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Analiticna dolocitev srednje sevalne

temperature zapletene geometrijske oblike
prostora

An Analytical Determination of the Mean Radiant Temperature
for a Complex Room Geometry

Matjaz Prek - Peter Novak

Sevalne toplotne izgube pomenijo sestavni del toplotnega ravnotezja cloveka v prostoru. Pravilna
dolocitev deleza sevalnega toplotnega toka je potrebna za oceno vpliva tega parametra na toplotno ugodje.
Toplotno ravnotezje je odvisno predvsem od povrsinskih temperatur in kotnega faktorja med clovekom in
povrsinami prostora. Ker so notranje povrsine sestavljene iz razlicnih elementov, je izracun kotnega faktorja
zahteven. V tem primeru pomeni racunalniski program primerno orodje za izracun sevalnih toplotnih tokov,
predvsem za zapleteno sestavljene povrsine, kakrsne so v dejanskih razmerah.

Predstavljeni algoritem temelji na izracunu kotnih faktorjev, pri cemer je upostevan zakon sestevnosti.
Postopek izracuna omogoca dolocitev kotnih faktorjev za sestavijene povrsine in s tem upostevanje zapletenega
vpliva kotnih faktorjev na sevalni toplotni tok, kakrsen je npr. pri sedeci osebi in znani usmeritvi. Matricno
zasnovan postopek omogoca dolocitev vpliva razlicnih parametrov na srednjo sevalno temperaturo.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljuc¢ne besede: ugodje bivalno, prenos toplote, sevanje, temperature sevanja)

Radiative heat losses represent a substantial part of the total heat balance of the human body in a

influence of this parameter on human thermal comfort. The thermal balance is strongly affected by surface
temperatures and by the angle factor between a body and a wall surface. Since a room's internal surfaces are
composed of various parts, the calculation of view factors becomes more complex. Therefore, a computer
algorithm is a useful tool for determining the radiant heat exchange, particularly for the complex surface
compositions encountered in practical situations.

The proposed algorithm is based on the computation of view factors, which are additive. This
algorithm enables the computation of view factors for composite surfaces, thus allowing for the complex
impact of view factors on thermal radiative heat exchange, as is the case for the seated posture and other
orientations of the human body. The matrix-based approach makes it possible to determine the influence of
various parameters on the mean radiant temperature.
© 2000 Journal of Mechanical Engineering. All rights reserved.

(Keywords: thermal comfort, heat transfer, radiation, radiant temperature)
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Toplotno ugodje ljudi je odlocilen
dejavnik, ki doloca kakovost bivalnega okolja v
stavbah. Zagotovljeno je z vzdrzevanjem vplivnih
parametrov v predpisanih mejah ob hkratni izravnavi
vseh motecih vplivov. Analiza sevalnega
ogrevalnega sistema pokaze, da je pri zagotavljanju
kakovosti bivalnega okolja odlo¢ilna razlika med
temperaturo zraka v prostoru in dejansko
temperaturo. UpoStevajo¢ toplotno ugodje imajo
ljudje subjektivno nagnjenost k toplejsim obodnim
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O0INTRODUCTION

The thermal comfort of people in confined en-
vironments is a crucial issue for the proper assessment
of the indoor quality of buildings. It should be consid-
ered both as a requisite by itself and as a fundamental
preliminary requirement for establishing other indoor
needs. Thermal comfort is ensured by maintaining the
declared values of the factors determining thermal com-
fort constant, while eliminating any disturbing influ-
ences causing local thermal discomfort. When analysing
aradiant heating system, the most pronounced factor is
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stenam in hladnejSemu zraku; zato je primerna
natan¢nejSa dolocitev sevalnega dela prenosa
toplote. Toplotno ravnotezje cloveka je odvisno
od sevalnega toplotnega toka med telesom in
obodnimi stenami, ta pa je odvisen od povrsinskih
temperatur in kota, katerega tvorita telo in
opazovana povrsina. Za doloéitev toplotnega
ugodja ali neugodja je zato treba najprej dolociti
kotne faktorje obodnih povrsin glede na polozaj
¢loveka.

Za preproste povrSine so algoritmi za
izracun kotnih faktorjev ze dolo¢eni. Vendar so v
resniénem stanju povrsine sestavljene iz razli¢nih
neizotermnih elementov, ki onemogocajo
neposredno uporabo algoritmov. Kot primer
preprosto sestavljene neizotermne notranje
povrsine so razliéni elementi, npr. stene, okna, vrata
in ogrevala. Zaradi tega postane izracun kotnih
faktorjev zelo zapleten in je potrebno dosledno
upostevanje temperaturnih karakteristik povrSin.
Zato je vpeljan algoritem, ki omogoca izracun
projekcijskega faktorja ¢loveka glede na dano
stanje.

Poprej je bila razvita metoda za izracun
kotnega faktorja, ki temelji na neposrednem
izracunu projekcijskega faktorja. Kotni faktorji so
podani kot priblizki resitev sistema enacb in so
predstavljeni v obliki zbirke diagramov. V teh
diagramih je kotni faktor podan neposredno kot
funkcija brezdimenzijskega geometrijskega
parametra. Enacbe so resene za Sest znacilnih smeri
(povrsin prostora), ki predstavljajo znacilni
prostor. Za te primere je predpostavljena razdelitev
povrsin kvadra na podpovrsine; zaradi simetrije
Cloveskega telesa se Stevilo kotnih faktorjev
zmanj$a in so odvisni od usmeritve med ¢lovekom
in delno povrSino. Za tipi¢ni prostor se Stevilo
kotnih faktorjev zmanjSa na Sest za sedeCega
Cloveka, tri za stojecega in dva za primer neznane
usmeritve.

Naslednji korak k poenostavitvi in s tem bolj
uporabni obliki zapisa kotnih faktorjev je dobljen z
metodo najmanjsih kvadratov. Pri tem so kotni faktorji
podani v obliki eksponentnih enacb v funkeijski
odvisnosti od brezdimenzijskih geometrijskih
parametrov. Ta poenostavljena metoda izracuna
kotnih faktorjev zagotavlja dobro ujemanje
izracunanih vrednosti z eksperimentalno izmerjenimi
vrednostmi pa tudi z reSitvami sistema enacb. Nacin
zapisa kotnih faktorjev skupaj s parametri omogoca
preprosto uporabo racunalniskega programa. Pri
racunanju resni¢nih stanj so obodne povrSine
razdeljene na Stiri povrSine kvadra (glede na polozaj
in usmeritev ¢loveka) in z upostevanjem zakona
sestevnosti dolocen kotni faktor za celotno povrsino.
PosploSen algoritem omogoca izracun kotnih
faktorjev za poljubne neizotermne elemente obodnih
povrsin prostora.

the difference between the indoor air temperature and
the effective temperature. Regarding personal comfort,
the human occupant has a subjective preference for a
warmer building structure and cooler indoor air, indicat-
ing that radiative heat exchange should be favoured.
The human body’s thermal balance is strongly affected
by radiative heat exchanges with surrounding surfaces,
which are a function of the surface temperatures and
the angle at which the human body senses them. This
means that in order to establish local thermal comfort or
discomfort, view factors of people with respect to the
envelope surfaces must first be assessed.

Algorithms for computing these view factors for
simple plane surfaces have already been determined. How-
ever, in practical cases, the room’s internal surfaces are
composed of various parts, each possessing a specific
thermal situation. The complex internal surface of a room
composed of a wall, a window, a door and a heating panel
would be an example of this kind of mixture of composite
plane surfaces. In this case, the calculation of view factors
becomes much more complex and requires a careful man-
agement of the thermal and geometric properties of the
surfaces. A comprehensive algorithm is introduced here
which allows for the computation of angle factors of people
with respect to the given complex situations.

In a previous study, a method of calculating
the view factor was determined which avoids the direct
calculation of the projected area factor. In this work, the
view factors were given as solutions of equations and
presented in the form of sets of graphs. In these graphs,
the view factor was directly presented as a function of
dimensionless geometrical parameters. The equations
were solved for six relevant cases (room walls) that oc-
cur in a typical room. A division of parallel-piped sur-
faces into sub-surfaces has been proposed for these
cases. Due to the symmetry of the human body, the
number of view factors is reduced and the view factors
are dependent on the orientation of the person and
sub-surface. The number of view factors for the typical
sub-surfaces of an enclosure is reduced to six for a
seated person, three for a standing person and two
when the orientation of a person is unknown.

Another step toward simplification, and thus
to a more useful form of view factors, was suggested by
the observation of graphs. There the view factors are
given in the form of exponential equations dependent on
dimensionless geometrical parameters. This simplified
method for calculating the view factors enables good
agreement between the calculated and actual values de-
termined by solutions of equations and experimental data.
The form of the view factors, along with the determined
parameters, allows them to be used in computer algo-
rithms. For practical applications, the surrounding sur-
faces should be divided into four rectangular sub-sur-
faces (with respect to the human body’s position and
orientation) and, by means of the additive property, com-
puted to determine the whole view factor. This general
algorithm could also be used for computing the view
factor for non-isothermal elements of the wall.
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1 KOTNI FAKTOR MED CLOVEKOM IN
POVRSINO PROSTORA

Kotni faktor med ¢lovekom in pravokotno
izotermno povrsino /7, lahko izracunamo po enacbi,
podani v [1] in standardu [2]:

1 ANGLE FACTOR BETWEEN THE HUMAN
BODY AND THE ROOM SURFACE

As presented in the work of Fanger [1] and
determined with a standard [2], the angle factor be-
tween the human body and a rectangular surface F, |
can be computed as:

kjer sta a in b $irina in visina izotermne povrsine 4
ter f, projekcijski faktor. Pri prakti¢ni uporabi enacbe
(1) se pojavita dva problema: dolocitev
projekcijskega faktorja f, in vpliv neizotermne
sestavljene povrsine.

Zato je bila razvita metoda, ki ne temelji
na neposrednem racunanju kotnih faktorjev. V
[1] so podani kot resitve enacb, prikazane v obliki
zbirke diagramov. V njih je kotni faktor podan
neposredno kot funkcija brezdimenzijskih
parametrov a/b in b/c. Enacbe so reene za Sest
znacilnih primerov (sten prostora). Izracun
temelji na delitvi povr$ine kvadra na Stiri delne
povrsine. Zaradi simetrije ¢loveka se Stevilo
kotnih faktorjev zmanjSa in so odvisni od
usmeritve ¢loveka glede na delno povrsino. Za
povrsine kvadra se Stevilo kotnih faktorjev
zmanjs$a na Sest za sede¢ polozaj, tri za stoje¢ in
dva za primer neznane usmeritve.

Naslednji korak k poenostavitvi in s tem
uporabnejsi metodi dolocitve kotnih faktorjev je
predlagan v [3]. Na temelju grafi¢no predstavljenih
resitev enacb je narejena analiza s postopkom
najmanjs$ih kvadratov, s katero je dobljena
eksponentna enacba kot funkcija brez-dimenzijskih
parametrov a/c in b/c:

) ) g

where a and b are the width and height of the isothermal
surface 4, and 1, is the projected area factor. However, two
problems arise in the practical application of equation (1):
the determination of the projected area factor f, and the
influence of the non-isothermal composite surface.

In order to calculate the view factor, a method
which avoids the direct calculation of the projected area
factor has been established. In the previous work of Fanger
[1], the view factors are determined as solutions of equa-
tions and presented in the form of sets of graphs. In these
graphs, the view factor is directly presented as a function
of the dimensionless geometrical parameters a/c and b/
¢. Equations are solved for six relevant cases (room sur-
faces) that occur in a typical room. For this, a division of
the parallelepiped surfaces into sub-surfaces is proposed.
Due to the symmetry of the human body, the number of
view factors is reduced and is dependent on the orienta-
tion of the person to the sub-surface. The number of
view factors for typical sub-surfaces of an enclosure is
reduced to six for a seated person, three for a standing
person and two for person with unknown orientation.

Another step toward simplification, and thus to
amore useful form of view factors, was made by Rizzo et al.
[3]. As suggested by the observation of graphs, the view
factors are given in the form of exponential equations de-
pendent on geometrical parameters, the dimensionless
parameters a/c and b/c in the following equation:

S (N T

kjer sta where
r=4+B-2
¢
in and
y=C+D L +E.2
¢ ¢
F., ... pomeni najvecjo vrednost projekcijskega F represents the maximum saturation value for a

faktorja za dano podpovrSino v odvisnosti od
usmeritve (znana ali neznana) in polozaja cloveka
(sedec ali stojec). Koeficienti 4, B, C, D in E so
doloceni z linearno regresijo za parameter T in
veckratno aproksimacijo za parameter y. Primerjava
rezultatov, dobljenih s to metodo, z rezultati resitev
enacb in izmerjenih vrednosti, je dokazala
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sat,max

given sub-surface depending on human body orienta-
tion (known or unknown) and posture (seated or stand-
ing). The parameters 4, B, C, D and E are determined by
simple linear regression for the parameter T and by mul-
tiple linear regression for the parameter y. As shown by
Nucara et al. [4], this simplified method for calculating
the view factors enables good agreement between the
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upravicenost uporabe poenostavljene metode
izracuna [4]. Oblika enacbe (2) omogoca preprosto
uporabo koeficientov v racunalniskem programu.
Za reSevanje dejanskih primerov je potrebna samo
delitev obodnih povrsin na stiri delne povrSine
(glede na usmeritev in polozaj ¢loveka), kotni faktor
za celotno povrsino pa je doloCen z zakonom o
sestevnosti.

2 VPLIV SESTAVLIJENIH POVRSIN

Nasliki 1 je prikazan najpreprostejsi primer
enostavne izotermne povr§ine. Ce normala na
povrsino A4 poteka skozi tocko P (opazovana tocka v
prostoru, t. i. osrednja toc¢ka) in se ujema z oglis¢em
povrsine, potem lahko dolo¢imo kotni faktor z enacbo
(2) v odvisnosti od usmeritve in polozaja cloveka. V
primeru, da se normala ne ujema z oglis¢em, kakor je
prikazano na sliki (1), potem lahko dolocimo kotni
faktor ob upostevanju sestevnosti z enacbo (3):

calculated and actual values determined from solutions
of equations, as well as experimental data. The form of
equation (2) along with the determined parameters ena-
bles their use in computer algorithms. For practical appli-
cations, the surrounding surfaces should be divided into
four rectangular sub-surfaces (with respect to the human
body’s position and orientation) and by means of the
additive property computed for the whole view factor.

2 THE INFLUENCE OF COMPOSITEROOM
SURFACES

The simplest example of an isothermal room
surface is shown in Figure 1. If the normal from the sub-
ject P (the so-called generic point) coincides with the
corner point of surface 4, the view factor can be directly
computed with equation (3) depending on the human
body orientation and posture. In addition, if the normal
does not coincide with the corner point (as shown in
Figure 1), then the view factor can be determined by the
application of the additive property in the following way:

Fo o= Fp+Fp y + Fp y+Fp
ali or 3)
4
Foyy= Z Fp,
=1

kjer i-ta povrSina pomeni delno povrsino ab..

Enacbo (3) lahko uporabimo kot splosni
algoritem za izraCun kotnega faktorja za poljuben ele-
ment povrsine. Z delitvijo povrsine, pri cemer ele-
ment 4 ze pomeni delni element stene, na naslednje
stiri delne elemente (na sl. 2. delni elementi 1, 2, 3, 4),
lahko izrac¢unamo kotni faktor za vsako delno
povrsino z enacbo (3). S ponovitvijo postopka za vse
obodne povrsine prostora (ki so sestavljene iz
razli¢nih elementov) in za vse polozaje ¢loveka lahko
dolo¢imo skupni kotni faktor.

2

Equation (3) can be used as a general algo-
rithm for calculating the view factor for an arbitrary
element of the wall. By division of the surface, where
element 4 of the wall represents the sub-surface, into
four sub-surfaces (1, 2, 3, 4), the view factor can then
be determined by solving equation (3) for every sub-
surface. By repeating this procedure for all room walls
(composed of different elements) and for all posi-
tions of the person in the room, the total view factor
can be estimated.

Sl. 1. Kotni faktor med osrednjo tocko P in povrsino A (z izmerami a x b)
Fig. 1. View factor between generic point P and surface A (dimensions a x b)
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Enacba (3) velja le v primeru, ¢e se normala
med toc¢ko in povrsino ujema z oglis¢em povrsine
kvadra (pogoj za uporabo eksperimentalno
dolocenih kotnih faktorjev). Vendar lahko v vsakem
primeru dolo¢imo normalo na ravnino, v kateri je
opazovana povrsina tako, da se ujema s tocko P.
Kotni faktor povrsine dolo¢imo z delitvijo ravnine
na $tiri delne povrsine, od katerih je ena opazovana
povrsina.

V obi¢ajnem primeru, ko je zid sestavljen
iz elementov z razlicnimi povrSinskimi
temperaturami (npr. okno, ogrevalo), lahko
dolo¢imo kotni faktor za posamezni element po
opisanem postopku. Stiri delne povrsine oblikujemo
tako, da se normala skozi opazovano tocko ujema z
oglis¢em povrsSine na ravnini elementa; preostala
oglis¢a delnih povrsin so dolo¢ena z oglisci
elementa. Na sliki 2 je prikazanih nekaj moznih
razporeditev.

Equation (3) functions only if the normal from
the subject coincides with the common corner point of
the rectangles (a condition for using the experimentally
determined view factors). Nevertheless, in the case of
isothermal sub-surfaces with equal temperature, we are
able to sweep the normal from the surface in such a way,
that it coincides with the normal from the subject. The
view factor for an arbitrary human position in the room
can be determined by splitting the surface into four
sub-surfaces and applying the additive property. This
general algorithm can also be used for computing the
view factor for non-isothermal elements of the wall.

In the usual case, where the wall is composed
of elements with different temperatures (e.g. windows,
heating panels), the view factor can be determined in a
similar way to the sub-surface. The four sub-surfaces
are constructed in such a way that the normal from the
subject represents one corner of the surface; other
corners and the middle point of the sub-surfaces are
determined by corners of the element. Some possible
arrangements are shown in Figure 2.

Sl. 2. Primeri geometrijskih pogojev za izracun kotnega faktorja za osrednjo tocko P
Fig. 2. Examples of geometrical conditions for calculating the view factor for generic point P

Kotni faktor je doloéen z enacbo (3) z
upostevanjem sestevnosti:

za primer nasl. 2a:
F,

FP*}(]+2+3+4)

Pod =
za primer na sl. 2b:
FoLi=F
za primer nasl. 2c:
Fo,i=F

Da lahko uporabimo racunalniski program
za izracun kotnih faktorjev za celotni tloris prostora,
moramo ustrezno definirati koordinatni sistem. Delitev
povrsine elementa ali ravnine na delne povrsine in
upoStevanje zakona seStevnosti zahteva pravilno
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-F

Po(1+4)

-F

P—>(14+2+3+4)

-F

P—>(142+3+4)

The view factor is then determined using
equation (3) by means of the additive property in the
following way:
for the case in Figure 2a:

3 po(3+a) T Foy (4a)

for the case in Figure 2b:

F, P—4 (4b)

Pl

for the case in Figure 2c:

F,., (4c).

In order to create a computer algorithm for
calculating the view factor for an entire floor plan,
attention must be paid to the proper determination of
the coordinate system. The division of the surface
into four sub-surfaces and an application of the ad-
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dolocitev predznaka za posamezno delno povrsino.
Glede na postopno razvrstitev delnih povrsin, kakor
je prikazana na slikah 2a, b in ¢, ter dolocitev kotnega
faktorja z enaCbami (4a, b in c), lahko algoritem
posplosimo:

ditive property requires the determination of the sign
for certain sub-surfaces. According to the arrange-
ments shown in Figures 2a, b, ¢ and the equations (4)
for computing the relevant view factor, one can de-
duce a general algorithm:

4
Fp :ZFPﬁi'Sign(ai.bi) ).
i=1

Ko dolo¢imo kotne faktorje za posamezne
elemente, lahko izraunamo kotni faktor za sestavljeno
povrsino z enacbo:

FP*)l"f”‘“‘mmerilev = FP*)

walllorientation

ter povpre¢no sevalno temperaturo 7~ za znano
usmeritev v prostoru:

celotna povrsinalygmeritey
total surfacelorientation

When the view factors for individual sub-
surfaces are determined, the view factor for the com-
posed wall can be expressed as:

F _deina povrsi
2yt i ©)
delna povrsinalgmeritey
sub-surfacelrientation
and the mean radiant temperature 7 - for a given
orientation in the room is then:

N
To =2 Fp T ),
i=1

kjer je T, absolutna povriinska temperatura i-te
notranje povrSine in //,— kotni faktor med ¢lovekom
(osrednjo tocko v prostoru) in i-to povrsino (ali
podpovrsino).

3PRIMER

Uporabnost predstavljenega postopka je
prikazana na primeru izracuna povprecne sevalne
temperature za zid, sestavljen iz razli¢nih elementov.
Nasliki 3 je primer preproste zunanje stene, sestavljene
iz vrat, okna in ogrevala (radiatorja).

V preglednici 1 so podane geometrijske in
temperaturne predpostavke za posamezne povrsine.
Zaradi preglednosti je pri racunanju sevalne tem-
perature upostevana samo ena stena. Ker algoritem
temelji na uporabi enacbe (2), so potrebni
geometrijski parametri dolo¢eni avtomati¢no z
definicijo elementov stene (ali prostora), razen viSine
osrednje tocke, ki je definirana s predpostavljenim
polozajem Cloveka. Na ta nacin so izbrani koeficienti
enacbe (2), ki so dolo¢eni glede na polozaj ¢loveka
in s tem posredno odvisni od geometrijske oblike
prostora in elementov.

where T’ is the absolute temperature of the i-th inter-
nal surface and /,—, is the view factor between the
person (generic point in room) and i-th surface (or
sub-surface).

3CASESTUDY

The potential use of the introduced algo-
rithm can easily be shown by means of an applica-
tion aimed at the calculation of the mean radiant tem-
perature for a wall which is composed of different
elements. In Figure 3, an example of a wall composed
of a door, window and heating panel is shown.

Table 1 contains the geometric and thermal
assumptions for the wall surfaces; for the sake of clar-
ity, the influence of only one wall on mean radiant
temperature is analysed. Since the algorithm is based
on the use of equation (2), the required geometrical
parameters are automatically defined by given wall (or
room) elements, except for the height of a generic point
which is determined by the proposed body posture.
The parameters used in equation (2) are defined by the
body posture and, thus, are chosen depending on the
geometry of the room and its elements.

Sl. 3. Primer predpostavijene sestave zunanje stene
Fig. 3. Assumed composition of the wall in this case
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Preglednica 1. Parametri stenskih povrsin
Table 1. Parameters of the wall surfaces

dolzina viSina povrsinska temperatura
element length height surface temperature
m m °C
stena 5 3 18
wall
vrata 1 2 16
door
okno 2 1 14
window
ogrevalo 1 0,8 50
heating panel

Na naslednjih slikah so prikazani izra¢unani
kotni faktorji stene ter povprecna sevalna temperatura.
Ker je algoritem splosen, ga lahko uporabimo za
razline sestavljene povrsine, npr:

- poljubno lego elementa stene ali
- geometrijsko obliko elementa ali
- povrsinsko temperaturo.
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In the following figures, the calculated view
factors and mean radiant temperatures are presented.
In these examples, the height of the generic point is
used as a variable. Since the algorithm possesses a
general structure, it is easily applied to different sur-
face compositions, such as:

- the position of the element within the wall,
- the arbitrary geometry of the element,
- the surface temperature of the element.
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Fig. 6. Calculated mean radiant temperature t, for different heights: 0.6 m above the floor (left) and 1.2 m

(right)

4 SKLEPI

Prikazana metoda predstavlja analiti¢ni
postopek k dolo¢itvi optimalnega toplotnega okolja
v stavbah. Predlagani algoritem temelji na izracunu
kotnih faktorjev ob upostevanju zakona seStevnosti.
S tem je omogocen izracun povprecne sevalne tem-
perature za sestavljene povrSine ob hkratnem
upoStevanju zapletenega vpliva usmerjenosti
¢loveka v prostoru. Zaradi matricnega nacina
izracuna je mogoca analiza vpliva razli¢nih
parametrov tako na povprecno sevalno temperaturo
kakor tudi na pri¢akovano toplotno ugodje oz.
neugodje. Hkrati je mogoce tudi upostevanje drugih
parametrov (temperaturni gradient, relativna hitrost
zraka itn.), ki vplivajo na toplotno ugodje in so
izrazeni kot vrednost pricakovane povprecne
presoje (PVM).

Za zagotovitev najboljsih toplotnih razmer
mora biti dosezeno ravnotezje med toplotnimi viri
in ponori. Metoda omogoca dolocitev vpliva
karakteristik toplotnega vira - ogrevala
(temperatura, geometrijska oblika) na povprecno
sevalno temperaturo, ki predstavlja del toplotnega
okolja. Za boljso predstavljivost so lahko rezultati
izraCuna podani v obliki razli¢nih izometri¢nih
diagramov.

Ta metoda je ucinkovito orodje za
natanc¢no doloc¢itev medsebojnega vpliva
ogrevalnega sistema in gradbene konstrukcije, s
¢imer lahko dosezemo najvecje mogoce podrocje
toplotnega ugodja. V idealnem primeru lahko to
metodo uporabimo v fazi nacrtovanja objekta in s
tem doloc¢imo najboljSe mozno razmerje med
toplotno-tehni¢nimi lastnostmi stavbe in
ogrevalnega sistema.

4 CONCLUSIONS

The thermal comfort of people in confined
environments is a crucial issue for the proper assess-
ment of the indoor quality of buildings. The method
presented in this paper represents an analytical tool
for determining the optimum thermal environment for
people in buildings. The proposed algorithm is based
on the computation of view factors using the addi-
tive property. This algorithm enables the calculation
of mean radiant temperature for composite room sur-
faces, even allowing for the complex impact of body
posture. The matrix-based approach allows us to de-
termine the effect of various parameters on mean ra-
diant temperature, as well as on thermal comfort or
discomfort. This approach also enables the consid-
eration of other parameters (air temperature gradient,
air velocity etc.) whose impact on thermal sensation
is expressed as the predicted mean vote (PMV) value.

In order to achieve optimum thermal condi-
tions, the thermal balance between heat sources and
sinks must be established. This method enables the
determination of the influence of heating source char-
acteristics (temperature, geometrical parameters) on
mean radiant temperature as a part of the overall en-
vironmental conditions. A graphical rendering of an
isometric map is used for better visual interpretation
of the results.

This method presents a useful tool for de-
termining the correct interplay between heating sys-
tem and building structure, thus achieving the maxi-
mum possible thermal comfort area. This method
could, ideally, be incorporated into the architectural
planning phase of buildings in order to determine the
best relationship between the the building’s struc-
ture and its heating system.
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0UVOD

Toplotne in hladilne obremenitve so
toplotna energija, ki jo moramo dovesti ali odvesti iz
notranjosti prostora stavbe, da ohranimo
karakteristike ugodja. Ko obremenitve doloc¢imo, se
je treba lotiti dolo¢evanja opreme za ogrevanje in
hlajenje.

Najpomembnejsa skrb inzenirjev je dolociti
najvecjo obremenitev, ker je od te odvisna moc¢
opreme. Le-ta se ujema z ekstremnimi vrednostmi
vrocega ali hladnega vremena, ki jih imenujemo
projektni pogoji. Naftna kriza je izostrila naSo zavest
do energije in ra¢unalniska revolucija je dala opremo
za optimiranje projektiranja stavb in za izracun
stroskov energije.

Svez zrak v stavbi je pomemben za ugodje
in zdravje. Energija za pripravo tega zraka je
pomemben dejavnik. Premalo zraka povzroca sindrom
bolne stavbe, preve¢ zraka pa povzroca vecjo rabo
energije. [zmenjava zraka je misljena kot tok zunanjega
zraka, ki precka mejo poslopja in ga je treba
klimatizirati. Pogosto je primerno, da ga delimo s
prostornino stavbe, kar izrazamo v enotah izmenjav
zraka na uro.

I TRNSYS

Za simuliranje smo uporabili ra¢unalniski
program TRNSYS [1] (‘tran-sys’), ki je komercialno

O0INTRODUCTION

Heating and cooling loads are thermal energy
that must be supplied or removed from the interior of a
building in order to maintain comfortable conditions.
Once the loads have been established, one can proceed
to the supply side and determine the performance of the
required heating and cooling equipment.

Of primary concern to engineers are the peak
loads, because they determine the capacity of the
equipment. They correspond to the extremes of hot
and cold weather, and are called design conditions.
The oil crises have sharpened our awareness of en-
ergy, and the computer revolution has given us the
tools to optimise the design of a building and to com-
pute the cost of energy.

Fresh air in a building is essential for comfort
and health, and the energy for conditioning this air is
an important factor. Not enough air, and one risks sick-
building syndrome; too much air, and one wastes en-
ergy. The supply of fresh air, or air exchange, is stated
as the flow rate of the outdoor air that crosses the
building boundary and needs to be conditioned. Of-
ten it is convenient to divide it by the building volume,
expressing it in units of air changes per hour.

I TRNSYS

For the simulation we have used the
TRNSYS [1] (‘tran-sis’) computer programme, com-
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na voljo od leta 1975 in je namenjen simuliranju
prehodnih pojavov toplotnih sistemov. TRNSY'S
je za reSevanje problemov zasnovan modularno
in uporablja racunalniski jezik Fortran. Na primer
podprogram Type 32 vsebuje model hladilne
naprave. Podprogram Type 56 vsebuje model
vecconske zgradbe. Vsak modul ima vhod in
izhod. Velikost tokov ter temperature vode in zraka
so vstopni podatki za modul Type 32, medtem ko
sta celotna in latentna toplotna moc¢ izhodna
podatka iz modula. Z izdelavo vhodnega modela
uporabnik ukaze TRNSYSu, kako naj poveze
module med seboj, ki tako tvorijo sistem. TRNSYS
potem kli¢e posamezne podprograme glede na
vhodno datoteko in iterira podatke v vsakem
¢asovnem koraku, dokler sistem enacb ni reSen.
Alternativa tej metodi je za raziskovalce, da
napisejo enoten program, ki modelira samo en
sistem. Toda vsakr$ne spremembe so pri takem
programu bolj zapletene, kakor ¢e uporabljamo
TRNSYS.

2 REFERENCNE STAVBE

Pri nasih simuliranjih smo uporabili

naslednje objekte [4]:

- pisarno

- bolni$nico

- hotel

- Solo

- prodajalno

- stanovanjsko poslopje
- enodruzinsko stavbo

Za pisarniSki objekt smo uporabili
World Trade Center v Ljubljani. Zgradba je
usmerjena na sever-jug. Tloris ima izmere 28,35 x
25,6 m. Ima pritli¢je (4,5 m visine) + eno nadstropje
(4,5m) + 15 nadstropij z vi§ino 3,5m. Streha ima
strmino 12°. Celotna viSina objekta na jugu je
61,5m.

Za bolniSnico smo vzeli porodniSnico
Univerzitetnega klini¢nega centra v Ljubljani. Tloris
poslopjaje 44 x 38 m. Usmerjena je na sever-jug. Visina
poslopja je 24 metrov (pritlicje + 5 nadstropij, vi§ina
enega nadstropja je 4m). Prostornina poslopja je 44 x
38x24=40128m’.

Hotel ima tloris 18 x40 m in prostornino 36000
m?. 100 % je zaseden v poletni in 35% zimski sezoni.
Povedali so nam, da je povprec¢na temperatura v
hotelu pozimi 23 °C in poleti 21 °C.

Za $olo smo uporabili poslopje s tlorisom
30 x 80 m (okoli 8 razredov v vsakem od dveh
nadstropij). Pouk teCe (v razredih na levi) samo
od 8:00 do 15:00 ure. V njej je 500 ucencev in
uciteljev. V popoldanskem c¢asu so samo
dejavnosti v telovadnici (prostor na desni) in je v
uporabi do 22:00 ure. Ucence jemljemo kot
standardne osebe.

stran 504

mercially available since 1975, which is designed to simu-
late the transient performance of thermal energy sys-
tems. TRNSYS relies on a modular approach to solve
large systems of equations described by Fortran subrou-
tines. Each Fortran subroutine contains a model for a
system component. For example, Subroutine Type 32
contains a model of a cooling coil. Subroutine Type 56
contains a model of a multizone building. Each compo-
nent has inputs and outputs. The inlet flow rates and
temperatures for the air and water are inputs to the Type-
32 model, while the total and latent cooling rates are among
the outputs of the model. By creating an input file, the
user directs TRNSY'S to connect the various subroutines
to form a system. The TRNSY'S engine calls the system
components based on the input file and iterates at each
timestep until the system of equations is solved. The
alternative to this method is for the researcher to write a
single, monolithic program that models only the system
at hand. Subsequent changes to the system configura-
tion are more difficult with monolithic programs than they
are with modular programs such as TRNSYS.

2REFERENCE BUILDING

In our simulations we have taken the fol-
lowing reference buildings [4]:

- office
- hospital
- hotel
- school
- store
- apartment house
- single house

For the office building we have used the
World Trade Centre in Ljubljana. The building has a
north-south orientation. The ground plan has dimen-
sions 0f 28.35 x 25.6 m. It has a ground floor (height
4.5 m) + one floor (4.5m) + 15 levels with a height of
3.5m. The roof has an angle of 12°. The total height of
the object to the south is 61.5 m.

For the hospital we chose the maternity
hospital at University Clinical Centre. The ground
plan of the building is 44 x 38 m. It is oriented north-
south. The height of the building is 24 meters (ground
floor + 5 floors, the height of 1 floor is 4m). The vol-
ume of the building is 44 x 38 x 24 =40128m°.

The hotel has a ground plan of 18 x 40 m and
a volume of 36000 m*. It has 100 % occupancy in the
summer and 35 % in the winter. We were told that the
temperature of the hotel in winter is 23°C and in sum-
mer21°C.

For the school we took a building with a
ground plan: 30 m x 80 m (cca. 8 classes on each of two
floors). The lessons are only in progress (rooms on the
left) from 8:00 till 15:00 hrs. There are 500 pupils and
teachers. In the afternoon there are some activities only
in the gymnasium (room on the right) which is in use till
22:00. The pupils are taken as standard persons.
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Za primer prodajalne smo uporabili
supermarket MERCATOR. Nova stavba, ki je bila
zgrajena leta 1999, ima tloris 170 mx 110 m z visSino 8
m. Daljsa fasada je usmerjena na JV-SZ. Prostornina
poslopjaje V=170x 110x 8 =149600 m°.

Za stanovanjsko poslopje smo uporabili
vecdruzinsko stavbo. Stavba je usmerjena na sever-
jug. Tloris meri 16 m x 64 m. Imamo pritli¢je in 12
nadstropij ter podstresje. Visina nadstropja je 3 m
in stavba je za 270 ljudi. Prostornina je 40960 m?
(224 stanovanjskih enot). Streha je ravna in
pohodna.

Za enodruzinsko hiSo smo analizirali hiSo
za eno druzino v ljubljanskem predelu Murgle. Tloris
stavbe je 15 x 8 metrov in je usmerjena na sever —

Jug.
3 KLIMATSKI PODATKI

Tipe stavb, predstavljene v 2. poglavju smo
simulirali s Stirimi klimatskimi pogoji v Evropi.
Uporabili smo Testno referencno leto (TRL - TRY) [2]
za naslednje drzave:

- Velika Britanija— London
- Svedska — Stockholm

- Italija—Rim

- Slovenija— Ljubljana

Podatki za TRL so sestavljeni iz mesecnih
vrednosti razli¢nih let. Za Ljubljano je Testno referenc¢no
leto sestavljeno iz podatkov v letih 1961 do 1980. Testno
referencno leto vsebuje naslednje podatke:

1) Stevilko dneva v letu (1 do 365),

2) Zunanjo temperaturo (°C)

3) Relativno vlaznost (%)

4) Hitrost vetra (m/s)

5)  Globalno sevanje na vodoravno ploskev (kJ/hm?)

—&e je vrednost ni¢, potem je podano neposredno

son¢no sevanje

Uro v dnevu

Neposredno son¢no sevanje (kJ/hm?) — Ce je

vrednost ni¢, potem je dano globalno sevanje

8) Difuzno sonéno sevanje (kJ/hm?) - ¢e je vrednost
ni¢, potem je dano globalno sevanje

I3

4 SIMULIRANJA

Simuliranja smo izvajali s programom
TRNSYS s podatki za objekte (poglavje 2) in s podatki
za testno referenc¢no leto (poglavje 3).

Za vse primere smo vzeli nespremenljiv
koeficient toplotne konvekcije znotraj in zunaj zidu.
Po DIN 4701 —del 2 ([3] in [5]) smo uporabili:

- za zunanji prenos toplote 22,7 W/m?K (81,7 kJ/
hm’K),

- za notranji prenos toplote 7,7 W/m*K (27,7 kJ/
hm’K),

- za notranji prenos toplote — strop 5,88 W/m*K
(21,2 kJ/hm’K).

As an example of the store we took a
MERCATOR supermarket. A new building which was built
in 1999 and has a ground plan of 170 mx 110 m with a heiht
of 8 m. The long facade is oriented towards SE-NW. The
volume of the building is 170x 110x 8=149600 m’.

For the apartment house we took a multi-
family building. The building is oriented north-south,
the ground plan is 16 m x 64 m. There is a ground floor
plus 12 flats, plus attics. The height of each flat is 3m
and the building is for 720 people. The volume is
40960 m? (224 living units). The roof is flat and walk-
ing.

For the single house we have analysed a
house for one family in the Murgle area of Ljubljana.
The ground plan of the house is 15 x 8 meters and is
oriented north-south.

3 CLIMATE DATA

The building types described in section 2
have been simulated in four different climatic condi-
tions for Europe. We have used a Test Reference
Year (TRY) [2] for the following countries:

—  United Kingdom — London,
—  Sweden — Stockholm,

— Italy—Rome,

—  Slovenia—Ljubljana.

Data for the TRY are made up from months
of different years. For the Ljubljana Test Reference
Year was taken data from years 1961 to 1980. Test
Reference Year is a file of data which contains:

1) Number of days in the year (1 to 365),

2) External temperature (°C),

3) Relative humidity (%),

4)  Wind velocity (m/s),

5) Total horizontal radiation (kJ/hm?) — if the value
is zero then data for direct radiation is given,

6) Hour in the day,

7) Direct solar radiation (kJ/hm?) — if the value is
zero then only the total solar radiation is given,

8) Difuse solar radiation (kJ/hm?) - if the value is
zero then only the total solar radiation is
given.

4 SIMULATIONS

Simulations have been made using TRNSY'S
with building data (section 2) and with a Test Refer-
ence Year (section 3).
For all cases we took the constant convec-
tive heat-transfer coefficient inside and outside the
wall. By DIN 4701 —Part 2 ([3] and [5]) we have used:
- for external heat transfer 22.7 W/m?K (81.7 kJ/
hm’K),

- for internal heat transfer 7.7 W/m?K (27.7 kJ/
hm’K),

- for internal heat transfer 5.88 W/m’K (21.2 kJ/
hm?K).
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Za vse primere je absorptivnost stene 0,6
(soncna absorptivnost stene). V primerih, ko imamo
pred zidom steklo je celotna absorptivnost 0,6.
Transmitivnost stekla reflectafloat je 57%, tako je
absorptivnost stene 0,6 x 0,57 = 0,34. Reflektivnost
okolice je 0,2.

Za vse primere smo uporabili bruto
prostornino. V tem primeru je prostornina od 20 do
30% vecja od prostornine zraka v stavbah. V vseh
primerih smo vzeli infiltracijo 0,6 izmenjav zraka na
uro. V vseh primerih je bilo vkljuéeno ogrevanje/
hlajenje z razvlazevanjem 50%.

Vsi primeri so bili narejeni tako, da je
celoten zrak za ventilacijo vstopa v stavbo z
zunanjo temperaturo (brez rekuperacije toplote).
Zaradi tega so individualni toplotni tokovi
prikazani posebej.

Za geografsko Sirino smo vzeli:
Ljubljana 46,22 S,

London 51,158,

Stockholm 59,35 S,
Rim41,80S.

Vsa simuliranja so bila narejena za vse leto.
V datoteki z rezultati imamo naslednje podatke:

1. TIME urav letu (1 do 8760)
2.NO.OFDAY stevilka dneva v letu (1 do 365)
3.DATE datum dneva v letu (1.1. do 31.12)
4. Hour ura v dnevu (0 do 24)

5. Toutside zunanja temperatura (°C)

6. Tinside notranja temperatura v stavbi. (°C)

— temperatura v coni

7. Qsensible senzibilni toplota (- ogrevanje,

+hlajenje) (kJ/h)
8. Qsur konvekcija zraka iz vseh sten v coni
(kJ/h)
9.Qinf infiltracijski energetski dobitki (kJ/h)
10.Qv ventilacijski energetski dobitki (kJ/h)
11.Qg ¢ notranji konvekcijski dobitki (kJ/h)
12.Qg 1 latentni energetski dobitki (kJ/h)
13.Qg r celotni notranji sevalni dobitki (kJ/h)
14. QUA trans stacionarne izgube sten in oken v

coni z uporabo »k« vrednosti,
podane v izra¢unu (kJ/h)
Prezracevalne izgube so izraCunane pri
svezem zraku z zunanjo temperaturo. Tako so te
izgube/dobitki zelo pomembni in se izracunajo po
enacbi:

For all cases the absorbtivity of the walls
was 0.6 (Solar Absorbtance of wall). In the cases where
we have glass in front of the wall the total absorbtivity
is 0.6. The transmitivity of the glass reflectafloat is 57
% so the absorbtivity of the wall is 0.6 x 0.57 = 0.34.
The reflectivity of the surroundings was 0.2.

For all cases we have used the gross vol-
ume. In this case the volume is from 20 to 30 % bigger
than the volume of the air in the building. In all cases
we have used an infiltration of 0.6 volume air-changes
per hour. In all cases heating/cooling was on with
dehumidisation at 50% humidity.

All cases were made so that all the air for
ventilation comes into the building with the external
temperature (without recuperation of heat). For this
reason, individual heat fluxes are presented separately.
For the locations the following latitude was used:
Ljubljana 46.22 N,

London 51.15N,
Stockholm 59.35 N,
Rome41.80N.

All simulations have been made for a whole

year. In the results file we have the following data:

1. TIME hour in the year (1 to 8760)

2.NO.OFDAY number of day in the year (1 to 365)

3.DATE date for the day in the year (January
the 1* to December the 31%)

4. Hour hour in the day (0 to 24)

5.Toutside external temperature (°C)

6. Tinside internal temperature in the build-

ing (°C) - air temperature of zone
sensible energy demand (- heat-
ing, + cooling) (kJ/hr)

7. Qsensibile

8. Qsur total convection to air from all sur-
faces within zone (kJ/hr)

9.Qinf infiltration energy gain (kJ/hr)

10.Qv ventilation energy gain (kJ/hr)

11.Qg ¢ internal convective gains (kJ/hr)

12.Qg 1 net latent energy gains (kJ/hr)

13.Qg r total internal radiative gain (kJ/hr)

14. QUA trans stationary U-A-transmission losses
of walls and windows of zone
using the u-values given in the
transfer calculation section (kJ/hr)
Ventilation losses are calculated for neces-
sary fresh air with external temperature. So these
losses/gains are very important and they are calcu-

lated using the equation:

O,=V.pe,(To~T,)

kjer je:

vent

Ker so rezultati prikazani za vsak mesec
posebej, lahko spremenimo prezracevalne rezultate
zelo preprosto. Na enak nadin je izracunana tudi
infiltracija, kjer smo uporabili 0,6 izmenjav zraka na
uro.
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where:

outside

Since the results are shown separately for
each hour we can change the ventilation results very
easily. In the same way, infiltration is also calculated
where we have used 0.6 of volume air-changes per
hour.
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SREZULTATI

Skupaj smo naredili 4 x 7= 28 simuliranj za
8760 ur. Na naslednji sliki predstavljamo rezultate za
pisarnisko poslopje. Pozitivne vrednosti pomenijo
hlajenje, negativne pa ogrevanje.

SRESULTS

Altogether we have made 4 x 7 = 28
simulations for 8760 hours. In the next figure we present
the results for the office building . Positive values mean
cooling and negative values mean heating.
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Sl. 1. Primer senzibilnih obremenitev v casu enega leta
Fig. 1. An example of sensible heat loads for a period of one year

Za inzenirsko uporabo so najpomembnejse
najmanjSe in najvecje vrednosti. Na sliki 2
predstavljamo te rezultate za pisarnisko poslopje.

6 SKLEP

Ugotovili smo, da imata Stockholm in
Ljubljana zelo podobne toplotne obremenitve,
podobno kakor London in Rim. Razmerje obremenitev
med Ljubljano in Rimom pa je 3:2. Na drugi strani so
hladilne obremenitve podobne za Ljubljano in Stock-
holm, medtem ko za London in Rim ugotavljamo
razlike, kar je posledica razli¢nih klimatskih razmer.

For engineering use the most important data
are the minimum and maximum values. In Fig. 2 we
present those values for the office building.

6 CONCLUSION

We found that Stockholm and Ljubljana
have very similar heating loads as do London and
Rome. But the ratio between loads in Ljubljana and
Rome is 3:2. On the other hand, cooling loads are
similar for Ljubljana and Stockholm whereas for Lon-
don and Rome we found a difference which is the
consequence of different climatic conditions.
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S1. 2. Najvecje in najmanjse obremenitve za pisarnisko zgradbo
Fig. 2. Maximum and minimum loads for office building
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V nalogi predstavljamo metodo za nadzor vodnega kamna na temelju magnetne obdelave vode

(MOV) v prenosnikih toplote.

Podali smo teoreticen pregled tvorbe kotlovca pri industrijskih prenosnikih toplote s poudarkom
na obarjanju kalcijevega karbonata (CaCQO,) in kalcijevega sulfata (CaSO ) ter osnovne izracune za uspesno
uporabo naprav MOV pri preprecevanju nastajanja vodnega kamna.

© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: prenosniki toplote, zas¢ita proti kotlovcu, magnetna obdelava vode, magnetohidrodinamika)

Magnetic water treatment (MWT), a water-conditioning method for scale control in heat exchang-

ers (HEs), is discussed.

The theoretical possibilities of scale formation in industrial processes with the emphasis on the
precipitation of CaCO, and CaSO, as the main scale components, are reviewed. Some preliminary calcula-
tions for a theoretical understanding of the scale problem in HEs and its prevention using MWTs are contrib-

uted.
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0UVOD

Problem izlo¢anja vodnega kamna se pojavlja
pri vseh tehnoloskih procesih, ki uporabljajo naravno
vodo. To pa S$e posebej velja v primeru uporabe
prenosnika toplote, pri katerem pride do povisanja tem-
perature in posledi¢no do prenasicenja soli, ki tvorijo
vodni kamen (predvsem CaCO, in CaSO,). Obstaja ve¢
dobro znanih in uporabnih metod za preprecevanje
nastajanja vodnega kamna. Uporaba nekaterih pomeni
velik finan¢ni strosek, druge pa onesnazujejo okolje. V
zadnjih letih se kot alternativa kemi¢nim metodam vedno
bolj uveljavlja t.i. magnetna obdelava vode (MOV).

Ceprav je metoda znana e petdeset let in z
ekonomskega in okoljevarstvenega vidika zelo
sprejemljiva, prav procesna industrija §e naprej dvomi
o njeni uc¢inkovitosti in uporabi ([1] do [4]).

I NASTANEK VODNEGA KAMNA

Naravna voda je dejansko bogata raztopina/
disperzija mnogih ionov: Ca**, Mg*, Na*, K*, HCO,
SO,*in CI". Ioni Na*, K* in CI” so inertni, preostali pa
so vklju€eni v t.i. medfazno ravnotezje. Zaradi

O0INTRODUCTION

The build-up of scale deposits is a com-
mon and costly problem in many industrial pro-
cesses which use natural water supplies, especially
in heat-exchange processes, where a high
oversaturation of scale-forming components (i.e.
CaCO, and CaSO0),) is established. There are many
well-known scale-prevention methods, but they are
costly and environmentally unfriendly. MWT is be-
ing used more and more as an alternative method
for scale control.

The process industry remains skeptical
about this non-chemical method despite its long
history and examples of favorable economic ben-
efits ([1] to [4]).

1 SCALE FORMATION

Natural waters are rich solution/dispersion
systems which contain the ions: Ca?", Mg, Na*, K,
HCO,, SO,* and CI'. The Na*, K" and CI" ions are
inert, while the others are incorporated into an inter-
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sprememb obratovalnih razmer (sprememba tlaka, tem-
perature, vrednosti pH) pride do prenasicenja in soli
se v obliki vodnega kamna izlocajo na stene cevi,
prenosnikov toplote in drugih naprav, ki so v stiku z
vodo.

Najpomembnejsi parameter za nadzor
vodnega kamna je delez kalcijevih ionov Ca*".
Dolo¢imo ga s pomocjo t.i. karbonatnega ravnotezja
((1)do (4)). Parametra (c) in (K) pomenita koncentracijo
in konstanto ravnotezja.

CO,y,,+H,0 ¢ H,CO,,

H,CO, <> H" + HCO;,

HCO; <> H" +CO7,

CaCo,,, <> Ca® +CO>,

3)
Iz pogoja o elektricni nevtralnosti (5) in z
upostevanjem ionskega produkta vode (6) lahko
izpeljemo odvisnost koncentracije kalcijevih (Ca*")
ionov kot funkcije vrednosti pH in temperature.

A. Pristovnik - L.C. Lipus - J. Krope: Preprecevanje izloc¢anja - The Preventation of Precipitation

phase equilibrium. Due to the natural supersatura-
tion of the supplied water or supersaturating due to
changed operating conditions (such as a pressure
drop, temperature or pH increase) hard scale precipi-
tates in pipelines and on the walls of equipment.

The most important parameter in scale con-
trol is the concentration of Ca*" ions, determined by
carbonate equilibrium ((1) to (4)), where the param-
eter ¢ is the concentration and parameters K is the
equilibrium constant.

K, = Snco, M)
Pco,
C _C.,
K1 _ _HCO; "H (2)
Ch,co,
C.,"C. .,
K, = o cos 3
CHCO;
K = Copr “Coor .

From the condition of the solution’s electric
neutrality (5) and the water dissociation equilibrium
(6), the concentration of Ca®> ions can be derived as
a function of pH and temperature.

Konstante ravnotezja so odvisne od tem-
perature (7). V naravnih vodah (pH < 7) vodi zviSanje
temperature in vrednosti pH do znizanja ravnotezne
koncentracije Ca?” ionov (7). Pri znizanju tlaka pride
do zniZanja koncentracije H,CO, (1) in posledi¢no s
povecevanjem vrednosti pH pospeSeno obarjanje
CaCO, ((2)do (4)in(7)).

S temperaturo (do 40 °C) se zvecuje
topnost CaSO,, pri vi§jih temperaturah (okoli 100
°C) pa naglo zmanjSuje. Iz opisanega je razvidno,
da se bo v nizkotemperaturnih sistemih v glavnem
izlo¢al kalcijev karbonat (CaCO,) in v
visokotemperaturnih sistemih (toplovodi,
uparjalniki, prenosniki toplote) pa kalcijev sulfat
(CaS0,).

2 ZMANJSANJE UCINKOVITOSTI PRENOSA
TOPLOTE

Obloge vodnega kamna, ki nastanejo na
povrsinah prenosov toplote, zmanjSujejo pretocne
zmogljivosti in predvsem ucinkovitost prenosnikov
toplote ter s tem zviSujejo investicijske, obratovalne in

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
: vzdrzevalne stroske. Brez primerne obdelave napajalne
|

|

e 00-8 [SHIRESNISKI
VESTNIK stran 510
|

2cCa2+ +te = 2c . +cHCO§ +Coy ®)
H,O < H' +OH" K, =c, c,- (6)
1/2
C .
Ky _Czr + (CfF' —KW)Z +8c;+ -K, [2+ H H

K

Cope = 2 2 ).
a C. .

H
The equilibrium constants in equation (7)

are temperature dependent. In natural waters (with a
pH less than 7), a rise in temperature and pH leads to
a reduction of the Ca*" equilibrium concentration ac-
cording to equation (7). The pressure drop leads to a
lower concentration of H,CO, according to equation
(1) and causes CaCO, precipitation with a pH increase
according to eqgs. ((2) to (4) and (7)).

The solubility of CaSO, increases as the tem-
perature increases to approximately 40°C and then
rapidly decreases at higher temperatures around
100°C. As a result, CaCO, is the main scale compo-
nent in low-temperature water systems, while in high-
temperature water systems (especially in high-pres-
sure heat exchangers and boilers) CaSO, prevails.

2HEAT EXCHANGE
REDUCTION

The scale formed on heated surfaces re-
duces the flow capacity and heat exchange efficiency
which leads to higher investment, operation and main-
tenance costs. Hard scale can be a severe industrial
problem without properly supplied water condition-
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vode so tako nastale trdovratne obloge tezak industrijski
problem; terjajo periodi¢no ¢is¢enje z mehanskimi
postopki in jedkanjem s solno kislino.

Naslednja ocena bo pokazala, kako vodni
kamen izrazito znizuje prenos toplote.

Moc¢ toplotnega toka P, skozi kovinsko
steno povrSine S pri temperaturni razliki AT je za
nov prenosnik (sl. 1.a) dolocena z enacbo (8).
Prestopnostni koeficient «, je tu prakti¢no enak
konvekcijskemu koeficientu plasti vode na obeh
straneh stene. Konvekcijski koeficient kovine je
namre¢ bistveno visji kakor za vodo

B=qa-S-AT

Obloge vodnega kamna (sl. 1.b) znizujejo
mo¢ toplotnega toka P’ in je ta dolocen z enacbo (9).
Tukaj se lahko celokupni prestopnostni koeficient &’
izratuna iz ¢, nove stene in «, nastalih oblog po
enacbi (10). Velja za postavko iste temperaturne razlike
med ogrevano in hladilno vodo AT = AT, + AT,
Koeficient o, je odvisen od celotne debeline oblog
Ay, po zvezi (11), kjer je A, toplotna prevodnost
vodnega kamna.

ing. It demands periodic cleaning using mechanical
methods and HCI etching.

The following preliminary calculations show
how scale drastically reduces the exchange of heat.

With a new wall of a HE (Fig. 1/a), the heat-
flow intensity (P,) through the metallic wall of area §
at a temperature difference A7 is determined by equa-
tion (8), where the heat transition coefficient («,) is
practically equal to the convection coefficient of the
water layer on both sides of the wall due to the much
higher value of the heat-conduction coefficient of
the metal

@®).

The formation of scale (Fig. 1/b) reduces
the heat flow intensity (P’) according to equation (9),
where the total heat-transition coefficient (&) can be
calculated using «, of the new wall and «, of the
formed scale according to equation (10) at the same
temperature difference AT = AT, + AT,. The coeffi-
cient , depends on the total scale lining thickness
(Ay,) according to equation (11), where 4, is the heat
conductivity of the scale.

P=a'-S-AT=a,-S-AT, =a,-S-AT, )
P — (10)
e +1/e,
o =22 (11).
Ay,
L] @ | L] o) o |
| 2 I
I | I =
| | | gl
= |
I | I > I
| \| T I |2
o | = o |5
g1 K 21 Is
s
Z |2 2 1S
< | . |S s | . T
3 |k0\'mska stenal '3 2 kovinska stena
=1 metal wall I | > > | metal wall |
v %2
a 1
Sl. 1. Temperaturni krivulji skozi: (a) novo kovinsko steno in (b) skozi kovinsko steno z oblogo vodnega
kamna
Fig. 1. The temperature curve through a new metallic wall (a) and through a metallic wall covered with
scale (b)

Preglednica 1 prikazuje nekaj vrednotenj
relativnega zmanjSanja u¢inkovitosti prenosa toplote
&, ki je definirana z enacbo:

R-P
P

1

=

a

Table 1 represents some estimations for the
relative drop of the heat-exchange efficiency () de-
fined by equation:

- (12)
1+a,Ay, /4,
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Preglednica 1. Relativna zmanjSanja ucinkovitosti prenosa toplote (pri izbrani prakticni vrednosti o, = 500
W/m’K za kovinsko steno) zaradi oblog CaCO, (A, = 1,75 W/mK) oziroma CaSO, (4, = 0,50 W/mK)

Table 1. Relative drops of heat-exchange efficiency at chosen practical values a, = 500 W/m’K due to CaCO,
lining (A, = 1.75 W/mK) and CaSO, lining (2, = 0.50 W/mK), respectively

AV 1,5 mm 5,5 mm 20 mm
Q(CaCO3) 30% 60% 85%
C(CaSQ,) 60% 85% 95%

Rezultati potrjujejo prakticne izkusnje, da
zaradi nizke toplotne prevodnosti CaCO; in CaSO,,
celo tanke obloge vodnega kamna izrazito zmanjSujejo
ucinkovitost prenosa toplote. V visokotlacnih grelnih
napravah je ta problem Se posebej moc¢no izrazen, saj
se v vecinskem delezu izloca kalcijev sulfat, ki ima
manjSo toplotno prevodnost od kalcijevega
karbonata.

V mnogih primerih se je izkazalo, da
omogocajo naprave za magnetno obdelavo vode
razmeroma ucinkovit sistem za nadzor vodnega
kamna. Eden od uspesnih preskusov naprav MOV
domacega proizvajalca Panorama Ptuj [6] pomeni
vgradnja le-teh v prenosnik toplote Toplotne oskrbe
Maribor (TOM) [5].

Naprave so bile instalirane na ceveh s hladno
napajalno vodo in so uéinkovito preprecile nastanek
vodnega kamna. V preglednici 2 sta predstavljena
rezultata vgradnje naprav za magnetno obdelavo v
prenosnika toplote.

Results prove that even thin scale linings
drastically reduce the heat-exchange efficiency be-
cause of the low heat of conductivity of the scale
components CaCO, and CaSO,. In high-pressure
boilers the problem will be even greater due to the
main scale component, CaSO,, which has a lower heat
of conductivity than CaCO,.

These theoretical predictions are in accor-
dance with many practical results, where scale for-
mation on HE surfaces demanded a preliminary treat-
ment of the supplied water. In many cases MWT
turned out to be a very efficient method for scale
control. The installation of MWT devices to prevent
hard scale in the HEs in the TOM town heating sta-
tion [5] was one of the successful domestic tests of
the Panorama Ptuj magnetic device [6].

These devices were installed on the cold water
pipeline entrance of the HE and efficiently solved
any problems with hard scale. Table 2 represents some
observations on the scale in the two HEs which were
supplied with magnetic ally treated water.

Preglednica 2. Rezultati naprave za magnetno obdelavo proizvajalca Panorama Ptuj v toplotni postaji TOM-a
Table 2. Results of Panorama Ptuj devices in the TOM station

Prenosnik toplote

star cevni register U

nov spiralni register

HE old U-pipe register new spiral register
obloge ob vgradnji da ne
scale at MWT installation yes none

prvi pregled
time of the first control

8 mesecev po vgradnji
8 months after installation

11 mesecev po vgradnji
11 months after installation

stanje po prvem pregledu

state after the first control

obloge, odstranitev z vodnim
visokotla¢nim curkom

present scale was removable with
high-pressure water jet

tanke plastne obloge, odstranitev z
vodnim visokotla¢nim curkom
thin powder scale was removed
with jet

drugi pregled
time of the second control

16 mesecev po vgradnji
16 months after installation

17 mesecev po vgradnji
17 months after installation

stanje ob drugem pregledu

state after the second control

oblog ni bilo,povrsina je bila veliko
bolj ¢ista kakor pred samo vgradnjo
without a new scale, surfaces were
cleaner than before the installation
time

enako kakor pri prvem pregledu

the same as at the first control

3NADZOR VODNEGA KAMNA V
PRENOSNIKIH TOPLOTE

3 THEORETICAL PRINCIPLES OF MWT SCALE
PREVENTION ON HE SURFACES

V naravni vodi, bogati z raztopljenimi/
dispergiranimi snovmi, delujejo naprave za magnetno
obdelavo vode neposredno na samo stabilnost in

The nature of MWT devices acting on sup-
plied water as a rich solution/dispersion system is to alter
its crystallization habits and dispersion stability to form
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kristalizacijo dispergiranih delcev. Kristali, ki se
izlo¢ajo po obdelavi, so vecji in modificirani. Prav na
teh kristalih se neposredno iz vode izloci vecji del
soli, tako da se na stenah naprav nabere neprimerno
manj vodnega kamna.

Ob pretakanju vode skozi napravo za
magnetno obdelavo prihaja do sprememb, ki pa se
izrazajo (najverjetneje) v spremenjeni ionski hidrataciji
prek magnetohidrodinami¢nega premika ionov in
koncentracijskega vpliva na dispergirane delce v sami
napravi MOV [7].

Izracuni kazejo, da se med magnetno
obdelavo vode agregatne tvorbe, sestavljene iz
CaCO; in CaSO, trdno sprimejo. Iz samega nacela
staranja kristalov namre¢ kosmici, v katerih so delci
med seboj Sibko povezani, niso tako zazeleni kakor
goste agregatne tvorbe [8].

Po teoriji DLVO (Deryagin, Landau, Verwey,
Overbeck) ([9] in [10]) smo opravili numeri¢no analizo
koagulacije in kosmicenja nemagnetnih delcev
vodnega kamna in prisli do sklepa, da v naravnih
vodah prevladuje koagulacija, ki je odvisna od same
naprave MWT, medtem ko je zaradi nizke vrednosti
Hamakerjeve konstante in nizke magnetne
susceptibilnosti pri ve¢jih delcih (a> 0,1 pm) mogoca
le kosmicenje.

Po drugi strani pa se bodo magnetohidro-
dinamicno nastali kosmici pod vplivom turbulentne
pulzacije razbile. Do pulzacije prihaja v vecini naprav
MOY, kjer je priporo¢ena pretocna hitrost od 0,5 do 2
m/s.

Ob presezeni vrednost Reynoldsovega
Stevila (10*) imamo opraviti s turbulentnim tokom

Re:—p.v.d

Parametra 77 in p pomenita viskoznost in
gostoto vode. Pri preto¢ni hitrosti 0,5 m/s je kriti¢na
velikost delovnega preseka znotraj naprave MOV 2
cmin pri 2 m/s pa 0,5 cm.

1z pulzacijske teorije [11] smo za izracun
pulzacijske dolzine (b) in pulzacije delcev(v,) s
polmerom (a) izpeljali sistem enacb:

bigger modified crystals, which in suspended form offer
surfaces for scale precipitation and in that way hard scale
formation indirectly prevails on equipment walls.

The change in the water’s behaviour when
the water flows through the magnetic field is most
probably a result of altered ion hydration, by magne-
tohydrodynamic shifts of ions and concentration ef-
fects on the dispersed particles in the working chan-
nel of the MWT device [7].

Some calculations have been made showing
that all aggregates, formed from scale components
(CaCO, and CaSO,) during MWT, are compact-strongly
adhered. In other words, the flocks in which constitu-
ent particles are weakly bonded are not as favorable
for scale prevention as the compact aggregates ac-
cording to the principles of crystal aging [8].

A numerical analysis of the coagulation and
flocculation of the nonmagnetic scale components, based
on the Deryagin, Landau, Verwey, Overbeck theory ([9]
and [10]), has been made. It offered an estimation that in
natural waters only flocculation from big particles (with
radius a > 0,1 um) is possible due to the low Hamaker
constant and low magnetic susceptibility of these com-
ponents, while a coagulation prevails and depends on
the MWT working conditions.

On the other hand, the magnetohydrody-
namically formed big flocks will be shattered by turbu-
lent pulsations which appear in the majority of practi-
cal MWT devices, where the recommended values of
water flow velocity are in range from 0.5 to 2 m/s for
efficient anti-scale treatment.

The Reynolds number Re, defined by equation
(13), characterizes turbulent flow, if it is greater than 10*

(13).
n

The parameter 7 is the viscosity and p is
the mass density of water. For a water flow of veloc-
ity 0.5 m/s, the critical thickness of the working chan-
nel (d) is 2 cm, and for 2 m/s, the critical thickness is
0.5cm.

From the turbulent pulsations theory [11],
the equation system was obtained for the evaluation
of the pulsation length (b) and the pulsation for a
particle with radius a (v,).

b=2074 0887 (14)
Re
1/3
v, :0,17{9} Re'’* a5
a

Stabilni kosmi€ z 10k, 7'vezno energijo med
delci (k,, je Boltzmannova konstanta) lahko razbijemo
s turbulentno pulzacijo samo, e je gostota kineti¢ne
energije pvhz/Z veCja od gostote vezne energije 10k 7/
(4na’/3). Dolo¢imo lahko t.i. kritiéni polmer kristalnega
delca (a%):

A stable flock with a 10k 7' bonding energy
between constituent particles (k, is the Boltzmann
constant) would be shattered by turbulent pulsation,
if the kinetic energy density pvb2/2 were greater than
the bonding energy density 10k, 7/(4na’/3). A crystal
particle radius is therefore:
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a =315k, T /npv;

Tako je pri v= 0,5 m/s kriti¢ni polmer 0,25 um
in 0,13 um pri v=2 m/s. Povzamemo lahko, da bo za
priporocene pretocne hitrosti proizvajalcev naprav
MOV turbulenca razbila CaCO, in CaSO, kosmice. V
suspendirani obliki bodo ostali le najbolj mocno
vezani agregati.

V primerjavi s kemijskimi metodami priprave
vode za nadzor vodnega kamna je magnetna obdelava
Se najbolj podobna suspendiranju kristalnega prahu.

Naslednji izra¢uni dolo¢ajo potrebno
koli¢ino prahu za preprecevanje izloanja CaCO, na
stenah prenosnikov toplote z relativno povrsino S, .
=8 ! Viosor Kjer sta S povrSina sten in V-
prostornina vode.

Da bi se zagotovil hiter prenos toplote, so v
skladu z enacbo (17) [12] priporoCane visoke

vrednosti S, ., in sicer med 100 in 1000 /m.

ar _
dt
V enacbi (18) je iz kvocienta &oborjene mase
v jedru vode (dm ) in mase na stenah (dm ) razvidno,

da se bo vodni kamen nalagal v tanjsih oblogah pri
nizjih vrednostih S, .

dm

“am,

V modificirani obliki sta enacbe za hitrost
kristalne rasti () dolocila Nancollas in Reddy [13],
in sicer na podlagi obarjanja iz jedra raztopine s
temperaturo 7, na povrsino naprav s temperaturo 7,
((19)in (20)). Pri tem velja, da je parameter k dolocen
empiri€no, Mcaco, je relativna molska masa
kalcijevega karbonata in R splosna plinska
konstanta.

r,=kM, CaCO, exp(

AG
1Sy = kMCaC03 exXp (R_Tz] S

B = Cear “Ceor -K,

Kristalna rast je odvisna od sestave

raztopine in trdnine:
stopnje prenasicenja f, ki je ob stenah
prenosnikov toplote (f3,) vi§je kakor v jedru
raztopine (f3,), in od
aktivacijske energije AG, ki je odvisna od kristalne
faze.

V primeru obarjanja CaCO, sta kristalni fazi
kalcit in aragonit. V suspendiranem prahu, nastalem z
magnetno obdelavo, je opaZzen povecan delez

stran 514

(2

2L ATS,,
P

p

V.
rS

water

wall

-AG
R_Tvlj Spowder ﬂ 1

(16).

The critical radius a* is 0.25 pum for a water
flow of velocity v=0.5m/sand a"is 0.13 pum for v=2mys.
A theoretical conclusion could be made for all recom-
mended ranges of water flow velocity that turbulence
will deaggregate CaCO, and CaSO, flocks. Only highly
adhered aggregates will remain in a suspended form.

In a comparison with chemical scale-preven-
tion methods, the suspending of crystal powder is
the most similar to the MWT method.

The following calculation estimates that the
necessary amount of powder for the prevention of
CaCO, precipitation on the walls of a HE with a rela-
tive surface: S, . =S _ /V ., where S is the area
and V _ is the water volume.
To ensure a quick heat exchange, high val-
ues of S from 100 to 1000 /m are recommended ac-
cording to equation (17) [12].

te;

a7).

In this relationship for the heating rate d7/dt,
the parameter c_is the heat capacity of water. A thin-
ner scale lining will be formed at lower values S, , as
can be predicted from the &quotient (of precipitated
mass in the bulk of water-dm_ and precipitated mass
on the walls - dm ) in equation (18). So, the optimal

value S, in HE designing should be found.

rV

(18).
1S

The relationship of crystal growth rate 7 has
been determined by Nancollas and Reddy [13] and is
represented by equations (19) and (20) in a modified
form for precipitation in the bulk of a solution with
temperature 7', and on the equipment walls with tem-
perature 7, where k is an empirical parameter, Mcaco,
is the relative molecular mass of CaCO, and R is the
universal gas constant.

19)

1

(20)

@

The crystal growth rate depends on solu-

tion and solid phase composition by:
[ supersaturation degree (defined by 21), which
is higher at the HE walls (/) than in the bulk of
solution (53);
AG activation energy depending on crystal
phase.

In the case of CaCO, precipitation, crystal
phases aragonite and calcite are formed. A powder,
formed from magnetically treated water, has an increased
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aragonita. Za hipoteti¢ni primer vzamemo vrednost
AG, za aragonit in vrednost AG, za kalcit.

Z zamenjavo r in rS, v enacbi (18) z
izrazoma (19) in (20) dobimo zvezo (22) za koli¢ino
prahu, ki je potrebna za u€inkovit nadzor CaCO, oblog:

[
v

Da bi se u¢inkovito preprecile obloge trdega
vodnega kamna za temperaturno obmocje 40 do 100°C
in za zahtevano ucinkovitost, je potrebna koli¢ina
prahu Sprah istega reda, kakor je povrsina sten
prenosnikov toplote S

powder

S

wall

4 SKLEP

Za nadzor vodnega kamna na stenah
prenosnikov toplote je potrebna optimizacija velikosti
povrsine za prenos toplote glede na obratovalne
razmere. Zraven kemi¢nih postopkov za zmanjSanje
koncentracije Ca*" ionov se priporo¢a uporaba
naprav MOV.

Dobro nacrtovana naprava MOV, ki
zagotavlja zadostno koli¢ino suspendiranih delcev
v obliki praska, lahko u¢inkovito prepreci nastanek
kotlovca. Problem u¢inkovitega nacrtovanja naprav
MOV je nezadostno poznavanje samega mehanizma
delovanja teh naprav. Mehanizem je zapleten in je
neposredno odvisen tudi od obratovalnih razmer
in sestave napajalne vode. Na sreco so na temelju
empiricnih izkuSenj izdelali lepo Stevilo u¢inkovitih
naprav MOV. S tem zadovoljujejo veliko
povprasevanje po tej preprosti in cenovno ugodni
resitvi za preprecevanje nastanka vodnega kamna.

AG, AG,
exp| — ——=
RT, RT,

fraction of aragonite. In an ideal case a AG, value could
be taken for aragonite and a AG, for calcite.

With the substitution 7, and » S, in (18) by
(19) and (20), equation (22) is obtained and a neces-
sary powder surface is estimated:

22)

For efficiency request £~p, /B, and op-
erational temperatures between 40°C and 100°C, the
necessary powder surface § should be of the
same order as the surfaces of the heat exchanger
walls S to effectively prevent hard scale.

4 CONCLUSION

For scale control in HEs an optimization of
the heat-exchange surface area is recommended for
simultaneous high heat transition and scale preven-
tion. In addition, besides chemical methods for the
reduction of the Ca*" concentration, the alternative
method of MWT is recommended.

A well-designed MWT device which assures
the formation of a suspended scale powder with a
surface area comparable to the exchange surface area
can effectively prevent hard-scale formation. The prob-
lem with designing MWT devices is an insufficient
theoretical understanding of the MWT mechanism.
The mechanism is complex and depends directly on
operational conditions and the composition of the
supplied water as a solution/dispersion system. For-
tunately, numerous MWT devices of different con-
structions have been designed on an empirical basis
resulting from several decades of testing and are avail-
able to satisfy a large demand for such easy and cheap
solutions to industrial scale problems.

5OZNAKE
5SYMBOLS

premer delca a m particle radius
dolzina pulza b m pulsation length
koncentracija c mol/L concentration
specifi¢na toplota c J/kgK heat capacity
premer cevi f m thickness of working channel
aktivacijska energija AG  J/mol activation energy
prva konstanta ravnotezja pri disociaciji K, ml/L equilibrium constant of the first step of H,CO,

H,CO, dissociation
druga konstanta ravnotezja pri disociaciji K, ml/L equilibrium constant of the second step of

H,CO, H,CO, dissociation
plinska konstanta ravnotezja K, molm*NL gas equilibrium constant
topnostni produkt K, mol*L?  soluble product
ionski produkt vode K, mol/L* dissociation product of water
empiri¢na konstanta hitrosti kristalne rasti & 1/molm’s empirical constant of crystal growth rate
Boltzmannova konstanta k, J/K Boltzman constant
molska masa M kg/mol  molar mass
masa m kg mass
moc toplotnega toka P J/s heat flow intensity
tlak p N/m? gas pressure
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J/molK  universal gas constant

- Reynolds number

kg/m’s  crystal growth rate in bulk of water
kg/m?s  crystal growth rate on walls

splosna plinska konstanta

Reynoldsovo Sstevilo

hitrost kristalne rasti s raztopini

hitrost kristalne rasti na kovinskih stenah

povrsina ny surface area

absolutna temperatura K temperature

cas s time

hitrost pretoka m/s flow velocity

hitrost turbulentne pulzacije m/s turbulent pulsation velocity
debelina sloja vodnega kamna m scale thickness

J/m?sK  heat transition coefficient
mol¥L?  supersaturation degree
Ns/m?>  water viscosity

J/msK  heat conductivity

kg/m? mass density

- scale control efficiency

- heat exchange efficiency

koeficient toplotne prehodnosti
stopnja prenasicenja

viskoznost

koeficient toplotne prevodnosti
gostota snovi

ucinkovitost nadzora vodnega kamna
ucinkovitost prenosa toplote
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od stopnje uporabe naprave.

Nakazana je prednost absorpcijske hladilne naprave pred kompresijsko hladilno napravo, ki se
izkazuje v moznosti uporabe eksergijsko revne odpadne toplote in v rabi alternativnih energetskih virov.

© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: naprave hladilne, naprave absorpcijske, tok energijski, izkoristek eksergijski)

This paper presents our analysis of the exergy and anergy flows and exergy efficiency of an absorp-
tion chiller which has been calculated for all areas of the device's exploitation. This analysis has been
implemented on a single-stage absorption chiller with LiBr/H,0 as a working media.

We wish to show the advantages of sorption chillers, in our case absorption chillers, in comparison
to compressor chillers in utilizing low exergy, rejected heat and in the use of alternative energy sources.
© 2000 Journal of Mechanical Engineering. All rights reserved.

(Keywords: thermodynamics, absorption chiller, exergy flow, efficiency)

0UVOD

Potreba po hlajenju postaja v sodobnem
svetu vedno vecja zaradi vecjih zahtev po bivalnem
ugodju, kar pa je povezano z zahtevnejSimi
tehnoloskimi procesi. Hlad tako postaja enakovreden
produkt elektricni energiji in toploti.

Hlad se pridobiva najpogosteje s
kompresorskimi hladilnimi napravami, katerim
postajajo vse bolj konkurencne absorpcijske hladilne
naprave in namesto mehanske (elektricne) energije
uporablja toploto.

Absorpcijska hladilna naprava (sl. 1) je
sestavljena iz dveh obtokov — gretja in hlajenja, ki
sta med seboj povezana. Posebnost naprave je
toplotni kompresor, medtem ko so elementi
hladilnega obtoka enaki kakor pri kompresorski
hladilni napravi.

Delovne snovi absorpcijske hladilne
naprave so okolju precej bolj prijazne od tistih pri
kompresijski hladilni napravi. Najpogosteje se
uporabljata delovni snovi — binarna zmes LiBr/H,O
ali H,O/NH..

0INTRODUCTION

The demand for cooling is growing as
peoples’ expectations of a more comfortable life, sur-
rounded by technology continues to increase. Cool-
ing is becoming a product equivalent to electricity
and heat.

The cooling process is most frequently
carried out compressor chillers, of which
absorption chillers are becoming increasingly
significant. In contrast to the compressor chillers,
absorption chillers are driven by heat rather than
electricity.

An absorption chiller (Figure 1) works us-
ing two interconnected cycles - heating and cooling.
The device’s speciality is its thermal compressor,
while the cooling cycle is undertaken using the same
components found in compressor chillers.

The working media of absorption chillers
are environmentaly friendly compared to those used
by compressor chillers because the most frequently
used working media for absorption chillers are bi-

nary mixtures of LiBr/H,O and H,O/NH,.
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1 DELOVANIJE
NAPRAVE

Delovanje absorpcijske hladilne naprave
poteka, prikazano posploseno, na dveh tlacnih
nivojih, treh temperaturnih nivojih in treh nivojih
koncentracije hladiva [1].

Generatorju in uparjalniku se toplota dovaja
na najvisjem oz. najnizjem temperaturnem nivoju,
medtem ko se okolici toplota predaja na srednjem
temperaturnem nivoju iz kondenzatorja in absorberja
(sl. 1).

Vezava zunanjega obtoka kondenzatorja in
absorberja je lahko locena (vzporedna vezava) ali pa
povezana (serijska vezava). UCinkovitejsi nacin je
serijska vezava [1], ki je uporabljena v primeru analize
eksergijskih tokov.

Izhodisce vsake termodinamicne analize
procesa ali postroja je energijska bilanca (prvi glavni
zakon termodinamike). V apsorbcijski hladilni napravi

7

. Generator
______________ .
Kondenzator :

1 THE PERFORMANCE OF THE
ABSORPTION CHILLER

The functioning of an absorption chiller can
be described simply as a process between two pres-
sure levels, three temperature levels and three levels
of coolant concentration [1].

Heat is provided to the generator and evapo-
rator at either the highest or lowest temperature lev-
els, respectively. In the mean time, heat is delivered
from the absorber and the condenser to the surround-
ings at the medium temperature level (Figure 1).

The external-flow connection to the condenser
and the absorber can be either independent (parallel
flow) or connected (serial flow). Serial connection has
proved to be the more efficient method [ 1] and has been
adopted when presenting our analysis of exergy flows.

At the beginning of each thermodynamic
analysis of thermal processes or a thermal plant we
use the energy balance (First Law of Thermodynam-
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imamo razli¢ne oblike energij (npr. toplotna,
elektri¢na), katerih vrednost se kaze v stopnji
zmoznosti za pretvarjanje v druge oblike energij.
Popolnoma spremenljiv del energije v druge oblike
energij se imenuje cksergija, nespremenljiv del pa
anergija.

Vse energije prera¢unamo na enako osnovo
—eksergijo. Analiza eksergijskih tokov, ki temelji na
drugem glavnem zakonu termodinamike, ima nalogo
dolociti: mesta nepovracljivosti, velikost nepovraclji-
vosti, smer odvijanja procesov in celotno uc¢inkovitost
naprave.

Pri analizi eksergijskih tokov se ne omejimo
samo na analizo popolnosti procesov v napravi,
temvec tudi na procese s toplotno menjavo delovne
snovi s toplotnimi prejemniki in medsebojnimi vplivi
na okolje [2].

Velikost nepovracljivosti —anergijskih tokov
je praviloma odvisna od vrste opreme, delovne snovi
in pogojev obratovanja.

Osnovni vzroki nepovracljivosti energijskih
procesov v absorpcijski hladilni napravi so [3]:

- ohlajanje pare s temperature v generatorju na
temperaturo kondenzacije,

- duSenje hladilnega sredstva z dusilnim ventilom
s tlaka kondenzacije na tlak uparjanja,

- segrevanje pare z uparjalne temperature na
temperaturo absorpcije,

- prenos toplote v prenosniku toplote termicnega
kompresorja,

- segrevanje s hladivom bogate raztopine,

- dusSenje s hladivom revne raztopine za
prenosnikom toplote in

- prenos toplote na zunanje nosilce toplote v
zunanjih obtokih.

Kljub Zelji po zmanjSanju ali celo preprecitvi
nastanka nepovracljivosti procesov imamo v dejanski
absorpcijski hladilni napravi na nekatere
nepovracljivosti zelo malo ali povsem nobenega vpliva.

2 PRERACUN EKSERGIJSKIH TOKOV

Preracun eksergijskih tokov je izveden na
podlagi podatkov s preglednice 1 in literature ([1] in
[4]) z dolocitvijo specificne eksergije snovnega toka,
v karakteristi¢nih tockah naprave (sl. 1 in 2).

Specifi¢na eksergija snovnega toka pove,
koliko dela pridobi enota masnega toka pri
povracljivem medsebojnem delovanju z okoljem [2].

Specifi¢na eksergija snovnega toka v
karakteristi¢nih tockah naprave v hladilnem in
zunanjem tokokrogu dolo¢imo z enacbo:

ics). In the absorption chiller different forms of en-
ergy occur (e.g. heat, electricity), their values are re-
flected through their ability to convert to other forms
of energy. The fully convertible part of energy as
another form of energy is called exergy (availability)
and the unconvertible is called anergy.

We therefore calculate all energy forms on
the same basis — exergy. The analysis of exergy flows,
according to the Second Law of Thermodynamics, is
the a task of determining: places of irreversibility, the
direction of occurred processes and the effective-
ness of the whole device.

When performing the analysis of exergy
flows we did not only analyze the perfection of the
processes in the device, but we also focussed on the
processes which consider heat interaction with the
working media and the heat recipients as well as the
device’s mutual interaction with the environment [2].

How big are the irreversibilities — anergy
flows usually depend on the type of equipment, the
working fluid and the operating conditions.

The basic causes of irreversibilities of the
energy processes in absorption chillers are [3]:

- steam cooling from the temperature in the gen-
erator at the condensing temperature;

- throttling the cooling media with a throttle valve
from the condensing pressure to the evaporation
pressure;

- warming up the vapor from the evaporation tem-
perature up to the absorption temperature;

- warming up with coolant-rich solution;

- throttling with coolant-poor solution behind the
solution heat exchanger;

- heat exchange on the working media in external
circulation loops.

Despite the desire for a reduction of or even
prevention of irreversibilities occurring in the proc-
ess, in the real absorption chiller there is avery small
or no influence on the irreversibilities.

2 CALCULATION OF EXERGY FLOWS

The calculation of exergy flows is performed
using the data from Table 1 and any available literature
([1]and [4]) with a determination of specific flow exergy
in labelled positions of the chiller (Fig. 1 and 2).

The specific flow exergy tells us how much work
has been produced with the unit of mass flow by reversible
and mutual interaction with the environment [2].

The specific flow exergy in the device’s la-
belled positions, in the cooling and heating cycle is
determined by the equation:

e.=h—h-T (s—s) (1).

Za dolocitev vrednosti specificne eksergije
v toplotnem kompresorju obi¢ajno uporabimo
eksergijski diagram na sliki 3.

Usually we use the exergy diagram (Fig. 3)
to determine values of specific flow exergy in the
thermal compressor.
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Preglednica 1. Osnovni podatki absorpcijske hladilne naprave
Table 1. Basic data for the absorption chiller

Osnovni podatki prenosnikov toplote

Basic data for the heat exchangers

k.-Apy = 11,9 kW/K k.- Apx = 2.0 kW/K
k.Ac= 17,9 kW/K kAy= 6.1 kW/K
k-Age, = 8.5 kW/K

masni pretok zunanjega obtoka
mass flow in the external circuits:

kondenzator in absorber qmk = qma = 4,2 kg/s
condenser and absorber

uparjalnik gmup = 2,3 kg/s
evaporator

generator Gm,gen = 3,2 kg/s
generator

koncentrirana raztopina qm,rr=qm,1 = 0,45 kg/s
with coolant-rich solution

AEx AEXGEN

)

10)
(a) Kondenzator (a) Condenser
(b) Generator (b) Generator
(c) Uparjalnik () Evaporator
(d)  Absorber (d) Absorber
(e) Izmenjevalnik toplote (e) Solution heat exchanger
® Dusilni ventil 2 () Throttle valve 2
(2) Crpalka raztopine (2) Solution pump
(h)  Dusilni ventil 1 (h) Throttle valve 1

Sl. 2. Diagram pretoka eksergij v absorpcijski hladilni napravi
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! Fig. 2. Exergy flow diagram in the absorption chiller
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Sl. 3. Diagram e ,& delovne snovi LiBr/H O [5]
Fig. 3. e € diagram for working media LiBr/H,O [5]

Negativni predznak specifiéne eksergije
dobimo v primeru, ko se povecuje entropija toka snovi
pri hkratnem padcu tlaka pod tlak okolice [2]. To se
pojavi, v analiziranem primeru, za stanja v tocki 9 in
10 (slika 1). Rezultati preracuna eksergijskih tokov
absorpcijske hladilne naprave so podani v
preglednicah 2 in 3, kjer oznake posameznih veli¢in
ustrezajo oznakam na sliki 1 in diagramu eksergijskih
tokov na sliki 2.

A negative sign for specific flow exergy was
obtained for the case where the entropy of flow
increased with a simultaneous pressure drop below
the value of the environment’s pressure [2]. This
occured, in our case, for positions 9 and 10 (Fig. 1).
The calculated results of exergy flows in the absorp-
tion chiller are given in Table 1 and Table 2, where the
thermodynamic properties correspond to those named
in Figure 1 and exergy flow diagram in Figure 2.

Preglednica 2. Vrednosti specificne eksergije, masnega pretoka in temperature v posameznih tockah naprave
Table 2. Values of mass flow, temperature and specific flow exergy in the labelled position of the absorption chiller

Masni Specifi¢na Masni Specifi¢na
pretok Temperatura eksergiia pretok Temperatura eksergiia

Mass Temperature Specific Mass Temperature Specific

flow exergy flow exergy
dmi  Kkg/s t °C e Kklkg dmi kg/s t °C e Kklkg
1 0.4500 41.9 48.3000 10 0.0287 2.1 -155.1000
2 0.4500 41,9 48,3000 11 3.2000 95.0 34,6500
3 0.4500 71.1 120.7000 12 3.2000 88.3 29.1200
4 0.4216 85.7 131.0500 13 4.2000 29.3 0.5079
5 0.4216 52.5 69,0000 14 4.2000 34,5 1.4550
6 0.4216 50.3 62,1000 15 4,2000 25,0 0.0737
7 0.0287 76.2 102.6000 16 4,2000 29.3 0.5079
8 0.0287 31.5 0.8369 17 2.3000 12.0 0.4333
9 0.0287 2.1 -5.1740 18 2.3000 5.0 1,7700
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Preglednica 3. Viednosti eksergijskih in anergijskih tokov enostopenjske absorpcijske hladilne naprave
Table 3. Values of exergy and anergy flows in the single-stage absorption chiller

|
|
|
|
|
l
: Sestavina naprave Sestavina Zunanii obtok
| Component of device Component External loop
: Eksergiiski tok Anergiiski tok Eksergiiski tok Anergiiski tok
| Exergy flow Anergy flow Exergy flow Anergy flow
l Exi kW An kW Afx; kW Adn kW
: kondenzator -68,47 1,54 69,73
! condenser 3.1200
| absorber -85,87 3,59 82,98
[ absorber 67.7200
: prenosnik toplote 6,77 - -
| heat exchanger 6.6100
: generator 75,48 -18,4 75,48
| generator 13,5700
[ uparjalnik 71,41 3,05 71,41
| evaporator 3,7900
| dusilni ventil — 1 0,11 - -
: throttle valve — 1 -
| dusilni ventil — 2 0,85 - -
! throttle valve — 2 -
: érpalka raztopine
| solution pump 0,001033
|
: 2.1 Razlaga rezultatov 2.1 Comments on the results
|
: Splosno je znano, da se pri termodinamicni It is a well-known fact, that with a thermo-
i analizi toplotnih procesov odlo¢amo za eksergijsko dynamic analysis of thermal processes we are con-
: bolj var¢ne naprave. centrating on the more exergy-saving type of plants.
| Med nastetimi vrstami nepovracljivosti, The named forms of irreversibilities, which
: ki se pojavljajo v napravi (sl. 2), se izkaze, da se occurred in the device — Figure 2, become obvious
, najvecje nepovracljivosti pojavljajo v according to the presented analysis, because the
: generatorju in absorberju (pregl. 3), kjer se greatest irreversibilities occured in the generator and
, namre¢ poleg nepovracljivosti pri prenosu top- absorber (Table 3). Besides the irreversibilities in the
: lote pojavljajo Se nepovraéljivosti zaradi mesanja heat transfer, irreversibilities due to the mixture
, delovne snovi. processes were also present.
: Na sliki 1 opazamo nasprotno smer In Figure 1 we can see the opposite directions
, toplotnega in eksergijskega toka v uparjalniku. Ta of energy and exergy flows by evaporator. This
: pojav je specificen v tem, da se telesom, katerih phenomenon is specific for the systems (bodies) whose
| temperatura je pod temperaturo okolice in se jim temperature are below the surrounding’s temperature and
: toplota odvaja, vrednost eksergije veca in whilst they are rejecting heat (being cooled), their exergy
| nasprotno [6]. Prav zaradi tega se lahko utemeljeno value is growing and vice versa [6]. Therefore, this brings
: sklepa, da lahko termodinami¢no pravilno zapisemo us to the using conclusion that thermodynamics is the
| izkoristek vlozene energije v napravo, v kateri hkrati only correct way to express the efficiency of consumed
: potekata gretje in hlajenje, samo z eksergijskim energy in the device where heating and cooling are
| izkoristkom. simultaneously performed only with exergy efficiency.
: Za absorpcijsko hladilno napravo, pri kateri For the absorption chiller, where we utilize
| izkori§¢amo samo hlad, lahko dolo¢imo eksergijski only cooling, we can determine the exergy efficiency
: izkoristek z enacbo: using the following equation:
: Vo = 4AExUP _305_ 0.166 .
| AExg, +p, 184
: V primeru, da poleg hladu izkoris¢amo Se In the case where we also utilize rejected
, oddano toploto kondenzatorja in absorberja (npr. heat from the absorber and the condenser, we can
: segrevanje sanitarne vode), lahko eksergijski izkoristek determine the exergy efficiency with the following
. absorpcijske hladilne naprave dolo¢imo z ena¢bo: equation:
| A . A
: WA”N:AExUPfAExKMExA :3,59+11,851+3,05:0’445 o)
\ AEXgy + P, ’
|
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Moc¢ potrebne ¢rpalke se zaradi doslednosti
definicije v enacbah (2) in (3) zapiSe, vendar se zaradi
majhne vrednosti, (pregl. 3) v ra¢unu ne uposteva.

3 SKLEP

Prednost sorpcijskih hladilnih naprav, v
obravnavanem primeru absorpcijskih hladilnih naprav,
pred kompresorskimi hladilnimi napravami je v
moznosti uporabe eksergijsko revne odpadne top-
lote in rabe alternativnih energijskih virov.

Kompresorske hladilne naprave so sicer
energetsko ucinkovitejSe in manjse, vendar eksergijsko
manj uc¢inkovite in porabljajo Cisto eksergijo [7].

Za pogon absorpcijskih hladilnih naprav se
lahko uporablja tudi odpadna toplota postroja
soproizvodnje. Postroj so¢asne proizvodnje elektri¢ne
energije in toplote ter hladu imenujemo trigeneracijski
postroj [8].

Pri trigeneracijskih postrojih je zazeleno, da
ima absorpcijska hladilna naprava kar se da velik
eksergijski izkoristek in s tem dosezemo ved;ji eksergijski
izkoristek celotnega trigeneracijskega postroja [8].

We have to consider the power of the pump
to obtain the correct definitions, equation (2) and (3),
which due to its small value, is unimportant.

3 CONCLUSION

The advantage of sorption chillers, in our
case absorption chillers, in comparison to compressor
chillers is in utilizing low exergy, rejected heat and in
the use of alternative energy sources.

Compressor chillers have a higher energy
efficiency and are more compact, but they are less
exergy efficient and utilize pure exergy [7].

To drive the absorption chiller we can also
utilize the rejected heat from the cogeneration plant.
This kind of plant, with simultaneous production of
heat, electricity and cooling is also called the
trigeneration system [8].

In the trigeneration plant all the requirements
are present, the absorption chiller has the highest
possible exergy efficiency, which enables it to achieve
higher exergy efficiency in the whole trigeneration
plant[8].

4 OZNAKE
4SYMBOLS

anergijski tok An W
specifi¢na eksergija snovnega toka ex J/kg mass flow specific exergy
energijski tok Ex W exergy flow
specifi¢na entalpija H J/kg specific enthalpy
moc P AW power
masni pretok q, kg/s mass flow
temperatura T K temperature
masni delez & % mass ratio
eksergijski izkoristek 7 % exergy efficiency
Indeksi: Subscripts:
absorber A absorber
absorbcijska hladilna naprava AHN absorption chiller
generator Gen generator
kondenzator K condenser
referencno stanje okolice 0 reference state
Crpalka p pump
prenosnik toplote PT heat exchanger
uparjalnik up evaporator
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Zmanjsanje tlacnih izgub v vrocevodnih

cevnih mrezah

Andrej Krope - Jurij Krope - Igor Ti¢ar

V prispevku je predstavijen vpliv kationskih povrsinsko aktivnih dodatkov na zmanjsanje intenzivnosti
turbulence v ceveh primarnih vrocevodnih mrez sistemov za daljinsko ogrevanje. Ze zelo majhne kolicine
dodatkov vroci vodi, povzrocijo znatno zmanjsanje odpora pri pretoku po ceveh in zato manjse izgube tlaka,
kar vodi do manjse potrebne moci crpalk, znizanja crpalnih stroskov, povecanja zmogljivosti, zmanjsanja
stroskov plina za ogrevanje vode in zmanjsanja toplotnih izgub. Pri nacrtovanju in izgradnji novih vrocevodnih
mrez lahko uporabljamo cevi z manjsimi premeri in tako znatno znizamo investicijske stroske.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: pretok fluida, izgube tla¢ne, dodatki, sistemi toplovodni)

In the paper the impact of cationic surfactant additives on reducing the turbulence intensity in the
hot-water pipelines of district heating systems is presented. With small amounts of cationic surfactants in
district-heating water the friction losses in pipelines can be reduced significantly. Because of this effect the
pressure drops are decreased what leads to reductions in pump energy, pumping costs, costs of gas for
heating the supply water, heat losses and to an increase in the heat capacity. New district-heating networks
can be designed with smaller pipe diameters and so investment costs can be reduced significantly by apply-

ing friction-reducing additives.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: fluid flow, pressure drops, additives, heating pipelines)

0UVOD

ZmanjSanje zalog primarnih goriv in s tem v
zvezi varcevanje z energijo terja na podrocju toplotne
tehnike iskanje novih tehni¢no-znanstvenih spoznanj,
kar je v zadnjem ¢asu pomembna tema Stevilnih
drzavnih in mednarodnih raziskovalnih projektov.
TezisCe raziskav temelji na boljSem izkoris¢anju
primarne energije.

Energetski sistemi za daljinsko ogrevanje
zagotavljajo prihranke pri porabi primarne energije in
ekolosko sprejemljivo oskrbo s toplotno energijo [1].
Z ekonomskega vidika gre v primeru daljinskega
ogrevanja za nasprotje med nizkimi stroSki
proizvodnje toplotne energije in relativno visokimi
prenosnimi in razdeljevalnimi stroski. Vecino stroskov,
povezanih s sistemi daljinskega ogrevanja pomenijo
nalozbe v cevno mrezo ter stroski rpanja. Zaradi tega
so sistemi daljinskega ogrevanja cenovno razmeroma
ugodni le pri majhnih preto¢nih razdaljah. Ena od
moznosti za izboljSanje u€inkovitosti in gospodar-
nosti tak$nih sistemov je dodajanje snovi za

O0INTRODUCTION

Decrease of primary energy supplies and in
this connection saving with energy demands inves-
tigations for new technical-scientific cognition in the
field of heat engineering, what is an important topic
of numerous national and international research
projects particularly in recent years. The centre of
this researches is more rational exploitation of pri-
mary energy.

District-heating systems ensure savings by
consumption of primary energy and ecological heat-
energy supply [1]. From the economic point of view
there is a contradiction between low heat-generation
costs and relatively high transport and distribution
costs of district heat. The investments in pipelines
and pumps, together with the pumping costs, form a
major cost item of district-heating systems. For this
reason the costs for such systems are relatively fa-
vourable only at short transport distances. One of
the possibilities to improve effectiveness and eco-
nomic viability of district-heating systems is applica-
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zmanjSanje odpora pri pretoku tekocin. Na ta nacin
lahko znatno zmanjSamo tlacne izgube, povecamo
pretok in s tem prenos toplotne energije, kar vodi do
obcutnega znizanja nalozb v cevi in ¢rpalke ter
znizanja stroskov elektri¢ne energije, ki je potrebna
za pogon Crpalk. ZmanjSanje tlacnih izgub se kaze
tudi v primernejSi rabi primarne energije in nizji
obremenitvi okolja.

Vpliv majhnih koli¢in dodatkov vodi na
odpor pri pretoku tekoéin in padec tlaka v ravni cevi
je ze leta 1948 odkril Toms [2]. Od tedaj je bilo
izvedenih Ze na stotine preskusov, ki so potrdili
takratno odkritje. Znacilnosti tega pojava so
naslednje:

— pri pretoku vode v ceveh je mogoce z dodatkom
raztopine dodatka koncentracije 5 ppm zmanjsati
odpor za 70 %,

— vecje znizanje odpora se pojavlja le pri
turbulentnem toku,

— zdodatkom raztopine dodatka je mogoce povecati
pretok za 30 %,

— raztopine dodatkov so ucinkovitejse pri ceveh
manjSega premera.

V preteklosti so za znizanje odpora
uporabljali razlicne polimerne dodatke z veliko
molekulsko maso, vendar so se ti izkazali za manj
uporabne zaradi nepovracljive razgradnje, ki se
pojavi pri velikih striznih silah. Danes se za znizanje
odpora v vrocevodnih cevnih sistemih uporabljajo
kationski povrSinsko aktivni dodatki majhnih
molekulskih mas, ki povzrocajo znizanje tla¢nih izgub
ze v zelo majhnih koncentracijah in imajo povracljivo
strukturo.

1 DELOVANJE KATIONSKIH POVRSINSKO
AKTIVNIH DODATKOV

Uc¢inek zmanjSanja viskoznosti in s tem
odpora pri pretoku tekocin, ki ga povzro¢ajo vodne
raztopine dodatkov, temelji na zmanjSanju
intenzivnosti turbulence in ga lahko pojasnimo s
tvorbo in oblikovanjem micelijev.

Povrsinsko aktivni dodatki so nizkomole-
kularne snovi z majhno kemijsko aktivnostjo in nizko
topnostjo, ki so sestavljene iz hidrofilnega in
hidrofobnega dela [3]. Kadar so tak$ne molekule v
vodi ali v topilu, ki ima podobne lastnosti kakor voda,
se pod dolo¢enimi pogoji zdruzejejo v zdruzbe, ki jih
imenujemo miceliji. Miceliji so aglomerati nekaj sto
molekul in lahko imajo razli¢ne oblike; lahko so okrogli,
pali¢ni ali pa ploscati. Potrebni pogoj za zmanj$anje
odpora so pali¢ni miceliji. Kriti¢cno micelarno
koncentracijo, nad katero se molekule dodatka
zdruzujejo v micelije, prikazuje slika 1. Ce je v vodni
raztopini dodatka preseZena koncentracija CMC,,
pride do tvorbe krogelnih micelijev s premerom
priblizno dvakratne dolzine posamezne molekule. Ta
koncentracija je le malo odvisna od temperature. Ce
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tion of friction-reducing additives in hot-water sup-
ply pipelines. In this way pressure drops can be sig-
nificantly reduced and the flow rate can be increased
enabling a reduction in the investment in pipelines
and pumps and savings in the costs of electrical en-
ergy used for drive of pumps. A reduction of friction
loss is also shown to be more rational consumption
of primary energy and results in a impact on the envi-
ronment.
As carly as 1948 Toms [2] reported on fric-
tion loss and pressure drop when minute amounts of
soluble polymer additive where added to water flow-
ing through a straight pipeline. Since then, hundreds
of experiments have confirmed his initial findings. The
essential features of this phenomenon are as follows:
— the friction loss of water flow in pipelines can be
reduced as much as 70% with additives in con-
centrations as low as 5 ppm,

— significant reductions in friction loss occur only
for turbulent flow,

— additives can increase the flow rate by 30%,

— additive solutions are more effective on small pipe-
lines than on large ones.

In the past a variety of polymer-based addi-
tives with high molecular weight have been used for
reducing the friction losses, however, they have
proved as less applicable because of their irrevers-
ible degradation which occurs at high values of shear
stress. Nowadays, low molecular cationic surfactant
additives, which effect on reduction of pressure
drops already in small quantities and have reversible
structure, are used for drag reduction in hot-water-
pipe systems.

1 OPERATING PRINCIPLE OF
SURFACTANTS

The phenomenon of friction reduction with
surfactants in aqueous solutions is based on the
decrease of the turbulence intensity and can be ex-
plained with the formation and the shape of micelles.

Surfactants are low-molecular-weight sub-
stances with low chemical activity and low solubility,
but great interfacial activity. The molecules consist
of a hydrophilic group and a hydrophobic part [3].
Under certain conditions the surfactant monomers
form micelles in aqueous solutions. Micelles are clus-
ters of approximately a hundred surfactant molecules
and can take any of a variety of shapes, such as
spheres, bars or disks. The presence of rod-like mi-
celles is considered to be a necessary condition for
the friction-reducing effect. Critical micelle concen-
trations, above which surfactant molecules form mi-
celles, are shown in Figure 1. When the critical mi-
celle concentration (CMC)) in an aqueous solution
is exceeded the surfactants form spherical micelles.
This concentration is almost temperature independ-
ent. If the concentration is increased still further, the
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se koncentracija Se naprej povecuje, se Stevilo
molekul dodatka na micelij povecuje, dokler ni celotna
prostornina micelija popolnoma izpolnjena z
ogljikovimi verigami. Ko je preseZena koncentracija
CMC, tvorijo dodatki pali¢ne micelije, ker je takSna
prostorska oblika energijsko ugodnejsa. Dolzina
pali¢nih micelijev se poveéuje z naras¢ajoco
koncentracijo. Kriti¢na koncentacija CMC, je mo¢no
odvisna od temperature.

number of surfactant molecules per micelle will in-
crease until the micelle volume is completely filled
with carbon chains. When the second critical micelle
concentration (CMC)) is exceeded the surfactants
form rod-like micelles, because these boundary faces
are more energetically favourable. The length of bar-
shaped micelles increases with increasing concen-
tration. The CMC, concentration is strongly tempera-
ture dependent.

# paliéni miceliji
rod-like micelles

CMC,

koncentracija
concentration

krogelni miceliji
spherical micelles

A

CMC,

monomeri
monomeres

temperatura
temperature

Sl. 1. Kriticna micelarna koncentracija [3]
Fig. 1. Critical micelle concentrations [3]

Vodne raztopine dodatkov, ki tvorijo
krogelne micelije se obnasajo podobno kakor voda,
viskoznost takih raztopin je vcasih celo vecja od
viskoznosti Ciste vode in zato ne povzrocajo ucinka
znizaja odpora pri pretoku tekocine. Pri
koncentracijah, ve¢jih od CMC,, pa se v raztopini
dodatka oblikujejo paliéni miceliji, ki kazejo
viskoelasti¢no obnasanje. Takse celice micelijev se
zaradi turbulentnega toka in striznih sil usmerjajo v
smeri toka in tvorijo viskoelasti¢no prostorsko mrezo,
ki razsiri prehodni sloj in zmanjsa turbulentno jedro
glavnega toka (sl. 2).

pali¢ni micelij
rod-like micelles

Aqueous surfactant solutions that form
spherical micelles behave in the same way as the
water, at high concentrations the viscosity becomes
somewhat higher than that of the water, so this clus-
ters do not perform friction-reducing effect. At con-
centrations that are higher than CMC,, the surfactant
solutions in which rod-like micelles have formed ex-
hibit a favourable viscoelastic behaviour. Such cells
become oriented by the pulse loads of turbulent flow
and form a permanently oriented viscoelastic net-
work which expands the buffer layer and reduces the
layer of turbulent main-stream flow (Fig. 2).

strizne sile
shear stress

Sl. 2. Viskoelasticna mreza in usmeritev palicnih micelijev zaradi delovanja striznih sil [3]
Fig. 2. Viscoelastic network, orientation of micelles, shear induced structure [3]
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Pri koncentracijah okoli CMC, se oblikuje le
nekaj relativno velikih micelijev, ki pa so le omejeno
sposobni oblikovati usmerjene mreze, zato je njihov
vpliv na znizanje odpora majhen. Za zadovoljivo
znizanje je zato potrebna vecja koncentracija, ki
povzroci trajno usmerjene viskoelastiCne mreze, ki
dusijo razvijanje turbulentnih vrtincev in tako
povzrocajo laminarni tok.
Funkcionalno odvisnost vodnih raztopin
kationskih povrSinsko aktivnih dodatkov od
Reynoldsovega stevila prikazuje slika 3, na kateri
opazimo 4 razli¢na podrocja [4]:
= Podro¢je I: v laminarnem podrocju toka z majhnimi
striznimi silami ali brez njih oblikujejo palicni miceliji
prostorsko mrezo z elektrostatskim odbojem, ki je
posledica njihovega povrsinskega naboja, in v njej
zasedejo energetsko ugodna mesta. V tem stanju
se raztopine povrsinsko aktivnih dodatkov
obnasajo kot newtonske tekocine.

= Podrodje II: povecanje striznih sil in turbulentni
tok vplivata na usmerjanje micelijev in oblikovanje
viskoelasti¢ne mreze, kar povzroca laminaren tok.
V tem stanju se raztopine povrSinsko aktivnih
dodatkov obnasajo kot pseudoplasticne tekocine.

= Podrocje I1I: nadaljnje povecevanje striznih sil vpliva
na povecanje ucinka znizevanja odpora. Miceliji so
zmozni sprejeti ve¢ energije, ker deformiranje in
raztezanje mreze povzroca sile, ki delujejo proti
turbulentnemu vrtin¢astemu gibanju in zato manjsajo
oddajo energije. V tem podrocju je, ob uporabi
dodatka, katerega delovno obmocje se ujema z
obratovalnimi razmerami v sistemu daljinskega
ogrevanja, ucinek znizanja odpora neodvisen od
koncentracije vodne raztopine dodatka. Raztopine
dodatkov se tudi v tem podrocju obnasajo
pseudoplasti¢no, vrsto toka, ki se pojavi v taks$nih
razmerah pa imenujemo pseudolaminarni tok.

If the concentration is only just above
CMC, then only few relatively large micelles will be
formed. These micelles are not well capable of form-
ing an oriented network, which is why their friction
effect is only small. Therefore, for a significant re-
duction of friction losses a higher concentration is
required. These concentrations generate permanently
oriented viscoelastic networks which suppress the
formation of turbulent whirls and produce a laminar
flow in this way.
The functional relationsip between sur-
factant-solution behaviour and Reynolds number is
shown in Figure 3, where we can see four different
ranges [4]:
= range I: In the laminar region of flow with little or
no shear stress the rod-like micelles form a spatial
network with the electrostatic repulsion caused
by their surface charge, in which they occupy
energetically favourable positions. In this state
the surfactant solution shows Newtonian behav-
iour.

=> range II: A rise of shear stress and turbulent flow
lead to orientation of the rod-like micelles and
formation of the viscoelastic network what causes
laminar flow. In this range the surfactant solution
shows pseudoplastic flow behaviour.

= range III: A further rise in shear stress leads
to an increase in friction reduction. In this
range the maximum reduction of friction losses
appears. Micelles are able to incorporate more
energy because deforming and stretching
causes reset forces which act against the tur-
bulent fluctuation movement and therefore re-
duce the energy dissipation. In this range
pseudoplastic behaviour exist as well and this
flow condition is known as pseudolaminar
flow.

Prandtl-Colebrookova enacba
I Prandtl-Colebrooke equation

~~
T m—— water
—

voda

Hagen-
Poiseuillejeva

raztopina dodatka a4
surfactant solution

enacba |
Hagen-
Poiseuille ) .
equation : Virkova asimptota
| Virk's asymptote

logh —»

|
podrogje I { podrocje I1
range I [ range 11 range 111 range [V

|
|

podrocje III I podrogje IV
|

logRe —»

Sl. 3. Darcyjev koeficient linijskih izgub v odvisnosti od Reynoldsovega Stevila za vodne raztopine dodatkov [4]
Fig. 3. Darcy's friction coefficient with its dependence on the Reynolds number for aqueous surfactant
solution [4]
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= Podrocje IV: zelo visoke strizne sile, ki jih povzroca
povecana hitrost toka povzrocijo razpad
viskoelasticne micelarne mreze in s tem konec
vpliva dodatkov na znizanje odpora. Znacilna
krivulja raztopine dodatka doseze krivuljo vode.
V tem podrocju nastane celovit turbulentni tok,
raztopine povrSinsko aktivnih dodatkov se
ponovno obnasajo kot newtonske tekocCine.
Hkrati s pozitivnim u¢inkom znizanja
odpora se pri uporabi dodatkov, zaradi spremenjenih
pretoc¢nih razmer (newtonsko obnaSanje tekocine
zamenja pseudoplasti¢no) pojavijo tudi negativni
ucinki: to so zmanjSanje prenosa toplote, korozija in
onesnazevanje okolja [1]. Problem zmanjSanega
prenosa toplote reSujemo z modeliranjem vrste in
lokacije prenosnikov toplote ter tako, da v menjalnike
vstavljamo pregrade, ki povecujejo turbulenco in s
tem prenos toplote. Novejse raziskave so pokazale,
da kombinirani povrsinsko aktivni dodatki s trznimi
imeni Habon G/ NaSal, Obon G/ NaSal in Dobon G
/ NaSal ne kazejo nobenega vpliva na korozijo
materialov, ki se uporabljajo v sistemih daljinskega
ogrevanja. Problem strupenosti dodatkov in s tem
povezanega onesnazevanja okolja resujemo tako,
da jih uporabljamo le v zaprtih sistemih s posredno
povezavo obrata za proizvodnjo toplote in
porabnikov prek toplotnih postaj in sekundarne
mreze.

2 KOMBINIRANI KATIONSKI POVRSINSKO
AKTIVNIDODATKI

Najboljse rezultate dosezemo s povrsinsko
aktivnimi dodatki Habon G, Obon G in Dobon G v
kombinaciji s snovjo NaSal, ki zagotavlja SirSe
temperaturno podrocje delovanja. Kemijsko strukturo
omenjenih dodatkov, ki so wuporabni pri
koncentracijah do 1500 uteznih ppm in hitrostih toka
do 4 m/s, prikazuje slika 4.

CT%
CnHZnH_ I|\I T CH3
(CHO) H

n-Alcyldimethylpolyoxethylammonium — Cation

= range [V: Very high shear rates finally affect the
destruction of the viscoelastic micelle network
so that the friction-reducing effect disappears and
the characteristic surfactant solution curve ap-
proaches that of water. In this case a fully devel-
oped turbulent flow appears, which again shows
Newtonian behaviour.

As well as the positive effects of drag re-
duction, negative effects due to the change in flow
behaviour (pseudoplastic behaviour instead of
Newtonian) [ 1] like heat-transfer reduction, corrosion
and contamination of environment also occur. The
phenomenon of radial turbulence and the associated
reduction of heat transfer in heat exchangers can be
solved by installing turbulence-increasing obstacles
inside the heat exchangers to improve the heat-trans-
mission properties. Some new investigations have
shown that combined cationic surfactants with the
trade names Habon G / NaSal, Obon G / NaSal and
Dobon G / NaSal do not show any impact on the
corrosion rates of materials which are built in district-
heating systems. The problem of contamination and
pollution of environment can be solved by only us-
ing surfactants in closed transport systems with an
indirectly connected heat-generation plant and con-
sumer systems. This can be achieved with the instal-
lation of heat-transmission stations and secondary
hot-water-pipe network.

2 COMBINED CATIONIC
SURFACTANTS

The best results by reduction of friction losses
in hot-water pipelines can be achieved with the cationic
surfactant substances Habon G, Obon G and Dobon G in
combination with the additional counter-ion NaSal, which
ensures extended temperature range of operation. The
chemical structure of above-mentioned surfactants, which
can be used by concentrations up to 1500 wppm and
flow velocities up to 4 m/s is shown in Figure 4.

l: l: :coo (@(COO
OH OH

3-hydroxy-2-naphthoate ~ Salicylate

Sl. 4 Kemijska struktura povrsinsko aktivnih dodatkov [3]
Fig. 4. Chemical structure of cationic surfactants [3]

Temperaturno podro¢je, v katerem omenjeni
dodatki zagotavljajo znizanje odpora, je odvisno od
Stevila ogljikovih atomov:
n=16 (trzno ime Habon G / NaSal): od 25 do 105 °C
n= 18 (trzno ime Obon G /NaSal): od 35 do 120 °C
n =22 (trzno ime Dobon G/ NaSal): od 45 do 140 °C

The temperature range for which these
surfactants show a friction-reduction effect depends
on number of carbon atoms:
n=16 (trade name Habon G /NaSal): from 25 to 105 °C
n =18 (trade name Obon G/ NaSal): from35to 120°C

n=22 (trade name Dobon G /NaSal): from 45 to 140 °C
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3 DOLOCITEV EMPIRICNE ENACBE
DARCYJEVEGA KOEFICIENTA TORNIH [ZGUB

Dodatek kombiniranega dodatka Dobon G
/ NaSal v vro¢evodno cevno mrezo zniza odpor pri
pretoku in povzroCi zmanjSanje izgube tlaka. To
znizanje odpora upostevamo z enacbo, ki smo jo
razvili v Laboratoriju za toplotno tehniko na Fakulteti
za strojniStvo Univerze v Mariboru [5]. Na temelju
eksperimentalnih podatkov smo, z uporabo
racunalniskega programa Matlab in funkcije FMINS,
ki izvaja Nelder-Meadov simpleks algoritem, dolocili
odvisnost koeficienta tornih izgub (1) zaradi
dodanega dodatka od Reynoldsovega stevila (Re)
v obliki potence funkcije drugega reda z dvema
linearnima in dvema nelinearnima koeficientoma v
obliki (1):

1=0,17442 -
4SKLEP

Uporaba dodatkov v sistemih daljinskega
ogrevanja zagotavlja izboljSanje uéinkovitosti in
gospodarnosti obratovanja. U¢inek zmanjSanja
viskoznosti in s tem odpora, ki ga povzrocajo vodne
raztopine kationskih povrsinsko aktivnih dodatkov
temelji na zmanjSanju turbulence in ga lahko pojasnimo
s tvorbo in oblikovanjem pali¢nih micelijev. Pri
koncentracijah, vec¢jih od kriti¢ne koncentracije
CMC,, se v raztopini dodatka oblikujejo pali¢ni
miceliji, ki kazejo viskoelasticno obnasanje. Taksne
celice micelijev se zaradi turbulentnega toka in striznih
sil usmerjajo v smeri toka in oblikujejo viskoelasti¢no
prostorsko mrezo, ki razsiri prehodni sloj in zmanjsa
turbulentno jedro glavnega toka.

Zmanjsanje odpora pri pretoku tekocin ima
za posledico zmanjSanje tla¢nih izgub in zato znizanje
stroSkov elektricne energije za pogon crpalk,
povecanje kapacitete, manjsSe stroske plina za
ogrevanje vode in manjSe toplotne izgube. Znizanje
odpora pa se kaze tudi v manjsi potrebni moci ¢rpalk
in nizji vrednosti nalozbe v cevi z manj$imi nazivnimi
premeri pri gradnji novega omrezja [6], kar omogoca
oskrbo s toploto tudi v primeru vecjih preto¢nih
razdalj. Treba pa je poudariti tudi pozitiven vpliv
uporabe dodatkov na smotrno rabo energije in zaradi
tega na manjSo obremenitev okolja.

Re™**-0,00603 -

3 DETERMINATION OF THE EMPIRICAL EQUA-
TION OF DARCY’S FRICTION COEFFICIENT

The addition of the combined surfactant
Dobon G/ NaSal to hot-water-pipe network decreases
the friction losses and reduce pressure drops in pipe-
lines. This reduction of friction can be considered
with the equation, which has been developed in our
Laboratory for Heat Engineering at the University of
Maribor, Faculty of Mechanical Engineering [5]. On
the basis of experimental data and the help of The
Matlab computer software with the FMINS function
which performs Nelder-Meadov’s simplex algorithm,
the relationship between Darcy’s friction coefficient
(1) and Reynolds number (Re) has been determined
in form of a power function of the second grade with
two linear and two non-linear coefficients (1):

ReO,001266 (1)
4 CONCLUSION

The use of surfactants in district-heating
systems results in an improvement in the system’s
operation. The effect of friction reduction, which is a
result of the surfactants added to hot-water supply,
is based on reduction of turbulence intensity and
can be explained by the formation of rod-like micelles.
At concentrations higher than the critical micelle con-
centration (CMC)) the surfactants form rod-like mi-
celles which show viscoelastic behaviour. Such mi-
celle cells become oriented and form viscoelastic net-
work because of the turbulent flow and shear stress.
This shear-induced state expands the buffer layer
and reduces the layer of turbulent main-stream flow.

The reduction of friction losses and the re-
sulting reduced pressure drops lower the electrical
energy costs for pump driving, the gas cost for heat-
ing the supply water and the heat losses while in-
creasing the heat capacity. The reduction of friction is
also reflected in a decreased pump energy and lower
investment costs for hot-water pipelines, as new net-
works can be designed with smaller pipe diameters [6],
or the maximum economic transport length can be in-
creased. Likewise the positive effect of surfactant ap-
plication is shown in more rational consumption of
energy and consecutively lower charge of environ-
ment, what has to be mentioned, too.
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Spremenjeno kristaljenje vodnega kamna pri

magnetni obdelavi vode

Moadified Scale Crystallization in Magnetic Water Treatment

Andrej Pristovnik - Lucija Crepinsek Lipus - Jurij Krope

Magnetna obdelava vode (MOYV) je alternativna metoda priprave napajalnih vod za nadzor vodnega
kamna in prav tako postaja pomembna pri izboljsavah drugih tekocin, ki vsebujejo vodo. Govor je o ucinkih
naprav MOV, med njimi o spremenjenem kristaljenju vodnega kamna in spremenjeni stabilnosti vodnih disperzij
s poudarkom na spremenjeni hidrataciji ionov in trdnih povrsin zaradi magnetne protonske resonance kot
enega izmed moznih mehanizmov. Nadalje je predlagana pojasnitev pospesenega obarjanja aragonita.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: priprava vode, kristaljenje CaCOs, hidratacija ionska, magnetohidrodinamika)

Magnetic water treatment (MWT) is an alternative method of supplied-water conditioning for scale
control and is also important in the amelioration of other water-based fluids. The effects of MWT devices, such
as the modified crystallization of the scale—forming components and modified stability of the dispersion are
discussed with the emphasis on the modified hydration of ions and solid surfaces due to magnetic proton
resonance as one of the possible mechanisms. In addition, a possible explanation for the accelerated arago-

nite precipitation is proposed.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: water conditioning, crystallization, ion hydration, magnetohydrodynamic)

0UVOD

Nastajanje oblog vodnega kamna je pogosta
in draga tezava v mnogih industrijskih procesih, ki so
napajani z naravnimi vodami. Do oblog na stenah
naprav pride zaradi naravne prenasi¢enosti napajalne
vode ali zaradi prenasicenja, ki se vzpostavi med
ogrevanjem vode, padcem tlaka ali dvigom pH med
samo obdelavo vode. Trde obloge zmanjsujejo
pretoc¢ne zmogljivosti, povecujejo porabo elektricne
energije crpalk in zahtevajo periodicno ¢iscenje.

MOV igra vse pomembnejSo vlogo
alternativne metode pri pripravah industrijskih vod.
Njene prednosti v primerjavi z znanimi kemijskimi
metodami mehc¢anja vode so: nizki investicijski in
obratovalni stroski, preprosta vgradnja, ohranjanje
kakovosti vode (npr. organolepti¢nih lastnosti) in
prispevek k varstvu okolja.

Pri napravah MOV, ki so bile dobro
nacrtovane za dolo¢en vodovodni sistem in dano
sestavo vode [1], lahko pricakujemo veliko
ucinkovitost pri preprecevanju nastanka trdih oblog
vodnega kamna, Se posebej v ogrevanih in cirkuliranih
vodovodnih sistemih.
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O0INTRODUCTION

The build up of scale deposit is a common
and costly problem in many industrial processes which
use natural water supplies. Deposits on the equip-
ment walls result form the natural oversaturation of
the supplied water or oversaturation caused by water
heating, pressure drop or a pH increase during the
water processing. The hard-scale deposit reduces water
flow capacities, increases the electrical power con-
sumption of pumps and reduces the heat exchanging
capabilities of heated surfaces leading to higher oper-
ating costs and need to a periodically remove the scale.

MWT is becoming increasingly important as
an alternative method of industrial water conditioning.
Low investment and operating costs, easy installation,
water quality (i.e. organoleptic properties) and ecologi-
cal benefits are some of the advantages over the well-
known chemical methods used for water softening.

MWT devices which are well designed for
a particular water composition and industrial process
[1], are very effective in preventing hard-scale
formation, especially in heated- and circulated-water
systems.
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Prvi patent tovrstnih naprav je bil vknjizen
v Belgiji leta 1945. Prakti¢ne izku$nje s to pionirsko
napravo so dale zelo razli¢ne rezultate: od izjemne
ucinkovitosti, do popolne neuspesnosti [2]. Od leta
1960 so bili v nekdanji Sovjetski zvezi za nadzor
vodnega kamna z veliko ekonomsko koristjo
uporabljani mocni elektromagneti [3], v USA pa so
bile naprave MOV sirse sprejete Sele po letu 1975 ([4]

in[5]).

1 UCINKINAPRAV MOV NA NARAVNE IN
INDUSTRIJSKE VODE

Prakti¢na uporaba naprav MOV je vse bolj
razSirjena na podrocju priprave vod za odstranjevanje
ali prepreCevanje vodnega kamna, prodira pa tudi na
nova podro¢ja, to so obdelava cementa in goriva ([6]
do [12]). V vseh teh primerih gre za obdelavo tekocine,
ki vsebuje dolo¢en delez vode, da bi se izboljsale njene
biokemijske ali fizikalno-kemijske lastnosti.

Iz magnetno obdelane vode se vodni kamen
tvorne komponente (predvsem CaCO, v nizko-
temperaturnih sistemih in CaSO, v pregrevanih
sistemih) namesto v obliki tezko odstranljivih oblog
obarja v suspendirani obliki. Kristali so druga¢ni po
svoji obliki, velikosti in strukturi in so manj adhezivni.
V primeru CaCO, je bilo opazeno, da se lahko z
magnetno obdelavo razmerje aragonit/kalcit bistveno
zviSa ([13] in [14]). Aragonit je kineti¢no ugodnejsa
kristalna faza, ki vsebuje slabo adhezivne kristale
igli¢aste oblike. Kalcit je termodinamié¢no ugodnejsa
kristalna faza, sestavljena iz rombicnih kristalov, ki
lahko zaradi svoje velike adhezivnosti tvorijo trde,
tezko odstranljive obloge.

Zvisano razmerje aragonit/kalcit delno
pojasni obarjanje pras$natih oblog iz magnetno
obdelane vode. Ceprav je kristaljenje iz magnetno
obdelane vode zelo odvisno od same sestave vode
in obratovalnih razmer, je v ve€ini primerov opazeno
obarjanje zmanjSanega Stevila kristalov CaCO, ki so
vedji in imajo zvisan delez aragonita. Celo kristaljenje
iz prenasicene meSanice staticno magnetno
obdelanih raztopin Na,CO, in CaCl, v dobro
nadziranih laboratorijskih razmerah je dalo podobne
rezultate [15].

2MEHANIZMI DELOVANJA NAPRAV MOV NA
PROCESIRANO VODO

Vecdesetletne izkusnje na podro¢ju MOV
so dale nekaj empiri¢nih osnov za nacrtovanje
magnetnih naprav, vendar pa $e vedno ostaja
odprto vprasanje mehanizem, ki bi natanc¢no
pojasnil, kako magnetno polje vpliva na
obdelovani vodni sistem. Na temelju Stevilnih
eksperimentalnih in teoretskih porocil je sklepati,
da mehanizem najverjetneje sestoji iz vzporednih,
med seboj prepletenih korakov, ki so odvisni od

The first patent refering to a MWT device
was registered in Belgium in 1945. Practical experi-
ence with these devices showed very different re-
sults: from very effective to completely useless [2].
Since 1960, strong electromagnets have been used
in the Soviet Union for scale control in high-tempera-
ture water systems with significant economic ben-
efits [3]. In the USA, MWT devices have been ac-
cepted since 1975 ([4] and [5]).

1 THE EFFECTS OF MWT DEVICES ON NATU-
RAL AND INDUSTRIAL WATERS

The practical use of MWT devices has be-
come increasingly wide spread for descaling or scale
prevention and has penetrated into new fields for other
purposes such as biochemistry, medicine, agriculture,
dispersion separations, concrete and fuel amelioration
([6] to [12]). In all these cases fluids containing some
fraction of water were magnetically treated to improve
their biochemical or physicochemical properties.

The scale-forming components ( mainly CaCO,
in low-temperature systems and CaSO, in heated sys-
tems ) precipitate from zhe magnetically treated water in
a suspended form rather than by forming hard-scale
linings. The crystals are different in terms of their form,
size and structure with lowered adhesivity. For CaCO; it
was observed that the ratio of aragonite/calcite crystal
phases could be increased ([ 13] and [ 14]). The former is
a kinetically advanced crystal phase of CaCO, formed
in needle-like crystals which have low adhesion, while
the latter is a thermodynamically advanced crystal phase
of CaCO, formed in rhombic crystals which are able to
adhere into compact, hard-to-remove scale.

The increased aragonite/calcite ratio
partially explains the precipitation of powder deposits
resulting from MWT. Although the crystallization in
magnetically treated water is strongly dependent on
the water composition and working conditions the
precipitation of fever and larger CaCO, crystals with
an increased fraction of aragonite was observed in
most cases. Even the crystallization in a
supersaturated mixture of static magnetically treated
solutions of Na,CO, and CaCl, under well-controlled
laboratory conditions gave similar results [15].

2 MECHANISMS OF MWT - ACTING ON
PROCESSING WATER

A long history of practical experiences has
provided some empirical bases for designing magnetic
devices. However, the mechanism which explains how
the magnetic field acts on the treated water still remains
uncertain. From the many reports relating to laboratory
and theoretical research it can be concluded that the
mechanism most probably consists of parallel interacting
steps, depending on the construction of the MWT
devices, the composition of the supplied water as a
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delovnih razmer (npr. hitrosti pretakanja vode in
temperature).

V svetovni literaturi je najti dragocene
namige, ki poskuSajo pojasniti magnetne ucinke,
vendar nobeden ni dokonéno potrjen in tudi ne
pojasni vseh u¢inkov hkrati.

Vodilne hipoteze so:

- magnetno spremenjena hidratacija ionov in
trdnih povrsin

- magnetohidrodinamic¢ni u¢inek na vodne
disperzije

- koncentracijski u¢inki v delovnih kanalih naprav
MOV.

Slednji se Stejejo kot zvisanje verjetnosti
trkov med ioni ali trdnimi delci v dolo¢enih
obmocjih delovnih kanalov zaradi turbulence
pretakajoe se vode, visoke magnetnosti
suspendiranih korozijskih produktov oz.
nehomogenosti magnetnega polja naprave [16].
Ucinki tega tipa delno pojasnijo agregacijo drobnih
ze destabiliziranih delcev v vecje, medtem ko je
spremenjeno kristaljenje in destabilizacijo
dispergiranih komponent, ki tvorijo vodni kamen,
laze pojasniti s prvima dvema hipotezama. Kateri
mehanizem bo prevladal, je odvisno od sestave
vode in samih razmer pri obdelavi. V nadaljevanju
bo govor o mogoc¢ih vzrokih spremenjenega
kristaljenja CaCO.,.

2.1 Ucinek magnetno spremenjene hidratacije na
kristaljenje CaCO,

Eksperimentalna opazovanja vodnih
raztopin so med statiénim izpostavljanjem
magnetnemu polju pokazala spremembe v nekaterih
fizikalno-kemijskih lastnostih, npr.: svetlobni
absorbanci [17], viskoznosti [ 18], topilni entalpiji [19],
elektri¢ni prevodnosti [6], povrSinski napetosti [20],
dielektri¢nosti [21] in tudi v kristaljenju ter stabilnosti
koloidov ([22], [15] in [23]). Opazanja podpirajo
hipotezo o magnetno spremenjeni hidrataciji.
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SL.1. Model molekule vode in vodikove vezi [24]
Fig.1. The model of water molecule and hydrogen

bond [24]
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dispersion/solution system and on the working conditions
(i.e. the water flow velocity and temperature ).

The literature contains some valuable
hypotheses explaining magnetic effects on treated
water but none is confirmed and none explains all the
observed effects simultaneously. The main
hypotheses are:

- magnetically modified hydration of ions and so-
lid/solution interfaces;

- magnetohydrodynamic effect on water
dispersion systems;

- concentration effects in the working channel of
MWT devices.

The concentration effects are considered as
an increased probability of particle or ion collisions in
particular zones of the working channels due to
turbulence of the water flow, easy magnetisation of
the suspended corrosion products and the
inhomogeneity of the applied magnetic field [16].
Effects of this type partially explain aggregation of
fine already-destabilized particles into bigger ones,
while modified crystallization and destabilization of
dispersed scale—forming components are explained by
the first two hypotheses. Which mechanism prevails,
depends on the water composition and treatment
conditions. A possible explanation for the modified
crystallization by magnetically modified hydration will
be discussed in the next sections of this paper.

2.1 The effect of magnetically modified hydration on
CaCO, crystal growth

Experimentally observed changes in the
physicochemical habits of water solutions due to
static magnetic field exposure, such as light
absorbency [17], viscosity [ 18], solution enthalpy
[19], electrical conductivity [6], surface tension
[20], dielectricity [21] and modified crystallization
and colloid stability ([22], [15] and [23]), support
the hypothesis of magnetically modified
hydration.

enojno vzbujeno stanje
’;smgle excited state
trojno vzbujeno stanje
“=triplet excited state
‘e Vibracijski prehod
vibrational transition
! prepovedan prehod
=" forbidden trasition

: €nojno osnovno stanje
single ground state

S1.2. Prehodi spinov [25]
Fig.2. The spin transitions [25]
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S statisticnega vidika namre¢ voda sestoji
iz prostih molekul in ledu podobnih obmocij, v katerih
so tetraedri¢no oblikovane molekule vode, med seboj
povezane z vodikovo vezjo.

Vodikova vez je delno usmerjena zaradi
vodikove resonance med kisikovima atomoma (sl. 1/a).
Njena moc¢ je odvisna od oscilacij po veznem kotu in
dolzini kovalentnih vezi znotraj molekul vode (sl. 1/b).
Te kovalentne oscilacije so odvisne od spinskega
stanja protona. Magnetna resonanca dveh sosednjih
protonov med magnetno obdelavo lahko povzroci
spinski preskok (sl. 2) iz enojnega osnovnega stanja
(antivzporedna orientacija spinov) v trojno vzbujeno
stanje (vzporedna usmeritev spinov), kar lahko
posredno privede do oslabitve vodikove vezi.

Neposredna vrnitev v prvotno stanje je po
teoriji kvantne fizike prepovedan prehod. Vrnitev
po prvotni poti, ki zahteva aktivacijsko energijo,
pojasni magnetni spomin - opazeno trajanje uéinka
magnetne obdelave Se nekaj ur ali celo dni po
koncani obdelavi. RazpoloZljiva energija v prakticnih
razmerah staticne magnetne obdelave je namrec
zanemarljiva v primerjavi s termi¢no energijo atomov
oz. molekul, ki se spros¢a med atomske spremembe
v nanosekundah do milisekundah, Ce te niso
povzroéene z znotraj atomskimi spremembami v
daljsih sprostitvenih Casih.

Tako oslabljena mreza vode bi pomenila
oslabljeno hidratacijo vecine ionov v naravnih
vodah (z izjemo K* in CI), ionov, ki se raztapljajo
z namescanjem v praznine vodne mreZze in jo pri
tem dodatno krepijo. Po drugi strani pa bodo
nekateri ioni (npr. Fe?”), ki se v naravnih vodah
pojavljajo v majhnih koncentracijah in se
raztapljajo s tvorbo lastne ovojnice iz prostih
molekul vode, postali bolj hidratirani. V skladu s
to hipotezo so meritve protonske magnetne reso-
nance potrdile magnetno oslabljeno hidratacijo
raztopine Ca(HCO,), in ojac¢ano hidratacijo
koloidnega zeleza [26].

Spremembe v hidrataciji delno pojasnijo
spremenjeno kristaljenje CaCO, med konano MOV
in po njej. V splosnem kristalna rast poteka skozi
ve¢ zaporednih korakov, med katerimi najpocasne;jsi
korak doloc¢a hitrost rasti kristala. V primeru CaCO,
je bila delna hidratacija kristalotvornih ionov
ugotovljena kot najpocasnejsi korak [27]. Tako lahko
magnetno oslabljena hidratacija Ca** in HCO, vodi
v pospeseno kristalno rast CaCO, in s tem tvorbo
vecjih kristalov.

3 SKLEP

V mnogih poroéilih raziskav s podrocja
MOV ([28] do [31]) je opaziti pomen komponent, ki
vsebujejo zelezo. Nekatere naprave MOV se lahko
Stejejo zgolj kot zrtvovane anode (katerih raztapljanje
se lahko pospesi z delovanjem magnetnega polja),

From the statistic point of view the liquid
water consists of free water molecules and ice-like
ranges where the tetrahedral water molecules are
bonded with a hydrogen bond.

The hydrogen bond is partially orientated
because of the hydrogen resonance between oxygens
(Fig. 1/a). Its strength depends on the angle and length
oscillation of covalent bonds inside the water molecules
(Fig. 1/b). These covalent oscillations depend on the
proton spin state. The magnetic resonance of two
neighboring protons during the magnetic treatment
could cause a spin transition (Fig. 2) from the singled
ground state (anti—parallel orientation of spins) into the
triplet excited state (parallel orientation of spins) which
could indirectly lead to weakening of the hydrogen bond.

A direct return to the ground state is
prohibited by the quantum theory. The return through
the original transition, which demands an activation
energy, explains a magnetic memory which has been
observed to last several hours and even days after
finishing the magnetic treatment. In other words, the
available energy of practical static magnetic
treatments is negligible in comparison with the ther-
mal energy of atoms and molecules which relaxes
inter—atomic changes in nanoseconds to
microseconds if they are not caused by inner—atomic
changes with longer relaxation times.

Such a weakened water molecule net would
mean a weakened hydration of the main ions in natural
waters, with the exception of K" and CI- ions, which
dissolve by placing themselves into a vacancy of the
original net with a strengthening of the net. On the other
hand, some ions, which in natural waters participate in
low concentrations and dissolve by forming their own
hydration cover from free water molecules (i.e. Fe*)
become more hydrated. According to this hypothesis,
the proton magnetic-resonance measurements have
confirmed the magnetically weakened hydration of
Ca(HCO,), solutions and the intensified hydration of
colloidal iron [26].

The changes in hydration partially explain
modified CaCO; crystallization during and after
MWT. In general, the crystal growth is performed
with several successive steps, from which the slowest
one is the crystal-growing rate-determining step. In
the case of CaCO,, the partial dehydration of crystal-
forming ions is the slowest growth step [27]. So, the
magnetically weakened hydration of Ca** and HCO,
can lead to enhanced crystal growth of CaCO, and
the formation of bigger crystals.

3 CONCLUSION

In many reports about MWT research ([28]
to [31]) the importance of iron components has been
highlighted. Some MWT devices could be considered
only as a sacrificed anode (the dissolving of which is
accelerated by a magnetic field), but in most cases
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vendar pa se v vecini primerov vloga komponent z
delezem Zeleza ne more pojasniti na ta nacin. V primerih
dinami¢ne MOV pride do magnetohidrodinamic¢nih
premikov kristalotvornih ionov k rastoci povrsini zaradi
Lorentzove sile, kar bi lahko pospesilo in spremenilo
kristaljenje vodnega kamna. Ti premiki so vecji pri ionih
z vi§jo valenco in manjsim radijem in so razli¢no
usmerjeni ob dispergiranih delcih vodnega kamna [32].
Magnetohidrodinami¢ni premiki Fe?*, kot pragovnega
zavirala kalcitne rasti, bi lahko delno pojasnili zvisan
delez aragonita, medtem ko bi moralo biti pospeseno
obarjanje CaCO, ob navzoc¢nosti mikrokristalov
zelezovega hidroksida nekako povezano s
spremembami p/, ki imajo mocan vpliv na rast CaCO,
in bi lahko bile povzro¢ene z magnetno spremenjeno
hidratacijo povrsin zelezovega hidroksida.

the role of iron components could not be explained
only in this way. In the cases of dynamic MWT, the
magnetohydynamic shifts of crystal — forming ions
towards the growing crystal surface occur due to
Lorentz force and could accelerate and modify the
scale crystallization. They are higher for ions with
higher ion valence and lower radius, and have diffe-
rent orientation at dispersed scale particles ( Lipus
[32], 1998). Magnetohydrodynamic shifts of Fe**ions
as threshold inhibitors of calcite growth could
partially explain raised part of aragonite. While at the
acceleration of CaCO, precipitation in the presence
of iron-hydroxide micro—crystals should be connected
with pH changes, which have a strong influence on
CaCO, growth and could be caused by magnetically
modified hydration of iron-hydroxide surfaces.
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Analiza obratovalnega hrupa in vibracij

okrova radialne c¢érpalke

Radial Pump Operating Noise and Casing-Vibration Analyses

Andrej Predin - Mitja Kastrevc - Ignacijo Bilus

V prispevku je podana teoreticna in eksperimentalna Studija dinamicnih tekocinskih vibracij in
hrupa. Eksperimentalne meritve so izvedene na enostopenjski radialni c¢rpalki, ki obratuje s cisto hladno
vodo. Pri razlicnih obratovalnih rezimih (vrtilnih frekvencah rotorja) so izvedene meritve naslednjih
obratovalnih karakteristik: dusilna krivulja, pretok — izkoristek, pretok — obratovalni hrup in pretok —
amplituda vibracij okrova. Rezultati meritev so podani v ¢asovnem in frekvencnem prostoru.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: ¢rpalke radialne, hrup érpalk, meritve vibracij, minimiranje hrupa)

This paper surveys theoretical and experimental studies of fluid-dynamic vibration and noise. The
experimental measurements were carried out on a radial one-stage pump which operates with clean cold
water. Several experimental measurements on the operating characteristics such as capacity-head, capacity-
efficiency, capacity-operating noise and capacity-pump casing vibration amplitudes under different operat-
ing regimes (different impeller speed) were performed. Measurement results are given in time and frequency

domains.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: radial pumps, pump noise, vibration measurements, noise minimization)

0UVOD

Obratovalni hrup in vibracije okrova
sodobnih ¢rpalk morajo biti minimalni. V ta namen
moramo reducirati vse vire. Obratovalni hrup in
vibracije okrova so posledica pulzirajocih tokovnih
veli¢in na izstopu iz rotorja. Hrup se spros¢a vedno,
ko imamo opravka z relativnim gibanjem dveh
tekocCin (kavitacija — voda in para) ali tekoCine in
trdne stene (lopatice). Znacilni viri hrupa ¢rpalk
vsebujejo casovno spremenljiv sistem sil, ki
delujejo na eno ali ve¢ komponent ¢rpalke. Hrup je
rezultat reakcije tekoCine na omenjene sile in
vsiljenega nihanja teles, ki so v stiku s tokom.
Vibracije okrova in njegovih mirujocih ter gibajocih
se delov so posledica tokovno vzbujenih vibracij
teles v ustaljenem ali pulzirajo¢em in turbulentnem
toku. Pri tokovno vzbujenih vibracijah je prav tako
treba upostevati tudi razli¢ne vibracijske oblike
kakor pri nihajocih trdnih telesih. Pulzacija toka na
izstopu iz rotorja je posledica nepopolnosti rotorja
in Se posebej relativnega vrtin¢nega toka v
posameznem rotorskem kanalu, ki je pri obratovanju
zunaj preracunske tocke (tocka najvecjega
izkoristka) Se mocnejsi in povzro€a nepravilni natok
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O0INTRODUCTION

Modern pumps are expected to have their op-
erating noise and casing vibrations minimized. In this
way the noise and vibration pollution of the surround-
ings are reduced. The operating noise and casing vibra-
tions of radial pumps are a consequence of the pulsating
fluid flow properties at the impeller exit. Noise may be
emitted whenever there is a relative motion of two fluids
(cavitation — water and vapour) or a fluid and a solid
surface (blades, vanes). Typical sources of noise from
pumps involve a time-varying system of forces affecting
one or more components of the pump. Noise results from
the fluid’s reactions to this force as well as from the forced
vibration of structures in contact with the flow. The vi-
bration of the pump casing and its static and dynamic
(moving) parts are a consequence of the flow-induced
vibration of solid structures in stationary or pulsating
and turbulent flow. Therefore, the subject of flow-induced
vibrations must also consider the vibration of structures
of a single mode or of many modes as well. The pulsating
flow at the impeller exit is the result of impeller imperfec-
tions, especially, of the relative flow whirl in an individual
impeller channel. The whirl increases by shifting the op-
erating mode out of the optimum regime (out of the best
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v rotorske in vodilne kanale. Tako nastane
neustaljeni pulzacijski turbulentni tok, ki povzroca
vibracije okrova. Mo¢ opisanih tokovnih pulzacij
v posameznih obratovalnih rezimih (obratovanje
pri majhnih, pod optimalnih pretokih) se spreminja.
Odvisna je od nato¢nega kota na rotorske lopatice,
ki se spreminja v odvisnosti od pretoka in/ali vrtilne
frekvence.

Studija hidravliénih lastnosti ¢rpalke je
zasnovana na modelu ¢rpalke, na katerem so
opazovane vibracije okrova in hrup v odvisnosti od
vrtilne frekvence. Pri meritvah so doloceni tudi
razli¢ni mehanizmi tokovnih motenj. Za minimizacijo
hrupa in vibracij moramo vedeti, da se te povecujejo
s povecanjem vrtilne frekvence rotorja in tudi kadar
je obratovalni pretok ali obratovalna tocka Crpalke
zunaj tocke najvecjega izkoristka. Hrup in vibracije
okrova so minimalne, ko ¢rpalka obratuje z
optimalnim pretokom, ki je najveckrat kar preracunski
pretok. Ce pa Zelimo dosegati zahtevano ¢rpalno
viSino in pretoke pri manjSih vrtilnih frekvencah
rotorja, morajo biti izstopne hitrosti toka vecje. Te
lahko dosezemo le s povecanjem izstopnega kota
rotorskih lopatic ali s povecanjem izstopnega
premera rotorja. Na zalost sta oba postopka omejena
s trdnostjo materiala in kavitacijskimi problemi.
Zaradi tega je za minimizacijo hrupa in vibracij
priporo¢ena standardna tridimenzionalna metoda
optimizacije med vrtilno frekvenco rotorja, izstopnim
kotom rotorskih lopatic in izstopnim premerom
rotorja.

1 DIMENZIJSKA ANALIZA NASTAJANJA
ZVOKA

Za analizo tokovno vzbujenih motenj
razdelimo tok na ¢asovno povprecno in oscilirajo¢o
komponento (Reynoldsov postopek). V skladu s tem
je lokalna hitrost v doloceni tocki definirana kot vsota
povprecne vrednosti in trenutnega odmika od tega
Casovnega povprecja. Hitrost v tocki tekoCinskega
toka je tako predstavljena z:

efficiency point — BEP), and causes the irregular loading
of the impeller and guide-vane channels. As a result, the
non-stationary pulsating and turbulent flow that causes
the casing vibrations is created. The intensity of the flow
pulsations in some particular pump regimes (operating
with small under-optimum capacities) is changed. It de-
pends on the angle of flow attack to the impeller blade
that is changed by the operating capacity or/and by
changing the impeller speed.

The study of pump hydraulics behaviour is
based on the pump-scale model in which the noise and
casing vibrations observed for a given configuration as
a function of the impeller speed are tested. With meas-
urements, the particular disturbance mechanisms are
determined. For minimizing the pump operating noise
and casing vibrations it is necessary to know that the
noise intensity and pump-casing vibration amplitudes
increase as the impeller speed increases. They also in-
crease when the operating capacity, or pump operating
point is out of the BEP. The minimum noise intensity
and pump casing vibration amplitudes exist when the
pump operates at optimum capacity, that is in most cases
the pump design capacity. However, if we want to sat-
isfy the required head and capacity with a smaller impeller
speed, the flow velocities at the impeller exit must be
larger. This can only be achieved by increasing the
impeller-blade exit angle or by increasing the impeller-
exit diameter. Unfortunately, both approaches are lim-
ited by impeller material strength and by cavitation prob-
lems. For these reasons the classic 3D optimisation plan
of the impeller speed, the blade’s exit angle and the
impeller-exit diameter for the minimization of the pump
operating noise and casing vibration are recommended.

1 DIMENSIONAL ANALYSIS OF SOUND
GENERATION

The first feature of flow-induced disturbance
to note is that flow is generally usefully regarded as a
mean plus a fluctuating part (Reynolds’ idea). There-
fore, the local velocity at a particular point may be
regarded as a superposition of an average value and
an instantaneous fluctuating part. Thus the velocity
at a point in the fluid flow may be described by:

U=U+u(z,y,21) (1),

kje sta - U povpre¢na vrednost in u(z, v, 2,t)- njena
oscilirajoca vrednost, ki je odvisna od ¢asa in lege v
toku in jo poenostavljeno lahko dolo¢imo kot:

W) = ti

kjer je t - opazovan Casovni trenutek. V dinamicno
podobnih tokovih, pri katerih je zahtevana enakost
tako amplitude kakor faze, ostane zveza med silami in
premiki nespremenjena, kar je pri primerjavi modela s
prototipom upostevamo v razmerju:

where U is the average value and u(z,y,2,t) is the
unsteady value which depends on time and location in
the flow, and can be determined in a simplified way as:

f u?(t)dt @),

where ¢, is the observation time. In similar dynamic
flows, this requires the relationship of both the
magnitude and the phase, among forces and motions
to remain fixed, for example in a model-to-full-size
comparison, the ratio:
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ki je nespremenljivo, ne glede na vrednost U, ta
pomeni stopnjo hitrostnih spremeb glede na
povprecno hitrost [1] in [2]. Da bi lahko bilo
zgornje razmerje nespremenljivo, morajo biti v
ravnotezju tudi razlicne napetosti, ki delujejo na
tekoCinske delce. Ponavadi je to kombinacija
vztrajnostnih in viskoznih sil, katerih razmerje je
definirano z Reynoldsovim Stevilom. Zgoraj
omenjena podobnost je zelo pomembna, saj je
vzbujevalna tlana napetost, oznadena s |p|, ki
vzbuja hrup ali vibracije v danem toku v
neposrednem razmerju:

kjer pomenita: p, - gostoto tekoCine, p, - dinamicni
tlak. Sorazmernost velja tako dolgo, dokler sta
sorazmerni tudi povprec¢na in oscilirajoca
komponenta hitrosti. Ker sta napetosti, ki
povzrocata hrup in vibracije sorazmerni
dinami¢nemu tlaku p,, lahko le-tega privzamemo
za merilo moc¢i vzbujanja. Merilo ujemanja
hidrodinami¢nih ali aerodinami¢nih gibanj in
hitrosti del¢kov glede na hitrost Sirjenja zvoka je
Machovo S$tevilo, ki pomeni razmerje med
hidrodinamic¢no hitrostjo in hitrostjo zvoka.
Reynoldsovo in Machovo Stevilo predstavljata
relativen pomen vztrajnostnih, viskoznih in tlaénih
napetosti v tekoCini. Za dinamic¢no in akusti¢no
podobnost modela in prototipa morata biti poleg
podobne geometrijske zato enaki tudi vrednosti
Reynoldsovega in Machovega Stevila.

1.1 Stopnja zvocnega tlaka

Osnovna merjena veli¢ina zvoka v
doloceni tocki je tlak p. Ker je zvok dinamicni
pojav je tudi akusti¢no vzbujen tlak ¢asovno
spremenljiva veli¢ina. Obi¢ajno merilo akusti¢nega
tlaka je njegova ¢asovno povprecena kvadratna
vrednost:

T
s Casovnim povprecjem enakim ni¢, p = 0, ki je v
preprosti zvezi z intenziteto in stopnjo jakosti zvoka.
Stopnja zvocnega tlaka je dolocena z:

kjerjep, =2 10° N/m?, ali 20 pPa za zvok v plinih,vin
10 N/m?, ali 1 uPa za zvok v kapljevinah. Ce
obravnavamo Sirjenje zvoka na mocnostni bazi, je
stopnja moc¢i zvoka podana z:

Fol

u

(t
U

1
|p| ~ ;pOU2 =p,

T/2

[ e

-T/2

L, =10log (17/ pfef)

L, =10log(P/P,)

)
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©))

is a constant, regardless of the value of U , that is, the
distribution of velocity fluctuation’s scales on the mean
velocity, [1] and [2]. For maintenance of this constancy
through the flow, the balance of the various types of
stress that act on fluid particles must also be main-
tained. Generally these are the combinations of the
inertial and viscous stress and a measure of the ratio
of the inertial to viscous stress in the flow is the
Reynolds number. The above-mentioned similitude is
important because of the exciting stress, denoted here
by |p|, that produces sound or vibration in a given
type of flow which is in direct proportion as:

@,

where p, is the fluid mass density and p, is the dy-
namic pressure. The proportionality may hold as long
as the fluctuating velocity and the mean velocity are
also proportional. Since the sound- and vibration-pro-
ducing stresses are proportional to p,, this can be
taken as a measure of the intensity of the magnitude of
the excitation. A measure of the matching of fluid iner-
tial motions of hydrodynamics or aerodynamics and
the particle velocities related to the propagation of
sound is the Mach number, which expresses the ratio
of the hydrodynamic velocity to the acoustic particle
velocity. The Reynolds and Mach numbers express
the relative importance of inertial, viscous, and
compressive stress in the fluid. Fluid dynamics and
acoustic similitude therefore ideally require, in addi-
tion to similar geometries, equal values of Reynolds
and Mach numbers for model and prototype.

1.1 Sound pressure level

The principal measured property of sound
is the pressure (p) at a point. Since sound is a dy-
namic phenomenon, the acoustically induced pres-
sure is also a time-varying quantity. The measure of
acoustic pressure that is conventionally reported is
the time average of a pressure squared, that is:

®)

with the time average equal to zero, p = 0. This is sim-
ply related to sound intensity and power levels. The
sound pressure level is determined from the above as:

(6),

where p = 2-107 is N/m?, or 20 pPa for sound in
gases, and 10 N/m?, or 1 uPa for a sound in liquids.
Generally, if the sound transmission is considered on
a power basis, the sound power level is defined as:

™,
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kjer sta P - mo¢ zvoka, prenesena prek dolocene
povrsine in P - referencna veli€ina, ponavadi enaka
1012 W. Mo¢ zvoka, prenesenega prek krogelne
povrsine 4 tvori tockast izvor, ki je v naslednji zvezi
zzvo¢nim tlakom:

p. A
— ref " 7S
L, =L, + 1010g[—]

kjer je c, - hitrost zvoka. Intenzivnost zvoka lahko
doloc¢imo iz:

1
L, =10log [I_]

kjer je zveza akusti¢ne intenzivnosti s povprecno
kvadratno vrednostjo tlaka definirana kot:

7=

where P is the sound power transmitted across a speci-
fied surface and P, . is a reference quantity convention-
ally taken as 107> W. The sound power radiated across
a spherical surface of the area 4 , forms an omni-direc-
tional source that is related to the sound pressure as:

®),
P ncoPu:f

where ¢, is the acoustic speed. The sound intensity

level may be found from:

),
ref

where the acoustic intensity is related to the mean-

square pressure by:

2

P (10)

PyCy

in / = 10" W/m?. Akusti¢na intenzivnost je
dejansko vektorska veli¢ina. Ce je dovolj dale¢
od vira, je njena smer normalna na krogelno
povrsino, ki tockasti izvor obdaja. Smer / je na
dovolj veliki oddaljenosti, torej radialno iz
srediSc¢a izvora.

V ¢&rpalki veljajo med dimenzijskimi
parametri naslednje zveze: tipske hitrosti
U,xDn_, tlatna razlika Ap o p D™,
prostorninski pretok skozi ¢rpalko @ oc D’n, . n,je
specifi¢no Stevilo vrtljajev rotorja. Tako je za podani
medij (npr. zrak) odvisnost skupne nastale moci
zvoka od padca tlaka in volumskega pretoka
podana kot:

P, [W] = a, (Ap[Pa))’ Q|m’)s]

ki jo lahko upostevamo kot sorazmerno v neki
frekvencni stopnji pa:

P, (FAf) =a, (M) QF|

kjer je a, - konstanta, odvisna od tipa ¢rpalke. Normni
spekter pasovnih stopenj je:
Ra(l (f7 Af)

P

rad
iz Cesar je razvidna odvisnost od tipa ¢rpalke in
frekvencne Sirine pasu.

Za grobo oceno lahko moc¢ nastalega
zvoka dolo¢imo sorazmerno P, , Ap, Q ter
preostalim obratovalnim parametrom ([3] in [4]).
Preproste enacbe (12) in (13) s podanimi vrednostmi
a, in F(fD/U,) lahko uporabimo za razli¢ne vrste
Crpalk [5].

2 MERILNO POSTROJENJE Z RADIALNO
CRPALKO

Meritve obratovalnega hrupa in vibracij
okrova so bile izvedene na radialni ¢rpalki

and/ = 102 W/m?. The acoustic intensity is a vec-
tor property. However, far enough from the source
the acoustic energy intensity across a spherical sur-
face surrounding the source is directed normal to the
surface. Therefore in the far field the direction of 7 is
radial from the acoustic centre of the source.

In a pump the following relationships apply
between dimensional parameters: the tip speed
U, o< Dn,, the pressure drop across the pump
Ap x pODQ’Ilf , and the volumetric flow rate (capacity)
through the pump @ o< D’n, . n, is the shaft rotation rate
or specific impeller speed. Thus for a given working fluid
(e. g., air) the overall radiated sound power has the fol-
lowing dependence on the pressure drop and flow rate:

(11),

and the proportional band levels:

/D (12),

T
where a, is a constant that depends on the type of
pump. The normalized spectrum of band levels is:

D
U

.
which exhibits a dependence on both the type of
pump and the frequency bandwidth.

For rough estimations the sound power out-
puts can be determined with the sizing process, P,
Ap and Q and and all working parameters ([3] and [4]).
Simple formulas such as (12) and (13) with given val-
ues of a, and F(fD/U,) can thus be used to estimate
the sound power for different types of pumps [5].

=f (13),

2RADIAL PUMP EXPERIMENTAL
SET-UP

To perform the experimental measurements
on the pump operating noise and pump-casing vi-
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Litostroj CN50/250 (sl. 1). Crpalka ima nizko
specificno Stevilo vrtljajev n, =24 min’', osem
lopatic, spiralni okrov in stabilno dusilno krivuljo
(sl. 2).

Vibracije okrova smo merili v treh smereh:
pozitivna smer y — osna smer vstopnega cevovoda,
pozitivna smer z — radialna smer vstopnega
cevovoda, pozitivna smer x — smer tangente na
izstopni premer. Za merjenje vibracij smo uporabili
merilnik B&K tip 4321 za merjenje hrupa pa merilni
sistem RFT 2218 [6]. Za frekvencni spekter smo
uporabili sistem za zbiranje podatkov (DAQ),
sestavljen iz osebnega rac¢unalnika in ve¢ funkcijske
kartice Intelligent Instrumentation PCI-2048W.
Podatke smo obdelali z Visual Designerjem s
frekvenco zajemanja enako 6 kHz na kanal.

brations a radial pump, type CN50/250, manufactured
by Litostroj was used (Fig. 1). The pump has a low
specific speed (nq = 24 rpm), eight impeller blades
and a volute casing. Its operating characteristics,
capacity-head (Q-H) are stable (Fig. 2).

Casing vibrations were investigated in three di-
rections: Positive y—direction in the pump axial direction (in
the direction of the intake pipe axis), positive z—direction in
the pump radial direction, and positive x—direction in a
direction tangentional to the impeller exit diameter. A B&K
system type 4321 was used for vibration measurements,
and an RFT 2218 measuring system for the noise measure-
ments [6]. For the frequency spectrum (and the power
spectrum) a data acquisition system (DAQ) was used. The
system consists of a PC with a Multifunctional PCI-22048W
board card — Intelligent Instrumentation, and software —
Visual Designer. The sampling frequency used in the ex-
periment was 6 kHz per channel.
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Sl. 2. Obratovalne karakteristike radialne crpalke
Fig. 2. Tested radial pump operating characteristics
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2.1 Obratovalni hrup ¢rpalke pri delni obremenitvi

Povpre¢ne vrednosti stopnje hrupa so
razvidne iz rezultatov meritev, prikazanih na sliki 3, od
koder je razvidno, da se hrup zvecuje s pretokom.
Domnevamo lahko, da sta za to dva vzroka: prvic:
dusilna krivulja je stabilna z majhno spremembo
¢rpalne visine (od H =23 m pri najmanjSem pretoku,
do H =15 m pri najve¢jem pretoku), zato je majhna
tudi sprememba hitrosti na izstopu iz rotorja; drugic:
absolutna sprememba pretoka je razmeroma majhna
(v razponu od 0 do 0,02 m?/s), zato so hitrosti toka
skozi ¢rpalko tudi majhne, kar povzroca spremembo
jakosti zvoka.

2.1 Pump operating noise during part-load operation

The mean values of noise level are evident
from the common-noise measurement results (Figure
3). The noise level increases with capacity increase.
The are two possible reasons for this. First, the pump
characteristic O-H is stable and the change of the
head by the increase in capacity is small (from H=23
m at zero capacity, up to /=15 m at maximum capac-
ity). Therefore, the flow velocity changes at the
impeller exit are small. Second, the absolute capacity
changes are also relatively small (in the range 0 up to
0,02 m*/s), so the flow velocities across the pump are
also small, which causes the change in the noise level.
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S1. 3. Povprecni karakteristicni obratovalni hrup radialne crpalke
Fig. 3. Mean-common operating noise of the radial pump

2.1.1 Mocnostni spekter

V nizkofrekvenénem moc¢nostnem spektru
vibracij ¢rpalke do 2000 Hz pri obratovanju z
najmanjSim pretokom (sl. 4a) sta v obodni smeri (x)
opazni frekvenca vrtenja rotorja (I1) — prvi vrh z
leve in prva visja harmonska frekvence lopatice (B2)
—drugi vrh zleve. V zgornjem intervalu (do 3000 Hz)
je razvidno vecje stevilo vrhov, ki pripadajo toku,
povzrocajo jih tokovno vzbujene vibracije. S
porastom pretoka do optimalnega (sl. 4b) in nad
optimalnega (sl. 4c) ostane frekvenéni spekter
nespremenjen. V vseh posnetkih (sl. 4a, b,c)
prevladuje prva visja harmonska frekvence lopatic
oz. pulzacije toka (B2),[7] in [8].

Pri obratovanju z najmanjsim pretokom
prevladuje v osni smeri (y) frekvenca vrtilne
frekvence rotorja (I1) — prvi vrh z leve proti desni. Iz
spektra je razvidna tudi frekvenca lopatic (B1) in

2.1.1 Power spectra records

In the power-spectra record of pump-casing
vibrations with operation at minimum capacity the impeller
rotation frequency (I1), first left peak (Figure 4.a), and the
first higher harmonics of the blade frequency (B2), sec-
ond left peak (Figure 4.a), are evident in the tangentional
x—direction of the pump-casing vibration in the lower
frequency range up to 2000 Hz. In the upper frequency
range (up to 3000 Hz) a larger crowd of higher peaks are
evident. These vibration frequencies belong to the flow.
The vibration may be caused by the flow-induced vibra-
tions. With a capacity increase up to the optimum capac-
ity (Figure 4.b) and a further capacity increase up to over-
optimum capacities (Figure 4.¢), practically the same fre-
quency situation as observed for minimum capacity is
evident. In all three records, Figure 4.a,b and c, the first
higher harmonic of the flow pulsation or blade frequency
(B2) is dominant, [7] and [8].
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njenih sedem vi§jih harmonskih (B2-B8). Posebej
prevladujoca je prva visja harmonska (B2) — tretji
vrh z leve. Amplitude drugih vibracij v vi§jem
frekvenénem intervalu so vi§je kakor v primeru
obodne smeri. To dokazuje, da vplivajo vstopne
tokovne vibracije na vibracije okrova v osni smeri,
[9]. S povecanjem pretoka do optimalnega (sl. 4¢) in
nadoptimalnega (sl. 4f) zasledimo podobni
frekvencni spekter. Edina vecja razlika je v osnovni
pulzacijski frekvenci toka (frekvenca lopatice (B1)),
katere amplituda je najmanjsa pri optimalnem pretoku
skozi ¢rpalko.

In the axial direction (y—direction) at minimum
pump capacity operation the impeller speed frequency
(I1) amplitude (first peak from left to right) in the power
spectrum’s record (Figure 4.d) is dominant. The blade
frequency (B1), second peak from left to right, and its
seven higher harmonics (B2 — B8) are present in the
record. This proves that the intake flow vibration has an
influence on the pump casing vibration in the axial di-
rection, [9]. With capacity increases up to the optimum
(Figure 4.¢) and with over-optimum (Figure 4.f), a similar
frequency situation as with the minimum capacity is
evident. The only difference is the basic flow pulsation
frequency (blade frequency B1), the amplitude of which
is a minimum at the optimum pump capacity.
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Sl. 4. Mocnostni spektri vibracij okrova v treh koordinatnih smereh
Fig. 4. Power spectrum records of the pump casing vibrations in three directions

V radialni smeri (x) je pri obratovanju z
najmanjS§im pretokom (sl. 4g) prevladujoca
frekvenca lopatice (B1). V mo¢nostnem spektru
so opazne tudi njene visje harmonske (B2-B8). V
zgornjem frekvenénem obmocju je vecja mnozica
frekvenc, ki pripadajo tokovno vzbujenim
vibracijam. S poveéevanjem pretoka skozi ¢rpalko
do optimalnega (sl. 4h) in nadoptimalnega (sl.
41) dobimo podobne rezultate, [10].

Mocnostni spekter obratovalnega hrupa,
prikazanega na sliki 5 je Sibkej$i od moénostnega
spektra vibracij okrova. V vseh treh koordinatnih
smerch (sl. 5a, b, ¢) prevladuje prva visja
harmonska frekvence lopatic (B2). Amplituda te
frekvence je pri spremembi pretoka od
najmanjSega do najvecjega domala konstantna.
Zato sta frekvenca pulzacije toka oziroma
lopatiéna frekvenca (B1) in njena prva visja
harmonska (B2) glavna vira zvoka.

Zdaj je problem ustrezno doloc¢iti amplitudo
prvega visjega harmonika pulzacije toka.
Obratovalni hrup lahko dolo¢imo z enacbo:

In the radial direction (x—direction) during mini-
mum pump operating capacity the blade frequency (B1)
amplitude is dominant in the power spectrum’s record
(Figure 4.g). Also all higher harmonics of the blade fre-
quency (B2 —B8) are present in the record. In the upper
frequency range, the larger frequency amplitude crowd
that belongs to flow-induced casing vibrations in the
radial direction is evident. By increasing the capacity
up to the optimum (Figure 4.h) and up to over-optimum
(Figure 4.1) a similar frequency situation is evident [ 10].

From the power spectra’s records (Figure 5)
of pump operating noise, a much weaker record in
comparison with casing vibration is evident. For all
three records (Figure 5.a,b,c) the first higher harmon-
ic’s amplitude of the blade frequency (B2) is dominant.
The amplitude of this highest peak in the record is
practically constant during the capacity change from
minimum up to maximum capacity. Therefore, the flow
pulsation frequency, or blade frequency (B1), and its
first higher harmonic (B2) are the main noise sources.

However, the problem is how to estimate the
first higher harmonic’s amplitude of the basic flow pul-
sation frequency amplitude properly. The pump oper-
ating noise can be evaluated by the equation:
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_ 3
Pmd =a,pC,

kjer so c, absolutna hitrost toka na izstopnem
premeru rotorja D, in a, funkciji tipa ¢rpalke in vrtilne
frekvence rotorja, podana z:

a, =4.8-

P

kjer sta n - Stevilo vrtljaj ev rotorja, n,, - preracunsko
Stevilo vrtljajev rotorja. Steviléna konstanta v enacbi
je eksperimentalno dolocena srednja vrednost
merilnih rezultatov.

S slike 3 je razvidno dobro ujemanje med
teoreti¢no dolocenim obratovalnim hrupom in
eksperimentalnimi rezultati.

107°

2
2
&

D? (14)

0
where ¢, is the absolute flow velocity at the pump
impeller exit diameter D,, and a,, is a function of the
pump type and impeller speed in the following form:

n

n

(15),

n

n

des

where 7 is the impeller speed and n,_is the impeller
design speed. The numerical constant in equation is
experimentally determined as the mean-common value
of the measuring results.

There is a good agreement between the theo-
retically determined pump operating noise and that
of the experimental measurements (Figure 3).
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Sl. 5. Mocnostni spekter obratovalnega hrupa radialne crpalke
Fig. 5. Power spectrum records of the radial pump operating noise
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3SKLEPINRAZLAGA

V vedini testiranih obratovalnih rezimov
sta prevladujo¢i frekvenci vrtenja rotorja (I1) in
prva visja harmonska frekvence lopatice (B2). Tako
lahko sklenemo, da sta prevladujoda vira
obratovalnega hrupa in vibracij okrova vrtilna
frekvenca rotorja in pulzacija toka na izstopu rotorja
s frekvenco lopatic.

stran 546

3 CONCLUSIONS AND COMMENTARY

In almost all tested operating regimes the first
higher harmonic of the impeller speed frequency (I1) and
the first higher harmonic of the blade frequency (B2), are
dominated by the amplitude in the power-spectra records.
Therefore, the dominant sources of the operating noise
and casing vibrations are the impeller speed and pulsating
flow with the blade frequency at the impeller exit diameter.
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Amplituda obratovalnega hrupa in vibracij
okrova pada z manjSanjem pretoka skozi ¢rpalko in
manjSanjem vrtilne frekvence rotorja.

Ker v mo¢nostnem spektru prevladujeta
prva vi§ja harmonika vrtilne frekvence in frekvence
lopatice, lahko povzamemo, da je za zmanjSanje
obratovalnega hrupa treba znizati vrtilno frekvenco
rotorja. Ce Zelimo dosegati zahtevano &rpalno
visino pri znizani vrtilni frekvenci, moramo povecati
izstopno hitrost. To lahko doseZzemo na dva nacina:
prvi¢: s povecanjem izstopnega kota rotorske
lopatice, ki pa je na zalost omejena s trdnostjo
materiala na 25° do 40°; drugic¢: s povecanjem
izstopnega premera, ki pa je omejen z optimalnim
razmerjem vstopnega in izstopnega premera. Tako
moramo poiskati najugodnejSo reSitev z
optimizacijskim procesom.

With a capacity and impeller speed decrease
the noise and casing-vibration amplitudes also de-
crease.

Finally, in almost all power-spectra records
the first higher harmonics of the impeller speed fre-
quency and of the blade frequency dominate. There-
fore, for minimizing operating noise the impeller speed
must be decreased. However, if the required head
and the capacity at lower impeller speed is to be sat-
isfied, the flow velocities at the impeller exit must be
increased. There are two possibilities to achieve this:
first, by increasing the impeller-blade exit angles, but
unfortunately they are limited in the range of 25 to 40
degrees by material strength; and second, by an exit
diameter increase, which is also limited by an opti-
mum intake / exit diameter ratio. So, for the best solu-
tion the optimising process must be used.

4 SIMBOLI

4SYMBOLS
konstanta (funkcija tipa ¢rpalke) ap - constant (function of the type of the pump)
sferi¢na povrsina As ny spherical surface area
hitrost zvoka co m/s acoustic speed
absolutna hitrost toka na izstopnem premeru ¢ m/s absolute flow velocity at exit diameter
premer rotorja D m impeller diameter
izstopni premer rotorja D: m impeller exit diameter
frekvenca f Hz frequency
Crpalna visina H m pump head
zvo¢na intenzivnost 1 W/m?  acoustic intensity
referen¢na zvocna intenzivnost L W/m? reference acoustic intensity
stopnja zvocne intenzivnosti L; - sound intensity level
stopnja zvocne jakosti L, - sound power level
stopnja zvoc¢nega tlaka Ls - sound pressure level
Stevilo vrtljajev rotorja n 1/s impeller speed
preracunsko Stevilo vrtljajev rotorja Mdes 1/s impeller design speed
zvocni tlak p Pa acoustic pressure
vzbujevalna tlacna napetost |p| Pa exciting stress
dinamiéni tlak )2 Pa dynamic pressure
referencni tlak Dref Pa reference pressure
zvo¢na moc P Y sound power
sevajoca zvocna mo¢ Pra A\ radiated sound power
referencna zvo¢na moc P w reference sound power
prostorninski pretok 0 m’/s  capacity
najmanjsi prostorninski pretok Ohin m’/s  minimum capacity
optimalni prostorninski pretok Oopr m’/s  optimum capacity
nadoptimalni prostorninski pretok Qw m’/s  over optimum capacity
cas t S time
opazovan ¢asovni trenutek to S observing time
Cas periode T s period time
neustaljena, oscilirajoca komponenta hitrosti ~ u m/s unsteady, fluctuating part of velocity
hitrost v tocki tekoc¢inskega toka U m/s velocity at a point in fluid flow
povprecna hitrost U m/s average value of velocity
vr$na hitrost Ur m/s tip speed
padec tlaka Ap Pa pressure drop
gostota o kg/m®  density
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A Combined District Heating and Cooling Nletwork in City of
Gera (Germany) using Steam-Jet Ejector Technology

Peter Noeres - Daniel Holder - Wilhelm Althaus

Prispevek predstavlja tehnologijo parnega ejektorja in njegovo uporabo v primeru pilotnega projekta
oskrbe z energijo Gera v Nemciji (ustanovitelj Nemsko ministrstvo za znanost in izobrazevanje). S tem projektom
je bila izdelana hladilna naprava s parno ejektorsko hladilno enoto in kompresorskim hladilnikom, ki
oskrbuje daljinsko hlajenje v srediscu mesta Gera. V prispevku bo prikazan tehnicni koncept hladilnega
obrata, karakteristike parnega ejektorja, prejsnje izkusnje iz obratovanja in podrocja uporabe v prihodnosti.
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The paper introduces steam-jet ejector technology and its use in a pilot project of Energieversorgung
Gera GmbH in Germany (funded by the German Ministry of Science and Education). Within this project a
chiller plant with a steam-jet ejector chiller unit and a compression chiller supplies a district cooling
network in downtown Gera, Germany. The technical concept of the chiller plant, performance characteristics
of the steam-jet ejector, previous operational experiences and future areas of application will be described.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: district heating, district cooling, steam ejectors, operating costs)

0UVOD

Kot del integralne energijske oskrbe
toplotno vodeni hladilniki vode nudijo veliko
prednosti v primeru kombinirane proizvodnje
toplote, hladu in mo¢i (KPTHM - CHCP) v povezavi
z daljinskim ogrevanjem ali kombinirano
proizvodnjo toplote in elektrike. IzboljSana uporaba
in s tem tudi gospodarnko obratovanje je mogoce
s toplotno gnanimi hladilniki Se posebej v poletnih
mesecih. V nasprotju z elektriéno gnanimi
kompresorji hladilnikov je v primeru kombinirane
proizvodnje elektrike in toplote (KPET - CHP)
mogoc¢e zmanjSanje uporabe primarne energije.
Nadalje je mogoce izbrati naravna hladiva kot sta
voda in amoniak, od katerih nobeden ne prispeva k
ucinku tople grede. Visoki investicijski stroski
hladilnih obratov s toplotno gnanimi hladilnimi
procesi in njihove karakteristike so glavni problem
KPTHM v Nemciji. Zaéetek obratovanja hladilnega
obrata je bil v letu 1997. Dobava hladu je bila zaceta
januarja leta 1998.

O0INTRODUCTION

As part of an integrated energy supply ther-
mally driven chilled water generation offers many ad-
vantages within the context of a combined heat, cold
and power supply (CHCP) in connection with district
heating or block heat and power plants. An improved
utilisation, and thus economical operation of CHP
plants becomes possible with thermally driven chill-
ers, particularly in the summer months. In contrast to
chilled-water generation with electrically driven com-
pression chillers, a reduction of primary energy de-
mand can be realised by the use of heat from CHP
plants. Furthermore, natural refrigerants such as wa-
ter or ammonia can be chosen, none of them contrib-
uting to the greenhouse effect. However, the high
investment costs for chiller plants with thermally
driven refrigeration processes and their performance
characteristics are a problem regarding the realisa-
tion of CHCP in Germany. The operation of the chiller
plant started in early 1997. The cold supply started in
January 1998.
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1 NASTAJANJEHLADU S SISTEMOM
PARNEGA EJEKTORSKEGA HLAJENJA

Manj znani hladilni proces je parni ejektorski
hladilnik. Njegova uporaba v kemijskih procesih kot
hladilna naprava ali vakuumska ¢rpalka je Ze dolgo
poznana. Do sedaj je njegova uporaba v kombinaciji
s KPTHM realizirana le v primeru dveh
demonstracijskih projektov na Danskem in v Nemciji.
V tej tehnologiji je mehanski kompresor nadomescen
s parnim ejektorjem (sL.1).

mesalna komora
mixing chamber

il
gonilna para I::E[:::]

motive steam

sesalna para
suction steam

vstopna cona
inlet zone

1 COLD GENERATION WITH STEAM-JET
REFRIGERATING SYSTEMS

The steam-jet ejector chiller (SJEC) is a lit-
tle-known refrigeration process. Its use in the area of
chemical processes as a cooling device or vacuum
pump has long been known. Until now, its use in
combination with CHCP, however, has only been re-
alised within the context of two demonstration
projects in Denmark and Germany. In SJEC technol-
ogy the mechanical compressor of a compression
chiller is replaced by a steam-jet ejector (see figure 1).

kondenzator
condenser
izstopna cona

outlet zone

Sl. 1. Model parnega ejektorja
Fig. 1. Model of a steam-jet ejector

Proces je sestavljen iz dveh krogov,
srednjega gonilnega kroga in hladilnega kroga.
Tla¢na energija iz gonilnega kroga se spremeni v
kineti¢no energijo v gonilni Sobi parnega
ejektorja. Para hladiva je vodena vanj iz
uparjalniske mesSalne komore. Tlak pare v
uparjalniku se znizuje, dokler se hladivo uparja in
hladna voda se hladi glede na potrebno hladilno
moc. S to tehnologijo se lahko dosezejo tudi tem-
perature pod 0 °C.

V difuzorju se gibalna energija gonilne pare
in hladilne pare spremeni nazaj v tlaéno energijo.
Celotni masni tok je stisnjen na tla¢ni nivo glede na
tlak uparjanja vode pri hladilnih temperaturah. Para
kondenzira v prsilnem kondenzatorju. Toplota
kondenzacije se odvaja v hladilnem ciklusu z uporabo
plos¢nega prenosnika toplote, kondenzat pa vodi
nazaj v uparjalnik ali v zbiralnik daljinskega
ogrevalnega sistema.

Ker je hladivo voda, lahko proces
razdelimo v parni, hladno vodni in hladilno vodni
sistem. PrSilni kondenzator in uparjalnik (odprt ali
pol odprt proces) se lahko uporabita namesto
prenosnikov toplote. Zaprt proces lahko
uporabljamo tam, kjer je delitev narejena s
prenosniki toplote.

Karakteristike delovanja parnega
ejektorskega hladilnega sistema so drugacne od
drugih toplotnih hladilnih sistemov. Hladilno stevilo
(HS - COP) je moéno odvisno od tlaka kondenzatorja
in s tem od temperature hladilne vode. To definira
temperatura zraka in delovanje hladilnih stolpov. Poleti
pri veliki vlagi v zraku in visokih zunanjih temperaturah
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The process consists of two cycles, the motive
medium cycle and the refrigerant cycle. The pressure en-
ergy of the motive steam is converted into kinetic energy in
the motive steam nozzle of the a steam-jet ejector. Steam of
the refrigerant is drawn in from the evaporator of the ad-
joining mixing chamber by momentum exchange. The steam
pressure in the evaporator is lowered as long as the refrig-
erant evaporates and the cold water cools down according
to the required chiller capacity. Temperatures below 0 °C
can be realised with this technology.

In the diffusor the motive energy of the motive
steam and the refrigerant steam is converted back into
pressure energy. The complete mass flow is compressed
to the pressure level according to the saturation pressure
of water at the re-cooling temperatures. Vapor is condensed
in a spray condenser. The heat of condensation is trans-
ferred to the re-cooling cycle by a plate heat exchanger and
the condensate is led back into the evaporator or into the
condensate collecting pipe of the district heating system.

Since the refrigerant is water, one can omit a
separation of the process into vapor, cold water, and re-
cooling water systems. Spray condensers and flash
evaporators (open or half-open processes) can be ap-
plied instead of heat exchangers. However, a closed SJEC
process can be conceived as well, where a separation
from the periphery is done by the use of a heat exchanger.

The performance characteristics of steam-jet
refrigerating systems are different from that of other ther-
mally driven chiller systems. The coefficient of perform-
ance (COP) depends very strongly on the condenser
back-pressure and thus on the re-cooling water tempera-
ture. This is determined by the state of the ambient air
and by the performance of the cooling towers. In mid-
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Sl. 3. Hladilna moc¢ parnega ejektorskega hladilnega procesa
Fig. 3. Chiller capacity of a steam-jet ejector chiller

je hladilno $tevilo HS parnega ejektorskega sistema
(PES - SJEC) nizji od obicajnih absorpcijskih hladilnih
sistemov (AHS - ACC). Prek leta pa temperatura
hladilne vode lezi pod temi vrednostmi, tako da lahko
dosezemo HS > 1. Posledica tega je, da z niZjo energijo
lahko pozitivno vplivamo na obratovalne stroske
takega hladilnega sistema. Slika 2 kaze ta dejstva za
razli¢ne razmere delovanja (podatki za hladilni sistem
Briickenski ulici).

2 HLADILNI OBRAT BRUCKEN
VMESTU GERA

Da bi bolje uporabili sedanjo parno mrezo in
nov obrat za proizvodnjo elektri¢ne energije in toplote
(KPET), je bil Fraunhofski UMSICHT dolocen, naj
raziS¢e prednosti kombinirane dobave toplotne
energije in hladu. Od leta 1996 je v obratovanju nov
postroj KPET (P =76 MW, Q, = 140 MW). Omrezje

summer with high air humidity and high outside tempera-
tures, the coefficient of performance of an SJEC is lower
than the COP of ACCs. Over the period of a year the re-
cooling water temperatures, however, lic well below these
conditions of the design case so that an average COP > 1

can be reached. As a consequence, the lower demand of
driving energy positively effects the running costs of the
chiller plant. Figure 2 shows these facts for different oper-
ating conditions (data for the Briickenstraf3e chiller plant).

2 THE CHILLER PLANT BRUCKENSTRASSE
INCITY OF GERA

In order to use the existing steam network
and the new CHP plant (gas turbine combined cycle)
of EGG in an improved way, Fraunhofer UMSICHT
was engaged to investigate the benefits of a com-
bined district heating and cooling supply. Since 1996
the new CHP plant (P, =76 MW , Q = 140 MW, )
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daljinskega sistema povezuje 244 MW in ga sestavlja
parni del (primarni del) in vrocevodni del (sekundarni
del). Obe omrezji sta povezani z 12 postajami. Glede
na sedanje stanje (parni sistem v srediS¢u mesta) je
tehnologija parnega ejektorskega hlajenja zelo
obetajoca.

Uvodne raziskave so obsegale izracun
potrebe po hladu in ocenitev posledic
daljinskega ogrevanja in hlajenja na proizvodnjo
elektri¢ne energije in toplote (KPET). Z uporabo
teh podatkov je bila izracunana potreba po hladu
v mestu Gera.

Na podlagi teh podatkov so na Fraunhofer
UMSICHT zaceli z na¢rtovanjem hladilnega
sistema s hladilno moc¢jo 1,2 MW. Na podlagi
rezultatov je Fraunhofski UMSICHT prisel do
sklepov, da je uporaba parnega hladilnega sistema
tehni¢no mogoca, stroskovno ucinkovitejsa v
primerjavi z drugimi hladilnimi sistemi in tudi
gospodarnejsa.

Celotna hladilna zmogljivost hladilnega
sistema se doseze s parnim ejektorjem in kompresijskim
hladilnikom, vsakim s po 600 kW . Ta delitev na eni
strani zagotavlja optimalno delovanje in na drugi
visoko zanesljivost delovanja. Ejektorski hladilni
sistem (PES) sestoji iz dveh delov, od katerih vsak
vsebuje tri parne ejektorje. Za zmanj$anje koliCine
gonilne pare je vstavljen parni ventil, ki krmili tlak
pare in kot posledico porabo pare glede na tlak v
kondenzatorju. Preglednica 1 podaja povzetek
podatkov sistema PES:

has been in operation. The district heating network
has a connected load of 244 MW and consists of a
steam net (primary net) and a hot-water net (second-
ary net). Both nets are connected by 12 transfer sta-
tions. Due to the favorable prerequisites (a steam net
up to the downtown area) the use of steam-jet ejector
chiller technology was very promising.

The preliminaries for the development of a
strategy included a cold demand survey and an esti-
mation of the consequences of a combined district
heating and cooling supply for the operation of the
CHP plant. With this data the cold demand in down-
town Gera was determined.

On the basis of this data Fraunhofer
UMSICHT was entrusted with the planning of the first
chiller plant with an installed chiller capacity of 1.2
MW . As aresult of the basic engineering Fraunhofer
UMSICHT came to the conclusion that the use of a
steam jet refrigerating system is technically possible
and cost-effective compared to other chiller systems.

The total chiller capacity of the chiller plant
is covered by a steam-jet ejector chiller unit and a com-
pression chiller with 600 kW, each. This partitioning
ensures optimal operating conditions for the STEC and
a high supply guarantee for the chiller. The SJEC con-
sists of two stages, each of them with three steam-jet
ejectors. To reduce motive-steam demand a motive-
steam control valve is used to control the motive-steam
pressure and, as a consequence, the steam consump-
tion, depending on the condenser back-pressure. Ta-
ble 1 gives a summary of the design data of the SJEC:

Preglednica 1. Imenski podatki delovanja Parne ejektorske hladilne enote v mestu Gera
Table 1. Nominal Operation Data of the Steam-Jet Ejector Chiller Unit in City of Gera

hladilna mo¢ PES 600 kWip
chiller capacity SJEC

temperatura hladne vode 6/12°C
chilled water temperature

temperatura hladilne vode (dotok odtok) 25/30°C
re-cooling water temperatures (supply line / return line)

temperatura okolice 21°C

wet bulb temperature (design)

parametri gonilne pare 143 °C, 3 bar
motive steam parameter (district heat)

HS (imensko, povpregje) 0,55/1
COP (nominal, assumed average)

Hladilni postroj je shematicno prikazan na
sliki 4. Dva hladilnika sta povezana vzporedno na strani
hladne vode. Hidravli¢no sta povezana s hladnovodnim
omrezjem in s hranilnikom hladne vode, tako da je
prostorninski tok skozi uparjalnik kompresorskega cikla
(KC - CC) in skozi uparjalnik parnega ejektorskega cikla
(PES) nadzorovan neodvisno od prostorninskega toka
do hladilnega obrata. Kondenzatorja PES in KC sta
vezana zaporedno na hladno vodo, tako da dosezemo
najman;jsi pretok hladne vode. Parni ejektorski hladilni
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The chiller plant is shown schematically in
Figure 4. The two chillers are connected in parallel on
the cold-water side. They are decoupled hydraulically
from the chilled water net by a cold water storage so
that the volume flows through the evaporator of the
CC and the flash evaporator of the SJEC can be con-
trolled independently of the net volume flow to the
chiller plant. The condensers of the SJEC and the CC
are switched in series on the re-cooling water side to
obtain a re-cooling water volume flow as low as possi-
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proces (PES) je neposredno povezan z omrezjem EGG
daljinskega hladilnega sistema in omrezjem parnega
sistema. Hladilni krog, ki vsebuje hladilne stolpe, je bil
hidravli¢éno povezan s kondenzatorjem s plos¢nimi
prenosniki toplote.

ble. The SJEC is linked directly to EGG’s district cool-
ing system and district heating steam network. The re-
cooling cycle containing the cooling towers was
decoupled hydraulically from the condenser water
cycle of the SJEC by a plate heat exchanger.

steam (district heat)

hladilni stolp
cooling tower

kompresorski hladilnik .
compressor chiller (CC) 32°C

para (daljinsko ogrevanje)
0,2- 3 bar (op) 6

86 m3Mh parni ejektor / steam jet ejector

propustni ventl
overflow valv

-
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Sl. 4. Shema procesov hladilnega obrata
Fig. 4. Process-Flow Scheme of the Chiller Plant
3 EKONOMSKA OCENA 3 ECONOMIC EVALUATION

Za ekonomsko oceno toplotno gnanih
hladilnih procesov je treba uposStevati tako
investicijske kakor tudi obratovalne stroske.
Specificni investicijski stroski parnega ejektorskega
hladilnega procesa (PES), vklju¢no z dodatki za
pilotni obrat v Geri so — za hladilni obrat v Briickenski
ulici — malo visji kot stroski za absorpcijski hladilni
sistem pri istih pogojih delovanja. V tej tocki je treba
upostevati, da so za pilotni objekt stroski za
proizvodnjo in na¢rtovanje razmeroma visoki. Poleg
tega je bilo potrebno na pilotnem objektu izvesti
Stevilne meritve in nadzora. [zbran PES je samo en
izveden hladilni obrat. V nadaljevanju je pricakovati
nizje investicijske stroske v primerjavi z
absorpcijskih sistemom (AHS) za enake robne
pogoje, ki jih lahko dosezemo z masovno
proizvodnjo in nadaljnjim optimiranjem hladilnega
sistema.

Za ekonomsko oceno je treba upostevati
tudi obratovalne stroske. V tem primeru je prednost
PESa zaradi ve&jega letnega deleza delovanja (HS).
Specifi¢no vrednost lahko izracunamo iz podatkov
hladilne obremenitve in stanja zraka (vlaznosti in
temperature). Za primer Gera naj bi letni delez
delovanja dosegel vrednost priblizno 1. Kot

For an economical evaluation of thermally
driven refrigerating processes both the investment
costs and the running costs have to be considered.
The specific investment costs of the SJEC including
auxiliaries for the pilot plant in Gera are, for the chiller
plant Briickenstral3e, a little higher than the costs of
an absorption chiller under the same operating condi-
tions. At this point it has to be taken into account that
for a pilot plant the expenditures for production (sin-
gle manufacturing) and planning were still relatively
high. Additionally, a lot of measuring and control tech-
niques were equipped in the pilot plant. Furthermore,
the chosen SJEC is a single manufactured chiller. In
the future, lower investment costs compared to an
ACC have to be expected for equal boundary condi-
tions, which could be made possible by series produc-
tion and further optimization in chiller-plant design).

For the economic evaluation of cold genera-
tion the running costs have to be taken into account
as well. Here, advantages for the SJEC technology
arise due to the larger annual mean COP. This specific
value can be calculated from data on cooling-load du-
ration curves and the state of the ambient air (humid-
ity and temperature). For the supply case in Gera the
annual mean COP was supposed to achieve a value of
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rezultat pilotnega objekta in obratovalnih izkusenj
je HS od 0,9 do 1 in je ugodna ocena za nadaljnje
uporabe (Stevilo HS je za absorpcijske klimatske
naprave (AHS) pogosto slabsi od 0,6). Za izra¢un
obratovalnih stroskov toplotnih hladilnih procesov
uporabljajo naslednje predpostavke, ki so tipiéne
za pridobivanje hladu v Nemciji.

approximately 1. As a result of the pilot plant and the
operational experiences an annual mean COP 0f 0.9to 1
is a suitable estimation for further application (in reality
the COP number of ACCs is often worse than 0.6). To
calculate the running costs of thermally driven refrig-
eration processes the following assumptions are cho-
sen, as these are typical for a cold supply in Germany.

Preglednica 2: Podatki za izracun obratovalnih stroskov (samo kot primer)
Table 2. Preliminaries to calculate operating costs (only as an example)

koli¢nik f (razmerje med vodovodno in odpadno vodo) 3

factor f (ratio of tap water to waste water)

poraba elektrike na kW hladilne mo¢i
electricity demand per kW re-cooling demand

0,025 kWo/kWip

voda (vkljuéno s pripravo, kemicni stroski)
water (including make-up. chemical costs)

1,02 Euro/m2

odpadna voda
waste water

1,53 Euro/m3

energija, elektrika
energy rate, electricity

0,071 Euro/kWh

cena elektrike 102 Euro/kW/a
demand price tariff, electricity

ure dobave hladu pri polni obremenitvi 1000 h/a
full load hours cold supply

obratovalne ure dobave hladu 5000 h/a

operating hours cold supply

specificni stroski toplote
specific costs of heat

20,47 Euro/MWh

100,00

Euro/MWh
90,00

80,00 \

70,00 \

60,00 \

50,00
40,00

30,00

specific operating costs

20,00

specificni stroski delovanja

10,00

0,00 | 1
0 0,5

HS/COP

1 1,5

Sl. 5. Specificni stroski obratovanja toplotno gnanih hladilnikov
Fig. 5. Specific operation costs of thermally driven chillers

Ugotovimo mocno odvisnost
obratovalnih stroskov od HS. S parametri za EU-
AHS (HS = 0,6) lahko napovemo specifi¢ne
obratovalne stroske priblizno 60 Euro/MWL.
Specificni stroski obratovanja za PES z letnim HS
0,9 (imensko delovanje 0,55) so okoli 25% nizji. Ce
povzamemo, lahko ugotovimo nizje stroSke
(obratovalne in investicijske) za dane karakteristike
porabnikov.
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We see the strong dependence of running costs
from the COP. With the parameters for an SE-ACC
(COP=0.6) given here we have to assume specific operat-
ing costs of approximately 60 Euro/MWh, . The specific
operating costs of an SJEC with an annual mean COP of
0.9 (nominal operating case 0.55), however, are around
25% lower. In summary, a lower total cold-supply cost
(operating and capital costs included) can be realized for
the given supply characteristics of the customers.
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41ZKUSNJE DELOVANJA

Hladilni obrat deluje dve leti. V tem Casu ni
prislo do nobene nezgode ali motnje pri dobavi
hladne vode. Poraba hladne vode je bila pricakovana
gledano predvsem letno (sl. 6). Karakteristike
delovanja parnega ejektorja so bile zelo dobre,
predvsem kakovost nadzora hladne vode. Zadnje
leto je bilo HS 0,62, kar je malo slabse od
priakovanega 1. Razlog za manjse HS je nizja
temperatura povratne hladne vode, vmesno
odpravljanje ovir krmiljenja gonilnega parnega toka
in ne optimalna konstrukcija ejektorjev.

Z instaliranim sistemom krmiljenja gonilne
pare ni bilo mogoce znizati tlaka pare pod 0,2 bar
(sl. 7). Zaradi tega do tedaj ni bilo mogoce uporabiti
odli¢nih pogojev delovanja parnega ejektorja v
zimskem ¢asu in ob spremembah. Za to leto
pricakujemo boljse obratovalne rezultate zaradi
boljse (oz. visje) temperature hladne vode, ker so

4 OPERATIONAL EXPERIENCES

The chiller plant has been in operation for two years.
During this period no accidents or interruptions of the chilled-
water supply occured. The chilled-water demand corresponds
to the expectations, especially concerning the year-round base
demand for chilled water (Fig. 6). The operational characteris-
tics of the steam-jet ejector are very good, especially the qual-
ity of the chilled-water supply control. For the last year the
mean COP was 0.62, which is a little worse than the expected
value of about 1. The reason for the reduced COP was the
lower chilled-water return temperatures, in the meantime cleared
constraints of motive steam flow control and a non-optimal
design of ejectors are suspected.

With the installed motive-steam control systems
it was not possible to lower the motive-steam pressure be-
low 0.2 bar(op) (Fig. 7). Because of this it was not possible,
until now, to use the excellent operation conditions of a
steam-jet ejector in winter time and transfer period ina complete
matter. For this year we expect better performance data due toa
better (or higher) chilled-water retum-line temperature, a new
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Sl. 6. Hladilni obrat v Briickenski ulici — HS in razlicne obratovalne temperature (podatki 19.5.1999)
Fig. 6. Chiller Plant Briickenstrafse — COP and different operation temperatures (data 19.05.1999)
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bili januarja letos vgrajeni nov krmilni sistem gonilne
pare in parne Sobe.

5SSKLEP

Izkusnje delovanja obrata iz prvih dveh let
so zelo ugodne. Med prvo fazo delovanja in prvo
fazo optimiranja so bili zaCetni problemi zelo hitro
reseni. Neuc¢inkovito delovanje, ki je zelo znano pri
vecini toplotno gnanih hladilnih procesih, ni bilo
ugotovljeno pri parnem hladilnem procesu. Dinami¢no
obnasanje PES je primerljivo z drugimi obicajnimi
kompresorskimi hladilniki. V tem trenutku poteka
optimizacija delovanja hladilnika predvsem HS in
krmilnega sistema izklopa.

sko ogrevanje - A Combined District Heating

motive-steam control system and modified motive-steam noz-
Zles, which were changed in January of this year.

5 CONCLUSION

The experience from the first two years of the
plant’s operation are very positive. During the primary
phase of operation and the first optimization phase
the initial operational problems of the pilot plant could
be solved very quickly. The inert operating response,
well known from many heat-driven refrigerating proc-
esses was not observed for the steam-jet refrigeration
system. In their dynamic behaviour SJECs are compa-
rable to conventional compression chillers. At the
moment the optimization of chiller operation, especially
COP and switch-off control systems is in progress.

6 SIMBOLI
6SYMBOLS
absolutno abs absolute
absorpcijski hladilni krog AHS - ACC absorption chiller cycle
kompresorski hladilni krog KHK-CCC compression chiller cycle
kombinirano daljinsko ogrevanje in daljinsko KDODH - combined district heating and district
hlajenje -CDHDC cooling
kombinirana proizvodnja toplote, hladu in KPTHM-  combined heating, cold, and power
elektrike -CHCP
kombinirana proizvodnja toplote in elektrike KPET-CHP combined heat and power
hladilno stevilo HS -COP  coefficient of performance
razmerje dodatne vode f ratio additional water to released water
nadtlak op over-pressure
enojni uc¢inek EU-SE single effect
parni ejektorski hladilnik PES-SJEC  steam jet ejector chiller
temperatura T(°C) temperature
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Energetska ucinkovitost daljinskega hlajenja

za klimatizacijo prostorov
The Energy Efficiency of District Cooling for Space Conditioning

Alojz Poredos

Oskrba uporabnikov z grelno in hladilno energijo iz daljinskih energetskih sistemov bistveno
prispeva k smotrni porabi energije in varovanju okolja. V preteklih nekaj letih se je uporaba daljinskega

hlajenja v nekaterih drzavah pomembno zvecala.

Uporaba absorpcijskih hladilnikov za daljinsko hlajenje se v zadnjem desetletju prav tako povecuje.
Te hladilne naprave potrebujejo vir toplote za svoje delovanje. To je lahko plin, kurilno olje, para ali vroca
voda. V ¢lanku so podani rezultati raziskave vplivnih parametrov na specificne izgube toplote v vroc¢evodnem
omrezju in celotni ucinek daljinskega hladilnega sistema.

© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: hlajenje daljinsko, naprave hladilne, u¢inkovitost energijska, izgube toplotne)

Supplying customers with heating and cooling energy from district energy systems contributes to
the rational use of energy and to environmental protection. In the past few years, the use of district cooling

has significantly increased in some countries.

In the last decade, the use of absorption chillers for district cooling has increased. These chillers
need a heat source for their operation. It can be gas, fuel oil, steam or hot water. This paper presents the
results of research on the parameters which influence the specific heat losses in a district heating network

and the overall efficiency of the system.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: district cooling, absorption chillers, energy efficiency, heat losses)

0UVOD

Dvig ravni delovnih in bivalnih pogojev
ljudi je nujno povezan s hlajenjem v okviru
klimatizacije. V te namene se uporablja razli¢na
nakljucno izbrana oprema razli¢nih proizvajalcev brez
ustreznega zagotavljanja uéinkovitosti ter tehni¢ne
in okoljne neoporecnosti. Posledica tega je
povecana poraba elektrike kot najbolj kvalitetne
energije.

Resitev tovrstnih problemov se ponuja z
daljinskimi hladilnimi sistemi. Rezultati §tevilnih studjj
v svetu kazejo, da imajo v primerjavi z lokalnim
hlajenjem z uporabo elektri¢ne energije daljinski
hladilni sistem $tevilne prednosti.

Daljinski hladilni sistemi so dokazano okolju
bolj prijazni kot posamezne manjse hladilne enote. Z
njimi zmanjSujemo oddajo Skodljivih snovi, z uporabo
sorpcijske tehnike hlajenja pa lahko povsem izlo¢imo
ozonu $kodljiva hladiva. Kadar so hladilne naprave
gnane s toploto iz kogeneracije, neposredno zmanjsu-

O0INTRODUCTION

An increase in the quality of working and liv-
ing conditions is inevitably connected with cooling as
part of air-conditioning systems. Various types of equip-
ment produced by different manufacturers are used for
this purpose, they are selected at random and do not
provide any assurance as to efficiency and compliance
with technical and environmental standards. This has
resulted in an increase in the consumption of electrical
energy: the energy of the highest quality.

A solution tor such problems is offered by
district cooling systems. The results of numerous
studies in the world have shown that in comparison
with local cooling using electrical energy, district
cooling systems have numerous advantages.

District cooling systems have been proven to
be more environmentally friendly than individual smaller
cooling units. They reduce the emissions of hazardous
substances and, with the use of a sorption cooling tech-
nique, ozone-unfriendly refrigerants can be eliminated
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jemo toplotno obremenitev okolja, z uporabo plina za
njihov pogon pa odpadejo vmesne pretvorbe energije
in dodatne izgube [1].

Odlocitev za uporabo absorpcijskih ali
kompresorskih hladilnih naprav je odvisna predvsem
od investicijskih in obratovalnih stroskov.
Investicijski stroski so nekoliko vecji za absorpcijske
hladilne naprave in so odvisni od tipa hladilnika ter
od vrste toplotnega vira. Eden od odlocilnih kriterijev
izbire vrste hladilnika je lahko tudi ekoloska
primernost. Absorpcijske hladilne naprave delujejo
skoraj neslisno. Uporabljajo tudi hladiva, kot npr.
amoniak, litijev bromid in vodo (NH, —H,O, LiBr -
H,0), ki imajo vpliv na nastanek tople grede (GWP)
in vpliv na tanjSanjeozonske plasti (ODP) enak nic.
Ce upostevamo porabo primarne energije (dolo¢eno
z ekvivalentom elektri¢ne energije, ki je potrebna za
pogon kompresorskih hladilnih naprav), imajo
nekatere absorpcijske hladilne naprave manjso
porabo, kakor prikazuje sl. 1.

Z vroco vodo in s paro gnani absorpcijski
hladilniki lahko uporabljajo toploto odvzeto iz
kogeneracijskega sistema. Zaradi odvzema toplote iz
parne turbine v kogeneracijskem sistemu se zmanjsa
pridobljena elektri¢na energija.

V primeru plinsko gnanih absorpcijskih
hladilnih naprav je upostevana u¢inkovitost plinsko
gnanih turbin, ki je potrebna za dolocitev ustrezne
elektriéne moéi. Ce primerjavo razli¢ne vrste hladilnih
naprav, vidimo, da predstavljajo z vro¢o vodo in s
paro gnani dvostopenjski absorpcijski hladilniki
najmanj$o porabo ekvivalenta elektrine energije na
enoto hladu, kar je lahko tudi eden izmed nacinov
zmanjSanja emisij CO,.

completely. When cooling devices are driven by heat
from cogeneration, the thermal burden on the environ-
ment is reduced directly, while using gas to drive them
means the intermediary stages of energy conversion
and additional energy losses are avoided as well [1].

The decision, whether to use absorption
chillers or compressor chillers basically depends on
the investment and operational costs. The invest-
ment costs for absorption chillers can be a little higher,
depending on the type of the absorption chiller and
the heat source in use. One of the criteria for the
decision could be also the ecological aspect. Ab-
sorption chillers are almost noiseless during opera-
tion. They also use the refrigerants, such as amonia
(NH, - H,0) and water (LiBr - H,0), which have a
global warming potential (GWP) and ozone deplet-
ing potential (ODP) equal to zero. When the primary
energy consumption is considered (defined by the
equivalent electrical power which is needed for driv-
ing the compressor chillers, and which could be pro-
duced by the heat source for absorption chillers),
some of the absorption chillers have a reduced con-
sumption as shown in Figure 1.

Hot-water and steam-driven absorption
chillers use heat extracted from a cogeneration plant.
Because of the heat extracted from a steam turbine in
a cogeneration plant, less electrical power will be pro-
duced.

In the case of a gas-driven absorption chiller,
the efficiency of a gas-driven turbine is considered
necessary to determine the equivalent electric power.
Comparing different types of chillers, hot-water and
two-stage steam-absorption chillers present the low-
est equivalent electric power per unit of cold pro-

140
%

120

vro¢a voda
hot water

kompresor
compressor

100
80
60
40
20

para (ena stopnja) para (dve stopnji) plin
steam (one stage) steam (two stage) gas

tip hladilne naprave
type of the chiller

Sl. 1. Delna hladilna obremenitev hladilnika na enoto ekvivalenta elektricne moci [2]
Fig.1. Cooling capacity share per unit of equivalent electrical power [2]
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Plinsko gnane absorpcijske hladilne naprave
predstavljajo najvecjo porabo ekvivalenta elektricne
energije na enoto hladu. V primerjavi z drugimi
hladilnimi napravami so tudi investicijski stroski
najvedji. Ce upostevamo, da lahko plinsko gnana
absorpcijska hladilna naprava nadomesti tudi
vrocevodni kotel v nekem objektu, je njihova uporaba
upravicena.

1 SPECIFICNE TOPLOTNE IZGUBE

Najboljsa izvedba sistemov daljinskega
hlajenja je v kombinaciji z absorpcijskimi hladilniki,
povezanimi v sistem daljinskega ogrevanja. Ti sistemi
morajo delovati tudi v poletnem obdobju zaradi
zagotovitve toplote, potrebne za ogrevanje tople
sanitarne vode. To pa predstavlja razmeroma velike
relativne izgube glede na koli¢ino dobavljene toplote.

Z vroco vodo gnani absorpcijski hladilniki
potrebujejo za svoje normalno delovanje visje temperature,
kot so obi¢ajno pri obratovanju sistema daljinskega
ogrevanja v poletnem obdobju. S povisanjem temperature
dovoda in povratka vroce vode se povecCujejo toplotne
izgube omrezja, s tem pa tudi specificne toplotne izgube
(KW, ™MW o) S POVECanjem odjema za potrebe
hlajenja se lahko specifi¢ne toplotne izgube zmanjs$ajo (sL. 2).

Temperaturna razlikamed dovodom in povratkom
vroce vode v omrezju daljinskega ogrevanja nima vpliva
samo na toplotne izgube, ampak tudi na porabo elektricne
energije, ki je potrebna za pogon obto¢nih ¢rpalk.

Za dosego vecje ucinkovitosti z vroc¢o vodo
gnanih absorpcijskegih hladilnikov mora biti
temperaturna razlika med dovodom in povratkom ¢im
manjsa. Povecanje temperature dovoda vroce vode

duced. This could also be a way of introducing state
support in a sense of reduced CO, emissions.

Gas absorption chillers have the biggest
equivalent electrical power consumption. Their in-
vestment costs are also higher when compared to
the other chillers. As they can also replace the boiler
for heat production, there is no doubt about their
advantages over compressor chillers.

1 SPECIFIC HEAT LOSSES

District cooling systems with sorption
chillers are the best when dsigned in combination
with district heating systems, the majority of which
also have to operate in the summer in order to en-
sure the supply of sanitary water. But this means a
large relative loss with regard to the amount of sup-
plied heat.

Absorption chillers, driven with hot water,
need heat with higher temperatures for their normal
operation as the district heating network. By increas-
ing the supply and return temperatures of hot water,
the heat losses of the district heating network are
higher and so also are the specific heat losses (kW /

heat Supply). But with increasing heat consumption,
the specific heat losses decrease (Fig. 2).

The supply- and return-temperature differ-
ence for a district heating network does not have an
influence only on heat losses, but also on the con-
sumption of electrical energy needed to drive net-
work pumps.

To achieve high chiller efficiencies, the sup-
ply and return hot-water temperature difference
should be low. Increased hot-water supply tempera-

700
KW/MW 650 | sklicevane spec. toplotne izgube (75/65°C)

600 & 30 MW poraba toplote
o 550 reference spec. heat losses (75/65°C)
© ; . o
S ., 50 30MW heat consumption Tinp (°C)
N2 450 |
o & —*—80
o = 400 1
S F 301
a O —o—
2= 300+ 85

]

O = 250 +
55 i —&—90
= L 20
S @ 150 1
o 100

50 T

0 f f

0 15 30 45

povecanje porabe toplote

75 90 105 120

MW

increased heat consumption

Sl. 2. Specificne toplotne izgube vrocevodnega omrezja3]
Fig. 2. Specific heat losses of a district heating network [3]
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in zmanjSanje temperaturne razlike pa poveca toplotne
izgube v omrezju daljinskega ogrevanja.

2 UCINKOVITOST ABSORPCIJSKE HLADILNE
NAPRAVE

Analiza posameznih u¢inkovitosti je temeljila
na obratovalnih parametrih vrocevodnega
absorpcijskega hladilnika Carrier (16 JB 032 /036) z
enojnim efektom in delovno snovjo Li-Br. Parametri
obratovanja so bili:

a) temperatura hlajene vode (6/12°C)
b) temperatura hladilne vode (27/32°C)

Rezultati kazejo, da se hladilno Stevilo
hladilnika povecuje z visanjem temperature dovoda
vroce vode in z manjSanjem temperaturne razlike med
dovodom in povratkom. Iz slike 3 je razvidno, da je
razlika med najvecjo in najmanj$o vrednostjo
hladilnega stevila samo okrog 5%.

Temperatura dovedene vroce vode je
omejena z najnizjo temperaturo. Pri nizji temperaturi
dovoda (< 85 °C ), je ucinkovitost absorpcijskih
hladilnikov zelo majhna in so zato specifi¢ni
investicijski stroski previsoki. Pri teh pogojih se
pojavijo tudi problemi v samem delovanju
absorpcijskega hladilnika.

Bistvo naSe analize je bila dolocitev
temperaturnega obmocja obratovanja omrezja
daljinskega ogrevanja, v katerem dosezemo ustrezno
ucinkovitost tako absorpcijskega hladilnika kot tudi
celotnega omrezja daljinskega ogrevanja.

tures and a small temperature difference, however,
increase the heat losses of a district heating network.

2 ABSORPTION-CHILLER EFFICIENCY

An analysis of individual efficiencies using
the data from a commercially available Carrier’s sin-
gle-effect Li-Br absorption chiller, which is arranged
for use with hot water (16 JB 032/ 036) was made. We
chose further parameters:

a) chilled water temperatures (6/12°C)
b) cooling water temperatures (27/32°C)

The COP (coefficient of preformance)
increases by increasing the hot-water supply
temperatures and by decreasing the differences
between the hot-water supply and return temperatures.
Referring to Fig. 3, the difference between the highest
and the lowest COP is only about 5%.

The hot-water supply temperatures were
limited by the lowest temperature. At lower supply
temperatures (<85°C), the efficiencies of absorption
chillers are very low and the specific investment costs
are too high. Besides this, the operational problems
at lower hot-water supply temperatures occur.

The return hot-water temperatures were also
limited by the determined temperature range. The pur-
pose of our analysis was to determine the temperature
range of a district heating network operation, at which
the corresponding efficiency of both an absorption chiller
and the district heating network could be achieved.

0.735 dobavna temperatura
0,73 supply temperature
°C
0,725
—- 85
2072
3
87 % 0,715
2 —&—90
SO 071
B
= 0,705
0,7 . @95
e
0,695 ,/
0,69 -
70 75 80  oc 83

povratna temperatura
return temperature

Sl. 3. Hladilno Stevilo absorpcijskega hladilnika v odvisnosti od temperatur dovoda in povratka vroce vode [4]
Fig. 3. COP of the absorption chiller depending on different hot-water supply and return temperatures [4]
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3 UCINKOVITOST OMREZJA DALJINSKEGA
OGREVANJA

Izkoristek vroCevodnega sistema smo
definirali kot razmerje med odjemnim toplotnim tokom
na strani odjemalca, ter celotnim transportiranim
toplotnim tokom in elektricno mocjo ¢rpalk (za
transport vroce vode). Toplotni ekvivalent elektri¢ne
moci smo definirali kot trikratno vrednost elektricne
moci.

Qabsorpz'ija
Qabsorpcija + Qizgub + 3 : })elektriv'na

n= )

Qam ...~ toplotni tok, doveden v absorpcijski
hiadifnrk
Qizgub - izgube toplotnega toka pri transportu skozi
vrocevod
P o~ €lektricna moc crpalk za transport vroce vode
Izkoristek vrocevodnega sistema smo
opazovali pri razlicnih izgubah toplotnega toka ter
razli¢nih toplotnih moceh na strani odjemalca. Slika
4 prikazuje izkoristek vrocevodnega sistema pri
izgubah toplotnega toka 0,04 MW/K in odjemni
toplotni moc¢i 30 MW. Temperatura okolice je bila
izbrana kot povprecek srednje dnevne temperature
za Ljubljano v mesecih junij, julij, avgust in znaSa
18,8°C.
Izgube v MW/K predstavljajo v enacbi :

3 DISTRICT-HEATING-NETWORK
EFFICIENCY

We determined the overall district-heating-
network efficiency as the ratio of consumed heat,
and the heat transported through the network, added
to the electrical power of the network pumps (used to
transport the hot water). The heat equivalent of the
electrical power was defined by the three times
increased value of the electrical power.

Qab.mrpti(m

+3-P

electric

)

n=-— n
Qabsarplion + Qlosses

Qahwpn_nn - heat flow, supplied to the absorption chiller
0,,...~ heat flow losses due to hot-water transport
through district heating pipes
P,,... - electric power for the pumps, which are used
for transporting the hot water through the district
heating network

The efficiencies of a district heating system
at different heat losses and for different heat
consumptions of the customers were observed. Figure
4 shows the efficiency of the district heating system at
heat flow losses of 0,04 MW/K and at 30 MW of heat
consumption. An ambient temperature of 18,8°C was
defined as an average of the medium daily temperatures

In the equation:

Qllosses = k ' A AT

Qg =k-A-AT ) ()
0.900 dobavna
temperatura

0,890 supply

b‘ temperature
0,880 AL °C

\ S - ‘ 85
0,870 N ~a
= N
0,860 R = %0
s \ v\ ’
~~ g’ —A— 95

0,850 \A\
0,840 \
0,830 i

70 75

80 85

°C

povratna temperatura
return temperature

Sl. 4. Ucinkovitost omrezja daljinskega ogrevanja v odvisnosti od razlicnih temperatur dovoda in
povratka vroce vode pri toplotnih izgubah 0,04 MW/K in odjemu 30 MW [5]
Fig. 4. The efficiency of the district heating system depending on different hot-water supply and return
temperatures at heat flow losses of 0.04 MW/K and the 30 MW of heat consumption [5]
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Clen kA. Temperaturna razlika predstavlja razliko med
temperaturo vroce vode v vrocevodu in temperaturo
okolice.

Ker izkoristek vrocevodnega sistema z
narasCanjem temperature povratka vroce vode pada
(slika 4), je skoraj nemogoce dolociti tocko
optimalnega obratovanja, saj so v interesu odjemalca
absorpcijskega hladilnika, interes distributerja vroce
vode pa ¢im niZji obratovalni stroski vro¢evodnega
sistema.

Pri visokih temperaturah povratka vroce
vode se investicijski stroski absorpcijskega hladilnika
znizajo, vendar pri¢ne v tem obmocju izkoristek
vroc¢evodnega sistema naglo padati, kot je to
prikazano na sliki 4.

Iz slike 4 je razvidno, da dosegamo najboljse
izkoristke vro¢evodnega sistema ob ¢im vis§jih
temperaturah dovoda vroce vode in ¢im vecjih
temperaturnih razlikah med temperaturama dovoda
in povratka vroce vode (pri doloceni temperaturi
povratka). Velike temperaturne razlike omogocajo
manjse pretoke vroce vode, to pa zmanjsa elektricno
moc Crpalk.

Na sliki 4 je ¢rtkano oznaceno podrocje, v
katerem naj bi vrocevodni sistem obratoval.

Krivulje, ki predstavljajo temperature
dovoda vroce vode, se pri vecjih temperaturnih
razlikah priblizujejo neki skupni vrednosti. 1z tega
lahko sklepamo, da je izbrano podro¢je ustrezno, saj
je padec izkoristka med temperaturama povratka 73
do 80°C veliko man;j$i v primerjavi z desno stranjo
diagrama. Ce povecujemo toplotno moé na strani
odjemalca, se tudi izkoristek vro¢evodnega sistema
povecuje, tendenca in razvrstitev krivulj pa ostajata
zelo podobna.

Iz primerjave dveh rezimov obratovanja
pri enakem odjemu (30MW) in razli¢nih izgubah
(0,04 MW/K in 0,12 MW/K), dobimo razlike v
hladilnih stevilih le okrog 3%, razlike v hladilnih
moceh pa tudi najvec¢ 3%. Ta padec hladilne moc¢i
ter hladilnega Stevila bi lahko korigirali, ¢e bi
npr. povisali temperaturo hlajene vode
absorpcijskega hladilnika s sistema 6/12°C na
sistem 7/13°C.

4 SKLEPI

Sistemi daljinskega hlajenja omogocajo
moznost sistemati¢ne in nadzorovane uvedbe
hlajenja. Omenjena moznost je izrazena predvsem na
podrodjih, na katerih ze obstajajo ti sistemi daljinskega
ogrevanja, ki omogoc¢ajo povezavo daljinskega
hlajenja z lokalnim generiranjem hladu s pomocjo
absorpcijskih hladilnikov, ki so gnani z vro¢o vodo iz
vro¢evodnega omrezja.

Ce se koli¢ina toplote iz sistema daljinskega
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the factor k-4 represents determined values in MW/
K. The temperature difference (AT) represents the
difference between the temperature of the hot water
in the pipe and of the ambient temperature.

By increasing the hot-water return
temperature, the efficiency of the district heating
network decreases (Fig.4), as a result, it is almost
impossible to determine the optimum temperatures
for the operation of a district heating network. The
customer demands the lowest investment and
operating costs for the absorption chiller, and the
hot-water distributor demands the lowest operating
costs for the district heating network.

At very high hot-water return temperatures
the specific investment costs of an absorption chiller
are lower, but the efficiency of the district heating
network is rapidly decreasing (Fig. 4).

At the highest hot-water supply
temperatures and at the highest temperature
differences between the hot-water supply and return
temperatures (at the determined return temperature),
the highest efficiency of the district heating system
can be achieved. Higher temperature differences
enable smaller hot-water mass flow through the
district heating network and therefore reduced
electrical power consumption for the network pumps.

In Figure 4 the temperature range in which
the district heating system should operate is marked
(dashed line).

At higher hot-water temperature differences,
the curves in Figure 4 approach a determined value. The
decrease in the efficiency is much lower at hot-water
return temperatures between 73 and 80°C when compared
to the right side of the chart. Therefore, we can make a
conclusion, that the selected temperature range is suitable.
By increasing the heat consumption, the efficiency of the
district heating system is increasing and the trend and
arrangement of the curves remain very similar.

A comparison of the operation of two
district heating sytems at the same consumption (30
MW) but with different heat losses (0,04 MW/k and
0,12 MW/K), shows a decrease in the COP and cooling
capacities of the absorption chiller by approximately
3%. The drop in the cooling capacity can be
compensated for by increasing (for instance) the
chilled-water temperature from 6/12°C to 7/13°C.

4 CONCLUSIONS

District cooling systems offer the possibility
of a systematic and controlled introduction of cooling.
This is particularly true for areas in which district
heating systems already exist and can be used to
generate cooling with refrigerators driven by heat
from the hot-water supply system.

If the amount of heat supplied by a district
heating system for sanitary water preparation in the
summer was increased to drive cooling devices with
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ogrevanja, ki je v poletnem obdobju potrebna za
pripravo tople sanitarne vode, poveca zaradi pogona
absorpcijskih hladilnikov, bi se relativne izgube top-
lote znatno zmanjsale, prav tako pa tudi poraba
elektrike za potrebe hlajenja.

Rezultati analize ucinkovitosti
absorpcijskega hladilnika prikazujejo, da lahko
dosezejo ti hladilniki najvecjo u€inkovitost pri ¢im
visjih temperaturah dovoda vroce vode in ¢im manjsih
temperaturnih razlikah med temperaturama dovoda
in povratka. Ucinkovitost sistema daljinskega
ogrevanja s povecanjem odjema vroce vode ter
zmanjsuje z visanjem temperatur dovoda in povratka.
Primeren odgovor o optimalnih temperaturah
obratovanja absorpcijskega hladilnika dobimo z
uposStevanjem investicije in obratovalnih stroskov
celotnega sistema daljinskega hlajenja.

absorption chillers, the relative heat loss would be
reduced considerably and the consumption of
electricity for cooling would be reduced.

The results of the presented efficiency of
an absorption chiller depending on different hot-water
supply and return temperature show that at the
highest hot-water supply temperatures and
temperature differences, the best efficiencies for the
absorption chiller can be achieved. On the other hand,
with higher hot-water supply and return temperatures,
the efficiency of the district heating and also district
cooling system decreases.

The answer to the question of the optimum
temperature for the absorption chiller supplying heat
can be achieved by taking into account the
investment and operating costs of the complete district
cooling system.
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Moznosti za znizanje temperature

toplotnega vira z absorpcijskimi hladilnimi
napravami

The Possibilities of Reducing the Temperature of the Heat
Source for Absorption Chillers

Janko Remec - Andrej Arhar

Povecanje pomembnosti s simultano proizvodnjo elektrike sproZijo toplota in mraz stroge zahteve
po uporabi absorpcijskih hladilnikov. Naprave bi morale biti manjSe, imeti manjso hladilno zmogljivost in
uporabljati nizko temperaturno ogrevano vodo pri 90°C ali nizjo. Zaradi tega so potrebne spremembe v
konstrukciji generatorja. Padajoci sloj omogoca generatorjem uporabo vroce vode pri nizjih temperaturah.
Omenjen tip generatorjev se izogiba visokim hidrostaticnim tlakom, potrebuje nizje pregretje in zmanjsuje
meSanje raztopin. Zaradi tega lahko uporabimo za priblizno 7°C nizjo temperaturo vroce vode za dosego
enakih hladilnih zmogljivosti.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: generatorji, sloj padajoci, litijev bromid, prenos toplote)

The increasing importance of the simultaneous production of electricity, heat and cold results in
increasingly rigorous demands on absorption chillers. These devices should be smaller, having a low cool-
ing capacity and they have to be able to use low-temperature heating water at 90°C or below. As a result,
changes in generator construction are needed. Falling-film generators allow the use of hot water with lower
temperatures. This type of generator avoids the need for high hydrostatic pressure, requires lower superheat-
ing and diminishes solution mixing. Consequently, we can use hot water at a temperature 7°C lower and

reach the same cooling capacity.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: generators, falling-film, lithium bromide, heat transfer)

0UVOD

Sistemi za soproizvodnjo toplotne in elektricne
energije (STEE - CHP) imajo visoke energijske izkoristke,
v primeru kadar uporabimo vso pridobljeno toplotno in
elektri¢no energijo. Temperaturni nivoji toplote so odvisni
od izbrane naprave. Plinske turbine omogocajo
proizvodnjo pare, medtem ko plinski dizelski motorji
proizvajajo samo vroco vodo na temperaturnem nivoju
pod 100°C, obicajno 90°C. V primeru man;jsih izvedb (pod
1 MW elektriéne moci), so v uporabi dizelski motorji.
Njihova prednost je v prilagajanju obremenitvam in
dobrem izkoristku v Sirokem obmo¢ju obremenitev. Para
iz plinske turbine se lahko uporabi v industrijske namene.
Toploto dizelskih motorjev odvajamo z vodo, ki se lahko
uporabi samo za ogrevanje. V obeh primerih se pojavi
presezek toplote v poletnem obdobju. Toploto moramo
odvesti v okolico, za kar potrebujemo dodatno energijo.
Hkrati so v poletnem ¢asu pricakovane vecje potrebe po
hladu. Presezek toplote iz STEE lahko uporabimo v
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O0INTRODUCTION

Systems for combined heat and power
(CHP) have a high energy efficiency when they use
all the heat and power produced. The temperature
levels of the heat depend on the selected device. Gas
turbines are able to produce steam, but gas diesel
engines only produce hot water at temperatures below
100°C, usually about 90°C. When the facilities are
small (under 1 MW of electrical power), diesel engines
are the preferred choice. Their advantages are
operating flexibility and good efficiency over a wide
range of loads. The steam from gas turbines can be
used in industrial applications. Waste heat from diesel
engines is rejected with the water which can only be
used for heating. In both cases there is a surplus of
heat in summer time which has to be put into the
environment with the use of additional energy. At
the some time in summer a greater demand for cooling
is expected. Excess heat from CHP systems should
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absorpcijskih hladilnikih za proizvodnjo hladu. Za pogon
absorpcijskih hladilnikov najpogosteje ostane le
nizkotemperaturna toplota.

Na podrocju absorpcijskih hladilnih naprav z
majhno hladilno mo¢jo, ki jih poganja nizkotemperaturna
vroca voda, je trg sorazmerno majhen. Eden glavnih
vzrokov je visoka cena, ki je povezana z majhnim
povpraSevanjem po absorpcijskih hladilnih naprav. Trg
jeboljerazvit v Aziji in $e predvsem na Japonskem. Uvoz
z daljnjega vzhoda je onemogocen zaradi stroskov
prevoza in neusklajenosti s predpisi v ES, kar je pomembno
predvsem za hladilne naprave z majhno hladilno mod¢jo.

Na trgu obstajata dve vrsti absorpcijskih
hladilnih naprav, ena temelji na kroznem procesu z
enojnim ucinkom in druga z dvojnim u¢inkom, obe pa
kot delovni par uporabljata vodno raztopino litijevega
bromida. Pri obeh vrstah lahko za pogon uporabljamo
plin ali paro, medtem ko nizkotemperaturna vroca voda
zados¢a le za pogon naprav z enojnim u¢inkom. Hladilne
naprave, ki delujejo z delovnim parom amoniak/voda,
so manj primerne, zaradi manjsih vrednosti hladilnega
stevila (HS - COP) v enakih razmerah.

1 VPLIVNAHS IN
HLADILNO ZMOGLJIVOST

Krozni procesi z enojnim ucinkom so
najprimernejsi za absorpcijske hladilne naprave,
ki so gnane z nizkotemperaturno vroco vodo.
Spremembe vstopne in izstopne temperature
povzroéijo spremembo delovne toc¢ke absorpcijske
hladilne naprave. Spreminjanje delovne tocke
lahko ublazimo s spremembo nivojev in
koncentracij v napravi. Ce so spremembe
prevelike, se spremeni mehanizem prenosa toplote
in snovi. Teh sprememb ne moremo vec
kompenzirati.

Toploto za pogon dovajamo v generator
absorpcijske hladilne naprave. Nizka temperatura
dovedene tople vode zahteva nizek tlak v generatorju.
Tlak je odvisen od koncentracije raztopine in tem-
perature v kondenzatorju. Znizanje koncentracije zniza
ucinkovitost absorberja zato ne moremo doseci nizke
temperature na izstopu. Nizjo temperaturo v
kondenzatorju pa dosezemo z nizjo temperaturo
hladilne vode.

Delovanje absorpcijskih hladilnih naprav
ni odvisno samo od vstopne temperature vroce vode,
ampak tudi od temperature na izstopu. Izbrali smo
primer s temperaturo hlajene vode na vstopu 12°C
in 7°C na izstopu ter vstopno temperaturo vroce
vode 90°C. Slika 1 prikazuje vpliv izstopne tempera-
ture vroce vode in hladilne vode na hladilno moc¢
naprave pri nespremenjenem volumskem pretoku.
Komercialne absorpcijske hladilne naprave so bile
konstruirane za pogon s paro in kasneje prilagojene
za vroco vodo pod 100 °C (vec¢ cevi v generatorju in
kondenzatorju).

be used in absorption chillers to produce cold. Only
low-level hot water is usually available for these
applications.

There is a relatively small market for absorp-
tion chillers with low cooling capacities driven by
low-temperature hot water. One of the main reasons
for the small market is the high price which is the
result of the low sales of these chillers. The market is,
however, more developed in Japan and SE Asia. Im-
portation of these chillers from the far East is ob-
structed by transport costs and harmonization with
EU regulations. This is especially important for low-
capacity chillers.

Two types of absorption chiller exist on the
market, one based on single and another on double-
effect cycles, both using aqueous lithium-bromide
solution as the working pair. Both types could be
driven by steam or gas, but for low-temperature hot-
water applications only the single-effect chillers are
apropriate. Chillers with amonia-water as the working
pair are less convenient because of the lower COP
for the same conditions.

1 INFLUENCES ON COP AND
COOLING CAPACITY

Single-effect chillers are the most suitable
for absorption chillers driven by low- temperature
hot water. Changes of any inlet or outlet temperature
cause a different working point of the absorption
chiller. Construction can compensate for these
changes with different liquid levels and concentra-
tions in the elements of the chiller. If the changes are
too large, heat- and mass-transfer mechanisms can
be changed too. These changes cannot be compen-
sated any more.

Driving heat is put into the generator of the
absorption chiller. A low hot-water input temperature
requires a low pressure in the generator. Pressure
depends on the concentration of the solution and
the temperature in the condenser. The decrease in
concentration reduces the absorber efficiency and
the outlet chilled-water temperature cannot be
reached. A lower temperature in the condenser is
reached with a lower temperature of the cooling water.
But both possibilities are limited.

The operation of absorption chillers
depends not only on the inlet temperature of the hot
water but also on its outlet temperature. We have
selected an example with the temperature of chilled
water at 12°C for the inlet and 7°C for the outlet and
inlet hot-water temperature of 90°C. Figure 1 shows
the influence of different outlet temperatures of hot
water and inlet cooling-water temperature with a
constant volume flow on the cooling capacity. It is a
commercial absorption chiller designed to be driven
by steam and adapted for hot water under 100°C (more
tubes in the generator and condenser).
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Znizanje temperature vroce vode do 80°C
ne povzrodi izrazitega zmanj$anja vrednosti HS, kar
pa ne velja za hladilno mo¢. Moc¢ je odvisna tudi
od hladilne vode (sl. 1). V izbranem obmoc¢ju
pricakovanih parametrov je zmanjSanje hladilne
moc¢i premosorazmerno z izstopno temperaturo
vroce vode in temperaturo hladilne vode. Znizanje
izstopne temperature za 5°C ima za posledico
zmanjsanje hladilne mociza 8 %. Izstopne tempera-
ture pod 70°C so manj primerne zaradi velikih
notranjih izgub v generatorju in premajhnem
pregretju. To povzroca nepravilno delovanje
hladilne naprave [1].

By reducing the temperature of hot water to
about 80°C the COP does not decrease drastically,
however the cooling capacity is significantly
decreased. The capacity depends on the cooling water
too (Figure 1). In the selected range of anticipated
parameters a decrease of the cooling capacity is linearly
proportional to the hot-water outlet temperature and
the cooling-water temperature. A reduction of the
outlet temperature by 5°C results in a decrease in the
cooling capacity by 8%. Outlet temperatures below
70°C are unfavorable because of high internal losses
in the generator and too low superheating. This causes
incorrect chiller operation [1].

1,0
B

- ‘\-\\\ izstopna temp. vroCe vode
o 'g 0.8 \ « hot-water outlet temperature
o \\\' +-80°C

[&]
O —= - o
£ g \\_\ 75C
£ E 06 \l —+—70°C
S >
o =
€T 04 \\ =
s vro¢a voda - vstop: 90°C T
3 o hot water inlet: 90°C \
< = 02 L hladilna voda: konst. prostorninski pretok

§ ’ cooling water: constant volume flow

hlajena voda: 7/12°C
chilled water: 7/12°C
0,0 1 J
18 22 26 30 34
°C

vstopna temperatura hladilne vode
cooling water inlet temperature

Sl. 1. Vpliv zmanjsanja temperature hladilne vode na hladilno moc [1]
Fig. 1. Influence of cooling water temperature decrease on cooling capacity [1]

Na trgu dostopne absorpcijske hladilne
naprave so bile konstruirane tako, da jih poganja para
ali vro¢a voda nad 100°C, locitev hladiva in
absorpcijskega sredstva je z vrenjem vodne raztopine
litijevega bromida v posodi. Omenjeni naéin vrenja
potrebuje visoko pregretje zlasti, kadar uporabljamo
vodne raztopine soli. Za dosego toplotnega toka
50 kW/m? je potrebno pregretje za 12 °C [2]. Pri tem
toplotnem toku je v generatorju konvektivno
mehurckasto vrenje. Manjsi toplotni tok moé¢no
poveca povrsino generatorja in ceno hladilne naprave.
Za dosego 50 kW/m? v generatorju z gladkimi cevmi
(baker-nikel), je potrebna 18°C temperaturna razlika
med grelno vodo in raztopino.

2 TEHNICNE MOZNOSTI

Nizkotemperaturno ogrevno vodo lahko
uporabimo brez sprememb temperature hlajene in
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Existing commercial absorption chillers
were designed to be driven by steam or hot water
over 100°C and the separation is carried out by pool
boiling of aqueous lithium-bromide solution. This
type of boiling needs high superheating, especially
when using aqueous salt solutions. To reach a heat
flux of 50 kW/m? more than 12°C of superheating is
needed [2]. At this heat flux, free convectional pool
boiling occurs. A lower heat flux would strongly
increase the surface of the generator and the price
of'the chiller. To reach 50 kW/m? in a generator with
smooth copper-nickel tubes a temperature differ-
ence between the hot water and the solution of about
18°C is needed.

2 TECHNICAL POSSIBILITIES

We can use low-temperature heating water,
without changing the cooling and chilled water
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hladilne vode, ¢e v generatorju: povecamo povrsino
cevi (i), povecamo koeficient toplotne prestopnosti
(i1) in zmanj$amo hidrostati¢ni tlak (iii). Spremembe
delovnega para ne bomo obravnavali.

Prva moznost (i) je najpogosteje uporabljena
resitev. Cilj lahko dosezemo z vec¢jim Stevilom cevi
ali/in z uporabo orebrenih, ozlebljenih ali posebno
obdelanih cevi. Ce uporabimo veé¢ cevi, se mo¢no
povecata velikost hladilne naprave in cena. Prav tako
se poveca koli¢ina raztopine v napravi in hidrostati¢ni
tlak. Z uporabo cevi z ve¢jo povrsino se poveca samo
cena.

Koeficient toplotne prestopnosti (ii) je
mogoce povecati na strani vode in/ali na strani
raztopine. Uporaba nizko temperaturne vroce vode
omogoca nizek tlak v ceveh. Zaradi tega lahko
uporabimo bakrene cevi, ki imajo trikrat boljso toplotno
prevodnost, kot obic¢ajno uporabljene Cu-Ni cevi. Z
zmanjSanjem debeline stene cevi in spremembo
materiala ne vplivamo bistveno (do 3 %) na koeficient
toplotne prestopnosti. Pri nizko temperaturnem viru
toplote lahko uporaba cevi z povecano ali izboljSano
povrsino povisa koeficent toplotne prestopnosti na
strani raztopine. Koeficient toplotne prestopnosti je
mocno odvisen od pregretja. Kadar v generatorju
uporabljamo vrenje v sloju, je koeficient toplotne
prestopnosti odvisen tudi od gostote masnega toka.
Povecanje gostote masnega toka do 0,15 kg/s'mimaza
posledico povecanja koeficenta toplotne prestopnosti.
Z uporabo orebrenih in ozlebljenih cevi je koeficient
prenosa toplote skoraj dvakrat vecji [3]. Oba nacina
povecane povrSine omogocata boljSo razlitje kapljevine
in s tem zmanjSanje suhih povrsin, ki zmanjsajo
povprecni koeficient toplotne prestopnosti. Celotni
koeficient toplotne prestopnosti je odvisen tudi od le-
te na vodni strani. Omejitve hitrosti na strani vroce
vode so povezane z dopustnim tlaénim padcem. Pri
nizkih hitrostih vroce vode je primerna uporaba cevi s
povecano povrsino na notranji strani.

Slika 2 prikazuje vpliv na koeficient toplotne
prestopnosti. Izbrali smo hitrost vro¢e vode med 0,5
in2 m/s v cevi z notranjim premerom 18,5 mm. Majhen
premer in relativno velike hitrosti omogoc¢ajo dober
koeficient toplotne prestopnosti med vroc¢o vodo in
cevjo. Mozna je tudi uporaba vecjih hitrosti, kar daje
celo boljse rezultate, pri cemer pa se mocno poveca
tlacni padec. Na strani raztopine je koeficient toplotne
prestopnosti manjsi.Koeficient toplotne prestopnosti
je pri vrenju vodne raztopine LiBr slabsi kot pri vrenju
Ciste vode. Pri vrenju v posodi dosezemo vrednost
5000 W/m?K pri pregretju 20°C. Vrenje raztopine v
padajocem sloju na gladke vodoravne cevi da slabse
eksperimentalne rezultate [3]. To je v nasprotju z vodo,
pri kateri opazimo povecanje koeficineta toplotne
prestopnosti pri nizkih toplotnih tokovih tako na
gladkih kot na povecanih povrsinah cevi [6].

Vrednost koeficienta toplotne prestopnosti
2500 W/m?*K dosezemo pri vrenju v posodi pri

temperature, with the following changes to the
generator: increasing the tube surface (i), increasing
the heat-transfer coefficient (ii) and decreasing the
hydrostatic pressure (iii). Changing the working pair
will not be discussed.

The first possibility (i) is the most common
solution. We can reach this goal with more tubes or/and
using finned, grooved or specially treated tubes. If we
use more tubes the chiller size and price will increase
significantly. It will also cause an increase of the depth
of the solution in a vessel and hydrostatic pressure. In
case of non smooth tubes, only the price will be higher.

The heat-transfer coefficient (ii) could be in-
creased on thewater side and/or the solution side. Using
a low hot-water temperature enables a lower pressure
in the tubes. As a consequence we can use Cu tubes
with three times better conductivity rather than Cu-Ni
tubes which are used in normal situations. The tube-
wall thickness decreases and the material changes do
not influence significantly (up to 3%) the overall heat-
transfer coefficient. With a low-temperature heat source
the use of extended or enhanced surfaces can increase
the boiling heat-transfer coefficient of the solution.
The heat-transfer coefficient depends strongly on su-
perheating. When using thin-film boiling in a genera-
tor, the heat-transfer coefficient also depends on the
mass-flow density. The increase of mass-flow density
up to 0.15 kg/s'm increases the heat-transfer coeffi-
cient. Using finned or grooved tubes the heat transfer
coefficient is almost twice a high [3]. Both types of
extended surface enable a better spread of liquid and
avoid dry surfaces which decrease the average heat-
transfer coefficient. The overall heat-transfer coeffi-
cient also depends on the water side. The limits on the
hot-water side are due to the water velocity being re-
stricted by the maximum pressure drop. By using a low
hot-water velocity, extended surfaces inside the tube
are also a possibility.

Figure 2 shows the influence on the overall
heat-transfer coefficient. Hot-water velocities between
0.5 and 2 m/s in a tube with a 18.5 mm inner diameter
are selected. A small diameter and a relatively high
velocity enables good heat-transfer coefficient be-
tween the hot water and the tube. The use of a higher
velocity is also possible and gives even better results,
but the pressure drop increases significantly. On the
other hand, heat transfer on the solution side is low. In
comparison with water the lithium-bromide boiling
heat-transfer coefficient is weak. Using pool boiling,
5000 W/m?K can be reached for only 20°C of super-
heating. Solution boiling in a falling film on smooth
horizontal tubes gives poorer experimental results [3].
This is in contrast to water, where a significant in-
crease in the low-heat flux is measured on smooth and
structured surfaces [6].

The overall heat-transfer coefficient of 2500
W/m?K by pool boiling at a temperature difference of
20°C and a hot-water velocity of 1.5 m/s can be
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Fig. 2. Influence of the solution heat-transfer coefficient on the solution side on the overall heat transfer
with a different velocity in the tubes

temperaturni razliki 20°C in hitrosti vroce vode 1,5 m/s.
Podvojitev hitrosti vro¢e vode zmanjsa potrebno
temperaturno razliko za 2,5 °C ali zmanjsa povr§ino
cevi za 20%.

Tlak (iii) v generatorju je odvisen od
koncentracije raztopine in temperature kondenzacije.
Vrenje je lahko v posodi ali v sloju. Cevi pri vrenju v
posodi so potopljene v raztopini. Pri generatorjih s

reached. Doubling the hot-water velocity decreases
the required temperature difference by 2.5°C or de-
creases the tubes’ surface area by 20%.

Pressure (iii) in the generator depends on
the solution concentration and the condensation tem-
perature. We can use pool boiling or thin-film boiling
in the generator. Tubes for pool boiling are immersed
in the solution and boiling occurs on the tubes. With
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prienjem se na ceveh oblikuje sloj raztopine. Nad
snopom cevi je cev, ki razprsi raztopino. Uporaba
vrenja v sloju zahteva vodoravno postavitev naprave
in s tem tudi cevi.

Absolutni tlak v generatorju je nizek (~ 70 mbar),
zato ima hidrostati¢ni tlak mocan vpliv. V tankem sloju
je povecanje temperature vrenja zaradi
hidrostaticnega tlaka zanemarljiv. Pri vrenju v posodi
paje 150 mm pod nivojem raztopine je tlak priblizno
vrenja. PoviSanje temperature vrenja v tankem sloju
(2 mm) na cevi in cev, ki je 150 mm pod nivojem
raztopine, je prikazana na sliki 3.

Hidrostati¢ni tlak ima pri zelo nizkem tlaku
v generatorju (40 mbar) in temperaturi v konden-
zatorju (29°C) velik vpliv. Uporaba hladilne vode s
temperaturo 31°C omogoca, da doseze temperaturo
v kondezatorju okoli 36°C in absolutni tlak 60 mbar.
S prehodom iz vrenja v posodi na vrenje v sloju
lahko znizamo temperaturo vroc¢e vode za 6,5 do
7,7 °C. Potrebna temperatura vro¢e vode se zniza
zaradi znizanja hidrostati¢nega tlaka. Absolutni tlak
100 mbar je neprimeren za generatorje z nizko
temperaturo vroCe vode, saj je ravnotezna
temperatura priblizno 90°C (pri 58 mas. %) brez
upoStevanja temperaturne razlike za prenos top-
lote in vrenja. Pri generatorjih gretih z nizko
temperaturno vro¢o vodo je pri enakih pogojih
vrenje v sloju kapljevine u¢inkovitejse od vrenja v
posodi.

Padajoci sloj kapljevine v generatorju
onemogoca mesanje raztopine. Zaradi tega imamo
dolo¢eno porazdelitev temperature in koncentracij.
Ravnotezna temperatura se mocno povisa pri ceveh
v spodnjem delu generatorja. Zaradi omenjenega
razloga je priporocljivo vecje Stevilo prehodov vroce
vode skozi snop cevi. Vroc¢a voda vstopa na spodnjem
delu snopa cevi in raztopini z ze zvisano temperaturo
omogoca vrenje. V zgornjem delu generatorja je
ogrevana voda ze nekoliko ohlajena, pri ¢emer pa ima
tudi raztopina nizjo koncentracijo. To omogoca
najvecjo temperaturno razliko med vstopom in
iztopom vroce vode ter zmansanja eksergijskih izgub.

Na ceveh nastala para te¢ skozi snop cevi v
kondenzator. Naloga generatorja je tudi onemogociti
vstop raztopine v kondenzator v primeru nepravilnega
delovanja. Zato je kondenzator names$¢en nad
generatorjem. Hitrost pare je velika, ker je specificni
volumen velik. Omejitve so pri tlatnem padcu in
odnasanju sloja ali kapljic raztopine. Nespremenljivo
hitrost in tla¢ni padec lahko dosezemo s povecanjem
razmakov med cevmi.

Slika 4 prikazuje spremembo temperature
in koncentracije na ceveh. Za zmanjSanje
prostornine generatorja izberemo izmeni¢no
razvrstitev cevi. Prenosniki toplote s fazno
spremembo imajo spremenljiv masni in volumski
pretok kapljevine in pare. Zaradi tega se pogosto

falling-film generators the layer of the solution is pro-
duced by spraying it on the tubes. They require an
additional tube, or tubes, for solution distribution
above the tube bundle. Additional attention should
be paid to setting up the device horizontally, because
not only the absorber and evaporator but also the
generator is of the falling-film type.

Since the absolute pressure in the genera-
tor is very low (~70 mbar) the hydrostatic pressure
has a strong influence. There is a negligible boiling
temperature increase in the thin film because of the
hydrostatic pressure. But 150 mm under the solution
level the pressure is about 25 mbar higher and con-
sequently the boiling temperature increases. The
boiling temperature increases in the case of a thin
film (2 mm) on the tube, and the tube which is 150 mm
under the solution level can be seen in Figure 3.

At a very low pressure (40 mbar) and
temperature in the condenser (29°C) the hydrostatic
pressure has the greatest influence. The use of cooling
water at 31°C causes an internal temperature in the
condenser of about 36°C and an absolute pressure of
60 mbar. The decrease in the required hot-water
temperature by changing from boiling on immersed
tubes to boiling in a falling film is between 6.5 and 7.7°C.
This is a realistic hot-water temperature decrease with a
reduced hydrostatic pressure. An absolute pressure of
100 mbar is not appropriate for low-temperature hot-
water applications because the equilibrium temperature
is about 90°C (at 58 wt.%) without any consideration of
the temperature difference for heat transfer and boiling.
For a low-temperature hot-water generator, thin-film
boiling is much more efficient than pool boiling.

Falling-film generators also prevent mixing
of'the containing solution. Therefore, we have a clear
concentration and temperature distribution. The
equilibrium temperature for tubes with a lower
position increases strongly. For this reason, more
passes of the hot water through the tube bundle is
recommended. The hottest water should inlet at the
lower part of the tube bundle and meet with the hottest
solution. On the top part, cooled hot water hits the
solution with the lowest concentration. This enables
the biggest temperature difference between hot-water
inlet and outlet and decreases the exergy losses.

Vapor generated on the tubes goes through the
bundle in the condenser. This is usually above the genera-
tor to prevent entry of the solution to the condenser in the
case of faulty operation. Vapor velocities should be high
because the specific volume is also high. The limitations
are pressure drop and the solution-film or droplets carry
off. A constant velocity and pressure drop can be
maintained with an increased distance between the tubes.

Figure 4 presents thetemperature and
concentration changes on the tubes. To reduce the
volume of the generator an alternating tube
arrangement is usually selected. Heat exchangers with
a phase change have changeable mass and volume-
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Sl. 4. Ravnotezna temperatura na povrsini raztopine, povprecna temperatura in celotni tlacni padec do
n-te vrste cevi (levo) in cevni porazdeljenosti (desno)
Fig. 4. Equilibrium surface temperature, average concentration and total pressure drop to the n-th tube
row (left) and tube distribution (right)

uporablja spremenljiva razdalja med cevmi. Pri
izratunu smo zanemarili mesanje raztopine in kon-
stanten toplotni tok na vseh ceveh (70 kW/m?).
Navpicne razdalje med cevmi so izbrane z uporabo
nespremenljive hitrosti pare (20m/s), med stolpci je
vseskozi enaka razdalja, ki znasa 35 mm. Tla¢ni padec
je majhen, njegovo linearnost pa dosezemo z

na 100 m/s povzro¢i tla¢ni padec 140 Pa[4]. Koncen-
tracijsko razlika 5% je doseZemo pri gostoti masnega
toka 0,1 kg/(s'm).

flow of liquid and vapor so varying spaces between
tubes are often used. No solution mixing and constant
heat flux on all tubes (70 kW/m?) have been assumed.
Vertical distances between tubes are selected on the
basis of constant vapor velocity (20 m/s) and horizon-
tal distances are fixed at 35 mm. No significant pressure
drop can be seen and linearity is reached because the
velocity is constant. The increase in velocity to
100 m/s causes a pressure drop to 140 Pa [4]. A
concentration difference of 5% is reached with a mass
flux density of 0.1 kg/(s'm).

navpi¢na razdalja med osmi i+i+1
vertical distance between axes i+i+1
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Najmanjsa razdalja med cevmi je 6,5 mm [5].
To omogoca izdelavo z uvaljanjem cevi in mehansko
¢iscenje. Tlacni padec v cevnem snopu je majhen.
Slika 5 prikazuje navpi¢no razdaljo med cevnimi
vrstami. Ko pri nespremenljivi vodoravni (40 mm)
razdalji med osmi cevi omogoc¢imo povecanje hitrosti,
se bo navpi¢na razdalja zmanjsala. Priizbrani najvecji
dovoljeni hitrosti (80 m/s) je razdalja nespremenljiva
in omejena z najmanj$o razdaljo med cevmi. Gradient
tlacne razlike se zmanjSa zaradi manjse hitrosti. Izbrana
srednja hitrost (40 m/s) zahteva vecjo navpicno
razdaljo med cevmi v zgornjem delu prenosnika.
m/s), pri kateri samo zadnje tri cevi dosezejo najmanj$o
razdaljo (omejena z najmanjso razdaljo med cevmi).
Tlaéni padec med cevmi je nespremenljiv, dokler je
razdalja dolocena s hitrostjo. V teh razmerah padec
tlaka povzro€i poviSanje temperature za priblizno
0,1°C (pri 60 mbar in 55 %). Hitrost in tla¢ni padec
padata, ko je omejitev razdalja med cevmi. Z vecjo
hitrostjo je mogoce zmanjsati vi§ino cevnega snopa
iz 240 mm (20 m/s) na 180 mm (80 m/s). Najmanjsa
razdalja med cevnimi vrstami v generatorju je dolo¢ena
s tehnologijo izdelave generatorja. Velika hitrost pare
ne povzroci izrazitejSega tlacnega padca in poviSanja
temperature. Zaradi tega je primerno zmanjSati izmere
generatorja.

3 SKLEP

Vecina absorpcijskih hladilnih naprav uporablja
v generatorju vrenje v posodi. Njihova konstrukceija je
robustna. Pri vrenju v posodi je potrebna visoka vstopna
temperatura grelne vode, ki omogoca pregretje in tudi
mesanje raztopine. Znizanje vstopne in/ali izstopne
temperature bistveno ne poslabsa HS, ampak povzroéi
padec hladilne moci v absorpcijskih hladilnih napravah.

Pomemben napredek pri uporabi nizko-
temperaturne tople vode so dosegli, s spremembo
nacina vrenja v generatorju - prehod iz vrenja v posodi
na vrenje v sloju. Zaradi znizanja hidrostati¢nega tlaka
lahko uporabimo za priblizno 7 °C hladnejSo grelno
vodo. Prinizjem tlaku (nizji temperaturi hladilne vode)
je vpliv e mnogo vecji. U¢inek vrenja v sloju je vedji,
Ce je ve¢ prehodov vroce vode, vstop vroce vode pa
je na spodnjem delu generatorja. Dodatno povecanje
lahko dosezemo z vecjo hitrostjo vroée vode, rezultat
tega je vi§ji tlacni padec na strani vroc¢e vode. S
povecanjem hitrosti vroce vode iz 1,5 na 3 m/s lahko
znizamo njeno temperaturo za 2,5°C. Z uporabo
raz§irjene povrsine (orebrene ali ozlebljene cevi) se
poveca koeficient toplotne prestopnosti raztopine
skoraj za 100 %. Zmanjsanje debeline stene cevi in
sprememba materiala nimata izrazitega vpliva (do 3 %)
na koeficient toplotne prestopnosti. Generirana vodna
para ima majhen vpliv na tlak v generatorju. PoviSanje
temperature zaradi padca tlaka je najvisje na spodnjih
ceveh in pri hitrosti pare 80 m/s znasa samo 0,1°C.

The minimum gap between tubes is set to 6.5
mm [5]. This enables tube end attachment with roller
expansion and mechanical cleaning. The pressure drop
in the tube bundle shell be low. Figure 5 shows the vertical
distances between tube rows. When at a constant (40
mm) horizontal distance, the allowed velocity is increased
the vertical distance will be decreased. At the highest
selected velocity (80 m/s) the distance is constant and
limited with a minimum gap. The gradient of pressure
difference decreases because of the lower velocities. A
medium velocity (40 m/s) requires a higher vertical distance
between the tubes in the upper half of the exchanger.
This effect is more significant at the lowest velocity (20
nv/s) where only the last three tubes reach the minimum
distance (limited with a minimum gap). The pressure drop
between tubes (one above another) is constant as long
as the distance is defined by velocity. Under these
conditions pressure drop causes a temperature increase
ofabout 0.1°C (at 60 mbar and 55 wt.%). When the gap is
at the limit, the velocity and pressure drop decrease. With
a higher velocity the height of the tube bundle can be
reduced from 240 mm (20 mv/s) to 180 mm (80 mv/s). Witha
small number of tube rows in the generator the distance
between them is defined by production technology. High
vapor velocities have not caused a significant pressure
drop and temperature increase. As a result, it is reasonable
to decrease the dimensions of the generator.

3 CONCLUSION

Most absorption chillers use pool boiling
of the solution in a generator. Their construction is
robust. On the other hand, a high temperature of the
input heat is required not only for superheating but
also for mixing of the solution. Lowering input and/
or output temperatures does not make the COP sig-
nificantly worse but causes a reduction in the cool-
ing capacity of the absorption chillers.

Using low-temperature hot water the greatest
improvement is achieved when changing from a pool-
boiling generator to a falling-film generator. About 7°C
cooler driving water can be used and the hydrostatic
pressure is reduced. At low pressure (low cooling-wa-
ter temperature) the influence is even stronger. The ef-
fect is greater with more passes of hot water with the
inlet at the bottom of the tube rows of the generator.
Improvements can be obtained with higher hot-water
velocity but the result is a higher pressure drop too. We
can reduce the hot-water temperature by 2.5°C if we
increase its velocity from 1.5 to 3 m/s. Using extended
surfaces (finned or grooved tubes) the solution heat-
transfer coefficent is increased by almost 100%. The
tube-wall thickness decreases and material changes do
not significantly influence (up to 3%) the overall heat-
transfer coefficient. The pressure drop of the generated
steam through the tube bundle has a negligible effect. It
causes a temperature of increase for only 0.1°C on the
lower tubes by using vapor velocities of about 80 m/s.
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Generatorji z vrenjem v posodi niso primerni We can conclude that generators with pool
za pogon z nizkotemperaturno toplo vodo. V tak$nih boiling are not convenient for low hot-water tem-
primerih uporabljamo vrenje v sloju, kar omogoca peratures. Falling-film generators should be used for
optimalno konstrukcijo in razmeroma nizke such applications, because they enable optimum de-
proizvodne stroske. sign and production costs.
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Dolocitev optimalne debeline izolacije cevnih

sistemov za transport hladilnega sredstva

The Determination of the Optimum Insulation Thickness of Pipe
Systems for Transporting Cooling Media

Darko Gori¢éanec - Jurij Krope - Igor Ti¢ar

V prispevku je opisan postopek dolocitve optimalne debeline izolacije cevovodov za transport
hladilnega sredstva. Izracunana optimalna (ekonomska) debelina cevne izolacije je odvisna od izbrane
ekonomske metode ter tehnicno-ekonomskih podatkov. Na podlagi znanih postopkov za izracun ustaljenega
toplotnega toka skozi izolacijo cevnih sistemov za transport hladilnega sredstva in v prispevku opisanega
ekonomskega izracuna je bila izdelana racunalniska aplikacija. Numericni algoritem, ki je bil izdelan v ta
namen, omogoca izbiro med staticno in dinamicno ekonomsko metodo. Izracun optimalne (ekonomske)
debeline toplotne izolacije hladilnih cevnih sistemov se je z izdelavo uporabnisko prijaznega racunalniskega
postopka poenostavil, vendar se od uporabnika kljub temu zahteva osnovno znanje prenosa toplote in
ekonomike.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: mediji hladilni, izolacije cevovodov, prevodnost toplotna, debeline izolacije)

In this paper we present a procedure for determining the economic pipeline-insulation thickness for
the transport of a cooling medium. The calculated economic (optimum) pipe-insulation thickness depends
on the chosen economic method and the technical-economic data. A computer sofiware application has been
developed using the known procedures for the calculation of stationary heat flow through the insulation of
pipe systems for cooling medium transportation together with the economic calculations described in the
paper. The numerical algorithm developed for this application enables a choice between static and dynamic
economic methods. The calculation of the economic heat-insulation thickness of cooling pipe systems has
been simplified with the development of a user-friendly computer application, but in spite of this, the user of

this application must have a basic knowledge in the field of heat transfer and economics.
© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: cooling media, pipelines insulation, heat conductivity, insulation thickness)

1 IZRACUN TOPLOTNIH IZGUB SKOZI
TOPLOTNO IZOLACIIO

Med trdnimi telesi, tekoCinami in plini
poteka prenos toplote, ¢e so razlicnih temperatur.
Smer prenosa toplote poteka vedno s podrocja z
vi§jo temperaturo na podroc¢je z nizjo temperaturo,
dokler se temperature ne izenacijo. Ustaljeni prenos
toplote skozi izoliran cevovod lahko poteka na tri
nacine:

- sprevajanjem,
- s konvekcijo,
- s sevanjem.

Pri izraunu toplotnega toka skozi izolacijo
je treba upostevati tudi vpliv toplotnih mostov
nosilnih elementov izolacije, cevovoda in armatur na
povecanje toplotnega toka skozi izolacijo izoliranega
cevovoda za transport hladnega ali vrocega sredstva.
Pri dolocevanju optimalne debeline izolacije se

1 CALCULATION OF HEAT LOSSES THROUGH
HEAT INSULATION

Heat transfer occurs between solids, liquids
and gases whilst they are at different temperatures. The
direction of the heat transfer is always from the higher
temperature region to the lower temperature region un-
til the temperatures become equal. Steady heat transfer
through an insulated pipeline can run in three ways:

- by conduction,
- by convection,
- by radiation.

When calculating heat flow through insula-
tion we have to consider the influence of the heat
bridges (heat conductors which support the elements
of insulation, pipeline and armatures) on the increase
of heat transfer through the insulation of an insu-
lated pipeline for the transport of a cooling or heat-
ing medium. When determining the optimal insula-
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upostevajo samo toplotni mostovi nosilnih
elementov izolacije. Za dolocitev toplotnega toka
skozi cevno izolacijo pri naravni ali prisilni konvekeiji
so v izdelanem numericnem postopku uporabljene
enacbe, ki so podane v [1] in [2] in drugi podobni
literaturi.

1.1 Dolocitev toplotne prevodnosti

V praksi se doloca naslednje toplotne
prevodnosti izolacijskega materiala:
- laboratorijska toplotna prevodnost
- nominalna toplotna prevodnost
prakti¢na toplotna prevodnost
operativna toplotna prevodnost.

Te stiri definicije [1] predstavljajo vse
stopnje dolocitve toplotne prevodnosti od
laboratorijskih izracunov pa vse do dolocitve
operativne toplotne prevodnosti, ta skupaj s
korekcijskimi faktorji uposteva vse dolocljive fizikalne
zakonitosti, ki vplivajo na prenos toplote v praksi.

Pri izracunih toplotnega toka skozi izolacijo
uporabljamo prakti¢no toplotno prevodnost takrat
(operativna toplotna prevodnost je v tem primeru
enaka prakti¢ni), kadar ni toplotnih mostov. Toplotne
mostove, ki jih povzro¢ajo enakomerno razporejeni
pritrdilni elementi izolacije, je treba upostevati pri
dolocitvi operativne toplotne prevodnosti izolacije.

21ZRACUN EKONOMSKE DEBELINE
[ZOLACIJE

Dolocitev ekonomske (optimalne) debeline
izolacije ([1] in [3]) temelji na iskanju ¢im nizjih
investicijskih stroskov in stroskov izgubljene toplote,
ki jo izgubimo zaradi toplotnega toka skozi izolacijo.
Ekonomsko debelino izolacije lahko dolo¢imo z
dolo¢itvijo:

- ekonomske debeline izolacije s stati¢no
ekonomsko metodo ali

- ekonomske debeline izolacije z dinami¢no
ekonomsko metodo.

Z narascajoc¢o debelino toplotne izolacije se
zmanjsujejo toplotne izgube in s tem stroski izgubljene
toplote, narascajo pa stroski investicije v izolacijo,
amortizacija, obresti in vzdrzevalni stroski. Vsota vseh
stroskovnih postavk doseze minimum pri doloceni
debelini izolacije. To debelino imenujemo ekonomska
(optimalna) debelina izolacije.

Specificne stroske za izracun optimalne
debeline cevne izolacije podajamo v USD/m

tion thickness only the heat bridges of the supporting
elements of the insulation are considered. When de-
termining the heat flow through the pipeline insula-
tion by natural or forced convection the equations in
references [1] and [2] and other similar literature are
used in developing the numerical algorithm.

1.1 Determination of heat conductivity

The following heat conductivities of the insulation
material are determined in practice:

- laboratory heat conductivity,

- nominal heat conductivity,

- practical heat conductivity,

- operative heat conductivity.

These four definitions [1] represent all stages
of heat-conductivity determination from laboratory cal-
culations to the determination of the operative heat con-
ductivity. When these four, together with the correction
factors are considered, this determines the physical law-
fulness which influences heat transfer in practice.

When calculating the heat flow through insu-
lation, practical heat conductivity is used when there
are no heat bridges (operative heat conductivity is in
this case equal to practical heat conductivity). Heat
bridges, which are the cause of uniformly disposed fix-
able elements of insulation, have to be considered by a
determination of the heat conductivity of insulation.

2 CALCULATION OF ECONOMIC INSULATION
THICKNESS

Determination of the economic insulation
thickness ([1] and [3]) is based on a search for the
lowest investment costs and the lowest cost of heat
losses due to heat flow through the insulation.

The economic insulation thickness can be determined
by:

- dynamic economic method,

- static economic method.

Heat losses decrease with growing heat in-
sulation thickness and therefore so does the cost of
heat, lost by heat transfer through the insulation.
The investment costs of insulation, amortization, in-
terest and maintenance costs rise with greater insu-
lation thickness. The total cost reaches a minimum at
a certain insulation thickness. This thickness is called
the economic (optimum) insulation thickness.

The specific costs for the calculation of the
optimal pipeline insulation thickness are given in
USD/m

C,=3,6-10°-®-C,-t+b-C,, (D).

Da bi bil prehod med stati¢no in dinami¢no
ekonomsko racunsko metodo ¢im lazji, se lahko za
poenostavitev izracuna uvede faktor f:
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In order to clearly distinguish between static
and dynamic economic methods, the factor f'is intro-
duced to simplify the calculation:
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Pri uporabi dinami¢ne ekonomske metode
za doloCitev minimuma stroSkov C, ter s tem
optimalno debelino izolacije, se v enacbo (1) uvede
faktor f:

Using the minimum C, of the dynamic economic
method for the determination of costs the optimum
insulation-thickness factor f'is introduced into equa-
tion (1):

Cy=3,6:10°-f-®-C,-t+b-C,, 5).

2.1 Stati¢na ekonomska metoda

Stati¢na ekonomska metoda izra¢una se
pogosto uporablja za dolo¢itev minimuma stroskovnih
funkecij. Stroski toplotnih izgub, ki nastajajo letno, se
pristevajo k letnim stroskom vzdrzevanja in investicije
v toplotno izolacijo. Ekonomsko debelino izolacije
doloc¢imo z iskanjem minimuma stroskovne funkcije z
uporabo statiéne ekonomske metode, ob
predpostavki, da so stroski in obrestna mera
konstantni ¢ez vso dobo trajanja. [zracunan minimum
stroskovne funkcije po stati¢ni metodi je sprejemljiv
samo, ¢e so v izracunu predpostavljenem ¢asovnem
obdobju ekonomski pogoji stabilni in ostajajo
konstantni ves ¢as uporabe izolacije.

2.2 Dinami¢na ekonomska metoda

Pri doloCevanju minimuma stroSkovne
funkcije z dinami¢no ekonomsko metodo se uposteva
vecanje letnih stroSkov izgubljene toplote (zaradi
vpliva inflacije) kljub temu, da so toplotne izgube
skozi izolacijo konstantne.

Za dolo¢itev minimuma stroskovne funkcije
po dinami¢ni ekonomski metodi se uporablja metoda
sedanje vrednosti, ki temelji na predpostavljenih
stroskih, ki nastajajo med dobo trajanja izolacije.

Pri dinami¢ni ekonomski metodi se uposteva
tudi inflacija (letno povecevanje cene) razlicnih vrst
stroskov, npr. cena proizvedene toplote, vzdrzevanje
itn. Ker se stroski toplotnih izgub vsako leto
povecujejo, je minimum stroSkovne funkcije,
izraunan z dinami¢no ekonomsko metodo pri vecji
debelini toplotne izolacije kot minimum stroskovne
funkcije, dolocCen s staticno ekonomsko metodo
(sl. 1). Z enacbo (5) izracunana optimalna debelina
izolacije je glede na enacbo (1) vecja priblizno za E-
krat.

2.1 Static economic method

The static economic method is often used
for the determination of minimum cost functions.
Annual costs of heat losses are added to annual costs
of maintenance and investment in heat insulation.
The economic insulation thickness is determined by
searching for the minimum cost function using the
static economic method, and a supposition that the
costs and interest rates remain constant during the
service life of the insulation. The static method for
calculating the minimum cost function is acceptable
only when the economic conditions are favorable
during the presumed calculation time period and re-
main constant during the use of the heat insulation.

2.2 Dynamic economic method

When determining the minimum cost func-
tion using the dynamic method, the rise in the annual
costs of heat losses (due to inflation) is considered
in spite of the constancy of heat losses through the
insulation.

When determining the minimum of the cost
function using the dynamic method the present value
method is used. This method is based on supposed
costs which may appear during the service life of the
insulation.

The effect of inflation on different kinds of
costs such as the price of produced heat, mainte-
nance, etc., is considered when using this economic
method. Because the costs of heat losses rise every
year the minimum cost function, as calculated using
the dynamic method, is placed at a greater-heat insu-
lation thickness than determined by the static eco-
nomic method (Figure 1). Using equation (5) the cal-
culated optimal insulation thickness when compared

to equation (1) is greater by about f-times.
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STATICNA METODA / STATIC METHOD

Letni stroski
Annual costs

Letni skupni stroski
nnual total costs

\\A
Letni stroski toplotnih izgub
Annual costs of heat losses

Letni stroski izoliranja
Annual costs of insulation

| Debelina izolacije
| Insulation thickness

DINAMICNA METObA/ DYNAMIC METHOD

| Sedanja vrednost skupnih stroskov
| Present value of total costs

Sedanja vrednost
stroskov izoliranja
Present value of
cost of insulation

Sedanja vrednost toplotnih izgub
Present value of heat losses

Debelina izolacije
Insulation thickness

Sedanja vrednost stroSkov
Present value of costs
vl \//

As

Sl. 1. Razlika pri dolocitvi ekonomske debeline toplotne izolacije cevnih sistemov z uporabo staticne ali
dinamicne ekonomske metode ([1] in [3])
Fig. 1. The differences between the economic heat-insulation thickness of pipe systems using the static and
dynamic economic methods ([1] and [3])

2.3 Doloditev diskontnega faktorja

Diskontni faktor “b” uposteva dobo trajanja
izolacije, obresti, stopnjo povecevanja stroskov
vzdrzevanja in drugih stroskov.

Odvisno od metode izracuna se uporabljajo
razli¢ni diskontni faktorji, ki pa v vsakem primeru
upostevajo obrestno stopnjo, inflacijo, stopnjo
amortizacije itn.

V praksi se uporabljajo naslednji diskontni

2.3 Determination of discount factor

The discount factor “b” considers the ser-
vice life of the insulation, interest, maintenance costs
and other cost rises.

Depending on the calculation method, dif-
ferent discount factors are used but in all cases they
consider interest rates, inflation, amortization rate,
etc.

The following discount factors are used in

faktorji: practice:
a) osnovni diskontni faktor: a) basic discount factor:
1 z4+r+g
h=—+——=
"n 100 ©

b) enako kakor a) in z upostevanjem amortizacije med
dobo trajanja izolacije:

I 1

—_t —

n 100

), =

c) diskontni faktor, ki je anuitetno - dinamicno
ovrednotena funkcija:

_ z+l+r+
2 g

b) same as a) and with consideration of amortization
during the service life of the insulation:

™

¢) discount factor which is an annuity-dynamic val-
ued function:

r+g

@®.

1 ! 100
“{1+z/100

00-8 [SIIREYNISEG

| vEsTNIK
|

stran 576



D. Goricanec - J. Krope - |. Ticar: Dolocitev optimalne - The Determination of the Optimum

3 DOLOCITEV INVESTICIJSKIH STROSKOV 3 DETERMINATION OF INVESTMENT COSTS

Investicijski stroski v toplotno izolacijo [1] The investment costs of heat insulation [1]
vsebujejo stroske nakupa izolacijskega materiala, include the costs of the insulation material, costs of
stroske izoliranja in indirektne stroske izoliranja. insulation work and indirect insulating costs.

Enacbo nelinearne stroskovne funkcije The equation of the nonlinear cost function
poenostavimo tako, da jo zapisemo v linearni - zvezni obliki: can be simplified and written in linear form:

C=Cy+C' - s ©).

Dejanska stroskovna funkcija ni linearna The real cost function is not linear when
zaradi prehodov k naslednji debelini izolacije, ki se moving to the next available insulation thickness or
proizvaja ali v primeru dodatnih stroskov montaZze. in the case of additional assembly costs.

Indirektni stroski izoliranja so stroski, ki npr. Indirrect costs of insulating are costs which
nastajajo zaradi: zavzetja prostora, zmanjSanje rise with e.g. occupation of place, reduction of available
uporabnega prostora, cevnih povezav, kanalov itn. space, intersections of pipe segments, channels etc.

Stroskovno funkcijo C,, investicije v cevno The cost function of the investment in heat
izolacijo lahko zapisemo z enacbo: insulation C, is written as in equation:

C, =(C,+C' - 5) - 7 - (d[+2 : &j+ACR(s) (10).

V nekaterih primerih proizvajalec izolacije In some cases when the producer of the
podaja ceno izolacije C, v USD/m, takrat enacbo (10) heat insulation gives the price of the insulation C in
spremenimo tako, da dobi investicijska stroskovna USD/m equation (10) has to be modified and the in-
funkcijo C,, naslednjo obliko: vestment-cost function C,; is written in the form:

C,=C+C' s -7 - (d,.+2 : ijmcR(s) (11).
100

Dolociti je treba ekonomsko debelino cevne In this example the determination of eco-
izolacije za pretok hladilnega medija po cevi zunanjega nomic heat-insulation thickness for a flow of cooling
premera 89 mm. Podatki, potrebni za izracun, so podani medium through a pipeline with an outside diameter
v preglednici 1 in 2. Rezultat izracuna z dolocitvijo of 89 mm is presented. The technical and economic
ekonomske debeline cevne izolacije je podan v data are shown in tables 1 and 2. The results of the
preglednici 3. calculation are shown in table 3.

Preglednica 1. Komercialno razpolozljiva debelina in cena izolacije
Table 1. Commercially available thickness and price of heat insulation

debelina izolacije v mm 20 30 40 50 60 70 80
insulation thickness (mm)
cena izolacije v USD/m 2,89 | 3,42 | 4,43 | 5,54 | 6,16 | 8,54 | 10,42
price of insulation (USD/m)
5SKLEP 5 CONCLUSION
Izra¢un ekonomske debeline izolacije je The calculation of an economic insulation thick-
odvisen od velikega Stevila tehniénih in ekonomskih ness depends on several technical and economic param-
parametrov. Prav tako je za obiCajnega uporabnika eters. The procedure for the optimal insulation-thickness
izolacije ali projektanta postopek izra¢una ekonomske calculation is difficult and exacting for the normal user of
debeline izolacije zamuden in zahteven. Zaradi tega insulation or a project engineer. Because of this our team
smo na Univerzi v Mariboru, razvili programsko at the University of Maribor has developed a computer
opremo za izracun toplotnih izgub skozi izolacijo in software application for the calculation of heat losses
ekonomsko debelino izolacije. Osnovni podatki through heat insulation and an economic insulation thick-
proizvajalca izolacije (komercialno razpolozljive ness. Basic data on heat-insulation material (commercially
debeline izolacije, cena izolacije, toplotna prevodnost available insulation thickness, price of insulation, heat
izolacije itn.), ki so potrebni za izracun, so zapisani v conductivity of insulation, etc.) which are required for
bazi podatkov. the calculation are written and stored in our data base.

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

4 PRIMER 4EXAMPLE :
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

777777777777777777777777777777777777777777777777777777777 STEOJNISK [e[eE=] L
stran 577 VESTRNIK



D. Goricanec - J. Krope - |. Ticar: Dolocitev optimalne - The Determination of the Optimum

Preglednica 2. Drugi tehnicno-ekonomski podatki
Table 2. Other technical and economic data

temperatura hladnega sredstva -20,0°C
temperature of cooling medium

temperatura zunanjega zraka 25,0°C
temperature of outside air

zunanji premer cevi 0,089 m
outside diameter of pipe

hitrost toka zrak (prisilna konvekcija) 1,00 m/s
velocity of air flow (forced convection)

koeficient emisije 0.44
coefficient of emission

korekcija ), (zaradi toplotnih mostov) 0,0 W/mK
correction of ), (due to heat bridges - conductors)

ekonomski izracun stati¢ni/dinamiéni dinamic¢ni
economic calculation static/dynamic dynamic

diskontni faktor - enacba (7) ba
discount factor - equation (7)

doba trajanja izolacije 30 let
service life of insulation 30 years
diskontna stopnja 8,00 %
discount rate

letno povecanje stroskov hlajenja 5,00 %
annual rise of cooling costs

letno povecanje stroskov vzdrZevanja (r + g) 2,00 %
annual rise of maintenance costs (r + g)

cena hlajenja 12,22 USD/GJ
price of cooling

letno Stevilo obratovalnih ur 3000 h/leto
number of operating hours per year 3000 h/year

1,94 USD/(m”.cm)
costs of insulating

posredni stroski izoliranja 0,0 USD/m
indirect cost of insulating

Preglednica 3. Rezultat izracuna ekonomske debeline izolacije

Table 3. Results of economic insulation-thickness calculation
ekonomska debelina izolacije 70,0 mm
economic insulation thickness
srednja temperatura izolacije 1,3°C
middle temperature of insulation
temperatura zunanje povrsine izolacije 22,6°C
temperature of exterior insulation surface
toplotna prestopnost 10,18 W/m’K
heat transfer coefficient
toplotna prevodnost izolacije 0,0342 W/mK
thermal conductivity of insulation
toplotna prehodnost izolacije 0,221 W/m’K
overall heat transfer coefficient of insulation
toplotni tok na meter cevi 9,9 W/m
heat flow per meter of pipe
gostota topotnega toka 13,8 W/m’
heat flux
cena izolacije 8,54 USD/m
price of insulation
stroski izoliranja 9,78 USD/m
costs of insulating
indirektni stroski izoliranja 0,0 USD/m
indirect costs of insulating
zunanji obseg izolacije 0,719 m
size of insulation
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6 OZNAKE
6 NOMENCLATURE
diskontni faktor b discount factor
skupni stroski investicije izolacijskega sistema C,  USD/m total costs of investment in insulation system
skupni stroski toplotnih izgub in cevne toplotne  C USD/m total costs of heat losses and pipe heat
izolacije insulation
minimum stroSkov po stati¢ni ali dinami¢ni  C USD/m minimum of costs by static or dynamic
metodi method
cena toplotne izolacije C, USD/m price of heat insulation
stroski izoliranja C’  USD/m’cm costs of insulating
posredni stroski izoliranja C, USD/m indirect costs of insulating
cena toplote C, USD/G]  price of heat
zunanji premer izolacije d m outside diameter of insulation
faktor za uvedbo dinami¢ne metode f factor for the dynamic method introduction
letno povecéanje preostalih stroskov g % annual rise of other costs
doba trajanja izolacije n service life of insulation
letno povecevanje stroskov hlajenja p % annual rise of cooling costs
letno povecevanje stroSkov vzdrzevanja r % annual rise of maintenance costs
debelina izolacije s m insulation thickness
Stevilo obratovalnih ur na leto t h number of operating hours per year
obrestna mera z % interest rate
toplotni tok L W heat flow
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Kogeneracija z gorilnimi celicami v

stanovanjskih poslopjih

Residential Co-Generation Using Fuel Cells

Rodolfo Taccani

Kombinirana proizvodnja elektricne energije in toplote (KPETH - CHP) ali kogeneracija je idealna
uporaba gorilnih celic. V tem prispevku so predstavljena nacela delovanja in razlicni tipi gorilnih celic.
Podrobno je predstavijeno delovanje kogeneracije z gorilnimi celicami. Predstavijeni so nekateri komercialno
uporabni sistemi in prednosti gorilnih celic. Podrobno je analiziran obrat s trdnimi oksidnimi gorilnimi
celicami in plinsko turbino (TOGC in PT - SOFC in GT). Nekateri preliminarni rezultati kazejo, da lahko
dosezemo elektricni izkoristek okoli 65%, medtem ko je izkoristek po prvem glavnem zakonu nad 80%.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Klju¢ne besede: kogeneracija, celice gorilne, zgradbe stanovanjske, izkoristek elektri¢ni)

Combined heat and power (CHP) or co-generation is an ideal application for the fuel cell. In this
paper the working principle and the different types of fuel cells are briefly presented. The typical layout of a
fuel cell co-generation system is described. Some of the commercially available systems are considered and
the advantages of fuel cells are discussed. In particular an integrated plant with solid-oxide fuel cells and a
gas turbine (SOFC+GT) is analysed. Some preliminary results obtained using a simulation program show
that an electric efficiency of approximatively 65% can be obtained, while the First Law efficiency is over

80%.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: cogeneration, fuel cells, residential buildings, electrical efficiency)

0UVOD

Velika zanesljivost, majhen vpliv na okolje
in prilagodljiva velikost so nekatere znacilnosti, ki
dajo gorilnim celicam lastnost, da so idealna
tehnologija za kombinirano proizvodnjo elektri¢ne
energije in toplote (KPET) [1]. Glavni cilj tega
prispevka je podati splosne informacije o delovanju
razli¢nih gorilnih celic in se osredotociti na izdelavo
celic, ki bi bile primerne za kogeneracijo.

Nadaljnje izboljsanje izkoristka gorilnih
celic je mogoce doseci, ko delujejo pri visjih
temperaturah (~1000 9C) in pod tlakom, tako da
spreminjajo izhodne pline v elektriko v plinski turbini.
Ta izboljSava je mogoca samo danes zaradi sedanjih
izboljsav v oblikovanju mikroplinskih turbin, ki
omogocajo precejsnji izkoristek v manjsih enotah
(50 do 100 kW). Z namenom, da bi analizirali
delovanje tak$nega sistema gorilnih celic in plinske
turbine, je bil razvit simulirni program. Zadnji del
prispevka poroca o nekaterih predhodnih rezultatih
z uporabo programa, ki prikazuje, da lahko dosezemo
zelo visok izkoristek.

stran 580

O0INTRODUCTION

High reliability, low environmental impact
and size flexibility are some of the characteristics that
make fuel cells one of the ideal technologies for
combined heat and power (CHP) generation [1]. The
aim of this paper is to provide some general
information about the working principle of different
types of fuel cells and to focus on the aspects that
make them suitable for co-generative applications.

A further improvement in the efficiency of the
fuel-cell co-generative system can be achieved when
operating at high temperature (~1000 °C) and in high
pressures, converting the exhaust stream to electricity
via a gas turbine. This improvement has only recently
been achieved because of advances in the design of
micro gas turbines allowing an appreciable efficiency to
be achieved even in small-size units (50 to 100 kW). In
order to analyse the performance of these fuel-cell gas-
turbine integrated systems a simulation program has
been developed. The last part of the paper reports some
of the preliminary results provided by the program,
showing that a very high efficiency can be obtained.
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1GORILNE CELICE

Gorilne celice so elektrokemicne naprave, ki
spreminjajo kemi¢no energijo neposredno v elektri¢no
([2] do [4] in [W1]). Osnovni del gorilne celice
sestavlja elektrolit v stiku s porozno anodo in katodo
na drugi strani. Shematicna predstavitev gorilne celice
je prikazana na sliki 1.

I FUELCELLS

Fuel cells are electrochemical devices that
convert the chemical energy of a reaction directly
into electrical energy ([2] to [4] and [W1]). The basic
physical structure of a fuel cell consists of an
electrolytic layer in contact with a porous anode and
cathode on either side. A schematic representation
of a fuel cell is shown in Figure 1.

breme
!zstop izpra;njenega goriva load izstop porabljenega oksidanta
in nastalih plinov T in nastalih plinov
depleted fuel and e depleted oxidant and
product gases out product gases out
- —_—
TOGC H, —» -
SOFC O |4 ¢,
H,0 -1 [ *— :
GCFK .......................................
PAFC H, —| o |9 o,
GCPM —» | 4= H,0
PEFC  ..feeea b b
H — - —
TKGC CO2? « | Cco, gé
MCFC WG < | < | N
vstop goriva vstop oksidanta
fuel in oxidant in
anoda katoda
anode electro[yte cathode
elektrolit

Sl. 1. Shematicni prikaz posamezne gorilne celice
Fig. 1. Schematic of an individual fuel cell

Osnovno nacelo za vse gorilne celice je
tak$no, kakr$no uporabljajo elektrokemiéne
baterije, ki jih poznamo v S§tevilnih podro¢jih
vsakdanjega Zivljenja. Najvecja razlika je v tem,
da je kemiéna energija shranjena v sami bateriji.
Ko se kemi¢na energija spremeni v elektri¢no,
moramo baterijo zavreCi (navadna baterija) ali
ponovno napolniti (obnovljiva baterija). V gorilni
celici se kemi¢na energija stalno dovaja k anodi
(negativna elektroda), oksidant pa h katodi
(pozitivna elektroda). Plinasto gorivo je shranjeno
zunaj celice, kjer te¢ejo kemicne reakcije. Dve
glavni znac¢ilnosti gorilnih celic, ki sta pomembni
z vidika danagnjih interesov, sta razmeroma velik
izkoristek in majhen vpliv na okolje. Ker gorilna
celica ne dela kot termodinamiéni krozni proces,
zanjo ne velja pojem mejnega toplotnega
izkoristka, izkoristek pa je v mejah od 40 do 55% v
primeru majhne kurilnosti goriva (SKV - LHV) in
vode, kot izstopnega produkta (¢e uporabljamo
vodik). Razvrstitev gorilnih celic po tipu elektrolita
in po nekaterih tehni¢nih lastnostih je prikazana
v preglednici 1.

The basic principles of a fuel cell are those of
electrochemical batteries, which are involved in many
activities of our everyday life. The big difference is that,
in the case of batteries the chemical energy is stored in
substances located inside them. When this energy has
been converted to electrical energy, the battery must be
thrown away (primary batteries) or recharged (secondary
batteries). In a fuel cell, the chemical energy is provided
by a fuel that feeds continuosly to the anode (negative
electrode) and an oxidant that feeds continuosly to the
cathode (positive electrode). These gaseous fuels are
stored outside the cell in which the chemical reaction
takes place. Two major fuel-cell characteristics that have
been important in driving the recent interest are the
combination of a relatively high efficiency and a very
low environmental impact. Since a fuel cell does not
operate as a thermodynamic power cycle, the notion of
a limiting thermal efficiency imposed by the Second
Law is not applicable. The efficiency of typical fuel-cell
plants are in the range of 40 to 55%, based on the lower
heating value (LHV) of the fuel, and the exhaust stream
of water (if hydrogen is used). A classification of fuel
cells by the type of electrolyte used and some technical
specifications are reported in Tablel.
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Preglednica 1. Lastnosti gorilnih celic
Table 1. Attributes of fuel cells

GCPM-PEMFC AGC-AFC GCFK-PAFC TKGC-MCFC TOGC-SOFC MGC-DMFC

elektrolit polimerna KOH fosforna kislina staljen keramika polimerna

membrana karbonat membrana
electrolyte polymer phosforic acid | molten carbonate ceramic polymer

membrane membrane
temp. (°C) 70-80 80-100 200-220 600-650 800-1000 70-120
gostota velika velika srednja srednja velika majhna
current dens. high high moderate moderate high low
izvajalec zunaniji zunaniji zunanji zunaniji / notranji zunaniji / notranji notranji
reformer external external external external / internal | external / internal internal
CO2 da/yes ne / no da/yes da/yes da/yes da/yes
CO ne / no ne / no ne / no da/yes da/yes da/yes
podrocje vesoljske vesoljske elektricne pridobivanje pridobivanje transport
uporabe postaje uporabe uporabe elektrike elektrike
application space station space power power generation | power generation | transportation
area applications applications
izkoristek 50% 50% 50% 60% 60% ni poznan
efficiency N.A.
GCPM: gorilna celica s protonsko membrano TKGC: taljena karbonatna gorivna celica
PEMFC: proton exchange membrane fuel cell MCFC: molten carbonate fuel cell
AGC: alkalna gorilna celica TOGC: trdno oksidna gorilna celica
AFC: alkaline fuel cell SOFC: solid oxide fuel cell
GCFK: gorilna celica s fosforno kislino MGC: metanolna gorilna celica
PAFC: phosforic acid fuel cell DMFC: direct methanol fuel cell
Za izkoristek so navedene samo okvirne vrednosti.
Efficiency values are only indicative values.

2 SISTEMI GORILNIH CELIC 2FUEL-CELLS SYSTEMS

Gorilna celica povezuje vodik iz goriva in kisik
iz zraka za pridobivanje elektri¢ne energije
(istosmernega toka), vode in toplote. Ta reakcija mora
biti izvedena pri ustrezni temperaturi in tlaku. Okoli
gorilne celice je treba izdelati sistem, ki celico oskrbuje
z zrakom in svezim gorivom in pretvarja energijo v bolj
uporabno obliko in odstranjuje izpraznjene reaktante
in toploto, ki nastaja pri reakcijah v gorilni celici. Na
sliki 2 je prikazan shemati¢ni pregled gorilne celice.

Posebno tedaj, ko uporabljamo nizkotempe-
raturne gorivne celice (t.j. AGC, GCPM, GCFK) in ko
vodika ni na voljo, je treba preoblikovati (izlociti
vodik) gorivo. Ta proces se izvaja v napravi, ki se

The fuel cell combines hydrogen produced
from the fuel and oxigen from the air to produce elec-
trical power (DC), water and heat. This reaction must
be carried out at a suitable temperature and pressure.
A system must be built around the fuel cells to sup-
ply air and clean fuel, convert the power to a more
usable form and remove the depleted reactants and
heat that are produced by reactions in the fuel cell. In
Figure 2 a schematic view of a fuel cells plant is shown.

Expecially when using low temperature fuel
cell (i.e. AFC, PEM, PAFC) and hydrogen is not avail-
able it is necessary to reform (extract hydrogen) a
hydrocarbon fuel. This process is carried out in an

z vodikom bogat plin
hydrogen-rich gas

naravni plin istosmerna izmeni¢na
GORILNI ——  GORILNA el.moc¢ ELEKTRICNI )& mo¢
natural gas PROCESOR F—— CELICA DC power PRETVORNIK |AC power
FUEL FUEL POWER ———————>
PROCESSOR pt—— CELL CONDITIONER
voda
3 water
toplota
heat

kogeneracija ali spodniji cikel
cogeneration or bottoming cycle

Sl. 2. Preprost blokovni diagram proizvodnje elektrike
Fig. 2. Power plant simplified block diagram
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imenuje reformer. Pridobi-vanje goriva je odvisno od
goriva in tehnologije gorilnih celic. Slednji doloca,
katere sestavine so ustrezne in sprejemljive v gorivu.
Na primer gorivo, ki se uporablja v GCPM, mora biti
bogato z vodikom in mora imeti nizko koncentracijo
CO (<20ppm). Medtem pa v TOGC-ju lahko
uporabljamo metan in CO v celici. Ce uporabljamo
naravni plin, enega najpomembnejSih goriv za
kogeneracijo, moramo odstraniti Zveplo in spremeniti
plin v vodik v parnem reformerju. Koncentracijo CO
moramo znizati z uporabo kemicne preobrazbe in
selektivnega kataliticnega oksidatorja.

Ko je gorivo pridobljeno, vstopi v
elektrokemiéni del: v gorilno celico. Ceprav gorilna
celica ni toplotni stroj, se gorivo vseeno proizvaja
in mora biti odstranjeno. Glede na velikost sistema,
temperature toplote in drugih zahtev, je treba
toplotno energijo zavreci, uporabiti za pridobivanje
tople vode ali spremeniti v elektriko v plinski turbini.
Ce se gorilna celica uporablja za pridobivanje
izmeni¢ne elektriéne moci, je potrebno, da sistem
vsebuje razsmernik ter krmilnik toka, napetosti in
nadzor frekvence.

Preglednica 2. Karakteristike gorilnih celic
Table 2. Pros and cons of fuel cells

appropriate deviced normally called reformer. The
fuel processing depends on both the raw fuel and
the fuel-cell technology. The latter determines what
constituents are desirable and acceptable in the pro-
cessed fuel. For example, fuel used in PEMFC needs
to be hydrogen rich and have a very low CO concen-
tration (<20 ppm), while SOFCs are capable of utiliz-
ing methane and CO within the cell. When using natu-
ral gas, one of the most desirable fuels for residential
co-generation, sulfur has to be removed and the gas
is converted to hydrogen in a steam-reforming reac-
tor. CO concentration may be reduced using a shift
conversion and a selective catalytic oxidizer.

When the fuel has been processed it enters the
electrochemical section: the fuel cell. Although fuel cells
are not heat engines, heat is still produced and must be
removed. Depending upon the size of the system, the
temperature of available heat and the requirements of the
particular site, the thermal energy can either be rejected,
used to produce hot water or converted to electricity via
a gas turbine. If a fuel cell is used to supply AC, the
system should include at least a DC to AC conversion
unit, current, voltage and frequency control.

Karakteristike, ki jih ponuja gorilna celica

Characteristics that fuel cells plants offer

mirujoCi deli v energetskem pretvorniku

no moving parts in the energy converter

tiho delovanje

quiet

velika mozZna razpoloZljivost / zanesljivost / trajnost nizkotemperaturnih enot
demonstrated high availability / reliability / endurance of lower temperature units
prilagodljivost za gorivo

fuel flexibility

dobro obnas$anje pri delovanju pri neracunski obremenitvi

good performance at off-design load operation

modularna sestava za pokrivanje bremena

modular installation to match load

(nanadzorovano) delovanje na daljavo

remote / unattended operation

hitro prilagajanje na obremenitev

rapid load following capacity

Splosne negativne lastnosti gorivne celice

General negative features of fuel cells

visoka cena na trgu

market entry cost high

zanesljivost / trajanje visokotemperaturnih delov neizkazano
reliability / endurance of higher temperature units not demonstrated
v nergetiki nepoznana tehnologija

unfamiliar technology to the power industry

ni infrastrukture

no infrastructure

3 KOGENERACIJSKI SISTEMI 3 CO-GENERATIVE SYSTEMS

Stevilna podjetja, General Electric, American Several companies, General Electric, American

Power Corp., Northwest Power Systems, Avista Labs,
Ballard ([W2] do [W4]) se ukvarjajo z raziskavami in
razvojem kompletnih kogeneracijskih sistemov v
obsegu od nekaj kW do 250 kW in vec.

Power Corp., Northwest Power Systems, Avista Labs,
Ballard ([W2] to [W4]) are involved in the research and
development of complete co-generative systems,
ranging from a few kW to 250 kW and over.
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Najbolj uspesen doslej je bil PC 25 izdelan
v podjetju ONSI (184 postrojenj prodanih v 14
drzavah). PC 25 [5] je paketna, samooskrbovalna
fosforno kislinska gorilna celica z elektricno mocjo
200 kW. Pri polni moc¢i sistem pridobi 223 kW,
uporabne toplote pri temperaturah med 40 °C in 80
°C. Izkoristek pridobivanja elektrike je 40% glede na
kurilnost (naravni plin). Izkoristek ostaja skoraj na
istem nivoju med Cetrtinsko in polno obremenitvijo.
Celotni izkoristek je 84% pri 100% obremenitvi.
Raven zvocnega tlaka je pod 60 dBA pri 10m od
naprave. Elektrarna vsebuje vse potrebne
komponente: za preobrazbo naravnega plina v
(izmeni¢no) elektriéno mo¢, pridobivanje uporabne
toplote za stranke in oddajanje odvecne toplote v
zrak. Cena je priblizno 3000 $/kW. Obstajajo Stevilni
demonstracijski projekti, ki bazirajo na GCPM, toda
njihova pojava na trgu je stvar bodocnosti.
Preglednica 3 prikazuje nekatere tehnicne
podrobnosti elektrarne, ki bo v kratkem na trgu.

The most successful to date has been the PC
25 produced by ONSI Corporation (184 plants sold in 14
countries). The PC 25 [5] is a packaged, self-contained,
phosforic acid fuel-cell power plant with a continuous
electrical rating of 200 kW. At full load the system pro-
vides 223 kW, of useful heat at temperatures between
40°C and 80°C. The electrical generation efficiency is
40% on a lower heat value (natural gas LHV) basis. The
efficiency remains almost at the same level at loads be-
tween one quarter and full load. The total efficiency is
84% at 100% load. The sound pressure level is below 60
dBA at 10 meters from the plant. The power plant in-
cludes all components required to convert natural gas
into utility AC power, provide useful heat to the cus-
tomer and reject excess heat to air. The cost is
approximatively $3000/kW. There are many other de-
monstrative co-generative systems based on PEMFC
technology, but these have yet to enter the market. Table
3 shows some technical specifications of a power sys-
tem which will soon be available.

Preglednica 3. Karakteristike skoraj komercialne elektrarne, ki temelji na PEMFC
Table 3. Specification of a near commercial power system based on PEMFC

izhod 7 kKW zvezno
15 kW vrhunec
output 7 kW continuous
15 kW peak
napetost 120/240 @60Hz
voltage 100/230V @50Hz

izkoristek cikla
simple cycle efficiency

40% @2 kW izhod / output
29% @7 kW izhod / output

izkoristek kogeneracije
cogen efficiency

> 75%

uporabljena odpadna toplota
recoverable waste heat

> 2 kWh @2 kW izhod / output
> 11 kWh @7 kW izhod / output

gorivo naravni plin
utekocinjen propan
fuel natural gas
liquid propane
intervali servisiranja 9000 h
maintenance intervals
projektna doba trajanja 15 let
design life 15 years

4 TRDNO OKSIDNA GORILNA CELICA V
KOMBINACII S PLINSKO TURBINO

Plinske turbine v kombinaciji s trdno
oksidno gorilno celico (TOGC - PT) so bile
obravnavane v §tevilnih $tudijah ([6] do [9]), toda
Stevilne so obravnavale MW postrojenja.
Dandanes so na voljo Stevilne nove moznosti, ker
je interes za proizvodnjo elektrike v mikro turbinah
(30 do 200 kW). Stevilna podjetja, ki se ukvarjajo z
mikro turbinskimi generatorji, sedaj oglasajo svoje
izdelke za kon¢ne uporabnike, druzbe in
proizvajalce energije ([10] in [1]). To pospesSuje
uporabo TOGC s PT celo v stanovanjskih objektih,
kjer 200 kWe plinska turbina daje izhodno mo¢
30kWe.
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4 SOLID OXIDE FUEL CELLS IN COMBINATION
WITH A GAS TURBINE

Studies of a gas-turbine cycle with a solid-ox-
ide fuel cell (SOFC-GT) have been carried out by several
researchers ([6] to [9]), but most of them have been con-
sidering MW sized power plants. Recently, new oppor-
tunities have arisen as there has been a sustained inter-
est in power applications for microturbines (30 to 200
kW), and several microturbine-generator manufacturers
are now announcing commercial availability of their prod-
ucts, targetting end-users, utilities and energy service
providers ([10] and [1]). This context facilitates the SOFC-
GT integration even for residential co-generation, where,
for example, the gas-turbine output of a 200 kWe system
is calculated to be approximatively 30 kWe.
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V TOGC visoke temperature (~1000°C)
zagotavljajo, da vse sestavine goriva, v kombinaciji s
potrebno koli¢ino vodne pare, oksidirajo v trenutku in
dosezejo termodinamicno ravnotezje, ¢e dovedemo
zadostno koli¢ino zraka. Zaradi visokih temperatur so
drage reakcije nepotrebne kar omogoca neposredno
porabo goriva v sami celici. Ker je trdni elektrolit
normalno zelo stabilen, ni premikanja elektrolita.
Raziskujejo dvarazli¢na modela: cevni model in ravninski
model. V nasem delu smo uporabili cevni model.

Shemati¢na predstavitev kroznega procesa
je prikazana na sliki 3. Prej obdelano gorivo (metan)
in oksidant (zrak) vstopata v gorilno celico po
kompresiji. Oksidacija poteka veé¢inoma v gorilni
celici. Celotna reakcija pa se konéa v zgorevalni
komori. Zgoreli plini pod tlakom odtekajo skozi
turbino. Izstopna para iz turbine zagotavlja toploto
ne samo za pripravo goriva, ampak tudi za pridobivanje
tople vode.

In SOFCs the high temperatures (~1000 °C)
ensure that all fuel compositions, when combined with
the necessary amount of water vapor, will oxidize rap-
idly and reach thermodynamic equilibrium if sufficient
air is provided. The high temperature makes expensive
reactions unnecessary and permits direct processing
of fuel in the fuel cell itself (i.e. internal reforming).
Because the solide-oxide electrolyte is normally very
stable, no electrolyte migration problems exist. Basi-
cally two different designs are under development:
the tubular design and the planar design. In our work
we have been considering the tubular design.

A schematic view of the considered cycle is
presented in Figure 3. The preprocessed fuel (meth-
ane) and the oxidant (air) enter the fuel cell after being
compressed. The fuel oxidation reaction occurs pre-
dominantly within the fuel cell. The reaction is com-
pleted in a combustion chamber. The pressurized-fuel
combustion products are exhausted through a turbine.

rekuperacija toplote

~ heat

prenosnik toplote
heat
exchanger

kompresor
compressor

izpuh
exhaust
voda
water
3 =)
jprenosnlk toplote

exchanger

heat recovery

gorivo
fuel

TOGC
SOFC

turbina

expander generator

S1. 3. Obtocni diagram kroznega procesa s TOGC
Fig. 3. SOFC-GT cycle flowsheet diagram

Zaraziskavo procesa smo uporabili simulirni
racunalniski program, ki je vseboval tudi simuliranje
trdno oksidne gorilne celice, napisane v jeziku For-
tran ([11] in [12]). Simulirni model je bil razvit za
raziskovanje:

- delovne temperature in tlaka,
- sestav plinov reaktantov,
- izkoristka uporabe goriva.

Nacrtovani izkoristki za glavne komponente
so: kompresor in turbina (izentropno) 79,5% in 84,5%;
generator in razsmernik: 92%.

The cycle was studied using commercial pro-
cess-simulation software integrated with a solid oxide
fuel cell steady-state operation simulator that has been
implemented using Fortran ([11] and [12]). The simula-
tion model has been developed with the objectives of
evaluating the performance of the system when varing:
- operating temperature and pressure,

- reactant gases composition,
- fuel utilization coefficient.

The assumed efficiency for the major
components are: compressor and turbine (isoentropic)
79.5% and 84.5% respectively; generator and DC/
AC conversion: 92%.
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: Predhodni rezultati so predstavljeni na sliki
: 4 in sliki 5. Slika 4 prikazuje elektricni izkoristek in
i izkoristek po prvem glavnem zakonu v odvisnosti od
: kompresijskega razmerja. Najvedji elektricni izkoristek
; dobimo pri kompresijskem razmerju 4,3, in sicer je
: izkoristek 63,8%, medtem ko je izkoristek po prvem
. glavnem zakonu 83,1%. Ta elektri¢ni izkoristek je zelo
I visok, ¢e ga primerjamo z obifajnimi sistemi
: proizvodnje elektrike, tudi vecjimi. Na sliki 5 je
I prikazana izhodna mo¢ v odvisnosti od

: kompresijskega razmerja. Kjer je elektri¢ni izkoristek

ey

I vi§ji, je izhod toplote na minimumu. Nato se zopet

Preliminary results are reported in Figure 4
and Figure 5. Figure 4 shows the electric and First
Law efficiency as a function of the compression ra-
tio. The maximum electric efficiency is obtained when
operating at a compression ratio of 4.3 and it is 63.8%,
while the First Law efficiency is 83.1%. This electric
efficiency is very high when compared with any con-
ventional power-generation systems, even those of
larger size. In Figure 5 the system power output is
plotted versus compression ratio. Where the electric
efficiency is higher the heat output is at a minimum,
and then increases again because the power system

izkoristek / efficiency
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Sl. 4. TOGC - PT: Elektricni izkoristek, izkoristek po prvem glavnem zakonu v odvisnosti od kompresijskega razmerja
Fig. 4. SOFC - GT: Electric efficiency, First Law efficiency as a function of the compression ratio
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S1. 5. SOFC - GT: Elektricni izhod v odvisnosti od kompresijskega razmerja
Fig. 5. SOFC - GT: Power outputs as a function of the compression ratio
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zvisuje, ker je sistem opremljen s pomoznim
gorilnikom, ki skrbi za stalno temperaturo vhodnih
plinov v gorilno celico. Elektri¢na izstopna mo¢ tur-
bine je najvecja pri eni petini celotne moci.

5SKLEP

V prispevku je predstavljeno delovanje
gorilne celice predvsem z vidika, da so gorilne celice
ugodne za kogeneracijo v stavbah. Predstavljeni so
nekateri sistemi. Predlagan je bil sistem s trdno
oksidno gorilno celico in plinsko turbino, ki je bil
simuliran z matemati¢nim modelom. Glavni rezultati
tega dela so:

- gorilna celica je idealna tehnologija za kogeneracijo
v stavbah,

- danes je samo en sistem kogeneracije na voljo na
trgu, toda Stevilni proizvajalci zatrjujejo, da bodo
njihovi sistemi kmalu na voljo,

- trdno oksidna gorilna celica se teoreticno lahko
poveze z mikroplinsko turbino, tako da proizvaja
elektriko z visokim izkoristkom tudi pri manjsih
moceh,

- izraCunani elektri¢ni izkoristek sistema je 63,8%.

Sistemi TOGC in PT so zelo obetajoci tudi
za stanovanjske enote, Ceprav je treba ugotoviti
moznost in trpeznost v primerjavi z obi¢ajnimi
sistemi.

Siroka uporaba bo dala gorivnim celicam
cenovno primerljivost z drugimi sistemi. Za
gorilne celice ze desetletja trdijo, da se bodo
pocenile, toda Cas za to Se ni prisel. Potreba po
gorilnih celicah v avtomobilski industriji in
nizkoemisijskih vozilih naj bi vplivala na razvoj in
moznost, da gorilne celice postanejo cenovno
ugodne.
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is provided with an auxiliary burner in order to keep
constant the temperature of the reactant gases enter-
ing the fuel cell. The turbine electrical output is at
maximum of one fifth of the total power.

5 CONCLUSION

In this paper the working principle of fuel
cells has been briefly described, focusing on those
aspects that make this technology attractive for resi-
dential co-generation. Some of the existing systems
have been presented. Then a system based on solid-
oxide fuel cells and a gas turbine has been proposed
and analysed using a mathematical model. The main
conclusions of this work are:

- fuel cells seem to be one of the ideal technology
for residential co-generation;

- todate only one co-generative system has reached com-
mercial maturity, but many manufacturers are now an-
nouncing the commercial availability of their products;

- Solid-oxideffuel cells can be well integrated, theoretically,
with a micro gas turbine to yield high-efficiency power-
generation cycles, even in the sub-MW power range;

- thecalculated electrical efficiency ofthe system is 63.8%.

SOFC-GT systems seem to be very attrac-
tive even for residential-size power units, although
reliability and durability comparable with conven-
tional power plants and lower cost, essential to mar-
ket entry, have still to be proved.

However, theiruse will become widespread when
they become cost-competitive. Fuel-cell advocates have
been promising reductions in price for decades, but the time
mightactually be at hand. The need in the automotive industry
for fuel cells in zero-emission vehicles may fuel an explosion
inthe technology development and manufacturing capability,
finally bringing to reality the time of low-cost fuel cells.
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Instructions for Authors

Clanki morajo vsebovati:
- naslov, povzetek, besedilo ¢lanka in podnaslove slik v
slovenskem in angleskem jeziku,
- dvojezi¢ne preglednice in slike (diagrami, risbe ali
fotografije),
- seznam literature in
- podatke o avtorjih.
Strojniski vestnik izhaja od leta 1992 v dveh jezikih,
tj. 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. Ce
uporabljate kaksen drug urejevalnik besedil, prosimo, da
besedilo konvertirate v navadno ASCII (tekstovno) obliko.
Hkrati dostavite odtis ¢lanka na papitju, vkljuéno z vsemi
slikami in preglednicami ter identicno 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 lo¢ene
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 pokonéno (npr. ms™, K, min, mm
itn.).

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. If you use another word
processor, please convert to normal ASCII (text) format.
One hard copy, including all figures, tables and illustrations
and an identical electronic version 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.).
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Vse okrajSave naj bodo, ko se prvi¢ pojavijo,
napisane v celoti, npr. ¢asovno spremenljiva geometrija (CSG).

Slike

Slike morajo biti zaporedno oSteviléene 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 priporoéamo 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 veliCin (npr. £ v, m itn.), da ni potrebno
dvojezi¢no oznacevanje. V diagramih z ve¢ krivuljami, mora
biti vsaka krivulja oznacena. Pomen oznake mora biti
pojasnjen v podnapisu slike.

Vse oznacbe na slikah morajo biti dvojezi¢ne.

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 o$teviléene 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 pokonc¢no) v novo
vrsto brez oklepajev.

Vsi podnaslovi preglednic morajo biti dvojezicni.

Seznam literature
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: Vsa literatura mora biti navedena v seznamu na
I koncu ¢lanka v prikazani obliki po vrsti za revije, zbornike in
I knjige:

I [1] Tarng, Y.S., Y.S. Wang (1994) A new adaptive controler
‘ for constant turning force. Int J Adv Manuf Technol
! 9(1994) London, pp. 211-216.

: [2] Cus, F., J. Bali¢ (1996) Rationale Gestaltung der
| organisatorischen Ablaufe im Werkzeugwesen. Proceed-
| ings of International Conference on Computer Integra-
| tion Manufacturing, Zakopane, 14.-17. maj 1996.
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Podatki o avtorjih

Clanku priloZite tudi podatke o avtorjih: imena,
nazive, popolne postne naslove, Stevilke telefona in faksa
ter naslove elektronske poste.

Sprejem ¢lankov in avtorske pravice

Urednistvo Strojniskega vestnika si pridrzuje
pravico do odloc¢anja o sprejemu ¢lanka za objavo,
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 $e nikjer
objavljeno. Z objavo preidejo avtorske pravice na Strojniski
vestnik. Pri morebitnih kasnejsih objavah mora biti SV
naveden kot vir.

Rokopisi ¢lankov ostanejo v arhivu SV.

Vsa nadaljnja pojasnila daje:

Uredni$tvo
STROJNISKEGA VESTNIKA
p-p- 197/1V
1001 Ljubljana
Telefon: (061) 1771-428
Telefaks: (061) 218-567
E-mail: strojniski.vestnik@fs.uni-lj.si
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All abbreviations should be spelt out in full on first
appearance, e.g., variable time geometry (VTG).

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.

The list of references

References should be collected at the end of the
paper in the following styles for journals, proceedings and
books, respectively:

[1] Tarng, Y.S., Y.S. Wang (1994) A new adaptive controler
for constant turning force. Int J Adv Manuf Technol
9(1994) London, pp. 211-216.

[2] Cus, F., J. Bali¢ (1996) Rationale Gestaltung der
organisatorischen Abldufe im Werkzeugwesen. Proceed-
ings of International Conference on Computer Integra-
tion Manufacturing, Zakopane, 14.-17. maj 1996.

[3] Oertli, P.C. (1977) Praktische Wirtschaftskybernetik.
Carl Hanser Verlag, Miinchen.

Author information

The following information about the authors
should be enclosed with the paper: names, complete postal
addresses, telephone and fax numbers and E-mail addresses.

Acceptance of papers and copyright

The Editorial Committee of the Journal of
Mechanical Engineering reserves the right to decide whether
a paper is acceptable for publication, obtain professional
reviews for submitted papers, and if necessary, require changes
to the content, length or language.

Authors must also enclose a written statement that
the paper is original unpublished work, and not under consideration
for publication elsewhere. On publication, copyright for the paper
shall pass to the Journal of Mechanical Engineering. The JME
must be stated as a source in all later publications.

Papers will be kept in the archives of the JME.

You can obtain further information from:

Editorial Board of the
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P.O.Box 197/1IV
1001 Ljubljana, Slovenia
Telephone: +386 (0)61 1771-428
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