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Abdgract :Two-dimendond inconmpressble N-S equations for non-Nemonian fluid was lved
by usng MAC method in gaggered grids. For mud , a numericad smulation was carried out of
the impact of its cylinder on mud surface , and impact to wallsfrom a broken dam. The results
of water were a9 presented for conparion. The digortion of free sufacesiswell smulated for
mud and water. The evolution of free surfacesis in quaitative agreement with physica analy-
ss. Because of the difference in conditutive relaionship for water and mud , the evol utions of
intruded surfaces are quite different when the cylinders inpact the fluid surfaces. The free sur-
face is nmore conplicated for water , and inpact load is a0 different for water and mud impact-
ing the wals.
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1 Introduction

Mudrock flow is one of the npst severe natural disasters®!. Because the problem is too conplex ,
there is o perfect phydca nodd to describe it a present. Infact , mud isthe main conponent of mu-
drock flow , therefore , gudieson mud flow will lead to a better underganding of the motion of mudrock
flow'?!. Two questions remain unclear for studying mud flow. One is mud congitutive relationship ,
and the other is how to track mud free sufaces. Because mud conmpostions are different , mud condi-
tutive relaionships may be different. Generdly , the conditutive rdationships for nos mud are smilar
to that of Binghamfluid. Therdore, in this paper , mud is treated as Bingham fluid.

Two kinds of methods are usually used to track the free sufaces. Thefirg tracks the free surfaces
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precisaly , such as adaptive grids’®! |, mepping!*! etc. While the second tracks the free surfaces approx-
imetely , such as MAC!® method and VOF'®! method. The MAC method was firgt used by Harlow and
then Welch!®! extended it to lve three dimensond problems and in complex conputational do-
mainst”). Yan!® made a review on gpplication of MAC method , and Tang® used it to study the bub-
ble motion in non-Nemonian fluid. Asfor the VOF method , the vol ume fraction function F, satifying
the notion equation , is used to determine the position of free sufaces® . In summary , MAC and VOF
methods are flexible in dmulating problems on free surfaces with large didortion. But the boundary
conditions can not be imposed accurately dong the free surfaces because their podtions are determined
goproximately.

It should be moted that only afew numerical works have been done on mud flow. In Re. 2, the
mepping method was used to study mud flow along a dope. Although the free surface can be deter-
mined accurately , the folding of free sufaces can not be well dmulated. The purpose of this paper isto
choose a suitable adgorithm, and develop a genera two-dimensional code to study the conplicated mud
flow along a dope , such as mud inpacting the walls and fluid surfaces. Thework involves (i) examin-
ing the code by a broken dam problem. (ii) conducting a numerical study on a mud cylinder inpacting
a mud surface , and mud impacting the wallsfrom a broken dam. Al , the resultsfor water were pre-
sented for conpari on.

2 Coverning Equationsand Auxiliary Conditions
2.1 Physical modd
The problem is sown in Fg. 1. Initidly , mud column can be in any shgpe, but it is supposed

to be cylindricd or rectangular for snplic- \ A
y y

ity. MAC method was used to lve 2D un- wall
deady N-S equations for inconpressble

ron-Neatonian fluid. Pressure distribution R

was obtained by lving Roison equation.
Free surfaces were indicated by merkers,
which nove a locd fluid veocity. Mud
poseses yidd dressin its conditutive re-

. . . . . (a) Mud cylinder impacting mud surface
lationship , and is gpproximated by Bing (b) Mud inpacting lls

hamfluid in thispaper. Its conditutive re- Fig.1 Schematic of conputationa domain
lationship can be expressd as:

T :ajo[1+%ﬂ'e‘j Ta>To

e”':O (TaSTO)

(1)

Where qp =T o/IJ o, ToandH g are yidd dress and visoosty , regectively. T ; and g; are conrponents
o the dress and drain ratio tensors regectively. Equivaent grain ratio g and equivaent sresst , are
expresed as:
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q = [205 + 2V + (uy + v) 21V, @)
o iden e da ey ®
During the conputation , it is convenient to rewrite eq. (1) asfollows:
Tj=2Me = Hof(q) gy, (4)
where
f(d =1+ a/q )

Obvioudy , eq. (4) isdngular a g = 0. But the following continuous function can goproximate
eq. (5).

_ g, St Ki S + Kg
flg =1+7 ", Kq[l- op(- KO qu))} (6)

where Kisapodtive condant. The larger Kistaken, the better gpproximation to Binghamfluid can be
made. When Kiszero , M is reduced to condant M o, and the fluid is a Nemonian fluid.
1.2 Governing equations

By the conditutive relationship in eg. (4) , the governing equations for 2D inpressble fluid , in
cluding Newtonian and Non-Neamonian fluids, can be expressed asfollows in Cartesan sygem:

du  dv _
oxtoy =0 )
du 2w | A _ dp 2, du .2, 2u_ v
ot ox Yoy Tpol oxtox¥ ax“ay[“(ay*ax)]}WXv ®
Qv 20w | dw) _ dp, 2, Qu 2v] 2, v
o ox 7oy Teo ay+aX[U(ay+8x)]+ay(aJ ay)}+gy, 9

wherep o, pare densty and pressure for mud , reectively. u, vand gx, gyare conponentsof veloc-
ity V and gravity acceleration goin x and y directions , reectively. goand characteristic length Lo are
taken as reference parameters. Then , other reference parameters can be determined , such as velocity
( Jgo_l_c,) , pressure (Pogolo) and time ( M) . Reyrolds number is ddfined as Re =

m_gf):zl__g’_z- Egs. (7) , (8) and (9) can be non-dimensondized as follows:
Qo %‘y - 0, (10
%L: _f %5 (11)
where
B v i I oY I o[ o] | RO T e

_ | Q0w) | olw) o[, Lu, 2v| 2, Qv
f __[ ox " ay]+Re 5x[”(8y+ax)]+ay(2“ oyt (14)

By differentiating eq. (11) with regect to x, and eq. (12) to y, a dimendonless Roison equar
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tion for pressure can be derived as

Vzp:%(+%i‘/+éat(v-\7). (15)

Egs. (10) ,(11) and (14) areto be lved in thispaper. Gontinity eq. (10) isa requirement in
lving eq. (15) .
1.3 Initial and boundary conditions

() Initid condition

As shown in FHg. 1, mud was supposed to be at red initidly, i.e. V = 0.
() Boundary conditions
Aswe know , the dorage is very large for uang MAC method. In this paper, the grid dze is

thicker than the boundary layer. Therefore, afree dip velocity was imposed (V- n =0 along the
walls during the conputation. The boundary condition for pressure was determined by egs. (11) and
(12).

() Free surface conditions

In contrag to other gress, the surface tendon and tangential sress can be negected , but only at-
nmogphere is conddered dong free surfaces. We get
in norma direction

onin = - Pam, (16)

in tangential direction
G = 0. (17)
Wherei,j =1,2. n = (n,m),T = (T1,T2) are rormal and tangentia unit vectors along free

surfaces respectively. pam is atmogphere.

2 Disretization of equations
Egs. (11) ,(12) and (15) are discretized by MAC method in saggered grids. The definition of
fluid variables are illugrated in Hg.2, such as p, u, vandMd . In contrag to Neamonian fluid, the
conputation of viscosty M is conplicated , and dependent on local velocity. For mud fluid , it is noted
that the forward difference is used for time derivative, and centrd difference is used for dl atial
derivatives.
In order to reduce the accumulation of numerical errors, we let V:,j;%

v - V™ = 0 during the conputation. ‘
Snple average is used to get variables that are not defined at pec- 4, 1 __g,-,,,.#,-_, Tu
ified points. Fom the boundary conditions of free surfaces, velocity at i 3 "
the points out of boundariesor free surfaces can be obtained. For mark- v '
ers, their velocities are determined by area weighted average , and pos- e

tions are Lpdated by S)l\ﬂng%? = uand'gét( = be Euler’ s method. F|gZ Variablesin cdl
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3 Resultsand discussion
3.1 Code validation

Before conmputations were conducted , the problem of a broken dam was chosen to vdidate the
oconputer code. All conditions were the same asthose in Reéf. 5. Huid isinitidly st to be a square of
1 x1. Fg. 3 illudratesthe digribution of free sufaces at different time intervals. In Hg. 3, water sur-
face dnog decreases one grid in the vertica direction a each time interva . In the horizonta direc-
tion , the wave front nmoves dowly at fird , but evenly later on. A platform gppears dong the free sur-
face, and increasesits sze with time passng. This resembles the pressure digribution a ecified time
for a dock tube problem. The wave front propagates right and rarefaction waves propagate l€ft. The
difference is that the water wave front is not 9 shamp as shock wave. A detailed cormpari on indicates
that a good agreement is obtained between this pagper and Re. 5, including the free surface podtion
and markersin each cel. In Re 5, the conputationd results are a0 in good agreement with the ex-
perimental data. Thus, credibility of the computer code is indirectly validated in this paper.
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Fig.3 Time higory of water free suface for broken dam problems ( Re = 100)

As Re increased , the free surfaces are dnog the same as that in FHg. 3, but they become
rougher. Thiscan be attributed to () neglect of surface tendon , which contributes to the sability of
free sufaces; () The visoous term becomes less dominated in governing equations. Smilarly , fluid
visoogty is hdpful with the gahility of free surfaces.

3.2 Mud cylinder impacting mud surface

Fg. 4 dves the digribution of free surfaces in the case of mud cylinder inpacting mud surface.
Initidly , the cylinder center islocated at y = 1.5 (Fig.4(a)) . If air drag is negected , the cylinder
remai ns unchanged during its faling because the norma dress equas atmophere aong the free sur-
face. In Fig.4(b) , the cylinder hasintruded into the mud surface. The intruded boundary can be seen
clearly. A digurbance wave with very srall anplitude, caled thefirs wave , is generated a the inter-
sected boundary and propagates outwards. In Fig.4(c) , the mud surface increases in height because
the cylinder is immerged conpletely. A digurbance wave with large anplitude, called the second
wave , is generated and propagates outwards. The intruded depth is increased further , but no funnel is
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formed. In Fig.4(d) , the seoond wave inpactswalls and leads the mud to climb along wall surfaces.
The cylinder intrudes continuoudy , and a funnd is generated with a large opening. The intruded
boundary is dill very clear. The seoond wave reflects on the walls. The reflected di sturbance wave ,
caled the third wave , propagates to the center , and leads to fluid regresson because of gravity dfect.
In Fig.4(e) , the third wave overlaps at the center , and a protuberance is formed. When time t in-
creazesfrom 3.0 to 6.0, the mud protuberance increases its height from 1. 2 to 2. 0. The intruded
boundary is d didorted. After the protuberance arrives at its ceiling , it fals dowrwards by gravity.
Findly, as shown in Fig. 4(f) , mud surface vibrates, jugt like membrane vibration. No large digur-
bance waves are generated again. After a long time, the mud surface will dow down its vibration be-
cause of visoous disdpation.

I (a) =0.0

L}

(c) =2.0

(d) =3.0 (e)r=6.0 (f) r=8.0

Fig.4 Didribution of mud free suface (Re = 100, K = 20, @ = 20)

In contragt to Hg. 4, FHg. 5 presents the didribution of water free surfaces for conrparion. Ini-
tidly , the water cylinder is a the same postion as mud(Fig.4(a)) . In Fig.5(a) , the water cylinder
has inpacted water surface. A disturbance wave , caled the fird wave is generated with sral anpli-
tude. The intruded surface can be observed clearly. In Fg. 5(b) , the firg wave inpacts the walls,
and leads two smdl clunpsto climb dong thewdls (y = 1.8) . The water surface increases its height
because the cylinder is immerged conpletely in water. In the meantime, another digurbance wave ,
caled the seoond wave , is generated with a large anplitude and a sharp corner on the water free sur-
face. In Fig.5(c) , svall water clunps arrive at y = 3 dong the wals, and afunnd isformed with
large opening and flat bottom. The intruded boundary is a9 very diginct. The second wave with fold-
ed free surface inpacts the walls, and air is mixed into water. In Fg.5(d) , two svdl water clunps
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arriveat y = 3.6, then, they begin to fal. Al , the second wave reflects on the walls. The third
wave isformed and propagates to the center. Then, the depth and opening of the funnel are reduced.
In Fg.5(e) , the two water clunpsfal to y = 1. 8dong thewalls. Theorignd intruded boundary be-
comes indidinct. The third wave overlgps at the center. A water protuberance isformed and arrives at
y = 3.2. In Fig.5(f) , overlgoped waves propagate outwards, and bubble flow is formed near the
wdls. The water surface sopsits notion &ter along period of time. In Ref. 10, the cylinder isinitid-
ly tangential to the water surface , and the incident velocity is svdler than that in this pgoer. There-
fore, the didortion of free surfacesis not o conplex as that in this pgper. In contrag to FHg. 4, the

(b) =20 { (c) =3.0

(dyr=4.0 ] (e) =6.0 (f) r=8.0

Fig.5 Didribution of weter free suface ( Re = 100)
evol ution of weter free surfacesis quite different in FHg. 5. Although the mud free surface is rot digorted
Frioudy , the opening of the mud funndl is much larger. The reaon isthat the conditutive rdationships
are different for water and mud. The computed pressure and velocity digributions are omitted.

It is noted that there exigs no obvious velocity shear layer near the intruded surface for mud and
water cylinders impacting the fluid sufaces. Thefluid will dform and even break up if it yieds to the
shear gtress during the impacting.

3.3 Mud from broken dam impacting walls

Fg.6 shows the evolution of mud free surfaces in the case of mud inpacting walls. Beore mud
inpacts the right wall , in Fg.6(a) 6(c) , it isjug a broken dam problem of mud. In contrag to
Fg. 3, the mud dows down because of large visoodty. Initialy , mud gressislessthan itsyidd gress
at the right upper corner. S, the grain ratio iszero , and a sharp corner lagsfor along time. In FHg.
6(d) 6(e) , a honmogeneous mud layer is l€ft on the horizon. After mud inpacts the right wall , it
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climbs along the right wal , and the ceiling height is very limited because of gravity and viscosty. In
Fig.6(e) 6(f) , mud wave propagates to the left ater mud oollapses and inpacts the mud layer.

(a) =0 1.6 = (b) r=1.0

1.5 = (c) =3.0 1.5 ~ (d) =5.0

o 1 2 3 ] .o 1 ] 3 4

15 -4 (e} —=6.0 (f) r=8.0

Fig.6 Didribution of mud free suface (Re = 100, K = 20, @ = 20)

Fig. 7 presents the evol ution of water free sufacesfor comparison. In Fg.7(a) , smilar to mud , a
horrogeneous water layer isleft on the horizon. Water climbson the right wall . Because of gravity , water
velocity is reduced to zero aswater arrives & its ceiling height on the right wall . Then , it begnsto fdl.
But water near the bottom o the wdl ill nmoves yowards. In Fig.7(c) 7(d) , the collgosing water inr
pacts the weter layer on the horizon, and the water free suface isfolded. Then, a l€t nmoving weter
wave isformed. Thefree suface of the |eft propaggting water wave becomes svoothin Fig.7(e)  7(f)
and inpactsthe Ieft wall in Fg. 7(g) . Because the incident velocity is reduced condderably , the ceiling
reached by water climbing on the |eft wall is lower than that on the right wall . After weter collgpses, a
right-traveling water wave propagates on the water layer on the horizon , corregponding to a problem of
broken dam on the weter layer. In contragt to FHg. 3, thefront of the right-traveling water wave is sharp
and a platform of weater surface gppears behind the wave front in Hg. 7, dmilar to a shock wave in gas
dynamics. When the right travelling water wave inpacts the right wal again, the celling height is re-
duced even nore. After a long time, water will dop its notion between the two walls.

For mud and water impacting the wals, the differences can be summarized as follows:

(1) When water and mud firg inpact the right wall , the mud layer is thicker than the water layer
on the horizon.

(2) No large digorted free suface gppears for mud inpacting the walls.

(3) The ceiling height of mud climbing along the wall is lower than that of water.
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(4) As downin Fg.8, mud arrives later at the right wall. Nonrdimendond inpact force Fis

2 2
1.5 (a) =4.0 1.8 — (b) =5.0
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Fig.7 Didribution of weter free suface ( Re = 100)
04r the integrated pressure at dl grids dong the right wall .
The firg inpact force Ffor mud is less than that of war

e N — ter. There are two peaks for water in the firg inpact.
The firg peak derotes the inpact load of fluid. The
wo2f seoond peak includes the load when water oollgpses.
Before t = 20, there are two impactsfor water , but on-

o1f ly one for mud.

‘‘‘‘‘

Loy Deremeesethy 4 Condlusion
' (1) For Nemonian and ron-Newtonian fluid inr
Fig.8 Time higory of inpact load pacting its surface and walls, the digortion and overlgp
on the right wall o free sufaces can be well smulated by MAC method.

The capability of MAC method is denondrated further to deal with problems involvng conmplex free sur-
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faces. The ewolution of free surfaces is in quditative agreement with theoretica andyds. The results
provide a good foundation for gudying the conplicated flow further.

(2) Because of the difference in conditutive relationship , the evolution of free surfaces is differ-
ent for mud and water. For mud , the folded free surface doesn’ t gppear , but the funnd opening is
larger when mud impacts its surface , and the inpact load is srdler when it inpacts the right wall .

By nodifying the conditutive relationship , and auxiliary conditions, this code can be extended to

gudy a variety of problems involving the free sufaces of Newtonian and norn-Neatonian flow.
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