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PREFACE

This report is one of a group documenting National Bureau of Standards (NBS)
research and analysis efforts in developing water conservation test

methods, ~.nalysis, economics, and strateglies for implementation and acceptance.
This work is sponsored by the Department of Housing and Urban Development/Office
of Policy Development and Research, Division of Energy Building Technology and
Standard;, under HUD Interagency Agreement H-48-78.

The report was prepared by Dr. J. A. Swaffield, Senior Lecturer, Drainage
Research Group, Department of Building Technology, Brunel University, Uxbridge,
UK., duriig a study leave period as a guest research worker at NBS/Stevens
Institute of Teciinology.

Experimental results included in this report are drawn from the published work
of the Drainage Research Group at Brunel University.
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ABSTRACT

The flow depth and velocity changes across a moving solid in partially-filled
pipe flow are predicted by means of the application of the method of
characteristics to solve the unsteady flow equations.

Simplified force models are presented which, when used in conjunction with
empirical relationships linking lcakage flow past the solid to upstream specific
energy, are sufficient to provide the required moving solid boundary conditions
that allow solid velocity prediction.

A wide range of simulated transport conditions are presented that confirm the
applicability of this technique as a basis for the future evaluation of more
complex body force models.

The predicted solid velocity during drain transport is shown to be compatible

with laboratory observations of the influence of solid dimensions and position
in inflow profile on transport characteristics.

Key words: computer based model; drainage; solid transport; unsteady flow
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NOTATIONS (Continued)
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1. INTRODUCTION

The prediction of solid transport in partially filled drainage pipe flow
requires a knowledge of the forces acting on the solid and their relative
importance. The treatment of the force and momentum equations for the body and
surrounding flow is analytically complex; however, a numerical model capable of
simulating the unsteady flow equations could be used to evaluate models of the
body forces for comparison to lahoratory observations.



Previous reports [1,2] have developed the apnlication of the method of
characteristics solution to the unsteady part lally filled pipe flow equations.
The introduction of a moving solid into the simulation requires the knowledge
of leakage flow past the body as a function of upstream conditions, with a
suitable model for the forces acting on the body. The passage of the simulated
solid through the pipe may then be treated as a moving boundary condition by a
similar technique to that applicable to the tracing of a shock wave or steep
fronted wave motion.

The necessary computational techniques to allow inclusion of the solid boundary
conditions are presented in this report with computer simulations involving
three force models. The predicted solid motion characteristics are also com-
pared to laboratory observed solid motion in drains which are set at a wide
range of gradients.

The development of the method of characteristics solution is also summarized,
and there is a statement of the necessary boundary conditions at the drain
inlet and exit in both subcritical and supercritical flow regimes.

It is stressed that the objective of the study was the development of the
necessary computational techniques to demonstrate the feasihility of the method
coupling the hydraulic and solid motion. The development illustrates the appli-
cations of the basic modeling approach and the sinultzieous solution of the
governing equations of hydraulic interaction with that of the motion of the
solid. A basis has been established for future comparison with development of
other body force models representative of the test conditions for a wide range
of body configurations for which observed laboratory solid transport results

are obtained.
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2. DEVELOPMENT OF THE NUMERICAL SOLUTION

2.1 SUMMARY OF THE METHOD OF CHARACTERISTICS SOLUTION OF THE EQUATIONS DEFINING
UNSTEADY FLOW IN PARTIALLY FILLED PIPE FLOW

Referring to figure 1, it has heen shown [1] that the equations of motion and
continuity may be expressed as

gdh+ gs -s)+vad¥ +3V = ¢ (1)
Ix o X  dt



vroh 4 13h 4+ 43V = o, (2)
ax at 9x

These equations may be combined to form a total derivative expression,

dV 4 gdh 4 o(s-5) = 0, (3)
dt c dt o

subject to

dx = v+, (4)
dt

the wave speed being defined by

)

(5)
where V = 1local average flow velocity

¢ = 1local wave speed

h = 1local flow depth

So = pipe slope

2.2
S = slope of the local energy grade line = —ﬂzlg , n the Manning
m

coefficient and m the hydraulic mean depth
T = water surface width
A = water depth cross sectional area.

Referring to figure 2, if the variables V and h are known at R and S then four
equations may be written in terms of the unknowns at point P, by means of a
first order approximation,

Vp - Vg + %; (hp = hg) + g(8g =S )AL = O (6)
xp - xg = (VR + cplat ()
Vp = Vg - %s_ (hp - hg) + g(Sg -8 )t = 0 (8)
xp - Xg = (Vg - cg)At. (9)

It is stressed that these equations are paired and that equations 6 and 8 only
apply as long as equation 7 and 9 are satisfied. This introduces the charac-
teristics lines Ct and C™, shown in figure 3.

It 1s also necessary that the time step At is sufficiently small for R and S
(points in the x-t plane) to fall within + Ax of point P as shown in figure 2.

4



From figure 3 it will be seen, provided boundary equations governing the
conditions at the extremities of the system are known, that an orderly solution
may proceed yilelding flow depth and velocity at each pipe section at each time
increment.

The basis for the system boundary conditions is set out below.

2.2 PARTIALLY FILLED PIPE FLOW REGIMES

Two flow regimes may be identified for open channels or partially filled pipes:

v
(1) Subcritical flow, Froude N° = 7:§-< 1
g

Here the local wave speed exceeds the flow average velocity, thus waves
may be propagated both upstream and downstream in the flow, i.e., c¢c > V.

(2) Supercritical flow, Froude N° > 1

Here the local wave speed is less than the average flow velocity at that
section and hence waves cannot be propagated upstream, i.e., V > c.

The flow regime applicable to any partially filled pipe flow may be determined
by a comparison of the flow normal and critical depths.

Under steady uniform flow conditions the force balance equation for an element
of flow is normally expressed by the Chezy equation

V = c/mS, (10)

m hydraulic mean depth A/P, m‘(where A is the pipeflow cross section

area)

So = sin © -duct slope

V = mean velocity m/s

C = Chezy constant.

P = opipe wetted perimeter.

The value of loss coefficient C was found by Manning to be dependent on
hydraulic mean depth and duct surface roughness n. The Manning formula is the
simplest of the open channel equations:

v = L1.2/341/2
n (o]

Q = Lan2/35sl/2 (11)
n

where Q is the flow rate m3/s
A is the flow cross sectional area, m2

5



The value of the Manning coefficient, n, varies with pipe or channel material;
values in the range 0.009 to 0.020 apply to for materials commonly found in
building drainage systems.

Equation 10 effectively determines the flow depth under steady, uniform
conditions with only one value of h yielding the values of A and m necessary
to satisfy the equation. As this depth is by definition constant downstream,
dh/dx = 0, it must also be the terminal depth corresponding to the flow
terminal velocity at that channel slope.

This depth, h,, is commonly referred to as the normal depth.

The specific energy of the flow may be defined as

2
E = h+ = (12)
2g

where h = 1local flow depth, m
V = 1local average flow velocity, m/s

From equation 12 it may be seen that the flow specific energy has a minimum
value below which the given flow conditions cannot exist. In a general, non-
rectangular channel this value may be determined:

2

E = h+_9—.

22

2
dE _ o = 1-Q° dA (13)
dh gA3dh
From figure 3

dA = T dh (14)

where T is the surface width at any depth, h.

From equations (13) and (14) the minimum value of E will occur at a depth
value, h., that satisfies the expression

1 - Q21/gAd = 0 (15)
where T and A are both f(h)
This value of h is referred to as the flow critical depth h.
If the normal flow depth h, exceeds h. then the terminal flow would be termed

subcritical, or tranquil flow. If h, is less than h, then the flow is termed
rapid or supercritical.



It should be stressed that h. is independent of pipe slope and pipe surface
roughness, while the normal depth is dependent on bhoth. Thus the same volume
flow rate in any particular pipe may be rapid or tranquil depending on pipe
slope, and similarly, the same flow rate in a series of constant diamete- pipes
will be tranquil or rapid depending on roughress.

Pipes or channels in which rapid flow is normal are termed steep; pipes or
channels in which tranquil flow is normal are termed of mild slope.

Figure 2 illustrates the importance of these two flow regimes on the solution
of equations 6 to 9.

If ¢ >V, then the conditions at P are determined by the intersection of the
ct and C™ drawn from P into the AC and BC sections.

If ¢ <V, then conditions in the downstream section BC cannot affect point P.
The slope of the CT characteristic, PS, becomes positive, and both R and S
lie in the AC section as shown.

Both subcritical’and supercritical flow are encountered in the drainage
applications considered and the equations derived below cover both conditions.

Referring to figure 2 for subcritical flow:

—AVC -V = _———xC - xR = (VR + CR) _A_.E.
Ve = Va L bx
cp - C X~ — X
C R _ C R _ A
e | RTeR
€c T Ca C A
hr = h
C R At
and ———— = (Vg + cgp) —
hc - hA Ax
as xp = xc and xp - xg = (VR + cp)At.

The solution yields

= Vc +0 (-VCcA + cc VA) (16)
1+0 (Vo -Vy+cpo—cy)

cc(l - VR 0) + CAVR 0

= 17
°R l+cCO-cAO a7

hg hg = (hg - hpa)(O(VR + cRr)) (18)
where ©O = At/Ax.

Similarly,



Vc - O(VCCB - CCVB)

Vg = (19)
1 -0(V, -Vg-cp+ep)
c. +V O0(cr = cp)
cg = s C B (20)
1+0 (cc - cp)
hg = hg +0(Vg = cg)(hg - hp) (21)

For the supercritical flow regime, the equations determining R in figure 2
remain unchanged. The interpolation equations for S' in figure 2 may be
determined by an identical techinique to that shown above,

Ve = Vgt (Vg = Vp) 0(Vgr = cg')

cec ~ cg (cC - CA) O(VSv - CS')

and hg - hge (hC - hA) O(VS' - cs').

The solution yields

\Y) = 22
s T+0(Vg-V, +c, - co) )

CC + VS' O(CA - CC)

cg' = (23)
1 +¢)0 - c®
From equations 7 and 9 it will be seen that
dt = 1 (24)

dx V+e
hence, if (V + c) becomes large, then At becomes small for a constant Ax. This
implies that the progress of the numerical solution could become prohibitively
slow for supercritical flow conditions. Fox [3] suggests a check within any
program that will terminate the solution if At falls below a specified value;
howaver, this comment by Fox applies to the existing applications of the method
of characteristics, which have been limited to large civil engineering open
channel or river flooding flow problems. It is likely that the reduction in
At will not be a significant problem with the relative values of V and ¢
encountered in drainage sized pipe applications due to Lheir dependence on
plpe geometry and flow rate.

The determination of conditions at P at time t + At requires the following
steps (i-iv), for either subcritical or supercritical flow conditions:

(1) All conditions known at time t for nodal points A, B, C etc.
(figure 2).



(11)

(1i1)

(iv)

(v)

Values of V, h and c at interpolation points R, S, or S' calculated
from equations 16 - 23,

Using these values of V, h, and ¢, the conditions at P, {i.e.
velocity V and depth h, at time t + At, are calculated by means of
equations 6 and 8.

The value of wave speed c at P at time t + At is calculated from
equation 5. The value of flow surface width and cross sectional
area are calculated from flow depth, h, and the channel shape
relationships.

The sequence is repeated at each time step.

2.3 APPLICATION OF THE METHOD OF CHARACTERISTICS SOLUTION TO DRAINAGE FLOW

For convenience, the application of the solution developed above to drainage
pipe flow may be considered under two headings; namely, boundary conditions and
characteristic equation solution at intermediate pipe sections. Both of these
headings must be further subdivided depending on whether the flow is termed
subcritical or supercritical.

The equations 6 to 9 may be restated as

Vp = X2 -X1l h
P
ct (25)
Xp ~ XR = (VR + CR)At
Vp = X4 + X3 hp
c (26)
Xp = Xg = (VS - cg)At
where X1 = g/cg
X3 = g/cS
X2 = Vp +g PR - g(sp -5 )At
CR
X6 = v, -ghs - g(sg -5 )ne.

¢s

It will be noted that these equations apply in either subcritical or
supercritical flow, the interpolated values of the conditions at S or S' being
sufficient to define the flow regime, figure 2.



2.3.1 1Initial Steady Conditions Along the Pipe Length

As will be seen from figure 3, the initial conditions along the whole pipe length
at time t = 0 must be known in order for the solution to proceed. It is there-
fore uecessary to calculate the steady state flow velocity and depth throughout
the pipe length initially with the initial wave speed. This process may be
carried out by the following steps:

(1) Determine the steady flow normal and critical depths as set out
previously. This determines whether the flow is subcritical or
supercritical.

(1i) For supercritical flow, the normal flow depth may be assumed to
apply throughout the pipe length. As the velocity exceeds the
wave speed, there is no effect propagated upstream from the pipe
discharge point. This implies that the flow leaves the pipe at
normal depth and, for a known flow rate and pipe dimension, allows
the local velocity and wave speed to be calculated along the whole
pipe length.

(1i1) For subcritical flow, the initial water surface profile is more
complicated as the effect of the pipe discharge is propagated
upstream. In subcritical flow, it has been found that the depth
of flow is at its critical value at the discharge point, with the
water depth then rising upstream until the normal steady flow depth
is achieved. Calculation of this depth profile is presented in
[2] and summarized below in terms of the gradually varied flow
profile prediction technique.

Gradually varied flow is steady non-uniform flow of a special type. The flow
parameters are assumed to change slowly, if at all, in the flow direction.

The basic assumption in the treatment of this type of flow is that the local
head loss at. any section is given by the Manning expression (11), for the iden-
tical local flow depth and rate under assumed steady, uniform flow conditions.

Depth profile predictions by numerical integration are based on this
assumption,

2 2
d | Vv - = -{_nQ

where (Z, = SyL) is the elevation at distance L along the channel, measured
in the downstream direction; S, is sin O, channel bed slope,

2
hence _ V dV So - dh (_AQ_) (28)
g dL dL

and as, Q = VA

10



dVa+vdh = o

dL dL

and as %%. = T from equation 5, it follows that
AV - VA - -VIdh - - QTdh
dL A dL A dL AZ 4L

and substituting in equation 28 yields
2 2

QTdh g -dh - (_nQ (29)
gAd dL dL A m2/3
2 3
So - (nQ/Am2/3)2
h)
2 3
L = f 1 - Q7T/gA dh (30)

h S - (nQ/Am2/3)2
o o

where L is the distance between two known depths h,, hj.

The initial depth at each section Ax apart along the pipe may then be
calculated from the profile produced by the integration of equation 30. Flow
velocity is then calculated based on a constant flow rate through the pipe, and
similarly, wave speed is determined based on flow depth and channel geometry.

Once the initial flow depth, velocity and wave speed have been determined the
unsteady flow calculation procedure may begin.

2.3.2 Internal or Nodal Points

Simultaneous solution of equations 25 and 26 at all points Ax apart between

x = Ax and x = (L - Ax) will yield the required values of flow depth and
velocity at the end of each time step. Wave speed may then also be determined
from equation 5. This process applies to either sub or supercritical flow con-
ditions as the particular regime is represented in the interpolations required
to fix points R, S or S', figure 2.

2.3.3 Entry Boundary Conditions, Supercritical Flow
In this case the inflow profile alone determines the flow depth at pipe entry
as downstream conditions, that would have been represented by the C character-

istic in subcritical flow, cannot effect the flow conditions at the upstream
boundary, as by definition the flow velocity exceeds the wave speed.

11



Hence the boundary condition is obtained from the flow profile Q = f(t) solved
with the normal depth expression

Q = Lan2/3s1/2
n (o)

where A and m are both f(h). This equation may be rewritten in the form

_ (aQ)? - :
Ry 0 (1)
(o]

and this boundary expression may be solved at each time step with a known Q by
the bisection technique, this technique is described later.

2.3.4 Entry Boundary Conditions, Subcritical Flow

For subecritical flow the downstream conditions do contribute to the entry flow

depth and velocity. In this case the inflow profile Q = f(t) is solved with
the C~ characteristic

Q = f(t) = VA
Vi = X4 +X3 n
Q(t) = A} (X4 + X3 hy) (32)

where suffix 1 refers to the entry boundary location and A = f(h) dependent on
the pipe cross sectional geometry.

In the form

Q(t) = £(h)(X4 + X3 hy) = O (33)
this boundary equation may be solved by the bisection technique.
2.3.5 Exit Boundary Conditions, Supercritical Flow
As the flow velocity exceeds the local wave speed the exit boundary condition
may be determined in the same manner as the upstream nodal points; namely, by
the simultaneous solution of the C* and C~ characteristics. With reference to
figure 2, both the R and S' points lie upstream of the pipe exit.
The exit condition may be included in the nodal point calculations for the

supercritical flow case, no separate exit subroutine being necessary in the
program, as equations 25 and 26 are sufficient.

12



2.3.6 Exit Boundary Conditions, Subcritical Flow

At pipe exit in the subcritical flow regime, the flow depth approaches the
critical depth value, given by zero value of equation 15:

2
._Q__3.....__... Tcrit = 1,

A
8 crit

where A and T are f(h).

This condition may be solved with the c* characteristic
Un+l = X2 - X1 hyyy

where N = N° of pipe length sections, Ax.

The boundary condition becomes
2
[(X2 = X1 hy+1) An+]” Tl -1 = 0. (34)
3
gAN+1

The solution may again be achieved by use of the bisection method with the use
of the area to depth relationship for the channel.

2.4 APPLICATION OF METHOD OF CHARACTERISTICS TO WASTE SOLID BOUNDARY,
STATIONARY CONDITION

Considering a stationary solid deposited at some point along the waste pipe,
the water depth and velocity upstream of the solid may be predicted if a suit-
able boundary equation may be written linking flow past the solid to upstream
conditions.

Figure 4 illustrates the relationship between flow past a stationary solid and
the specific energy upstream. These resulis were compiled during a Brunel Uni-
versity Drainage Research Group study of solid transport in drainage systems.

The flow past the solid (experimentally determined) may be expressed as

2
Q = 1<(h+‘2’—g-5‘:30)2 (35)

where SE = h + V2/2g, flow specicic energy and SE, 1is the flow specific energy
required for flow initiation past the solid.

Equation 35 may then be solved with the ct characteristic, of figure 5,
Vi = X2 - Xl hg

13



where Q = V1 Ap

so that

)2 2

1

2g

This expression results in a quartic in terms of depth upstream of the solid,
hy (see appendix 2). This quartic must be solved by an iterative technique as
the flow area, Ay4+], is a function of hy. The Newton Raphson method may be
employed to carry out the necessary iterative solution. Once the value of hp
has been determined, the value of Vi and cy may be determined.

As mentioned, the SE, term is the flow specific energy required to initiate flow
past the stationary solid. If the value of flow specific energy at time t Is
less than that of SE,, then the value of flow velocity at the solid at time

t + At is set equali to zero. The flow depth then comes directly from equation
25 as:

hy = X2/Xl. (36)

This implies that the flow depth upstream of the solid must rise to SE, prior
to the initation of flow past the solids This solution is set out in detail in
appendix 2, and it has been shown to be capable of simulating depth increase
upstream of a stationary solid [1].

It should be noted that the analysis above applies to both subcritical and
supercritical flow regimes, as only the ¢t characteristic is involved.

2.5 APPLICATION OF METHOD OF CHARACTERISTICS TO WASTE SOLID BOUNDARY, MOVING
CONDITION

Prior to application of the moving boundary conditions representing the solid
motion, it is necessary to determine the solid motion initiation time. This may
be accomplished by monitoring the net force acting on the solid.

2.5.1 Model of Forces Acting on the Solid
Figure 6 illustrates the forces assumed to act on the rectangular section
solid, namely, hydrostatic pressure forces, Fpj, Fp2, acting on the trailing and
leading edge projected areas, body weight force, frictional force due to wall
to body contact, Fg, and a bouyancy force, Fg, dependent on the solid position
in the flow.
The net force acting on the solid may be expressed as, figure 6,
Fpy - Fpy + mg sin® - Fg = Fpopy (37)
where Fg = f(mg cos® - Fg)
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and f is the wall to solid friction factor, its value being reduced from the
static friction coefficient to the sliding friction value if Fggpy becomes
positive.

If Fgopy > 0, then solid motion is initiated and the solid velocity at the end
of a computational time step At is given by:

Foooo= odV = gV (38)
BODY dt At
where AV = Vigpe = Ve and m = mass of body. (39)

(note values of V¢ = 0 for the first time step)

Hence, AV = V = V +AtF (40)
m

tHt t BODY *

The distance traveled by the solid in the time step may be approximated by

= + 1
XB Xo i(vt

rae TV (41)

where X, is the solid position at time t and Xg the final position at the end
of the time step.

Equations 37 to 41 apply to subsequent time steps with the mentioned
modifications to the value of wall to solid friction coefficient in equation

37. The net force on the body may become negative in subsequent time steps;
however, this represents solid deceleration and no modification to the equations
is uecessary until the predicted value of Vi 4 5t (equation 40) becomes

either zero or negative (the condition for the body coming to rest).

Figure 7 illustrates the forces assumed to act on the solide The calculation

of the buoyancy force, Fg, (equation 37) requires the solution of the body force
system. Values of Fj, Fp and Fp may be approximated Sy the hydrostatic equa-
tion; however, the force F; is not readily estimated ue to the curvature of the
solid to pipe boundaries.

Laboratory observations have shown, that the model solids, maternity pads [4],
due to their flexibility, tend to take up the shape shown in figure 7. Taking
moments about the leading edge point A, as shown in figure 7, allows F, to be
estimated.

The bouyancy force Fg may then be determined as

Fg = (F, - Fp) cosa (42)

where a is the slope of the solid surface relative to the pipe wall.

15



Figure 8 illustrates three force models investigated in this study:
Model 1 - buoyancy forces neglected, the value of Fg = 0

Model 2 - downthrust force Fp = 0. The justification for this model
comes from test observations. In the boundary equations for
the solid leading edge, i.e. downstream, the leakage flow is
assumed to take up its normal depth at once. Laboratory obser-
vations indicate a downstream transition length so that the
flow depth immediately ahead of the solid is less than that
predicted.

Model 3 - all forces shown in figure 7 included.
2.5.2 Equations Governing Flow Past the Moving Solid

It may be assumed that the relationship between specific energy and flow past
the solid may be employed in the moving solid case, provided that the absolute
fluid velocity employed in equation 35 is replaced by a relative water to solid
velocity. 'The value of SE,, the specific energy term to initfate flow past the
body, remains unchanged.

Equation 35 is therefore rewritten as

w - vB)2 2

Q = K(h+ - SEO) (43)

where Q 1s the leakage past the moving solid, because
Q = VpeA = (Vgpg - VB)A = (X2 - Xlh - Vp)A (44)

where A is the flow area upstream of the solid and V,pg 1s the fluid velocity
expressed by the Ct characteristic, figure 5.

Appendix 2 presents the full solution to this boundary condition in a general
form, applicable to both the initially stationary and moving solid.

The prediction of solid velocity allows the solid path to be drawn in the x-t
plane as shown in figure 9. The BY lines drawn in the plane are the equivalent
to the fluid characteristics; the gradient of B 1s hence given by

Figures 10 and 11 illustrate the necessary techniques to allow the solution to
proceed with a moving solid. A slightly different solution is required,
depending on whether the flow 1is subcritical or supercritical.

Figure 10 presents the subcritical case. Assume that the solid was at point C
at time t and is predicted to move to P' by time t + At. In order to calculate
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the conditions at t + At, it is necessary to set up the interpolated base values
at R and S; therefore, for conditions immediately upstream and downstream of the
solid, a new Ax grid A'P' to P'C' must be set up.

Using the position P' predicted from solid velocity, the points A' and C' are
determined. The conditions at R and S are then calculated by interpolation
(equations 16-21).

Point R may be used to yield the ct characteristic RP' that may be solved with
the solid leakage equation 43 to yield depth and flow velocity upstream of the
solid.

The conditions on the downstream face of the solid are calculated by a similar
technique applied to C'B'. The C~ characteristic is solved with the flow rate
at the solid by the technique utilized at pipe entry in subcritical flow
(equations 32-33).

Points W, X and 7, figure 10, may be dealt with by the nodal point equationms,

25 and 26, as the necessary interpolations are not affected by the presence of
the solid at P'.

Conditions at P and Y, however, cannot be readily calculated due to the Bt
characteristic. Conditions at these points, however are required as base con-
ditions for the next time step. As the Ax and At values are small, it is rea-
sonable to determine conditions at P and Y by interpolation between X and P'
and P' and Z respectively.

Figure 11 1llustrates the solution for the supercritical case. It remains
necessary to approximate conditions at P and Y and the conditions downstream of
the solid are determined by the use of equation 31 (the normal depth calculation).

2.6 SIMULATION CASES COVERED BY THE PROPOSED MODEL

Two types of solid motion must be covered by a model of the type presented.

The motion of the solid subsequent to injection into the flow with a downstream
velocity must be dealt with, as this represents the introduction of solids with
finite velocities in the drain from water closet discharge. Similarly, the
motion of a deposited solid in response to a flow must be considered, as this
covers the partial system clearance that results in any long drainage pipe
exhibiting a series of depositions along its length, each of which is moved on
slightly by each incoming flow. '

Both cases may be dealt with by the proposed model. The injection case is
covered by assuming that, at some instant of time and position, the solid
appears in the flow, moving at the local flow velocity that was calculated at
that section by the characteristics solution run up to this time with no solid
present.
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The deposited solid case, at any downstream location, is simply dealt with by
the technique described above and more fully in [1]. In this case, the solid
is assumed to he present from the first computing time step.

Similarly, the model must be capable of dealing with both subcritical and
supercritical flow regimes. The techniques for these cases have been set out;
however, care must be taken in the supercritical case.

Figure 12 illustrates the problem encountered in supercritical flow. In the
case of a statiornary, or even moving solid, the depth increase upstream of the
solid may be sufficient to produce a subcritical zone in an otherwise super-
critical flow condition. In order for the upstream supercritical flow to
become subcritical behind the solid, a depth change wave, or series of depth
change waves must be propagated upstream. If the depth change upstream of

the solid is rapid, as would happen with a rapidly increasing inflow profile,
the depth change waves propagating upstream at the wave speed Vg A/T combine
to form a steep fronted wave that moves at a velocity greater than vg A7T, and
hence the solution breaks down.

If the inflow profile is not sufficiently rapid, then the transition from
supercritical to subcritical flow may be accomodated by introducing a flow
condition check into the calculations at the stage represented by figure 2., If
the velocity at a section at time t is less than the calculated wave speed at
that section in an initially supercritical flow condition, then the flow locally
is assumed to have become subcritical and the interpolated values, (figure 2)
switch from R, S' to R and S.

The speed of propagation of a steep—fronted wave may be calculated and included
in the model in a manner similar to that described for the solid motion. Fur-
ther studies will include this facility. The test cases presented in this
report were not affected by this effect, due to the inflow profile shape and
the initial position of the solid in the pipe.
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3. CALCULATION TECHNIQUES AND PRESENTATION OF RESULTS

3.1 DETERMINATION OF NORMAL AND CRITICAL DEPTHS

The bisection method was used to solve the equation defining both critical flow
depth

X = 1-Q21/gA3
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and normal flow depth
Y = 5, - (n Q/an?/3)?
that feature as boundary conditious.

It may be assumed that both X and Y have zero values for some value of depth h
in the range 0 < h < D for the pipe case.

This initial interval, 0 < h < D is bisected and h = D/2 used to evaluate X, Y.
If the resulting values are positive, the root is less than the midpoint; then,
the upper limit is reset equal to the h value just used and the remaining
interval 0 to D/2 bisected. The process is repeated, with the upper limit
replaced until the value of X and Y become zero, i.e., the solution desired

for the critical and normal flow depths. If the X or Y value had been negative,
then the root would be greater than the trial h value; in this case the lower
1limit would be intially reset to the trial h value, D/s (D/s < h < D), and the
interval bisected to a new value of 3/4D. The process is repeated until a root
is obtained.

Due to the need to include the area depth relationship, this solution must be
undertaken by an iterative process. The time taken depends on the complexity
of the area-depth function.

3.2 NUMERICAL INTEGRATION FOR SURFACE PROFILES

The integration of the position vs depth profile

h)
2,3
L= g _L-QU/gA g

hl So - (nQAm2/3)2

h)
is achieved by means of Simpson's Rule. Let the integral X = /' F(h) dh;

hg

then, if the interval h; - hg is divided into 2 equal increments, the value of X
is given by

- 1
X = 3 dh [F(h,) + 4F(h, + dh) + F(h  + 2 dh)].
As the integration moves on, the length traversed may be accumulated as the
added interval X with the prior L, L = L + X, at the completion of each

integration.

3.3 CHOICE OF TIME STEP

Referring to figure 4, it will be seen that the time step choser must be such
that the points R and S fall within + Ax of point P. In order for this to
occur for all sections along the pipe, it follows that
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At = Ax | (35)
(V + ¢)max

This expression yields the smallest possible time step, as the maximum values
of flow velocity and wave speed at any pipe section have been used.

In order to ensure that the computation proceeds as quickly as possible, the
computer program presented calculates a new time step magnitude at each time
increment so that the time step increases when V and c decrease, but decreases
to maintain a stable solution when V and ¢ are increasing in response to an
inflow surge.

3.4 PRESENTATION OF RESULTS

The objectives of the numerical method for computation of the transport
mechanisms of solids impartially filled pipe flow were to: (a) identify the
potential application of coupling the method of characteristics solution for
the hydraulic phenomena with the solution of the equation of motion for the
solid based upon modeling the liquid/solid interface forces; and (b) highlight
any limitations inherent to the technique. The simulated pipe flow/solids
motion numerical data were developed from use of the Fortran computer program

TRANSCC, run on the NBS CBT Perkin Elmer 732 computer.

The following test cases were investigated and are reported here

(1) Solid types -— two cases represented by figure 4, 270 mm x 20 mm x 70 mm
and 270 mm x 20 mm x 35 mm with saturated weights of 250 g and 125 g

(2) Pipe gradients -- 1/40 to 1/300

(3) Inflow profile -- constant profile employed with peak flow of 4.2 /s,
overall duration 9 seconds

(4) Pipe roughness coefficient -- constant at 0.015
(5) Solid friction factors -— 0.10 sliding and 0.15 static

(6) Solid position in flush, 3 s and 4 s from flow initiation in the moving
solid insert case, at 2.7 m from entry

(7) Solid position -- 4.2 m from entry for deposited solid
(8) Force models —- three models as illustrated in Figure 8.

3.5 CHOICE OF CALCULATION CONSTANTS

In order to undertake the calculation procedure described, it is necessary to

have values of leakage constants : 1d initial specific energy for the solid.
In the simulations presented, the values of these constants are drawn from the
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results illustrated in figure 4, referring to transport tests at Brunel using
large deformable solids.

The surface to pipe wall friction factors are also required. No values are at
present available for the deformable solids tested; however, similar tests con-—
ducted in the Plumbing Research Laboratory at the National Bureau of Standards
utilizing impermeable cylindrical solids suggest values for friction factors

in the range 0.6-0.8 for the sliding and static cases. It is likely that the
deformable solids will have lower values, due to the presence of the material
saturating water that will tend to provide a degree of lubrication. All the
simulations presented were carried out with values of 0.1 sliding friction
factor and 0.15 static friction coefficient.
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4, DISCUSSION OF UNSTEADY FLOW SIMULATION RESULTS

As outlined in the introduction, the objective of the study was the development
of a technique, based on the method of characteristics, that would allow the
transport of discrete solids in partially filled pipe flow to be modeled
mathematically.

It was recognized that insufficient data on the frictional characteristics of
model solids used in laboratory test programs at Brunel and NBS were avallable
to attempt to predict actual solid transport velocity profiles. However, the
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models of the forces acting on the solid were based on current research at
Brunel and NBS, and the values of friction factors assumed were, as already
discussed, based on the best available information.

It is more important in this effort to demonstrate the ability of the analysis
techniques to yield the solid velocity and the associated flow depth and velo-
cities during the transport along the pipe. Subsequently, modifications based
upon improved force models, friction factors derived from tests and other
empirical adjustments, can be introduced to fit predicted data to experimental
results.

From the examples computed for the conditions of 3.4, it is worth noting the
form of the relationships of solid velocity to pipe length and gradients.
Figure 13 represents typical empirical results for the single maternity pad
solid tested at Brunel. This solid has dimensions 270 mm x 20 mm x 70 mm, a
saturated weight of 250 g, and a specific energy to leakage flow relationship
in a 100 mm pipe as shown in figure 4. This solid, with a half width version,
was used as a basis for the computer simulations presented.

It will be seen from figure 13 that the velocity of the solid over the major
length of the drain is governed by the Y1/G term; i.e., the square root of
distance travelled divided by pipe gradient. This effect will be studied by
plotting the computed velocity results against this term. Wherever possible,
simulations are presented at pipe slopes of 1/40 and 1/100 in order to repre-
sent both supercritical and subcritical flow regimes. 1In addition, these gradi-
ents represent the common spread of slopes employed in drainage system design.

It should also be noted that the water depth and velocity results presented
are immediately upstream and downstream of the solid, and thus refer to a
location that moves down the pipe at the solid velocity.

4.1 INFLUENCE OF BODY FORCE MODEL ON PREDICTED SOLID VELOCITY

Figure 14 illustrates the predicted solid velocity for the three force models
presented in figure 8. It was found from the values of force predicted by
these models that, for the range of model sizes simulated, the downthrust on
the leading surface of the solid materially increased the surface frictional
force. This is represented in figure 14 by the observation that at both 1/40
and 1/100 gradients, the model 3 results yielded the lowest solid velocity. As
expected, therefore, the exclusion of the downsthrust force, Fp, (figure 8)
yielded the highest solid velocity. The omission of Fp is reasonable on the
basis of laboratory observations. The water depth tends to require a trans-
ition length downstream of the solid to achieve the normal depth appropriate
to the flow past the solid. Hence, the water depth predicted by the analysis,
the effective normal depth, will be an overestimate of the depth of this
location.

Figure 14 is also based on the assumption that the solid appears in the flow
at a particular x,t coordinate traveling at local water speed. This is a
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reasonable assumption that leads inevitably to a rapid deceleration of the
solid accompanied by a buildup of water depth immediately upstream of the
solid. The adjustment to a new water—driven velocity is rapid, and any non-
realistic effects due to the insertion model are likely to decay rapidly.

All force models were used in the collection of the data presented; each figure
carries a note as to the applicable model.

4,2 INFLUENCE OF SOLID DIMENSIONS AND POSITION IN THE INFLOW PROFILE ON
PREDICTED SOLID VELOCITIES

Laboratory experiments and data analysis presented in [4] have shown that the
volume available behind a solid in the flush significantly determines 1its
transport properties.

Referring to figure 15, it will be seen that introducing the solid at 2.7 m
from entry at 4 seconds into the flush, as opposed to 3 seconds, does support
these observations. Although the predicted differences are small, they are
consistent.

Similarly, laboratory tests have shown that base area, defined in the case of

a rectangular model solid (figure 6), as thickness, t, times width, w, is a
major factor in determining transport performance. Small base area solids
(e.g., tampons or sheets of toilet tissue) travel badly when compared to larger
solids. This is due to the increased flow past the solid that reduces the
depth buildup behind the solid, and from equation 37, leads to smaller body
forces. Figure 16 clearly demonstrates this effect for both the subcritical
flow at 1/100 and the supercritical flow at 1/40.

4.3 COMPARISON OF SOLID MOTION FROM BOTH INITIAL DEPOSITION AND INSERTION AT
WATER VELOCITY MODELS

Figures 17 and 18, and 19 and 20 compare (for slopes of 1/40 and 1/100) the flow,
solid velocity, and depth changes for a solid accelerated from rest to that for
a solid assumed to enter the flow at local water speed.

A number of general observations may be made from these results that find
confirmation in previous observations of laboratory tests:

(1) At both pipe gradients, the maximum depth upstream of the solid occurs in
the acceleration from rest case.

(2) Perhaps more surprisingly, the maximum depth occurs in both test cases in
the steeper pipe. This is a direct result of the application of
equation 36.

In the supercritical flow at slope 1/40, the velocity term is greater than
at 1/100, and consequently, the flow depth is less. Thus the "destruction'
of the flow momentum by the partial blockage formed by the solid results
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in a greater depth change in the steeper pipe. Similarly, this enhanced
depth change leads to a higher force acting on the solid and results in
the earlier motion of the solid in the 1/40 pipe case. Figure 17 indi-
cates solid motion at 1.4 s for 1/40 and 4.2 s at 1/100 pipe gradients.

(3) Both the depth upstream of the solid as it moves along the pipe and the
assocliated solid and water velocities display oscillations. This is
entirely attributable to the choice of time step, and the fact that the
simulation equations 40, 41 are only first approximations; no return
iterative technique has been introduced. Subsequent time steps may then
underestimate the solid velocity. These oscillations are reflected in
the water depth upstream of the solid. This link between upstream depth
and solid velocity is clearly demonstrated in figure 18 by the sharp dip
motion at t = 1.4 seconds. All simulations involved a grid length of
15/50 m, time step dependent on wavespeed.

4.4 COMPARISON OF PREDICTED SOLID VELOCITIES TO EMPIRICAL RELATIONSHIPS

Figure 13 indicated that solid velocity is dependent on the experimentally
derived group YL/G,

Vg = C; - C YL/G ,
where C) and Cy are experimentally measured.

Figures 21 and 22 present simulated solid velocity results plotted against the
/LEG term for two force models and pipe slopes from 1/40 to 1/300.

The results indicate that the solid velocity in each case is linearly degendent
on /L over the ma jor portion of the pipe length. The dependence on c-1/ is
not clearly defined by the results; however, it is clear that a pipe gradient
term is present and would have an index greater than 0.5. Alternatively, and
more probably, the deviation is due to factors not yet included in the force
models, for example, the surface to water shear force arising from the water
flow over the solid has not been included, as the surface shear stress is
unknown. However, the results are encouraging in that the general form of
the predicted solid velocity curves approximates the observed laboratory
results. This also indicates that the force models employed were reasonable,
as well as the values of surface to wall friction coefficients assumed.

The forces acting on the solid have not been presented in graphical form, as
they were generally found to remain roughly constant during any simulation,
although exhibiting the oscillations mentioned previously. Typical values for
the zero downthrust model, figure 14, at 1/40 were -0.2 N during the initial
deceleration, falling to -0.01 N during the subsequent motion. At 1/100 the
comparable values were in the range -0.2 N initially, falling to around -0.02 N,
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4.5 LIMITATIONS TO THE SIMULATION

As fully discussed in [2], the method of characteristics solution requires an
initial flow in the pipe that continues beyond the termination of any inflow
profile. This effectively means that a siwulated solid will achieve a ter-
minal velocity in the pipe, or alternatively, will be deposited and moved on
continuously as the residual flow acts to increase upstream depth. This effect
is not readily epparent from the results presented due to both the relatively
short pipe length, 15 m, and curtailed run duration of 30 seconds. For the
purpose of investigating the force model to be used, this limitation is not

ma jor and, indeed, could be duplicated in any parallel experimental work.
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5. CONCLUSIONS AND FURTHER WORK

The objective of this study was the evaluation of the coupling of the method

of characteristics with the equation of motion of a solid based upon an assumed
force model to provide a numerical analysis bhase for modelling the transport

of discrete solids in partially filled pipe flow.

The results presented show that the method is applicable, and that the motion of
the solid may be satisfactorily tracked through an x-t grid representing the
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pipe by introducing a solid characteristic whose slope in the plane is governed
by the forces acting on the solid.

A wide range of simulations in both subcritical and supercritical flow
regimes yielded solid velocity results that were compatible with laboratory
observations.

Further work 1s required to establish the true values of the solid sliding
friction coefficient, with further study of the force models to be used as the
moving solid boundary condition. Similarly, the specific energy vs. relative
flow rate over the solid requives further investigation to extend the range of
solid geometry available at present.
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Figure 7. Calculation of buoyancy forces
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APPENDIX I

Program TRANSCD

55



Program TRANSCD

Thic appendix presents a complete print out of this program, written in Fortran,
a flow chart, and sample input data. The program was run on the NBS Center for
Building Technology Perkin Elmer 732 computer.

The program accepts data in SI units with the exception of the inflow profile,
which is read in as litres/second and corrected to m3/s within the program.

The program is written in terms of a series of subroutines that deal with
specific aspects of the numerical solution presented in the report. In order
to aid the understanding of the program, each subroutine is discussed individu-
ally, with the calculation methods outlined in each case. The titles used
refer to the program printout included in this appendix.

Note that the notation employed in this appendix in describing the various
subroutines is compatible with that used in the main report and not the program
notation, although in most cases the variation is small.

The program as written applies only to simple straight pipes with choice of
constant gradient, diameter and roughness; however, these subroutines can
obviously be utilized in the modelling of more complex pipe networks in
future programs.

Subroutine TIMINC

This subroutine determines the maximum values of wave speed and velocity at
any section along the pipe at each time step. This ensures that the next time
increment

At = __bx
(V + ¢)

is always sufficiently small to ensure a stable solution. This effectively
removes the need for a time step factor, but this is retained in the program
and normally set to unity.

Subroutine LOSS

This subrutine calculates the equivalent steady flow friction loss over each
pipe section by means of the Manning equation, defined as

S = V |V| n2/m4/3.

Note the use of V times absolute value of V to ensure that frictional forces
always oppose the local flow direction.
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Subroutine DEPTH

This subroutine is only called at the initial time zero to calculate the normal
and critical depths based on the initial assumed flow. The values of h. and h,
are then used to guide the solution whenever a subcritical or supercritical
flow calculation choice arises.

Subroutine INFLOW

This subroutine calculates the inflow to the pipe at any time during the
simulation, based on linear interpolation between successive pairs of Q, T
coordinates.

Subroutine SHAPE

This subroutine calculates flow surface width, T, area A, and wetted perimeter
depth.

It is also used, at the initial time zero, to calculate the terms necessary to
provide the subcritical water surface profile.

It should be noted that this subroutine could be rewritten for any other pipe
cross sectional shape and that the program in general is not restricted to
circular cross section pipes. SHAPE 1is called from many of the other
subroutines.

Subroutine WAVSPD

In this subroutine, the local wavespeed is simply based on

c = [EA
T
and utilizes SHAPE.

Subroutine PROFIL

This subroutine is only fully employed if the initial flow is shown to be
subcritical as a result of the normal and critical depths calculated via
DEPTH.

The water surface profile is calculated from an assumed critical depth at

pipe exit by means of the techniques described in the report. The calculation
utilizes SHAPE. If the flow is supercritical, then PROFIL sets all depths
equal to the normal flow depth.
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Subroutine INTER

This subroutine carries out the necessary interpolations to fix conditions at
points R and S in subcritical flow and R and S' in supercritical flow
(figure 4).

Subroutine ENTRY

This subroutine deals with the flow depth, velocity and wave speed at the
upstream boundary. The inflow at any time is calculated from INFLOW and this
flow rate is then employed, in the subcritical case, in conjunction with the
appropriate C~ characteristic to yield the required parameter values referred
to in figure 5.

In the supercrititcal flow case, identified in terms of the initial flow normal
to critical flow depth comparison, the inflow curve is solved in conjunction
with the normal depth relationship as the downstream conditions, represented
by the C~ characteristic previously employed, can no longer effect conditions
at pipe entry.

Subroutine NODAL
This subroutine solves the C* and C~ characteristics at all internal pipe
sections between x = Ax and x = L - Ax (figure 4) for both subcritical and

supercritical flow.

In addition for supercritical flow, it also calculates the flow exit condition,
which is based solely on upstream conditions.

Subroutine EXIT
This subroutine is only utilized for the subcritical flow case. The exit

boundary conditions are determined by solution of the appropriate ct charac-
teristic (figure 4) with the critical depth expression

T 1 2 9

and Q = VA = A(X2 - Xlh).

As this 1s effectively a loss coefficient concentrated at pipe exit, the
boundary equation must be solved in the form

alelT -1 = o
g A3

or (X2 - X1h) |(X2 - X1h)| L= = 1
g A
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where | | indicate the absolute value of the term enclosed.

The solution is performed by means of the bisection technique described in the
main text.

Subroutine ASSIGN

This subroutine reassigns the values calculated at the end of a time step,
points P in figure 4 to allow the calculation procedures to move on one time
increment. This is necessary to avoid program storage space problems.

Subroutine INSERT

This subroutine ensures that the solid upstream water velocity, depth, and wave
speed are equated to those calculated at the insertion time and pipe section
preset in the input data. The solid velocity is set equal to the fluid velo-
city at this stage. INSERT is only called once; at subsequent time steps,
subroutine SOLID calculates the conditions at the solid.

Subroutine SOLID

This subroutine calculates the water velocity and depth upstream of the solid
by means of the specific energy vs. relative flow rate boundary equation. The
flow conditions downstream of the solid are determined in the same manner as
ENTRY, dependent on flow regime.

Subroutine FORCE

This subroutine calculates the force acting on the solid. Initially it
determines the inception of motion by monitoring the force acting on the solid.
Various force models may be investigated by modifying this routine.

FLOW CHART PROGRAM TRANSCD
Set up initial conditionms.
Time = 0

Read pipe data - Line 1 data table

Read calculation data - Line 2 data table

Read inflow profile - Lines 3-8 in example data

Read solid position - Line 9 in example data

Read solid dimensions - Line 10 in example data

Read specific energy to flow over solid coefficients - Line 11 in example data
Read force model indicators and friction coefficients = Line 12 in example data

Adjust inflow rate from £/s to m3/8 solid dimensions from mm to m solid
saturated weight from g to kg.
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Calculation of initial steady conditions at time zero.

CALL DEPTH - Calculation of normal and critical depths at initial flow.

he < hy hy < he

Subcritical flow Supercritical flow

CALL PROFIL - calculate CALL PROFIL - set all depths
water surface profile and to normal value.

interpolate for section

depths.

CALL ASSIGN - set up base arrays H, V, C
CALL TIMINC - identify maximum V, C to yield stable time step.
A» = PL/N
At = A”/(V + C)max
Output - Initial conditions and pipe description
- Solid dimensions and model indicators
- Depth, velocity, wavespeed at each increment if N < 10,
at 1/10 pipe length points if N > 10 and a multiple of 10
A - Update time and commence unsteady flow simulation.
CALL TIMINC - Identify new time step based on (V, C)pix
Check Time vs. TMAX
Time < TMAX Time > TMAX
Go to B Go to G

B - Unsteady flow calculations.

CALL INFLOW - Calculate pipe inflow rate from data profile.

CALL INTER - Interpolate to obtain base conditions HR, HS or HS' etc.
Contains choices based on flow regime and presence of the
solid beween any two computing points.

CALL LOSS = Calculation of equivalent steady flow loss terms, SR, SS.

CALL ENTRY - Solves upstream boundary condition for either sub or super-
critical flow.

CALL NODAL - Solves CYC™ characteristics based on output of INTER and LOSS.

Omits the two nodes bracketting a moving solid and the intial
location node of a stationary solid. In supercritical flow,
NODAL also provides exit conditions.
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For subcritical flow only, CALL EXIT - exit depth based on critical depth at
pipe discharges.

Check solid model being simulated:

Injected solid, time < injection time, Go to C
Injected solid, time > injection time, on the first occasion, Go to D

Initially stationary solid, Go to E
Injected solid, time > injection time, following first occasion, Go to E

D - CALL INSERT - assigns water velocity at solid entry station and time
to be solid velocity.

Go to C

E - CALL SOLID - calculate conditions on upstream and downstream solid faces.
Downstream velocity given by same technique as ENTRY dependnet on flow
regime.

Go to C

C - CALL ASSIGN - sets up bhase arrays for next time step.
Output of simulation results.

Velocity, depth, flow and wavespread at solid and at 2 points each 1/10
plpe length upstream and downstream of the moving solid.
Solid velocity and body forces.
Solid position.
Check presence of solid, no solid Go to B, solid present Go to F.

F - CALL FORCE - calculation of forces acting on solid over next time step.
Calculation of solid position and velocity at end of next time step.

Check solid still in pipe at end of next time step:

Solid position > pipe length, set solid indicators to no solid and continue
calculation to TMAX, Go to B.

G - Program terminates.
SAMPLE INPUT DATA, PROGRAM TRANSCD.
Line 1.

Pipe diameter, Manning coeff., slope, length.
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Format 4F10.4.

yvvy -.1000 vvvv 0,0150 vvvv 0.0100 vvvv 15,0000

Line 2.

N® calculation steps, Run time, Time step factor. (Note, N° calculation
sections < 10 or multiple of 10 to match output format, time step factor,
normally set = 1,)

Format 13, 2Fl10.4

v 50 vvv 30,0000 vvVV 1,000

Line 3.

N°® pairs of coordinates on inflow-time curve.

Format I3

v 5

Line 4 to 8 (note actual number depends on Line 3).

Inflwo QIN or time TIN

Format 2F10.4

vvvyv 0,2000 Vvvv 0,0000

Vvvvy 4,2000 vVvVVv 1.0000

Vvyvy 1,2000 VVVV 4,5000

vyvv 0.2000 VVVvY 9,.5000

Yvvy 0,2000 VvV 50,0000

Line 9.

Solid initial position in pipe, must be at a section not an intermediate
location. Anplies to both initially stationary and injected models.

Format 13

v 10
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Line 10.

Solid dimensions, length, width, thickness, saturated weight.
Format 4F10.4

vV 270.0000 VvV 70.0000 vvvv 20,0000 vv 250,0000,

Line 11.

Solid minimum specific energy to allow bypass flow, Specific energy vs. Q
coefficient.

Format 2F10.4

vyvyvy 0.0200 VvVvV 0.6000

Line 12.

Buoyancy force indicator, O. force omitted, 1. force included. Downthrust
force indicator, 0. force omitted, 1. force included. Solid surface shear
stress, set 0., Sliding friction factor, static friction coefficient.
Format 5F10.4

vvvv 1,0000 vvvy 0.0000 vvvv 0,0000 vvvVv 0,1000 vvVvv 0.1500

Line 13,

Solid insertion time, zero for stationary solid. Solid insertion model
indicator, zero for stationary solid, > O for moving solid.

Format F10.4 I3

VVVvV 4,0000 VV 4

Units = SI units used in data field except for inflow QIN in &s, converted to
m3/s in program. Outut in S.I., except flow rate in £s. Solid dimensions
and saturated weight read in mm and g, converted to m and kg in program.
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$BATCH

TRANSC ARE A SERIES OF PROCRARS CESISNED TO APPLY THE METHOD OF
CHARACTERISTYCICS SOLUTION TO VTHE COQUATIONS DEFINING

UNSTEADY FLOW IN PARTIALLY FILLED CMANNELS.

OO0

ODINENSION QP(61)o,0IN(30)oTINCI0)VPCOLI NP LOL)LPLOL)
DIMENSION Y(6l) oMt oOL)

DIMENSION VREG1DoHRISLDIoCREOLDoVSEOTDoHSEO1),CSEHLD55(0L)
DIMENSION SRIG1IIXRIGDIXSEOL Do XNINL) ,ClOLY
CORMDN/CNI/ZLTOUTsOXoDeSOsPLSEOXNKoRN

CONMON/CNZ/0, TRAX

COMMON/CHI/NP TS 9QINGTIN
COMMON/CMA/VoetHoCoVRIHR sCR o XRoSPoVS oMS o CS9 XS 9SSe XN
COMMON/CNS 71C o KN

COMMONK/CML/OP o VP oHP oL P

COMMON/CHT/TL

COMMON/CRE /7 INSOLoNSOL L oNSOL
COMMON/CRS/SOLVEL oHNS o VDSsCUSeHPLSeYPOSL(CPDS
COMMON/CRIC/XPCS XSNL o VPSOL o VSCLAOPSUL 9tHUS9YUS9CUSIHPUSyVPUSHCPUS
COMNON/CPLIL/TLoTu TT,SW
COMMON/CHMIZ2/XFAC2¢XFAC s TAUGFREVFSTAT

OO

SET INITIAL CONCITINNS
TInE=Q,.0
YPSOL =0.0
c READ PIPE CESCKIPTIIN DATa
READ( 4410C )0 4RFySO0O.
c 0-DIA, PH=PFPANNING ZNEFF, SO=PIFEt SLOPE, PL=PIPF LENGIN
100 FORMAT(4F1Cea)
c READ CALCLLAYION DATA
READ(A4103DIM,TPAX, TFAC
IFINGLELLU) N2=]
IFINSGTL1C) N2eN/LD
N2 INCREMENT BETW "N OUTPLY NCLESeALLONS MO THan QU
CALCULATICN NCCES T? BE USEC.
N=-NUMBER OF PIPE SECTIINS CCNSICERPSD, TMAx-OukATIO% UF CaLC.
TFAC-TINE STEF FAZTN2y1-1C,
03 FORMAT(I342F1C.4)
RcAD INFLCY LATA PINFILF, INFLLKW PRTFILE USE) IS BASEL M
A LINEAP INTERPGLATI )N RETWELA TrFSE DATA POINTS. NOIt N8 TA
READ IN IN L/S GUT USED IN FEDCHAN [ ¢ neos/S,
READ( 44102):7 TS
102 FORRMAT(13)
00 50 1=l NPTS
READ(4.104)01INML]),VINCLEY

(2 Xa oK NalaNalal

104 FORMAT(2F10CcA)
QINCE)=0INL]) /10000
50 CONT INUE
C READ SOLIC CESCPIPTIVE DATRe WSOL-INITEAL POSITIULNSG
c TL=LENCTH o T o= OTHeTT=THICKNE SSeSW=SATURLTED nuTay
c SEO-SPECIFIC ENEESY QCSUIPEL TC INITLAY. FLIa PANT
c SOLID o XK=FL T TH SO CRFIC ENLFCY CNEFEo 2T SP
C VALUSS ABCVE SEO
C TAU=SOLEID SUKFACE COUFF OF SHEAboFMuV=SLIUINS SGLID
c O PLPEF wall FRICYION COUT6 o0 5V2T=-STATIL >JLi0 Tu
(4 PIPE MALL FRICTICN CuiFF,
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SOLTIN-TIPF FOSITION OF SCLID IN INFLOW PROFILELNOTE
ZERD VYALUE 1:'DICATES STATICNAKY IN PIPE AT DESIGNATED
SECTION NSO INSCL=INDICATECR OF SOLID VELOCITYLCT.0
ENDICATES THAT FLNY VELOCITY AT SECTICN NMSOL IS ASSURED
AS CALCULATIUN START POINTY,
READCA,102) NSOL
IF (NSOL.E0.0)GCOTO 729
READLA4:100) TLoTHeTToSW
READ(4,104) SEOQ. XK
READIAJ109)XFACIXFACZ s TAUSFMOV4FSTAT
109 FORMAT(SF1U.4)

READ(4,105)SOLTIN.INSOL
105 FORMATLF10.4413)
729 CONTINUE
NSOL A =NSOL
IFCINSOL.GT.0) NSOL=)

AOOOON

CALCULATION OF INITIAL CONCITIONS ALONGC THE PIPE
BASED ON GRALUALLY VARIED FLOV EQUATIUNS. THE
TERMINAL CONMUITIONS IN THE PIPE ARF dAS{L ON
CRITICAL DEPTH AT PIPt EXIT,

CALL DEPTHITINME)

CALL PROFJILI(GINCEL) oH4oHC o XN)

CALL ASSIGN{(N)

IFCTVIMELLESULTIRCAND QINSCLCTLC) VSUL=VINSOL)
c CALCULATION OF TIME STEP ANC LENOTH SECTION,
CALL TIMINCU(N,VPCP,VN,CN)

DX=PL/FLOAT(N)

DT=DX/(TFACSICNeVN))

0T0=DT

AOOOOOOOOHOD

(o X a)

CALCULATION CF SOLID INITIAL POSITION
IFINSOL1.GT.C) XSOL=OXOFLLAT(NSLLL-1)
IFENSOL1.0TeG) XPUS=OXOFLCAT(NSCLL-1)

OO0

OUTPUT TEST DESCPRIPTION PLUS INITIAL CONDITIUNS.
WRITE(3,202)0¢RM9STePL
202 FORMATC(IHL 3/10Xo°TEST PIPE CONFIGUCATION:=®,
F10Xo COIARETER = ®oFl0o4¢® Mo%,
LOXo * MANNING COLFFICIENT:*3F 1Ceqw- . ‘e
/710Xy *PIPE SLTFEL = *4F10.4,° PIPE LENGTH = ¢,
Fl0.44® N.%477)
BFCHC cGT . HN) NWRITE €3,200)HN1C
TFGHC oLEchN) WAITE(3,20100M4HC .
200 FORMATCLOX o%FHLOW SUPERCRITVICALy %o ®NURMAL DEPTH = ®of10.4,
1 % Me®o® AND CRITICAL DEPTIH = ®oF10.44° Mo ®y//)
201 FORMAT (10X o *FLCH SUACRITICALy °*o°NNRMAL DEPTH = o,
1 F10.44° Ao AND CRITICAL OEPTH = *Flu.4,° M,%,//)
QIN(L1)=QIN(1)®100GI 0
WRITE (34203)UINIL) ¢HN,CN
QIN(AI=0INE1)/1000,.0
203 FORMATU(IOX o INITIAL FLOW KATL = *gFl0.44° L/%.%
L ® INITIAL DEPTh = *oF10.49° Ra®
2 ° INIVIAL MAVE SPESD = ®3F10.49° M/S.%4/)
Nl=Ne]

"o pd s oo
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204

220

221

222

27

223

730

205
205
307
207
208

733

305

734

600

& v

N

WRITEC(34200 L ToOXoMLe TFAC
FOPMAY(L0Y o *CALCULATICN TIME STEP = *oFl10.44" So'
SLENGTH IMCREHENT = ®oF10.40° Me®¢® NUMBER OF MODES = °o13,
¢ TVFAC =°9F5.24/)

IFI(NSOL1.EQ.0) GOTO 730
MRITE(3,220)
FORMATI(LI0OXo*SCILID DESCRIPTION DATA.% 7)Y
MRITE(3221)TLoTUHo T, SHeNSCLLeXSOL
FORMATI(LO0X g *LENGTH = oF 7420 MPo®e® WIDTH =°,F7.2
® MM.®9® THICKMNESS =°oF7.2+° ﬂﬂ.'o'ISAIURAIED Hy, =%,
F7e2¢° CGR,%04/s
10X9°SOLID POSITION, SECTION NUMBER =°,]13,
® DISTANCE FROM ENTRY =°,F2,3,° Me%e/)
WRITE(39222)FSTAT<FMHOV,TAV
FORMAT(/L0X o*STATIC FRICTION FACIOR = ®,Fb.3s
4 SLIDING FRICTION FACTOP = ®,F6.3
£910Xo*°SOLID SURFACF SHEAWF CUEFFe = *oFP.44/)
MRITEC(34271)XFACIXFAC2 '
FORMAT(10Xs ®*ECUYANCY FACTCR XFAC = ®3F5.2,4/

910X+ *DOWNTHKUST FACTOR XFAC2 = *¢F5%.247)
IF(SOLTIN.GT.Ca0) WRITE(39223)SCLYIN
FORMAT(/1CXo*SOLID PISITIGN IN IMLOW PKUFIL: = ¢,
F6e2+° SECONUS FROM FLOW INCLPTILN.®47/)
TL=TL/100C.C
TH=TR/1000.C
TT=T7/1000.C

SW=SH/1000.C
CONTINUE
OUTPUT TESY SIPULATIUN RESULTS.

IF(NSOL.GT.O0) GOTJ 733
WRITEC34209)(XKLI) ol=];14N2)
FORMATL/1EY 9® POSITIIN FROP ®9/913Xe® ENTRY RMo®gehodlliTese/)
MRITE (34206 )TIMEQIMPIID)olx1lgNloho)
FORMAT(Z2X9®TIPE = ®oFbe29® Se®o® DFPTH s 724 A=4ilF7.4)
WRITE(D0207)UVPULID oI mdloNLyNZ)
MRITE(393CT7I(CPUI)osTI=14N1ghs)
FORMAT(18Xe® FLOW ATE L/S='411F72.4)
WRITEC(3920ED(CFLU1)ol=224NlgNZ)
FORMAT(168Xe® VELOCITY ¢#/S=',11Fi.%)
FORMAT(18Xxs® WAVE SPD, M/S=',11F7.44/)

w0TO 734

CCNTINUE

N3=NSOL-2¢N2

N4=NSOL=-I.¢

N5aNSOLeN2

NO6=NS(OLe28N2

IFC(N3.LE.O0) N3=NSOL-?

IF(NALE.O) NaeNSOL-1

WRITE(3,30%) VSOL

FORMATU/54X o SOLID PISITICN®y 754X, *SOLID VELLCITY o/,

SQX.' - ."603'. ”IS.‘. .

MRITECI 0205 IXN(L o XNINIDoYNINGD o XSOL o XSOL o XNINS )y XNINGD 9a ¥INL)
WRITE (34206 TINME 9HPCL) osHPIN3) o HP(NG) JHPUS +HPUSohP (NS) 4HP (NOL)
HPIN1)
MRITE(34207DVP(L)eVPINIDISVPINGADgVPUSGVPUSsVPINE) qVPINOD)oVPINL)
dRITECI¢I07ICF (1) 9QPUNIY qCPENG) qCPSOLQPSULLwOP (NS ) yUPINKD 9 IP(NY)
WRITEC(33206DCPUL)oCPINI)qCFING)o(PUSGCPTSoCPINS)GCPINULIGLPINLY
CONT] NUE

UPDATE TIME 4NC CHECK CALCULATICN LENGTN.
CONT I NUF
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$01 CONTINUE
CALL TEFRINCIN VP CPoVN.CN)
OT=DX/7CTFACOICNOVND)
0T0=07
TINEeT INE DY

SFCTINE .GT.THAX) COTD 500

AOOOHOMNN

“SET UP CALCULATIONS FOR THIS VIRE SVEP.
OTRAT=DNT/DTO
YSOL=VPSUL
IF(DTRAT.LT.0.06) GOYO 500
CALL INFLOW(T IMELQ)
J1i=1
CALL INTER(IN)
J1=2
CALL LOSSUVRo VS oHP oHS gN9SKksSSokP)
Jl=3
CALL ENTkY(TINE)
Jl=4
CALL NODAL (N)
BFCTINEGESULTIM.ANDGNSOL oGToC) CALL SOLID(TIME)
TRUTIME «GTaSOULTIMAANDQINSLLCToC) CALL INSERT(XNyTInNL)
FFOTINE oGE e SCLTIMGAND o NSOL &CT () XPCS=xSULL
Jl=5
IFIHENGCTHC)ICALL SXITLYIAL)
IFIDT.LT.CTC) GOTD 490
DT=0T0
Jl=6
CALL ASSIGAMIN)
TFUTIME oGE o SCLTIM AN) A NSOLSCTC) CAL. FURCE(TIME ) XNoFSUL)D
IFI(NSOL.GTLC) GCTI 731
Jl=?
787 CONTINUE
HRITE(3420EITIMESIHP( T ) ol=sdgNLoe)
HRITECIG2CTIIVPII) olsLgNLlgNg)
MRITE(343C7)(CFiL)olaloNLlgN2)
HRITEU(342CENICFII)oT=loNloN2)
GOTO 5C1
M CONTINUE
N3=NSOL=¢®NZ
NA=NSOL-NZ
JNOBNSOL eNg
NO=NSOL ¢2 8K2
JF(NO.GCEN]) NS5=NSOLe ]
LIF(NG.CGEN1) NE=NSILe2
FFINSOL .GEoN=-1) NSOL=0
LFIN3LEC) Na=NSOL=-]
BFEN3ILLELO) M3I=NSOL=-2
JFINSOL .EC.0) WRITFE(39224)
224 FORMATU//7/730%o°SULTN WITHIN « SECTIONS OF PlPe DISCHARGE. ®9/
1 30%s°SOLIC ASSUMED T) CLEAF PLFE oCALCULATION TERMINATE (9 SULUTIUN®
2 9/30X s *CUNTINUES WITH SOLID FREF PIP: FLum.*y/77)
FFANSOL L QaCIUWRITC (92050 XN D oI NINS ) RNING) o XPULSY YPUSeXNINS)
1 XNENDD) o XNIN])
IF(NSOL.EOL.C) GOTID 787
WMRITVE(3030E) SOLVEL
309 FORMAT (/75424 SULIED VELNCITY ' 4/%42,® = %4F0.34° M/5%)
‘BRIVSOULCTLCa0) COTO 577
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577
578

500

OOOOOD

(o NaNaNal

OOOOOOOOHO

OO0

1

GOT0 578

CONTINUE
WRITEC392C5IXNELDo XNENDD oXN(HAD o XPOS o XPOS o XNINS )y XNINGD o XNENL)
CONTINUE

WRITECI 200D TINMEHPILD JHPENI Do HPINQA Do HPUS s HPDS o HP (NSIo HP(NG ),
HP (N1 )
WRITEC3,207IVPIRIVPIND) JVPINA D oVPUSSYPLSoVPINS)oVPINLY oVPINL)
WRITEC3930200P (1)oQPININeQPINAI9CPSOLeNFPSOLGQPINS) oOPINGD 9 QPINL)
WRITECI42CBICPERIsCPUINIY oCPINAD oLPUSoCPDSHCPINS)oCPIMED 4CPINL)
6070 501 )
CONTINUE

END

SUBROUTINE TIMINCI(M,VPoCPoeVN,CND

COMMUON/Cr8/1I0SCL NSOLL¢NSOL
COMMON/CMO/SOLVELsHDS o VDS +COSoHPLS «VPDSHCPDS
COMMON/CRLIC/XPOSeXSOL VPSGLoVSCL s0PSIL 9y HUS o VUSsCUS s HPUS s VPUS,CPUS
THIS SUSRCUTINE JDENTIFIES THE HIGHEST waVE SPEED
AND THE HIGHE ST AVFIAGE FLCW VELLCITY IN

THE SIMULATEL FLOW IN ORDER TO ENSUMZ THAT Tnt TI=E STEP
CHONSEN |S THE SMALLEST, HENLE ENSURING STABILITY.
DIMENSION VFe6l)e CP(OL])

CN=0.0

DU 1 I=]l,Ne]

IFCI.EQ.NSCL)GCTO 1

IFLCPLI).CELCN) CN=CP(])

CONTI NUE

VYN=0,0

D0 2 I=1yN¢

IFCI.EQ.NSCL) GOTD 2

IFCVP(I)oCELVND UNSVP (])

CONTINUF

IFICPUSGCT.CN) CN=CPUS

IF(CPDS.CT.CN) CH=CPDS

IF(YPUS.GCT.VN) VP VOUS

IFC(VPDS.GT.VN) VYNsVPOS

RE TURN

END

SUBROUTINE LOSSIVR, V3 gHRyHSsN9SKkySSen)

DIMENSION VFCOL1)oVSCOL)gHRUCL) o+SIHLD 3SR(BLD5S(OL)
COMMON/CHS /HC ol

THIS SUBRQUTINE CALCULATES THE EOQUIVALENT STEADY STATE
LOSS BASEL ON THE SMANNING CCLFFICIENG.

DO 1 l=2,N¢)

CALL SHAPE(TIMEHRUT) oAoToPER)D

SRUIN=C(VFUI) CABSIVRIT)IOFEPree2))/(A/PEF)E®],.33)
CONTINUE

NI =N

NY=]
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OO0 O00OOO0O OO0 OO0 N

&, W

OO OOOMNMOOHONHO

JFCHNLEL,HC) NY=2

I'INN.LE.NC) NZ=Nel

00 2 IeNY N2

CALL SHAPECTINME HS (LD oAsToPER)
SSUI)=QEVSIL)GABSIVSILIDI®RNGO2))/CA/PERDI®®] .33
CONTINUE

RETURN

END

SUBROUTINE OEPTHITINE)

THIS SUBROUTINE USES A SECTION GF ENTRY TO CALCULATe NORMAL
AND CRITICAL FLOW DEPTMS.

DINENSION CINC3C)TINIIO)

COMMON/CH3 /NP TS s0INGTIN

COMMON/CHE/HC o 4N

CALL ENTRY(TInME)

RE TURN

END

SUBROUTINE INFLUWN(TIA4%,0AV)

THIS SUBRGUTINE CALCULATeS INFLCP 2ATES AT PIPE ¢ NTRY RASCD
ON THE ENTEY FLCOW PRGFILE LATA. NITE THAT TH: O LALCULLAT
IS AN AVEKAGE VALYS FOR THIS TIME ST:-P,

CIMENSION O(30)4TCIN) QX (3C)
COMMUN/CPL/ETOWLToDXeDsSOsPLSECyYgxm

COMMON/CH3/MP TS0, T

T1=TINnE

TO=TINE-DT

J=1

TX=T1

DO 3 I=14NFT15-1

IFOTXaGE aTCI)aANLUa TY LT TUIO1)) (LOT" &

CONT]NUE

AX(J)=QUI) el QUIel)=CI NI (TX=TAIII/(T(]el)=T(]1))

QAV=0X(])

RE TURN

END

SUBROUTINE SHAPE(TIME ¢HeAoToPEP)

DIMENSION CIN(30),TINEIO)
COMNON/CRY/DTGoLT DX oD oSCePLOSEL o XK g

COMMDN/CHI/NF TS4QINGTIN

COommon/Cn7/CL

THIS SUCRCUTINE CALCJULATLS FLOW ARFLLSURFACSE wIUTH ANL
WETTED PURIMLTER BASED ON FLAW LePTH
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(s N aNal OOOOOO

o0 (2 N NaX gl

THIS SURROUTINE ALSD CALCULATES WATER SURFACE PPOFILE
AND SETS UP PBASE CONOITIONS ALONG THE PIPE AT TInE ZERO.
R=0/2.0

Pi=3.142

JFH L T.RITHETAC2, OCATANCSCRY(HO(D=HI ) /LR-H))
IF(H.EQ.RITHETA=PL

IFCHGT . RITHETASPL 02, OCATANCEH=R)I/ (SAIRTLH® (D=H)) D)
A=(ID®02)/8.0)0CTHETA-SINCTHETA))

PER=D®THETA/2.0

Fa2.00( (HO(D-1) )000,.5)

JFITINE.CT.0.0) €QTO 2

0=0IN(1)

G=9%.81

CON=RNe¢2/S0

HCRIT=1.0-(Qe¢02)0T/(50A003)

HNORM=1,0-(00¢2)8CIN/ ((A®43,.333)1/IPER®*]1.3133))
DL=HCRIT/(HNORF®SO)

CONTINUE

RETURN

END

SUBROVYTINE WwAVSPD(MsC)

THIS SUBKCUTINE CALCULATES WAVE SPFED SASED UN DEPTH ANU CROSS
SECTION SHAPE.

CALL SHAPEU(TIME sho AREAZTHPER)

C=SQRT (9. L1$AFEA/T)

RETURN

END

SUBROUTINE PROFILEQoHNoHCoXN)

THIS SUBKCUTINE CALCJLATES ThE INITIAL WATER SUKF ACE
PKOFILE BASED ON CRITICAL CEPTF AT PIPE cXIT.
DIMENSION HPLEL1DsVPIAL)GPLEL)4CPLBL)D

OIMENSION X(30)9sDFO(300)4xN(EL)

DIMENSTON X1€30C)NE®L(30)
COMMON/CRLI/CTCo0T 9 IX908SOsPLSECyXKer™
CONMCN/Crc /Ny THAX

CONMMON/CHE /OP oVP o4P P

COMMON/ZCRZ/LL

COMMNON/CHE/ INSOL 9N SOL L ¢ NSCL
COMMUN/CHO/SCLVEL 9405 o VDS 4COSoHPLSoVPUSHLPDS
COMMON/CAHIO/XPOSoXSOL o VPSLLoVSOL 9OPSUL W HUSsVUSeCUSIHPUSYPUSH(PUS

IF(MN.LEHC) GOYO 99D

DH= (HN=-HC)/730.0

1S=1

H1l=HC

CALL SHAPE(TIME+ML4A4T4PER)
X(1)=PL

DEP(1)=HC

SL«0.0

WATER SURFACE PROF ILE CALCULATICINS.
00 80 J=1,2C0y2

15=1$¢1
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H2=HCeONOFLOAT(101)
H3=HC¢DHOFLOAT ()

CALL SHAPEC(TINE oML oAs ToPER)
OLA=DL

CALL SHAPEITIMEM244, ToPER)
0L 2=DL

CALL SHAPECTINME MY oA, T,PER)
OL3=0L
OXP=DH®(DLYDL2¢4,00IL32/3,0
SL=SL-DXP

‘HleH2

JFC(SL.GE.PL) GCTO 81
X(1S)=PL-SL

IFtM1.CE.HN) GOTO 83

DEP(IS)aH]
8o CONTINUE
el X({13)=0.0
NIS=IS
IF(H1.GE.hN) GOTO %)
DEP{1S)=H]
GOTO 84
83 DEPLIS)=HN
GOTO e«
84 IFUX(1S).CTaCC) GIT) 8BS
6070 86
65 X(1S)=0.0
DEPEiS)=rN
NIS=15S
66 CONRTINUVE
(o
C
C INTERPOLATICK REQUIRZD Tu CETEPFIND DEPTH AT EACh NOute.

900  CONTINUE
DX=PL/FLOAT(M)
XN(1)=0.0
00 87 Is2,Nel
XNCID=XN(I=1)+DX
87 CONTINUE
IF (HN.LE.HC) GOTO 901
N2=NIS+1

D0 94 J=l,NIS

N2=N2-1

K1CJ)=X(N2)
DEPLL(JI=DEPINS)

WRITE (3,93 )X1(4)40EPL(J)

93 FORMAT(10X+2F10.5)

94 CONT I NUE

00 95 J=l,NI1S
KCJVex10J)
DEP(J)=DEPLCJ)

95  CONTINUE
HP (1) =DEP(1)
HP(No1)eHC
D0 88 I=2,N
DO 89 K=l NIS-1
FFEXNET)oCTaX (KD ANDLXHCID olloY (Ko 1)) GLIC 9u

09 CONTINUE

90 HPUI)=DEPIK Do (OEPCROL)I-DEPUKIIO(ANT] ) =X(A}DI/EA(KOL)=X(K]))
88 CONTINUE
c SET UP PASE CULNCITION: ATV TIrL 260,

901 CONTINUE

L N TR T S NP
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91

L]
o
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CALL SMAPL L 1Pt sHP UL IsALT o FER)D
YP(I)=C/A

QP (1)=50]1C00.0

CALL WAVSFDUI'P(L)LCPL!DY)
CONTI NUE

IFENSLl1.£Q.0) GOTO 99
HPUS=HPINSCLL)
HPDS=HPI(NSCLL)
VPUS=VP(NSCLL)
¥YPDS=VPINSOLL)
CPUSuCPINSLLY)
CPOS=CPINSOLL)
QPSOL=QP(NSOL])

CONTINUE

RE TURN

END

SUBROUTINE INTER(N)

CIMENSION V(L1 )oHIGBL) sCU61 Dok (e]l) yHRUBLLDICRIGLIDVS(LL)
DIMENSION HS(61)3CS(o1)+SF EELD)oSSLBL)XNLLL)

DIMENSION ¥St61)4XR(b1)

COMMON/CML/CTOsDT oD 9 D9SO0ePLSEC XX g

CUMMON/CPa /YoM aCoV P orHR yCRoXF ¢SSP o VS eH34CS 9 XSeSSe XN
COMMON/CPE/EC ok

COMMON/CMO/ZINSOLNSTLLIWNSCL
COMMON/CMHO/SULVEL 9H4I5 9 VES 9 CLS o+-PLSs VPV LLPDS
COMMON/CMIC/XFLSoXSNLIVPSOL oS L 9NPSOL U5 YUS9CUS yHPUS V2USCPUS
THIS SUBRCUTINE SETS UPy Y INTENPNLATION, THe BASE CONDITIUNS
FOR THE NEXT TIPE STZP,

THETA=DT/DX

Nl=Nel

IF(VSOL.GT.0.0) GU.9D 6

covo 7

XA=XSOL-DX

XC=XS0L

OXA=XA—XN(NSOL-1)
VA=V(HSOL=1)+(VUS-V(NSOL-1) 10D £/DX

HA=H{NSOL=1)¢ (HUS=H{NSOL=1) )8 XA/D¥

CA=CINSOL=1)e (CUS-CUNSOL-1))OLX /DX ) .
VCU: VINSOL=1) ¢ (VUS=VINSOL=1) )X SOL=XNENSOL=1)V/L Y
HCU®H (NSOL=1) ¢ (HUS=HINSOL=1) ) ® (¥ SCL=AN{ NSUL=1))/i X
CCU=C(NSOL=1)+(CUS-CINSOL=1))#(¥SOL-XNINSJL=1))/uX
VCD=YDSe(VINSOL+1)=VISH®(XSLL=XNCNSEL)) /LK
HCO=HDS+ (HINSOL+1)-HI SIS {XSOL=-ININSOL) )7 LA
CCO=CDS*(CINSCLOLI=COSIOEXSCL=XNINSOL) D/ LX
XB=XSOL DX

DXB=XB-XN{NSOL+1)

VBaV(NSOL*1)e (VINSOL®2)-VINSUL*) ) D *0KB /DK
HB=H(NSNL 1) e (H(NSIL®2)=HENSLL* 1)) €DKB /DX
CB=CINSOL41)¢(CANSIL®2)=CAMSUL*1 DI *DXB/0X

CONTINUE

D0 1 I=2,N1

IFCI.EQ.NSCLL 21DV 3NL oCTaCoC) GLIn 8

6010 9
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11

20

v(id=vCu

Nel)=HCY

Ctid=CCv

vil=-1)eoVa

Hel-=1)eHA

Ct =10=Ca

CUNTINUE

IFPVSOL LE.O. O AND.T.EQ.NSOL) V(IV=VUS
BFAVSOLLE.O.OAND T EQNSLLD CULID=CUS
IFUVYSOLLLEOcOcAND 1. EQ.NSOL®1) V(TI-1)=V¥DS
IFEVSOLLE.O0.0.AND Tl EQenNSOLeLY CUT-20=CDS
TFAVYSOLLE cOcOAND YL EQ NSCL*L) H(I=1)=HDS
VREI)=(VUIDeTHETAC(CLIVOV ]=2)=-V(]IVOCLI=-1)))
U100 THETASIV(T)=VII=]1)eC(1)=C(I-1)))
CREIN=(CLYIN®(1C-VRULIOTHETA)+CULI-1DOVYREI)IOTHETA)
F01.0¢CUL)OTHETA=CILI=1)OTHETA)
HROJI=HUTD=Ch (1 D=HUT=2D)0T ETAS(VR(])eCRLLI M)
CONT I NUE

IFE(NN.LE.HC) GCTO o

00 2 I=1.N

IFCI.EQ.NSOL.AND.YSTL .GT.0.0) COI0 10

GOTO0 11

v(1)=vCD

HUI )=HCD

ctir=Cco

Vilel)=vp

Hilel)=H>

Ctlel)=CE

CONTINUE

lf(VSOL.Lfo(.O.AND.l-EQ.NS(Ll v(l)=v)S
JFUVSOLLE cCaOaANDLTLEQaNSCL) CC1Y=Cu>
TFOVSOLLECoOGANDTLEQ.NLCL) PLID=HIS
IFEVSOLLEeGeOeANDT 2 NSCL=1) VlTe d=VLS
IFEVSNLLE.OLOLAND T EQNSLL=1) C(T e D=C0Ls
IFEVSOLOLE aCaCaANI o ESNSCL=1) KUTo, )=MLS
VSUI)=s(VETI)=THETAS(V(LI)O® (11 )=CUIVOv(]®21)))
J(LoO-THETAS(VLI)=V(lel)=ClI)eClleLl) )
CSCI)=(CUIDeNSUIIOTHITAS(C(L)=CtLI*1)))
JCLO+THETAS(CLI)=CUL1)))

HSUD)=H(L D ATHETAS(VS(II=CSUI)I®tR(TI)-r(]I" 1))
CONTINUE

GOT0 3

D3. 5 I=2¢kel

FFEVSOL 0T e0eUeAND T EQanSELeL) GOT, 5
JEINSOL.CT 0o 0AND . T, EQ.NSCL®L) C'Ty 20

GOT0 80

Vil=-1)=vDS

HI-1)=HDS

CtI-1)=CODS

CONT I NUE
VSEI)=(V(I)O(1.0eTHETASCII=1))=V(I=1)eTH_TAOC(]))/
CL.OSTHETAOIV(TI)=VII=1)eCUI=10=C(])))
CSUII=CCtI)ovSUINO(CEII=CUlI=0D))/ 01 0eTH TACICLI-1)=CLI)D)
HSCI) =HUT ) =(h (I )=HT=LDIOTHETAOIVSCLII-C5L D)
CONTINUE

CONTINUE

IFI(NSCL.EC.O0) COTD 13

IF(HN.GELHC) GOTO0 8

00 17 l=1,mSLL-]

IFIVLTI1.CT.CeI))Y GOTY 17
VSCIDa(vViB)=-TETA®IV(IIOC Te)=C(lVOv ies)))

L 701e0=-THeTAGIV(])=VIiol)=CUll)eCio1)))
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SSUII=(CeIdevSCIIOTHETAO(CEL)-C(102)))

0l 0¢THETAO(CULTID=-Clle1)))
HSCID2HUTDeTHETAGIVYSLEIDN=CSCI) IO (NI ID-HElel))
CONTINUE

CONTI NUE

RE TURN

End

SUBROUTINE ENTRY(TINZ)

THIS SUBRCUTINE CALCULATES THE UPSTREAM BOUNDARY CONDITIONS

AT EACH TIME STEP SASED ON A KI'CaN INFLOW PROFILE.

OIMENSION QPIb1)QINII0D)+TINIIC) VPLLL)oHP(OLDoCPLOL)

ODIMENSION Vbl )eninl)

DINMENSION VRILL1)oHR (01D oCFEOLDeVI(61)sHSEOL1)DsCSLLLDeSSIOLD

OIMENSION SPR(061)eXRIAHLD oXSEEL1D) o XNISHLICULL)
COMMON/CMY/CTODT 4N DeSUsPLSEC XK
COMMON/CPHe /N TPAX

COMMON/CRHI/NPTS oCINGTIN
COMNON/CPHA/VohoCoVRy4R 4 CRo VK gSR g¥S e M5 9CS 9 XSeSde XN
COMMON/CNHS /M yHN

COMMON/CNE /0F o VP 4 1PoCP

G=9.81

CON=RM®e2/S(C

IF(TIMECTCaO)CALL INFLOKITIFF 4C)
IF(TINE.GT.C.C) GNFD KOO
AFU(TIMELEC.C.0)0=2(N( 1)
CALCULATION ULF CRITICAL DEPTIR,
UP=D

ON=0.0

HC=(UP+DN) /2.0

CONTINUE

CALL SHAPECTIRE ¢HC JAREA,ToPEK)
HCRIT=],0-(0082)¢T/(GoARELGe])
IFIHCRITI3 0445

DNeHC

GOY0 o

UP=HC

HCN=(UPeUN) /2.0
TIF(ABSTUC(HCM=HC)/HC) L EL.0.COL) CCTN 8
HC=HCN

GO0T0 ?

HC=NHCN

CONTINUE

CALCULATICN UF NORMAL DEPTH.

uP=pD

ON=0,0

HN=(UP*DN) /2.0

CONT NUE

CALL SHAPECTIME gHMAREA ST 4PEKk)
HNOPM=]1,0-(Ce02)eC I/ ((AVEA®®3,35))/(PiRe®]),133))
IF(HNORM) 10,411,412

DMNeHN

GOTO 13

UP =hN

HNNs(UPeUN) /2.0

TFEATCN GRS NNy N cCY)) (T Y s
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G0v0 9
14 HNeHNN
11 CONTI MUE
IF(TINE.E0.0.0) GOTO 500
C
C
c
c CALCULATION UF BOUNDARY DEPTM.

600 CONTINUE
IF(HN.LE.HC) GOTO 700
yP=p
0N=0.0
HB=(UP*DN) /2.0

15 CONT]I NUE
CALL SHAPE(TIMEoHBoAREATHPER)
X3=G/CSt1) R
X4=VS(1)=G2(SS(1)=-SN)eDT=X3¢KS(C])
HFLOW=0=-(X4eX38HB)®AREA
IF(HFLOW)1e ol 7918

16 UP=HS
GOTO0 19

18 DN=H3

19 HBB=(UPeDN /2.0
IF(ABS((HBRE=hE)/H3 ) LELQ0.CCL) GOTD 2V
HB8=H8S8
GOTO 15

20 HB=HbA

1? CONTI NUE
HP (1) =HE
YP(l)=X4eX3ChF (1)
CALL SHAPE(TIMEGHI yAREAGToPER)
QP ‘L) =AREAGVF(1)9]1090,9
CP(1)=SOxT(CSAREA/T)

500 CONT ] NUE
607D 8eCcC

700 CONTI NUE

C CALCULATICN CF NOPHA_ DEPTF.
UP=p
UN=0.0
HB=(UP+DN) /2.0

13 CORTINUE
CALL SHAPEITIPRESF3,4EALT,PEF)
HNORM =1 ,0-(Ce02)8CIN/((ARLASG®3,233)/(PEK®®]),333))
IF(HNQPM)EG, 1,482

80 ON=H3
GOTO 83
82 UP=HB
83 HBR=(UP+DN)/c .0
IF(ARS ((HEF=hE)/H3 ) LELO0.00L1) GLT" b4
HB=HBA
6070 79
84 HB=HB B
81 CONTI NUE
HP(l)=HB

CALL SHAPE (T INE ¢H3 sAREAWToPEK)
YP(1)=Q/AFEA
GFCi)>Q01CCC.0
CPULI=SORT(GCOAREA/T)

800 CONTINUE
RETURNMN
END
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SUBROUTINE NODAL(MY

DINENSEICY QP(612+OINI30)oTINIIOIYPIOLL) P (61D oCPIOL)
DINENSION VEol)dottol)

OIMENSION VYRIGLDIHRIOGLD oCRIGLEDoVSIOL) oHSIOL)2CSIOLDSSEG])
DIMENSIC Y STCO1D4X2(H2 )4 XSCOLDXNIOGL)CiLL)
CCHRIN/ZCMLI/DT0eDT 0N D509 FLoSEOLXK RN
COMMON/ZCNI/NPTS0INGTIN
COMMON/CRA/VeHoC VR HR¢CRoXRe SR VS HS gCSo XS eSS Lo XN
COMMDN/CMS /MC o HN

COMMON/CH&/QP 4 VP oHP o P

COMMON/CHEB/ INSCL oNSOL 1 oNSOL
COMMON/CRLIO/XPOSeXSOL o VPSOLeYSOLQPSUL sHUS ¢ YUS 9CU 3 9HPUS s VPUS,CPUS
THIS SUBROUTINE CALCULATES THE FLOW VELOCITY ANGC DEPTH
AND WAVE SPEED AT EACH OF THE KCCES JETWEEN THE UPSTKEAM
AND DOWNSTREARM BOUNDAKRIES BY SCLUTION OF THE Tw0D wAve
EQUATIONS.

G=9.81

NZ=N

IF(HNCLE.HC) N2=Ne])

D0 1 I=2,N2

IF(1.EQ.NSOL) GOTO 1

JFUVSOLoGToCo0eAND. I, EQ.NSOL®1) COTO 1

X1=G/CR(1{)

X3=G/CS¢1)

X2oX1¢HR(IDOVYR(I)=GO(SR(]ID-SC)OCT

X&e=VS (1 )=X3O0HS(])=3*(SSULI)-5CIeCT
HP(l)o(X2=X4)/(X1¢X})

VPl )=Xaqex3*hP(])

CALL WAVSPDIHP(I),ZP(1))

CALL SHAPEITIFESH? (1) 9X1sX39X4)

QP(1)=X1eVP(]1)#*1000.)

CONTINUE

RETURN

END

SUBROUTINE EXIT(TINE)

QIMERSION OP(61)o¥P (51D sMFI61)4CPIAL)

DIMENSION V(e1)Ml61) ‘

DINENSION VR(61Do4R(61D¢CREGLDoVSIAL) sHSEO1DoCStEL)¢5SE61)
OFMENSION SPUO1)oXRI61D4XSEELD9ANI61)9Clo1)

CONMOR /CM1/CTGoDTosDXeDeSUSPL s SEOXY RN

COHNONICH?IN.YHA!

COMMON/CNHS /HC o 1N
COMMON/CH4/YohigCoVRyHR ¢ CRo XK g SR VS o HS 9CS e XSeSSe XN
COMMON/CM6/0P o VP oHP o CP

THIS SUBRUUTINE CALCULATES Tht FLOM DEPTH AT PIPE OISCHARGE
BASCD ON THE ASSUNPTIIN OF CRITICAL NEPTIH AT SUCHh A BUUNDARY.

G=9.81
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8000

XleG/CR(N*])
N2eXLONRENGL)OVR(INGL)=-GO(SRIN®]2)-5000DT
uP=0

Dﬂ'0.0

HB=(UP*DN)} /2.0

CALL SHAPE(TINE HB oA, TPER)
MHEXIT=1.0-CABSIX2-X1O0HB)O(X2-X1OHB))*T/(CoA)
JFI(HEXIT) 14243

DNetB

6070 4

UP=HB

GO0 o

HB3=qUPeDN)Y /2.0
IFC(ABSC(HER-HB)/H3 D) .LT.0.00001) COTOD 2
HB=HBB

G070 S

CONTI NUE

VP(Nel)=X2=-X]1¢KE

NP (Ne ]l )=HB

CALL SHAPE(TIME 4HALAL,T,HPER)

CALL WAYSPD(HBCP(~ 1))
QP(Ne1)=100C.0%A0VPIN*]L)

RETURN

END

SUBROUTINE SCLIC(TI™E )

DIRENSION CPCELDIQIINIIINSTINMIIC) VPOl enPLOL)CP L)
DINMENSICGN V(e l) ot ol)

DIMENSION VFELEL) oA a1 0eCFRGLD oVS(61D)4HSEBL)sCSIOL) 351001
DIMENSION FSU2)eSRIALDIoXrlEl)oXStALDsXN(CLl)eClE))
COMMON/CPLI/CT 00T oDV e DySOFLeSECIY gem

COMMON/Crc /M o TPAX

COMMON/CHI/NP TS 4CIMTIN
COMMON/CPra/Vob ogC oV R yCRoXhoSh o VS eHS 9 CS 9 X555 e XN
COMMON/CPS /HC oHN

COMMON/CHEL/CH 4 VP o 4P, P

COMMCN/CME/INSCLaNSOL LoNSCL
COMMON/CHO/SLLVELoHNS o VDS s COSo-PLSsVPUSH(LPD)
COMMON/CPIC/XPOS X530l ¢VPSCLoVSCL 9OPSIL sHUS 4VUSeCUSIHPUS 9 VPUSsCPUS
COMMON/CHLY/TL TRy TT oM

THIS SUHKCUTINE CALCULATES ThE FLOY DEPTr, LEAKAGE KATF AND
MAVE SPEEC AT THE INANSTREAR BCUNDARY FOSMED BY amn INITIALLY
STATIONARY SOLIC. -

G=9.81

CONeRNe®e2 /SC

QPSOL=0PSCL/1000.0

12=0

SEV=SEO

J=1

HO=HUS

CONT I NUE

Js]

CALL SHAPE(TIMELHO WAL ¢T4PEFR)

X1=C/CRINSCL)

X2=2XLOHRENSCL DoVRINSOLI=GCO(SK(NSOLI-SO )T
SE=USe(VUSPe2])/(2.00G)

IF'SELT.SEQ) GOTO ¢
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7000

70

80

37

406

8061

79

Lunianiue
Ue (X2-Y?SCLI®AL/XK
B=X1CAl /XX
We(X1002)/(2.09C)
Y=(X20902)/02,09C)=SEN=VPSOLOX2/CetVYPSOLOO2} /(2,.00GC)
2oX1OVPSOL/Ge 1. 0-X20K1 /6
La=ue¢2
23=2.0¢W®2
121062+2.00%u0Y
2122.007907<8
I0eYOARSLY )=V
Fala®HO®04¢230H00030720H0002¢210H0¢20
FSCId=F
1FtJ.EQ0.2) GOTOD 72000
2
HO=H0+0.0001°HO
G070 8000
CFe(FS(2)-FSE1))/140/10000.0)
Dti=FS(1)/70DF
Hl=HO-DH
IFLABS ((H)-HC)/HO) .LE.0.00%) CCTO 70
IF(HL.GCT.D)H]I=]1.1040
HO=H1
I1=:241
GOvV0 60
CALL SHAPE(TIMEHL4A24ToPEF)
IFCABS ((AZ-ALP/AL) Lz 0.005) LOTG B9
Al=(Al*A2)/2.C
HO=H]
60T0 &5
CONTINUE
HPUS=H]
VPUS=X2-X]1¢HK]1
QPSOL=VPUSS 2
IFCVPUS.LT.VYPSOL) GIOTO 37
G070 5
CONTINUE
VPUS=VPSOL
HPUS=(X2-VPUS ) /X1
CALL SHAPE(TIMEZHPUS A24ToPEK)
QP SOL =VPUS®2;
G070 5
YPUS=VPSOL
HPUS= (X2-VPUS Y /X1
CALL SHAPEC(TIMEQHPUSA24ToFPEr)
QPSOL=VPUS®AL
6070 5
CALL WAVSPD(hPUS,CPUS)
SEO=SFV
DT=DTO
6070 806
CONMTI NUE
IFEHNGLE .HC) GOTO 3951
GOY0 8062
COKTINUE
Q=0PSOL
IFCO.LF.0.C) 020.05/(10.9910.0¢04)
CALCULATION OF NORMAL DEPTIM,
Uk =0
ON=0.0
HB=(UPeDN) /2,0
CON1 1uL
CALL SHAPE (TIRE JHB JAREASToPLK)
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HNORN= 1 , 0~ Ce02)CON/(LAREA®93,333)/CPER®®1.333))
IF(HNIRMIG0691492

90 OR¥8893

92 UP=HB

93 HEB=(UPeDN) /2.0
IFCABSC CHEB—HB)/HB) LE<0.001) GOID 94
HB=HBO
GaT70 79

94 HB8=HBB

91 CONTINVE
HPDS=HB
CALL SHAPE(TINEHBsAREATHPER)
YPDS=Q/AREA
OPDS=0¢100C.0
QPSOL=QPDS
CPDS=SORT(CCAREA/T)
G070 934

8062 X3=G/CSINSOL)
X4=VSI(NSOL)=GO*(SSINSILI=SO)eDT=X3OHS(NSOL)
IF(OPSOL EC.C.C) C2TD 932
uP=D
ON=0.0
HB=(UP+DN) /2.0

15 CONTINUE
CALL SHAPE(TIPEsHIGAREAToFEK)
HFLOW=QPSCL=( X4eX3043)0AREAR
IF(HFLOW)1e 917,18

16 UP=HB
¢0T0 19
18 ON=HB
19 HBDB=(UPeDN] /20
IF CABS( (HEE-HE)/h3 D e_E.0.COL1) GCTU 20
HB=HBB
G070 15
20 HB=HBE3
17 CONTINUE
HPDS=HB

VPDS=X4eX3OHP LS
CALL SHAPE(TIPEHBsAREASToPEL)
QPSOL=AREASYP[S®*10° .0
CPDS=SQRT(CCAKEA/T)
GOTO 933

932 CONTINUE
HPDS==X4/X3
VPDS=0.0
CALL WAVSPDUnPLS+CPD3)

933 CONTINUE
IF(VPSOL.CTeC0) GOTI 934
GO0T0 935

934 CONTINUVE
OXX=DX/ ¢ XSUL=XNINSOL=-1))
VPUNSOL )=VPUNSCL=1)edXX®(VPUS=-VPINSOL~-1))
HPUNSOL ) =HPUNSCL=1 Do U XX® (HFUS~HP(NSOL-1))
CPUNSOL ) =CPUNSCL=1) *OXXS(CFUS-CPINTOL-1))
DXXs(XNMINSOL@L)=XSOL)/(XNINSOL*Z)=X50L )
VPINSOL Ll )aeVPLSeDXXS(VP(NSCLOZ2)=VPNS)
HP (NSOL @ L) arPUSeDAXO(HPINSCL¢2)=-HPDNS)
CPENSOL*))=CPDS*OXKO{CPINSLL~2)-CPN3)

935 CONTINUE
RC TURN
END

80



OO0 [a X g

SUBROUTINE INSERT( UL, TINF)D

DINRENSICN XNCO61),3P(6L)VPEOL1)HPLOL)CPIOL]L)

COMRON/CHO/OP ¢ VPo1P,CP

COMNON/CHE/INSOLINSIOL L oNSOL
COMMON/CHMY/SOLVEL oHD3 o VDS oCLS o HPDS o VP OS +CP DS
COMRON/CRHLIO0/XPOSoXSOLeVPSOLoVSCLoOPSOL yHUS9VUS 9 CUS s HPUSVPUS,HCPUS

INSOL=0

NSOL=NSOL)

YPUS=VYPI(NSCL)

HPUS=HP(NSOL)

CPUS=CP(NSCL)

YPDS=VPINSOL)

HPDS=HPINSCL)

CPDS=CPUINSCL)

QPSOL=QP (NSCL )

vSOL=VPUS

VPSOL=VSOL

OX=XN(NSUL)-XNINSOL~-L)

DXX=DX/{ XSCL=XNINSOL-1))
VPINSOL)=VP (NSGL=1 ) e0XX®(YPUS=VPI(NSOL~1))
HP (NSOL ) =HP (NSCL=L ) ¢0XX® (HFUS—HF(NSUL-1))
CPINSOL)=CPINSOL=L)¢0XXO(CPLUS=CP(NSOL~-1))
DXX=( XNINSOL®L)=XSOU)/ EXNINSLL+Z)=XSuL)
VPINSOL*L)=VPUS+DXXS(VP(NSCL®2)=-VYPNS)
HPINSOL¢L1)=sHPULS*DX XO( P (NSLL®2 )= 4PDS)
CPINSOL+1)eCPDS*DXKS(CPINSOUL*2)-C(POS)

®RE TUKN

ENC

SUBROUTINE FORCEC(Y IMZ 4 XN,FSOL)

THIS SUBRGUTINE CALCULATES Tht FCRCE ACTING UN THE SOLIC
AND CETEFMINES ITS VCLOCITY AND POSITION AT THE eNO uf In:
NEXT TIMEL STEP.

DIMENSION YNLE1)

COMMON/CR)I/DTCoDT o DX DeSOsPLYSECI XX 4R M

CUMMON/CmZ /Ny THAX

COMMON/CME/INSCLINSOL L1 9NSGL
COMMON/CRHG/SCLVEL9 DS o VDS oCOSos-PLSeVPDSeCPDS
COMMUN/CPMI0O/XPOSoXSNLoVPSOLoVSOLOPSUL sHUS 9 VUS s LU Sy HPUS, VPUS,,CPUS
CURMON/CRYL/TL +THe TT,S W

CONMGN/CKLIZ/ XFACZoXFAC o TAUSFROVoFSTAI

G=9,.51

RH0O=1000.0
FRICT=afFSTAT
FHL=RHOSCOIHLS-TT/2,0)0THeTTeTT/2.0
FH2=RHOGGA (T /2.0 8THOTVT80.50(H0S~-TTeHDS)
FAU3SHOCOTLO0 . S5*COSIASINIIHUS=TTI/TL))
TXs(HOS=TT)/S INCAS INCCHUS=TT)/TLDY
FMA=XFAC2¢FFL9C%0. S¢IHDS-TTIcTHI( . 50TK08;
IF(HOS.LELTT) FM4=0,0
FPe(0.5/TL)CIFM2eF43eF M4=F M]1)
FP2a(FP—+P&a/(0.50TX))OCOSCASINGEIHUS=TTIZTL) )
IF(VSOLGT.CoCIFRICTaFNNY
HSH=TTe0.5¢(hPUS-TT)

CALL SHAPEAYIMEGHS HoASHGTSHPEK)
FLOAR=ALSH=-TTOTH
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CALL SHAPE(TINME HPUS» ARUSs TUSS PERD

QSH=ARUSS (YPUS=-VSULY

SHERV=0SH/ASH

SHERF e TAUSO0.50RHO®2,00TLOTTISSHERVES2
JF(HPUS.LT.TT) FP2=0.0

FP2=XFACOFP2
FSUR=FRICTO(SWOGSCOSLASINGESO) )~FP2?
FSOLeRHO®COTN 00,50 (HPUSEE2~-HPDSE02)eSHOCHSO~F SUR
YPSOL=VYSOL+DT OF SCL /7 SH

NRITE(3453)FSOLFP2,F SUR
FORMATULIOX s "FSOL=oF10.49° FP22'oF10.44° FSUR=®oF10.44/)
JFH(VPSOLLE.0.0) YPSOL=0,0
XS0L=0.,50D714(VOSOL ¢V50L ) eXSOL
IF(VPSOLeGCT1.0.0,AND,VSOL.LE.O0.0) GOTD S

D0 & I=1loN

TFOXNTI) LEXSOLLAND XNH{1e2) CT . XSOL) NSOL =}
CONTINUE

CONT I NUE

RETURN

END

SUBROUTINE ASSIGN(IN)

THIS SURRCUTINE SETS UP THE NEW PASE CONOITIUNS ALONG THt
PIPE IN FFEFARATION FOP THE NEXT Tinmg STcP.

DIMENSICON OP(O61) o2 IN(30)sTINI3C)4VP(61)onPLOLISCPLELD

DIMENSION VIeldoh(sl)

DIMENSION YP(OL)oHRISL D 4Chk 61D oVSEALIeNSIOLICSEEL)45S5(6L)

DIMENSION SF(61)eX2(51)eXSi6L)eXnlbL)ellol)

COMMON/CHI/NFTSoGINGTIN

COMMGN/CHMa/V o gCoVgHR g CR 9 FRo Sk VS yHS 9C39 XS 955e XN

COMMON/CRnE/CP 4 VF 4P CP

COMMON/CPMbB/INSOLINSOL L 9NSOL
COMMON/CHMO/SCLVELIHDS 9 VDS LLSshPLSHVPDSCPDS
COMMON/CMIG/XPLSosXSMW o VPSCLVSCL 9sOPSOL ¢yHUS9VUSSCLUSsHPUS,V2US, CPUS

D0 1 I=]l,Ne]

IFIVSOLLEC.CoCUaAND I EQNSCOLY CCTIR 2

vil)=vP(])

HII)=HP(I])

C(I)=CP(})

IFCINSOL «CToU o ANDToS QeNSCLYY GOTO o

CONT INUE

JF(V$CL.EL.O.C.AHD.NSOLI.GY.Q) QOIG 2

GoTo 1 ' e T

HUS=HPUS

YUS=VPUS

CuS=CPUS

HOS=MPDS

V0S=VPDS

COS=CPDS

HPINSOL )=HPUS

VP INSOL)=VPUS

CPINSOLY=CPLS

HINSOL)=HPLS

VINSOL)=VPUS

CI(NSOL)=CPUS

GCTC 1

NPUS=HP(])
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S0 V 0”810 v S

VPUS=VP(I1)
VPDS=VP(I)
CPUS=CP(I)
CPOS=CPLL)
6010 7

1 CONTI NUE
SOLVELsYSOL
VSCL=VPSOL
IF(YPSOL.CE.0.0) GOTO 3
GOTO 4

3 v30L=VPSOL
HUS=+PUS
YuS=v PUS
Cus=CPuUS
HDS=HPDS
v0S=vPOS
C0S=CPOS

. CONTINUE
RETURN
END

$BEND
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Appendix 2

Derivation of solid boundary equations
used in Subroutine SOLID

85



Derivation of solid boundary equations employed in Subroutine SOLID.
Available equations at moving solid boundary.

1) Leakage flow past solid.

Leakage /

flow, Q
/ Q = XK {SE - SE_}?

where SE 1s the specific energy
/" relative to moving solid.

. e

SEq ==+,

| /
I s/

e

Specific energy h + V%e/Zg

XK, SE, determined by measurement.

2) Flow over solid in terms of flow area

¥ — VB Vg = solid velocity
i
= Va -

Vg

Relative velocity V.,
Flow area A = f(h)
Total flow = V,A = V f(h)

Flow past solid = V,.,A = V ..f(h).

3) Characteristic equation, Ct in both sub and supercritical flow conditions.

P
' Tt
| N
I e | | at
| A L |
| yd | |
| e |+
A C
|« Ax +|
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ct links R at t to P at t + At

~+ - -

C’ equation Vp = X2 Zlhp

X1 = g/cR

X2 = Vg + ghgp/cp - g(SR - Sp)At

Note charcteristics equations in terms of absolute velocity.

The flow Q over the solid is given by the empirical relation,
v2 2

Q=XK (h+ "re - SEO)

2g

where V.o is the flow velocity relative to the moving solid.

Q = VeeA = (Vapg = Vg)A = (X2 = X1h = Vp)A

Also, Q = XK {SE - SE_}?

= XK {h + (Yabs - VB, - sE} 2
28

Hence

- - - - - 2 _ 2
(X2 - Xlh VB)A XK{h + (X2 §;h VB); SEO}

Collecting terms
U = (X2 - Vg)A/XK; B = XI A/XK;
W= (X12)/2g; ¥ = X22/2g - SE_ - VgX2/g + V3/2g;
Z = XI.vg/g + 1.0 0 X2Xl1/g
U - Bh = {Zh + Y + Wn2)2
= 22h2 + Y2 + w2h4 + 2Ywh? + 22zYh + 27wh3
w2h? + 2zwh3 + (22 + 2YW)h2 + (22Y + B)h + (Y.1Yl - U) =0
Note: Y.ABS |Y| retains sign Y.

This quartic is solved by the Newton Raphson method as B and U involve f(h)
through the flow area term.

87






APPENDIX 3

Typical Output Program TRANSCD
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