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Raziskava zdrsa v mehanizmu med valjem in

trakom

An Investigation of Slipping in Rolamite-Type Mechanisms

Ric¢ardas Viktoras Ulozas

V tem prispevku obravnavamo dve vrsti zdrsa v natancnem mehanizmu med valjem in trakom,
imenovanim “Rolamite” tracni mehanizem (oblikovno in vzmetno drsenje).

Dva valja sta povezana s prilagodnim trakom v mehanizem, tako da je povezava med njima le preko
prilagodnega traku, katerega konca sta pritrjena na usmerjevalni ravnini.

V mehanizmu pride do oblikovnega zdrsa, ki zavisi od debeline traku. Izravnavo oblikovnega
drsenja dosezemo z uporabo dodatnih valjev, katerih usmeritev je nasprotna usmeritvi obeh glavnih valjev.

Obravnavamo tudi vpliv prostih koncev prilagodnega traku na natancnost nastavitve mehanizma.
Podane so racunske enacbe za odmero in izracun vzmetnega drsenja “Rolamite” tracnega mehanizma.
Dokazana je povezava med raztezkom prostih koncev in odpornimi silami gibanja. Vrednost vzmetnega zdrsa
je neposredno odvisna od odpornih sil, amplitude gibanja in lege nihajnega sredis¢a. Podana je shema
izravnave zdrsa. Izpeljane so racunske zveze, ki dovoljujejo dolocanje parametrov vzmetne izravnave z
izlocitvijo vzmetnega drsenja.
© 2004 Strojniski vestnik. Vse pravice pridrzane.
(Kljucne besede: mehanizmi Rolamite, zdrsavanje, drsenje oblikovno, drsenje vzmetno, kompenzatorji)

This paper looks at two variants of slipping that exist in precision roller-band mechanisms (PRBM),
such as a Rolamite-type mechanism (geometric and springy slipping).

through a flexible band, the ends of which are attached to the directing planes of the rolamite type mecha-
nism (RTM).

In the PRBM there is geometric sliding, the value of which is influenced by the thickness of the flexible
band. Compensation of the geometric sliding can be achieved by introducing additional band-wrapping
rollers, the direction of which is opposite to the main bands direction.

The influence of the flexible band’s free ends on the accuracy of the positioning of the mechanism is
reviewed. The calculation scheme of the mechanism for the measurement and calculation of springy slipping
of RTM units is presented and described by equations. It is established that the springy slipping in the RTM
is connected to the strain of the free band's pieces from the resistance forces of motion. The value of springy
slipping directly depends on the resistance force, the amplitude of motion and the value of the coordinate of
the swinging centre. The scheme of a compensator of the springy slipping is presented. The calculation
relations permitting us to define the parameters of spring-compensator, eliminating springy slipping, are
deduced.
© 2004 Journal of Mechanical Engineering. All rights reserved.

(Keywords: Rolamite type mechanisms, geometrical slipping, springy slipping, compensators)
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O0INTRODUCTION

Donald F.Wilkes invented the precision rol-
ler-band mechanism, called the Rolamite (roller + mite)
type mechanism (RTM) in 1967 ([1] and [2]). The RTM
rollers are wrapped around by a flexible band with
high tension at a large angle (usually >180°); the
contact is made through a flexible band, which is at-
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tached by stretching the ends to two direct surfaces.

Papers [1] to [3] indicate that the RTM is a
precision mechanism, the elements of which are
moving without slipping with respect to one another.
However, the authors of the paper [4] indicate that
the rollers in a RTM slip under some particular
conditions, but they do not present a theoretical
explanation for it.
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The band wraps around all the rollers (such as the
RTM or scroller) in precision roller-band
mechanisms (PRBM). Thus, possible geometrical
slipping is stipulated by the presence of a flexible
transmission element (a band with finite thickness).
Geometrical slipping, i.e., relative displacement of
the touching spots in friction mechanisms, depends
on the form of the interacting bodies in the zone of
their contact.

The purpose of the paper is to find out how
the slipping can be compensated in precision roller-
band mechanisms.

1 THEORETICAL RESEARCH OF GEOMETRICAL
SLIPPING IN ROLLER-BAND MECHANISMS

Let us research a component characteristic
of a Rolamite mechanism and that of a scroller, which
consists of two cylindrical rollers and a flexible band
that is wrapped around them from the opposite sides
(Fig. 1).

It is assumed that the band with the rollers,
affected by external force, form a roller mechanism
with a very tight geometry; elements of the mecha-
nism contact in the line of the centres of the rollers.
The contact load of the rollers and the bands affects
the kinematics of the mechanisms discussed, becau-
se movement is performed in the points of contact
transfer.

Let the band / move from the “feeding” roller
2, with radius R,, to the “receiving” roller 3, with

Fig. 1. Schematics of the PRBM mechanism
discussed to determine the geometrical slipping
of the elements

radius R, . The “feeding” elements of the roller-band
mechanism (the roller or the deflective plane) are
marked as “~”, and the “receiving” elements are
marked as

The section 4, 4, moves to position B, B,
over their contact zone and becomes a natural
extension of the lines 0,4, and O,B,

Let us examine the movement of band / in
the contact zone of elements 2 and 3.

The distance of the sections from the cent-
re line 0,0, to the border of the contact zone is
marked S, + Sz, the thickness of the band 1 is marked
as ¢. The value of the expression S + Sz depends on
the material flexibility of the contacting elements 2-1-
3, theradius R, and R, of the elements 2 and 3, and
the value of the normal load N. Moreover,
compression deformations occur when an external
load influences the contact zone of the elements, and
their resultant force passes through the rolling axis
of the rollers. Redistribution of the deformations oc-
curs in the contact points when the mechanism loa-
ded with force N is rolling. As a result, the point
where the resultant force operates moves towards
the rolling side by a distance k. The reason for such
redistribution of the deformations is the elastic ridges
on the bodies’ surface. Rolling damping forces per-
form the work, used for their formation.

Then, according to Fig. 1 it is assumed that

[T L

S, = So+k; Sp=Sy—k; S;+S5=25, (1

k  -coefficient of rolling damping,
28, - contact’s width.

It is assumed that

min (R,; Ry ) »t; min (R ;Ry) » S, >k ).

Satisfactorily reliable values B,C,, C,4,,
B,C,, C,4,, and the displacement sector of each
roller 2 and 3 in the contact zone, were found from
the quadrangle A4,B,B,4, after evaluating the
smallness row of the accessed values:

~ o~ ~ o~ R
B,y = Sp— Lo &A=, —
Ry +— R, +—
_ - A3).
_ F—— +t
BCy= Sp—=2—; Ciy= S,—= ;
R3+7 R2+E

When section 4, 4, moves over into
position E2 §3 , the roller 2 surface will move over ¥,
and the roller 3 surface will move over x :
= So-B)Rs+1)  (So+k)Ry

~ t
R+l
27

l

= 5252+ 222

=1

— t
R+l
37

el —%:(So—k)la + o + k)R, +1)

— t ~ t
R+l R +L
) )
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If it is assumed that
§=Ltltm_ l-m 16),
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The flexible band / will move over:

25,= 2 ;x o).

The band / is moved over an infinitively
small value ds and the rollers 2 and 3 are moved over
dx and dx respectively.

Considering that:
N P )
dx— sz0 ,dx szO (6)
the movements of the rollers 2 and 3 (dx and dX)

conform to the movement of the flexible band / (ds)
when:

~ «l 0

can be expressed like:

k t k

_ - 1-—)1+—=—) l+—
di= (Sp —k)(Ry +t)+(50 +Ry | ds _ 1) So Ry N So ds

R+L B+l [P 2 L L

2 2 R 2R,
@®.

Accordingly, Equation (7) can be written as
t t

«l; — «1 ©).

2R, 2R,

After a variation of these small values the following
equation is derived:
1 k k

dx= 1+i(;—~——7—— =
4Ry Ry RSy RS

)y|ds (10).

Disregarding the squares of the small values it
becomes:

dxz= 1+t(1_‘;€° 1+~‘§°) ds 1.
R Ry
Analogously
dx= 1—t(1;€0—1+§0) ds (12).
4 R R,
It can be marked
m= 570 - coefficient of contact (13)

and changes with the conversion of signs are
performed:

then the measurable displacement of the respective
rollers in the contact zone is

di= 1-6)ds; dx=(1+o)ds  (17),

where 6 represents the kinematical coefficient of
slipping.

Equations (17) show that the rollers, in
relation to the band, slip to the opposite direction
(Fig. 1). The slipping of both rollers, if viewed from
an absolute point, is single-sided, but the movement
of the band “feeding” roller 2 (with R,) becomes
slower, because slipping is oriented to a direction
opposite to the rolling, meanwhile the “receiving”
roller 3 (with R,)— speeds up. When the moving is in
the opposite direction, the roller “feeding” band
becomes the “receiving” band, and the “receiving”
band become the “feeding” band, their slipping
direction does not change. It can be concluded that
there exists kinematically irreversible geometrical slip-
ping of the elements of the PRBM mechanism when
the radii of the rollers are freely chosen.

The kinematical coefficient of slipping Jis
different for opposite displacements of the rollers,
because the radii values of the band “feeding” and
“receiving” the rollers in Equation (16) exchange. It
can be seen (16) that J is determined by the geo-
metrical characteristics of the mechanism discussed,
but the thickness ¢ of the flexible band essentially
influences the geometrical slipping value of its
elements

Equation (16) for identical rollers would be:

5:;”7: (18).

2 COMPENSATION OF GEOMETRICAL SLIPPING
IN ROLLER-BAND MECHANISMS

A straight-line reversionary movement of a
roller wrapped with a flexible band and rolling over a
plane without slipping in the zone of contact is

Fig. 2. Schematic diagram of a roller—band
mechanism used to examine geometrical slipping
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examined using theoretical conclusions about the
causes of the geometrical slipping of PRBM elements
(Fig. 2)

The roller with the band displaces from
position z; into position zy and “feeds” the band. The
flat joint of the mechanism will become the “receiving”
band, and according to Equations (17), when dz > 0,
the equation of the roller displacement depending on
the band displacement is:

dz=(1+38)ds (19),
z  — longitudinal displacement of the roller;
s — displacement of the band;
8, — kinematical coefficient of slipping (rightward
movement)

When dz < 0, the flat joint becomes the
“feeding” band and the dependence will be :
dz=(1-8)ds’ (20),
8, — kinematical coefficient of slipping (leftward
movement)
Taking into account that 8, and &, are small

values, the dependences of displacement of the band
(in each case) will be:

ds =(1-0,)dz; ds’=(1+9,)dz 0.

After integrating:
5,-5,=(1- 8)(z,~2,) (22),
s’ =5, =(1+8,)(z,—z) (23).

After the completion of Equations (22) and (23) it is
found:

s'—s=(z,—2,)(-6,-93,) (24),
As=—a(d,+9,) (25),

a — amplitude of displacement of the roller;
As — magnitude of the band displacement in one

cycle of roller rolling;

indicates that the direction of displacement
is opposite to the direction of z

The values of &, and &, in Equation (16), taking into
account that the radius of one roller R =0 (plane) are:

[T3E L)

t 14+m t 1-m
=L . =_tl-m )
51 4 R 5 52 4 R (6)9
tm atm
+5=—": =
St d=Tnn As=-T Q7).

The irreversibility of the geometrical
slipping of the PRBM elements towards the direction
of the movement and to compensate such slipping
was evaluated and it was suggested to use an additio-

nal flexible joint in the mechanism — a band — which
would wrap the roller from the opposite side. That
would make it possible to get constant transfer
dependences between the angular and linear displa-
cements of the elements and thus to compensate for
the geometrical slipping between the elements of the
mechanism.

The schematics of a mechanism in which
geometrical slipping between the elements is
compensated is given in Fig. 3. The roller wrapped
with two bands from the opposite sides is moving on
the plane z. The bands are stretched with force 7, and
the roller is loaded with force N, and that ensures
tight contact of the contacting elements.

Taking into account that the roller is wrapped
with two bands, there exists a possibility to examine
the contact of the kinematical pair “roller—plane” as
“band-feeding” and “band-receiving” at the same
time.

According to the direction of the movement
such dependences are:

As,=—a(d, +39)) (28),

As,=a(d,+9,) (29).
The total result of the dependences (28) and
(29) will be zero:

2As=Asl+As2:0

which proves that it is possible to compensate for
the geometrical slipping between the elements by
wrapping the roller with two bands of opposite
direction.

Dependences (28) and (29) may differ not
by their sign only, but also by the values of
kinematical coefficients, according to different
conditions of forward and backward movement. In
this case the values of deviation may be different
from zero, they are equal to the absolute magnitude,
and are opposite in sign.

- -Z1
QN
]

> a

——

Fig. 3. Compensation of geometrical slipping in
roller — band mechanisms
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The original roller-band mechanisms with
compensation of the geometrical slipping were
invented ([5] and [6]), and designed on the grounds
of the conclusions in the work about existing geo-
metrical slipping between the elements of the roller-
band mechanisms, together with a theoretical study
about the possibility to compensate for such slipping.

3 SPRINGY SLIPPING INRTM

Geometrical slipping is stipulated by the
presence of a flexible transmission element (the band
with finite thickness). As a compensating link that
eliminates the geometrical slipping in RTM, using a
complementary band and wrapping the measurement
roller at the opposite side from the main band is
proposed and motivated.

Considering the complex nature of the
interaction of elements of RTM ([ 1] to [6]), it is reasonable
to consider the nature of influence of the free ends of
the springy band on which the Rolamite unit moves, on
the positioning precision of the mechanism.

The calculations scheme of the mechanism,
which consists of the rigid frame / and stretch band
3 attached to it (by its pieces), is presented in Fig. 4.

<t

Fig. 4. Calculation scheme of a mechanism for the
motivation and calculation of the springy slipping
of its elements

Rollers 2 and 4 are revolving on the bearings
and have a possibility to roll along the band 3 without
slipping. The normal force N connects rollers 2 and 4
with the band 3. Let frame / go along band 3 to the left.
Rollers 2 and 4 inevitably will resist the motion, and
the pieces of the band 3, till both sides from the roller
unit deform. The relative strain of the band’s pieces is
equal according to & and &,.

According to Fig. 4, it is possible to setup a
system of differential equations:

x  — value of the frame’s motion;

R - radius of aroller;

¢ — angle of aroller turn;

[ — half length of the band;

4 — non-dimensional value of the mechanism
resistance — the difference of the relative
strains of the band’s pieces;

M — moment of resistance to motion;

¢ - relative stiffness of the band (equal to ES)
E  — modulus of elasticity;
S — cross-section of the band.

The first equation of the system (30)
characterizes the relative deformation of a piece de,
by the difference of strain (¢, £ and x) corresponds
to the frame motion with regard to the middle of a
band.

An analogous equation for d¢, corresponds
to the difference between the actual motion of the
roller and the frame; then, x is included with opposite
sign, because the length of the band’s piece decreases.

The equations are constructed with an
assumption that dx > 0, d@ >0 (the frame goes from
left to right). The given condition is receivable for an
arbitrary system, and an additional calculation is
required only for sz
According to (30) d¢, = dg, as ¢, - ¢, = const. Then:

dx—Rdp(1+& —&,) Rdp-dx
l+x

31).

l—x

After the transformation it is obtained:
2ldx = 2RI + Rull - x)|do
dx 32).

As u << 1, Equation (32) goes to linear form and de-
composes in a power series; it neglects higher orders:

dp=|1- il ax
2 2/ )R
Ifitis assumed thatx =x ; 9= ¢, then, it is obtained
(by integrating) x, > x:

ﬂ(l_ﬁ}M

X
¢_(p01: R 5

(33).

(34).

The turning, when exists alternating motion of
the rigid frame fromx uptox ,(dr<Oanddp<0)is
studied

dgl:—Rd(p+dx
I+x
—dx+Rdp(l+¢, -
5, -t Rdp(l+e, —a) (35).
I—x
H-&E=H

After analogous transformations there exists:

2 2
, Xo =% H ,u(xo—xl)
—p =L 0 (36).
PP ( 2] 4RI (36)
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If Equations (34) and (36) are summed, it is found
that the value of an angle of slipping of the roller in
one movement’s cycle of the frame is:

o _ H 2 2

Ap=0p,- 0, _ﬁ(xl _xo) (37),

Agp — value of the slipping angle of the roller;
x,-x,=a — amplitude of the swinging rollers;

+
% =b - coordinate of the swinging centre.
Finally,
Hab
Ap =2 38).
0= (38)

Equation (38) allows an estimation of the
situation of rollers from the deformation of the band
that is influenced by the resistance to the motion; it
is possible to assert about the availability of rollers
slipping in RTM, bound with the elastic deformation
of free pieces of the band. Below, this kind of slipping
is named springy slipping.

According to relation (38), the value of
springy slipping directly depends on the resistance
force, the amplitude of motion and the value of the
swinging centre coordinate.

The maximum values of springy slipping will
take place at unilateral swinging RTM with the
maximum amplitude at @ —/, i.e., the rollers should
not be transferred over limits / of the band’s middle.
Thus, the springy slipping will concentrate from cycle
to cycle. During symmetrical swinging (moving) the
springy slipping of the rollers is compensating: if
b=0, then Ap=0.

4 COMPENSATION OF SPRINGY SLIPPING IN
RTM

Springy slipping between the elements of
the RTM depends on the strain of free band’s pieces;
this strain is influenced by the forces of resistance to
motion to a greater degree.

The value of springy slipping of the
elements is determined by the following equation:

Ax = 2420 (39)
lO
Ax — value of springy slipping;
4, — non-dimensional value of the resistance force;
a  — motion amplitude of the mechanism;
b - coordinate of the centre of motion;
[, — halflength of the band.

Consistent patterns of the change of errors
from the strain of free pieces of the RTM band are
considered. According to the positions of the unit 4
in this paper (Fig.4), the difference between the rela-
tive strains of the band’s pieces depends on the non-
dimensional resistance force of .

P
&, —& = U, =— 40
26 = Hy ES (40)
P — resistance force to motion;
E  — modulus of elasticity of material of the band;

Allowing a preliminary band tension, and
also that the sum of the deformations of the branches
of the band is equal to zero, it is possible to consider
the following expressions:

Ag, —Ag =, 41),
(l,+z)Ae, +(l,—z)Ag, =0 42).

Then, on the basis of these relations it is
possible to record the formulae reflecting the changes
of the relative strains of the band’s pieces with
allowance for the preload

I, +z l,—z 43
Ag, = —py-2—=; Ag, = pt, - “3),
1 0 2, 2 0 2,

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
l
z. ly—z :
Ho 2, & =&t My 21, (44). :
The graphs of changes of ¢ and ¢, of z for the :
cycle of the mechanism movement can be plotted :
according to the relations (43) and (44) (Fig. 5). The |
values of the strain leaps during the transition :
moment from the moving rightwards to the moving |
leftwards at the pointz _are expressed by: :
|

IO +Zmax ; Agz :_/u() lO _Zma_x (45) :

ZO 0 |

and vice versa, in the point z  by: :
|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

Agy = i,

Ae= 1, fot 2 s Agy =—1h b~ 2 (46).

ZO 0
So, knowing the length of the free piece of
the band, one can define the error of the roller
positioning band mechanism from springy slipping
of the elements. During symmetrical swinging with
respect to the centre of the band length the error will
not have a tendency to accumulate, but will be com-
pensated during the cycle of the movement. The ma-
ximum error with an accumulative effect (slipping)
Ag,

1

A
-z % +z -z

*/
S
vy

tz -Z

80
AJ/

Fig. 5. Graphs of the strains’ changes in the free
band’s pieces of RTM during forwarding and
returning motion
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< P

Fig. 6. Calculation scheme of the springy slipping
compensator

will appear only during uni-directional motion of the
mechanism with maximum amplitude at a — /; .

The most advisable is the compensation of
springy slipping by a spring-compensator.

A simple model is explored in Fig. 6.

The spring-compensator K loads the axle of
the measurement or the auxiliary roller so that the
tension of the roller of the longer band’s piece was
greater, i.e., & > & when x> 0. Or else: if =0 when
x =0, and the frame is stable, then the difference in
the tension is proportional to ¢ (with a coefficient 4).
The spring tries to return the roller back to the position
¢ = 0, wherever it is skewed. The necessary sprin-
ging force is calculated when the frame is moving
leftwards:

dé, = dx—Rdp(1+¢& —¢,)
Iy+x
de, = Rdop—dx @7)
ly—x
& =& =ty +Ap
M M

c

Hy = N ﬁ —nondimensional resistance of the

mechanism, where
M — moment of motion resistance.
If M stands for the moment caused by the
spring that is turned by 1 rad, then

M @3).
REF

It can be concluded that:
de —de, = Adg (49).

If appropriate equations are inserted, such
an equation is derived:

1 x) Al -x)
dx=R|1+— Ap)|1-— |[+—=|d
e { +2(y0+ go)( 10J+ 2RI, @ (50).

stran 308

Taking into account that 4 and 4 are of the
same order (S 107 ) and u, << 1,4 <<1, Equation (50)
is as follows:
do 1 x) 4 (102 -x’ )
REL - —(py+ Ap)| 1-2 |- >~/
o ol ¢)( 10] 2RI,
If Equation (51) is reduced to the standard

form of a linear differential equation the following
expression is obtained:

do, Af, x), _1|,_mf, x| 4E-x)
ax 2R 0)PTR 20 L) g

(52).

51).

When symbols are used:

p=Ali-x
2R\,

Q0=l{1—&[1_ij-/l(l°—_x)} (54,

Rl 2 2RI,

then Equation (52) is rewritten as:

(53),

d
d_f +FRe=0,
The solution to (50), corresponding to the initial

conditions ¢ = ¢, whenx =x, is :

(55).

| s xR

p=e" @, + j Qe dx

X0

(56).

After transformation and reduction, Equa-
tion (51), integrating from x to x , is:

0 =0, (1 - T PdeJ + T Oydx— )j]. Ul QOdJC}Pde (57).

0 Xo Xo \ %o

When the frame is moving rightwards, then:

dgl:—Rd(p+dx
Iy+x
—dx+Rdp(l+e,—
o= B Rdp(lreza)| (s
Iy+x
& =& =ty — Ap

Similarly to the previous case the following relations
are obtained:

0y = (p{l - Tﬁdx] + ]IQldx — T[TQldePldx (59),

~o0 Xo

Pl:_i 1+
2R A

0 :l[l_ﬂ(ui]_ﬂlf—_xz)} o

Rl 20 2RI,

X X0

(60),

After summing Equations (28) and (30),
integrating and rejecting 4 *, 4%, 1 A because of their
low importance, it is found:
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r+ —_
T 2R 4RI,

(2 -x2) 4 _
" 0(2%10 0)+W(x‘z_x§)xlzoxo

Let a = x, - x, stand for the amplitude, the
position of the middle point of swinging being
p=2T%  Then

2

22
ab=2 2x° 63),

N _x0+xl_%_ XX _a
Py + P R_ R’ D1 =@, R R
(64).

Inserting Eqns. (63) and (64) into Eqn. (62),
finally it is derived:

’ _ab IUO_A
Do %_R(lo R

This is a turning after the movement from x;
to x, and vice versa, but to make it zero, one needs
A=MR/l,, where the moment M , needed for
turning by 1 rad, is found from the resistance moment

MC:

(65).

Thus, the accounting dependence (46)
allows us to find the parameters of the compensating
spring, that eliminates the springy slipping of one of
the RTM rollers.

5 CONCLUSIONS

The presence of a springy link in the
structure of the RTM imposes limitations on the
kinematics of the RTM. The influence of the deviation
from the rollers’ diameter to the kinematic precision
of the RTM shows up while changing the roller’s
wrapping angle with the band. Theoretical research
proved:

1. There exists kinematically irreversible geometri-
cal slipping of the elements of PRBM. Its
magnitude is influenced by the thickness of the
flexible band.

2. Geometrical slipping between the elements of the
PRBM can be compensated, if an additional flexible
band, wrapping the rollers from the opposite side,
complements the design.

3. In spite of the design, technological and opera-
tional errors of the RTM, the main influence on
the kinematic precision is made by geometrical
and springy slipping of the elements because of
the imperfection of the structural links.

R . . .
M =M.— (66). 4. A compensator can eliminate the springy slipping.
bo The springing force is calculated according to
the analytical relation that was derived.
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Primerjava trigeneracijskih sistemov

Comparison of Trigeneration Systems

Dejan Ziher - Alojz Poredos

Pri kogeneraciji (socasni proizvodnji elektricne energije in toplote) je osnovna tezava pokrivanje
casovno neusklajenih potreb po razlicnih vrstah energije. Najvecje potrebe po toploti se pojavijajo v zimskem
obdobju, najmanjse pa poleti. Za hlajenje velja nasprotno, medtem ko je poraba elektricne energije vecja
pozimi in manjsa poleti. Kombinirani energetski postroj, ki ga z drugo besedo lahko imenujemo tudi
trigeneracija, omogoca socasno proizvodnjo elektricne energije, toplote in hladu. V primerjavi z locenim
nacinom proizvodnje nastetih vrst energij se v vecini primerov porabi manj primarne energije, tako da so tudi
z ekoloSkega (nizka emisija CO,) in gospodarskega vidika tak$ni postroji primernejsi.

V prispevku je opravljen pregled tehnicnih moznosti trigeneracije ter izkoristkov tovrstnih sistemov.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: kogeneracija, hlajenje, trigeneracija, izkorostek sistemov)

A cogeneration system is one that produces electricity and heat energy simultaneously. The main
problem with such system is covering the different time needs of different types of energies. The largest
requirements for heating are in winter, and the lowest are in summer. For cooling the situation is the opposite,
while the needs for electrical energy are higher in the winter and lower in the summer. A combined energetic
system, known as trigeneration system, produces simultaneously electrical, heating and cooling energy.
Compared to separate production a trigeneration system requires less energy, so these systems are better

Jfrom an ecological (low emission of CO,) and economic point of view.
A review of the technical possibilities and the efficiencies of trigeneration systems is presented in

this paper.

© 2004 Journal of Mechanical Engineering. All rights reserved.
(Keywords: cogeneration plant, cooling, trigeneration, system efficiency)

0UVOD

Socasna proizvodnja elektricne energije in
toplote ali kogeneracija prihaja v danasnjih ¢asih vse
bolj do izraza, saj naras¢a ekoloska ozavescenost ljudi
in spoznanje, da je zaloga primarnih goriv omejena,
zato je nujno, da jih uporabimo na ¢im bolj gospodaren
nacin. Poleg manjse porabe energije pri socasni
proizvodnji elektri¢ne energije in toplote v primerjavi z
lo¢eno proizvodnjo energije je manjSe tudi
onesnazevanje ozra¢ja, potrebujemo manj prostora
kakor pri obi¢ajnem energetskem sistemu (ni potrebna
dodatna kotlarna za proizvodnjo toplote). Socasna
proizvodnja elektricne energije in toplote pride v postev
tudi v manjsih energetskih sistemih majhnih moci.

Kogeneracijski postroji niso vedno
povezani v centralizirano ogrevalno mrezo, ampak se
jih lahko uporabi za lokalno oskrbo s toploto in za
proizvodnjo elektri¢ne energije, ki se uporabi za kritje
lokalnih potreb oziroma se presezek posilja v
elektricno omrezje. Postroje se lahko uporabi kot

stran 310

O0INTRODUCTION

The simultaneous production of electrical
and heat energy is becoming more and more important
because of the increased ecological awareness of
people and a recognition that the resources of primary
fuels are limited and that it is vital that we use them in
the most economical way. Besides lower energy
consumption, cogeneration systems also produce
less air pollution, as well as needing less space than
ordinary energetic systems (an additional boiler room
for heat production is not necessary). Cogeneration
is also interesting for small energetic systems with
small power outputs.

Cogeneration units are not always
connected to a centralized heating net; however, we
can use them for a local heat supply and for the
production of electrical energy, which we use for
covering local consumption or we sell the surplus to
the public electricity network. We can use these units
as a substitute for existing boiler rooms or to
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nadomestilo sedanjih toplarn ali pa le kot njihovo
dopolnilo. Celotni izkoristek kogeneracijskih
postrojev je tudi do 90 %, ker pa so obicajno
namesceni v porabnikovi blizini, so prenosne in
razdelilne izgube manjse kakor v primeru osrednjene
socasne proizvodnje elektricne energije in toplote.

Ucinkovitost sistema kogeneracije Se
dodatno izboljSamo z nadgradnjo s kompresorskimi
ali pa z absorpcijskimi hladilniki. Tako dobimo
trigeneracijo, torej proizvodnjo elektri¢ne energije,
toplote in hladu hkrati. Trigeneracijski postroji so
uporabni predvsem tam, kjer obstaja dovolj velika
poraba vseh treh vrst energije. Casovno
neusklajenost med potrebami in proizvodnjo toplote
pokrivamo z dodatnimi kotli in hranilnikom toplote
(lahko tudi hranilnikom hladu). V primeru presezka
elektricne energije se ta posilja v elektricno omrezje.
V ¢asu vecjih potreb po elektri¢ni energiji kot je
trigeneracijski postroj lahko proizvede, se ta
prevzema iz javnega elektricnega omrezja. Odvecna
toplota, ki nastaja predvsem v poletnem in v
prehodnem obdobju, pa se uporablja za pogon
absorpcijske hladilne naprave.

Pri izbiri doloéene vrste kogeneracije
moramo upostevati predvsem moznost dobave
pogonske energije, velikost sistema ter koli¢ino
porabljene energije in nenazadnje mnogokrat
odlocujoc¢ ekonomski vpliv.

Temelj trigeneracijskega energetskega postroja
je kogeneracijski postroj in hladilna naprava. Obstajajo
razliéne vrste trigeneracijskih postrojev, ki se med seboj
razlikujejo po vrsti pogonskih enot kogeneracijskega
postroja in tipu hladilne naprave. Pogonska enota
kogeneracijskega modula je lahko parna turbina,
plinska turbina, motor z notranjim zgorevanjem ali pa
gorivne celice. Hladilna naprava pa je obicajno
kombinacija absorpcijskega ter kompresorskega
hladilnika. OdloCitev katero varianto bomo izbrali, je
odvisna od Zelene izhodne mo¢i ter od rezima obratovanja.

1 POVEZAVA SOCASNE PROIZVODNJE
ELEKTRICNE ENERGIJE IN TOPLOTE TER
HLAJENJA

Primerjava energijskih izkoristkov razli¢nih
variant socasne proizvodnje elektricne energije in
toplote (kogeneracije) ter hlajenja neposredno ni
mogoca, ker bo vsaka razliCica v danih razmerah
proizvajala razlicno koli¢ino elektri¢ne energije,
toplote in hladu. Primerjava izkoristkov, ki bi temeljila
na seStevku koli¢ine teh treh tipov energij, bi bila
zavajajoCa, ker ne uposteva razliéne kakovosti
elektricne energije, toplote in hladu.

V tem poglavju je podana primerjava
izkoristkov sistemov hlajenje/kogeneracija glede
na proizvodnjo hladilne energije na podlagi znanih
tehnologij. Primerjave energijskih izkoristkov niso
narejene na podlagi letnih koli¢in elektriéne

supplement them. The overall efficiency of
cogeneration stations can be up to 90%; and because
they are installed close to the consumer, transport
and distribution losses are lower than in the case of
the centralized, combined production of electrical and
heat energy.

The efficiency of a cogeneration system can
be further improved with the addition of compression
and absorption chillers. In this way we get
trigeneration, i.e., the production of electrical, heat
and cool energy simultaneously. Trigeneration
systems are especially useful where there exists a
sufficient demand for all three kinds of energies. Time
diferences between needs and heat production is
covered with additional boilers and heat storage (as
well cool storage). In the case of surplus of electrical
energy, this can be sold to the public electricity
network. During times of greater demand for electrical
energy, more than the trigeneration system can
produce, the extra is taken from the public electricity
network. We use the excess heat, which occurs during
the summer and in the transitional period, for driving
the absorption chiller.

During the selection of a particular system
for cogeneration we must take into consideration how
to deliver the of driving energy, the size of the system,
the quantity of spent energy and the economic
factors.

The basis of a trigeneration energetic
system is the cogeneration unit and the cooling
device. There are different kinds of trigeneration
systems, with different kinds of driving units and
cooling devices. The driving unit of a cogeneration
module can be a steam turbine, a gas turbine, a
reciprocating engine or a fuel cell. The cooling
device is usually a combination of an absorption
and a compression chiller. The decision about which
variant to choose depends on the required output
power from the system.

1 INTEGRATING COGENERATION
AND COOLING

A comparison of the energetic efficiencies of
the different variants of cogeneration and cooling is
not directly possible because each variant will produce
different quantities of electrical, heat and cooling energy
in given circumstances. A comparison of efficiency,
which would be based on the sum of the quantities of
these three types of energies, would be missleading,
because it would not take into consideration the different
quality of electrical, heat and cooling energy.

This section presents a comparison of the
efficiencies of cooling/cogeneration systems to
produce cooling energy on the basis of known
technologies. The comparison of energetic efficiencies
is not done on the basis of annual quantities of
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energije, toplote in hladu, zaradi zgoraj navedenih
razlogov. V izracunih je upostevano, da se vsa
elektri¢na energija in toplota predelata v hladilno
energijo. Predpostavimo, da imamo na voljo toplo
vodo, ki ima 120 °C na dovodu ter 75 °C na
povratku.

Za nadaljnjo analizo bi bilo treba definirati
tudi hladilno Stevilo za kompresorske ter absorpcijske
hladilne naprave. Hladilno $tevilo (HS - COP) pri
kompresorski hladilni napravi je razmerje med
pridobljeno hladilno energijo ¢, ter vlozenim
elektri¢nim delom kompresorjaw, [1]:

COP, =

Hladilno $tevilo pri absorpcijski hladilni
napravi je definirano kot razmerje med pridobljeno
hladilno energijo ¢, , ter vloZeno toploto v generatorju
absorpcijske hladilne naprave q,[11:

COP,

Hladilno energijo iz trigeneracijskih sistemov
lahko pridobivamo v osnovi na dva nacina, to je s
kompresorskim ali pa z absorpcijskim hladilnikom.
Kompresorski hladilnik je lahko gnan z elektri¢no
energijo, pridobljeno na gredi generatorja turbine ali
motorja. Obstaja pa tudi razlicica, da je kompresorski

Druga razlicica je v praksi sicer manj pogosta, vendar
jo vseeno obravnavamo zaradi primerjave. V primeru
uporabe absorpcijskih hladilnikov smo upostevali tri
razli¢ne variante, in sicer je to lahko enostopenjski
vroc¢evodni absorpcijski hladilnik ali pa parni
absorpcijski hladilnik (enostopen;jski ali dvostopen;jski).

parna turbina
steam turbine

toplota
heat

—{wa |
Lisa |
— [T

electrical, heating and cooling energy, because of the
above-mentioned reasons. In calculations we consider
that all the produced electrical and heating energy is
converted into cooling energy. We suppose that we
have all the hot water at our disposal at a temperature
of 100 °C in the feed pipe and at 75 °C in the return pipe.

For a further analysis it would be necessary
to define the coefficient of performance (COP) for
compression and absorption chillers. The COP for a
compression chiller is the coefficient between the
acquired cooling energy ¢ , and the input electric
energy of compressor w, [1]:

Yok

w

el

(0.

We define the COP at the absorption
chiller as the coefficient between the acquired
cooling energy ¢ , and the input heat in the gen-
erator g, [1]:

_ qO,a
4,

Q).

The cooling energy from trigeneration
systems is mainly produced on two ways, i.e., with a
compression chiller or with an absorption chiller. A
compression chiller is driven with electrical energy,
produced on the generator shaft of a turbine or motor.
There is also a variant where the compression chiller
is connected directly to a steam turbine shaft. This
second variant is, in practice, rarely used, but we will
still discuss it, just for the comparison. In the case of
the absorption chillers, we considered three different
variants: a single-stage hot-water absorption chiller,
a single-stage steam absorption chiller and a two-
stage steam absorption chiller.

hladilna energija
cooling energy

,

3

==
4
.:..:..:.‘\

5

o)

G...generator
generator
K...kompresorski hladilnik
compression chiller
VVA...vrogevodni absorpcijski hladilnik
hot water absorption chiller
1SA...enostopenjski parni abs. hladilnik
one stage steam absorption chiller
2SA...dvostopenjski parni abs. hladilnik
two stage steam absorption chiller

Sl. 1. Razlicne variante pogonov hladilnih agregatov v trigeneracijskem sistemu
Fig. 1. Different possibilities of cooling chiller drives in a trigeneration system
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Razlicne variante pogonov hladilnih agregatov
v trigeneracijskem sistemu so prikazane na sliki 1.

2 IZKORISTKISISTEMOV TER PARAMETRI
SREDSTEV

Na zacetku primerjave izkoristkov razli¢nih
trigeneracijskih sistemov je treba najprej definirati
izkoristke kogeneracijskih sistemov. Tipi¢ni elektricni
n,,in toplotni 77, izkoristki razli¢nih kogeneracijskih
sistemov so zbrani v preglednici 1.

Different variants of cooling chiller drives
in a trigeneration system are shown in Figure 1.

2 EFFICIENCIES OF SYSTEMS AND MEDIUM
PARAMETERS

At the start of any comparison of the
efficiencies of different trigeneration systems we need
to define the efficiencies of cogeneration systems.
Typical electrical (77,) and heat (77) efficiencies of
different cogeneration systems are shown in Table 1.

Preglednica 1. Primerjava elektricnih in toplotnih izkoristkov kogeneracijskih sistemov
Table 1. Comparison of the electrical efficiencies of cogeneration systems

Sistem Elektri¢ni izkoristek (%) Toplotni izkoristek (%)
System Electrical efficiency (%) Heat efficiency (%)
plinska turbina 55

gas turbine

plinski motor 50

gas motor

parna turbina 50

steam turbine

plinsko parna turbina 40

gas steam turbine

Za nadaljnji izracun izkoristkov
trigeneracijskih postrojev je treba poznati tudi
parametre energijskih virov za pogon hladilnikov ter
hladilna Stevila za posamezne vrste hladilnikov (pregl.
2).

Elektri¢no energijo w , in toploto g, iz
kogeneracijskega postroja dobimo kot zmnozek
izkoristka spremembe ter vloZene energije goriva
(enacbi 3 in4).

For a further calculation of the efficiencies
of trigeneration systems it is essential to know all the
parameters of the energetic sources for driving the
chillers and the coefficients of performance for each
type of chiller (table 2).

The electrical energy (w,) and the heat en-
ergy (¢,) from the cogeneration system is a product
of the transformation efficiency and the fuel input
energy (Equations 3 and 4).

)

Wel = 776/ qg

q, =1, 4, (4)

Preglednica 2. Parametri sredstev za pogon hladilnikov ter HS [1]
Table 2. Medium parameters for chiller drives and COP [1]

Parametri HS
Parameters COP
1.Kompresorski hladilnik (K) 537
1.Compression chiller (K) ’
2.Hladilnik, gnan s parno turbino (P) para 11 bar 1.04
2.Chiller driven with steam turbine (P) steam 11 bar ’
3.Absorpcijski hladilnik na vro¢o vodo (VVA) 0
3.Absorption chiller on hot water (VVA) 95/85°C 0,67
4. Enostopenjski parni absorpcijski hladilnik (1SA) para 2 bar 0.67
4. Single-stage steam absorption chiller (1SA) steam 2 bar ’
5. Dvostopenjski parni absorpcijski hladilnik (2SA) para 8 bar 1.20
5. Two-stage steam absorption chiller (2SA) steam 8 bar i
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Hladilna energija iz kompresorske hladilne
naprave izhaja iz enacbe (1):

The cooling energy from a compression-
chiller device follows from Equation (1):

Go = COF, -w, (5).

Hladilna energija iz absorpcijske hladilne
naprave izhaja iz enacbe (2):

The cooling energy from an absorption-
chiller device follows from Equation (2):

9o, =COP, -q, (6).

Glede na sliko 1 je pri kombinaciji hladilnih
agregatov upostevan vedno hladilnik, gnan z
elektri¢no energijo, in hladilnik, gnan s toploto.
Celotna najvecja pridobljena hladilna energija iz
trigeneracijskega postroja je torej vsota pridobljenih
hladilnih energij iz kompresorske in iz absorpcijske
hladilne naprave:

With regard to Figure 1, for a combination
of cooling units we always consider one chiller to be
driven with electrical and one with heat energy.
Opverall, the maximum produced cooling energy from
a trigeneration system is the sum of the produced
cooling energies from the compressor and from the
absorption cooling device:

Qo.c =90k T90,4 .

Tudi toplote v celoti ni mogoce porabiti za
pridobivanje hladu (odvisno od vrste absorpcijske
hladilne naprave), ker deluje absorpcijska hladilna

ey

3 REZULTATI PRIMERJAVE

Primerjava izkoristkov trigeneracijskih
sistemov je temeljila na predpostavki, da iz celotne
pridobljene elektricne energije proizvajamo hladilno
energijo (najveéja proizvodnja hladu). Ob
upostevanju, da vlozimo 100 enot goriva (qg) ter
izkoristkov pretvorbe energije (ob najvecji proizvodnji
hladu), podanih v preglednicah 1 in 2, dobimo deleze
energije za hlajenje in preostale energije za ogrevanje.
Pri izracunu izkoristkov smo uporabili enacbe od (3)
do (7). Pri tem smo pri delezu elektricne energije, ki ga
porabimo za pridobivanje hladu, odsteli Se elektri¢no
energijo, ki je potrebna za pogon pomoznih naprav (4
do 6%).

Podroben potek izraduna izkoristkov
trigeneracijskih sistemov v tem prispevku, zaradi
preobsirnosti izra¢unov, ni obravnavan. Na sliki 2 so
prikazani le rezultati primerjave izkoristkov razli¢nih
trigeneracijskih sistemov [2].

Razvidno je, da najvecjo koli¢ino hladilne
energije dobimo iz kogeneracije s plinsko-parno
turbino. Pri kombinaciji hladilnikov daje kompresorski
hladilnik najvec¢ hladilne energije. Razlike med
razliénimi tipi hladilnikov so mnogo manjse kakor
recimo pri kogeneraciji s parno turbino. Pri
termodinami¢no optimiranem kogeneracijskem
postrojenju (z uporabo izpusnih plinov plinske turbine
v kombiniranem krogu) hladilniki, ki obratujejo pri
nizjih temperaturah, dajo vecjo izhodno mo¢ od tistih
pri vi§jih temperaturah.

Pri kogeneraciji s plinsko turbino
kombinacija dvostopenjskih absorpcijskih in
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All the heat cannot be spent for cold
production (depending on the absorption cooling
device type), because the absorption cooling device
works on a defined minimum temperature level.

3RESULTS OF THE COMPARISON

A comparison of the efficiencies of
trigeneration systems based on a hypothesis that from
all the produced electric energy cooling energy is
produced (maximum cold production). Considering that
we input 100 units of fuel and the transformation
efficiencies of energy (at maximum cold production)
given in Tables 1 and 2 we get the shares of cooling
and rest heating energy. During the calculation of
efficiencies we used Equations from 3 to 7. From the
total produced electrical energy, that we use for the
cold production, we substracted the energy that is
needed for driving the auxiliaries (4-6%).

A detailed calculation of the efficiencies of
trigeneration systems is not presented here because
it is beyond the scope of this paper. Figure 2 presents
only the results of comparison of the efficiencies of
trigeneration systems [2].

It is clear that the maximum quantity of
cooling energy comes from cogeneration with a gas
steam turbine. For a combination of chillers the
maximum cooling energy comes from a compression
chiller. The differences between the different types
of chillers are less for cogeneration with a steam
turbine. A thermodynamically optimized cogeneration
system (with the use of the exhaust gases of the gas
turbine in a combined cycle) gives us chillers that are
working at lower temperatures, and with higher output
power.

For cogeneration with a gas turbine the
combination of two-stage absorption and
compression chillers gives us the maximum cooling
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Sl. 2. Delezi pridobljenih energij za razlicne vrste trigeneracijskih sistemov
Fig. 2. Shares of produced energies for different types of trigeneration

kompresorskih hladilnikov daje najve¢ hladilne
energije. Pri tej kombinaciji absorpcijski hladilniki,
gnani s toploto z vi§jo temperaturo, dajejo vecjo
koli¢ino izhodne toplote kakor pri niZji temperaturi
dovedene toplote v primerjavi s koli¢ino hladilne
energije, ki jo lahko zagotavljajo kompresorski
hladilniki.

Pri kogeneraciji s plinskim motorjem je
izhodna hladilna mo¢ najvecja pri kombinaciji
vroc¢evodnih absorpcijskih in kompresorskih
hladilnikov, ¢eprav je izhodna hladilna mo¢ le malo
nad kombinacijo parnih dvostopenjskih absorpcijskih
in kompresorskih hladilnikov. Izvedbe s toploto na
nizji temperaturni ravni pridejo bolj v postev pri
kogeneraciji s plinskimi motorji kakor pri kogeneraciji
s plinskimi turbinami, ker je izhodna toplotna moc¢ pri
plinskem motorju bolj omejena kakor pri plinski
turbini. Ce analiziramo razlike med razli¢nimi
moznostmi proizvodnje hladu, so te majhne. Kakor
pri plinski turbini tudi tu dobimo najmanj hladilne
energije s kompresorskimi hladilniki, toda ta sistem
zagotavlja vec toplote za daljinsko ogrevanje.

Obratovanje parne turbine prilagodimo
najveéjemu pridobivanju hladu, kar pomeni, da v tem
primeru ne dobimo toplote za ogrevanje. Med
razli¢nimi kombinacijami hladilnikov, da najve¢ hladilne
energije kompresorski hladilnik. Druge kombinacije
hladilnikov dajo manj hladilne energije, zaradi manj$e
proizvodnje elektrine energije pri povecanem odjemu
toplote za pogon absorpcijskih hladilnikov. Na
splosno gledano je koli¢ina dobljene hladilne energije
obratno sorazmerna s temperaturo odvzema toplote,
kar je v nasprotju s kogeneracijo s plinsko turbino ali
s plinskim motorjem.

energy. For this combination, absorption chillers
driven with heat at higher temperature give us a larger
quantity of output heat, for a lower temperature of
input heat, compared to the quantity of cooling
energy, which we obtain from the compression
chillers.

For cogeneration with a gas motor the
output cooling power is the highest for a combination
of hot-water absorption and compression chillers,
although it has the highest cooling power, slightly
above that of the combination of two-stage steam
absorption and compression chillers. The possibilities
of using heat at a lower temperature come into
consideration more for cogeneration with gas motors
than with cogeneration with gas turbines, because
of the limited output heat power from a gas motor
more than from a gas turbine. The differences
between the different possibilities of cold production
are slight. As with the gas turbine, we also get here
the least cooling energy with the compression
chillers, but this system does produce more hot water
at a temperature of 100 °C for district heating.

The operation of the steam turbine is adapted
to maximum cooling production, which means that in
such a case no heat for district heating is produced.
Between the different combinations of chillers, the
compression chiller gives us the most cooling energy.
This happens because of the lower production of
electrical energy at increased consumption of heat for
driving the absorption chillers. Generally, the quantity
of produced cooling energy, is inversely proportional
to the heat temperature consumed, which is the
opposite to the situation for cogeneration with a gas
turbine or with a gas motor.
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4 SKLEP

V prispevku je opravljen pregled tehni¢nih
moznosti kombinirane proizvodnje elektricne, toplotne
in hladilne energije, ki jo z drugo besedo imenujemo
tudi trigeneracija. Navedena je tehni¢na primerjava
razli¢nih nacinov trigeneracije.

S kombiniranim plinsko-parnim postopkom
dosezemo  vecji  izkoristek  osnovnega
kogeneracijskega sistema. S postavitvijo parne
turbine pridobimo namre¢ dodatno koli¢ino elektricne
energije, pa tudi toploto dimnih plinov iz plinske
turbine lahko bolje izkoristimo. Tudi koli¢ina hladilne
energije je, kakor je razvidno iz primerjave izkoristkov
trigeneracijskih sistemov, pri kombinirano plinsko
parnem postopku najvecja.

Primerjava izkoristkov razli¢nih kombinacij
kogeneracijskih oziroma trigeneracijskih sistemov je
bila narejena na teoreti¢ni ravni. V praksi je najveckrat
potrebna kombinacija tako kompresorskih kakor tudi
absorpcijskih hladilnikov, kar zagotavlja vecjo
zanesljivost obratovanja.

Odlocanje o tem, kdaj bo kateri od obeh
hladilnikov obratoval, je odvisno od razli¢nih
dejavnikov, ki niso nujno tehni¢nega znacaja. V
primeru neodvisne proizvodnje elektricne, toplotne
in hladilne energije se lahko odlo¢imo tudi za prodajo
presezkov elektricne energije. V tem primeru, v ¢asu
vi$je sezone oziroma visje cene, raje elektri¢no energijo
prodajamo v omrezje po visji ceni in hladilno energijo
pridobivamo z absorpcijskim hladilnikom. V ¢asu nizje
cene pri prodaji elektri¢ne energije v javno omrezje
pa bomo del pridobljene elektricne energije raje
porabili za proizvodnjo hladilne energije s
kompresorskimi hladilniki.

Daljinsko hlajenje, kombinirano daljinsko
hlajenje in ogrevanje ter trigeneracijski sistemi so
zagotovo dokazano zanesljiva tehnologija, ki lahko
zagotavlja ekonomsko ugodne, energijsko uc¢inkovite
in za okolje primerne resitve.

4 CONCLUSION

This paper reviews the technical possibilities
for the combined production of electrical, heat and
cool energy, which we call trigeneration. We also make
a technical comparison of the different ways of
trigeneration.

With a combined gas steam process we
achieve higher efficiency for the base cogeneration
system. By setting up a steam turbine we get
additional electrical energy and we can better take
advantage of the exhaust gases from the gas turbine.
The quantity of cool energy is also, as can be seen
from the comparison of the efficiencies of
trigeneration systems, the largest for the combined
gas steam process.

A comparison of the efficiencies of the
different combinations of cogeneration or
trigeneration systems is done on a theoretical level.
In practise it is mainly a combination of compression
and absorption chillers that is needed, this gives us a
higher reliability of operation.

Deciding when which chiller will work is
dependent on different factors, which are not always
necessarily technical by nature. In the case of the
autonomous production of electrical, heat and cool
energy we can also decide to sell the surplus of electric
energy. In this case, during high season or times of
higher tariff, we would rather sell the electrical energy to
the public network at a higher price and we would
produce cool energy with the absorption chiller. In times
of lower tariff, when selling electrical energy to the public
network, we would sell part of the produced electrical
energy rather than consume it for the production of
cool energy with the compression chillers.

District cooling, combined district cooling,
heating, and trigeneration systems are proved to be
the technology that can provide us with economically
satisfactory, energy efficient and environmentally
friendly solutions.
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hladilno stevilo cop coefficient of performance
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Analiza vetrnega potenciala na Primorskem

z vidika moznosti za proizvodnjo elektricne
energije

An Analysis of Wind Energy in the Coastal Region from the
Point of View of Electricity Production

Karlo Peter Persolja

Danasnja druzba v veliki meri temelji na uporabi elektricne energije. Elektricni mrki, kakrsnim so
bili prica v nekaterih drzavah v zadnjem casu, so Se posebej ocitno prikazali odvisnost druzbe od elektricne
energije. Nepredvidljivost cene nafte in dejstvo, da bodo ta in razni drugi fosilni viri v doglednem casu
postopno izcrpani, silijo clovestvo k iskanju drugih, nadomestnih energijskih virov, ki naj bodo trajnejsi,
cenejsi in primernejsi za okolje. Primer taksnega, navidez neizcrpnega vira, je veter. Izkoriscanje energije
vetra za proizvodnjo elektricne energije je tehnolosko izvedljivo. Vetrne elektrarne so ze vkljucene v
elektroenergetske sisteme na Danskem, v Nemciji, ZDA, Spaniji in Stevilnih drugih drzavah. V Sloveniji
elektricne energije Se ne pridobivamo z uporabo vetra. Namen tega prispevka je preveriti, ali je na podrocju
Primorske, kot najbolj vetrovnem obmocju Slovenije, dovolj vetrnega potenciala za ekonomsko upraviceno
nalozbo v proizvodnjo elektricne energije z uporabo vetrnih elektrarn.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: elektrarne na veter, hitrost vetra, potencial vetra, porazdelitev Weibullova)

in some countries in recent years, have revealed how dependent society is on electrical energy. The
unpredictability of oil prices and the fact that fossil fuels will be exhausted in the future, force mankind to
investigate new energy sources, which must be sustainable, cheap and environmentally friendly. Wind is an
example of such an apparently inexhaustible energy source. The exploitation of wind energy is technologically
possible. Wind power plants are already included in the electro-energy systems of Denmark, Germany, the
USA, Spain and many other countries. In Slovenia, electricity is not yet produced from wind energy. The
purpose of this article is to examine whether the wind energy available in the windiest part of Slovenia, the
Coastal region, is sufficient to allow economical electricity production using wind power plants.

© 2004 Journal of Mechanical Engineering. All rights reserved.

(Keywords: wind power plants, wind speed, wind energy potential, Weibull distribution)
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Primorska lezi na skrajnem zahodu Slovenije.
Ima razgiban relief, od goratega na severu in
severovzhodu do ravninskega v njenem
jugozahodnem delu. Posledica taksnega reliefa je
razli¢no podnebje, ki je ponekod zmerno zaradi vpliva
morja, drugje celinsko in celo alpsko.

Geografska lega, relief in blizina morja
ustvarjajo razmere, ki pokrajino naredijo vetrovno
bogato predvsem z zahodnimi vetrovi, ob¢asno pa
se oblikujejo tudi posebni zraéni vrtinci, ki se gibljejo
v smeri urnega kazalca ali nasprotno. Razgibanost je
pogosto tudi vzrok za nastanek lokalnih vetrov, s

\
|
\
|
\
|
\
|
\
|
\
\
\
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
\
\
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
\ Modern society is based on the use of electrical energy. Electricity blackouts, which have occurred
\
\
|
\
|
\
|
\
|
\
|
|
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
|
|
\
|
\
\
|
\
\

stran 318

kopnega na morje v no¢nem ¢asu in z morja na kopno
¢ez dan. Najpomembnejsi vetrovi na Primorskem so:
jugo, burja ter severni in juzni fen, ki lahko dosezejo
tudi velike hitrosti. Zato nas je zanimalo, ali so ti vetrovi
zadosten vetrni potencial za proizvodnjo elektricne
energije z uporabo vetrnih elektrarn.

Dolgoletnih analiz, daljsih od 20 let, ki bi
lahko ovrednotile moznosti izrabe vetra za proizvodnjo
elektri¢ne energije pri nas, zal nimamo. Prve tovrstne
analize na Primorskem smo se lotili predstavniki
podjetja Elektro Primorska, d.d. (EP) in Agencije za
prestrukturiranje energetike, ob strokovni pomoci
podjetja EHN iz Spanije ([1] do [3]). V ta namen smo
leta 1999 priceli meriti hitrosti in smeri vetra v
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naslednjih krajih: Bate v BanjSicah, Sinji vrh nad

Predmejo, Nanos, Trstelj na Krasu, Tabor pri Pivki,

Volovja Reber, Vrems¢éica, Selivec nad Senozecami,

Goli¢ nad Rakitovcem, Kokos pri Lipici ter na dveh

krajih na Pohorju in v Prekmurju. Za dolo€itev merilnih

tock smo najprej preucili znane lokalne informacije,
kartografijo in strokovno literaturo. Na tej podlagi
smo izdelali analizo najbolj primernih obmo¢ij z vidika
virov energije, topografije, vegetacije, naravnih in
kulturnih vrednot. Nato smo izvedli terenske oglede
poprej izbranih krajev. Postavili smo merilne stolpe;
najprej na visini 15 m, kasneje pa na nekaterih krajih

tudi na visini 41 m.

V letih 1999 in 2000 smo k sodelovanju
pritegnili tudi Katedro za meteorologijo Fakultete za
matematiko in fiziko Univerze v Ljubljani ter Urad za
meteorologijo Agencije Republike Slovenije za okolje
(UM-ARSO) z namenom, da bi ugotovili znacilnost
nasih meritev za daljSe obdobje. Naloga je bila
opravljena v treh fazah ([4] in [5]).

a) Najprej je bila ocenjena relativna razlika glede
vetrovnosti po posameznih podro¢jih. Pri tem sta
bila uporabljena dva fizikalna modela. Z obema
lahko napovemo polje vetra v odvisnosti od
splosnih, §irSih pogojev, ki opredeljujejo
vetrovnost.

b) V naslednji fazi smo preverili, ali sta bili leti 1999
in 2000 vetrovno znacilni za dalj$e obdobje.

¢) V zadnji fazi smo ocenili potencial vetra za
pridobivanje elektri¢ne energije.

Rezultate nasStetih faz podrobneje
predstavljamo v nadaljevanju.

1 ANALIZA VETROVNOSTI PO PODROCIIH

Vetrovne razlike med posameznimi podrocji
lahko preucujemo z dvema modeloma: z
meteoroloskim in masno konsistentnim. Z
meteoroloskim modelom ALADIN/SI napovedujemo
dinamic¢ni potek meteoroloskih spremenljivk nad
obmocjem velikosti 800 km % 800 km s sredis¢em v
osrednji Sloveniji. Vodoravna lo¢ljivost modela je 11
km. Njegovi rezultati so najbolj natancen vsakodnevni
vir podatkov o trirazseznem polju vetra v Sloveniji.
Pomanjkljivost modela je v tem, da ne uposteva
gorskih gmot Trnovskega gozda in Nanosa ter kraske
planote, ki v precejsnji meri vplivajo na razmere na
izbranih lokacijah. Z modelom izra¢unano polje vetra
je zato primerno le kot zacetni priblizek za kasnej$o
natan¢nejSo simulacijo s t.i. masno-konsistentnim
modelom.

Masno-konsistentni model poskusa
napovedano polje vetra ¢im bolje prilagoditi
izmerjenim vetrovom. Vodoravna lo¢ljivost modela je
500 m. Absolutne vrednosti napovedane hitrosti vetra
niso dovolj zanesljive, e nam ne uspe primerno
nastaviti parametrov modela, npr. stabilnost ozracja
v odvisnosti od gibalne koli¢ine ipd. Pomanjkljivost

tega modela se med drugim kaze v tem, da je
vetrovnost ob povsem enakomernem vetru v vi§inah
popolnoma enaka, ¢e veter piha iz ene ali druge strani,
saj je vseeno, ali tok teCe naprej ali nazaj, ker so
tokovnice v obeh primerih identi¢ne. Z masno-
konsistentnim modelom prav tako ne moremo zajeti
lokalnih toplotno povzrocenih pojavov, kakrSen je
npr. burja. Zanjo je znacilno spuscanje hladnega zraka
na sredozemsko stran alpsko-dinarske gorske
pregrade v podrocje toplejSega zraka nad Jadranom.
Pritekajoci zrak nad planotami Notranjske je dovolj
hladen, da je kljub segrevanju ob spustu proti morju
na dnu Se vedno hladnejsi od zra¢ne mase, kar
pomeni, da pri spuscanju zracni tok ves ¢as pospesuje.
Masno konsistentni model predvideva moznost, da
nad obravnavanim obmocjem predpiSemo splosni
veter v visinah ter z ekstrapolacijo ocenimo veter po
visini navzdol po enem od primernih navpi¢nih
profilov vetra. Z osnovno razli¢ico modela, ki
vkljuCuje samo podatek o vetru v visinah, lahko
zadovoljivo simuliramo jugozahodni in jugovzhodni
veter.

Napovedi polja vetra z nobenim od
uporabljenih modelov niso dovolj zanesljive.
Namenjene so lahko kot osnova za oceno relativnih
razlik v vetrovnosti med posameznimi geografskimi
podrodji ali med posameznimi ¢asovnimi obdobyji
znotraj izbranega podrocja.

2 OCENA ZNACILNOSTIVETRA V LETIH 1999 IN
2000 ZA DALJSE CASOVNO OBDOBIJE

Da bi ocenili znacilnost vetra v letih 1999 in
2000 za dalj$e ¢asovno obdobje, smo meritve za ti
dve leti zeleli primerjati z dolgoletnimi meritvami. V
preteklih letih je obseznejSe meritve vetra pri nas
opravljal le UM-ARSO. Zal stojijo merilne postaje
UM-ARSO in EP na povsem razli¢nih krajih. Postaje
UM-ARSO so v neposredni blizini mest in
pomembnejsih prometnic, kar v naSem primeru niso
kraji, primerni za pridobivanje elektri¢ne energije,
medtem ko so postaje EP namescene na vetrovno
izpostavljenih mestih, to so hribi, grebeni ipd.
Neposredna primerjava meritev zato ni bila mogoca.
Oceno znacilnosti vetra v letih 1999 in 2000 za daljse
¢asovno obdobje smo tako opravili na podlagi
meseénih povprecnih hitrosti vetra na visini 5 km
nad Slovenijo [6]. Pri tem predpostavljamo, da
podobni sklepi o znacilnosti omenjenih let veljajo tudi
zamerilna mesta, za katera dolgoletnih meritev nimamo
na voljo.

V preglednici | so prikazane nekatere
statisticne mere mesecnih povprecnih hitrosti po
desetletjih od 1948 do 1997 ter za leti 1999 in 2000.
Podatki o hitrosti vetra veljajo za podrocje Slovenije
na visini 5 km. Posredovali so nam jih iz Nacionalnega
centra za atmosferske raziskave (NCAR) iz Bouldra v
Coloradu (ZDA) [6]. Iz preglednice lahko razberemo,
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Preglednica 1. Nekatere statisticne lastnosti mesecnih povprecnih hitrosti vetra nad Slovenijo na visini 5 km
v letih od 1948 do 1997 in 1999 ter 2000 [6].

od od od od od od od
1948 1958 1968 1978 1988 1948 1999

do do do do do do 1999 2000 do
1957 1967 1977 1987 1997 1997 2000
povprecje (m/s) 7,89 7,58 7,48 8,05 7,92 7,80 8,20 9,72 8,96
std. deviacija (m/s)] 3,39 3,33 3,41 3,40 3,45 3,39 3,61 3,40 3,52
minimum (m/s) 1,29 0,14 1,27 2,25 2,21 0,14 2,90 5,16 2,90
maksimum (m/s) 18,04 | 16,57 | 16,28 | 17,84 | 17,90 | 18,04 | 13,95 | 15,23 | 15,23
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da sta bila povprecje in standardna deviacija mesecnih
povprecnih hitrosti vetra skoraj nespremenljiva v
desetletjih od 1948 do 1997. Nekaj ve¢ spremenljivosti
opazimo pri najvecjih in najmanjsih hitrostih vetra,
kar je razumljivo. Ce leti 1999 in 2000 primerjamo z
obdobjem 1948-1997, opazimo vecji povprecni in
najmanjsi hitrosti vetra, posebej v letu 2000, podobni
vrednosti standardne deviacije ter precej manjsi
najvedji hitrosti, posebej v letu 1999. Statisticno
preverjanje enakosti povprecij s testom ¢ pokaze [7],
da se povprecna hitrost vetra v letu 1999 znacilno ne
razlikuje od povprec¢ja v letih 1947 do 1997 (vrednost
p testaje p=0,35), medtem ko je povprecje v letu 2000
znacilno vegje od dolgoletnega (p=0,04). Ce leti 1999
in 2000 obravnavamo skupaj, sicer ugotovimo
povecanje povpreéne hitrosti vetra glede na obdobje
1947 do 1997 (p=0,06), ki pa ne presega meje
statisticno znacilnega povecanja (p=0,05).

Sklepamo torej lahko, da je bilo leto 2000 v
povprecju izrazito bolj vetrovno kakor prej$nja leta,
medtem ko je bilo leto 1999 v tem pogledu podobno
prejsnjim. Tudi povprecje dveletnega obdobja 1999
do 2000 je precej vecje od dolgoletnega povpredja,
predvsem na racun leta 2000. Zanimivo je, da so
kljub vecjima povprecni in najmanjsi hitrosti vetra
najvecje hitrosti bistveno manjse od tistih v prejsnjih
letih. To nakazuje, da se je porazdelitev hitrosti vetra
v letih 1999 in 2000 glede na obdobje 1947 do 1997
nekoliko spremenila. Da bi lahko podali zanesljivejse
sklepe o spremembah vetrovnosti, bi morali
primerjati porazdelitve hitrosti vetra in ne samo
povprecij in ekstremnih vrednosti. Primer taksne
analize porazdelitve hitrosti vetra predstavljamo v
razdelku 5.

Kljub izrazito vecjim povpre¢nim hitrostim
vetra v letu 2000 ne moremo trditi, da se je povprecna
hitrost vetra dolgoro¢no povecala, saj lahko bolj
vetrovnemu letu 2000 sledijo manj vetrovna leta. Za
taks$ne sklepe potrebujemo meritve, ki trajajo vec let.

3 OCENA VETRNEGA POTENCIALA

S pojmom vetrni potencial oznacujemo
elektricno mo¢, ki bi jo lahko pridobili z izbrano
vetrnico. Do izraza za mo¢ zracnega toka pridemo
takole.
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Energija toka zraka s hitrostjo v in maso m je:
E= 1 mv* (1)
5 )

To je teoreti¢no najvecja mogoca kineti¢na
energija vetra, ki velja, e je hitrost vetra za vetrnico
enaka ni¢. Upostevaje odvisnost mase od gostote p
in prostornine V, m=pV, lahko energijo zraénega toka
zapiSemo kot:

E= 1 ) 4% ).
2
Najvecja moc¢ P, ki jo lahko prestreze
vetrnica, ki pri vrtenju zajema ploskev s prerezom S,
je odvisna od prostornine zraka, ki v ¢asu ¢ steCe
skozi prerez S:

V =vSt 3).

Upostevaje zvezo med mocjo P in energijo
E, P=E/t, dobimo mo¢ zracnega toka pri prerezu
vetrnice S:

P=§Sﬂf @),

ki jo obicajno podajamo z gostoto moci (v W/m?):

P 1
Cetm (5).
Hitrost vetra na izbranem kraju se nenchno
spreminja, zato jo je treba opisati statisticno. Temel;
statistiCnega opisa je verjetnostna porazdelitev, ki za
poljubni korak hitrosti vetra, npr. med 3 in 4 m/s, podaja
njegovo verjetnost oziroma pogostost. Po evropski
metodologiji se porazdelitev hitrosti vetra opisuje z
Weibullovo verjetnostno porazdelitvijo, katere
gostota verjetnosti je [7]:

-1
f(v; B, 5) = g(gj -e'(v/ﬁ)ﬂ

za v>0, >0, 6>0

©6).

Pri tem sta f (brez enote) in & (v m/s)
parametra, s katerima dolo¢amo obliko oziroma velikost
porazdelitve. Parametra fin dsta odvisna od lokalnih
vetrnih razmer in ju moramo oceniti na podlagi



Persoljia K.P.: Analiza vetrnega potenciala - An Analysis of Wind Energy

izmerjenih hitrosti vetra za vsak kraj posebej. Ko
poznamo ta dva parametra za izbrani kraj, lahko
napovemo, kako pogosto bo pihal veter s hitrostjo v
dolocenem obdobju, kolik$na bo povprecna hitrost
vetra ipd. Povprecno hitrost vetra tako izraCunamo
po enacbi:

(vy= él"[l+%) ),

kjer I'() oznacuje t.i. gama funkcijo, katere vrednost je
treba dolociti numericno [8].

Zanapoved gostote moci zra¢nega toka (en.
(5)) potrebujemo vrednost hitrosti na tretjo potenco.
Pri Weibullovi porazdelitvi je povprecje hitrosti na
tretjo potenco doloceno z izrazom:

o'y = 5#(1 +%) @®).

Povpre¢na gostota moci zracnega toka
oziroma vetra je tedaj:

P\ 1
(£)=300" o)

Na ta nacin lahko napovemo povprecno
gostoto moci vetra, ¢e porazdelitev hitrosti ustreza
Weibullovi in ¢e poznamo parametra porazdelitve
in 5. Ce pa porazdelitve hitrosti vetra ne moremo
opisati z Weibullovo porazdelitvijo, moramo
povprecje hitrosti na tretjo potenco izracunati
neposredno iz vzorca izmerjenih hitrosti vetra po
enacbi:

(=23
nio

kjer v, oznacuje i-to izmerjeno hitrost vetra iz vzorca,
medtem ko je n Stevilo vseh meritev v vzorcu. Z
dobljeno vrednostjo lahko nato po en. (9) izracunamo
povprecno gostoto moci vetra.

Pri tem je pomembno poudariti, da vetrnica
zidealnim izkoristkom izrablja 59,3% kineticne energije
vetra, pri tem pa se hitrost vetra skozi vetrnico zmanjsa
za dve tretjini. Dejanski izkoristek vetrnice je bistveno
manjsi, saj je treba upostevati tudi notranji izkoristek
stroja, ki pri vetrnicah ni velik. Ker je vetrnica osni
turbinski stroj, se notranji izkoristek pri delnih
obremenitvah mocno poslabsa [9].

Izracun vetrnega potenciala torej temelji
na hitrosti vetra na viSini vetrne turbine, t.j.
priblizno 60 m. Ker so meritve vetra na tej visini le
redko dostopne, jih je treba oceniti na podlagi
meritev, izvedenih na manjsih visinah, v nasem
primeru 15 in41 m. V ta namen se obi¢ajno uporablja
metoda, ki so jo razvili na Oddelku za vetrno
energijo danskega drzavnega laboratorija Riso, in
je namenjen za izdelavo evropskega vetrnega atlasa
[10]. Pri tej metodi do hitrosti vetra na zeleni viSini
pridemo z ekstrapolacijo hitrosti, izmerjenih na
povrsinskih merilnih postajah. Zahtevani izracun

(10),

izvedemo z ra¢unalniskim programom WAsP (Wind
Atlas Analysis and Application Program).
Predpostavlja se, da tak postopek daje dovolj dobro
oceno povprecne hitrosti vetra na visini vetrnih
turbin.

3.1 Metoda WASP in njene omejitve

Metoda WASP sestoji iz dveh delov:
izdelave vetrnega atlasa in mreze vetrnih virov. Vetrni
atlas vsebuje splosne znacilnosti krajevnih vetrov,
izracunane na podlagi podatkov z referencne merilne
postaje, topografskega opisa neposredne okolice,
hrapavosti terena na polmeru 5 do 10 km in ovir na
terenu. Vetrni atlas je podlaga za izra¢un mreze vetrnih
virov in vsebuje podatke o lastnostih vetra na
doloceni visini. Regionalne mreze virov so kvadratne
s stranico 1 km, medtem ko je pri obmo¢nih mrezah
stranica dolga 100 m.

Za izdelavo vetrnega atlasa in mreze
vetrov potrebujemo ve¢ ko desetletne podatke o
vetru za izbrano merilno postajo in natancen
topografski opis obmocja. Kakovost podatkov
seveda pomembno vpliva na natanc¢nost in
zanesljivost atlasa ter mreze vetrov. Pri podatkih o
vetru je najteze pridobiti ¢asovno dovolj dolg niz
enako zbiranih podatkov. Dolgi nizi podatkov
obicajno niso na voljo za tista merilna mesta, ki so
zanimiva z vidika pridobivanja vetrne energije. Pri
nas so za tak$na mesta na voljo dveletni nizi
meritev. Nadalje je pomembna visina, na kateri so
merjene hitrosti vetra. Mi smo pretezni del meritev
izvajali na visini 15 m, na kateri ne moremo zanemariti
vplivov neposredne topografske okolice
(hrapavost terena, ovire ipd.). Da bi se tem vplivom
izognili, smo na nekaterih mestih (Bate, Golic,
Nanos, Selivec, Volovja Reber) postavili 41 m
visoke merilne stolpe z merilnima postajama na
visinah 15 in 41 m. Natan¢ni izracuni porazdelitve
hitrosti vetra po visini sicer $e niso dokoncani,
vendar ze lahko sklepamo, da je razlika v hitrosti
vetra med obema viSinama priblizno 10 %. Pri
topografskih podatkih za izbrano obmocje ali regijo
je glavna omejitev njihova natan¢nost. Podati je
treba ne le profil temvec¢ tudi vrsto zemljis¢a (mesto,
vas, polje, voda ipd.), po moznosti na podlagi
zemljevidov s ¢im manjSim merilom.

Tudi metoda WAsP ima nekatere omejitve,
ki jih je pri pojasnjevanju in uporabi njenih
rezultatov treba upoStevati. Osnova metode je
namre¢ fizikalni model, s katerim ne moremo zajeti
vseh zapletenih postopkov, ki vplivajo na hitrost
vetra na izbranem obmocju. Ugotovljeno je, da je
najvecjo napako pri izracunu zracnega toka mogoce
pricakovati na obmocjih z razgibano topografijo in
strmimi pobo¢ji. V vsakem primeru je napovedi
metode treba primerjati z meritvami na preu¢evanem
obmocdju.
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4 ANALIZA MERITEV VETRA ZA TRIKRAJE

V tem razdelku predstavljamo primer analize
meritev vetra za tri izbrane kraje, ki jih imenujmo A, B
in C. Analiziramo enoletne nize, ki vsebujejo po 8760
parov povpre¢nih urnih hitrosti in smeri vetra,
izmerjenih na visini 15 m. Na podlagi analize nato za
vsak kraj ocenimo vetrni potencial. Na koncu
izratunamo $e koli¢ino pridobljene elektricne energije,
ki bi jo na teh treh krajih lahko pridobili z vetrnicami
treh razli¢nih tipov, ki jih ozna¢imoz U, V in Z.

4.1 RoZe vetra

Smer in hitrost vetra obicajno prikazujemo
skupaj v diagramu, ki ga imenujemo roza vetra.
Diagram prikazuje povprecne hitrosti vetra v letu za
tipi¢ne nebesne smeri. Odlocili smo se za 32 nebesnih
smeri, enakomerno razporejenih po krogu. Krozna
locljivost roz vetra je tako 360°/32=11,25°. Roze vetra
zakraje A, B in C so prikazane na sliki 1. Na kraju A je
najvecja povprecna hitrost vetra priblizno iz smeri
JVV, medtem ko je na krajih B in C najmoc¢ne;jsi veter
priblizno iz smeri SVV. Na kraju C ima veliko povprecno
hitrost tudi veter iz smeri JJV. Velika povprecna hitrost
vetra v doloCeni smeri Se ne zagotavlja velike
pogostosti vetra. Kot primer navedimo burjo, ki je
sicer mocan veter, a piha le ob¢asno. Tako smo
ugotovili, da skupna letna energija burje na obmocju,
kjer dosega najvecje hitrosti, ne dosega energije, ki
jo imajo nekoliko Sibkejsi, a enakomerni vetrovi na
grebenih gorskih pregrad.

Za pridobivanje elektri¢ne energije je poleg
hitrosti pomembna tudi pogostost vetra. Relativno
pogostost vetra za tipi¢ne nebesne smeri prikazujejo
krozni histogrami, ki so prav tako vidni na sliki 1. Iz
histogramov lahko razberemo, da na kraju A veter
najpogosteje piha priblizno iz smeri V, kar je blizu smeri
najvecje povprecne hitrosti vetra ne tem kraju

J — Kraj A
Kraj B
—— Kraj C

(priblizno JVV). Pogosta je tudi smer priblizno JZ, v
kateri pa je povprec¢na hitrost vetra majhna. Na krajih
B in C je najpogostejSa smer vetra SV'V, kar se dobro
ujema s smerjo najhitrejSega vetra za oba kraja. Za
kraj B je znacilna izrazito stalna usmerjenost vetra, saj
v ve¢ kot 24 % ur letno veter piha iz smeri SVV. Na
kraju C je velika povprecna hitrost vetra znacilna tudi
za smer JJV, iz histograma pa vidimo, da veter le redko
piha v tej smeri. Za pridobivanje elektri¢ne energije iz
vetra je seveda ugodno, ¢e se smeri najvecje hitrosti
vetra ujemajo z najpogostej§imi smermi vetra.

ZaizraCun vetrnega potenciala je pomembna
le hitrost vetra, medtem ko je smer vetra zaradi vrtljivih
vetrnic lahko poljubna. Zato se pri podrobnejsi analizi
v nadaljevanju omejimo na hitrost vetra na izbranih
krajih.

4.2 Porazdelitev hitrosti vetra

Porazdelitev hitrosti vetra nakrajih A,Bin C
je na sliki 2 prikazana s histogrami. Na navpicni osi
sta pogostost v urah (levo) in relativna pogostost
(desno), ki je brez enot. Sirina korakov hitrosti vetra
na vodoravni osi je lahko poljubna. Zaradi
usklajenosti s podatki proizvajalcev vetrnic smo se
odlocili za korake Sirine 1 m/s.

Iz histogramov lahko razberemo, da sta
porazdelitvi hitrosti vetra na krajih A in B podobni:
veter najpogosteje piha s hitrostjo med 2 in 3 m/s,
medtem ko se pogostost pri hitrostih nad 4 m/s hitro
zmanjSuje. Za kraj C so najpogostejse hitrosti med 3
in 4 m/s, pogostost pri hitrostih nad 4 m/s pa se
zmanjSuje pocasneje kakor pri krajih A in B. Da na
kraju C veter dosega v povprecju vecje hitrosti kakor
na krajih A in B, potrjujejo tudi letne povprecne
vrednosti hitrosti, ki so na histogramih prikazane z
navpicno ¢rto. Najvecja povprecna hitrost vetra je
na kraju C (7,11 m/s), sledita kraja B (5,57 m/s) in A
(4,96 m/s).

Sl. 1. Roze vetra (levo, v m/s) ter relativna pogostost smeri vetra (desno) za kraje A, B in C
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S1. 3. Zbirni histogrami porazdelitve vetra za kraje A, B in C. Vodoravna crtkana crta oznacuje relativno
pogostost 0,5

Do podobnih ugotovitev pridemo tudi na
podlagi zbirnih histogramov (sl. 3), v katerih je
prikazana zbirna relativna pogostost. 1z zbirnih
histogramov lahko razberemo, daje nakrajih Ain B v
50 % ur letno hitrost vetra manjsa (ali vecja) od 3,5
m/s, medtem ko je pri kraju C meja 50% pomaknjena k
vecjim hitrostim, k skoraj 5,5 m/s.

Porazdelitev hitrosti vetra obicajno
opisujemo z Weibullovo porazdelitvijo en. (6). S

spreminjanjem vrednosti parametrov 3 in o lahko
obliko porazdelitve precej spreminjamo in s tem
prilagajamo zelo razli¢nim porazdelitvam. Da bi
Weibullovo porazdelitev prilagodili izmerjeni
porazdelitvi hitrosti vetra, je treba na podlagi meritev
oceniti vrednosti parametrov 3 in 8. Pri tem si lahko
pomagamo s katerim od statisti¢nih programskih
paketov. Mi smo uporabili statisti¢ni paket programa
Matlab [8]. Ocenjene vrednosti parametrov za

STECJINISKI L
stran 323 VESTRNIK



porazdelitve hitrosti vetra na krajih A, B in C so
navedene na sliki 4, ki prikazuje izmerjene porazdelitve
hitrosti vetra (povezani vrhovi histogramov s slike 2)
skupaj s prilagojenimi Weibullovimi porazdelitvami.
S slike vidimo, da sta parametra b in d za izbrane kraje
razli¢na, kar smo glede na razli¢no obliko porazdelitev
na sliki 2 tudi pri¢akovali. Nadalje je s slike 4 tudi
ocitno, da se teoreticna in izmerjena porazdelitev za
noben kraj povsem ne ujemata. V vseh treh primerih
so opazne izrazite razlike predvsem pri majhnih
hitrostih vetra, pod 4 oziroma 5 m/s, medtem ko je
ujemanje med porazdelitvama pri hitrostih, ve¢jih od
5 m/s, precej dobro. Razlike med izmerjenimi in
teoreticnimi verjetnostnimi porazdelitvami so v praksi
obicajne, vendar je s katerim od statisti¢nih
prilagoditvenih testov treba preveriti, ali so razlike
tudi statisti¢no znacilne [7]. V nasem primeru je bila
za vse tri kraje vrednost p prilagoditvenega testa
prakti¢no enaka 0. To pomeni, da so opazene razlike
med izmerjeno in teoreti¢no porazdelitvijo statisticno
znacilne, zato porazdelitve hitrosti vetra na krajih A,
B in C naceloma ne moremo opisati z Weibullovo
verjetnostno porazdelitvijo. Zaradi tega je pri
izracunih, kakrSen je npr. izracun vetrnega potenciala,
smiselno uporabljati izmerjeno porazdelitev hitrosti
vetra in ne prilagojene Weibullove.
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4.3 Ocena vetrnega potenciala

Vetrni potencial merimo s povprecno
gostoto moci vetra na prerez vetrnice, en. (9). Za
izraun povprecne moci potrebujemo gostoto zraka
in povprecje hitrosti vetra na tretjo potenco. Slednji
podatek lahko izraCunamo po en. (8), pri ¢emer
predpostavimo, da je porazdelitev hitrosti Weibullova,
ali po en. (10) neposredno iz meritev in brez omenjene
predpostavke. Zanas primer v en. (10) za v, vstavljamo
povprecne izmerjene urne hitrosti vetra in n=8760 za
Stevilo vseh urnih meritev v letu.

V preglednici 2 so navedene povprecja tretje
potence hitrosti vetra (') zakraje A, B in C, izraCunane
na obanacina, po en. (8) in (10). Ugotovimo lahko, da
se vrednosti (v*), dobljene pri obeh nacinih izracuna,
razlikujejo za priblizno 8 %. Zanesljivej$o oceno (v*)
daje en. (10), saj smo v prejSnjem razdelku pokazali,
da predpostavka, na kateri temelji izracun pri en. (8),
za noben kraj ni izpolnjena.

Ker je (v*) sorazmerna povpre¢ni gostoti
moci vetra en. (9) in ker se gostote zraka p na krajih A,
B in C predvidoma ne razlikujejo, podatki v preglednici
2 lahko rabijo tudi za primerjavo potencialov vetra na
krajih A, B in C. To pomeni, da je vetrni potencial na
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0.16 | ~o- [zmerjena A
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2 012 > p=1.50 5
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Sl. 4. Primerjava izmerjenih in prilagojenih Weibullovih porazdelitev hitrosti vetra na krajih A, B in C.
Podane so tudi ocenjene vrednosti parametrov porazdelitve, 3 in &
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Preglednica 2. Povprecja tretje potence hitrosti vetra () (v m/s’) na krajih A, B in C, izracunana po en. (8)

in (10)
Kraj A Kraj B Kraj C
po en. (8) 336,48 582,39 910,23
po en. (10) 366,68 632,46 992,92

kraju C bistveno vecji od potencialov na krajih B in
A. Potenciala na krajih C in B sta priblizno 2,7-kratnik
in 1,7-kratnika potenciala na kraju A.

4.4 Izracun pridobljene elektricne energije

Omenili smo, da vetrnica ne more spremeniti
vse vetrne energije v elektriéno. Koli¢ina elektricne
energije, ki jo pridobimo z vetrnico na izbranem kraju,
je odvisna od znacilnice moci vetrnice, t.j. elektricne
moci, ki jo pridobiva vetrnica, v odvisnosti od hitrosti
vetra. Znacilnico moci poda izdelovalec vetrnice.

Za nazorni prikaz pridobivanja elektri¢ne
energije smo izbrali tri vetrnice pomembnih evropskih
proizvajalcev, ki jih bomo oznacili s crkami U, V in Z.
Vetrnica U je izdelek Spanskega proizvajalca Gamesa
z oznako G58-850 kW s premerom rotorja 58 m, ki
opiSe povrsino 2.642m? [11]. Vetrnico V izdeluje
nems$ko podjetje Nordex z oznako N50/800kW s
premerom rotorja 50 m, ki opise povrsino 1.964m?*[12].
Vetrnica Z pa je izdelek danskega proizvajalca Vestas
z oznako V52-850 kW s premerom rotorja 52 m, ki
opise povrsino 2.124 m?[13].

Nasliki 5 so prikazane znacilnice za omenjene
vetrnice U, V in Z z imenskimi mo¢mi 850 (U in Z) in
800 kW (V). S slike lahko razberemo, da so vklopne
hitrosti vetra 3 (U) oziroma 4 m/s (V in Z), izklopne
hitrosti 21 (U) oziroma 25 m/s (V in Z), medtem ko
imensko mo¢ vetrnice dosezejo pri 15 (U), 14 (V)
oziroma 16 m/s (Z). Znacilnica moci vetrnice U je
najbolj strma, kar pomeni, da ta vetrnica pridobiva
vecjo elektricno moc¢ od vetrnic V in Z na celotnem

svojem obmocju delovanja, ki pa je krajse od obmocij
delovanja vetrnic V in Z.

Pridobljeno elektricno energijo pri doloceni
hitrosti vetra izracunamo kot zmnozek elektricne moci
vetrnice pri tej hitrosti in pogostosti te hitrosti.
Odvisnost pridobljene elektri¢ne energije z vetrnicami
U, Vin Z od hitrosti vetra na krajih A, B in C je prikazana
s histogrami na sliki 6. Vsse tri vetrnice pridobijo najvec
elektri¢ne energije na kraju C, sledita kraja B in A. Za
vse tri kraje je najucinkovitejsa vetrnica U, ki ji sledita
vetrnici Zin V.

Skupna letna koli¢ina pridobljene elektri¢ne
energije za preucevane kraje in vetrnice je podana v
preglednici 3. Najvec elektricne energije lahko z vsemi
vetrnicami pridobimo na kraju C, kar je pri¢akovano,
saj smo zanj ocenili tudi najvedji vetrni potencial. Iz
preglednice lahko razberemo, da ni vseeno, katero
vetrnico postavimo na dolo¢enem kraju, saj je koli¢ina
pridobljene energije na enem kraju odvisna od
porazdelitve hitrosti vetra in znacilnice moci vetrnice.
Razlika med najbolj in najmanj primernima vetrnicama
je najveéja na kraju A in znaSa 30 %. Z vidika
pridobivanja elektricne energije je najucinkovitejsa
kombinacija vetrnica U na kraju C, ki bi v opazovanem
letu pridobila 2,44 GWh energije.

Poudarimo, da smo vse izra¢une izvedli s
hitrostmi vetra, izmerjenimi na viSini 15 m. Hitrosti
na viSinah vetrnih turbin (60 m), ki bi jih izracunali
z metodo WASP, bi bile zanesljivo vsaj za 10 %
vecje, zato bi bile ustrezno vecje tudi koli¢ine
pridobljene elektricne energije. Nadalje bi se z
visino lahko spremenile tudi porazdelitve hitrosti

T T T T N L _ L _ l Py T
800 — .
3
= 600
8 —e— Vetrnica U
£ Vetrnica V
g 4001 / —— Vetrnica Z 7
>0
O
= 200 //
O l/‘ | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24

26

Hitrost vetra [m/s]

Sl. 5. Znacilnice moci vetrnic U, V in Z. Navpicne Crtkaste crte oznacujejo vklopne in izklopne hitrosti

vetra.
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Sl. 6. Pridobljena elektricna energija z vetrnicami U, V in Z v odvisnosti od hitrosti vetra na krajih A, B in C

Preglednica 3. Letna kolicina pridobljene elektricne energije (v GWh) z vetrnicami U, V in Z na krajih A, B in C

Kraj A Kraj B Kraj C
vetrnica U 1,43 1,80 2,44
vetrnica V 1,09 1,47 2,02
vetrnica Z 1,21 1,59 2,20

vetra, tako da kombinacija kraja C in vetrnice U ne
bi bila ve¢ najucéinkovitej$a za pridobivanje
elektri¢ne energije.

5SKLEP

V prispevku smo predstavili nekatere
rezultate Studije vetrovnosti na Primorskem z vidika
moznosti pridobivanja elektricne energije iz vetra.
Studija je bila razdeljena na tri faze. V prvi fazi smo s
pomocjo dveh fizikalnih modelov napovedovali veter
narazli¢nih obmocjih. Ugotovili smo, da so napovedi
modelov nezanesljive, Se posebej na Primorskem, kjer
na znacilnosti vetra izrazito vpliva razgiban relief
pokrajine, ki ga z modeloma ne moremo dobro opisati.
Modela sta uporabna za oceno relativnih razlik v
vetrovnosti med posameznimi obmogji.
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V drugi fazi smo izmerjene hitrosti vetra v
letih 1999 in 2000 primerjali z rezultati dolgoletnih
meritev, da bi ugotovili, ali lahko omenjeni leti
obravnavamo kot znacilni za daljSe ¢asovno
obdobje. Zaradi pomanjkanja dolgoletnih meritev
na krajih, primernih za pridobivanje elektri¢ne
energije iz vetra, smo statisticno primerjavo izvedli
za kraj, za katerega so taksni podatki bili na voljo.
Ugotovili smo, da je leto 1999 v povprecju podobno
prejsnjim, medtem ko je bila povpre¢na hitrost vetra
v letu 2000 znacilno vec¢ja od dolgoletnega
povprecja. PoveCane najmanjSe in zmanjSane
najvecje hitrosti vetra v letih 1999 in 2000 glede na
dolgoletne vrednosti tudi kazejo na dolocene
spremembe porazdelitve hitrosti vetra, Cesar pa
zaradi pomanjkanja podatkov nismo mogli
podrobneje preveriti.
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V zadnji fazi smo natancneje analizirali
meritve vetra na treh izbranih krajih. Primerjava roz
vetra in pogostosti smeri vetra za znacilne nebesne
smeri je pokazala, da se smeri najmocnejSega vetra
dobro ujemajo z najpogostejSimi smermi vetra, kar
je ugodno za pridobivanje elektri¢ne energije.
Nadalje smo izmerjene porazdelitve hitrosti vetra
primerjali s prilagojenimi Weibullovimi
porazdelitvami in ugotovili statisticno znacilne

Glede na ugotovljeno sklepamo, da je na
Primorskem v povpre¢ju dovolj vetrnega potenciala
za pridobivanje elektricne energije. Vetrni potencial
se od kraja do kraja lahko precej razlikuje, zato so
pred postavitvijo vetrnic nujne dolgoletne meritve
vetra na vsakem od moznih krajev, izbor tipa vetrnice
pa mora temeljiti na podrobni analizi izmerjene
porazdelitve hitrosti vetra.

razlike, ki kazejo, da je vetrni potencial smiselno 6 SEZNAM SIMBOLOV
ocenjevati neposredno iz meritev in ne iz parametrov
Weibullove porazdelitve. Ocene vetrnega potenciala E energija vetra
izbranih treh krajev se precej razlikujejo. Razlika med i porazdelitvena funkcija
potencialoma najbolj in najmanj vetrovnih krajev je m masa
kar 2,7-kratna. Na koncu smo za izbrane tri tipe n Stevilo meritev v vzorcu
vetrnic izracunali koli¢ino elektri¢ne energije, ki bi P mo& vetra
jo v preucevanem letu pridobili na izbranih treh p vrednost statistiénega testa p
krajih. Zaradi razli¢nih porazdelitev hitrosti vetra na S prerez vetrnice
izbranih krajih in razli¢nih znacilnic moci izbranih 1% prostornina
tipov vetrnic je koli¢ina pridobljene energije na v hitrost vetra
dolo¢enem kraju mocno odvisna od tipa vetrnice. B parameter oblike Weibullove verjetnostne
Razlika v koli¢ini pridobljene energije med najbolj in porazdelitve
najmanj primerno vetrnico je lahko tudi 30 %. Z o parameter velikosti Weibullove verjetnostne
najprimernej$o kombinacijo kraja in tipa vetrnice bi porazdelitve
v preucevanem letu pridobili 2,44 GWh elektri¢ne r gama funkcija
energije. P gostota
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Shranjevanje toplote z geosondami in testi
za ugotavljanje toplotnih lastnosti zemlje -

Primer uporabe v Turciji ter stanje v
Sloveniji

Borehole Thermal Energy Storage Applications and In-Situ
Thermal Response Test - Example from Turkey and Situation in
Slovenia

Uros Stritih - Dusan Rajver - Bekir Turgut - Halime Paksoy

V prispevku je predstavljena metoda sezonskega shranjevanja toplote z geosondami ter test toplotne
odzivnosti, ki se uporablja za dolocanje parametrov tal. Predstavijene so analizne metode za dejanski izracun
toplotne prevodnosti tal ter dolocevanje njene negotovosti. V nadaljevanju so predstavljene meritve, ki so jih
opravili med raziskavami tal v Turciji, ter stanje na podrocju sezonskega shranjevanja toplotne energije v

Sloveniji.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: hranjenje toplote, hranjenje podzemno, geosonde, prevodnost toplotna)

In the paper we present a method of seasonal heat storage with boreholes and thermal response test
for determination of ground parameters. Analysis methods for concrete calculations of thermal conductivity
as well as error determination are explained. In the continuation measurements made in research of the

ground in Turkey and situation in a field of seasonal thermal energy storage in Slovenia are presented.
© 2004 Journal of Mechanical Engineering. All rights reserved.
(Keywords: underground thermal energy storage, borehole heat exchangers, thermal conductivity)

0UVOD

Podzemno shranjevanje toplotne energije
(PSTE - UTES) je zanesljiva in energetsko var¢na
tehnologija shranjevanja toplote in je namenjena
hlajenju in ogrevanju v stavbnih objektih in
industrijskih postopkih ter je sedaj ze Siroko
razsirjena po vsem svetu.

Gre za tehnologijo shranjevanja toplote v
zemlji pod povr§jem ali v vodonosnikih oz. podzemnih
jezerih. V poletnih mesecih se odpadna toplota ali
toplota, pridobljena s son¢no energijo, na razlicne
nacine shranjuje, v zimskih mesecih jo lahko
uporabimo za ogrevanje. Podobno poteka tudi
hlajenje.

V zadnjih dvajsetih letih je bila ta metoda
uporabljana ze v vec razli¢icah. Na podlagi
Mednarodne agencije za energijo (IEA) ter ohranitvi
energije s shranjevanjem energije (OESE - ECES) je
bila temu namenu strokovno razvita znanstvena
oprema. V sploSnem se za metodo podzemnega
shranjevanja toplotne energije uporablja kratica PSTE,
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O0INTRODUCTION

Underground thermal energy storage
(UTES) is a reliable, sustainable, and energy-saving
technology for the cooling and heating of buildings
and industrial processes all over the world. In the
past 20 years, various applications of UTES have
been introduced. Within the IEA Implementing
Agreement, Energy Conservation through Energy
Storage (ECES) program, much of the expertise on
UTES has developed.

UTES is a technology for storing energy in
the ground, in aquifers or in underground pools. In
the summer time waste heat or heat from solar energy
is saved in different ways, in the winter time this heat
is used for heating. Cooling is performed in similar
way.

In the past twenty years this method was
applied in many applications. Scientific equipment
has been developed in the frame of International
Energy Agency (IEA) and Energy conservation
through energy storage (ECES). The acronym UTES
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ki je pogosto razdeljena na podskupine glede na tip
uporabljenega sredstva za shranjevanje energije. Ena
taksnih je metoda z vrtinami za shranjevanje toplotne
energije (VSTE - BTES), ki se nanasSa na sistem
shranjevanja energije z uporabo vrtine v zemlji in
vanjo namescenih cevi.

Toplotna prevodnost zemlje in toplotna
upornost prenosnika toplote v vrtini (PTV - BHE)
sta dva najbolj pomembna sestavna parametra
sistema VSTE. Njuno vrednost je mogoce dolociti
prek merilnih instrumentov, katerih podatki naj bi
bili dovolj natancni. Taks$ni testi so ekonomsko
upraviceni le takrat, ¢e imamo zgrajenih ze ve¢ takSnih
sistemskih enot z vrtinami. Merilno metodo pa so v
zadnjem desetletju naglo razvijali in dopolnjevali in
se danes navadno omenja kot “test toplotne
odzivnosti” (TTO).

1 POTEK TESTA TOPLOTNE
ODZIVNOSTI

Za pravilno dimenzioniranje toplotnega
sistema je odlocilnega pomena, poleg zadovoljivega vira
energije, nase znanje in vedenje o toplotni prevodnosti
tal. Oceno taksne ucinkovite toplotne prevodnosti tal,
primerne za nas sistem, pridobimo z meritvijo toplotne
odzivnosti vira energije v tleh, ki jo izvajamo na terenu s
premic¢no napravo, v kateri je namescen sistem za
merjenje toplotne odzivnosti (sl. 1).

Test toplotne odzivnosti je prvi¢ javno
predstavil danski raziskovalec Palne Mogensen na
mednarodni konferenci za »shranjevanje energije«
v Stockholmu leta 1983 [1]. Prvo taksno premi¢no
napravo za izvajanje meritev so samostojno razvili
na Svedskem na Univerzi za tehnologijo v Luled in
tudi na ameriski drzavni univerzi v Oklahomi v letih
1995-96. Taks$ne vrste meritev se sedaj ze izvajajo v
ZDA, Kanadi, Norveski, Nem¢iji, Nizozemski, Angliji
in Turciji.

Naprava za TTO sestavlja ¢rpalka z mocjo 1
kW, ki poganja grelno sredstvo prek hranilnika toplote

o, l
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Sl. 1. Naprava za merjenje TTO
Fig. 1. In-situ TRT apparatus

refers to underground thermal energy storage in
general, and is often divided into subgroups
according to the type of storage medium that is used.
The acronym BTES (Borehole Thermal Energy
Storage) refers to storage systems using boreholes
or ducts and pipes in the ground.

The thermal conductivity of the ground and
the thermal resistance of the borehole heat exchanger
(BHE) are the two most important design parameters
for BTES systems. The two parameters may be
determined from in-situ measurements, which give
reliable design data. Such tests are usually
economically feasible when designing BTES systems
comprise more than just a few boreholes. The
measurement method has rapidly developed in the
past decade, and is now usually referred to as the
Thermal Response Test (TRT).

1 THE HISTORY OF THE THERMAL RESPONSE
TEST

Knowledge of the thermal conductivity of
the ground surrounding an energy well is crucial for
the appropriate dimensioning of an underground
thermal energy system. By measuring the ground
thermal response of a well, the effective in-situ thermal
conductivity for the system can be estimated. Field
tests are done with a mobile thermal response test
(TRT) apparatus (Figurel).

The thermal response test was first
proposed by the Danish researcher Palne Mogensen
at an international conference on energy storage in
Stockholm, in 1983 [1]. The first mobile measurement
devices for thermal response tests were developed
independently at Luled University of Technology,
Sweden, and at Oklahoma State University, USA, in
1995-96. These types of measurements are now used
in the USA, Canada, Norway, Germany, the
Netherlands, England and Turkey.

The TRT apparatus consists of a 1-kW
pump circulating the heat through the borehole

do vrtin
to the well

vodni rezervar 1
water tank |

|
manometerl

tlakomer
pressure pointer

varnostni ventil

safety valve

Gitalnik v Epalka
data logger | | pump

grelnik 4x3 kW
4x3 kW heater

odpadna voda iz ¢rpalke in g%‘ odpadna voda iz varnostnega ventila
drain water from pump and heater drain water from safety valve

Sl. 2. Nacrt merilne naprav
Fig. 2. TRT flow diagram
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v vrtini naprej v prenosnik toplote s prilagodljivo in
stabilno toplotno mocjo v razponu od 3 do 12 kW.
Temperatura vode se meri na vstopu in izstopu iz
vrtine s termistorji, katerih to¢nost je + 0,2 K. Stanja
teh temperatur se nato hkrati shranjujejo v
podatkovni pomnilnik. Celotna naprava je
dimenzionirana za elektri¢ni tok 16 A (sl. 2).

Nacelo delovanja TTO je v tem, da v na$
iskani vir energije v zemlji vnaSamo znano
toplotno moc¢ v casovnem obdobju, ki je vecje od
50 ur, z uporabo tekocega sredstva, ki krozi po
cevnem sistemu, medtem ko se mu dovaja stalna
toplotna mo¢. Temperaturni odziv tal merimo nato
posredno prek vstopne in izstopne temperature
ogrevalnega sredstva, pri ¢emer so toplotne
znacilnosti tal in pa vgrajenega hranilnika toplote
sorazmerne temperaturni spremembi tal med
meritvijo (sl. 3).

Slika 3 predstavlja sistem shranjevanja
energije TTO, pri katerem se temperatura v vrtini
spreminja zaradi shranjevanja ali ¢rpanja toplotne
energije iz nje. Zaradi tega se zemlja, ki obdaja
vrtino, bodisi ohlaja ali segreva. Matematicen popis
takSne temperaturne funkcije v snovi so razvili
Hellstrom (1994) [2], Mogensen (1983) [1] in
Eskilson (1987) [3].

2 ANALIZNE METODE

Splosno znane metode za oceno toplotnih
lastnosti talne sestave je mogoce razdeliti v
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Sl. 3. Osnovna zamisel TTO
Fig. 3. Basic concept of TRT

collector and through a cross-flow heater with an
adjustable and stable heating power in the range 3-
12 kW. The fluid temperature is measured at the inlet
and the outlet of the borehole with thermistors that
have an accuracy of + 0.2 K. The temperatures are
recorded at a set time interval by a data logger. The
equipment is installed for 16A electricity (Figure 2:
In-situ thermal response test system scheme).

The principle of the thermal response test is
to inject a known amount of power into the energy
well over a certain period of time (>50 hours), by
circulation of the heat-carrier fluid through the energy
well piping system while a certain power rate is
transferred to the fluid. The temperature response of
the ground is measured by recording the inlet and
outlet temperatures. The thermal properties of the
ground and collector installation are proportional to
the temperature change in the ground over the
measurement period (Figure 3) .

The thermal response test of a BTES
borehole is described by the temperature change in
the boreholes when heat is injected or extracted. The
transfer of the heat to/from the boreholes causes a
change in the temperature in the surrounding ground.
The mathematics are described by Hellstrom (1994)
[2], Mongesen (1983) [1] and Eskilson (1987) [3].

2 ANALYSISMETHODS
Currently used methods to estimate the

thermal properties of the ground formation may be
divided into direct methods, such as line source and
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kace za prenos grelnega sredstva ali valjna sestava

cevi v cevi, ter metode dolocitve parametra z naso

oceno. Na podlagi tega je bilo predstavljenih Sest
vrst metod:

1. teorija Crtnega vira, kakor sta jo uporabila EkI6f in
Gehlin (1996) [4] ter Gehlin in Nordell (1998) [5];

2. <{rtna teorija vira, ki jo je uporabil Smith (1999a)

[6];

Crtna teorija vira, ki jo je uporabil Curtis (2001) [7];

4. valjni model, uporabila sta ga Kavanaugh in
Rafferty (1997)[8];

5. ocena parametra z enorazseznim modelom konénih
prostornin, uporabila sta ga Shonder in Beck
(1999)[9];

6. ocena parametra z dvorazseznim modelom kon¢nih
prostornin vrtine z znano prostornino, ki ga je
uporabil Austin (2000) [10].

V nadaljevanju sta predstavljeni metodi
¢rtnega vira in valjni model.

w

2.1 Teorija €rtnega vira

Za izracun porazdelitve temperature (7%) v
odvisnosti od ¢asa (f) in polmera (r) okoli enocevnega
sistema s stalnim toplotnim tokom (g) lahko vzamemo
priblizek na podlagi ra¢unske izpeljave toplotnega toka
v sistemu prenosnika toplote v tleh [11]:

T! (r,t)

S povecevanjem casa se bo povecal tudi
mejni polmer segrevanja tal okoli cevi. Ingersoll in
Plass [12] sta leta 1948 pokazala, kako je tak$na enacba
koristna za preracun valjnega grelnika v kanalu vrtine,
pri katerem se pojavi napaka, manjsa od 2 %, ¢e ob
tem velja pogoj:

t>

Pri obicajnih meritvah v vrtinah je cas
merjenja dolg in znasa med 10 do 20 ur.

E, je tako imenovani eksponentni integral.
Zavetje vrednosti parametra at/r” je E, lahko priblizan
s preprosto funkcijsko odvisnostjo:

E (r2/4at) = ln(4—tztj -7
r

kjerje y=0,5772 Eulerjevakonstanta. Najvecja napaka
za vrednosti at/r’ > 20 znasa 2,5 % , za vrednosti at/r?
>5pa 10 %.

Merjena temperatura med izvajanjem TTO je
temperatura tekoCine, medsebojno povezavo med
temperaturo tekocine (Tf) in temperaturo sten vrtine
(7,) pa tako zapiSemo v odvisnosti:

- L.[e—du:
47z/1r2 u
4ar

cylinder source approaches, and methods that use

formal parameter-estimation techniques. The

following six methods are based on four theoretical
approaches and methods that use formal parameter-
estimation techniques.

1. Line source theory, as used by Eklof in Gehlin
(1996) [4], ter Gehlin in Nordell (1998) [5],

2. Line source theory, as used by Smith (1999a) [6],

3. Line source theory, as used by Curtis Curtis (2001)
(71,

4. Cylinder source theory, as used by Kavanaugh
and Rafferty (1997) [8],

5. Parameter estimation with a 1D finite-volume
borehole model, as used by Shonder in Beck
(1999)[9],

6. Parameter estimation with a 2D finite-volume
borehole model, as used by Austin (2000) [10].

In the rest of the paper the line-source and
cylinder-source models are presented.

2.1 Line source

The equation for the temperature field as
a function of time and radius around a line source
with constant heat-injection rate can be used as
an approximation for the heat injection from a BHE

[11]:

ﬁE‘ (r2/4at) ).

With increasing time, the radius of influence
will increase. Ingersoll and Plass (1948) [12] showed
that the equation can be used for cylindrical heat-
injection ducts with an error of less than 2% if:

Q).

For anormal borehole, t is in the range 10-20
hours.

E, is the so-called exponential integral. For
large values of the parameter a#/+*, E, can be approxi-
mated with the following simple relation:

at

s @)
where the term = 0.5772 is Euler’s constant. The
maximum error is 2.5% for at/r*> 20 and 10 % for
at/r* 2 5.

The measured temperature during a re-
sponse test is the fluid temperature, and the relation-
ship between the fluid temperature and the tempera-
ture at the borehole wall (7, at R)) is:

T (t)= T/ (t)+qR, @,
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kjer R, pomeni toplotno upornost med sredstvom za
prenos toplote v cevi in pa steno vrtine, ki obdaja
cev. Temperaturni indeks q pomeni, da se je v
toplotnem sunku ¢ spremenila temperatura za to¢no
doloc¢eno vrednost. Tako se temperatura tekoCine kot
funkcija Casa lahko zapise v obliki:

kjer je T nespremenljiva temperatura tal.

Raziskovalci so v praksi sproti razvijali lastne
postopke metod, vendar se niso bistveno oddaljevali
od teorije Mogensena, ki jo je razvil leta 1983.

Teoretikom, kakr$ni so bili Eklof, Gehlin,
Nordell, Sanner in Cruickshanks [13], je v preteklih
letih uspelo dognati bistvo, kako opredeljevati
toplotno prevodnost tal v preraunih metode
shranjevanja toplotne energije. Razvili so metodo,
pri kateri padanje povprecne temperature tekocine
oziroma njeno strmino krivulje podamo z naravnim
logaritmom Casa:

s

kjer k£ pomeni faktor strmine krivulje.

Toplotno prevodnost zemlje dolo¢imo
prakticno takole: na geosondo priklju¢imo grelnik
znane moci in zapisujemo temperature vode. NariSemo
diagram poteka temperature v odvisnosti od ¢asa. Ce
na osi ¢asa izberemo naravni logaritem, lahko iz
strmine premice dolo¢imo k po enacbi (6). Nato pa Se
toplotno prevodnost A iz enacbe (7).

2.2 Valjni model

Taksen model, ki sestoji iz sistema cev v cevi,
je poenostavljena razli¢ica sistema toka grelnega
sredstva po eni cevi. Njegov namen je pridobivanje
priblizkov parametra PTV, kar mu omogoca njegova
velikost ter zagotavljanje stalnega toplotnega toka.
Navadno je notranji premer toplotnega prenosnika
enakomeren po vsej dolzini. Matemati¢no lahko taksen
stalen tok toplote, ki ga dovajamo v tla, popiSemo kot:

T (r,t) = %

kjer je G(z,p) funkcija, ki popisuje valjno sestavo
grelnika po metodi Ingersolla (1954) [14]:

q 4at
T.()= -9 |1
0= (n[r

G(zp)

where R, is the thermal resistivity between the fluid
in the pipes and the borehole wall. The index q in the
temperatures denotes that it is the temperature change
due to the heat pulse q. Thus the fluid temperature as
a function of time can be written as:

j—7j+q-Rh+To ).

where T is the undisturbed ground temperature.

In practice, researchers have made use of
this approach in somewhat different ways, although
they essentially follow Mogensen (1983).

Gehlin and Ek16f, Gehlin and Nordell, Sanner
et al. and Cruickshanks et al. [13] have applied the
line source solution to determine the thermal
conductivity of the ground formation for an
underground thermal energy storage system. The
implementation is done by determining the slope of
the curve of the average fluid temperature
development versus the natural log of time:

T,(t)= k-Int+m 6)

472% (7)9

where £ is the slope of the curve.

The thermal conductivity of the ground is
practically determined in the following way: on the
borehole the heater is connected and the temperatures
of water are collected. The diagram of temperature
changes versus time is produced. If the natural
logarithm is used on the time axis, the parameter £ can
be determined from Eq. 6. Then we can easily calculate
the thermal conductivity A from Eq. 7.

2.2 Cylindrical model

The cylinder-source model, of which the
line-source model is a simplified variation, can be
used for an approximation of the BHE as an infinite
cylinder with a constant heat flux. The heat-exchanger
pipes are normally represented by an “equal
diameter” cylinder. The cylindrical-source solution
for a constant heat flux is as follows:

at

r (8)5

where G(z,p) is the cylindrical-source function as
described by Ingersoll (1954) [14]:
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kjer so J, J,, Y, Y, Besselove funkcije prvega in
drugega reda.

Deerman, Kavanaugh in Rafferty ([8]in[15])
so predlagali iterativni postopek reSevanja valjne
metode kot obratno doloCevanje toplotne
prevodnosti tal. Dejanska prevodnost (in
difuzivnost) talne sestave je ra¢unana z reverzibilno
matematicno operacijo, ki vsebuje preracun dolzine
cevne zanke toplotnega prenosnika v vrtini. Ce
gledamo nas test kratkoro¢no, potem je postopek
tak, da naSo toplotno prevodnost tal in pa dnevni
toplotni sunek, ki sta preracunana s Fourierjevim
Stevilom (z) in funkcijo valjnosti G(z,p), primerjamo
s pricakovano vrednostjo toplotne prevodnosti in
difuzivnosti talne sestave toliko ¢asa, dokler med
sabo niso izenacene.

2.3 Analize napak

Merilna negotovost dolocanja toplotne
prevodnosti je posledica ve¢ vzrokov. Prvi so nakljucne
in pa sistemske eksperimentalne napake, uporabljeni
priblizki v analiticnem ali numericnem modelu, groba
ocena pricakovane temperature v preracunih ter doba
trajanja testa. To negotovost so razlozili Austin leta 1998
[16], Austin s sodelavci 2000 [17] ter Witte in Van Gelder
leta2002 [18]. Celotna negotovost, ocenjena z razli¢nimi
analiznimi postopki, se giblje v razponu 10 %. Austin je
tako leta 1998 pokazal, da je napaka pri meritvi prenosa
toplote v sorazmerju s odstotno napako storjeno pri
oceni toplotne prevodnosti tal. Potemtakem mora biti
pozornost usmerjena na pravilno meritev obeh razlicnih
temperatur natan¢no na vhodu in izhodu vrtine, te
namre¢ nastanejo zaradi prenosa toplote na izvrtino, v
primeru ko je merilno mesto oddaljeno stran od vhoda v
izvrtino, je treba cevi dobro izolirati za preprecitev
morebitnih toplotnih izgub skozi stene cevi v okolico.

Negotovost priblizkov, dobljenih v analiznih
postopkih, je primerna za predpostavljanje stopnje
ustaljenega prenosa toplote. Austin je med drugim
leta 1998 tudi pokazal, kako veliko je nihanje dobljene
toplotne prevodnosti pri ¢rtnem modelu, za kar je
mogoce iskati vzrok v velikem nihanju stopnje
prenosa toplote na vrtino. Za dosego bolj natan¢nih
ocen se uporablja v ta namen metoda ocenitve
parametra.

3IZKUSNIJE IZ TURCUE

3.1 Svedska aparatura, namenjena meritvam v
Turd¢iji

Taks$no vrsto merilne naprave za izvajanje
testa toplotne odzivnosti (EkI6f in Gehlin 1996 [4],
Gehlin in Nordell 1998 [5]) so razvili na Univerzi za
tehnologijo Luled v letih 1995-1996. Med samim
razvijanjem tehnoloske opreme pa sta intenzivno in
ucinkovito zaceli med seboj sodelovati prav Univerza

where J, J,, Y, Y, are Bessel functions of the first
and second kind.

Deerman, Kavanaugh and Rafferty ([8] and
[15]) suggested an iterative procedure that uses the
cylinder-source method to inversely determine the
ground’s thermal conductivity. The effective thermal
conductivity (and diffusivity) of the ground formation
is computed by reversing the process used to calculate
the length of the ground-loop heat exchanger. Based
on a short-term in-situ test, the effective thermal
resistivity of the ground of a daily heat pulse is
compared to a value computed from the Fourier number
(z) and the cylinder-source function G(z,p) with an
assumed value for the thermal conductivity and the
diffusivity of the ground formation until the ground
resistance values are the same.

2.3 Error Analysis

Uncertainties in the estimated ground thermal
conductivities come from several sources: random and
systematic experimental error, approximations made in
the analytical or numerical model, estimates of the far
field temperature, and the length of test. These
uncertainties have been discussed by Austin in 1998
[16], Austin et al. 2000 [17] and Witte and Van Gelder
2002 [18]. The overall uncertainties of the estimations
made by different analysis procedures with different
test equipment are of the order of +10%. Austin has
shown that the error in the measurement of heat-
transfer rate to the borehole results in a similar
percentage error in the estimation of the ground’s
thermal conductivity. Therefore, care must be taken to
either measure the heat-transfer rate using a
temperature difference at the borehole inlet and outlet
or, if the heat rate is measured elsewhere, to minimize
any unmeasured heat losses or gains.

Uncertainties due to an approximation in the
analysis procedure may be due to an assumption of a
constant heat-transfer rate. Austin showed very
variable thermal conductivity predictions made with
the line-source procedure, when there were significant
variations in the heat-transfer rate to the borehole. In
this situation, the parameter-estimation procedure,
which does not assume a constant heat-transfer rate,
can provide more accurate estimates.

3 EXPERIENCES FROM TURKEY

3.1 Application of the Swedish Apparatus for the
Thermal Response Test in Turkey

The Swedish mobile thermal response test
equipment, TRT (Gehlin and Nordell 1998 [5], EkI6f
and Gehlin 1996 [4]), was constructed at Luled
University of Technology in 1995-1996. During this
period, Lulea University of Technology and Cukurova
University Centre for Environmental Research began
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v Lulei ter Univerzitetni center za okoljske raziskave
Cukurova v Tur€iji z izmenjavo Studentov ter
zdruzitvijo nekaterih projektov, vse v okviru
Mednarodne agencije za energijo na podrocju
shranjevanja energije. Kot rezultat dobrega
sodelovanja je Univerza v Lulei nato v novembru
leta 2000 podarila eno tak$nih merilnih enot
Univerzitetnemu centru Cukurova, eden od
konstrukterjev merilne opreme (Singhild Gehlin) pa
je tudi obiskal ta center v Turciji.

3.2 Opravljene meritve

TTO je bil izvajan od leta 2000 na dveh
razlicnih lokacijah v Turciji (sl. 4) [19]. Tako so v
mestih Istanbul in Adana v vrtine vstavili posamic
enkrat 100 m dolgo dvojno cev U ter 75 m enojno cev
U. Meritve toplotne prevodnosti in pa toplotne
upornosti so bile ocenjene na podlagi ¢rtnega modela
(1) znamenom poiskati primeren talni vir energije. Ta
test se je v Adani ponavljal vsak mesec v ¢asovnem
obdobju od julija 2001 do februarja 2002, pri éemer so
sproti dolocali u¢inke spreminjanja okoliskih razmer
naumerjanje meritve.

Meritve so se izvajale v vrtini z geosondo,
ki so jo povezali s toplotno ¢rpalko na primerni lokaciji
v pokrajini Marmara v okolici Istanbula. Geolosko
sestavo povrsinskih plasti te pokrajine sestavljajo
predvsem sedimentne kamnine, ki sestoje iz glinovca
ter gline v menjavanju z apnencem. Vrtina je priblizno
100 m globoka, vodostaj v njej pa 80 m pod povrsjem.
Vanjo so namestili dve cevi U dolzine 100 m in
notranjega premera 2,4 mm. Da bi preprecili proZnost
cevi, ki so iz nerjavnega jekla in tehtajo skoraj 50 kg,
so jih obdali poprej s plasticnimi cevmi. Po koncu
vgradnje cevi v vrtino so le-to zasuli in zalili z naravnim
granulatom zemlje ter vodo. Konca cevi so med seboj
mehansko locili med ¢rpalko, namesceno v prikolici
ter glavnim grelnikom tekocine. Nato so zagnali

an effective and efficient cooperation (exchange of
students, some projects partnership, etc) within the
frame of the International Energy Agency, Energy
Conservation through Energy Storage Implementing
Agreement. As aresult of this successful cooperation,
Lulea University of Technology donated TRT
equipment to the Cukurova University in November,
2000. One of the TRT developers, Singhild Gehlin,
visited Cukurova University Centre for Environmental
Research for technology transfer.

3.2 Measurements Performed

TRT has been used at two different locations
in Turkey (Figure 4) since 2000 [19]. The depth and
configuration for Istanbul and Adana are 100-m double
U-pipe and 75-m single U-pipe, respectively. For these
two sites, thermal conductivity and thermal resistance
values are evaluated using the line-source model (1).
The thermal response tests in Adana have been
repeated every month during the period July 2001-
February 2002 to evaluate the effect of the change in
ambient conditions on the measurements matching.

Measurements are made in the boreholes
drilled to be used with GSHP in a new residential area
inthe Marmara region Ystanbul-Hadymkdy, Turkey. The
research area is geollogically mostly chacterized by
sediments: claystone, clay with limestone and marl
succession, known as Sazlydere Formation. The
borehole is approximately 100-m deep. The water level
in the borehole was 80 m from the surface. Two U-
pipes, 100-m long with an inner diameter of 2.4 mm,
were installed in the borehole. To counteract the
flexibility, approximately 50 kg of stainless-steel weight
was strapped to the plastic pipe assembly. When the
U-piping was completely installed, the borehole was
grouted with the natural geological formation and
water. The two ends of U-pipe were insulated between
the pump trailer and the fluid heater. The pump was

Sl. 4. Satelitski posnetek Turcije
Fig. 4. Satellite picture of Turkey
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Sl. 5. Izmerjeni casovni diagram temperature tekocine v kraju Istanbul-Hadymkoy
Fig. 5. Istanbul-Hadymkdy fluid temperature profile measurements

Crpalko, ki je potisnila ogrevalno sredstvo po cevnem
sistemu, pri tem pa je bilo treba paziti na pravilen tlak,
ki se je meril na sekundarni strani ¢rpalke in se je gibal
v mejah od 1,5 do 2 barov.

Merjenje vstopne in izstopne temperature
sredstva je potekalo v rednih ¢asovnih korakih po 10
min, pri cemer so njegov tlak v cevi sprotno spremljali
na monitorju. Podatki so se hkrati s tem shranjevali v
podatkovni pomnilnik.

Registriranih je bilo 273 locenih meritev
temperatur z 10 minutnimi koraki v ¢asovnem obdobju
dveh dni, 2. in 4. decembra leta 2000. Na sliki 5 je
grafiCno izrisana meritev vhodne temperature (7, ) in
izhodne (7 ), temperature zraka (7 ) ter referencne
temperature (7, ).

Narascanje temperature v odvisnosti od casa
v urah, kakor je prikazano na sliki 6, je sorazmerno
spreminjanju toplotne prevodnosti geoloske plasti
med njenim segrevanjem. Glede na dobljene rezultate
v Hadimkdyu so toplotno prevodnost (1) in toplotno
upornost (R,) izracunali s uporabo iterativnega
priblizka , kjer je A podana kot zaCetna ocena, R, pa
izraCunana na podlagi enacbe (5). Iteracijo so
ponavljali toliko ¢asa, dokler se izraCunana vrednost
temperature tekocine ni ujemala z izmerjeno

then turned on and the fluid was circulated in the tub-
ing system. Attention was paid to the pressure in the
system. During the pumping, the water pressure
measured at the outlet of the pump was 1.5-2 bar.

Measurements of the inlet (7 ) and outlet
(T ) temperatures were made at regular intervals of
10 minutes. The pressure of fluid circulation was
also monitored. Data were recorded on a data log-
ger.

A total of 273 separate measurements of
temperature were recorded at 10 minute intervals over
aperiod of two days, December 2-4" 2000. Figure 5
shows the measured temperatures of 7, T, , 7. and

air

T ..
ref
The slope of the mean temperature data

versus the natural log of time in hours, given in Figure
6, is proportional to the thermal conductivity of the
rock and filled material through which the heat is
transfered. According to this model for Hadymkoy,
thermal conductivity (1) and thermal resistance (R,)
are calculated with an iterative approach, where A is
given an initial estimated value and R, is calculated
from Eq. 5. The iteration is continued until the
calculated fluid temperature distribution fits the
experimental distribution for 2 days in December 2-4,

N
(%]

y =1.1779x +6.6181

N
o

R*=0.9189

-
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—
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Sl. 6. Odvisnost srednje temperature tekocine od casa, strmina premice k je 1,1779 in se uporabi v enacbi (6)
Fig. 6. Mid to late stage time / temperature data. Slope (k) of linear relationship is 1.1779. This value is
substituted into Eq. 6
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S1. 7. Srednja temperatura tekocine dobljena iz TTO zbiralnika toplote v cevi U, ki se je ujemala s preracuni
po enacbi 5, kjer so bile vrednosti spremenljivk A= 3,4 W/mK in R,= 0,075 — 0,08 — 0,09 K/(W/m).
Fig. 7. Mean fluid temperature from the response test on the U-pipe collector fitted to Eq. 5 with \=3.4 W/
mK and R, =0.075 — 0.08 — 0.09 K/(W/m)

Preglednica 1. Mesecni izmerki TTO, dobljeni v Adani

Table 1. Monthly TRT results from measurements carried out in Adana

Mesec Toplotna prevodnost Toplotna upornost Trajanje testa
Month Thermal conductivity Thermal resistance Duration of the test
A (W/mK) R (W/mK)"! (h)
junij ) i )
June
juli 2,5 0,09 50
July
avgust
August 2,1 0,05 76
september
September 2.2 0,06 2
oktober
October 2,2 0,06 53

temperaturo v dneh meritev od 2. do 4. decembra
2000. Slika 7 prikazuje najboljsi iterativni priblizek za
prevodnost A in upornost R,.

V nadaljevanju so predstavljeni izmerjeni
podatki, dobljeni na podlagi meritev v Istanbulu, ki
so podani v preglednici 1 in predstavljajo toplotno
prevodnost in pa toplotno upornost konglomerata in
gline v ¢asovnih korakih meritev.

4STANJE V SLOVENUI

Popis o stanju izkoriS¢anja geotermalne energije
za neposredno uporabo v Sloveniji je bil izveden leta 1999
za Zbormik svetovnega geotermalnega kongresa leta 2000.
Pritem je bilo treba zbrati, kolikor se je pa¢ dalo, tudi podatke
0 izrabi energije iz podtalnice in plitvega podpovrsja za
geotermalne (talne) toplotne ¢rpalke. Tu gre za stevilo enot
geotermalnih toplotnih ¢rpalk, ki delujejo v odprtem ali
zaprtem sistemu (obtoku). Kot odprti sistem je misljena
vgradnja na vodni vir, recimo podtalnico, ki je zajeta z vrtino
(vodnjakom) ali tudi jezersko vodo. Kot zaprti sistem so
misljene vgradnje naslednjih dveh tipov: vodoravni zbiralni
sistem v tleh in navpicni sistem z energetsko vrtino. Ker je
tovrstne podatke zelo tezko pridobiti, smo zvedeli le za
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2000. Figure 7 shows the best iterative approaches
for the thermal conductivity (1) and the thermal re-
sistivity (R,)

The same evaluation based on the line-
sources model for Istanbul was used here. The
monthly TRT results (thermal conductivity and
borehole resistance) in a conglomerate and clay
formation are given in Table 1.

4 PRESENT STATUS IN SLOVENIA

A description of geothermal energy use
in Slovenia was made in 1999 for the proceedings
of the World Geothermal Congress in 2000. At
this point, data for geothermal (ground-cource)
heat pumps was also collected. These heat pumps
operate in an open or closed system. As an open
source it is an installation that operates with the
aquifer or lake water. Closed installations are as
follows: a horizontal system in the ground or a
vertical system with an energy well. As those data
are difficult to obtain we have collected
approximate data from three manufacturers in
Slovenia for the period to 1992. Data for the period
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priblizne stevilke izdelanih enot takih geotermalnih toplotnih
Crpalk pri treh izdelovalcih v Sloveniji, za obdobje do leta
1992. Pridobili pa smo $e podatke o vgrajenih enotah v
zadnjem obdobju do leta 2000 od instalaterja Svedskih
toplotnih érpalk in nekaterih posameznikov po drzavi. Ob
konculeta 1999 je bilo prinas torej vsaj 63 enot geotermalnih
toplotnih ¢rpalk, delujocih v odprtem sistemu na vodni vir
(iz vrtine), ter vsaj 7 enot geotermalnih toplotnih ¢rpalk,
delujocih v zaprtem vodoravnem zbiralnem sistemu (Kralj
in Rajver, 2000) [20]. Tipi¢na imenska mo¢ ali zmog]jivost
Crpalkjerazlicna, pritistih v odprtem sistemu se giblje med
81n 25 kW, pritistih v zaprtem sistemu pamed 3,4 in 11 kW.
Dosezen koeficient izkoristka (COP) je za oba tipamed 2,4
in 3,85. Omenjenih 63 enot na vodni vir izrablja skoraj 20 TJ
letno, 7 enot v zaprtem sistemu pa e 2 TJ letno (sl. 8).

Tu seveda niso upostevane geotermalne toplotne
Crpalke vedjih zmogljivosti, ki se uporabljajo v sedmih nasih
termah in/ali rekreacijskih srediscih v odprtem sistemu za
dvig temperature termalne vode za nadaljnjo izrabo v bazenih
inbalneologiji ter za ogrevanje prostorov. Te toplotne crpalke
izrabljajo 27 TJ geotermalne energije letno.

Po informacijah Skantelja (ustno sporo¢ilo) se je
v zadnjih letih Stevilo vgrajenih geotermalnih toplotnih
¢rpalk za odprti sistem voda/voda in vodoravni zaprti
kolektorski sistem precej povecalo, vendar za zdaj niti
njihovo priblizno Stevilo ni znano. V letih 1990 do 2000 se je
zanimanje zanje nekoliko zmanjsalo zaradi nizkih cen nafte

to 2000 have been obtained from the installer of
Swedish heat pumps and from other installers in
Slovenia. At the end of 1999 there were 63 units
of geothermal heat pumps operating in open
system (with water) and 7 units of geothermal heat
pumps operating in closed horizontal systems
(Kralj and Rajver, 2000) [20]. Typical nominal
powers and the capacities of the pumps are
different, the open systems have from 8 to 25 kW,
and the closed systems from 3.4 to 11 kW. The
coefficient of performance (COP) is for both types
from 2.4 to 3.85 kW. The 63 pumps used 20 TJ of
energy per year, and the other 7 units 2TJ per
year (Figure 8).

The geothermal pumps with larger
capacities that are used in our seven spas and/or
recreation centers for use in the swimming pools
and for space heating are not included. These
heat pumps use 27 TJ of geothermal energy per
year.

Based on information from Skantelj (oral
information) the number of installed heat pumps
on open or closed systems has been increasing
in recent years, but the actual number is not
known. In the years 1990 to 2000 the level of
interest has decreased because of the lower
prices of oil and gas and the high price of

Pustrija fAustnia

O lokadla geckmalre e
koploie erpalke

locakon argecbemal
oLl =F LT | pump
I mlakn;

Gealo th! movod Sioventle
Geolo gload Survey of Slovents

M rlls FScake

Hrrazka f Croatia

g

Sl. 8. Porazdelitev enot geotermalnih toplotnih crpalk na energijo plitvega podpovrsja v Sloveniji po
popisu leta 1999. Geotermalne toplotne crpalke vecjih zmogljivosti v termah in rekreacijskih centrih niso
upostevane.

Fig. 8. Units of geothermal heat pumps in Slovenia from the year 1999. Geothermal heat pumps of higher
capacities in spas and recreation centers are not included.
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GWh

leta / years

S1. 9. Viednost pridobljene toplote v Svici
Fig. 9. Geothermal heat production in Switzerland

in plina ter visokih zacetnih stroskov in visoke cene
elektri¢ne energije. Vendar pa kaze, da so postali ti sistemi
toplotnih ¢rpalk spet nekoliko bolj zanimivi in priviaéni.

5SKLEP

Shranjevanje toplote z uporabo geosond se
v svetu izjemno $iri. Tako lahko na sliki 9 vidimo
vrednost pridobljene toplote z geosondami v Svici [21].

V Sloveniji imamo vgrajenih zelo malo enot.
Uporaba je odvisna od geotermalnih razmer zemlje do
globine 100 m. Kot perspektivna obmocja so za
postavitev geosond in drugih tipov zaprtih sistemov
zanimive vecinoma vse kotline z ugodno geolosko
sedimentacijo: Panonska nizina, Kranjsko polje,
Ljubljanska kotlina v celoti, Celjska kotlina, Krsko-
Brezisko polje, Mariborsko-Ptujsko polje, Vipavska
dolina, obmocje Slovenj Gradca in Raven na Koroskem.
Tu je misljeno, da povrsinski sedimenti nimajo prenizke
toplotne prevodnosti, torej da so vsaj nekoliko pesceni
ali prodnati in ne samo glinasti. Za vecjo uporabo bi
bile potrebne predvsem raziskave tal na podrocju, kjer
zelimo namestiti geosonde. Podatke lahko dobimo s
testi za ugotavljanje toplotne odzivnosti zemlje, ki se v
nekaterih drzavah v Evropi ze nekaj let uporabljajo.

electrical energy. But it seems that these sys-
tems have become interesting again.

5 CONCLUSION

Geothermal heat storage is rapidly
increasing in the world. Figure 9 shows the BHE
systems in Switzerland [21].

Only small number of units are installed in
Slovenia. The utilization depends on the geothermal
conditions of the earth to a depth of 100m. The best
areas for boreholes and other types of closed systems
are basins with suitable geological sedimentation:
Pannonian basin, Kranj plain, Ljubljana valley, Celje
valley, Krsko basin, Maribor-Ptuj plain, Vipava valley,
the area around Slovenj Gradec and Ravne na
Koroskem. We suppose that the thermal conductivity
is not too low in these places, which means that they
include sand and gravel and not only clay. For greater
utilizations investigations should be made in the place
where we would like to install the heat pumps. Data
could be collected with tests for the thermal response
of the earth, which in some European countries have
been used for some years.

6 SIMBOLI

6SYMBOLS
toplotna difuzivnost a m?/s thermal diffusivity
eksponentni integral E, - exponential integral
strmina premice k K/h slope of the line
konstanta (zacetna temp.) m K constant (begin temp.)
gostota toplotnega toka q W/m? heat flux
toplotna upornost R, mK/W  thermal resistivity
polmer r m radius
cas t s time
temperatura T k temperature
integracijska spremenljivka g - integral parameter
Eulerjeva konstanta y=0,5772 Euler constant
toplotna prevodnost tal A W/mK  ground thermal conductivity

stran 338



Stritinh U., Rajver D., Turgut B., Paksoy H.: Shranjevanje toplote - Borehole Thermal Energy Storage

7LITERATURA
7REFERENCES

|

|

|

|

|

l

|
[11 Mogensen, P. (1983) Fluid to duct heat transfer in duct system heat storages. Proc. Int. Conf. On Subsurface
Heat Storage in Theory and Practice. Stockholm, Sweden, June 6-8, 1983, .652-657. :

[2] Hellstrom, G. (1994) Fluid-to-ground thermal resistance in duct ground heat storage. Proc. 6th International
Conference on Thermal Energy Storage Calorstock '94 Espoo, Finland, August 22-25, 1994, 373-380 :

[3] Eskilson, P. (1987) Thermal analysis of heat extraction boreholes, Lund-MPh-87/13 Dept. Of Mathematical !
Physics, Lund Institute of Technology, Sweden. :

[4] Eklof, C.and S. Gehlin (1996) TED — A mobile equipment for thermal response test. Master’s Thesis 1996, !
Lulea University of Technology, Sweden. :

[S] Gehlin, S. and B. Nordell (1998) Thermal response test of boreholes — result from in situ measurements. |
Proc. Second International Stockton Geothermal Conference. 15-16 March 1998- Richard Stockton College :

of New Jersey, Pomana, USA. |

[6] Smith, M. D. (1999) Directory of ground source heat pump research at International ground source heat :
pump association, Oklahoma State University. \

[7] Curtis, R. (2001) GeoScience, Falmouth Cornwall, United Kingdom. :
[8] Kavanaugh, S.P., K. Rafferty (1997) Ground source heat pumps: design and geothermal systems for 1
commercial and institutional buildings, Atlanta, American Society of Heating, Refrigerating and Air- :
Conditioning Engineers. \

[9] Shonder, J.A., J.V. Beck (1999) Determining effective soil formation properties from field data using a :
parameter estimation technique. ASHRAE Transactions 105(1):458-466. \

[10] AustionIII, W.A., C. Yavuzturk, J.D. Spitler (2000) Development of an in-situ system for measuring ground :
thermal properties. ASHRAE Transactions 106(1): 356-379 |

[11] Carslaw, H.S. and J.C. Jaeger (1959) Conduction of heat and solids, Second ed., Oxford University Press, :
Great Britain. |

[12] Ingersoll, L.R. and H.J. Plass (1948) Theory of the ground pipe heat source for the heat pump. ASHVE :
Transactions vol. 54, 339-348. |

[13] Cruickshanks (2000) In situ measurement of thermal properties of Cunard formation in a borehole, Halifax, :
Nova Scotia, 8th International Conference on Thermal Energy Storage, Stuttgart, Germany. |

[14] Ingersoll, L. R. At al. (1954) Heat conduction with engineering, geological and other applications. New !
York, McGraw-Hill. :

[15] Deerman, J.D. and S. P. Kavanaugh (1991) Simulation of vertical U-tube ground-coupled heat pump systems !
using the cylindrical heat source solution. ASHRAE Transactions 1991, Vol. 97 (1), 287-295. :

[16] Austin III, W.A. (1998) Development of an in-situ system for measuring ground thermal properties. Mas-
ter’s thesis. Oklahoma State University. :

[17] AustinIII, W.A., C. Yavuzturk, J.D. Spitler (2000). Development of an in-situ system for measuring ground !
thermal properties. ASHRAE Transactions 106(1): 365-379. :

[18] Witte, H.,G. Van Gelder (2002) In-situ thermal conductivity testing: a Dutch perspective. !
[19] Turgut, B., D. Dikici, H. Paksoy (2003) In-situ thermal response test — experiences in Turkey, 9th :
International Conference on Thermal energy Storage, Warsaw, Poland. P 417-422. !

[20] Kralj, P., D. Rajver (2000) State of the art of geothermal energy use in Slovenia (country update). V: E. :
Iglesias, D. Blackwell, T. Hunt, J. Lund and S. Tamanyu (Eds.), Proc. World Geothermal Congress 2000,
Kyushu-Tohoku, Japan, 267-275. |

[21] Sanner, B. (2003) Current status of ground source heat pumps in Europe, Futurestock 2003, 9th International
Conference on Thermal Energy Storage, Warsaw, Poland. :

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

777777777777777777777777777777777777777777777777777777777 STEOJINISKI L
stran 339 VESTRNIK



Stritih U., Rajver D., Turgut B., Paksoy H.: Shranjevanje toplote - Borehole Thermal Energy Storage

|
\
|
: Naslovi avtorjev: dr. Uros Stritih Authors’ Addresses:Dr. Uros Stritih
: Univerza v Ljubljani University of Ljubljana
| Fakulteta za strojnistvo Faculty of Mechanical Eng.
\ Askerceva 6 ASkerceva 6
: 1000 Ljubljana 1000 Ljubljana, Slovenia
: uros.stritih@fs.uni-j.si uros.stritih@fs.uni-lj.si
\
: mag. Dusan Rajver ) Mag. Dusan Rajver
| Geologki zavod Slovenije Geological Survey of Slovenia
\ Dimiceva 14 Dimiceva 14
| L
‘ 1000 Ljubljana 1000 Ljubljana, Slovenia
\
| mag. Bekir Turgut Mag. Bekir Turgut
: Univerza Cukl%rova . Cukurova University
‘ Center za OkO’IJ ske raz1skay<? Centre for Environ. Research
: 01130 Balcaly Adana, Turcija 01130 Balcaly Adana, Turkey
\ .
| pro_f. dr. Halime Paksoy Prof.Dr. Halime Paksoy
| Univerza Cukurova Cukurova University
| Fakulteta za umetnost in znanost Art and Science Faculty
| Oddelek za kemijo ) Department of Chemistry
| 01130 Balcaly Adana, Tur¢ija 01130 Balcaly Adana, Turkey
|
\
|
\
|
\
|
I Prejeto: Sprejeto: Odprto za diskusijo: 1 leto
: Received: 13.4.2004 Accepted: 18.6.2004 Open for discussion: 1 year
\
\
\
|
\
|
\
|
\
|
\
|
|
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
|
|
\
|
\
\
|
\
\
04-5

| vEsTNIK stran 340
|



© Strojniski vestnik 502004)8,341-342
ISSN 00338-2480
Osebne vesti

© Journal of Mechanical Engineering 502004)6,341-342

ISSN 0039-2480
Personal Events

Personal Events

Ob sedemdesetletnici prof. dr. Bogomila Pertota

Skoraj bi se zgodilo, da bi ne opazili lepega
zivljenjskega jubileja nasega upokojenega profesorja
dr. Bogomila Pertota. Glede na njegov optimisticni
pogled naprej in brezkompromisno borbo z boleznijo
mu ne bi prisodili sedemdeset let. Ceprav malo z
zamudo, mu iskreno vo$¢imo in zelimo, da bi ohranil
zanj tako znacilno zivahnost in delavnost.

Rojen je bil 31. avgusta 1933 v Ljubljani in
Ljubljana je bila mesto, kjer se je zgodilo vse, kar je
zaznamovalo njegovo Zzivljenjsko pot. Leta 1951 je
koncal Tehnisko srednjo Solo in bil z dekretom
zaposlen v Litostroju. Za vpis na Univerzo je moral
opraviti leta 1952 dodatno maturo na gimnaziji in
istega leta se je vpisal na strojni oddelek Tehnicne
visoke $ole Univerze v Ljubljani. Studij strojnistva je
zakljucil 1961 in bil istega leta izvoljen za rednega
asistenta za podrocje mehanike ter se vpisal na
podiplomski $tudij. Navduseval se je nad predavanji
mehanikov prof. A. Kuhlja in prof. E. Preloga ter
matematika prof. F. Krizani¢a, ki mu je poglobil njegovo
ljubezen do uporabe matematike v tehniki. V tem
obdobju so se pojavili racunalniki in intenzivno se je
razvijala numeri¢na matematika. Se danes lahko
ob¢udujemo njegovo zagnanost pri pisanju
racunalniskih programov na okornih racunalnikih Zuse,
Wang in IBM 1130. Koliko noci in praznikov je prezivel
v racunskem centru na Fakulteti za naravoslovje in
tehnologijo in na Fakulteti za strojnistvo in koliko
kolegom je pomagal numeri¢no re$iti zahtevne
tehni¢no-matemati¢no-numeri¢ne probleme ve le on.
Leta 1968 je magistriral s temo: “Male elastoplasti¢ne
deformacije pri ravninskih problemih” in nato je leta
1972 uspesno zagovarjal doktorsko delo: “Problemi
elastoplasticnih deformacij pri ravninskih elementih s
posebnim ozirom na stabilnostne razmere”. Obe deli
sta med prvimi, pri katerih so uspesno uporabljene
numeri¢ne metode za reSevanje zahtevnih
matemati¢nih modelov v tehniki.

Leta 1973 je bil izvoljen v naziv docenta in
leta 1979 za izrednega profesorja. Na dodiplomskem

Studiju je predaval numeri¢ne metode, numeriéne
metode in programiranje, racunalnistvo, statiko in
kinematiko ter trdnost. Na podiplomskem Studiju pa
je bil nosilec predmetov numeri¢ne metode, metoda
kon¢nih elementov in plastomehanika. Skrbel je, da
je bila ucilnica za racunalnistvo vedno opremljena z
moderno strojno in programsko opremo.

Njegova skromnost je bila vzrok, da je
sodeloval na podiplomskem S$tudiju predvsem kot
ucitej in somentor. Mentor je bil trem magistrom
strojniStva, komentor trem doktorandom in dvema
magistrandoma. Bil je tudi cenjen mentor diplomantom
Studija strojnistva. Poleg tega je sodeloval v veliko
komisijah za oceno in zagovor doktorskih in
magistrskih del. Njegovo raziskovalno delo je bilo
pretezno usmerjeno v uporabo numeri¢nih metod v
tehniki. Tisti, ki poznamo njegovo vsakdanje delo,
vemo, da je resil ogromno zahtevnih tehni¢nih
problemov, vendar je sam malo objavljal, zato je na
videz njegov raziskovalni opus skromen.

Kot cenjen kolega in profesor je bil leta 1979
izvoljen za prodekana za vzgojo in izobrazevanje. Bil
je tudi ¢lan fakultetnega sveta, podiplomske in
racunalniske komisije ter vodja Studija ob delu v
Ljubljani. Na univerzi je deloval v odboru za vprasanja
vzgojno-izobrazevalnega dela in v strokovnem svetu
za racunalnistvo. Ob 65- letnici zacetka Studija in 40-
letnici popolnega visokoSolskega Studija je prejel
svecano listino.

Ko danes iz zrele zivljenjske razdalje gleda
nazaj na prehojeno pot, mu ne more biti tezko, saj je
tlakovana s trdim delom tako na fakulteti kakor v Sirsi
skupnosti in prijaznim odnosom do kolegov. Tisti, ki
nam je bil ucitelj, mentor ali predstojnik, ga poznamo
kot razgledanega in razumevajocega cloveka in smo
mu zato hvalezni. Ob zivljenjskem jubileju mu
predvsem zelimo ¢im vec lepih trenutkov in da bi Se
dolgo prijateljeval z nami.

izr. prof. dr. Joze Petrisic
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DOKTORATI

Na Fakulteti za strojniStvo Univerze v
Ljubljani so z uspehom zagovarjali svoje doktorske
disertacije:

dne 10. junija 2004: mag. Blaz Nardin, z
naslovom: “Model dinami¢ne porazdelitve dela v
povezanih orodjarnah”;

dne 14. junija 2004: mag. Janko Tomc, z
naslovom: “Vloga povrSinske napetosti taline pri
varjenju A-TIG in vpliv na trdnostne lastnosti
zvarnega spoja’;

dne 18. junija 2004: mag. Marjan Suban, z
naslovom: “Razvoj naprave in tehnologije varjenja s
tremi zicami s skupnim virom varilnega toka” in

dne 28. junija 2004: mag. Gasper Gantar, z
naslovom: “Povecanje stabilnosti in optimizacija
postopkov globokega vleka”;

dne 30. junija 2004: mag. Tomaz Videnic¢, z
naslovom: “Ovirana povracljivost v konstrukcijskih
elementih iz materiala z oblikovnim spominom”.

S tem so navedeni kandidati dosegli
akademsko stopnjo doktorja znanosti.

MAGISTERUJI

Na Fakulteti za strojni§tvo Univerze v
Ljubljani so z uspehom zagovarjali svoja magistrska
dela:

dne 21. junija 2004: Martin Lesjak, z
naslovom: “Razvoj avtomatskega letaliSkega
meteoroloskega sistema”;

dne 22. junija 2004: Blaz Florjani¢, z
naslovom: “Odlocitveni model za izbiro dolivnih
sistemov v orodjih za injekcijsko brizganje
termoplasti¢nih materialov”;

dne 28. junija 2004: Matej Petric, z
naslovom: “Dolocitev termomehanskih stanj in
konstrukcija termooljnih peci za peko kruha”.

Na Fakulteti za strojnistvo Univerze v
Mariboru je z uspehom zagovarjal svoje magistrsko
delo:

dne 14. junija 2004: Bojan Vohar, z
naslovom: “Dinamicna analiza manipulatorja z
nezveznostmi v strukturi”.

S tem so navedeni kandidati dosegli
akademsko stopnjo magistra znanosti.
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SPECIALIZACIJE

Na Fakulteti za strojnistvo Univerze v Mariboru
je z uspehom zagovarjal svoje specialisti¢no delo:

dne 8. junija 2004: Martin Kodri¢, z
naslovom: “Zasnova univerzalnega hidravlicnega
vinogradniSskega obdelovalnega stroja”.

S tem je navedeni kandidat dosegel stopnjo
specialista.

DIPLOMIRALISO

Na Fakulteti za strojnistvo Univerze v
Ljubljani so pridobili naziv univerzitetni diplomirani
inzenir strojnistva:

dne 22. junija 2004: Oki BLATNIK, Jure
PETKOVSEK, Jerej POVSIC, Luka STRUBELI;

dne 24. junija 2004: Jaka OGRIC, Ale§
PETEk, Andrej PUKSIC, Jure SMREKAR.

Na Fakulteti za strojni§tvo Univerze v
Mariboru so pridobili naziv univerzitetni diplomirani
inzenir strojnistva:

dne 24. junija 2004: Matjaz CERNEC,
Marjan FEKONJA, Boris GOJKOSEK, Matjaz
KLENOVSEK, Albin LESKOVAR.

*

Na Fakulteti za strojni§tvo Univerze v
Ljubljani so pridobili naziv diplomirani inzenir
strojnistva:

dne 11. junija 2004: Stanko MAROLT,
Martin POTOCNNIK, Branko LEBAN, Izidor
PREVODNIK;

dne 14. junija 2004: Gregor FLERIN, Peter
BRUNSEK, Ales REMSKAR, Matija SVRSINA;

dne 15. junija 2004: Bostjan PERCIC, Jernej
RODE, Drago OSTANEK, Zdravko BOGATAJ;

dne 16. junija 2004: Mirko SMOLIC, Janez
HOCEVAR, Jani JAKSA.

Na Fakulteti za strojnistvo Univerze v
Mariboru so pridobili naziv diplomirani inZenir
strojnistva:

dne 24. junija 2004: Boris JANCIC, Boris
KOSELJ, Matej MAURIC, Marko MORETTI, Andrej
SOTELSEK, Rok SREBOTNJAK, Borut SVAJKER,
Damjan ZERDIN;

dne 28. junija 2004: Robert KURNIK.
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Instructions for Authors

Clanki morajo vsebovati:

t.

naslov, povzetek, besedilo ¢lanka in podnaslove slik v
slovenskem in angleskem jeziku,
dvojezic¢ne preglednice in slike (diagrami, risbe ali
fotografije),
seznam literature in
podatke o avtorjih.

Strojniski vestnik izhaja od leta 1992 v dveh jezikih,
v slovenscini in anglescini, zato je obvezen prevod v

angles¢ino. Obe besedili morata biti strokovno in jezikovno
med seboj usklajeni. Clanki naj bodo kratki in naj obsegajo
priblizno 8 tipkanih strani. Izjemoma so strokovni ¢lanki, na
zeljo avtorja, lahko tudi samo v slovenscini, Vsebovati pa
morajo angleski povzetek.

Vsebina ¢lanka

Clanek naj bo napisan v naslednji obliki:

- Naslov, ki prlmemo opisuje vsebino ¢lanka.

Povzetek, ki naj bo skrajSana oblika ¢lanka in naj ne
presega 250 besed. Povzetek mora vsebovati osnove, jedro
in cilje raziskave, uporabljeno metodologijo dela,povzetek
rezulatov in osnovne sklepe.

Uvod, v katerem naj bo pregled novejsega stanja in zadostne
informacije za razumevanje ter pregled rezultatov dela,
predstavljenih v ¢lanku.

Teorija.

Eksperimentalni del, ki naj vsebuje podatke o postavitvi
preskusa in metode, uporabljene pri pridobitvi rezultatov.
Rezultati, ki naj bodo jasno prikazani, po potrebi v obliki
slik in preglednic.

Razprava, v kateri naj bodo prikazane povezave in
posplositve, uporabljene za pridobitev rezultatov.
Prikazana naj bo tudi pomembnost rezultatov in
primerjava s poprej objavljenimi deli. (Zaradi narave
posameznih raziskav so lahko rezultati in razprava, za
jasnost in preprostejse bralcevo razumevanje, zdruzeni v
eno poglavje.)

Sklepi, v katerih naj bo prikazan en ali ve¢ sklepov, ki
izhajajo iz rezultatov in razprave.

Literatura, ki mora biti v besedilu ostevil¢ena zaporedno
in oznacena z oglatimi oklepaji [1] ter na koncu ¢lanka
zbrana v seznamu literature. Vse opombe naj bodo
oznadene z uporabo dvignjene Stevilke'.

Oblika ¢lanka

Besedilo naj bo pisano na listih formata A4, z

dvojnim presledkom med vrstami in s 3 cm Sirokim robom,
da je dovolj prostora za popravke lektorjev. Najbolje je, da
pripravite besedilo v urejevalnilku Microsoft Word. Hkrati
dostavite odtis ¢lanka na papirju, vkljuéno z vsemi slikami
in preglednicami ter identi¢no kopijo v elektronski obliki.

Prosimo, da ne uporabljate urejevalnika LaTeX, saj

program, s katerim pripravljamo Strojniski vestnik, ne uporablja
njegovega formata. V urejevalniku LaTeX oblikujte grafe,
preglednice in enacbe in jih stiskajte na kakovostnem laserskem
tiskalniku, da jih bomo lahko presneli.

Enacbe naj bodo v besedilu postavljene v locene

vrstice in na desnem robu oznacene s tekoco Stevilko v
okroglih oklepajih

Enote in okrajsave

V besedilu, preglednicah in slikah uporabljajte le

standardne oznacbe in okrajSave SI. Simbole fizikalnih veli¢in
v besedilu pisite posevno (kurzivno), (npr. v, 7, n itn.). Simbole

enot, ki sestojijo iz ¢rk, pa pokon¢no (npr. ms’,

K, min, mm

itn.).

v

Vse okrajSave naj bodo, ko se prvi¢ pojavijo, napisane
celoti v slovenskem jeziku, npr. Casovno spremenljiva

geometrija (CSG).

Papers submitted for publication should comprise:

Title, Abstract, Main Body of Text and Figure Captions in
Slovene and English,
Bilingual Tables and Figures (graphs, drawings or photo-
graphs),
List of references and
Information about the authors.

Since 1992, the Journal of Mechanical Engineering

has been published bilingually, in Slovenian and English. The two
texts must be compatible both in terms of technical content and
language. Papers should be as short as possible and should on
average comprise 8 typed pages. In exceptional cases, at the
request of the authors, speciality papers may be written only in
Slovene, but must include an English abstract.

The format of the paper

The paper should be written in the following format:

A Title, which adequately describes the content of the paper.

An Abstract, which should be viewed as a miniversion of the
paper and should not exceed 250 words. The Abstract should
state the principal objectives and the scope of the investiga-
tion, the methodology employed, summarize the results
and state the principal conclusions.

An Introduction, which should provide a review of recent
literature and sufficient background information to allow
the results of the paper to be understood and evaluated.

A Theory

An Experimental section, which should provide details of
the experimental set-up and the methods used for obtain-
ing the results.

A Results section, which should clearly and concisely present
the data using figures and tables where appropriate.

A Discussion section, which should describe the relation-
ships and generalisations shown by the results and discuss
the significance of the results making comparisons with
previously published work. (Because of the nature of some
studies it may be appropriate to combine the Results and
Discussion sections into a single section to improve the
clarity and make it easier for the reader.)

Conclusions, which should present one or more conclu-
sions that have been drawn from the results and subsequent
discussion.

References, which must be numbered consecutively in the
text using square brackets [1] and collected together in a
reference list at the end of the paper. Any footnotes should
be indicated by the use of a superscript'.

The layout of the text

Texts should be written in A4 format, with double

spacing and margins of 3 cm to provide editors with space to
write in their corrections. Microsoft Word for Windows is the
preferred format for submission. One hard copy, including all
figures, tables and illustrations and an identical electronic ver-
sion of the manuscript must be submitted simultaneously.

Please do not use a LaTeX text editor, since this is

not compatible with the publishing procedure of the Journal of
Mechanical Engineering. Graphs, tables and equations in LaTeX
may be supplied in good quality hard-copy format, so that they
can be copied for inclusion in the Journal.

Equations should be on a separate line in the main

body of the text and marked on the right-hand side of the
page with numbers in round brackets.

Units and abbreviations

Only standard SI symbols and abbreviations should

be used in the text, tables and figures. Symbols for physical
quantities in the text should be written in Italics (e.g. v, T, n,
etc.). Symbols for units that consist of letters should be in
plain text (e.g. ms', K, min, mm, etc.).

All abbreviations should be spelt out in full on first

appearance, e.g., variable time geometry (VTG).
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Slike

Slike morajo biti zaporedno oStevil¢ene in
oznacene, v besedilu in podnaslovu, kot sl. 1, sl. 2 itn. Posnete
naj bodo v kateremkoli od razsirjenih formatov, npr. BMP,
JPG, GIF. Za pripravo diagramov in risb priporo¢amo CDR
format (CorelDraw), saj so slike v njem vektorske in jih
lahko pri kon¢ni obdelavi preprosto povecujemo ali
pomanjsujemo.

Pri oznacevanju osi v diagramih, kadar je le mogoce,
uporabite oznacbe veli¢in (npr. # v, m itn.), da ni potrebno
dvojezi¢no oznacevanje. V diagramih z ve¢ krivuljami, mora
biti vsaka krivulja oznadena. Pomen oznake mora biti
pojasnjen v podnapisu slike.

Vse oznacbe na slikah morajo biti dvojezicne.

Za vse slike po fotografskih posnetkih je treba
priloziti izvirne fotografije ali kakovostno narejen posnetek.
V izjemnih primerih so lahko slike tudi barvne.

Preglednice

Preglednice morajo biti zaporedno ostevilcene in
oznacene, v besedilu in podnaslovu, kot preglednica 1,
preglednica 2 itn. V preglednicah ne uporabljajte izpisanih
imen veli¢in, ampak samo ustrezne simbole, da se izognemo
dvojezi¢ni podvojitvi imen. K fizikalnim veli¢inam, npr. ¢
(pisano posevno), pripiSite enote (pisano pokon¢no) v novo
vrsto brez oklepajev.

Vsi podnaslovi preglednic morajo biti dvojeziéni.
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Sprejem ¢lankov in avtorske pravice
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strokovno oceno recenzentov in morebitnem predlogu za
krajsanje ali izpopolnitev ter terminoloske in jezikovne
korekture.

Avtor mora predloziti pisno izjavo, da je besedilo
njegovo izvirno delo in ni bilo v dani obliki Se nikjer
objavljeno. Z objavo preidejo avtorske pravice na Strojniski
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Figures

Figures must be cited in consecutive numerical order
in the text and referred to in both the text and the caption as
Fig. 1, Fig. 2, etc. Figures may be saved in any common
format, e.g. BMP, GIF, JPG. However, the use of CDR format
(CorelDraw) is recommended for graphs and line drawings,
since vector images can be easily reduced or enlarged during
final processing of the paper.

When labelling axes, physical quantities, e.g. , v, m,
etc. should be used whenever possible to minimise the need to
label the axes in two languages. Multi-curve graphs should have
individual curves marked with a symbol, the meaning of the
symbol should be explained in the figure caption.

All figure captions must be bilingual.

Good quality black-and-white photographs or
scanned images should be supplied for illustrations. In certain
circumstances, colour figures may be considered.

Tables

Tables must be cited in consecutive numerical order in
the text and referred to in both the text and the caption as Table 1,
Table 2, etc. The use of names for quantities in tables should be
avoided if possible: corresponding symbols are preferred to minimise
the need to use both Slovenian and English names. In addition to
the physical quantity, e.g. # (in Italics), units (normal text), should
be added in new line without brackets.

All table captions must be bilingual.
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