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SYNOPSIS

A numerical simulation model has been developed for computing the behavior of driftwood
and of its damming up process when caught between and/or in front of model houses when
driftwood debouches into a horizontal two-dimensional flow field. Equations of the rotational
motion and the translational motion of driftwood are evaluated dynamically in the Lagrangian
form. An interacting combination of Eulerian fluid and Lagrangian driftwood equations were
used in which the turbulent diffusivity and the fluctuation component of the rotational angular
velocity of the driftwood are given stochastically. The positions and rotational angles of pieces
of driftwood, and the time change in the number of pieces caught between and /or in front of the
models in the experiments are well explained by the calculations.

INTRODUCTION

During flooding, pieces of driftwood become caught by bridge piers which often results in the
destruction of the piers and/or embankment. Destruction of river embankments during flooding
produces not only a serious inundation disaster but the destruction of buildings by driftwood
caught between and/or in front of them. To clarify the nature of driftwood disasters, we need
to understand the mechanism of driftwood behavior and its damming up process. We therefore
first have used a Eulerian calculation method to accurately determine the flow field then eval-
uated the equation of the rotational motion of driftwood dynamically as well as the equation
of translational motion in the Lagrangian form. The mathematical model has been checked
against experimental results found for driftwood behavior in a horizontal two-dimensional flow
field. Lastly, hydraulic model experiments on the damming up process have been made, and
the numerical simulation model of this phenomenon has been compared with the experimental
data.

BASIC EQUATIONS OF FLUID AND DRIFTWOOD MOTION

Basic Equations of Fluid Motion

The basic equations used to calculate the behavior of an overland flood flow are the hori-
zontal two-dimensional momentum and continuity equations:
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where M, N = the water discharge per unit width in = and y directions, i.e., M = uh and
N = vh; u and v = the respective depth-averaged velocity components in the z and y directions;
h = the water depth; H = the water level, i.e., H = h + z, 2z = the elevation of the bed; p =
the density of the fluid; g = the acceleration due to gravity; f = the friction coefficient at the
bottom; v = the kinematic viscosity; A, = the kinematic eddy viscosity horizontally; & = the
turbulent energy; 7, and 75, = the shear stresses at the water surface in the z and y directions;
t = time; and z and y = the coordinate axes taken in the horizontal directions. According to
Hosoda and Kimura (1) the horizontal kinematic eddy viscosity, A, and turbulent energy, ,
are

Ap = ahu, E=20Tu: ) (4)

where u, = the friction velocity; and a = a numerical constant with the value 0.3. For the fric-
tion coefficient at the bottom, f, alternatively the laminar or turbulent flow resistance formula
based on the Reynolds number is used; ‘ o "

f=6/Re (Re<400) ; +/2/f =3.0+575l0gRe\/f/2 (Re > 400) (5)

where Re = Reynolds number defined by Re = vu? + vh/v. v ~
"~ We assume that the shear stresses that the flood flow experiences at the water surface, 7y,
and T,,, are generated as the reaction of the drag force acting on the driftwood;

1 &1 ~ ' 11
Tow = 7 Z{‘Q‘PCDka(uk - Uk)Akz} P Tey = 7 Z{‘Q‘PCDka(U}c - Vk)Aky}
3 k=1 k=1"7 .
~ | - )
where w;, and v; = the respective driftwood velocity components in the z and y directions; Uy
and Vi = the respective local velocity components of the fluid in the z and y directions at the

position of the centroid of the driftwood; Wy = (ug = Ug)? 4 (vk — Vi)%; Ago and Ay ‘= the
respective projected areas of the submerged part of the driftwood in the @ and y directions; and
Cp, and Cp, = the respective coefficients of the z and y components of the drag force; A = the

area of the water surface, written A = AzAy (Az and Ay = the grid sizes of the finite difference
equations); and N, = the number of total pieces of driftwood in area A.

Basic Equations of Driftwoed Motion

It is assumed that no driftwood coalescence or breakup occurs. ~ This implies that the
pieces of driftwood are sufficiently dispersed so that collisions between them are infrequent. The
drag forces produced by the velocity difference between the fluid and driftwood and the body
force component produced by the gradient of the water surface are considered external forces.
On the basis of these assumptions, each piece of driftwood, individually labeled by subscript k,
is assumed to obey the following equations

iy . | -
v s Doy, | | (7)

dt

dur U oH, 1 . .
(mg + 7‘1'1(11\41)—6%1\~ =m(l+ CM)‘;Z‘;‘ — mkg—gf - §/JCD¢W;;(U;; — U A (8)
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: dv ; o Vi 0H, 1 , o . ,
(me + mCM)"Jt_],C =m(l+ CM)E?—‘ mkgg-f - ipchWk(Uk;“ Vi)Ary  (9)
where X and Y}, = the position of the centroid of the driftwood; my = the mass of the driftwood,
ie., my = parril; pg =; the density of the driftwood; = =;the ratio of the circumference of a
circle to its diameter; r =:the radius of the driftwood; £ =; its length; m = the mass of the fluid
occupied by the volume of a piece of driftwood; Cps = the virtual mass coefficient; and Hy =
the water level at the position of the centroid of the driftwood. The second terms of the right
side of the Eqs.(8) and (9) are the body forces produced by the gradient of the water surface.
As the translational motion of the driftwood is )

supposed to be restricted on the water surface,
it will be possible to evaluate the body forces
in such a way.  We neglect the horizontal com-
ponent of the buoyancy force term in the hori- -
zontal two-dimensional coordinate systems be-
cause it acts vertically.

The rotational motion around the axis of
the centroid of the driftwood is described by
evaluating the moment NN, produced by the hy-
drodynamic force acting on the driftwood. On
the supposition that the driftwood can be di-
vided into two pieces at the centroid, “c”, and
that the drag force acts on both centroids, “a”
and “b”, of these pieces (Fig.1), the rotational

motion of the driftwood is written as

]dzgk/dtz =Y No = (£/4){(foa — fop)sin O — (fya ~ fyp) cos b} - (10)

Fig.1 Definition sketch of the rotational
angle of pieces of driftwood

where

oo = (1/2)pCor/(Usa — 15 = trka)® + (Via o Orka)2(Uka — ui - urka)((ﬁf)c'x/?) a
Foa = (1/2)pCpy\/(Usa — 1tk — trka)® + (Vea — 0k = vria)2(Via = 0% = Vra) (Aby/2)
= /2)pCpar/ Uk — ur — o) + (Ver —Vvk = )2 (Uip - up, — urkb)((jjz/z)
Fup = (1/2)pCpyr/ (Uks = i = wpss)? + (Vio = vk = vris)*(Vio — 0 — %»:cb)(gki)/?)

(14)
Urke = (E/‘l)(dgk/dt) sin ek y Urke = —(é/4)(d0k/dt) cos Gk S (15)
wnss = —(0/4)(d0u/d)sin By, vy = (E[4)(d0/dt)cosy  (16)

f; = the rotational angle of the piece of driftwood; J = the moment of inertia around the cen-
troid,“c”, which is written as I = my(r?/4 + £2/12). The rotational motion of the driftwood is
also supposed to be restricted on the water surface and the rotation on the vertical plane is not
considered. The rotational angle of the piece of driftwood can be evaluated deterministically
from these equations, but the results of a statistical analysis of the experiiments are also consid-
ered (described later). ~ ~

As the motion of the piece of driftwood is restricted near the water surface, the depth aver-
aged velocity components of the fluid, Uy and Vj, must be transformed into the surface velocity
components. For example, for Re > 400, the following relations are used

5.5+ 5.75log(u.h/v)
3.0 + 5.75log(u.h/v)

o 5.5+5.7510g(u;ﬁ‘/l/) ‘
Uy

- . 17
3.0+ 5.75log(u.hfv) © Vi an

Vi

As it is very difficult to solve these equations analytically, numerical calculations are made
by approximating the equations to finite difference equations.. In the previous study (2), we cal-
culated fluid flow behavior using the first order up-wind finite difference equations that had been
developed for the calculation of overland flood flows (3). The calculated results by using this
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numerical simulation method did not show good agreement with the experimental ones because
the numerical viscosity (artificial viscosity) in the calculations weakened the water flow velocity,
resulting in slower calculated movement of the driftwood than found experimentally. Therefore
we here have introduced the Adams-Bashforth scheme in the time integration, and the QUICK
scheme in the integration of the convection term in the momentum equations. For the driftwood
motion, time-forward and space-centered schemes are adopted, the velocity components of the
driftwood being obtained explicitly.

Fluctuation of Driftwood Position

Driftwood position can be evaluated by integrating the equations dX/d¢ = uy, and dY;/dt =
vy, deterministically under suitable initial conditions, but they fluctuate due to disturbances at
the water surface. Hence, we introduce the fluctuation components of driftwood position AX,
and AYj in the model. These components AX; and AYj are considered to be evaluated by
referring to Dukowicz (4) ; ‘ '

AXy = VAR Alerf Y (@) ; AY: = /4K, Aterf™(8). o (18)

where o, 8 = random )\‘fa,ri'abl’es independently and uniformly distributed in the range [0,1], and
erf™! = the inverse function of the error function, erf, given by o

, o ‘
erf(s) = {1-0(vV2s)} = —= | exp(—n’)dy :
L f/s | S (9)
®s) = = | exp(=n*/2)dn |

As for the diffusion coefficient of the driftwood, the relations K, /u.h = 0.629 and K,/u,h =
0.208, are used referring to the previous works (5), (6). Consequently, the driftwood position
is estimated by adding the turbulent fluctuation component to the component obtained deter-
ministically from the equations of motion;

XPH = Xp + up At + AR, Alerf ()
Y = Y7 oAt + \/41i'yAierf"(ﬂ) ’

Rotational Angle of Driftwood

(20)

The rotational angle of a piece of driftwood can be evaluated deterministically by solving
Eq.(10), but it must be influenced by fluctuation in the fluid flow. Indeed, even in a uniform
flow field, driftwood flows down with rotational motion having the mean angular velocity @ ~ 0

and the standard deviation o, = 81.6Fr (Fr = Froude number defined by Fr = /(u? + v?)/gh)

(5). This suggests that the characteristics of the fluctuation of the rotational angle of the drift-
wood are expressed by the characteristics of the angular velocity. Accordingly, we consider two
cases; the one in which the rotational angle, 6, is determined only by the angular velocity, w,,
obtained deterministically, the other in which it is determined by both wy and w,. These two
cases are shown as

dék/di = Wy ; . dék/dtzwd-}-wp : ; ' (21)

where wy = the angular velocity of the piece of driftwood obtained from Eq.(10) deterministi-
cally; and w, = the fluctuation of the angular velocity of the driftwood evaluated stochastically.

Assuming that the fluctuating component of the rotational angular velocity of a piece of
driftwood follows a normal distribution (5), its distribution function, ®, is given by

1 wp-&

o = o, | | '
@(f’.’;ﬁ) :E wo:” exp(«—%—)dn ' - (22
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and y(= (w, — @)/o,) is obtained from the inverse function, ', for uniformly distributed
random numbers within [0,1]. = After v is obtained, w, is estimated from w, = vo, + @.

DRIFTWOOD BEHAVIOR

Experimental Apparatus and Method

The experimental set-up used to - , |, SIDE WALL Olg].{ —ig
study two-dimensional driftwood be- DRIFTWOOD
havior is shown in Fig.2: The flood YATER " FEEDER
plain area is 170 cm long and 160 cm
wide. A wooden channel (20 cm wide,
150 cm long, 20cm deep) set up at
one side of the flood plain models the
breach point of alevee. The bed slope
of the flood plain is zero and that of
the channel 1/500. The flood plain is e 170
enclosed by high banks which prohibit

drainage of flood water from the area, PLAN VIEW
except at the opening (20 cm wide) for
the outflow of water and driftwood at -
the downstream end. First the steady
state flow was produced on the flood
plain by supplying water at constant
discharge at the upstream end of the Fig.2
channel. Then driftwood was intro-- = =~ °
duced using a driftwood feeder, 94 cm ‘
long, which supplies 72 pieces of driftwood instantaneously to the channel. In the experiments,
cylindrical pieces of driftwood 2.5 c¢m long with a diameter of 2.2mm and a mass density of
0.83 g/cm® were used. The scattering process was recorded by video camera, and the recorded
image data was used to analyze the positions and rotational angles of the pieces. A constant
water supply with a discharge of 500 cm®/sec was maintained. Because the process of driftwood
scattering may be influenced by fluctuations of the water flow velocity at the surface, the exper-
iments were repeated 4 times under the same hydraulic conditions.

FLOW N 20

>

FLOOD PLAIN

. SIDE WALL

.

5
i

A7 ¥
UNIT (cm)

SIDE VIEW

Experimental set-up for measuring the two-
dimensional flow:behavior of driftwood

Initial and Inflow Conditions for the Calculations

The grid sizes used in the calculation are Az = Ay = 5cm, At = 0.008sec. The charac-
teristics of the driftwood, its density and length, are set at the same ones as in the experiments.
The drag coeflicients of the driftwood, Cp, and Cp,, used in the calculations are both 1.0, and
the virtual mass coefficient, Cyz, is 1.0. The initial conditions of the flow field were obtained by
solving Eqs.(1), (2), and (3) under the conditions of a constant water discharge (500 cm®/sec)
and no dnftwood inflow. After the steady state flow field was reached, the inflow parameters
of the driftwood (position, rotational angle, and inflow timing) obtained by analysis of the video
images, were given at the breach point (z = Ocm).

Comparison of the Experimental and Calculated Results

Fig.3 shows a comparison of the experimental and calculated surface velocity vectors of
the fluid before driftwood debouches into the field. Fig.3(a) shows the experimental vectors,
Fig.3(b) the vectors calculated by the proposed method, and Fig.3(c) the vectors calculated ob-
tained using a previous method (the first order up-wind finite difference scheme). From these
figures, we see that the calculated results obtained using the proposed method (Fig.3[b]) are in
very good agreement with the experimental ones. The agreement of the flow patterns near the
exit at the downstream end are particularly good, and this coincidence markedly improves the
calculated behavior of the driftwood (Fig.6). Fig.4 shows driftwood behavior calculated under
the conditions that the initial angle of the driftwood to the water flow at the inflow boundary
is zero and the fluctuation component of the angular velocity, w,, also is zero in RUN C. The
driftwood moves parallel to the direction of the main flow of the fluid. Fig.5 shows driftwood
behavior calculated under the conditions that the initial angle of the driftwood to the water flow
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at the inflow boundary is 90° and w, = 0 in RUN C. The number of pieces of driftwood whose
longer axes are along the direction of the main flow of the fluid appears to increase with time.

As very reasonable calculated results were obtained as shown in these figures, the numerical
simulation method seems to be valid.
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Fig.4 Calculated positions and rota-
tional angles of the driftwood
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Fig.5 Calculated positions and rota-

tional angles of the driftwood
(60 =90°)

" Fig.6 shows comparisons of the experimental and calculated results of positions and rota-
tional angles of the pieces of driftwood in the case of RUN C. The left column gives the results
of calculation with dfy/dt = wq, the right column those with dfy,/dt = wq + wp, and the center
column the experimental results. The calculated results for df;/dt = wy + w, show very good
agreement with the experimental ones, especially at ¢ = 20 sec. S
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Fig.6 Comparisons of the experime

driftwood

1}ta,1 and calculated positions and rotational angles of the
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Fig.6 Continued

THE DRIFTWOOD DAMMING UP PROCESS

Hydraulic model experiments on the damming up process caused by driftwood caught be-
tween and /or in front of buildings were carried out. ~ The numerical simulation model of this
phenomenon was compared with experimental results.

Experimental Apparatus and Method (7)

"An experimental flume 30 cm wide, 30cm deep, and 900 cm long, with a slope of 1/500
was used (Fig.7). Some model structures (hereafter called “model houses”) were set in the flow
about 6.2m from the upstream end of the channel. These model houses (5 cm wide, 10 cm long,
and 10 cm high) were arranged as shown in Fig.8. The clearance between them was set at
9.5cm. After the designated water discharge was supplied and the steady state was obtained,
pieces of driftwood were supplied by the driftwood feeder, a type of conveyor belt, located about
1.5m from the upstream end of the channel. The number of pieces of driftwood supplied by the
feeder per unit width and time (= C,,) varies with the rotational velocity of the pulley of the
conveyor belt. Ten pieces of driftwood were lined up twenty-nine deep transversely on the belt
(total pieces 290). In these model experiments, 3.0, 4.0, 5.0, 6.0, and 7.0 cm long, cylindrical
pieces of driftwood with a diameter of 2.2 mm and a mass density of 0.83 g/cm® were used. Wa-
ter discharge was set at @ =0.5, 1.0, and 1.5¢/sec. The inflow tate of driftwood per unit width
and time, C,,, was set at 0.40, 0.68, and 1.93 pieces/sec/cm. Thus experiments were made for
45 hydraulic conditions.

Initial and Inflow Conditions in the Calculations

The grid sizes of calculation were Az = 5cm longitudinally, Ay = 1.25cm transversely, and
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?tf: 0.05)4 sec. T}ie characteristics of the )
riftwood, density, length, etc. were set at - 1 l
the same ones as in the experiments. The DRIFT WoOD FEEDER MODELHOUSE r
calculation domain ranged from the site of e 30em
. N

driftwood supply to the end of the chan- N &L.___
nel.  The initial conditions of the flow . . . - ;
field were obtained by solving Eqs.(1), (2), ¢  1.38 1.9 6.21 6.31 8.93(m)
and (3) under the conditions of a constant  PLAN VIEW
water discharge without driftwood. After ‘ ‘ Q VIDEO CAMERA
the steady state flow field was reached, 29 S :
pieces of. driftwood, arrangegl trqnsversely r DRIFT WOOD FEEDER. MOVABLE
at 1cm intervals were supplied simultane- RS- ¢ WEIR
ously at the inflow boundary with a veloc- ~ . MODEI:__LHOUSE 30 cm }

¥

ity of zero. The same number of pieces

similarly were supplied 10 times at the des- ‘/SIDE VIEW "{ “‘ 10cm

ignated time intervals, a total of 290 pieces o ‘ I _ l
being used in each experiment. The initial o
rotational angle of the pieces of driftwood
at the inflow boundary was not measured.
Random variables uniformly distributed in the range [0,1] were - FLOW
generated, and these were transformed into random variables

uniformly- distributed in the range -90°~ 90°, the transformed

Fig.7,,Experimen?tal ﬂume used for the
daxnming up of driftwood

variables being used as the mmal rotatlona,i angles of the p1eces UNIT cm
of ‘driftwood. : "’* ks :
- ‘ ‘ U e ¥
Damming up of Driftwood Model D D lf
W = 30.0
The positions and rotatlona,l angles of pieces of driftwood - o }-2.5

can be evaluated by the numerical simulation method described
earlier.  The geometric conditions under which driftwood is  Fig. 8 Arrangement of the
caught by the model houses are obtained from the relation be- model houses in the
tween the positions and rotational angles of the pieces of drift- fume

wood and the positions of the houses. The relationship between

the positions of five pieces of driftwood and two model houses is shown in Fig.9. Three cases are
considered as conditions under which driftwood is caught by the model houses: 1) A number (2
of pieces of driftwood (Fig.9) will be caught between houses due to the’ geometrlc conditions; 2;
When a piece of driftwood with a large rotational angle, such as number (4) in Fig.9, approaches
a model house and the position of its centroid is located near the center of the front face of the
model house, as at location “b” or “c”, and the driftwood will i FLOW DIRECTION

be stopped in front of a model house thh its longer axis paral- 3) ! DRIFTWOOD
lel to the front face of the house. At that time, on the basis of (1)

the experimental results, we C(}nslder tél;e rotatxonz)ml a;llgle of the @)
driftwood to be in the range of 80° < 8, < 90°. 3) The piece of c/:,:’—‘f—'—:——“ -~
driftwood numbered (1), (3), or (5) will be caught once other (Z;), — ,6;\%"—(5)

pieces have been caught between the houses. In this case, the [SE5NY a’'b ¢ d
probability of a piece of driftwood being caught depends on the :
amount of driftwood already piled up between houses.  This - MODEL - / - MODEL 7
probability can be assessed in hydraulic experiments. ‘HOUSE ;. HOUSE 4

Fig.10 shows the relationship between the number of pieces ¢ f y
of driftwood, n, caught between houses, and the probability, A y
p(n), that driftwood coming from the rear also will be caught : g y
by the n pieces of driftwood already stopped. The experimen- g g _ 4. g, 5
tal data are very scattered, but the fitted curve of the mean L, 4

values gives .
Fig.9 Relation between drift-

p(n) = 0.098n? (23) wood position, the ro-

tational angle, and the

To determine which pieces of driftwood will be caught, the ran- positions of the model
dom variable, ¢, uniformly distributed in the range [0,1], is houses used to dam up

generated for each piece of driftwood flowing down the channel. the driftwood



When the condition, p(n) > g,

is satisfied the driftwood is considered to be caught.
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Ifn> 3,

p(n) = 1.0 and all pieces of driftwood coming from the rear are considered to be caught.

"1.01 @ ﬁ 8
pln) | ¢
O RUN 28
0.8416 ruN 29 ©
4 [® RON 30 ‘
0.6 |7 RUN 31 p(n)=
7| v RUN 32 ©0.098n2
o v RoN 33 9t cm
0.4 ‘
| &
O RUN 34
0.2 @ RUN.35[., .
B RUN 36
) & MEAN
O LIES T i 1
0 1 4

Fig.10 Relation between the number of

n

pieges of driftwood caught between the houses, n, and

the probability, p(n), that driftwood arriving from the rear will be caught by the n

pieces of driftwood

Comparison of the Experimental and Calculated Résults ’

A comparison of the experiméntal and calculated temporal chan

ges in the halting rate, a(t),

of the driftwood is shown in Fig.11 for RUNS 28, 29, and 30, the halting rate, a(t), being the
ratio of the number of pieces of driftwood caught between or at the front faces of the houses to
the total amount of driftwood (290 pieces) supplied at the inflow boundary. Here ¢ = 0 sec is
the time at which the first of the 290 pieces of driftwood supplied at the upstream in the flume

arrives at the model house. The experimental conditions for each RUN are given in the figure.
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i RUN 28 1
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Fig.11 Comparison of the calculated and the experimental halting rate (RUNs 28, 29, and 30)
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Fig.12 Comparison of the calculated and the experimental halting rate (RUNs 34, 35, and 36)



64

Fig.12 shows the same comparisons for RUNS 34, 35, and 36, and Fig.13 those for RUNS 52, 53,
and 54. The length of each piece of driftwood, £, is 6 cm in these RUNs. The experimental
findings for both the final halting rate, a(te.), and the time variations of that rate, «(t), are
well explained by the calculations, except for RUN 28 where Z., is the value of ¢ when the last
piece of driftwood arrives at the model house. Although the water discharge in RUN 28 is
500 cc/sec and f.,=40.17 sec, the value of ., in the other RUNs with same water discharge was
about 30sec. As only RUN 28 has a large ., value, it may not be suitable for the experimental
results. The reason why t., in RUN 28 had the large value of t., = 40.17sec is not clear, but
it may be the result of problems in driftwood supply. Note that the experimental results for
RUN 46, in which the length of a piece of driftwood is 6 cm but the other experimental conditions
are the same as in RUN 28, are well explained by the calculations (Fig.14).

1.0+ 1.0+ 1.0 4
RUN 52 RUN 53 gesen N
a(e) 26 cm o
0.84 o caL. 0.8+ 0.8 ~
a(t) | ——— EXP. E -
0.6 - 0.6 - 0.6
L=6cm
E Q=1.51/sec b
0k Csp=0.68 p/sec/cm Q=1.5%/sec
-4 0.4+ ' 0.4 4 Csp=1.93 p/sec/cm
i ten=18.38sec
Q=1.51/sec Len=14.91 sec
0.2 4 Cep=0.40 p/sec/cm 0.2 4 —— CAL. 0.2 - caL
. ten=39.17 sec e EXP L 3 EXP.
04 T T T U T T T T 0 T T T T T T 0 T T T
4] 8 16 % 32 @0 [} 8 16 2 32 .0 8 {6 ' 2:;
t(sec) R : t(sec) . t {sec) -

Fig.13 Comparison of the calculated and the experimental halting rate (RUNs 52, 53, and 54)

10+

RUN 46
0.84 £ =6 cm
a(e)
& CAL.
0.6
~——— EXP.
0.4 Q=0.5 &/sec
. Cep=0.40 p/sec/cm
0.2 4 ten=27.06 sec
J
0 T ™1 I— T U T T
[ 8 16 % 32 40

t (sec)

Fig.14 Compa,risonA of the calculated and the experimental halting rate, a(t) (RUN 46).

Fig.15 shows comparisons between the experimental and calculated water surface profiles
before and after pieces of driftwood were caught at the houses. In these figures, all the driftwood
has arrived at the model houses at t = 90sec. At ¢ = 0, no driftwood has arrived, but the
water level has already risen due to the presence of the model houses. At t = 90sec, pieces
of driftwood have been caught between and/or in front of the model houses, and the dammed
up water level has risen markedly because the relative velocity of the fluid as compared to the
driftwood has become large. Although the water surface is measured at only two points, the
depths obtained are well explained by the calculations.

CONCLUSIONS

The basic equations for fluid and driftwood that were used in the calculations first were
refined to increase the accuracy of the calculated results. The finite difference scheme of the
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g 6.41 = | O t=0 (sec)
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DISTANCE X (cm) - DISTANCE X (cm)
Fig.lS Comparison of the calculated and measured longitudinal water surface profiles around
the model houses (total pieces of driftwood, 890)

equations of fluid motion also was refined by introducing the Adams-Bashforth scheme for time
integration and the QUICK scheme for the integration of convection terms. The equation
of the rotational motion of driftwood then was evaluated dynamically as was the equation of
translational motion in the Lagrangian form. An interacting combination of Eulerian fluid and
Lagrangian driftwood equations were used, in which the turbulent diffusivity and the fluctuation
component of the rotational angular velocity of the driftwood were given stochastically. The
positions and rotational angles of pieces of driftwood were well explained by the calculations.
Lastly, time changes in the number of pieces of driftwood caught between and/or in front of the
model houses in the experiments were well explained by the calculations. The increase in the
water depth caused by the stoppage of the driftwood at the model houses also was well explained
by the calculations. \

The probability, p(n), that driftwood coming from the rear will be stopped by n pieces of
driftwood already caught between the houses, was evaluated experimentally, but as this is an
important parameter that prescribes the halting rate, a(t), further examination is required both
experimentally and mathematically.
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APPENDIX-NOTATION

The following‘ symbols are used in this paper:

U, v

Uk, Vk

i

Il

Il

Il

Il

Il

Il

Il

Il

It

H

numerical constant taking the value of 0.3;

small water surface area defined by AxAky;

horizontal kinematic eddy viscosity;

respective projected areas of the submerged part of driftwood in the z and
y directions;

interval between the house models;

width of model house; )

respective drag coefficients in the and y directions;

virtual mass coefficient;

driftwood rate supplied by the drxftwood feeder pex unit Wldth and time;
resistance coefficient;

Froude number;

gravitatiénal acceleration;

water depth;

water level; .

channel slope;

moment of inertia;

turbulent energy;

diffusion coefficient of driftwood in the z and y directions;

length of the piece of driftwood,;

fluid mass occupied by the volume of a piece of driftwood,;

mass of a piece of driftwood;

respect}ve water discharge per unit Wldth in the z and y d}rectlons
number of pieces of driftwood caught between the houses;

moment caused by the hydrodyna,mic force acting on the driftwood;
number of pieces of driftwood in the area AzAy;

probability that driftwood coming from the rear will be stopped by n pieces
of driftwood already caught between the houses;

random variable uniformly distributed in the range [0,1];

water discharge; -

radius of the driftwood;

Reynolds number;

time;’

time of arrival of the last piece of driftwood at the model house measured
from the time of arrival of the first piece; )

respective depth-averaged velocity components in the z and y directions;

respective velocity components of driftwood in the x and y directions;



Ux

qu‘/lc

Wi

z,y
XY
Zh

@,

a(t)
At

Az, Ay

AXLHAY;C

Pd
Ow

Tszs Tsy

I
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friction velocity;
respective local velocity components of the fluid in the z and y directions
at the centroid position of the driftwood;

channel width;
relative velocity of the fluid with respect to the driftwood, i.e., W =
\/(Uk = Up)? + (ve = V)%

coordinates of the fluid;

coordinates of the driftwood position;

elevation of the bed;

random variables independently uniformly distributed in the range [0, 1];
halting rate of the driftwood at the model house;

time interval in the finite difference equations;

respective spatial mesh sizes in the 2 and y directions in the finite difference
equations;

respective fluctuation components of driftwood position in the z and y di-
rections;

(wp —B)/0u;

variable of integration;

rotational angle of the driftwood;

kinematic viscosity;

density of the fluid;

density of the driftwood,;

standard deviation of the rotational angular velocity of the driftwood;
respective shear stresses at the water surface in the z and y directions;
ratio of the circumference of a circle to its diameter;

distribution function of the probability density function;

rotational angular velocity of the driftwood;

mean value of the rotational angular velocity of the driftwood; and

respective deterministically and stochastically evaluated rotational angular
velocity of the driftwood.



