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(57) Abstract

Method for reducing frictional loss in unlined tunnels or other tunnels with a rough wall surface and/or irregular cross section. A
flexible or rigid pipe with a cross section similar to or somewhat less than the largest circularly open cross section of the tunnel is introduced

into the tunnel and attached continuously or at certain points to parts of the tunnel wall. Means ensuring that a superpressure occurs within
the pipe relative to its outside during flow are also introduced.
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METHOD FOR REDUCING FRICTIONAL LOSSES IN TUNNELS.

Background

Tunnels for hydroelectric power stations are used to convey water from a reservoir or
an inlet to a power plant, so the potential energy of the water 1s transformed to electric
energy. When the water is flowing through a tunnel, an energy loss induced by friction
will always arise. As some of the potential energy is lost, the obtained energy 1s less
than the theoretically obtainable energy. Society has a large and continually increasing
energy consumption, leading to a steady requirement of new power plants and
consequential environmental damage. It 1s evident therefore that if energy losses can be
minimised then this has a significant advantage for the environment and society.

A lot of tunnels e.g. in Norway are simply mined out with no concrete linings or the
like, with the exception of concrete reinforcement of especially weak zones. As the
water flows close to the very rough tunnel wall surface in such tunnels, the frictional
loss 1s much larger than it would have been following a smoother surface.

Older tunnels with a relatively small cross section will have a larger head loss
compared to newer tunnels. The reason may be that these older tunnels were
dimensioned according to outdated criteria (higher financial interest, higher construction
costs and less value of the power) compared to the situation today.

Further, 1n some situations 1t will be desirable to increase the water tlow through the
tunnel, e.g. by increasing the power plant’s maximum discharge and/ or conveying more
water to the power plant, which leads to a disproportionately large head loss.

When constructing new tunnels the head loss is reduced by drilling or mining with a
cross section sufficiently large and with a smoothest possible surface. In addition the
loss 1s sometimes reduced by means of smoothing the sole of the tunnel with asphalt or
the like. These methods however have technical and economical limitations which
result in a head loss that is still significant in most tunnels. If a significant tlow increase
has been required for a power plant, making a new tunnel parallel with the existing one
or providing an enlargement of the existing one, has up until now been the practical
solution of such a requirement. Both these solutions involve significant construction

COStS.
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Objective

The objective of an aspect of the present invention 1s to reduce the frictional loss
that appears when water flows through unlined tunnels or other rough walled tunnels.
It is a further objective of an aspect of the invention to achieve this with means that
are economical, easy to install and which require a minimum of maintenance. Thus,
the invention will constitute a method that can contribute to the upgrading of existing
power plants close to their maximum theoretical performance, such that unnecessary

extensive new constructions of hydroelectric power plants are avoided.

The invention

These objectives are achieved by the method defined by the independent patent
claim 1. Preferred embodiments of the invention are defined by the dependent claims.

In the following different embodiments which all are within the frame of
the invention, are described.

According to a preferred embodiment an entire length of a pipe may be pre-
fabricated from a flexible material as one integral, cylindrical unit, tailor-made for the
relevant tunnel. This gives the evident benefit that any joining/assembling of different
pieces 1s avoided. A possible disadvantage 1s that the weight of the pipe may be
excessive. A ductile and preferably reinforced fabric may be utilized, like the
ones used for o1l booms.

With regard to the problems connected with large dimensions and heavy weight, 1t
may, in some connections, be preferred to assemble the pipe from sections of the
flexible fabric, pre-fabricated in suitable length sections. The sections may be pre-
shaped 1n a cylindrical form, which are joined section by section to the appropriate
length by suitable means, like welding. Alternatively, the sections may be
rectangular, in which case one ore more rectangular pieces may be first joined
(welded) to a cylindrical unit, where after subsequent cylindrical units are attached to
on¢ another.

The dimensions are chosen such that when the completed pipe by means of
superpressure obtains its intended and nearly cylindrical shape, the pipe fills nearly
entirely the regular (cylindrical) part of the tunnel. It 1s evident that there will be
some void between the pipe and the tunnel wall, varying in shape and dimensions

depending on the variations of the rough tunnel wall surtace. By preferred
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embodiments which will be described in further detail, this void 1s also utilized for
conveying a limited flow of water, while at the same time maintaining an appropriate
superpressure within the pipe so that the pipe 1s held expanded (cylindrical) during
all normal operating conditions.

The tension on the pipe during normal operation 1s significant, and it 1s necessary to
prevent the pipe from being displaced in the longitudinal direction of the tunnel by
attaching it to the tunnel wall, either at certain intervals or continuously. Tension due
to pressure fluctuations however, 1s avoided, as the (super) pressure within the pipe at
all times will be higher than the pressure outside.

In accordance with one embodiment of the invention, a method for reducing
frictional loss 1n tunnels carrying a fluid flow, the tunnel defining upstream and
downstream directions and inlet and outlet ends and having a wall defining a
cross section width, the wall having a texture, comprises the steps of:
introducing a pipe into the tunnel, the pipe having a cross section width which 1s
equal to or somewhat less than the largest cross section width of the tunnel,
attaching at least a plurality of points of the pipe to the tunnel wall, and
producing a superpressure in the pipe relative to the pipe exterior during flow.

In the following the invention 1s described 1n further detail with reference to
the accompanying drawings, where:

Fig. 1 shows, 1n a longitudinal section of a tunnel, how the attachment/
assembly of a cylindrical fabric may be performed according to the present
invention,

Fig. 2a 1llustrates a cross section of the tunnel shown by Fig. 1,

F1g. 2b depicts a detail for fixing the pipe according to a preferred embodiment of

the invention,

Fig. 3 shows an alternative to Fig. 2a, with additional fixing points to the ones along

the "ceiling line" of the tunnel,

Fig. 4a and 4b show embodiments of an alternative where the pipe 1s formed from
more rigid sections that are assembled to a generally rigid pipe construction,

Fig. 5a shows a length section of a preferred embodiment of the invention in which
the cross section of the tunnel 1s somewhat narrowed immediately upstream of and
immediately downstream of the pipe in order to contribute to the superpressure within
the pipe 1,

Fig. 5b-d shows different ways to maintain a superpressure within the pipe 1.
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Figure 1 shows a longitudinal section of a tunnel in which the invention 1s being
assembled 1n the form of a cylindrical, flexible fabric 1 1n one piece. By means of
attachment units 2 the fabric 1 1s attached with even intervals along a straight line on

the periphery of the fabric to a rail (bar) 3 extending centrally along the "ceiling" of
the
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tunnel, 1.e. at or cllose to the highest point of the cross section 5 of the tunnel. The rail 3
for its part is attached to the tunnel wall 6 by means of bolts 4 or similar attachment
means.

A particular advantage with this attachment arrangement is that the rail 3 carries most
of the weight of the fabric right from the start of the assembly, as the attachments 2 on
the fabric 1 (or pipe) are pushed over the rail at the tunnel opening and from there
cuided to correct positions in the tunnel without much force being required for lifting or
the like within the tunnel.

Fig. 2 shows the same tunnel as F ig; 1, but in a cross section view of the tunnel. As
already indicated this kind of attachment may be used also if the pipe 1s made of more

rigid pipe elements, so the pipe 1 on Fig. 2 can symbolize either a flexible or a rigid

. pipe.
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When the fabric or pipe is correctly positioned, it can be fixed relative to the tunnel
wall so that it can only move minimally in the longitudinal direction of the tunnel. The
detailed drawing 2b shows a preferred embodiment for an attachment unit 2 and the rail
3, where the attachment unit 2 comprises at least one wheel 8 arranged to run along the
lower part of the rail 3, as well as a locking pin 9 or bolt so arranged that 1t may be
pushed through holes in a first vertical flange of the attachment unit 2, thereafter through
a hole in the rail 3 and finally screwed into a threaded opening 1n a second vertical
flange of the attachment unit 2. In this way the attachment unit 2 will no longer be able
to move along the rail once it has been positioned and the locking pin has been secured.

It is of course possible to utilize more than one rail if required to hold the pipe
sufficiently steady. As shown in Fig. 3 three rails have been utilized, spaced mutually
120 ° apart seen in a cross section of the tunnel, so that they are evenly spaced around
the periphery. This gives a particularly secure attachment once the pipe 1s finally fixed.
On the other hand it requires a lot of additional work to provide additional attachments
and this work will only be taken on when it is required. It is also possible to use a rail
along the top line of the tunnel and other more flexible or versatile attachment
arrangements for the other attachment points 2'. Thus the attachment mechanism 3' may
be a rail, but also attachment straps or the like may be used that are not necessary
arranged as evenly or close together as the attachment units 2 along the ceiling of the

tunnel.
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The attachment'units 2 on the fabric or pipe can be of any one kind able to hold the
tension required. It is, however, preferred with respect to the required strength to use
attachment ears that are formed integrally with the fabric or the pipe.

Even though the rail described constitutes a particularly convenient way to fix the
pipe to the tunnel wall, due to the convenient installation procedure 1t otfers, the
invention in not limited to any particular way of arranging the attachment. Any known
means for attachment, including rigid boits and flexible straps, or combinations of such
means shall be considered to fall within the scope of the invention. It 1s hereby
understood that it is neither required that the attachment points be arranged in a line,
even though this often 1s most convenient.

It will be understood that use of a flexible fabric offers many advantages in
connection with the assembly. In addition to the small space required for transportation,
there will always be room for a worker between the fabric and the tunnel wall, e.g. in
connection with the attachment, as the fabric easily may be bent aside where the space
between the tunnel wall and the pipe is else to small.

Another aspect is that if the tunnel has certain abnormal trregularities from a mainly
regular cylindrical shape, it is easier to adapt special solutions with a flexible pipe than
with a rigid one, so that a single narrow point in the tunnel does not require the entire
pipe to be narrowed.

In other situations it may be favourable to utilize a pipe constituting more r1gid pipe
elements put together to form a generally rigid pipe structure as shown 1n Fig. 4. The
advantage is that the assembled construction will have less ability to move, 1t requires
fewer attachment points to the tunnel wall and it will not collapse 1f 1t 1s emptied. On
the other hand it will lack the particular advantages of the flexible pipe as already
described. The rigid pipe will need to be fixed to the tunnel wall, which principally will
be achieved the same way as for the flexible pipe.

The rigid pipe elements can have the form of cylinder elements 1' as indicated 1n kFig.
4a, but it will often be more practical with elements constituting only part, e.g. half, of a

cylinder wall, cf. Fig. 4b. This is due to the space required for transportation and

30 problems related to bringing the elements into the tunnel and having them assembled

and fixed at the right location under limited space. For sheets constituting only part of

the cylinder wall, there are again different embodiments. Such elements can have the
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form of curved plates of a very rigid structure that can alter shape only to a very limited
degree, or have the form of very thin-walled sheets which have the ability to bend at
least in one direction and which in unconstrained form take a flat, rectangular shape.
Once a sheet of this latter category has been bent to desired cylindrical shape and
assembled with neighbouring sheets on both sides, its freedom to move 1s very
constrained as 1t 1s part of a rigid wall structure.

A general problem related to use of such pipes in a tunnel, especially when made of a
flexible fabric, is that pressure surges will occur in the pipe from time to time. The pipe
must be able to withstand such surges without collapsing. In the following several ways
to deal with this problem are described, all of them sharing the common feature of
building and maintaining a certain superpressure within the pipe compared to the
pressure outside.

The most preferred way to obtain such a superpressure 1s shown 1n Fig. 5a, and
involves establishing a permanent narrow pass 10 short upstream of the pipe 1 entrance,
e.g. made in metal or concrete which, immediately upstream of the pipe, again 1s
extended to the cross section of the pipe by means of a smooth and even conus 12 that
ensures that the flow past the narrow pass takes place with a minimum of turbulence. In
addition openings 13 through the wall of the narrow pass allows a certain amount of

water to pass from its inside to its outside, and from there flows along the outside of the

20 pipe, between the tunnel wall and the pipe. The main volume of water, however, will

25

30

flow past the narrow pass 10 and into the pipe 1, and the velocity of this flow will be
higher at the narrow pass than within the pipe.

As the water flows past the narrowest cross section and through the conus shaped part
12 of the narrow pass enters the pipe, the velocity will decrease somewhat, which means
that some of its kinetic energy will be transformed into pressure energy, which again
means that the pressure within the pipe will be somewhat higher than outside. The
degree of narrowing determines how much higher this pressure will be. This
construction can be adapted with regard to the needs 1n each relevant case. It should be
noted that it is convenient or necessary that superpressure can be maintained for flow in
both directions, due to the fluctuations that may occur when turbines are adjusted.
Further the superpressure should be obtainable for a variety of water velocities, up to the

velocity when the turbines are raced (approximately twice the normal velocity).
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In order to be able to maintain the superpressure during backflow of water, a similar
narrow pass 11 can be used downstream of the pipe as the one 12 upstream. The water
Velocity'outside the pipe will automatically adapt so that the head loss 1s equal on the
inside and the outside. In practical terms this means that the velocity will be much
lower outside than inside the pipe, but the outside space at least gives a certain
contribution to the total flow.

There are, however, other ways to provide the superpressure within the pipe that 1s
required according to the imnvention. One alternative is to arrange pumps 14 upstream
and downstream of the pipe, cf. Fig. 5b, both of which are directed to pump into the pipe
(dotted lines indicates direction of pumping), which means that the pump downstream of
the pipe pumps in counterflow to the general flow direction. This arrangement provides
a local superpressure between the pumps. The disadvantage with this solution 1s that it
depends on mechanical movable parts, which requires energy supply to work.

A further alternative embodiment is shown in Fig. 5c, which consists of arranging
small tubings 15 at the inlet and outlet end of the pipe. One end of each of the tubings
15 are led generally perpendicularly through the wall of the pipe 1, and may be rotatably
shafted to the pipe 1. If the ability to reverse the water flow is not required, the tubings
need not be rotatably shafted. The tubings are substantially less in cross section than the
pipe 1 according to the invention. The tubings are bent approximately 90%, so their free
ends are mainly parallel with the flow direction within the pipe 1. Due to the forces that
the water flow imposes on the tubings, they will adjust so they point in the flow
direction. Immediately downstream of the tubings there will be a relative subpressure,
which will be conveyed to the outside of the pipe through the tubing 15.

The most elegant and reliable way of providing a local superpressure consists of the
narrow pass described with reference to Fig. 5a. Some variants of this embodiment may
be introduced depending upon the circumstances. By the first described alternative it
was suggested that a minor flow of water should be permitted on the outside of the pipe.
In cases of long tunnels it may be desired to apply more than two narrow passes spaced
apart conveniently, in order to control the superpressure at different regions n the
tunnel. It is possible to use only one narrow pass if it is required to maintain a
superpressure in a pipe of limited length. According to this alternative there will not be

any flow outside the pipe.
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If the water flow is always unidirectional, the void outside the pipe may be connected to
a point of lower pressure further downstream by means of a small pipe conduit 16, as
shown in Fig. 5d, so that a relative superpressure is obtained within the pipe. (Note that
on Fig. 5d the flow direction 1s from right to left)

[rrespective of whether the pipe material constitutes rigid plates or a tlexible fabric,
the surface of the pipe, and especially the side facing inwards, should be as smooth and
frictionless as possible. This is primarily a question of choice of material and surface
treatment of the same prior to assembly in the tunnel. It may also be relevant to treat the
material in certain ways, €.g. in order fo prevent growth of fungus or the Iike. This 1s
however, a secondary consideration in relation to the core of the invention, which 1s to
arrange a pipe-shaped body with a very consistent and even shape and preferably an
approximately circumferential cross section in the tunnel. Even though the cross section
always will be somewhat less than the cross section of the tunnel 1tself, a lot of energy

will be saved 1in terms of reduced frictional loss.

Example

In the following a calculation example is given, indicating the magnitude of saving
obtainable by the method according to the invention. The example takes as a basis a 50
m’ tunnel conveying 150 m’ water per second. The example shows that approximately
3/4 of the frictional loss may be avoided by use of the invention. As the example also
shows, the savings are larger where there is a need to increase the flow compared to
what the tunnel was originally dimensioned for. For a water flow of 100 m’ per second
the saving will be 2.7 Gwh/ km tunnel, while at 120 m’ per second the saving will be 4.7
Gwh/ km tunnel. (1 Gwh corresponds to the yearly energy consumption of

approximately 40 ordinary detached houses in Norway).
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What 1s claimed 1s:

1. A method for reducing frictional loss in tunnels carrying a fluid tlow, the tunnel
defining upstream and downstream directions and inlet and outlet ends and having a wall
defining a cross section width, the wall having a texture, the method comprising the steps of:
introducing a pipe into the tunnel, the pipe having a cross section width which 1s equal to or
somewhat less than the largest cross section width of the tunnel, attaching at least a plurality

of points of the pipe to the tunnel wall, and producing a superpressure in the pipe relative to

the p1pe exterior during flow.

2. The method according to claim 1, further comprising the step of forming the pipe

from a flexible fabric having a surface, the surface having a texture which 1s smoother than

the texture of the wall of the tunnel.

3. The method according to claim 1, further comprising the step of assembling the pipe

from a plurality of rigid, thin-walled pipe elements to form a substantially rigid structure.

4. The method according to claim 1 wherein the step of producing a superpressure
comprises the sub-step of introducing a first permanent narrow pass in the tunnel upstream of
the inlet end of the pipe, the first narrow pass having a downstream portion having a cross
section width which 1s less than the cross section width of the pipe and an upstream portion
having a cross section width which increases from the cross section width of the downstream

portion to the cross section width of the pipe, wherein the flow velocity will gradually

decrease in the downstream portion of the narrow pass and some of the kinetic energy is

transformed into pressure energy.

5. The method according to claim 4, further comprising the sub-step of maintaining a
flow of the fluid intermediate the pipe and the tunnel by introducing a second narrow pass

downstream of the pipe.

6. The method according to claim 4, wherein the cross section widths of the downstream
and upstream portions of the first narrow pass are selected such that the first narrow pass does

not produce pressure fluctuations which create dynamic tensions.
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7. The method according to claim 4, further comprising the step of diverting a portion of
the fluid flow to the outside of the pipe through a plurality of openings which extend through

the first narrow pass.

8. The method according to claim 1, wherein the pipe 1s attached to the tunnel wall by a
plurality of attachment units mounted on the pipe, all of the attachment units being attached

to a single rail secured to an upper part of the tunnel wall.

9. The method according to claim 8, wherein the attachment units are moveable along

said rail during assembly and disassembly and are lockable to distinct positions along the rail.

10.  The method according to claim 8, wherein the pipe 1s formed of a flexible matenal

which is held extended with a substantially circular cross section.
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