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ABSTRACT

Karahnjukar Hydroelectric Project is an undergebunrhydroelectric scheme in
eastern Iceland. The characteristic feature ofpbeerplant is an extensive waterway
system (total length of tunnels over 65 [km]) witbmplex flow phenomena including
overspill and free surface flow.

Tunnel Element concept was introduced and tested cepresentative powerplant
trips showing good correlation between calculatiand measurements. Next, various flow
patterns were analyzed for a set of powerplanthdigge profiles from design regime. The
calculations were used for plotting Operating Caneneficial for safe HEP operation.

Introduced Tunnel Element concept turned out asuitable way for complex
waterway systems modeling. Although vast limitasiothe method is promising and gives
a base for further studies on leakage and dangegersition regimes of powerplant.

Investigation showed that Polish Oil and Gas itjuaould be the most interested
in Tunnel Element method development.
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NOTATION

Abbreviation

HEP Hydroelectric Project

HRT Headrace Tunnel

HR Halslon Reservoir

HSS Holsufs Surge Shaft

MST Midfell Surge Tunnel

JT Jokulsa Tunnel

JST Jokulsa Surge Tunnel

JiC Jokulsa Intake Collector/ Ufsarlon Intake Cctider
IS Inverted Siphon

JvC Jokulsa Valve Chamber

PVC Penstock Valve Chamber

JSIJ Jokulsa Tunnel — Jokulsa Surge Tunnel — lage3iphon Junction
TE Tunnel Element

FTE Free Surface Tunnel Element

PTE Pressurized Tunnel Element

All symbols are stated in the text after their first use
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1 INTRODUCTION

Karahnjukar Hydro Electric Project is a hydroelecscheme in eastern Iceland (fig.
1.1) designed to produce 5 [TWh] annually for Alsogjardaal aluminium 75 [km] to the
east in Reydarfjordur. The project, named afterrmgeaMount Karahnjukar, involves
damming the Jokulsa a Dal River and the Jokuldgtdgal River with 6 dams, creating
several reservoirs. Water from the reservoirs ienthdiverted through 53 [km] of
underground water tunnels (fig 1.2) and down 420 ljiigh vertical penstocks towards a
single underground power station. The smelter bechuty operational in 2008 and the
hydro-power project was completed in 2009.

AT AR AP HRE L NE TN L'

Flgure 1.1 Karahnjukar HEP, aluminium smelter amhsmlssmnllnes [5]
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Figure 1.2 Schematic longitudinal section throulgd waterways, and a plan on the
inserted picture (vertical scale extended 20 tifjgs)

The Karahnjukar project has many uncommon feat@garding transient flow.

Sloping Midfell Surge Tunnel

Due to topographical conditions the main surgelifpds a 1650 [m] long tunnel
sloping 12% to 16% from horizontal. In this exceptlly long surge tunnel the inertia and
head loss cannot be neglected as is usually deneafesient calculations of surge facilities
in powerplants. Therefore, a standard commercalsient flow model cannot be used
directly to accurately analyse this facility.

Additional Holsufs Surge Shaft

Due to the long surge tunnel a considerableqfate water hammer wave continues
further up the headrace tunnel. A special verscate shaft was therefore added about 2.7
[km] upstream of the main surge tunnel, to proteetheadrace tunnel upstream from the
effect of a waterhammer wave. This surge shaftanasrifice inserted into it, allowing for
extra dampening and water flows out of the systease of a station trip. The maximum
outflow discharge can be up to 707g).

Backflow in Jokulsa Tunnel

13.3 [km] long Jokulsa tunnel (fig. 1.3) is aelision tunnel that connects, at about
the midpoint, to the headrace tunnel . Due to cemplydraulic conditions, the tunnel can
be both fully pressurised and have a free sufiage During station trip a huge amount
of water is pushed from the headrace tunnel irtaJttkulsa Tunnel. In order to reduce the
maximum backflow into the Jokulsa Tunnel a speaglmmetric energy dissipater was
installed close to the downstream end of the Jaklilnel. In some cases the backflow
can fill up the free surface part of the Jokulsanl up to the hydraulic control point, flow
into the Jokulsa surge tunnel, and cause the watidie 3.0 [km] long inverted siphon to
start to move backwards and fill up the Ufsarlotalke Collector and eventually create
flow out of the Ufsarlon Intake into the Ufsarloorqu. This normally happens long after

14



the trip has occurred typically during the seconys wave about 15 to 20 minutes after
the trip. This special phenomena and the complexmgéry associated with it, is not
available in any commercially available surge niloug software and has to be specially

built into a surge model.

-

Ufsarlon Pond , Jokulsd Surge Tunnel
| - |

3

: — 650 masl.

B i Vient 42

|
sl 630
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Figure 1.3 Longitudinal profile of the Jokulsa Tah (vertical scale enlarged 10 times) [5]

Large and leaky Headrace Tunnel system
The tunnel system in Karahnjukar is very long dadje, dominated by unlined

tunnels. The host rock is fractured and leakaganith out of the tunnel depends on the
pressure differences between the water in the tuamt the groundwater just around the
tunnel. When the tunnel pressure increases more 108 [m] within a few minutes the
leakage can change significantly. This is genenadlyyconsidered in transient calculations
in HEP, but in Karahnjukar HEP this might signifatly influence the transients.

When the transients in Karahnjukar were studiathdulesign of the station with the
aid of the AHYTRA[1] software, the model combine@dterhammer, mass surge, turbine
wicket gate manoeuvring and the rotational speetiaertia of the generator. This was

necessary to evaluate the turbine design, clogirgdof the wicket gates and the possible
highest design pressure resulting from the watenharnmg. Due to completeness of the

model the setup, initializing and executing time tbé model was rather long which
resulted in a only limited number of cases thatensmulated. The dominant and most
commonly simulated cases were those for the mdstrag cases.

The waterhammer and turbine characteristic dosigtificantly influence the mass

surge after the first few seconds of a trip. Tadgtall the special features of the HEP
mentioned above, a model of only the mass surgéragm of the Penstock Valve

Chamber.
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1.1 Research goals

To build a mathematical model capable of simulatimgss surges (without
waterhammer) in the Karahnjukar HEP headrace tumystem including fully the
complex Jokulsa tunnel. The model will be testethwineasured data from several station
trips. Discrepancy between measured and calculaestdes will be investigated and
explained and the model improved.

Finally the model will be used to develop sevempérating curves and information
charts useful for operation of the station. Amorliecs charts that show the following
items during station trips as a function of statlischarge and Halslon reservoir level.

Highest surge level in Holsufs Surge Shaft

Highest surge level in Midfell Surge Tunnel

Maximal backflow into Jokulsa Tunnel

Highest surge level in Jokulsa Tunnel and Jokuisgé&Tunnel
Highest surge level in Ufsarlon Intake Collector

Maximal backflow to Ufsarlon Pond

ouabhwbdE

1.2 State of the Art

The mathematical model and numerical tool AHYTRA (Rnalysis of HYdraulic
TRAnsients) developed by Electrowatt (now POyry)aswused for the analysis of
waterhammer and surges in the Karahnjukar HEP.

The program has been primarily designed to perfitie numerical analysis for one-
dimensional pressuride flow regimes in steady state and for transienhddens
(ie. waterhammer, surges, column separation amel ogélated occurrences). The program
is based on a complete formulation of the momerdaohcontinuity equations. It has been
designed to handle a large variety of hydraulievogks characterized.

Computational procedures are based on the expliethod of Characteristics for
distributed system components using a specifiedespme grid and the use of a Newton-
Raphson algorithm to solve a system of non-lingaa&ons at nodes connecting 2 or more
lumped and/or distributed elements at each computdttime step. Further computations
to determine other variables of component perfoaaam the form of numerical data,
algebraic relations or differential equations awmnel separately within the component
models at each computational time step.

Preliminary analysis of transients in a relativeiyple case [1], where Jokulsa
tunnel was closed, showed some discrepancy betwesasured and calculated values
shown in figure 1.4

16
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Figure 1.4 Comparison of ater oscillations in Holsufs Surge Shedticulated in
AHYTRA [1]with reasured and modelled liye basic version of Karahnjuke
Transient FlonModel

Due to the complexity of the Karahnjukar tunneltegs and abundance of flc
phenomena, a particular del for the HEP mass surges needs to be set uimipaay
calculations indicated that a simplified model niBey successful in simulating the mi
surges in the Karalukar system shown in figure .

1.3 Research Methodology

MATLAB is used for all calculdons as the model requires formulating and sola
set of coupled, nonlinear, first order Differentidlgebraic Equatior (DAE). For
simplification purposes, perfect fluid propertigs applied and small terms are neglec

Based on technical dravgs of the Karahnjukar waterways, a geometric masl
divided into characteristic sections (elements) nehsontinuous flow parameters can
determined.

For each element a momentum and continuity equatias well as bounda
conditions (taking into aozint adjacent elements) are formulated and sc

1.4 Anticipated Research Outcomes/Results

The research outcome is beneficial to understattdritbe physics of mass surges
the Karahnjukar headrace tul system and provide operatiagiagrams which arvery
valuable for the station operation. These resuttsiraknowing if it is safe to enter (fc
inspection or maintenance) the Ufsarlon intake,ullkzk surge tunnel, the surge st
without a chance of being reached by a st

Improved understandint¢hroughcalculations of the surges within one of the n
complicated waterway systems in the world is bemafifor the future modelling c
transients within long ducts. This technique coallsb be applied to underground Hl
Oil and Gasand sewerageunnels [3].

17



2 TUNNEL ELEMENT CONCEPT

Transient water flow

Changes in the discharge in waterways, causedapig valve closure, result in
pressure surge which propagate along the pipelora the source. If changes in the flow
are gradual, the time variation of pressures aod fdattern can be achieved by assuming
water incompressibility and neglecting the elaptimperties of tunnels.

Since the origin of waterhammer and mass surddfeyent, it can be decoupled and
consider separately [3].

The rapid deceleration of liquid column causesgues surges having large pressure
differences across the wave front. The speed ofptkeesure wave is dependent on the
water compressibility and elasticity of tunnels.eThpeed of the wave is of order of
magnitude 1000 [m/s] and is damped within sevemdosds after valve closure.
Waterhammer is determined by geometry of the syskemeneral surge device should be
as close to the source as possible to avoid prépagaf the oscillations upstream the
tunnel.

Mass surge is caused by change of inertia ofystems and the life time of surge can
last for several hours. Water oscillations perisddetermined by water mass within the
system and the amplitude is determined by fricéo the minor losses within tunnels.
Number of surge devices has significant influenéesarge pattern. Additional surge
devices increase degrees of freedom of the sységireithe general surge pattern becomes
superposition of water oscillations from particldarge chambers.

Since the difference in life time of the waterhaemmand mass surge is large, it is
possible to neglect water compressibility for citons of water oscillation within
waterways.

Tunnel Element

The main idea of Tunnel Element (fig 2.1) is teate a set of simple equations
describing water oscillation in a simplified 1D twat, which could be used for complex
systems modelling.

The main tunnel element assumptions can be divitted
physics

* Water incompressibility

* Ambient (atmospheric) pressure equals 0

» All physical variables are expressed in head pressu

geometry
« Each element has two nodes

e Circular cross section

e Constant cross section area normal to flow

* Fully turbulent flow within the element

» Uniform roughness distribution along each tunnspecific head loss is constant
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Ver

Figure 2.1 Tunnel Element scheme

Table 2.1 List of Tunnel Element parameters aniaées

Geometry
Symbol Description
& local coordinate system along element centreline
o element centreline angle
S s = sin ()
A cross section area normal to flow
At effective (horizontal) cross section arda; = %
L length; L = lelaell]
hi head loss due to friction and minor loss
g gravitational constant 9:9[%]
Flow features
p1, P Pressure
Q, & flow rate
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2.1 Tunnel Element equations derivation

The element equations can be derived from corginaguation (eq. 2.1) and
momentum equation (eq. 2.2).

Adz
i 2.1
s dt Q +Q;

d

— = 2.2
Y ZF

Here m is water mass in the element, U is flowedpand). F is the sum of forces
(pressure, gravity, friction loss) acting on theneént in the direction along the element.
Since uncompressible flow is considered (density i§ constant), the mass (m) is
constrained with volume (V) by equatian:= pV'.

Thus, eq. 2.2 can be rewritten as:

paVU = Fpressure + Fgravity + Fheadloss 2.3
Then it can be extended to form:
dv du :
p (UE + VE) = Ap; — Ap; — 8°pV — Fheadloss 2.4

Whereg® is a gravitational acceleration acting along elenoentreline which needs to be
transformed to global coordinate system by relatimg® = gs.

dv dU
p <UE + VE) = Ap; — Ap, — gspV — Freadioss 25

Since, tunnel element geometry is defined by thections shown in figure 2.2, it is more
. 37. m . _ Q. .
convenient to use flow rate @;—] instead of L{?] thus relatiorV = s applied

20



a

Sin function

A

NV

s = s(z) = const

b Area function

A
A

A = A(z) = const

Figure 2.2 Tunnel Element geometry functions

NV

cVolume function

A
\

The unit of momentum equation can be transformednfforce to pressure head by

dividing both sides bygA.

dv d A Vs F
P . (Ql_ + V&> — —(p1—pz) . Pg . headloss 26
pgA dt dt pgA pgA pgA
After simplifications (fig 2.2c) the following formiation is obtained:
1 dz d dQ, A
Az (Q1 premA T) = 5eA (p1—p2) — (z — €ly) — hpeadioss 2.7
1 (A dz dQ;\ 1
gAZ (g Q pm T) =g (p1—p2) — (z — ely) — hpeadioss 2.8
Since% is pressure head it can be marke® as
Q,dz V dQ
gAlsa gA? dtl = (P,—P;) — (z — el1) — hpeadioss 2.9

Fully turbulent flow is assumed within TE, headldgs,.) is a sum of friction loss
(Rfriction) @and local lossH,.qq;). Since the friction loss coefficientsfks assumed to be
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constant it will affect the model accuracy for I®eynolds number flow. Since headloss is
square function of flow rate, poor damping is expéan long simulation time.

Headloss function can be derived as shown in figuge

Friction loss
LU?2 L Q? X

Nfriction = kfﬁﬁ = kfﬁzg7 = fi(2)Q

Local loss
UZ 2
hjgcal = klz_g = kf2§7 = 1,Q?

hioss = hfriction + hiocar = (fi(2) + ll)Qz
Here:
ki — Darcy friction factor A — cross section area
k, — local loss factor f| — friction loss function
L — length [ — local loss function

D — diameter

Figure 2.3 Tunnel Element head loss functions déion
Equation 2.9 can be rewritten as follows

Q,dz V dQg
gAsdt gA? dt

=P —P) —(z—ely) — () + )Qq1Q4] 2.10

Considering Matlab formulation in form OM(t,y)%zF(t,y), the final form of
momentum equation is:

Vv dQ, Lya(lat Q dz
_ET_(PZ—P1)+(Z—e1)+(1+ 1)Q1|Q1|+@a 2.11

Sincel = LA, governing equations for pressurized flow can béen as

L dQ
—iar = PP+ el —el) + (h + Q| 212

Equations for tunnel element with free surface flzam be written as
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vV dQ Q; dz

—_—— = - - —_— 2.14
gAZ dt (P, —P) + (z—ely) + (h + )QQ| + gAs dt
dz
At r = U +Q; 2.15

d . . )
The term;%sd—i can be derived to other, more convenient, forncédculations

Q dz _ Qq s(Q1 +Q2) _ Q:(Q; +Q2)

—_— = 2.16
gAsdt gAs A gA?

2.2 Linear interpolation between two known points

Since all model parameters are provided in diedi@im e.g. area, volume, discharge
profile; it is necessary to interpolate functionues between known points. The linear
interpolation method shown in figure 2.4 was choskere efficiency and satisfactory
accuracy.

f(2)

v

Z1 VA Z>

(z —2z1)f(z3) + (2, — 2)f (21)

f@) = s

Figure 2.4 Linear Interpolation between two knovaings

2.3 Integration — trapezoidal rule
Since the volume function (fig. 2.2) is an intdgrithe area function, the volume is

calculated by rrapezoidal rule shown in figure Z'&e rule works by approximating the
region under the graph of the functif(z) as a trapezoid and calculating its area.
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f(2)

v

a b
b
f F(2)dz ~ (b _a)f(a) ;f(b)

Figure 2.5 The Trapezoidal Rule
2.4 Joints

Tunnel Elements are connected by joints shown iguré 2.6, which satisfy
continuity equation (eq. 2.17) and momentum equdig. 2.18).

0= ZQi 217
P=p 2.18

Q3, P3

Q2, P2 05, P5

Figure 2.6 Joint scheme
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2.5 Overspill

Overspill is modelled by Spill Function {§(z)) shown in figure 2.7, which modify
continuity equation as follows:

Adz

parr Q1 + Q2 — Qgpin(2) 2.19

QspiIT
Figure 2.7 Spill function

Spill function is assumed to be a linear interpolatbetween characteristic points
(crest and max value) shown in figure 2.7. Max gatan be calculated for gated or crest
spillway as shown in figure 2.8a and 2.8b

Qgspill = CoL (Hll's - H21.5) chpill = COLHL5
Here: Here:
Co— Gate coefficient Co— Spillway coefficient
L — gate width L — crest length
H, — water level above the crest H — water level above the crest

H, — gated water level

Figure 2.8a Flow through gate opening [7] Figure3B.Flow over Spillway crest [7]
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2.6 Throttle

Asymmetrical throttling device (fig 2.9a) is moldel by a Local Loss Coefficient
Function ({Q)), as shown in figure 2.9b. LLCf is dependentflomv direction defined by
equation 2.20.

_(Q<0; kpy
b) ‘ A
ki2
Ki1
orfice >
0 Q

Figure 2.9 Local Loss Coefficient Function

2.7 Variable Surface Area tunnels modeling

According to TE assumptions it is not possiblentodel exactly free shape tunnels;
equation 2.7 assum% = 0. However, if the area variation along the centeelis close

to 0, a complex geometry can be modelled as a stb¢kin constant area elements as
shown in figure 2.10. Since most of tunnels in Kajakar HEP have a regular shape,

introduced error would not affect significantly thbal solution.

Tunnel geometr/

Simplified mod

Exact model

Figure 2.10. Variable area tunnel modelled by turelements
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2.8 Leakage

Leakage out of the Tunnel Element can be appliexhtdh element as an additional
discharge term Leakage Functiopfdmodifying continuity equation (eq. 2.1) to form:

dz
Aefa = Qq + Q2 — Qreax 2.21

The leakage Function is defined in figure 2.11 asi® of the following assumptions:

* No flow to aquifer for initial state due to full ts@ation and equilibrium between
pressure inside the tunnel and in the surroundijugfer

* Any pressure variation from initial state causesaw#ow to/from aquifer

« Leakage coefficient is constant

* Water pressure has trapezoidal distribution aldegent centerline

Qreak = 0.5kieqkAwetr (PO, + PO;) — (P + P))

20 z—el
Awetzjel;dz=0 S =0L
Here:
Symbol Description Unit
. m3 1
Kieak Leakage coefficient — —
s m
L Length [m]
®) Circumference [m]
S sin(a) [-]
Aet Wetted Area [m?]
PO Initial pressure [m]
P Current pressure [m]

Figure 2.11 Pressure and leakage distribution aldrgy
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3 RAHNJUKAR MODEL DETAILS

Karahnjukar waterways system is described on bakiSWaterways Operation
Manual, Revision 1”. Detailed Karahnjukar Model 8gte is shown in Appendix A.

ma.s.l
700 | | _ i
Halslon Reservoir Ufsarian Pond st Miafall
625 | | 825 v l g
=l Ny 1 urge
; iy I* Tunnel
600 ) I 1
| Jokulsa Holsufs 1 '1
530 Turnel 551#% I |!
. He 1 ) Adit 1
" 493 a)
500 L o
& Bam = < o %89 Headr, ‘ /
4 - T = fﬁalu'l_”a‘__ _E__ 430
Adit 3 Adit 2 16 km - e
FEssU
400 Shaft| |
Valve ]
l Chamhb rJ
%5 0 5 10 15 20 25 30 35 a0 45 km

Figure 3.1a Karahnjukar HEP Scheme [5]

Element Index

LJ
® Junction Index
©

b

<

Atmospheric Pressure

Odd index parameters

Even index parameters

Discharge from
Halslon Reservoir

Discharge to
Powerplant

Headrace Jokulsa Valve Penstock Valve
Tunnel Intake Chamber Chamber

Figure 3.1b Karahnjukar Model Scheme
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3.1 Headrace Tunnel and Halslon Reservoir

The 39.7 [km] long Headrace Tunnel conveys waiteg generally unlined pressure
tunnel, from the Power Intake at Halslon Reservoithe Pressure Shafts and through
these to the Powerhouse. The vertical alignmemthetunnel was selected to ensure full
pressurization during all operating conditions.tiStaressure head within the Headrace
Tunnel downstream of the Power Intake varies betwaggroximately 20 and 100 [m],
and in the manifolds leading to the Pressure Sh&ttee Chamber between 120 and 195
[m]. Approximately 35.5 [km] of the tunnel were ex@ated using a TBM with diam. 7.2
[m] upstream of the junction with the Jokulsa Turared diam. 7.6 [m] downstream of the
junction. The remainder of the Headrace Tunnel essavated with D&B, horseshoe
shaped with the diameter varying between 7.2 ading].

Model

Headrace Tunnel, from Power Intake to Penstockeé/@hamber is modelled by 11
fully pressurized elements defined by equation® 24d 2.13 shown in table 3.1a and
3.1b. The elevation presented in the tables armatkffor the tunnel invert, hence to
transform elevation values to TE centreline coaaths, a half of corresponding tunnel
diameter should be added.

Table 3.1a Headrace Tunnel data — Upstream of daktilinne]9]
Ell El2 L A k K hix D
TE g i\ 2 N Section
2:
[ma.s.l] [ma.s.l] [m] [m?] [m< . ) ] [m( . ) [m] [m]
D&B 7.2 H.1-H.14
1 | 5281 | 5206 | 10111 | 3630 | 8.62E-08 0 181 | 65 | Q8B 72RLH
2 | 5206 | 5233 | 11190 | 5240 | 1.08E-07 0 250 | ga7 | DSBTZHI4ALL
3 | 5233 | 4938 | 51980 | 4036 | 1.01E-07 0 1089 | 717 | [BM372H149
4 | 4938 | 4929 | 1500 | 5752 | 8.53E-08 0 028 | gse | J%B72HIGHIE
5 | 4929 | 507.9 | 67330 | 40.36 | 8.85E-08 0 1235 | 717 | |24 72169
6 | 5079 | 4610 | 89460 | 4036 | 9.21E-08 0 17.08 | 747 | [BMZ72H21
7 | 4610 | 4602 | 2540 | 49.24 | 1.31E-07 0 069 | 7.02 | &BT2HAZSC
TOTAL | | 23420 | [m] | | 456 | [m] | |
Table 3.1b Headrace Tunnel data — Downstream afil3akTunnel [9]
Ell El2 L A k K hi D
TE mm3\ || [ (m3\ 7 Section
2:
[ma.s.l] [ma.s.l] [m] [m?] m( . ) m( S ) [m] [m]
8 | 4602 | 4656 | 10750 | 57.52 | 7.90E-08 0 176 | 856 | pgB 7.6 H.I-H.30-1
9 | 4656 | 437.6 | 12161 | 4498 | 5.91E-08 0 1489 | 7.57 | SV O30
10 | 4376 | 4302 | 27125 | 5074 | 8.40E-08 0 473 | 8oa | D95 BHSSLI
D&B 8 HS1.9.9-
11 | 4302 | 4208 | 18245 | 41.83 | 8.40E-08 0 L2 | 73 | D8 O
| TOTAL | | 16230 [ [m] | | 227 | [m] | |

m3
S

*Head loss calculated for flowrate Q=144 [ ]
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Halslon Reservoir wl. is modelled as a pressuiregjuivalent applied to element
no.1 simply as pressure jPwhich is a difference between HR wl. and thetfelement
TEL.

L dQ,
~iar = (B~ P+ (el —el) + (ol + k) Qu Q| 31

The total HRT volume according to the tables 3dé21b is 1 713 658 [th

3.2 Holsufs Surge Shaft

The Holsufs Surge Shatt (fig 3.2) is a 200 [m]darertical shaft, excavated 5 [m] in
diameter, branching off from the Headrace Tunne&l apen to the surface at elevation
639.5 [m a.s.l.]. The shaft is shotcrete lined (B effective diameter) and has a damping
throttle close to the bottom where the diameteedced to 2.25 [m] over a 5 [m] length
of steel pipe. The surface structure is a steehdgl structure protruding above ground
level by approximately 4 [m].

Up to 10 000 [ volume of water can be discharged up throughShege Shatt,
but is only expected a few times every year whéullaurbine trip occurs depending on
Halslon Reservoir wl., Jokulsa Tunnel discharge thiedpowerplant discharge.

Figure 3.2 Surface structure of Holsufs Surge Shiadt a section [5]
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Model

Holsufs Surge Shaft is modelled by a free surf@ement with constant area, an
orifice and spill function defined by equation 3%ince orifice loss does not depend on
flow direction, it is modelled as a local head Ids$éined by equation 3.3.

Orifice head loss can be calculated as a sum afesuénlargement and contraction
head loss [3]:

hl orifice = hl enlargment + hl contraction 3.2

(- L)Z
Aprifi Apss C
hy orifice = OTlflcezg + ZgAZ

orifice

Q? 3.3

Here Avifice IS the orifice cross section area;d is Surge Shaft area and C is an
empirical coefficient dependent on orifice geome8ince Aiss =18.09 [n], Aorifice=3.97
[m?], C=0.5, thus the orifice head loss can be cafedlas follows:

hl orifice = 0.00358 QZ 3.4

Table 3.3 Holsufs Surge Shaft d§ga
El1 s L A At ke k hi* D
TE [m (m3\ ™} m3\ 2] section
2: 2-
masi | [ M| o || (T> m (T) ml |
1 | 43758 1 0.00 18.09 | 18.09 0 3.58E-03 | 74.27 | 4.8 HSS
640 1 202.42 | 18.09 | 18.09 0 0 0 4.8 HSS

m3
s

*Head loss calculated for flowrate Q=144 [ ]

The Surge Shaft Spill Function is modelled as disgé through crest spillway (fig. 2.8b).
The G coefficient equals 1.7; a crest length can beutatled:

L =nD = 15.07 3.5

The max spill value is assumed for water level 4 [above the average crest elevation
639.5 [m a.s.l.]

m3
Qcspin = 204.96 l?l 3.6
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3.3 Midfell Surge Tunnel

The Midfell Surge Tunnel (fig 3.3) is located 2ki{] downstream of the Holsu
Surge Shaft, just upstream of the Manifolds. Thgeaunnel is a mildly sloped (12 - 16
%), shotcrete lined tunnel with a horseshoe seaimavated by D&B, with total ngth of
1700 [m]} The upper porteelevation is 668.5 [m a.s.l.] THewer part, below an inve
elevation of 592 [m a.s.l.], has a design diametér [m] and a longitudinal slope of 16 !
The upper part has a design diameter of 4.5 [m] arglope of 1 %. The average
effective crossectional area is 26.7 4 and 22 [m] for the lower and upper pz
respectively (based on measured tunnel profildss provides an effective horizontal al
of free water surface of about 16 [m?] in the lower sectio and 183. [m?] in the upper
section.

The highest water surface level is estimato be 659 [m a.s.l.] durit sudden
turbine shutdown (full turbine trip) at full disalgg and full Halslon Reservoir level. T
highest possible level during a worst fible combination of opening and closi
operation is 661.6 [m a.s [5].

Figure 3.3 profile along Surge Tuni [5]

Midfell Surge Tunnel is modelled by free surfaceneént with variable are
coefficient.

Table 3.4 MidfelSurge Tunnedata [4]
El 1 s L A Aef ke ki hl’ D
TE [m (m3\ ™ m3\ " Section
[mas.] 1] [m] [m?] [m?] - (T) m (T) [m] [m]
430.22 | 0.157 0.00 26.7 | 169.9 | 597E-07 7.23E-05 | 1.50 | 5.83 | D&B5HS 1.9-9
D&B5S 1.5
. 592.00 | 0.157 | 1030.27 | 26.7 | 1699 | ¢ oo oo 0 13.7 | 5.83 tran
D&B 4.5 S1.5-
597.44 0.12 45.42 221 | 1836 | 4 1oc 06 0 1.18 | 5.44 tran
668.00 0.12 588.81 | 22.1 | 183.6 | 113E-06 0 153 | 544 | D&B4.5S1.2
| TOTAL | [1668.4 [[m] | | [ [31.6 [[m] | |

m3
s

*Head loss calculated for flowrate Q=144 [ ]
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Figure 3.4 Midfell Surge Tunnel cumulative volume &ffective Area

530

elevation [m a.s.l.]

3.4 Jokulsa Tunnel and Jokulsa Surge Tunnel

The Jokulsa Tunnel (fig 3.5) is 13.5 [km] longhoecting the Ufsarlon Intake at
Ufsarlon Pond with the Headrace Tunnel. The vdratignment of the JT in the first 3 km
forms an inverted siphon whereas the remaining kfh5descend at between 0,5 % and
2,8 % slope towards the HRT. While the 4,5 kmargportion of the JT upstream of the
TBM disassembly chamber was excavated with a Despapfile by D&B (mostly with D
= 6 m), the lower portion was bored by TBM (D = %2

ol Gof ;
AFSARLON WTAKE Fortd Tranch gL (Terrain)
IFSARLON /

JOKULSA. SURGE. TUNNEL

800

Location of hydraulc jump
/ dependent on enerqy e in HET

HEADRACE. TUWNEL (HRT)
FROM HALSLON RESERVOR

! f i ] g 3 ] i ] ? il
TOWARDS POWERY

Figure 3.5 Jokulsa Tunnel Scheme [5]
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Jokulsa Surge Tunnel (fig 3.6) branches off theulksk Tunnel adjacent to the
downstream end of the Inverted Siphon. JST ascantli2 % for 110 [m] and continuous
another 130 [m] at the same slope as an open trenthe ground surface. The surge
tunnel is excavated by D&B (D = 8 m), shotcreteetinto the extent required by rock
conditions and is provided throughout with inveshcrete. The invert of the portal trench
Is protected by rock cobble.

é{p [Surge Tunnel plan view |
G GOHGD
....... e oo o ®
e |
T ]
| 1 | [}
T |4
W g . T =
—— M 053195 o F.51 l. e '
_______ e pm |
- T |

[Profile along Surge Tunnel |
1102957 to F.31 [ | 10,000 | 1689 | 30133
X ! ' 'Nl.;ﬂ'!

Figure 3.6 Jokulsa Surge Tunnel and the canal piaw [5]

Model

Jokulsa Tunnel (downstream of the inverted sipteong Jokulsa Surge Tunnel are
modelled by one FTE with variable area coefficid&fdlume and Area functions are a sum
of 2 elementary functions shown in figure 3.7 an8. 3Since JST volume is small
comparing to JT volume, the inertia of JST is netgld.

Volume [Dm3!)
0 100000 200000 300000 400000 500000

& —_— 610,00

+ 600.00
— 590,00

— 580,00

570,00
—1 560,00
—— 550,00
= 540,00

— 530,00
520,00

510,00
500,00

/ ’
7 490,00

480,00
-+ 470,00
(=1 | o= hel ==V 1 460,00
0 1500 3000 4500 6000 7500
Effective Area [m2]

elevation [m a.s.l.]

Figure 3.7 Jokulsa Tunnel cumulative volume anddiffe Area
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460.18 1.000 0.00 | 57.52 57.5 8.63E-08 0 0.00 | 8.56 D&B 7.2 H.J
462.71 1.000 | 525.00 | 57.52 57.5 8.63E-08 0 0.37 | 8.56 | D&B 7.2 F.41-2
469.88 | 0.028 255.1 | 40.36 | 1436.7 9.21E-08 0 0.19 | 7.17 | TBM2 7.2 F.41-4
520.02 | 0.028 | 1785.1 | 40.36 | 1436.7 9.21E-08 0 1.33 | 7.17 | TBM27.2F.41

14 527.87 | 0.012 | 638.21 | 48.37 | 3933.1 1.15E-07 0 0.60 | 7.85 | TBM7.2F.41
601.13 | 0.012 | 5956.6 | 48.37 | 3933.1 1.15E-07 0 5.55 | 7.85 | TBM 7.2 F.31-3
608.00 | 0.005 | 1374.0 | 37.37 | 7474.9 2.30E-07 0 256 | 6.9 | D&B6.2F.31-3
615.00 | 1.000 7.00 50 50 0 0 0.00 | 8 JST

| | TOTAL | [ 105411 [ [m] | | | [ 106 | [m] | |

*Head loss calculated for flowrate Q=90 [mTa]

Note: Tunnel from section D&B 7.2 to D&B 7.2 F.4 always pressurized, thus s can be
set 1.

Volume [m3]

0 5000 10000 15000 20000 25000 30000 35000 40000
1 1 1 1 1 1 1 640[00

/’ o 635,00

///I/ 630,00
e

o~ > - 625,00

620,00

615,00

', hef =8 v 1 610,00

| 605,00

elevation [m]

0 500 1000 1500 2000 2500
Effective Area

Figure 3.8 Jokulsa Surge Tunnel cumulative volunee Effective Area

608 1 0.00 0 0 0 0 0 0 JST
616 0.12 8 50.24 418.7 0 0 0 JST
14 621.39 0.12 44.92 50.24 418.7 0 0 0 JST
630 1 8.61 943 943 0 0 0 JST
637 1 7.00 1950.00 1950 0 0 0 JST
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3.5 Energy Dissipater

In normal operation conditions the Jokulsa Turamé$ as an extra surge tunnel to the
Headrace Tunnel system. Reverse flow is obtaingdartunnel when the station trips and
water is pushed from the HRT back into the JT andame cases all the way up to the
Ufsarlon Pond. The reverse flow could have becortensive and in many cases could
have exceeded the maximum normal design flow ofttheel by up to 170 [¥s]. The
reverse flow maximum also has to be limited to pssible values for the butterfly valve
of 100 [m3/s] [6], hence an Energy Dissipater (fB)9) is implemented as sudden
enlargement in a discharge conduit. The shape wtsiaed to give a little head loss in
the normal flow direction and high for backflow.

Enerky Dissipater

Throat
Sudden Belhpuulh / Clam]] on
enlargement "‘t /Contraction/Expansior discharge meter
I lllll H !._:!'_-;-HA-J.' """

To Jokulsa B A “a%we. ToHeadrace
Tunnel | - el RISt e Tunnel
«—— - . E - o >

R 7 L
reversed flow [ Lt e é normal flow
direction R e direction

JOKULSA VALVE CHAMBER
LONGITUDINAL SECTION
Figure 3.9 Plan and section through Energy Dissén46]

Energy dissipater is modelled as additional hesdldunction it modifying
momentum equation 3.7.

V dQ, Q, dz
_gﬁﬁz (Pz—P1)+(2—811)+(11+f1+t1)Q1|Q1|+%a 3.7
Table 3.6 Energy Dissipatés]
kl hl*
Index Direction m3\
el == [m]
1 Normal Q>0 0.00061 4.94
2 Reversed Q<0 0.00333 26.97

m3
s

*Head loss calculated for flowrate Q=90 [—]
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3.6 Inverted Siphon

The Inverted Siphon is a shotcrete lined tunnehwaithorseshoe section excavated
by D&B, with total length of 2950 [m], always fikewith water. The minimum water
elevation of 608 [m a.s.l.] is maintained upstreafrthe high point where the Jokulsa
Surge Tunnel meets the Jokulsa Tunnel. The maximater elevation during normal
operation is approximately 624.6 [m a.s.l.] at tipstream end. When JT is emptied the IS
will remain full with wl. at 608 [m a.s.l.]. Mobilpumps are necessary to empty the siphon
by pumping water out through the JST. IS controhpat its downstream end at elevation
608 [m a.s.l.] limits the flow capacity of UfsarteeiDiversion when JT is not flowing full.
The maximum discharge that is possible to get tjindhe siphon is about 110 fs].

Model

Inverted Siphon is modelled by one PTE (tab. 3.10JT wl. is higher than IS
critical wl. EL.1’, JT flow influences IS dischargEl.1l’ can be calculated by formula 3.8
derived from figure 2.8b.

If JT wl. is higher than EL1’, IS and JT is tredtas fully pressurized tunnel
modelled by PTE. The residue volume from EI.1l’ ib§m a.s.l.] is treated as a part of
Jokulsa Surge Tunnel and the effective JT areaifumds added to effective JST area.

615 [m a.s.l.

Jokulsa
Surge Tunnel

Jokulsa
Inverted Tunnel

Siphon

Figure 3.10 Jokulsa Tunnel — Inverted Siphon Jwmcthodel (El.1 = 608 m a.s.l)

[SSIR N

El.1 =EL1+ (%) 3.8

Here Spillway coefficient (g} is equal 1.6 and the crest length (L) is 6 [m].

Table 3.7 Inverted Siphon data [9]
El1l El 2 L A ks ki hi* D
TE ) m /m3\ - m3\ 2 Section
[m a.s.l] [m a.s.l] [m] [m] [ﬁ (T) l [m (T) l [m] [m]
15 608 607.85 2950.00 | 36.51 3.26E-07 0 7.8 | 6.82 D&B 6 F.1 - F.30

m3
s

*Head loss calculated for flowrate Q=90 [ ]
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3.7 Ufsarlon Intake Collector

Ufsarlon Intake Collector follows the concept o$ide channel spillway consisting
of a 10.6 [m] long gated overflow weir with a crestvation at 622 [m a.s.l.], to maintain a
minimum operating level of 622 [m a.s.l.] in theseevoir. Water flowing over the crest
falls into a collector channel with a bottom invett elevation 605 [m a.s.l.]. Opening
above the overflow crest is furnished with a 10,8omg radial gate. The purpose of the
gate is to limit maximum flow to the design disaye of the diversion and for isolation of
the Jokulsa Tunnel during inspection and maintemanit the Intake gate is closed the
water level during backflow resulting from trip ddueach elevations higher than the roof
of the intake collector (629.5 [m a.s.l.]) [5]. Th&ore three overflow spill openings are
provided at the south wall of the collector. If ematevel in the collector is higher 629.5
[m] [a.s.l.] the openings can discharge up to 58$m

630mas.l.
|~

Res. level

Figure 3.11a Definition sketch for Ufsarlon Intaketh partly closed gate, ice skimming
wall and trashracks [5]
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Section A

605.0

51600

Figure 3.11b Intake Collector and anti-vortex crdssflow straightening (four cross-
beams are for structural purposes)[5]

Model

Jokulsa Intake Collector is modelled by FSE wighiable area coefficient (fig. 3.12)
and additional spill function, which can be derivau the basis of formulas for flow past
crest and gated spillway shown in figure 2.8a adth.2

Volume [m3]
0 1000 2000 3000 4000 5000 6000 7000 8000
L =0— Aef —L—V 630
625 .E
——— —— 620 ‘g
e el
F/ﬂ/ 610 ©
. . 605
150 200 250 300 350 400 450 500 550
Effective Area

Figure 3.12 UIC Effective area change

607.85 1 0 385 0 0.00 0.00 JiC

610 1 2.15 500 0 0.00 0.00 JiC

16 616 1 6.00 500 0 0.00 0.00 JiC
624 1 8.00 201.4 0 0.00 0.00 JiC

630 1 6.00 201.4 0 0.00 0.00 JiC

39



Jokulsa Collector Spill Function is a linear ip@iation between characteristic
points calculated on flow past gated spillway arestspillway shown in figure 3.13.

UIC spill function can be defined by following clhateristic points:

1. Due to supercritical flow from Ufsarlon Pond, thlisfunction has no influence
of the flow within UIC until water level reach 8086 head between crest (t

and UP wl. (H):

gt; + 0.8(H, — gty)

2. No water flow between UIC and UP is assumed for WiCequal UP wl. (H).
Hence, the spill function value is equal to initiidcharge from UP (-QJ).

3. As UIC wil. increases, the gate starts to affectihekflow to UP. The maximal
discharge at the emergency opening botton) ¢gin be calculated from figure
2.8a.

4. Emergency opening and the gate affect backflowRo The maximum value of
the spill function for UIC ceiling (g} is calculated as sum of maximal discharges
from the gated spillway and crest spillway showffigare 2.8a and 2.8b.

3
(O]
—
= D€
mergency —
opening el. gt, @
Emergency
; 3
ppening el. [gt.]
Ufsarlon
Pondwl. [H,] Radial
gate el. [gt ]
2
K y /\
Spillway
crestel. [gt,] (=0 &

QH,) Qlat,) Qeat,) Qspill [m3/s]

Figure 3.13 Jokulsa Collector model and Spill fumct
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4  EQUATIONS SYSTEM

The mathematical model scheme is shown in appeAdiSystem of equations
defining the model can be written for the followicgses shown in figure 4.1:

1. Jokulsa Tunnel closed
2. Jokulsa Tunnel open — free surface flow
3. Jokulsa Tunnel open — pressurized flow

Case 1 can be considered as a particular caseeefFfessurized Jokulsa Tunnel
(dependent on initial state) with no dischargeTptlus the number of cases is reduced to
2. Cases 2 and 3 have different equations systentehthey need to be solved separately.
Switching between cases 2 and 3 can be done autathatwith respect to flow
development during computations. According to sudgeelopment the model can be
switched several times between the cases.

®

KEY
\Y

Reservoir
Headrace
e e+ Headrace Surge Facilities

== Free Surface Jokulsa Tunnel
=== Fully Pressurized Jokulsa Tunnel S

Figure 4.1 Schematic to the system for differesesa
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The model for closed Jokulsa Tunnel is describethbé following equations

Headrace Tunnel

_ Li dQis
gAi dt

= (P, —Piy) + (eliz —eljz) + (I + £)Qi11Qi1 | 4.1

0=0Qi1 +Qi2 4.2
Where ‘I’ is an element index from 1 to 11

Holsufs Surge Shaft

Via dle,1 Q12,1 dz,,
- gAiz dt = (0 - P12,1) + (212 - el12,1) + 11Q12,1|Q12,1| + gA,,5., dt 4.3
dz,,
ef12 T = Q12,1 + Qspill 4.4
Midfell Surge Tunnel
Vi3 dQ13,1 Q13,1 dz3
- gA%3 dt = (0 - P13,1) + (213 - 9113,1) + (11 + fl)Q13,1|Q13,1| + oA 35,5 dt 4.5
dz3
Acfi13 T =\131 4.6
Headrace Tunnel Junctions
0=0Qi+ Qi1 4.7
P2 = P11 4.8
Where ‘i’ is from 1 to 8
Holsufs Surge Shaft - Headrace Tunnel Junction
P13,1 = P9,2 = P10,1 4.9
0=0Q131+ Qg2+ Q101 4.10
Midfell Surge Tunnel — Headrace Tunnel Junction
Pis1 = Pio2 = Pi11 4.11
0= 0141+ Q102 + Q111 4.12

The system has 56 unknowns and 56 coupled, namlieguations which can be
solved using an appropriate numerical method. Whekulsa Tunnel is added to the
system it is necessary to modify JVC equations4eg.4.8) to following form:
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Jokulsa Tunnel — Headrace Tunnel Junction
Piy1 = Pgo =Py 413

0=0Q141+ 072+ 031 4.14

Free Surface Jokulsa Tunnel

V,, dQ
- gAl; dl:'1 =(0—Pyy)+ (zaa—elgr) + W+ f + tl)Q14,1|Q14,1|
14
Q141 dzqy 4.15
gA14S14 dt
dz
Acf14 d_? = Q41 +QJ 4.16

Pressurized Jokulsa Tunnel

When the water surface starts to influence flowhimi Inverted Siphon, Jokulsa
Tunnel has to be treated as pressurized tunned, équations (eq. 4.15, 4.16) have to be
modified to form:

V14 dQ14,1

o a (Praz = Praa) + (eligr —eligq) + (I + £ + t)Qua1|Quan| 417
814

0= Q14,1 + Q14,2 4.18

Moreover, additional equations for Jokulsa Surge&ngl, Inverted Siphon and Jokulsa
Intake Collector are introduced:

Inverted Siphon

_ L15 dQlS,l
gAis dt

= (P15,2 - P15,1) + (6115,2 - 9115,1) + (I + f)Q1511Q15,11 4.19

0= Q15,1 + Q15,2 4.20

Jokulsa Intake Collector

Q16,1 dze

4.21
gA16S16 dt

0= (0 - P16,1) + (Zl6 - el16,1) + 0+ fl)Q16,1|Q16,1| +

dz,e
Aet 16 g0 Q16,1 + Q) + Qspin 4.22
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Jokulsa Surge Tunnel

Qi7,1 dzyy
0=(0—Py,)+ (217 —eliza) + I+ F)Qu7 | Qura| + — 4.23
gA17517 dt
dz
(Aef17 + Aef1s) d_t7 = Q171 4.24
Inverted Siphon — Jokulsa Intake Collector Junction

Pig1 = Pisp 4.25
0 = Q161 1 Q15,2 4.26

Jokulsa Tunnel — Jokulsa Surge Tunnel — Inverted $hon Junction
Pig1 = Pi7p = Pisy 4.27
0 =051+ Qa2 + 0171 4.28

Jokulsa Tunnel modifies the main equation systégn 4.1 cas.1) by additional 4
equations for free surface (fig. 4.1 case 2) aneéduations for pressurized case (fig. 4.1
case 3). Table 4.1 shows structure of equatiortersy®r each case.

Table. 4.1 Structure of equations system for easle c
Case No Case Name Equations system Equations
1 Jokulsa Tunnel closed {Headrace Eq. 56
5 Jokulsa Tunnel Free Headrace Eq." 60
Surface okusla Free Surface Eq.
Headrace Eq.”
Jokulsa Tunnel Fully Jokusla Fully Pressurized Eq.
3 . Jokulsa Surge Tunnel Eq. 72
Pressurized .
L Inverted Siphon Eq.
Jokulsa Intake Collector Eq.

"Jokulsa Tunnel - Headrace Tunnel junction appléed 6.13, 5.14)

The introduced equations system can be solvednlgycapable commercial
software like: Matlab, Mathematica, Excel, Mathcatt. or any capable numerical
algorithm coded in a programming language.
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4.1 Model limitations due to simplifications

Introduced mathematical model has many limitatiand poor defined regions. The

most important and significant errors are introdllbg:

45

. Poor definition of Free Surface / Pressurized feartswithin upper JT. Inertia

discontinuity during transient causes uncertain linear characteristics. The
transient region has the strongest influence ogesdevelopment in wl. range from
608 [m a.s.l.] to 616 [m a.s.l.].

Poor definition of variable geometry tunnels, siringations of JST, UIC and MST
geometry. The tunnels have complicated geometryclwihiad to be simplified.
MST overbreak order of magnitude is 20% [4] moredhe tunnel has additional
niches which have significant volume and are notdeted. Large and rapid
variation of geometry causes errors in particulags cases.

. Constant friction loss coefficient which causes am@ed oscillations in long

simulation time.

. Constant leakage coefficient. The leakage dependgaterways hydraulic history.

The value of coefficient should decrease with theducing damping effect.

. Coarse Tunnel Elements distribution. It is impokesiio read all results

corresponding to powerplant sensors. The additioaklulations are necessary to
obtain particular data.

. No waterhammer delay effect. Pressure informatidroua valve closure

instantaneously reach Jokulsa Tunnel and Halslosemeir. Lack of the delay
introduce initial time shift (order of 20 [s]) amaodifies the flow pattern by
incorrect pressure distribution within waterwaystjafter trip.



5 MATLAB SOLUTION METHOD

Matlab R2008a package has been chosen to solv&dhehnjukar mathematical
model due to accessibility and simple languagecsira. The package contains vast
amount of tools which can be used for obtainingsibletion [11]:

» Linear interpolation

» Trapezoidal integration

» Linear Equations Solver

» Differential Algebraic Equations Solver

Calculations are carried out in 3 sub-programshasvn in table 5.1

input data load

calculation of Initial Conditions Vector
calculation of Solution Vector

save solution vector

Pre-processor

Solver

Data flow between each sub-program is shown irréigul

Load Data

v

Calculate Initial
Conditions Vector

Figure 5.1 Data flow between the subprograms; Colay from table 5.1
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5.1 Pre-processor

Karahnjukar HEP and Case data are loaded fromeéredtfiles and transferred into
matrices for further functions defining:

Powerplant discharge function™
Jokulsa Tunnel discharge
Reservoirs water level >~ Case data,
Gates position variable
Simulation time
Area functions
Volume functions - Powerplant datd
Head loss functions constant
Spill functions _

J\

©CoeNO~WDE

Initial conditions vector is a set of initial vals for each equation defining
Karahnjukar mathematical model. Since the inititdtes is assumed to be steady, all
differential terms are neglected and the equatiamsbe simplified to a linear system.

5.2 Solver

Since presented Karahnjukar HEP mathematical masleh system of stiff,
Differential Algebraic Equations, the “odel5s”\sal is used. The solver is based on the
Numerical Differentiation Formulas [12, 13]. OdeXEsgdtings are shown in table 5.2.

Table 5.2 ode15s solver settings

Parameter Value Description

Maximal Timestep 0.5 [s] Upper bound on solver stiep

Relative Tolerance | 1% Measure of the error relative to the size oheac
solution component

Absolute Tolerance 0.1% Threshold below which taki® of the solution
component is unimportant

If an event: Jokulsa Tunnel water level — Inver&phon impact; is detected during
the computations, solver stops and the case switchrs. The solution vector from the
current solution is transferred as initial vector the next case. The computation is
finished when current time reaches the given timendary. The solution vector is saved
to Excel file for further processing.

Tolerances and timestep are chosen empiricallyndytogram tests. Smaller values
would negligible influence on the solution but theyould significantly increase
computation time.
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5.3 Post-processor

Post-processor bases on Matlab functions and iponsgble for graphical
representation of calculated data and calculatfsunge statistics. Since solver results are
saved into Excel file, data can be processed mbnnakny spreadsheet editor.
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6 COMPARISON OF CALCULATIONS AND MEASUREMENTS

Several water pressure gauges and flow dischargersnare installed in tr
reservoirs, ponds and tkvaterways of the project. The most important metarsbe rea
online from the powerstation cwol and monitoring system.dcation of each meter is al
shown in figuresbelow andconsidered meters are listed in Tablé. 6The calibration i
shown in tke last column and has to be added to the readingbtain the correct resu

Water pressure sensors were used for initial mongand evaluation of head los¢
and transientalong the Headrace Tunnel. Scof these water pressure meters is opd
by off grid solar cell or wind propeller and colle¢he data to data loggers, which car
downloaded by wireless communicati

Since the model provides only nodal solution, imeocases it is necessary
interpolate parameters between the noding formulation 2.4. Arbitrary parameters clc
to the joints are assumed to be similar to paramete corresponding nodes and car
taken directly from theolution and modified by appropriate calibrati

uic JST

Halslon
Reservoir

Ufsarlon
Pond

Jokulsa Valve Chamber

| Penstock Valve Chamber

Figure 6.1Holsufs Surge Sheand Midfell Surge Tunnéressure Metes

VSS1, VSS2VST1 and VSTzre 4 dentical (for safety reasol high frequency
pressure meters (fig. 6,2)apableof registering waterhammevST sensors were mount
in Midfell Surge Tunnel.The sensors were destroyad April 2008. VSS sensors a
mounted in Headrace Tunnel about 100 [m] upstreldotsufs Surge Sha
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To Halslon g ,,_/
Reservoir = 4"
e ,/’ - Butterfly Valve
S S R _ //'f Discharge Meter
S y .’
_g}.ﬂ ’ Energy Dissipater
vl
5 7 m::.f.'i"’"‘ Jokulsa Plug
" Pressuer Meter

Penstock

To Halslon
Reservoir

PVC Pressure| | PVC Discharge
Meters Meters

Figure 6.3 Penstock Valve Chamber Pressure andhaige meters [5]

An ultrasonic flow meter is installed in the Jolkulalve Chamber on the steel pipe,
just upstream of the Butterfly Valve. The systenaiavo planes, eight path system, with
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an accuracy of + 2,5 %. The flow meter system jolew continuous information on
velocity and discharge to the control system.

Equipment house R Ufsarlon Pond
== \
Spill openngs ——
(pening) =1\
¥ il ;h ]
- p— T T T ]
| | | | | |
| | | | | | |
- S [
rgpee
T ey

Owerflow Crest

Callectar

Y

Pressure meter

Jokulsa Tunnel

UIC Pressure
Meter

. SN T e S SN o S .

Figure 6.4 Ufsarlon Intake Pressure Meter localieat[5]

To IS

.

I
< T i

e

JST Pressure Meter

Figure 6.5 Jokulsa Surge Tunnel Pressure Meter [5]

Jokulsa Surge Tunnel Pressure Meter has sampling & [min] and provides
average pressure from 5 [min] intervals.
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Table 6.1 Sensors characteristics

Location Type Range/Accuracy | Calibration
Velocity Penstock Valve Chamber 1 Acoustic <1%

Velocity Penstock Valve Chamber 2 Acoustic <1%

Pressure Penstock Valve Chamber 1 | MPISGAN | 500m /0.05% -0.29 [m]
Pressure Penstock Valve Chamber 2 | MPISGAN | 500m /0.05% -0.77 [m]
Midfell Surge Tunnel VST (damaged) | High freq.

Holsufs Surge Shaft VSS High freq.

Air Vent 2 +1.3 [m]
Air Vent 3 -1.5[m]
Air Vent 4 +0.1 [m]
Velocity Jokulsa Valve Chamber Acoustic 2.5 %

Pressure Halslon Plug 25%

Pressure Jokulsa Plug 25% -2 [m]

Jokulsa Surge Tunnel

Provides average measurement

Ufsarlon Intake Collector

Provides average measurement
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6.1 Influence of leakage on the flow

Since the simplified leakage formulation (fig 2. t@es not take into account the full
complexity of the phenomenon, it necessary tomege proper leakage coefficient
empirically by comparing to measurements. The Q2@BB trip was chosen as a base
measurement and compared with calculations fofférdnt leakage coefficients as shown
in table 6.2. Due to well defined powerplant dedigita, the leakage coefficient is the only
parameter used for calibration.

Table 6.2 Initial values for leakage test; 04.0D2@ase
Name Value Unit
Halslon Reservoir water level 606.5 [ma.s.l]
Discharge to the station before trip 131.5 [m®/s]
Discharge to the station after trip 22.18 [m?/s]
Valve closing time 16 [s]
Leakage coefficient 0;1:2:3:4 10[1/s]
Discharge in Jokulsa Tunnel before trip Valve closed

Fitting is evaluated on basis of the smallestedéghce between measurement and
calculations. The time of extreme occurrence wastaken into account due to MST
geometry simplifications which affect surge period.

The best fitting to measurement is obtained foRe¥Z [1/s] (fig 6.6) with peak
outflow from the system 9.8 [m3/s] as shown in fey6.7.

Penstock Valve Chamber - leakage examination

640 | | | o ___.
630
620 ‘ o N ___.
610
600
590 ; 7 A . o~

580

pressure head [m a.s.l.]

570

560

~
Il
N
[¢]
v v v l
~
T

e  Penstock 1 - meas
S e i S Penstock 2 - meas -
\ \ I |
1800 3000 3600 4200 4800

time [s]

Figure 6.6 Fitting evaluation for case 09.04.200Benstock Valve Chamber
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Leakage flow rate - leakage examination
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Figure 6.7 Outflow from the system due to leakagsg 09.04.2008

Particular characteristics shown in figure 6.7 ikest&i around equilibrium. Decrease
of leakage in time is expected due to rock satomatlt can be seen that leakage is a
counter discharge against the main waterways flbws it acts as a damper reducing
surge. Constant leakage coefficient introduces hdige error to the model in long
simulation time.

Applied leakage has no influence on period bec#@usees not change significantly
the water volume in the system.
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6.2 The power plant trip at 18.12.2010

Trip input discharge data were taken directly friita measurements and smoothed
by Simple Moving Average of 5 values. Leakage suaged to have an influence on the
flow parameters, thus a leakage coefficient iSO 1/s] is applied.

The trip occurred due to the smelter failure anthes best measured case from all
considered trips. The absolute time of the simohais from 16:59:40 to 17:59:40.

Table 6.3 Initial values; 18.12.2010 case

Name Value Unit
Halslon Reservoir water level 616.6 [ma.s.l]
Ufsarlon Pond water level 622.5 [ma.s.l]
Jokulsa Tunnel discharge 12.1 [m®/s]
Discharge to the station before trip 130 [m?/s]
Discharge to the station after trip 10 [m*/s]
Valve closing time 15 [s]
Ufsarlon Intake Gate opening 100%

Due to presence of surge devices, the momentumatdrwithin waterways is not
destroyed quickly after valve closure and contintedlow. Since steady powerplant
operation indicates no initial discharge to surgeicks, the moving water from Headrace
Tunnel has to pass its momentum to HSS and MSTeSins not possible to move HSS
and MST water mass instantaneously, the pressutteedbottom o surge devices has to
increase to initiate mass movement. The charatitensessure peak just after valve
closure is shown in figure 6.9. Shape of the psalependent on valve closing time, initial
powerplant discharge and geometry of surge device.

Water level in MST stops rising when the pressare tunnel at the surge chamber
inlet is balanced by the pressure created by thd hrethe chamber. At this time the wl. in
MST will be higher than in Halslon Reservoir (fig8% and reversed flow will occur,
setting up a long period oscillation. The oscitbas are eventually damped out by friction
in the tunnels.

Valve chamber pressure - calculations and measurement comparison
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Figure 6.8 Penstock Valve Chamber pressure compayrisase 18.12.2010
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Valve chamber pressure - calculations and measurement comparison
LT e e e i T
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Figure 6.9 Penstock Valve Chamber pressure comparisase 18.12.2010

PVC Pressure meters cannot detect waterhammect efige to relatively low
sampling time. Pressure waves can be detected bhyavi8 VSS sensors.

The calculated Halslon Plug Pressure is takercijrérom the solution at joint 7.
Since the Pressure Jokulsa Plug Meter is situgiettaam of the Jokulsa Valve Chamber
it is necessary to calculate the correspondingspresby subtracting Dissipater (eq. 2.20)
head loss (ll) from pressure calculated at the joint.

P]okulsaPlug = P; — hlp(Q) 6.1

Here Q is Jokulsa Tunnel discharge. The plugspimescomparison is shown in
figure 6.10.

water pressure - calculations and measurement comparison
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Figure 6.10 Plugs pressure comparison; case 180102
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water pressure - calculations and measurement comparison
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Figure 6.11 Plugs pressure comparison; case 18102

Superposition of different waves is clearly visiloh figure 6.11. The additional
oscillations are introduced by surge in MST and HSS

Discharge - calculations and measurement comparison
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Figure 6.12 Jokulsa Tunnel Discharge comparisorseca8.12.2010

As shown in figure 6.2, the Jokulsa Tunnel Disgeamneter is placed between 2 plug
meters thus the surge time coincidence betweendfal®lug, Jokulsa Plug and Jokulsa
Discharge meter should occur. The Jokulsa dischaepsurement (fig 6.12) suggests that
the surge starts about 300 [s] after the valveucksSuch significant time shift is not
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indicated by the plug meters. Hence, comparisoiigafe 6.11 and 6.12 suggests a clock
error of Jokulsa Tunnel Discharge meter.

The measurement noise shown in figure 6.13 canabeed by sensors and logger
problems or trapped air which expands during tligesu

Air Vent - calculations and measurement comparison
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Figure 6.13 Air Vent pressure comparison; case 22010

Figure 6.14b shows UIC curve discrepancy betweeasarement and calculations
due to simplifications of upper JT geometry. Ostitins indicated by water mass
exchange between UIC and JST is marked. The dseogypbetween measurement and
calculations suggest to low headloss in UIC and JST

Water lewels - calculations and measurement comparison
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Figure 6.14a Water level comparison; case 18.120201
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Water lewels - calculations and measurement comparison
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Figure 6.14bWater level comparison; case 18.12.2010

Maximal outflow from the system due to leakagg 6.16) is 6.4 [n¥s] and is

expected to occur 45 [min] after the trip.

Karahnjukar Watrways leakage
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Figure 6.15 Outflow from the system due to leakagse 18.12.2010
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6.3 The power plant trip at 11.08.2009

The absolute time of the simulation is from 1168Pto 12:32:00.

Table 6.4 Initial values; 11.08.2009 case

Name Value Unit
Halslon Reservoir water level 615.3 [ma.s.l]
Ufsarlon Pond water level 624.07 [ma.s.l]
Jokulsa Tunnel discharge 45.12 [m®/s]
Discharge to the station before trip 106 [m?/s]
Discharge to the station after trip 8.76 [m?/s]
Valve closing time 15 [s]
Ufsarlon Intake Gate opening 100%

The trip has typical surge pattern (fig 6.16a) tlupressurized JT flow. Oscillations
around equilibrium line is clearly visible. The dins above HR wl. due to UP wl. 624.07

[m a.s.l.]; higher than HR wl.

Valve chamber pressure - calculations and measurement comparison
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Figure 6.16a Penstock Valve Chamber pressure coisparcasel1.08.2009
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Valve chamber pressure - calculations and measurement comparison
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Figure 6.16b Penstock Valve Chamber pressure coisparcasel1.08.2009

Significant time shift between measurement andutation is shown in figure 6.17.
The discrepancy confirms the suspicion about Jekdlannel Discharge meter error
observer in figure 6.12.
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Figure 6.17 Jokulsa Tunnel Discharge comparisorseda.08.2009
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pressure head [m a.s.l.]
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Air Vent - calculations and measurement comparison

| |
| |
| |
| |
| |
6104 T T ST TaT T TTTTT oo AVO2 - calc ||
| | | | AVO3 - calc ||
: : : : AV04 - calc :
605000® — — — — — — = — e A R - ® AVO02-meas |,
| | | | ® AV03-meas ||
| | | | ® AV04-meas ||
| | [ ] L L I |
0 600 1200 1800 2400 3000 3600
11:32:00 12:32:0
Figure 6.18 Air Vent pressure comparison; ca$e38.2009
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Figure 6.19 Water level comparison; casie08.2009
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Karahnjukar Watrways leakage
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Figure 6.20 Outflow from the system due to leakagse 11.08.2009
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6.4 The power plant trip at 09.04.2008

The absolute time of the simulation is from 11004to 12:44:00.

Table 6.5 Initial values; 09.04.2008 case

Name Value Unit
Halslon Reservoir water level 606.5 [ma.s.l.]
Jokulsa Tunnel discharge Valve closed
Discharge to the station before trip 131 [m3/s]
Discharge to the station after trip 13.2 [m3/s]
Valve closing time 15 [s]

Since the trip is with closed Jokulsa Tunnel,dhigge oscillates around equilibrium
HR wl. as shown in figure 6.21a.

Valve chamber pressure - calculations and measurement comparison
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Figure 6.21a Penstock Valve Chamber pressure coisgarcase 09.04.2008
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- calculations and measurement comparison
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Figure 6.21b Penstock Valve Chamber pressure coisgarcase 09.04.2008

Due to wrong TE distribution the Air Vent 1 is ptal between TE nodes (app. A).
Thus, model does not fit measurements in figur@.6T2e results should be interpolated

between the nodes or TE distribution should be gbdn

Air Vent - calculations and measurement comparison
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Figure 6.22 Air Vent pressure comparison; case 82008
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Water levels - calculations and measurement comparison
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Figure 6.24 Outflow from the system due to leakagse 09.04.2008
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6.5 The power plant trip at 12.13.2007

The absolute time of the simulation is from 01000to 03:10:00.

Table 6.6 Initial values; 13.12.2007 case

Name Value Unit
Halslon Reservoir water level 623.8 [ma.s.l.]
Jokulsa Tunnel discharge Valve closed
Discharge to the station before trip 67.2 [m3/s]
Discharge to the station after trip 7.3 [m3/s]
Valve closing time 15 [s]

Significant period difference between measurement @alculation is shown in
figure 6.28. The oscillation pattern suggests |déaek of water mass within MST (niches,
D&B overbreak) due to simplified geometry. Furtlstudy on Surge Tunnel geometry is
necessary.

Valve chamber pressure - calculations and measurement comparison
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Figure 6.25a Penstock Valve Chamber pressure coisgarcase 13.12.2007
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- calculations and measurement comparison

Valve chamber pressure
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Figure 6.25b Penstock Valve Chamber pressure coisgarcase 13.12.2007

Figure 6.26 shows significant discrepancy of Aents pressure measurement and

calculations. Low damping for low flow rate is alstearly visible due to constant TE

friction coefficients.

Air Vent - calculations and measurement comparison
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Figure 6.26 Air Vent pressure comparison; case 22007
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VSS and VST - calculations and measurement comparison
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Figure 6.27 VSS and VST pressure comparison; cade 2007

Waterhammer pressure vibrations are shown indigu7. The pressure wave is
totally damped in 70 [s] after valve closing. Sineaterhammer effect is not included in
TE, the model is capable to predict mass surge lwiscwith good agreement with
measurements. The chart suggest that Holsufs Sirgk is an effective surge device that
reduces propagation of the waterhammer upstreansat
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Figure 6.28 shows outflow from the system. Thekdge is lower than in the
previous cases (high powerplant discharge) duentll pressure differences between the

initial flow and during the surge.

Karahnjukar Watrways leakage
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Figure 6.280utflow from the system due to leakagse 13.12.2007
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7 IMPLEMENTATION OF TUNNEL ELEMENT METHOD IN
POLAND

Energetic hydropotential of Poland is small duelae and unevenly distributed
precipitation, high soil permeability, and low lamdlination.

The possibilities of hydropower production in Ralaare unevenly distributed. Most
of the potential (about 68%) is within the Wislas&i basin, then Dunajec, San, Bug, Odra,
Bobr, and Warta as shown in figure 7.1.
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A Reservoir storage ied=i =
A Pumped - reservoir storage . ina San
Dunajec

Figure 7.1 Hydropowerplants localization in Poland

Currently hydropower has a 1.5% share in the ed#gt production. 11% of the
available resources are used in Poland. Almost 8D%e total hydroelectric potential is
already harnessed. An increase of share of enexmgy fenewable resources in the
energetic budget of Poland to 7.5% in 2010 and 1#%020 is the main, strategic goal

resulting from a “Strategy of renewable power irtduslevelopment” elaborated by the
Ministry of Environment.
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Poland

Gross theoretical hydropower potential (GWh/year) 25000
Technically feasible hydropower potential (GWh/year 12000
Economically feasible hydropower potential (GWh#yea 7000
Installed hydrocapacity (MW) 839
Hydro generation in 2008 (GWh/year) 2042
% of total production by hydro in 2008 (average) 15
Hydro capacity under construction (MW) ~20
Planned hydro capacity (MW) >406

Source: "Hydropower and Dams”, World Atlas, 2009

10 largest HEP projects in Poland are shown itet@ll. Pumped — Storage HEPs
have the highest capacity.

Table 7.1 Largest hydroprojects in Poland
No. l’:i?{%n River Eirst year o ;gwérr]e Ecl:thfr ~EED
peration IMW] [MW] [m]
1 Zarnowiec Piasnica 1983 716 800 117
2 Porabka-Zar Sola 1979 500 540 432
3 Solina San 1968 200 60 43
4 Wiloclawek Wisla 1970 160,2 - 8,8
5 Zydowo Radew 1971 156 136 77,4
6 Niedzica Dunajec 1997 92,8 89 42.2
7 Dychéw Bobr 1936/51* 79,5 30 29,8
8 Roznow Dunajec 1942 50 - 26,5
9 Koronowo Brda 1961 26 - 26
10 Tresna Sola 1967 21 - 20,4

Tunnel Element model is constructed mainly forengdound HEP with long tunnel
systems and surge facilities. Since the mountaga af Poland is totally covered by
national Parks and Natura 2000 Regions, undergrélif investment is limited. Poland
considering only run of river projects. It limitarther usage of the model to simple cases
with short headrace and one surge facility.

Existing powerplants (fig. 7.1) do not includegifacilities.
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Figure 7.2 Examples of Hydroelectric projects irad
1- Run of river - Brzeg dolny 9.72 [MW]
2- Pumped — Reservoir storage; Solina 200 [MW]
3- Pumped — storage; Zarnowiec 716 [MW]
4- Pumped — storage; Porabka-Zar 500 [MW]
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8 OPERATING CURVES

Operating Curves are engineering charts expreskmagparameters as function of
the powerplant initial operating conditions.

The Karahnjukar model can be used to produce @pgr&urves for the following
parameters during station trip:

Highest surge level in Holsufs Surge Shaft
Highest surge level in Midfell Surge Tunnel
Maximal discharge into Jokulsa Tunnel
Highest surge level in Jokulsa Tunnel

Highest surge level in Ufsarlon Intake Collector
Maximal backflow to Ufsarlon Pond

I R A

During a station trip the powerplant discharge &d#gpical profile as shown in figure 8.1

1. Steady operation
2. Valve closing in 10 [s]
3. No flow to powerplant (simulation time is 1 [h])

Q [m®/s]

Qinit

O >
010 20 3600 {s]
Figure 8.1 Powerplant discharge profile
Table 8.1 Operating Curves Initial Vector paramster
Unit Start End Step
Halslon Reservoir water level [ma.s).] 550 625 25
Jokulsa Tunnel Discharge fre] Closed 90 20
Powerplant Discharge [1s] 80 144 10
Leakage [1/s] 210’
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Table 8.2 Jokulsa Discharge parameters

Jokulsa Tunnel discharge

Ufsarlon Pond water level

Radial Gate opening, elevation of

[m3/s] [ma.s.l] lowest part [m a.s.l]
JVC closed 622 624.3
0 622.1 624.3
10 622.6 624.3
20 623 624.3
30 623.3 624.3
40 623.5 624.3
50 623.8 624.3
60 624 624.3
70 624.2 624.3
80 624.4 624.3
90 625 626.25

8.1 Highest surge level in Holsufs Surge Shaft
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Figure 8.2 Maximal water level in Holsufs Surge §hdalslon Reservoir 575[m a.s.l.]

Holsufs Surge Shaft Spill characteristics (fig &8 nonlinear for Halslon Reservoir
wl. 575 [m a.s.l.]. The most favorable surge chiamastics are for open JVC and no JT
discharge. The highest surge is expected for clds€l No overspill is expected during
the powerplant operation with HR wl. 575 [m a.s.INlaximal surge level decreases with
increasing powerplant discharge due to HSS imtial the highest powerplant discharge

the lower HSS initial wil.
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H600 [m a.s.l.] Max WL Holsufs Surge Shaft
645
HSS crgst elevatign
640 eSS Jokulsa Tunnel
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635 ' —closed
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Powerplant Discharge Q [m”3/s]

Figure 8.3 Maximal water level in Holsufs Surge fBhdalslon Reservoir 600 [m a.s.l.]

If Jokulsa Tunnel discharge is over 65%fsh it causes spill out as shown in figure

8.3. JT discharge above 80s] indicates higher surge than for JVC closed wukarge

JT inertia acting opposite to HRT backflow and dtiog up the valve. Due to the inertia

JT feeds HRT even for several seconds after theegmant trip.
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Figure 8.4 Maximal Holsufs Surge Shaft Spill Voluialslon Reservoir 600 [m a.s.l.]
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Figure 8.5 Maximal water level in Holsufs Surge fBhdalslon Reservoir 625 [m a.s.l.]

Overspill (fig 8.5) is expected for all JT discparrange for HR wl. 625 [m a.s.l.].
For no JT discharge, above powerplant discharge[mh25s], the curve bends down due to
JT transient from fully pressurized to the freefate flow. The initial JT wl. for high
powerplant discharge and no JT discharge is bel@8v® a.s.l.]. Hence there is relatively

small inertia in JT acting against backflow duestimge, so JT can acts as additional surge

tunnel reducing surge in MST and HSS. The maximpithwwlume (fig 8.6) through HST
is 8020 [n] and is close to the designed volume 10009 [5].

H625 [m a.s.l.] Holsufs Surge Shaft Spill
Volume
Jokulsa T |
10020 discharge [1Hs]
8020 ] ?o—+—4
! —0
o 6020 . . — — 10
_L— ! '
§ 4020 — —=30
2020 e 40
20 L ' - —c 50
80 90 100 110 120 130 140 —0—60
Powerplant Discharge Q [m"3/s]

Figure 8.6 Maximal Holsufs Surge Shaft Spill Voluialslon Reservoir 625 [m a.s.l.]
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8.2 Highest surge level in Midfell Surge Tunnel

H575 [m a.s.l.] Max WL Midfell Surge Tunnel
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585
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Figure 8.7Maximal water level in Midfell Surge TehrHalslon Reservoir 575 [m a.s.l]
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Figure 8.8 Maximal water level in Midfell Surge Thak Halslon Reservoir 600 [m a.s.l.]
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H625 [m a.s.l.] Max WL Midfell Surge Tunnel
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Figure 8.9 Maximal water level in Midfell Surge Thah Halslon Reservoir 625 [m a.s.l.]
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8.3

Maximum discharge into Jokulsa Tunnel
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80
—==—-90

Figure 8.10 Maximal discharge to Jokulsa Tunneljstan Reservoir 575 [m a.s.l.]

JT discharge characteristics (fig 8.10) are linfar HR wl. 575 [m a.s.l.]. The
positive discharge value (vertical axis) indicatéé backflow. The backflow for JT
discharge below 10 [¥s] and the powerplant discharge higher than 13%sris expected
to exceed maximal flow for JT butterfly valve [6].

Q [m~3/s]

H600 [m a.s.l.] Max Q Jokulsa Tunnel

120

100 —

80 R

Jokulsa Tunnel
discharge [ris]

Powerplant Discharge Q [m"3/s]

=0
=>=10
=¥¢=30
—0—60
80
—E—-90

Figure 8.11 Maximal discharge to Jokulsa Tunneljsitan Reservoir 600 [m a.s.l.]
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Figure 8.12 Maximal discharge to Jokulsa Tunneljsitan Reservoir 625 [m a.s.l.]

JT discharge characteristics are strongly nonfifaHR wl. 625 [m a.s.l.] due to JT
transient free surface/fully pressurized regionkedrin figure 8.12.
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8.4 Highest surge level in Jokulsa Tunnel and Jokulsa Surge Tunnel

H575 [m a.s.l.] Max WL Jokulsa Tunnel/Jokulsa
Surge Tunnel
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Powerplant Discharge Q [m”3/s]

Figure 8.13 Maximal water level in Jokulsa Tunneliilsa Surge Tunnel; Halslon
Reservoir 575 [m a.s.l.]

JT surge is almost independent from the powerpiistharge for HR wl. 575 [m
a.s.l.] due to maximal JT wl. achieved for steddwfafter the trip. Maximal surge level is
expected for JT discharge 90¥s] as shown in figure 8.13.

H600 [m a.s.l.] Max WL Jokulsa
Tunnel/Jokulsa Surge Tunnel

630
625 F?'_._L—*_H—T—kk Jokulsa Tunne
discharge [m3/3
620 —
=y —0
G 615
< ’_H_.—._._.—.—.—.—.—.—.—. —
E 610 —¥=30
T
605 D= =i —ié i i W —0—60
600 80
=E—90
595
80 90 100 110 120 130 140

Powerplant Discharge Q [m”3/s]

Figure 8.14 Maximal water level in JT/JST, HalslRaservoir 610 [m a.s.l.]
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Figure 8.15 Maximal water level in JT/JST; HalslBaeservoir 625 [m a.s.l.]

JT surge characteristics shown in figure 8.15 strengly nonlinear due to JT
transient free surface/fully pressurized regione Thodel indicates unexpected deviation

from the hypothetical equilibrium lines for JT discge below 10 [ffs]. Since the initial
JT wil. for the cases is slightly above 608 [m d.s:| the worst defined region, the
oscillations may occur due to model instability.isTiphenomenon should be further
investigated.
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8.5 Highest surge level in Ufsarlon Intake Collector

Since JT surge level does not exceed 608 [m]d®.HR wl. 575 [m a.s.l.], the UIC
characteristics cannot be calculated for that case.

H[m a.s.l.]

H600 [m a.s.l.] Max wl Ufsarlon Intake
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80
=E—-90

Figure 8.16 Maximal water level in UIC; Halslon Regoir 600 [m a.s.l.]

UIC surge characteristics become linear for JThdisge above 60 [ifs] as shown
in figure 8.16. The highest surge level is expedaedIT discharge 90 [ffs]. UIC surge
level increases with JT discharge and reaches nzdwirh for JT discharge 60 [ffs] as
shown in figure 8.17.
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Figure 8.17Maximal water level in UIC; Halslon Resar 625 [m a.s.l]
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8.6 Maximal backflow to Ufsarlon Pond

According to chapter 3.7, backflow to Ufsarlon Baran occur only when wil. in
UIC exceeds UP wl. Figure 8.18 shows maximal bagkfio UP which is expected for JT
discharge 60 [fits] and powerplant discharge 144°[s). The UP backflow characteristics
are similar to corresponding JT/JST surge and UIC operation charts due to P/F
transient determining flow pattern in upper JT.
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Figure 8.18 Maximal backflow to Ufsarlon Pond; Hals Reservoir 625 [m a.s.l.]
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9 CONCLUSIONS

The transient modeling method introduced here niseffective way of surge
calculation. The method is capable of modeling vastount of hydraulic waterway
systems with specific phenomena occurring like spiirand throttling. It is possible to
automate the process of equations system buildimgGuided User Interface.

Surge characteristics of Karahnjukar HEP are neali due to complex geometry
and various flow conditions. Geometry of Jokulsaniiel — Inverted Siphon — Jokulsa
Surge Tunnel Junction and Free Surface/Fully Preesili transient has significant
influence on the flow in JST and UIC. That parthe most “nonlinear” section and needs
further investigation.

Midfell Surge Tunnel geometry has significant isfhce on surge period due to big
volume. On the other hand, Holsufs Surge Shaftshaall influence on period but due to
overspill it modifies significantly surge transient

Since Tunnel Element method does not considerrveat@pressibility and is based
on simplified geometry, the accuracy of the resuléy be estimated as £10%

Leakage from the tunnel system acts as a dampkehas significant influence on
transients, further studies on the phenomenonea@rmended.

Since the model does not include waterhammer tefffée necessary to estimate its
influence on surge characteristics.

TE method would be the most beneficial for Pohand Gas industry.

10 FURTHER DEVELOPMENT

Program development:

« Improvement of tunnel elements distribution alarsgerways;

* Improvement of Jokulsa Tunnel — Inverted Siphowkulsa Surge Tunnel junction
formulation;

» Investigation of Midfell Surge Tunnel geometry;

* Introduction of variable geometry tunnel elements;

* Introduction of complex post process statistic&ting, period, amplitude,
damping;

» Application of waterhammer effect;

* GUI interface.

Further cases:
* Investigation of waterways leakage;
« Investigation of natural frequencies and dangeop#sation;
* Response for variable discharge profile.
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Appendix 1. Model formulation scheme

Discharge from
Halslon Reservoir

Element Index

Junction Index

Odd index parameters

I
‘ Atmospheric Pressure

Even index parameters

AV 1

0

Headrace
Tunnel Intake

AV 2

4

9

i

AV 3

CloHe

Ky N

=

AV 4

7 8

Jokulsa Valve
Chamber

ClenEGE
1

Discharge to

Powerplant

J

Chamber

Penstock Valve

>

1 528.1 529.6 1011.1 36.30 8.62E-08 0 6.8 D&B 7.2 H.1-H.14 Headrace Tunnel

2 529.6 523.3 1119.0 52.40 1.08E-07 0 2.50* 8.17 D&B 7.2 H.14-H.14-9 Headrace Tunnel

3 523.3 493.8 5198.0 40.36 1.01E-07 0 10.89* 7.17 TBM3 7.2 H.14.9-H.16 Headrace Tunnel

4 493.8 492.9 159.0 57.52 8.53E-08 0 0.28* 8.56 D&B 7.6 H.16-H.16-9 Headrace Tunnel

5 492.9 507.9 6733.0 40.36 8.85E-08 0 12.35* 7.17 TBM3 7.2 H.16-9 H.21-9 Headrace Tunnel

6 507.9 461.0 8946.0 40.36 9.21E-08 0 17.08* 7.17 TBM2 7.2 H.21-HA.2.9-0 Headrace Tunnel

7 461.0 460.2 254.0 49.24 1.31E-07 0 0.69* 7.92 D&B 7.2 HA.2.9-0-H.J Headrace Tunnel

8 460.2 465.6 1075.0 57.52 8.27E-08 0 1.84* 8.56 D&B 7.6 H.J-H.30-1 Headrace Tunnel

9 465.6 437.6 12161 44.98 6.18E-08 0 15.58* 7.57 TBM1 7.6 H.30-1-HSS 1.9 Headrace Tunnel

10 437.6 430.2 2712.5 50.74 8.79E-08 0 4.94* 8.04 D&B 8 HSS 1.9 HS1.9-9 Headrace Tunnel

11 430.2 429.8 182.45 41.83 8.79E-08 0 0.33* 7.3 D&B 8 HS1.9-9 - av(H.34, H.35) Headrace Tunnel

12 437.58 640 202.42 18.09 0 3.58E-03 74.27* 4.8 HSS Holsufs Surge Shaft
13 430.22 668.00 1668.45 variable variable variable 31.65* variable HST Midfell Surge Tunnel
14 460.18 608+ EI1'(Q) ~10541.1 variable variable variable 10,6** variable JT Jokulsa Tunnel

15 608 607.85 2950.00 36.51 3.26E-07 0 7.8** 6.82 D&B 6 F.1 - F.30 Inverted Siphon

16 607.85 630 22.15 variable 0 0 0 - JiC Intake Collector

17 608+ EI1'(Q) 637 ~68.53 variable 0 0 0 - JST Jokulsa Surge Tunnel

A-1

*Head loss calculated for flowrate Q=90 [m;]

* *Head loss calculated for flowrate Q=90 [st]
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Appendix 3 Upper Joulsa Tunnel Surge development for Halslon Reservoir
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