X
D RDLEDEBRICTLIERE,. BWEINELLVIEREREL 2%, &XH T3,
BEFEORIEA O A D, ERIVBONABEOREETF -4 5B VTH
HEZEZEUBruch RO BEFHELOEEEIT .
BEHRBILD -2 EREEATITHE X 152¢cn. HE60.96cn. BT &12.7cnT H
5, BERPBLILATEBEERCLE RS P L—HY—-BRELTERHEOELS
U LABRF —ERETHALT VS, BHORETELLTHWIERDF — %
Ko WTH-3. 1R L, EFAEE-3.28, &5 CHAA (0,28.9) CHY 5
ERERCEREOEBMHB ZE-3.20IC KT,

x-3.11 E£8BF -4

kL —H—FASE (cm) 17.00
EFiE (cm/sec) 0.0574
4 EE(em) 0.2000
BauE (em) 0.0149
= 0.390
BBl EEly,z] (cm) (0.28.9)
EERE (cm) 0.12
BERE 1.17
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I il B e
C=0.0 Jc=10] €=00 | ¥
]
2]
o
N
t
fz
M-3.28 EBxT L
o 1.0
S
U -
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OB RIIANTIBREFNE L, - THEBERER2FAETICHOLIVEIEERE
TEMELTHIBEROSAERAET 32, U, BRoBREITIT, i-.B.lliZFT?*J‘ﬂE.
AW 5,

BT FEELTH, BBREI, 0B R a1 — B2 EH-3.29k v FEAH & »
FHAEEAVCVTHIBREORAEEZT 72 TOB, EWEXC/Con g & bR D,
fE%IT-> e %ﬁiiﬁiiv=0.0604(;:m/sec)ﬁfﬁ6ﬂf:o

Bruch#*E R LI VKD AHIBERIT0.200cuTHADicx L, HEWTRESER
130.048co MR L 7ko M-3.30NAELARERL ERES X FBruchHRE L &
THETENLELEAMEE2RL. AIEERORMELRTT 5. - UEH
MERAEE-3.3IKFR T, T IT, atlBRKRAEETH 2, BITHHEITHA
645, BRMOBO A v v a KB W TREERITH2EMEE L 72,

%-3.12 AEHKR

| I {cm) BE{EEH EFEER (cm) |
0.000001 4 0.042

0.8} —%— Experimental
....... —— ¢ L=0.200cm KT

0.6 ——  @1-0.042cm

0.2 - ;/‘*/;/"/;/

0.0 '
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time(sec)

B-3.30 AEHEROBTEHR
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1.00E-05 1
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K-3.31 HMoBRENERR
M-3.30X D460 LEREOERBHBEILITVW T, BHEERELEERFRLO—FHIR
SN o Bruch R LS R ar=0.200cnO M MARIT. XTb LM bh»bX
ELENEL B, P BRa L ELTH, FBEWFEIFTLLLENFEZSETH D S
ERBEOHIrTHEY, UEROHEIPROTFHZTHIRCEETESHDLE DN B,
MEEb, FEWFEHRNZRISBRBECEALTT2FYIRENFETHS D I L
BREE E o
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BTE Hin
EWMAETHE, HBOBRTAPTOBFRHDBEOBE - LB AKLIEET IOR
BDERDENSA—F2RAETE LD, BNTRNEER-BH - A& To0 s 3
L [ Dtransu-2DEL] & & H iZLevenberg-Marquardt Methodic X 52 B #H L F & %
BOrEBFFREMAEL. TORLBIE >0 TRIE & F - o
NTREAMROARE - BREEREL. AWROERELETSEHRITLSEOME
K2 WTHRR 3,
(1) FERFLZRLARANTRANBERCPTIARER,. BY - L8 OH
WHBBX T UBulerian-Lagrangian Numerical MethodO EH # R L =.
(2) BE{LFEELLTAHWE Levenberg-Harqﬁardt Methodit T 57 A4 T X
AETRL ko
(3) EFNVDRUEEZRI LEPeRT I -5 v ECr AV, BREL O M
L DB L 7 L#IEPe<1lOE E, 7 -5 VvEEU<IODLEEDHTE
RIEICESL I ENDD o 2o
(4) DRWNITA—FTHIHOIBEEa.. BOBRERa W HEBBHIIRITIITES
TN, TN 2RETRL. BHAICIIBREOREEEERZL I,
(5) AR FEORELLTIHETTF VOB LBERELIR L. 28~ S
A—FDAEERT>»To TOHW. AT 2A-—2O0NHME. BHAL (K., LE)
FAEERCRETEBEC SV TR L &, |
(6) Bruch (1970) KL 3 ENEROBEOHEEF - F ¥ ALVTHFE T A
~ S EAEL. BABKO—BRIC LV ARF FHOBLHEMRIES h 2o
BlEXD, ZBHFERERVELHEERSLB L L, HERBIEE L 3 5.
FYINENFETH DI IEFRIL NI
EORAMA TR ENAHMEARUVSEOEEFEERLTIER T,
(1) ABHFERHEECIDEBHTET- T2, ${0EIELEIRK
FEL. FEREIPEBEXE L 3,
(2) PEANF A -0 2ABETHAHECHMBELAIREOLIVHATF -2 285
DEEDIICHRPAERET 2D, 2B0ORMBEBYIF -2 0ERIY
BTH B,
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