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Hydraulics of Minimum Energy Culverts
and Brulge Waterways

CJ APELT, F.LE. Aust.

_SUMMARY ~The design of culverts and bridge wateTways accordlng to the approach described variously as

"minimum energy" and as "constant energy" is summarised,
Even though the flow occurring can be quite complex, the waterways can be designed with simple
Some of these limitations are discussed. Some results concern-

discussed.
calculations within certain limitations. .

The hydraulics of the flow in such waterways is

ing energy lesses in the expanding part of the flow are presented.

‘1 . INTRODUCTION

The approach to the design of cpen channel trans-
_itions which is variously described as "minimum
energy design' and as-''constamt energy design" was
first expounded by McKay (1971). The titlé of his
report describes the design techniques as being
"associated with the concept of constant total
energy and compatible specific emergy™ and, in
retrospect, it is a pity that the lengthy title was
abbreviated to "Design of Minimm Energy Culverts'
(for which the writer must-accept responsibility),
because this description may have been a source of
unneécessary confusion. Indeed, Porter (1978} found
it necessary to preface the proceedings of a work-
shop which discussed thesé ideas with a note on _
nomenclature which explained the use of the terms-
"minimum energy" and "constant energy" in this
_context. It appears that the confusion which has
sometimes arisen from the abbreviated description
of the design technique has ‘been a source of some
‘of the controversy which has been associated with
1t. :

- In this paper the design technique as applied to-
culverts and bridge waterways is summarised
according to the writer's approach to it. The
hydraulics of the flow in such "minimm énergy.
culverts™ is then discussed. Although the flow
occurring can be quite complex, the waterways -can
often be designed with simple calculations based
on the assumption that the velocity -is uniformly
distributed across the flow cross-section, within
certain limitations. Many have been designed
following these procedures and observations of
their performance indicate that it has been very
satisfactory and generally in accordance with .
design calculations. Nevertheless, there are
limits to the performance of such waterwdys,
particularly with regard to the maximum rates of
contraction and of expansion of the flow which can
be achieved. If these limits are exceeded the -
assumption of uniform velocity distribution will
not be valid and the simple design procedure will
be inadequate. . ;

In essence, the technique under discussion seeks

to design culverts and bridge waterways in such a
way that the flow in the upstream approach channel
is contracted through a streamlined inlet transit-

{Paper Ci401 subm1tted to The Instltutlon of
Eng1neers, Australia).
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ion or "fan" into the throat or barrel, where the’
width of the watérway is smallest, and is then
expanded in a streamlined outlet transition or fan
before it is finally released into the channel
downstream, all this being accomplished with small
energy loss. .The designéd waterway extends from
the upstream end of the inlet fan to the downstream
end of the outiet fan. A bridge waterway designed

Vand constructed in accordance with these concepts

is shown in Figure 1.

An essential aspect of the design is the Tequire-
ment that the inlet and outiet fans must be shaped
in such a way that the flow passsés through them
without significant form loss. -When this require-
ment is satisfied the energy loss through the -
structure is due mainly to. the boundary shear. It
is this aspect which is the basis for the déscript-
ion of such designs as having "constant total
energy", the implication being that enérgy loss: due
to boundary shear is negligibly siall. In- fact;
either explicitly or implicitly, some energy loss
is allowed for in the design, In many ¢ases the
assimption has been that the energy gradient. through
the engineered waterway is the same as that which
occurred previously in the natural waterway.

cont
P OLII‘S\

throat -~
132 m

Section AA (Distortion 25:1)

Figure 1 Nudgee Road Bridge Wéterway
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In many applications it is desirable to achieve a
minimum width of waterway at the barre! or throat
subject to the over-riding consideration that
energy losses are to be kept small. This leads to
the strategy of designing for critical conditions
to occur in the section of minimum width, i.e.
Froude rumber, F = v/(gy)%'= 1, where v is velocity
of flow, y is depth and g is the gravitational
acceleration. At critical conditions the discharge
per unit width is the maximum possible for the
available specific energy, E = y + v¥/2g, and the
width of waterway and cross-sectional area of flow
will then be a minimum. . Typically, the specific
energy available at the section of minimum flow
area is increased by lowering the level of the
invert below the natural ground surface, thereby

. achieving a further reduction in the minimum cross-
sectional area of flow.

The benefits inherent in a waterway designed
according to the above principles: are:-

(i} There is hq—effect on flood levels upstream
from the structure if the energy losses are
as small as assumed. ‘ -

{ii) At the same ‘timé the waterway in the barrel
or throat is minimised.

The flow in the stricture is streamlined,
with little turbulence; erosion potential is
low- and surface protection can sometimes be
minimal, '

(iii)

Whether the listed benefits lead to such a struct-
ure being the "best" for a specific application
will depend-on many factors. which are beyond the
scope of this paper. Discussion of them can be
found in McKay (1971), Cottman (1976), Porter
{1978). L
2 DESIGN PROCEDURE .
-It is mecessary first to decide on the "design
flobd"; the discharge and the depth at which it
flows at’ the site of the waterway.

With the assumption of no energy loss through the
structure, i.e. constant total head, the waterway
is-designed to meet the required specifications,
Usually, but not always, the design flood is
carried through the structure at critical condit-
ions everywhere and the cross-sectional shape is
made rectangular, This makes c¢alculation very
simple and direct because of the relations at

F =1 viz:- ’ o : -

Yo = 2E/3 5 q2_= gyl " : (€3]

where y. is the critical depth and q is the dis-
charge per unit width. Either the bed profile is
specified.and the plai widths are calculated from
the relations above or the plan shape is specified
and the required bed profile is calculated.

In the inlet fan where the flow is converging in
plan and ‘in the outlet fan where it is diverging,
the widths of flow cross-section calculated by the
above piocess must be measured along the_orthogon-
ats.to the streamlines, which are usually curved ifn
plan, as illustrated in Figure 1. If the plan

shape of a fan is decided in advance the bed profile
in the fan can be calculated directly.
the longitudinal bed profile in the fan is set in
advance, determination of the correct plan shapes
of the boundary streamlines and the orthogonals
usually involves some graphical adjustment. In
either case the orthogonals to the streamlines
should coincide with contours of constant bed

—_

However, if

elevation. In the design of the fans it has been

~fourd That shapes of streamlines and orthogonals
determined from flow-nets for two-dimensional -
irrotational flow give good results. The conditions
in the fans are only approximately described by
two-dimensional irrotational flow but the results
obtained from this approximation are usually .
significantly better than those obtained by any
other simple procedure,

In the final step, the energy loss through the
structure is allowed for by tilting the whole
geomeiry downwards in the direction of flow,
usually by lowering each part of the ground profile
by an amount proportional to its distance from the
inlet. More sophisticated adjustments can be made
if detailed knowledge of energy losses in the
different parts of the waterway is available. An
alternative to the procedure described above is to
estimate the total energy line at the beginning or
as the design proceeds and to use the relations (1)
to give the width and final bed profile of the
waterway immediately. ' : :

Use of the one-dimensiondl notion of specific
energy for design calculations of the waterway
implies that the velocity distribution across each
cross-section is essentially uniform, that the
water surface is horizontal along the orthogonals
and that the pressure distribution is hydrostatic.
These assumptions will apply with good accuracy
provided that,

(i) the approach conditions upstream from the
inlet fan are reasonable and the flow enter-
ing the fan is reasonably well distributed;

(ii) there is no flow. separation.in any paft“of
. the waterway;

the radius of curvature of the streamlines
in the fans is not too small.

(iii)

It may be possible to achieve a satisfactory design
of watexrway in.circumstances where one -or more of
these conditions are not satisfied. However, in
such a case the one-dimensional calculations can
only be used indicatively and model testing is
required to confirm the design, )

The calculatiens of most waterways designed accord-

. ing to these ideas are carried out for the design

flow occurting at critical conditions but, in. some
cases, the flow is required to occur at sub-critical
conditions. In such cases the calculations proceed
in the same way as described above, the only diff-
iculty being the more complicated calculations
required to determine the waterway cross-section at
subcritical conditions. Instead of the simple.
relations (1) which apply at.F = 1, the more. -
general expression for specific energy must be used,

E=y+vi/2g =y +q%/(2gy") (2)

For F < 1 there is an unlimited number of pairs of
values of y and q which satisfy the equation (2)
“for each value of E, subject to the restriction,
2E/3 < y < E and 'q < q. and the designer must:
decide which pair best suit his requirements,
Ippen (1950} gave a thorough description of the
procedures for designing transitions in subcritical
flow using the specific energy diagram. What is
novel in the design approach under discussion is
its emphasis on designing for flow at critical
conditions, .

The Institution of Engineers, Auscralia
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3 THE HYDRAULICS OF THE FLOW

In the summary of the design procedure it was noted
that certain conditions must be satisfied by the
flow in the waterway if the simple one-dimensional
calculations are to provide reasonably accurate
results. Observations of scale models and of full
size structures indicate that these conditions are
closely approximated, provided certain limits are
observed in the proportions and shape of the water-
way. However, the flow occurring -in the waterway
can become very complex if these limits are exceed-
ed. The simplifying assumptions of one-dimensional
flow are invalid if, for example, separation of the
flow occurs or very strong curvature of streamlines
causes significant departure from hydréstatic
pressure distribution. These limitations are
discussed below, some of the complications which
arise when the design procedures are applied to
practical situations are examined and ways of
dealing with them are described- )

3.1 Approach Conditions and the Inlet Far

In the upstream approach to the inlet fan the flow
is in its natural condition and it must find its
way into the fan in an “uncomtrolled" way. For the
flow in the fan to be of satisfactory quality and
Q%Q be described reasonably accurately by -the one-

Y dimensional calculations it is essential that the

i ‘ﬁgggoachingﬂilQﬁ;§9f3§asonablx_ge1l'distributed,
The fIow is converging at this point a e process
of convergence will tend to make it.more uniform

. but the amount of convergence is limited and can

K&

-+ "If the approach-conditions are not satisfactory it
is necessary to carry out works in that region to.
improve them,. As pointed out by Cottman (in
Porter, 1978), '"not trimming and flattening the
stream-bed upstream of the entry fan, and over the
full width, so that the approach flow can conform
-to the assumptions made by the designer" will cause
‘unsatisfactory performance of a minimum energy
structure. This will manifest itself in the form

of increased energy losses ar reduc aw_capacity

and sometimes in the dccurrence of large amplitude
standing waves on the surface of the flow.

In the approach flow the velocity distribution in

. the vertical is the fully developed turbulent
velocity profile. Calculations in the structure

“assume the velocity to be essentially uniformly
distributed in the vertical and in a waterway which
. is performing satisfactorily this tailoring of the
velocity distribution is produced by the effects of
the convergence imposed on the flow as it enters
the inlet fan and then as it is further converged
into the barrel or throat where the flow cross-
section is minimum. The natural approach flow has
the characteristics of boundary layer flow in which
the boundary layer occupies the full depth. "As this
flow is converged into and through the inlet fan-the
velocity distribution is made nearly uniform and a
new boundary layer begins to grow from the beginning
of the inlet fan. Convergence always improves the
uniformity of flow. Nevertheless the amount of con-
vergence available in: the free-surface flows occurr-
in in minimum energy structures is definitely
limited. .

In going from the approach flow to the upstream end
of the inlet fan the maximum comtraction ratio which
can occur in the vertical plane is 1.5:1 for the
case of very slow approach flow being accelerated
to critical cenditions at the beginning of the inlet
fan. If the approach flow has significant velocity
the vertical contraction ratic is reduced. The :
contraction ratio in the horizontal plane is,

CbﬂEmWwa&g?hmmaﬁm&[ﬂB_

‘not be expected to cope with bad appreach conditions.

theoretically, unlimited but it is doubtful whether
the horizontal contraction at this point has
significant influence on the flow quality where it
enters the inlet fan.

In the inlet fan itself, flow is converged in a .
fully controlled fashion and it is appropriate to
consider flow area contraction ratios. If the flow
at the beginning of the inlet fan has been acceler-
ated to critical conditions, further acceleration
to achieve further reduction in flow area at crit-
ical conditions can be achieved only by Towering
the bed of the waterway. Thus, as the plan width
of the flow cross-section is reduced the depth of
flow increases. In a waterway of rectangular
section in which F = 1 everywhere and the flow is’
Q, the width (B), depth (y) and cross-sectional
area of flow (A} are uniquely related to the local
specific energy of flow according to:

Y=y, = 26/3 3 B=qgt QB3 E
_12 "'lf ]ﬁ ’ (3)
A=Q(2gE/3) " ; AcEZaB

The relations (3) show that B is reduced rapidly as
E is increased by lowering of the bed level but
that A is reduced much more slowly; contraction
shapes which are dramatic in appearance in plan are
associated with much more modest area contraction
ratios. Theoretically, there is no limit to the
contraction ratios which can be used but practical
considerations set upper limits which are quite
modest. Cottman (in Porter, 1978) suggests that- -
the maximum practical value to-be used for the ratio .
Enax/Emin 15 5, which corresponds to a lowering of

. the-bed-of the minimim cross-section by an amount

more than four times the depth of the approach
fiow. For this ratio, the relations (3) show that

Bmax/Bmin = 11.18 but Amax/Amin =2.24 4)
As stated in Section 2, the orthogonal families of
streamlines and equi-potential lines of two-dimens-
iona} irrotational flow give shapes which have been
found to be suitable for the plan form and bed
contour shapes of the inlet fan. However, it is
necessary to decide separately the length of the

fan since the same contraction ratio can be achiev-
ed over a wide range of lengths from the cne family
of streamlines. The optimum length of inlet fan is

- the shortest for which the flow approximates the

two-dimensional condition without separation or
unacceptable transverse water surface slopes.. If

- the ratic of length/width of the fan is made too.

small the flow is no longer controlled by the plan
shape of the fan and enters the fan as an almost
parallel flow which chekes before it reaches the
section of minimum width. Cottman (in Porter, 1978)
suggests that the minimum satisfactory value of
length/B

#k_,JL._Emaz_fEEﬁfﬂgkiﬂlgixﬁﬁn'iﬁ‘aTsxﬁnd this is -
probably a Teisonable guide. The inlet fan illus-

trated in Figure 2 has length/Bpay of 0.44 and )
performed well in model tests. However, -for reasomus
given in section 3.2.2 this inlet was designed for
flow at values of F less than unity. o

3.2 The Barrel or Throat

In some applications, the inlet fan leads into a.
length of waterway in which the width of flow cross-
section is constant-at its minimum valie. This is
usually the case for culverts and this length of
waterway of constant width is described here as the
"barrel”. In other. applications it is appropriate
to converge the flow to a section of minimum width
and then to expand it immediately downstream. A
waterway of this type is illustrated in Figure 2.
The section with minimum width in such a waterway
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Section AA (Distortion 10:1)

Figure 2 Settlement Shores - Flood Outlet B
is described here as the "throat".
3,2.1 Minimum slope of barrel
T e

Regardless of assumptions concerning the:energy
loss through the structure and.the allowance made
for it, there is a minimum slope which can be used
for the invert of the barrel if the flow there is
tobe at F &3 This is Feferred to-asthe limit
slope (Chow, 1959). For.steady uniform flow in.a
channel it can be shown {Apelt, 1965) that the bed
slope Sy and the Froude mumber of the flow are
"related by:

2 2 ph payh
S, = F* gn® P° (84) (5)
T
where P is the wetted perimeter of flow section and
n is Manning's. For the case F = 1, the equation
(5) gives the valiie of the sIope Tequired if the
‘uniform flow is to be at critical conditions. If
the cross-section of the channel is rectangular the
expression for S, in equation (5) has a minimam at
~y/B = 1/6 with a value given by,. T ’
. 1,
minmS°r=m£§[§l;E?WE,nz B

(&)

The value of min 'S, given by équation (6) for F =1
is the limit slope and is the same result as that
obtained by Rac § Sridharan (1970). If the slope of
the ‘barrel invert does not equal or -exceed this -
minimum value then critical‘bonditions can not be
achieved in the barrel and the simple design
calcutations described in section 2 will be invalid.

The preceding discussion is based on fully developed
uiform fiow and it is reascnable to enquire to
what extent it applies to the flow in the relative-
1y short channel of the culvert barrel-where it is
probable that the boundary layer is still develop-
ing ‘and the flow is not uniform in the strict
sense. There is evidence that the theory does
apply in this situation in the problems encountered
in ‘the model studies of a minimm energy culvert
associated with the cooling water circuit of Glad-
stone Power Station. The barrel of the culvert was
rectangular, 3.277 m wide, with bed slope of 5.78

x 10-?, and was intended to carry a flow of 24.1
m3/s at F = 1, the depth of flow being 1.767 m.
However, in model tests at a scale of 1:24 the flow
in the barrel was found to be sub-critical at a
depth of 2.012 m with F of 0.82; the flow in the
inlet and outlet fans, however, was very close to
critical ‘and the water level in the barrel was

noticeably higher than it was immediately upstream
and downstream in the fans. The value of n for the
model barrel was estimated at between .012 and .013
and Equation (5) predicts a corresponding range of
E from 0.90 to 0.83, which is in surprisingly good
agreement with the observed value. Equation (5}
also shows that if the design conditions are to be
achieved, the value of n for the barrel must be not
greater than 0.011.

3.2.2 Bridge piers in throat

It is clearly desirable that no cbstruction be
Jocated in the throat of the waterway.  However, in
the case of large waterways it may be necessary to
locate one or more bridge piers in the throat, as
jliustrated in Figure 2. In such case the bridge
piers constitute a further contraction in width.

It is not possible for the flow to be at critical
conditions in a throat section containing bridge
piers and alsop in the unobstructed sections
immediately upstream and downstream unless the bed
level in the obstructed section is lower than that
immediately upstream and downstream. A similar
situation exists in the case of multi-cell box
culverts where the effective width of waterway.
within the culverts is less than that in the fans
immediately upstream and downstream because of the
presence of the walls of each cell of the set. The
change in bed level rTequired to malntain critical
conditions throughout the flow in these circum-
stances is that necessary to provide the minimum
specific energy in the obstructed section when
critical conditions exist in the unobstructed
sections upstream and downstream. If the total
effective reduction in the width of the waterway
due to the presence of piers or culvert walls is
denoted, w, and the unobstructed width is B,
application of equations (3) shows that the minimum
specific energy in the obstructed section, Egg, is
related to that in the unobstructed width, Eca, 85
follows,

%A

E,/Eee = (1 - W/B)

(7)

The required change in bed level can be calculated
from equation {7) after allowance has been made
for any extra losses in total energy caused by the
obstruction. It should be noted that the value of
w should include the effects of any separation
caused by lack of stream-lining of the bridge piers
or culvert walls. ' C

A,pfactial problem associated with thé approach
described above is the sudden change in bed level

from the unobstructed to the obstructed. section,
McKay {1971) has shown how to .convert this to a

progressive change when the obstruction is a
continuous diaphragm by raking the upstream and
downstrean edges of the obstruction over the same
distance as the bed level is changed. McKay
déscribed this procedure in the context of the
dividing walls of multi-cell culvert barrels but
exactly the same approach is spplicable to the case
of -a diaphragm bridge pier. -However, it is not
clear how the technique could be adapted to the

" case of bridge piers consisting of pile bents, as

in the case of Figure 2.

If the bed level in the obstructed section is not
made lower than that in the unobstructed section,
j.e. if the bed profile is continuous at a grade
corresponding to the estimated gradient of the
total head line, the Froude number of the flow will
be different in the two sections. If the Froude
number of the flow in the umobstructed approach
channel is F, and that in the section containing
the obstruction is F¢, assumption of constant
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sPec1f1c energy and use of the COntlnulty equatlon
leads to the result

FZ (F2+2]3 2
; W
2 —— - (1-p (®
Ft (Fa + 2]‘
If the flow in the section containing'the obstruct-

ion is critical so
simplifies to

that F_ = 1 the Equation (8)

t

2_7 B (F2+2)7° = (1 - w/B)? (9)

Similar results have been presented by Hsieh (1964).
The relationship (9) is shown graphically in Figure
3 which shows the 1limiting Froude number.of the
approach flow when :the corditions are critical in
the section containing the obstruction. In this
gpplication only the subcritical range.would.
normally be used. It should be noted that the
assumption of constant specific energy in derivation
of- equations (8) and (9) implies that no extra
energy loss is caused by the presence of the
obstruction. This will be-a Teasonable- assumptlon

- only if the obstruction has a well- stream11ned
shape.
3.3 - Qutlet Fam’

‘The- function: of the outlet fan is to décelerate

the flow and -expand it laterally before releasing

it into the natural channel downstream. Successful

performance of the outlet fan is essential if the

minimm energy structure is.'to opeérate with .small

energy loss and 1f excess1ve scnurlng velocitles are

to be prevented L :

If the flow-;n the outlet fan is critical then the
same relations (3) apply as were discussed for the
inlet fan in section 3.1, provided, of course,  that
there is no separation and the velocity distribution
.is esséntially uniform. It is impossible with -
present knowledge to predict with certainty when
these conditions will bé satisfied. A research
programme is currently underway to define the
characteristics of ‘expanding free surface flow at
and near critical” conditions and some results are
availdble (McMahon, 1979) but the understanding is
not yet complete. However, it is clear that it is
more difficult to achieve rapid Tates of expansion
and largé expansion ratios in the outlet fan than
it is to achieve rapid rates of contraction.and
large contraction:ratios in the imlet fan. The
reason for this lies in the difference between the
characteristics of the boundary layers in the two
fans. In the ‘inlet fan the boundary layer is thin,
having started in the vicinity of the upstream end
of the fan, and the accelerating flow is associated
with a favourable piezometric head gradiemt which’

0.2

w/B

Figure 3 Froude mumber in approach €low .
for F = 1.in throat with piers

" Covil Engineering Transactions, 1983

ensures that the boundary layers will remzin thin
and energetic. In contrast, in the outlet fan the

_expanding fiow is associated with an adverse

rapidly in thickness and,

gradient of piezometric head which combines with

the boundary shear stress to decelerate the flow in
the boundary layers. The boundary layers grow

if the outlet fan is long
enough, the boundary layer separates and the flow

is no longer guided by the geometry of the fan walls,
If separation occurs the velocity of flow leaving

the fan will be larger than that indicated by the

one-dimensional calculations of section 2 and it
will also have a non-uniform distribution. Both
effects result in increased energy losses through

the structure.

As shown by relations (3) the area expansion ratio

in the outlet fan, AL, i.e. Apy/Amin, is much

- smaller than the width expansion ratieo, By, i.e.

Bnax/Bmin- - For example,.in the waterway shown in
Figure 1, By is 1.53 but the calculated value of A;
at design flow is 1.15. The largest value of Byr -
used in a minimum energy waterway to date is 8,56

at Newington Bridge (Cottman, 1976) and the corres-
ponding value of Apr (calculated) is 2.05. The
largest value of Ay which has been beasured is 1.78
which is the value at design flood in the model of .
Settlement Shores Flood Outlet B (Apelt 1974),
illustrated in Flgure Z.

3.3.1 Energy 1055es in outlet fan.

The evidence available indicates that energy losses

_in and at the exit from the outlet fan account for

the greater proportlon of the losses through the -
waterway. The energy losses in the outlet fan ean
be attributed to boundary shear, "form" loss in the
expandxng f]ow and exit loss

The energy-loss at the exit from the fan is dué to
the fact that the velocity at that location is
greater than the velocity in the natural cliaanel
downstream. " The loss of total head at the exit,
AH,, will “be approximately equal to the difference’
in velocity heads and, if the veélocity in- the
natural channel is very much smaller-than that at

“exit, this loss will be approximately equal-to the

velocity head at exit. “If the flow in the fan is
everywhere at F = 1, use of the relations -(3) gives, -
in this casé,_ : o f

BH_/ (v )2 1/A2 (10)

max/Zg) = (A

m1n max

The energy losses in the fan itself can be -deter-
mined only by experiment. Some results fron

- McMahon (1979} are shown in Figure 4 together with

the relation specified by Equation (10). The data
were obtained on expansions with straight side-walls
and with expansion angles of 16° and 25°. "Within
the Tange of the tests there is no significant
difference between the-data from the two different
angles. In all cases except one, the value of F in

- the expansion was close to unity, ranging;from

0.876 to 0.996. The one exception is the case with
the largest value of Ap, for which F = 0.587.. The
experimental data for head loss have beeén non-
dimensionalised with respect to the velocity head
at the minimum cross-section (the threat), as. in
Equation (10). The results for head loss:between
the throat and the downstream end show relatively
small variation_ in the non-dimensional coefficient
over the range of area ratio, A, which includes
all likely.practical designs. There is. a tendency
for the coefficient to decrease as Ap increases.
The maximum value is 0.35 near Ay = 1 and the
minimum is 0.18 near Ap = 2.5. The average of all
values is 0.28. ' -
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AH
2 LEGEND
ve/2g )
0 AH, throat = DS lip
® AH, throat -+ channel
L)

+ AHe, exit loss

—— Equation {10)

Figure 4 Energy'loéses in 6utlet fans

The results for head loss between the. throat and the
channel downstream from the exit generally follow
-a pattern similar to but lying above equation (10).
The. difference between the two sets of values of
head loss represents the exit loss, AHe, mon- -
dimensionalised - as in equation (10}. The experi-
mental values for AH, follow the predictions of
.equation (10) quite well. The exit lesses could be
reduced substantially below those shown in Fipure 4
if-the outlet fan was éxtended downstream beyond
the cutlet rim into the region of sub-critical flow:
If minimisation.of energy loss. is of paramount
1mportance it is often necessary to extend the out-
let fan in this way. Theoretically, it is possible
‘10 extend and expand the outlet fan downstream until
the velocity of flow has been reduced to that of the
natural channel and, in thlS case, there would be
no exit loss. :

3.4 OFf Design Flows

All of the discussion.to this point relates to the
characteristics of the waterway when operating at
design flow, - It is. important alsoc to considér the
pérformance of the structure when carrying flows
less than and greater than the design flow. In-
order to determine the characteristics of the flow
when the discharge differs from the design flow it
is necessary-to consider the stage-dlscharge
relationship which is established in thé natural
" channel downstream and how:this affects conditions
in ‘the waterway. The following brief discussion -
is valid for many cases but it does not necessarlly
'apply to all.

At flows significantly less than design the water-
way is usually divided into two zones. Mest of
the waterway is occupied by sub-c¢ritical flow which
is controlied by the conditions at the exit from
the downstream fan. Flow enters the upstream fan
through a point of control at the entrance lip and
accelerates to supercritical conditions before
forming a small hydraulic jump where the deep
sub-critical flow is encountered. As the discharge
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increases, the zone of supercritical flow reduces
in extent and the hydraulic jump is replaced by an
undular standing wave. At design flow, the region
of supercritical flow and the undular standing wave
are eliminated. It is quite likely that the maxi-
mum water level in the barrel or throat will be
associated with a flow which is less than the design’
fiow. Cottman (1978) has discussed such 2 case and
points out its significance with regard to the
design level for the soffit-of the bridge which
crosses the waterway.

At flows greater than the design flow a choke often
occurs in the waterway at, or mear, the section of
minimum width, If this is the case, upstream from
the choke the flow will be sub-critical while,
downstream from the choke, the flow will accelerate
and a short zone of supercritical flow will exist.
Usually, undular standing waves form in this region
and provide the means for converting the flow back
to the sub-critical conditions which exist in the
natural -channel downstream. As with the case of
flows less than design, calculation of the larger
flows is made difficult by lack of data on energy
losses and model testing has generally been necess-
ary to check the performance at: off-design flows.

"Off-deSign"-éonditions also occur at the design
flow itself if the estimate of energy loss used in

“the design.of the waterway is significantly in

error. If the waterway has been tilted more than

‘is needed to account for cnergy losses then it is

iikely that conditions at design flow will be.
similar. to. those described above -for flows less .
than design. A short length of supercritical flow
is likely to occur in the entrance fan, followed by
an hydraulic jump or by an undular standing wave,
If the slope given the waterway is too small,
choking will occur at the design flow and condit-
ions will be similar to those described above for
flows greater than design.

4 CONCLUSION
A number of waterways designed with the one-dimen-

sional calculations summarised in sectiom 2 have
been built and the evidence available indicates

.that they perform well, confirming the satisfactory

performance -observed in model tests. - However, it
has been shown that in some cases a more sophistic-
ated and detailed approach is necessary to achieve
satisfactory design. More data are required con-
cerning energy losses and the characteristics of
expanding free surface flow. When these have been
obtained the application of the design method can
be extended with confidence to even more challeng-
ing cases.
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