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ABSTRACT

Currently, the Preissmann slot model still enjoys popularity in modelling the transition between free-surface and fully pressurised flows in tail-race
tunnels. However a fully dynamic and transient modelling technique is needed to predict the surge front location and velocity, the pressure rise in the
full flow zone and the water depth change in the free-surface zone. In this paper, the transient flow is modelled and only one surge front is considered.
Three 1-D models, which differ from each other by the computational method used to calculate either the free-surface or the full flow conditions, have
been developed and applied successfully to both laboratory and field data. Predictions have been compared to measurements and good agreement found.
Comparison between the three fully dynamic models was done and selective criteria were forwarded.

RESUME

Le modele Preissmann continue d’étre utilisé dans le calcul de I’écoulement transitoire survenant lorsqu’un écoulement a surface libre se transforme
en écoulement en charge. Cependant il est nécessaire de prédire la position ainsi que la vitesse de 1’onde de remplissage avec un modele transitoire
entierement dynamique. L’écoulement transitoire a été modélisé en une dimension dans cet article et trois variantes de cette modélisation — différente
I’une de I’autre par la méthode de calcul utilisée pour calculer les conditions de 1’écoulement dans les zones a surface libre et en charge- sont décrites
et appliquées a des données a la fois de laboratoire et de prototype. Les criteres de sélection de I’une ou I’autre des variantes ont été fixés a I’issue d’une
étude comparative effectuée entre ces trois modeles. La comparaison entre les valeurs calculées et celles mesurées de pression a montré une réelle

concordance.

Introduction

The purpose of storm sewer design is simple: to convey water
under free-surface conditions. The classification of the flow in a
sewer pipe, however, is more complicated. Yen (1986) divides
this flow into three sections: the entrance, the pipe flow and the
exit. He describes four cases of entrance conditions and four more
cases of exit conditions.

One case of the latter is when the pipe flow is under downstream
control after a violent storm. The water depth then increases
quickly and flow may remain of the free-surface type: this is
phase 1. However, when the water surface reaches the sewer in-
vert at a junction or the downstream end, a surge front develops
and propagates towards the boundary at the other end. The down-
stream zone behind the surge becomes more and more elongated
while the piezometric head rises gradually. The transient flow is
highly dynamic: this is phase 2 where free-surface and pressuris-
ed zones exist simultaneously and where the sewer system is sub-
jected to positive and negative pressures.

Once the surge front reaches the opposite end-boundary, the flow
is pressurised everywhere; this is phase 3, also a very dynamic
phase. The pressure rise produced at the end of phase 2 may re-
sult in overflow at street level outlets. When the runoff dimin-
ishes, overflow stops and the sewer system starts losing water.
The free-surface flow zone is re-established near the upstream
end and gradually spreads to the entire system which is phase 4.
Because of the complexity of the transient flow, it appears neces-
sary to handle combined free-surface-pressurised flows by the use
of an efficient, fully dynamic model able to simulate the surge
front propagation, take into account as well as provide the nega-
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tive pressures and incorporate the interaction between the surge
front and internal/external boundaries.

State of the art

The first well-known investigation of a transient flow where flow
conditions may change from free-surface to pressurised, and vice
versa, was of the Limmatwerk Wettingen tail-race tunnel (Meyer-
Peter and Favre 1932). Cunge and Wegner (1966) described an
implicit finite-difference scheme that they applied to the Wettin-
gen system. They studied the pressurised flow in the tunnel as if
it were a free-surface flow by assuming a narrow slot to exist in
the upper part of the tunnel, the width of the slot being calculated
to provide the correct sonic speed. This approach has been cred-
ited to Preissmann. Later, Cunge (1966) conducted a study of
translation waves in a power canal containing a series of transi-
tions, including a siphon. Pseudo-viscosity methods were em-
ployed to describe the movement of bores in open-channel
reaches.

Wiggert (1972) studied the transient flow phenomena and his ana-
lytical considerations included open-channel surge equations that
were solved by the method of characteristics. He subjected it to
subcritical flow conditions and used Meyer-Peter and Favre’s
description of the surge wave in the tunnel (under subcritical flow
conditions). His solution resulted from applying a similarity be-
tween the movement of a hydraulic bore and an interface (that is,
a surge front wave). Following Wiggert’s model, Song, Cardle
and Leung (1983) developed two mathematical models of un-
steady free-surface/pressurised flows using the method of charac-
teristics (specified time and space) to compute flow conditions in
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two flow zones. They showed that the pressurised phenomenon
is a dynamic shock requiring a full dynamic treatment even if
inflows and other boundary conditions change very slowly. How-
ever, the Song models do not include the bore presence in the
free-surface zone.

McCorquodale and Hamam (1983) proposed arigid water column
approach to model the mixed flow pressure transients. This model
assumes a hypothetical stationary bubble across compression and
expansion processes. Li and McCorquodale (1999) extended the
rigid water column approach to allow for the transport of the
trapped air bubble.

Jun (1985) conducted a study to compare the two methods of
mathematical simulation for pressurised flow in sewer networks:
his so-called standard technique and the Preissmann slot tech-
nique. The first technique keeps track of the sewers that are being
pressurised, treating them as a single flow reach where the dis-
charge is assumed to be the same throughout the entire length of
the single flow reach (incompressible fluid). The second tech-
nique treats the pressurised flow as open-channel flow by using
a hypothetical narrow, open slot at the invert of the pipe. How-
ever, verification of assumptions used in the developed simulation
models was not done by the use of reliable field and/or laboratory
data. Some high flows where peak discharge is reached quickly
cannot be solved efficiently without using a totally dynamic
model where the fluid is assumed compressible.

In the last few years, numerical models mainly based on the
Preissmann slot technique have been developed to handle the
flow transition in sewer systems, the most popular being Mouse,
HydroWorks and Canoe. Pressurised flow computations in the
Mouse model are facilitated through implementation of a narrow
slot as a vertical extension of the closed pipe cross-section. Free
surface and pressurised flows are thus described within the same
basic algorithm, which ensures a smooth and stable transition in
all situations (Mouse 2000). HydroWorks uses the conduit or the
pressurised pipe models for the selected surcharged pipes. The
conduit model uses the Preissmann slot technique to solve the
Saint-Venant equations. The pressurised pipe model assumes an
incompressible fluid which means a constant discharge through
the pipe (HydroWorks 2000). Canoe, an amalgamation of the
French models Cedre and Caredas, also makes use of the
Preissmann slottechnique when pipes become pressurised (Canoe
1999). So does Rio, a sewer system analysis computer program
developed by the Hydraulic Laboratory of Catholic University of
Leuven in Belgium (Rio 1993) to predict unsteady flow condi-
tions in sewer systems.

Implementing the Preissmann slot technique has the advantage of
using only one flow type (free-surface flow) throughout the whole
sewer system and of being able to easily quantify the pressure
head when pipes pressurise. However, this technique neglects the
resulting dynamic wave phenomena and fails to accurately show
how the pressurised zone can influence the free-surface zone (Ca-
noe 1999). The pressurised pipe model can be used to overcome
these limitations.

In special cases where flows vary rapidly it would be interesting
to consider the sewer network as a distributed system where the
transient phenomenon occurs in the form of a travelling wave
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with a compressible fluid. The model described in this paper does
that. This model considers only one surge front and does not in-
corporate the air bubbles and the interfacial instability phenome-
non because these issues are too complex and difficult to be accu-
rately studied at the present time. Moreover, the fully dynamic
model developed here successfully solves the transition problem
in phases 2 and 4, whether or not the free-surface flow is of the
subcritical or the supercritical type. If appropriate, a hydraulic
jump in the free-surface flow is also predicted. The three model-
ling variants called Traflol, Traflo2 and Traflo3 incorporate
enough of the dynamic behaviour of the transient phenomenon
into the numerical formulation to provide insight into the different
computational methods which may be used to compute the flow
conditions in all zones. Traflol and Traflo2 use the pressurised
pipe model whereas Traflo3 makes the assumption of a compress-
ible fluid.

Numerical modelling

Model 1: Traflol

As stated earlier, the transition process starts with phase 1, with
free-surface flow throughout the sewer system. We assume that
the water depth is increasing faster at the upstream boundary. If
the characteristics grid scheme of the method of characteristics is
used to second order approximation of finite differences to com-
pute the flow conditions at location P, in the x-7 plane, the simpli-
fied de St. Venant equations may be written as (Chaudhry 1993,
Roberson et al. 1998)

W,y IV o (1)
gax+V8x+at+g(S $,)=0

AdV 9y Iy _ 2
Bax+Vax+az‘0 ()

which have the following solution
V,=C +C,y, 3)

V,=C,-C,y, 4)

where g is the acceleration due to gravity, y the water depth, V the
mean cross-sectional velocity, A the wetted cross-sectional area,
B the water surface width, x the distance along the sewer, ¢ the
time, S, the sewer bottom slope and S the friction slope. C;, C,,
C; and C, are expressed as

Cy=g (lcg+1/cp);
Cy=Vie+Cyr—8(Sp+Sp—285))(tp—t5 )2
C,=g (lecg+ 1/cp);
Ci=Vi—Cyg—g (Sg+Sp—25))(tp—t5)2

where c is the gravity wave celerity. Subscripts R and S are loca-

tions defining, respectively, positive and negative characteristic
lines drawn from P.
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Free-surface computations are performed in the streamwise direc-
tion until the water surface reaches the sewer invert at the up-
stream boundary. Then a surge front develops at the upstream
end. While propagating, this surge appears like an interface
whose shape is not regular (Fuamba 1996) and which separates
the developing full flow from the initially free-surface flow. Fol-
lowing the numerical scheme of Wiggert (1972) and using the
Shock Fitting Method (Cunge et al. 1980), the transient flow may
be modelled by expressing the interface (front surge) continuity
and momentum conservation. In fact, this interface behaves as a
moving internal boundary condition. Computed flow conditions
at this discontinuity are therefore considered as downstream
boundary conditions for the full flow zone and as upstream
boundary conditions for the free-surface zone.

An inventory of unknowns includes the surge front location x;,
and velocity w defined below, time ¢, velocity V, and pressure
head £, upstream of the interface; the velocity V, and water depth
¥, downstream of the interface. Seven equations are thus needed
to solve for the seven unknowns. The first two equations are Eqgs.
3 and 4, which may be differently written as

1 1
E(_+C_](yp—yR)+Vp _VR

G 5)
+§(SR +8,-25)(t, —1,)=0
11

-8 —+— (Vp=Ys)+ V=V

2 CS C, (6)
+§(ss +8,-25)(t, —t,)=0

The third equation is for the negative characteristic C.
V. +Vg +

£y =y = (=, 1) =0 M

2

The next two equations are, respectively, the continuity and mo-
mentum equations at the interface

AV, —w)=A,(V, —w) ®)

g(A,y, —Ah) = AV, —w)(V, = V,) ©)

where w is the interface (surge front) propagation velocity and y
is the distance from the free-surface to the centroid of the wetted
cross-section. The momentum balance formulated for the full
flow zone of length x; from a given upstream location O (where
the pressure head is known) to location 1 immediately behind
(upstream) the interface may be expressed by

av,
xsd—t‘=g(h0—hl)+gxl(S0—S)=O (10)
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Let us now assume that the surge front velocity is described by

.
dt

=w an

According to Figure 1 and from the previous computational step,
the flow conditions ¢, x,, V|, h;, V,, y,, w at position Band x, t, V,
y at R and S are considered known. Computation at the surge
front follows an iterative procedure until convergence is reached.
The Runge-Kutta technique is used to obtain the solution to Eq.
(10). During phase 3, the sewer system is pressurised along its
entire length L. If i, and A, respectively, are the pressure heads
at the upstream and downstream ends, then Eq. (10) becomes

L%=g(h0—hl)+gL(So—S)=0 (12)

and the Runge-Kutta technique may also be applied here.

Model 2: Traflo2

Flow conditions in the free-surface zone are solved by using the
specified characteristics scheme and first-order integration
(Chaudhry 1993). Satisfying the Courant stability condition
At =Ax/|V|+c,yP and Vjp are

VR — Vs

Yp = (ySCR + YgCs + ey ( —Ar(S, =S ))j (13)
C, tcC

R N

22 oni(s, - S,) (14)

Cr

V,=V,—g

where values at R and S are obtained by linear interpolation. Six
unknowns x,, V|, h;, V,, y, and w define the flow conditions at the
interface which has moved from B to P in Figure 2. The six
needed equations are Eqs. (13) and (14) for open-channel flow,
the continuity and momentum equations (Egs. 8 and 9), the mo-

Pressurized zone

Surge front trajectony p

'II._ » X

Fig. 1. Surge Front Propagation, Traflo 1.
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mentum balance equation (Eq. 10) and the surge front propaga-
tion (Eq. 11).

Vs Cro» Y, may be obtained using linear interpolation between
B and M from Figure 2 as follows

v,—-ao,V,c,—-c,V,)

= (15)
I+o,(V,, =V, +c,, —c,)

R2

_Cy —Q (CM _CZ)VRZ

- (16)
‘r2 1+0o,(c, —c,)

where Vi, = V- (xc—xp)(Ve= Vol(xo—xp); 0; = At/(xp — xp)
and yy, = ye— (xc = Xp)(yc = Yo M(Xc — Xp).

The term y,, may be computed from the following equation

Yra = Y — 04 (Vg + 0 )y = ¥2) a7

If the free-surface flow is subcritical, C,” passes by S, and then
Vs, Cg), ¥g, may be found by linear interpolation between C and
M from Figure 2 as

Vi —o, (V,,c. —c, V)

= (18)
2 -0, (V, =V.+c.—c,,)
¢, = Cy T, (¢ =)V, (19)
1+o,(c,, —c.)
where o, = At/(x - xp).
The term yg, may be found from the following equation
Vo = Yy T Vs, =C50)(Vy = ¥e) 20)

If the flow is supercritical, then C,” passes by S°2 and then V’,,
¢g’5 ,¥s'» may be found by linear interpolation between C and M
as

v, +a, V,,c,—c,V,)

= 21
2 14+a,(V, -V, —¢, +c,)
- —c,)V,
‘) :cM o, (¢, cz)s2 22)
52 1-o,(c, —¢,)
The term y,’, may be obtained from
ys/2=yM_0h (VS/Z—CS/Z)()’M—)’Z) (23)

Computation at the surge front is performed following this proce-
dure. At each time step, one assumes initial values at point P, for
example xp = x5; V;p=V;; wp = w. Then the surge front may be
located using Eq. (11) which may be written in the form

X,p =X, + WAL (24)

Afterwards, V’,p et y’,p may be computed depending on the flow
regime (subcritical or supercritical). V’;, and w’p may be calcu-
lated from

dV/]P =L(V/IP_V/2P)2 +i(h _A/2P y/_)
a X, 1-A14,,) X, " A (25)
+g(S, —S)

obtained by combining Eqgs. (8), (9) and (10) and substitution of
h;. The Runge-Kutta method may be used to solve for V’;, from
Eq. (25). Computations continue iteratively until convergence is
reached. Finally all six unknowns are found at each step. The
same computational procedure is available for a downstream
starting surge front except that w is taken positive in the -x direc-
tion for computational convenience. Consequently, w is consid-
ered negative in the relevant equations.

When the free-surface conditions are such that a bore occurs, the
Shock Fitting Method is used to isolate the discontinuity and to
compute upstream and downstream flow conditions. The previ-
ously described computational procedure may then be imple-
mented.

A

Fig. 2. Surge Front Propagation, Traflo 2.
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Model 3: Traflo3

Following the two models of Song et al. (1983), the specified
characteristics method is used to predict flow conditions in the
closed conduit zone as well as in the free-surface zone. Eqs. 13
and 14 are necessary to solve for the free-surface conditions in
phases 1 and 2. Considering a compressible fluid here, flow con-
ditions at the interface (see Figure 3) require solution for the six
unknowns x;, V|, h;, V,, y, and w. The six equations required for
the solution are: the two open-channel flow (Eqs. 13 and 14), the
continuity and momentum equations (Egs. 8 and 9) at the inter-
face, the surge front propagation (Eq. 11) and one of the two
characteristic equations in the pressurised zone. If the surge front
is moving downstream and because an equivalent stationary hy-
draulic jump must occur from a supercritical to a subcritical con-
dition according to Song et al., the required condition reads

atV,>w>c,+V, (26)

where a is the waterhammer celerity. The positive characteristic
equation C,* is the only required. If the surge front is propagating
upstream, the required condition

a=-V,>w>c,-V, 27

makes use of the equation for the negative characteristic C;” to
close the problem.

The Courant stability condition has to be satisfied both in the
free-surface and the full flow zones, where the time steps, respec-
tively, At and Ar’ should be fixed such that Ar’=At/n. Computa-
tions performed by the author have shown that reliable results are
obtained for 150 < n = 250. Flow at R, is found from flow at A’
and B’.This procedure increases the number of computations
principally by the iterative process. Pressurised flow behind the
surge front is computed by using the method of characteristics to
solve the equations describing the transient-state flow in closed
conduits (Chaudhry 1987, Streeter and Wylie 1981) whereas free
surface flow upstream of the surge is calculated by using the
method of characteristics.

Calculations during phase 4 are performed by using the two open-
channel flow (Eqs. 13 and 14), the continuity and momentum
equations (Egs. 8 and 9) at the interface, the surge front propaga-
tion (Eq. 11) and finally the energy equation defined by Whitham

[ G -
‘nﬁt iy
A B Rz

Fig. 3. Surge Front Propagation, Traflo 3.
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(1973) for a moving discontinuity (i.e. a surge front) in a flowing
fluid

2 2
(VAL VRS S o8
2 2
8 8

where subscripts 1 and 2 refer respectively to the pressurised and
free-surface zones and £, is the energy head lost to be estimated
from experiments.

Table 1 summarizes the selective criteria for the different Traflos
models. Depending on the flow type or changes in flow, selection
of the appropriate Traflo variant is made.

Table 1. Selective criteria for Traflo1, Traflo2 and Traflo3

Traflol Traflo2 Traflo3
Simple system X X X
Supercritical flow - X X
Bore presence - X X
Flow varying rapidly - - X

Traflos application

Case Study Nol

To illustrate Traflos application, 2 numerical examples are stud-
ied in the present paper. The first case is an experimental case
where laboratory data were collected. As shown in Figure 4, an
upstream reservoir was supplied by a large head tank by means
of a control valve to maintain flow in a 6-meter long PVC pipe of
100 mm diameter D. A sliding weir was operated downstream to
control the downstream water depth z; in such a way that

Qom = Cd \/ 2g(Z1 - h(; )(Zl - ho;‘i )Br (29)

where the weir height was ii;* = 8.5 cm; the discharge coefficient
¢; = 0.48 and the weir width B, = 65 cm. z, is the downstream
water depth and Q,, the inflow discharge.

Starting from complete rest (initial condition), the control valve
was gradually opened. Then, water depth at the upstream end in-
creased until the pipe invert was reached as shown in Figure 4.
The pipe became initially submerged at the upstream cross-sec-
tion. A surge front then formed and started propagating down-
stream, forming pressurised flow behind. Once the surge arrived
at the downstream end, full flow occurred in the entire pipe. Pres-
sure measurements were made at selected locations specified also
in Figure 4 by means of pressure transducers, and compared to
predicted values.

The appropriate friction formula used for the pipe flow was
1/f2°=-2log,,[2.51/Re*>+3.10°*/10.7D] where Re is the Reynolds
number (Fuamba 1997). The slope was 5,=0.0013. A Courant
number of value 0.9 was adopted in all Traflos simulations to
maintain stable the numerical scheme, in order to make reliable
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Fig. 4. Case Study 1 Setup.
6 predictions. So, Ax=0.30m and Ar=0.09s for c,,,=2m/s and
Vopa=1m/s. If =200, Ar’=0.00045 s. The estimated value of the
> waterhammer celerity was a=575m/s.
The Traflol simulation revealed that ¢ values remained less than
_ ] 1 m/s for times inferior to 1s ( Figure 5). The surge front formed
g N at 1.348 s and phase 2 lasted 2.58 s. Figure 6 shows a comparison
= between pressure predictions and measurements at location 5
° ) w (2.50 m from the upstream end). One can easily distinguish when
the surge front reached location 5. At this time, location 5 record-
o W/ ed its largest value; pressure suddenly increased from 37 to 43 cm
| PHASE | PHASE 2 R before continuing to increase gradually. Predictions are quite sim-
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ilar to laboratory measurements, as indicated in Figure 6.
00 05 10 15 20 25 30 35 40 Unlike Traflo1, Traflo2 at each time step illustrates the free-sur-
Time (5) face profile upstream of the interface during the transient phase.
Fig. 5. c and w Variation, Case Study 1, Traffo 1. Figure 7 shows how fast the velocity of the surge front really is:
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Fig. 6. Comparison Predicted/Measured Prtessure Values at Location Surge Front Location along the Pipe (m)
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5, Traflo 1.

Fig. 7. Successive Surge Front Locations, Traflo 2.
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2.02 s after the start of the flow, the surge front already travelled
1.50 m and at time 3.16 s, it passed location 3.84 m. This means
thatin only 1.1 s, a 2 m length from the upstream end of pipe got
pressurised.

Traflo3 computations took significantly more time. Due to its
modelling in phases 2 and 3 where At” was used, Traflo3 required
52.5 times more than Traflol and 26 times more than Traflo2
when the results predicted by the three variants are close to each
other. When normalizing pressure measurements at location 3
(0.50 m from the upstream end) as unity, predicted pressures rela-
tive to location 3 are compared in Figure 8. Then the predicted
behavior (trend) of all variants is similar during the transient
phase. Slight differences are noted during phase 3 and the Traflo1
results appeared to be closest to the measurements. Nevertheless,
the relative error between measurements and predictions do not
exceed 2% for the entire simulation.

1,025

1,02 Traflo3
1,015
T 1014
O
jus)
© 1,005 A
=
2
5] 1
=
=9
[}
2 0,995 4
=
>}
0,99
& Measurement
0,985 + Z
0,98
Traflo2
0,975 . : : . .
0 2 4 6 8 10 12

Time (s)

Fig. 8. Comparison of Relative Pressure Heads at Location 3.

Case Study No 2

The second case study is a practical case formed by three sewers,
as shown in Figure 9. A storm discharge of 111 1/s occurring dur-
ing 15 min. resulted in a rapid rise of water depth at section 1
(Figure 10) until a surge front started propagating towards section
3. The Manning coefficient used was n=0.013. Satisfying the

16.39m
H,Q S

— Section | - - Section 3

Water Level (m)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)
Fig. 10. Water Depth Variation at Sections 1 and 3.

Courant number of 0.9, Ax=5m and Ar=0.8s. The estimated value
of the waterhammer celerity was 628 m/s.

Rio (1993) was used here to compare with Traflos’ results. The
wave celerity is determined from the standard wave celerity equa-
tion for free-surface flow ¢ (=g[A/B]"? where B is the free-surface
width and A the cross sectional area) and the surge velocity is
known once the elasticity is fixed for both sewer pipe and water.
In the slot simulation, the wave celerity clearly depends on the
slot width.

Comparison between Rio and Traflo2 pressure values predicted
at section 3 (Figure 11) showed that Rio values are relatively late
(delay of 4.20 min.). The peak value of 18 kPa was found when
the surge front arrived at section 3 at time 25 min., according to
Traflo2. Comparison mainly indicates the advantages of using a
fully dynamic and transient model. Not only is the surge front
location and propagation accurately predicted during the transient
flow phase, but realistic head loss coefficients are used to simu-
late the flow conditions.

Conclusions and recommendations

A fully dynamic model describing the transition between free-
surface and pressurised flows has been developed with three vari-

H.Q

Sp =1% So =1%

Fig. 9. Case Study 2 Setup.
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Fig. 11. Comparison Rio/Traflo 2.

ants successfully applied to the two case studies. The first was
based on laboratory data and the second on field data. Agreement
was found between predicted and measured values. During phase
2 and 4, the surge front location and propagation may easily be
processed by the present model, which is also able to take into
account the bore presence.

According to the numerical simulations, Traflo3 did not improve
on the transient results obtained from Traflol and Traflo2. Be-
cause it is inordinately time consuming, the Traflo3 variant
should be used only when the storm drainage system has an ex-
tremely dynamic transient flow behaviour. Pressure peak values
are reached only at the moment the surge front arrives at the
downstream (or upstream) boundary-end.

Further work should be done with more than one surge front to
determine the trapped air bubble volume and the interaction be-
tween air flow and (water) transient flow. This and the air re-
leases associated with air bubbles should be investigated concur-
rently. Also in situ data referring to flows varying rapidly are nec-
essary to improve the Traflo3 model.

List of symbols

A wetted cross-sectional area
a  waterhammer celerity

B water surface width

B, weir width

c  gravity wave celerity

¢, discharge coefficient

D  pipe diameter

f  Darcy friction coefficient
g  acceleration due to gravity
h  pressure head

h; energy head loss

weir height

pipe length

n  Manning friction coefficient
Q discharge

Re Reynolds number

S friction slope
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S, pipe (sewer) bottom slope
instantaneous time
V' mean cross-sectional velocity

~

w  interface (surge front) propagation velocity

x, length of pressurised flow zone

y  water depth

y  distance from free — surface to the wetted cross — section

centroid.
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