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Spostovani bralci revije Journal of energy technology (JET)

Energija vetra je posledica obsevanja Zemljine povrsine s son¢nimi Zarki. Potenciali vetrne energije
v svetu so zelo veliki, mnogo vedji kot trenutno izkoris€anje energije vetra. Intenzivnost vetrne
energije je geografsko razli¢na, pravzaprav pa ni drZzave oz. pokrajine, kjer ni obmocij s potenciali za
izkoriSc¢anje. Tovrstno energijo so znali izkoris¢ati Ze v preteklosti; tako naj bi Ze 5000 let pred nasim
Stetjem uporabljali vetrno energijo za pogon ladij vzdolz reke Nil, pred priblizno 200 leti pred nasim
Stetjem pa so jo Kitajci uporabljali za pogon enostavnih ¢rpalk. Uporaba energije vetra se je nato
razsirila. Tako so ljudje na ozemlju srednjega vzhoda v 11. stoletju Ze uporabljali energijo vetra za
pogon vetrnih ¢rpalk in vetrnih mlinov. Se posebej velikopotezna je bila uporaba vetrne energije na
Nizozemskem za izsuSevanje potiskanja morja.

Danes predstavlja vetrna energija v svetu zelo pomemben ¢len v proizvodnji elektri¢ne energije. V
letu 2020 imajo instalirane vetrne elektrarne moc Zze preko 750 GW. Globalno najvec energije iz-
koriscajo na Kitajskem, v ZDA in Nemciji. Najvec elektricne energije na prebivalca pridobijo na Dan-
skem, Svedskem, Irskem in v Nem¢iji. Najvecje vetrne elektrarne imajo moc okoli 10 MW, s premeri
rotorjev okoli 160 m. V Sloveniji je izraba vetrne energije za proizvodnjo elektri¢ne energije zelo
majhna, prav zato so raziskave na tem podrocju izjemnega pomena. Vsekakor je potrebno v bliznji
prihodnosti v energetiki dati vecji poudarek izrabi vetrne energije. V tej Stevilki revije je predstavljen
¢lanek na to tematiko, zato vas vabim k branju revije.

Jurij AVSEC
odgovorni urednik revije JET
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Dear Readers of the Journal of Energy Technology (JET)

Wind energy results from the irradiation of the Earth's surface with solar rays. The global potential
of wind energy is massive, much greater than the current exploitation of it. The intensity of wind
energy is geographically different, but there is no country or province in the world without areas
with interesting potentials for wind energy. People have known how to harness the power of the
wind since ancient times; Egyptians used wind energy to power ships along the Nile 5,000 years BC,
and about 200 BC the Chinese used wind energy to power simple pumps. The use of wind energy
then spread worldwide; in the 11th century, people in the Middle East used wind energy to power
wind pumps and windmills. The use of wind energy in the Netherlands to recover land from the sea
was particularly ambitious.

Today, wind energy is an essential link in global electricity production. In 2020, the installed wind
power plants had a capacity of over 750 GW. China, the United States and Germany produce the
most energy. Denmark, Sweden, Ireland and Germany have the most electricity per capita from
wind energy. The largest wind farms have a capacity of about 10 MW, with rotor diameters of about
160m. In Slovenia, the use of wind energy for electricity production is very small, which is why re-
search in this field is extremely important. In any case, greater emphasis needs to be placed on the
use of wind energy in the near future. This issue of the magazine presents an article on this very
topic, so | invite readers to read further.

Jurij AVSEC
Editor-in-chief of JET
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NEW TECHNIQUE TO EVALUATE THE
OVERALL HEAT LOSS COEFFICIENT FOR
A FLAT PLATE SOLAR COLLECTOR

NOVA TEHNIKA ZA OCENO CELOTNEGA
KOEFICIENTA TOPLOTNE IZGUBE ZA
PLOSCATI SONCNI KOLEKTOR

Amor Bouhdjar'®, Hakim Semai!, Aissa Amari!

Keywords: flat plate solar collector, overall heat loss coefficient, heat removal factor

Abstract

Low-temperature solar systems mostly use flat plate solar collectors. Good design and correct di-
mensioning of a solar heat generator are based on precise knowledge of the characteristics of the
flat plate solar collector on site. The present work considers a flat plate solar air collector, a flat plate
solar water collector, and a flat plate solar water collector with air absorber cooling. The investiga-
tion intends to shed light on a procedure to determine the overall heat loss coefficient and the heat
removal factor using recorded system temperatures, operating parameters, and environmental data.
The Hottel-Whillier-Bliss equation gives the collector useful energy. This expression is used to gener-
ate a correlation for the collector efficiency through a linear fitting. We calculate the overall heat loss
coefficient of the collector from the slope of the collector efficiency curve. However, we need to know
the heat removal factor of the collector. In this study, we present a new technique to calculate the
heat removal factor. Then we deduce the collector overall heat loss coefficient.

Results show that, very often, the overall heat loss coefficient for the flat plate solar air collector and
the flat plate solar water collector determined with this new method is higher than the one calculated
with the empirical formula proposed by Klein.

X Corresponding author: Dr Amor Bouhdjar, Tel.: +231 (0) 23189051, mailing address: PB. 62 Route de I'Observatoire
Bouzareah 16340 Algiers Algeria, E-mail address: a_bouhdjar@yahoo.com; a.bouhdjar@cder.dz

'Renewable Energy Development Centre, Solar thermal and Geothermal Energy Division, Route de I'Observatoire
Bouzareah 16340 Algiers Algeria
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However, the experimental overall heat loss coefficient for the flat plate solar water collector
with air absorber cooling is smaller than the one calculated with the empirical formula proposed
by Klein. The analysis shows that the overall heat loss coefficient determined with the new
technique seems more realistic since all phenomena occurring during the heat transfer from solar
irradiance incident on the absorber plate and transmitted to the transport fluid are considered.

Povzetek

Nizkotemperaturni son¢ni sistemi ve¢inoma uporabljajo sonéne kolektorje z ravno plosco. Dobra
zasnova in pravilne dimenzije solarnega generatorja toplote temeljijo na natancnem poznavanju
znacilnosti ploscatega soncnega kolektorja na lokaciji. Pricujo¢e delo obravnava ravno zracni
ploscéati soncni kolektor, vodni ploséati soncni kolektor in ploséasti sonéni kolektor vode z zraénim
absorberjem. Analiza v ¢lanku namerava osvetliti postopek doloc¢anja celotnega koeficienta
toplotnih izgub in faktorja odvajanja toplote z uporabo zabelezenih temperatur sistema,
obratovalnih parametrov in okoljskih podatkov. Enacba Hottel-Whillier-Bliss daje raziskovalcem
koristne informacije. Ta izraz se uporablja za ustvarjanje korelacije za u€inkovitost kolektorja z
linearno vgradnjo. Skupni koeficient toplotnih izgub kolektorja izra¢unamo iz naklona krivulje
izkoristka kolektorja. Poznati pa moramo faktor odvajanja toplote kolektorja. V tej Studiji
predstavljamo novo tehniko za izracun faktorja odvajanja toplote. Nato izracunamo koeficient
celotne toplotne izgube kolektorja.

Rezultati kaZejo, da je skupni koeficient toplotne izgube za ravno ploscasti zracni soncni kolektor
in vodni ploscati soncni kolektor, dolocen s to novo metodo, vecji od tistega, izraCunanega z
empiri¢no formulo, ki jo je predlagal Klein.

Vendar je eksperimentalni skupni koeficient toplotne izgube za vodni plos¢ni soncni kolektor z
zracnim absorberjem manjsi od tistega, izracunanega z empiri¢no formulo, ki jo je predlagal Klein.
Analiza kaze, da se zdi skupni koeficient toplotne izgube, dolocen z novo enacbo, bolj realen, saj
so upostevani vsi pojavi, ki se pojavijo med prenosom toplote zaradi sonnega obsevanja, ki vpade
na plos¢o absorberja in se prenese v transportno tekocino.

1 INTRODUCTION

With the trend of decarbonization, many countries are moving toward using alternative energy
sources such as solar, wind, biomass, geothermal, and others. For the supply of heat, solar water
heating systems (SWHS) are widely used, especially in countries with good solar radiation. These
systems are sufficiently mature to replace gas and other fossil fuel to supply heat in domestic or
industrial applications. Solar air collectors are also integrated into many heating systems such as
air space heating, drying applications, such as agricultural products, timber, biomass cultivation,
waste biomass, building materials and desalination, and regulating microclimate in agricultural
products storage facilities. Improvement of system efficiency and managerial flexibility of the
energy obtained can expand the use of solar energy. In a scenario still characterized by strong
growth in the installed solar collector capacity, [1], even relatively small improvements may lead
to a large increase in the overall energy production in absolute terms. Rigorous studies may also
lead to adequate previsions.

For this reason, research and development into the optimization of the collector characteristics
and solar field design play key roles. Flat plate solar collectors (FPSC) are the main and most used
solar water heating systems component. It is made of an absorber plate covered above by a
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transparent sheet and surrounded by an isolating material. Incident solar radiations onto the
absorber are absorbed by the latter and transferred as heat to a fluid flowing within the absorber.
Therefore, a flat plate solar water collector is a special type of heat exchanger.

In contrast, a flat plate solar air collector (FPSAC) is a simple solar heating system with a low
convective heat transfer coefficient between the absorber surface and the flowing air, resulting
in a low heat transfer rate. Low thermal conductivity of air and high heat loss to the environment
are the drawbacks of solar air collectors, [2, 3]. Solar thermal flat plate collector performance
depends very much on the absorbed solar radiation and the energy lost to the environment.

Many authors have examined various configurations to assess the influence of geometrical
characteristics and operating conditions on the thermal efficiency of flat plate solar water
collectors. Important parameters such as absorber thickness, riser position, the shape of the
tube’s cross-section, plate material, coating effect on absorptivity, cover transmissivity, fluid
properties, and mass flow rate were investigated [4]. Other studies investigate cover absorber
distance, heat transfer between absorber plate and cover sheet, the roughness of absorber plate
surface, or use of transparent insulation material, [5].

Lowering heat losses from the absorber to the surrounding environment is an important issue for
FPSC. The use of selective coating techniques was an innovation to reduce thermal radiation heat
transfer from the absorber while maintaining high plate absorptivity, [6]. Others investigated heat
convection between the glass cover and absorber plate and the influence of the distance between
these two components, [7].

Several other studies have been made on flat plate solar water heaters, [8-11], mainly on the
determination of the global heat loss coefficient and the heat removal factor of the collector.
Klein, [12], proposed a mathematical model, based on the theory of Bliss-Whillier, [13, 14], which
estimates the collector efficiency factor and the heat removal factor of the collector considering
many simplifying assumptions. The performance of solar air collectors is usually affected by the
low heat transfer coefficient between the air and the absorber plate, [10]. The choice of the
optimal collector depends on the temperature level required by the specific application and on
the climatic conditions at the installation site. Therefore, in terms of efficiency, each collector
displays features, making it most suitable to a given application. Several new applications of solar
energy have appeared and intensified their use, as shown by works developed by Esen, [15, 16].

Efforts have been made to combine a number of the most important factors into a single
formulation to have a mathematical model, which will describe the collector’s thermal
performance in a computationally efficient manner. Evaluating the thermal loss coefficients is the
fundamental task to assess the flat plate solar collector performance. The FPSC global heat loss
coefficient Uc (W/m2.K) is the sum of the top loss (Uy), the bottom loss (Up), and the edge loss (Ue)
coefficients. This loss value is established between the collector and its surrounding by
conduction, infrared solar radiation, and convection heat transfer. A good approximation of the
FPSC global heat loss coefficient will lead to an effective solar water system design.

The present work aims to determine the overall loss heat coefficient of the flat plate solar
collector using a new technique to evaluate the heat removal factor of the collector, taking into
consideration experimental data to minimize the effect of assumptions made in other studies.
This more realistic deduced overall heat loss coefficient will be compared to the one obtained by
the Klein empirical formula, [12].

JET 13
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2 SYSTEM THEORY

Under steady-state conditions, the collector delivers a useful energy rate (Qu) equal to the rate
of radiation energy absorbed by the collector minus the energy rate transmitted to its
surroundings.

Qu = A|l.(ta) = U(T, = T,)| = C,[T, — T}] (2.1)

After some reshuffling, it becomes, [17]:
Qu = ACFRlIc(Ta) - UC(Ti - Ta)J (22)

with Fg, the heat removal factor that is determined by:

B CD(TooT)) ).
R Adlica)-Uc(Ti-T0)] 23)
The collector efficiency is given by:

_ Qu _ U (Ti—Tq)

N = = Fp | (ra) — "] (2.4

Which is equivalent to:

— me(TO_Ti) (25)

IcAc
Equations (2.4) and (2.5) will let us draw the efficiency curve versus @ from experimental
c

data.
Transforming equation (2.2), we obtain:

Qu = FrQy + AcFRUc(Tp -Tp) (2.6)

From equation (2.6), we obtain the temperature difference between the absorber temperature
and the fluid inlet temperature:

T, —T; = —2 (1 - Fp) (2.7)

AcFRrUc

Taking into consideration equation (2.4), we obtain:

Fp = m (2.8)
From equations (2.4) and (2.7), we obtain:
AFRUg = nA.l, (;;_Ffi’ (2.9)
Combining equation (2.9) and equation (2.4), we obtain:
n = Fgta —n(1 — Fy)0 (2.10)
in which
0 = ﬁ (2.11)

From equation (2.10), we derive Fg
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Fp = 1449 (2.12)

Ta+n6

We observe that Fg can be calculated based on physical parameters and operating parameters,
including the absorber temperature, environment temperature and inlet fluid temperature. The
collector efficiency coefficient is given by equation (2.4) and equation (2.5).

Considering the experimental data, we plot the efficiency coefficient versus@. From the slope

c
(Ti=Ta)

(FrU¢) of the experimental curve n versus——— we determine the overall experimental loss
c

coefficient knowing that Fr can be determined by equation (2.12).

For comparison, we calculate the heat loss coefficient using the widely used empirical equation
given by Klein, [12]:

1 o(TF+TZ)(Tp+Tg)

Ut = Ng + 1 2Ng+f-1 N (213)
¢ [Tp-Ta 033 £p+0.05Ng(1—£p)' gg g
ﬁ[ N9+f] Tow

with

f = (1-0.04h,, + 0.0005r2)(1 + 0.091N,) (2.14)

C = 365.9(1 — 0.008838 + 0.00012952) (2.15)
8.6V06

hw = W (2.16)

Due to a low bottom casing temperature, the radiative heat exchange with the surrounding can
be neglected. Only the convection term is considered, [17]; thus, the heat transfer coefficient for
the heat transmitted from the back to the surrounding is given by:

1
Up =g 1 (2.17)

kp hc,b—a

Similarly, the heat transfer coefficient for the heat transferred from the collector edges to the

environment, still assuming that radiation heat transfer is negligible, is given by:
1
U, = [P (2.18)

ke hce-a

The overall heat loss coefficient for the collector is the sum of the heat loss coefficient for the
top, the heat loss coefficient for the bottom, and the heat loss coefficient for the edges.

UL=U,+U, +U, (2.19)

Regarding the flat plate solar water collector with air absorber cooling, we replace the previous
expression by the sum of heat rate for both fluids, and Ti takes the smallest inlet temperature
from both fluids.
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3 EXPERIMENTAL SET-UP

To determine the collector characteristics experimentally, primarily the overall heat loss
coefficient, an experimental bench was set up (Fig.1). In the first configuration, a cross-section of
the solar air collector shows a glass cover, an air gap between the glass cover and the absorber
plate, the absorber plate fins, the air channel under the absorber, back and edge insulation and
the casing.

In the second configuration, a cross-section of the solar water collector shows a glass cover, an
air gap between the glass cover and the absorber plate, a grooved plate to which riser tubes are
embedded, back and edge insulation and the casing. The third configuration is identical to the
solar water collector to which an air channel is added between a finned absorber and the back
insulation.

The used cover glass has low iron content in the three cases and is sealed to the casing with
windshield silicone sealer. The absorber plate of 1 mm thickness is made of aluminium in the
three cases. The absorber coating is matt black painting. In the second and third configurations,
the embedded tube risers are made of copper. The back and the edges are insulated using rigid
polyurethane panels.

The benches are instrumented with thermocouples type K to measure temperatures (cover,
absorbing plate, inlet and outlet fluids, collector back, ambient, etc.). Air speed was measured
using a hot wire CFM anemometer with 0.01m/s resolution. A Kipp and Zonen pyranometer
mounted at the collector orientation is used to measure the global incident solar radiation. During
the experiment, recorded parameters come under the required environment conditions (Table
1).

Physical properties of the materials were obtained from their documentation. All geometrical
dimensions are given in the figures and Table 2. Airflow is generated with a centrifugal exhaust
fan. In the case of the water collector, a water pump is used to perform forced circulation in the
solar collector circuit. A flow meter is inserted in the water circuit in order to record the flow rate.
Figure 2 shows the solar collectors constructed and used for the experiment.

Table 1: Required environmental conditions (ASHRAE 93)

Variable Absolute limits

e Total solar irradiance normal to sun (W/m?2) | e 790 (minimum)

e Diffuse fraction (%) e 20 (maximum)
e Wind speed (m/s) e 2.2<u<4.5
e Incidence angle modifier e 98%<normal incidence value <102%

Table 2: Physical characteristics

Element collector designation Dimension (mm)
Riser diameter 12
Header diameter 18

Flat plate collector length 1920
Number of riser tubes 09

Fin height 28

16 JET
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Absorber plate temperature
Glass cover temperature

Qutlet air
temperature

e

Inlet air temperature

%— Back temperature

Ambiant temperature

(a) Solar air flat plate solar collector

Absorber plate temperature

Glass cover tem&a;ture /

[«

. i >
Back temperature Vmiam temperature

(b) Solar water flat plate solar collector

Glass cover temperature  Apsorber plate temperature

°
Back temperature ™\ Ambiant temperature
(c) Solar water flat plate collector with air absorber cooling

Figure 1: Cross-sections of the different configurations
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Solar air flat plate solar collector

o SELVNL il |

Solar water flat plate collector with air absorber cooling

Figure 2: Pictures of the solar collectors set up
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4 RESULTS AND DISCUSSION

Figure 3 shows various parameters used to calculate the heat removal factor according to
equation (2.12) and the drawing of the efficiency curves for the different collectors.
As it might be noticed, all inlet parameters are practically stable during this measurement period

(10h- 15h), which lets us consider the quasi-stationary state. Incident solar radiation is over 800
W/m?2.
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(c ) Water collector with air absorber cooling
Figure 3: Temperatures and solar irradiance for the different configurations

Figure 4 shows the heat removal factors versus the absorber plate temperatures. We observe a
small fluctuating value of Fr around a horizontal line, which might be considered a reference value
for this parameter. This indicates that the absorber temperature has a slight influence on Fg. In
contrast, the heat transfer coefficient between the absorber and the fluid flow significantly

JET 19



Amor Bouhdjar, Hakim Semai, Aissa Amari JET Vol. 14 (2021)
Issue 4

impacts Fg. This confirms that Fr is an important design parameter as it is a measure of thermal
resistance encountered by the absorbed solar radiation in reaching the collector fluid.

1.0 1.0q
®  Heat removal factor for water collector
5 0.8 - | = Heat removal factor for air collector 5 0.8 a e e B See B P
2 3
o “—
_‘2 0.6 1 T>° 0.6
[=} =}
g =
£0.44 £ 0.4+
§ n— —an— —Em S -1"-_"‘_"' E
= 0.2 5 0.2
0,0 T T T T T T 1 0.0 T T T T T T T 1
48 50 52 54 56 58 60 52 54 56 58 60 62 64 66 68
Absorber temperature (°C) Absorber temperature (°C)
1.0+
‘ ®  Heat removal factor for collector with air plate cooling
e
8
T&O6' . 7_-77_'_771—77-"."i7:i-
> | [ ]
g
2044
]
=
0.2
0.0

39 40 41 42 43 44 45 46 47 48
Absorber temperature (°C)

Figure 4: Heat removal factor for the different configurations

(Ti—Ta)
1

Figure 5 shows collector efficiencies (n) versus , using experimental data for each

configuration. The efficiency coefficient is determined for a mass flow rate of 0.05 kg/s for the air
in the solar air collector, 0.11 kg/s for the air in the solar water collector with air absorber cooling,
and 0.027 kg/s for water in the solar water collector. The reported values are calculated using
experimental data and equation (2.5). It is to recall that, in the case of the configuration of water

solar collector with air absorber cooling, @, is the sum of the energy obtained by the flowing
water and the energy taken away by the cooling air.
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The fitting curve lets us determine the slope. Using the slope and the heat recovery factor
calculated with equation (2.12), we can evaluate each collector’s average overall heat loss
coefficient. Considering the instantaneous data (efficiency and heat recovery factor), we can also
determine the collector’s instantaneous overall heat loss coefficient.

Figures 6, 7, and 8 show the instantaneous overall heat loss coefficients calculated from Klein’s
empirical formula and the one deduced experimentally for each configuration versus the
absorber temperature. We observe that the overall heat loss deduced experimentally is larger for
air collector and water collector. The result is more realistic since it is deduced experimentally.
It considers the most influential parameter, which is absorber temperature and all phenomena
occurring in the process of heat transmission in any direction. The efficiency coefficient of the
solar air collector remains almost constant, regardless of the incident solar flux. This is
accompanied by a decrease in the heat loss coefficient. The efficiency coefficient of solar water
collector decreases with high irradiance, although there is a decrease in the heat loss coefficient.
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Figure 6: Global heat loss coefficient for solar air collector

In the case of a solar water collector with air absorber cooling, the efficiency coefficient is stable
at 0.5. The air absorber cooling significantly influences the heat loss coefficient since it decreases
with an increase in absorber temperature. In the three cases, the heat loss coefficient calculated
with Klein’s empirical formulae increases with absorber temperature increase.

In contrast, the experimental heat loss coefficient decreases for solar air collector and water solar
collector with air absorber cooling and uniform for solar water collector with increasing absorber
temperature. The average efficiency coefficient of the solar air collector is smaller than the one
of the solar water collector with air absorber cooling (Table 3).

Table 3: Experimental characteristics for the three solar collector configurations (Uc in W/m?2.K)

Collector n Slope Fr Uc_exp Uc_klein
Air collector 0.283 3.341 0.332 10.063 7.099
Water collector 0.578 6.459 0.776 8.323 7.328
Water collector with air 0.485 3.561 0.599 5.945 6.716
absorber cooling
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Figure 8: Global heat loss coefficient for water collector with absorber back cooling
5 CONCLUSION

The evaluation of the thermal loss coefficients is a fundamental task to assess the flat plate solar
collector performance, whether in a single solar domestic hot water or a solar collector heat
generator or to heat a building or drying system. A new technique for evaluating a global heat
loss coefficient of flat plate solar collector was implemented based on experimental data. This
technique considers the operating parameters such as temperatures, operating conditions, and
geometric characteristics of the collector. The heat removal factor is first deduced using a new
formulation based on the most influential parameter: the absorber temperature. From the slope
of the efficiency coefficient fitting line, the global heat loss coefficient is determined. The result
analysis and the comparison with thermal loss coefficients obtained from Klein’s empirical
formula indicate that this technique generates a more realistic value for the global heat loss
coefficient. The coefficient deduced with this procedure will let the designer and the solar system
developer be more confident in determining the dimensions and the expected power. The rapid
determination of Fg which is an important design parameter, lets the developer appreciate
thermal resistance encountered by the absorbed solar radiation in reaching the collector fluid. A
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precise knowledge of the characteristic of the collector lets the designer correctly establish the
dimensions of any solar heating system.
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Nomenclature

A, Total collector aperture area (m?)

hC b—a Convection heat loss coefficient from back to ambient (W/m? .K)

hc,e—a Convection heat loss coefficient from edge to ambient (W/m?.K)
h,, Wind heat transfer coefficient (W/m?.K)
I, Irradiance on the collector (W/m?)
ky, Conductivity coefficient of back insulation (W/m.K)
ke Conductivity coefficient of edge insulation (W/m.K)
L Collector length (m)
m Mass flow rate of fluid (kg/s)
Ng Number of glass covers
Q. Rate of useful energy delivered by the collector (W)
T, Average ambient temperature (° C)
ty Thickness of back insulation (m)
te Thickness of edge insulation (m)
T Air collector inlet temperature (°C)
Tro Air collector outlet temperature (°C)
T; Water collector inlet temperature (°C)
T, Water collector outlet temperature (°C)
Tp Average temperature of the absorbing surface (°C)
U, Bottom heat loss coefficient (W/m?.K)
U, Edges heat loss coefficient (W/m?.K)
U, Solar collector overall heat loss coefficient (W/m?.K)
U, Top heat loss coefficient (W/m?.K)
|74 Wind velocity (m/s)

JET 25



26 JET



JET Volume 14 (2021) p.p. 27-39

Journal of :
E Issue 1, April 2021
nergy Type of article 1.01

Technology www.fe.um.si/en/jet.html

TOWARDS FORTY YEARS OF KRSKO
NPP OPERATION - AN OVERVIEW OF
POPULATION EXPOSURES TO RADIATION

OB KONCU CETRTEGA DESETLETJA
DELOVANJA NE KRSKO - PREGLED
SEVALNE IZPOSTAVLJENOSTI
PREBIVALSTVA

MatjaZ Kozelj*

Keywords: Krsko NPP, NEK, radioactivity monitoring, radioactivity releases, dose assessment,
population exposures, history of doses.

Abstract

In this article, the influence of a controlled magnetic field on gadolinium plates was modelled and
simulated to be used in magnetic refrigeration installations. This is a state-of-the-art technology
that does not use refrigerants and does not work based on vapour compression, which is based on
the operation of the magnetocaloric properties of the material used; in the case below, this mate-
rial, in the form of a flat plate, has certain magnetocaloric properties and under the influence of
magnetic induction can be used successfully in such innovative installations. The advantages of us-
ing gadolinium in the form of a flat plate in a magnetic regenerator and thermal energy dissipation
on its surface under the controlled magnetic field’s influence were studied.

Povzetek

V prispevku so predstavljene omejitve za radioaktivne izpuste iz Nuklearne elektrarne Krsko, ki so z
manjsimi spremembami v veljavi od zacetka delovanja. Monitoring, ki se izvaja v okolici elektrarne,
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Ljubljana, Slovenia, Tel.: +386 1 588 5277, E-mail address: matjaz.kozelj@ijs.si
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se ni bistveno spremenil od poznih osemdesetih let. Predstavljeni so zbrani podatki o
radioaktivnosti v tekoCinskih in atmosferskih izpustih. Zbrani podatki o ocenjenih dozah kazejo,
da so skozi leta bili v uporabi razli¢ni pristopi ocenjevanju doz, vendar vsi dokazujejo, da so doze
prebivalstva bile vedno bistveno manjse od avtoriziranih mejnih doz.

1 INTRODUCTION

The construction of the Krsko Nuclear Power Plant (Krsko NPP, NEK) started in 1975 and was
concluded in 1981. The first criticality took place in September 1981, and the first synchronization
with the grid occurred in October 1981. In 1982, numerous tests were performed and, finally, in
January 1983, NEK started commercial operation. One year later (in January 1984), the regular
operation of NEK was approved.

The introduction of nuclear energy was a great challenge for involved scientific and technical
experts, legislators, and all domestic companies acting either as contractors or subcontractors
during the construction and later, supporting the operation and maintenance of NEK. Besides
nuclear safety, one of the most important challenges was how to define legal restrictions
regarding the radiation influence of NEK on the population and environment and how to establish
proper control mechanisms to ensure and verify that the restrictions are followed. Although in
the former Yugoslavia adopting relevant legislation and rules regarding nuclear and radiation
safety took almost a decade, the very basic requirements for the safe operation of NEK were
established and were set early, before the start of the operation. Later, the requirements were
additionally elaborated, but, as we will see, the original restrictions have not been altered.

2 LEGAL RESTRICTIONS

The first limit for the radiation impact of NEK on the environment was established ten years
before the official start of regular operation in the Location Permit issued by the National
Secretariat for Urbanism of Slovenia in 1974. The Location Permit required that the (effective)
dose' from the radioactive releases of NEK on the border of the restricted protective zone (500 m
from the reactor axis) and beyond shall not exceed 50 uSv per year. The Location Permit also
required that reference (pre-operational) measurements be performed and possible
consequences of NEK operation (radioactivity releases and distribution) on the surface and
underground waters in KrSko and Zagreb basins estimated and assessed. Due to the lack of
national regulations regarding the use of nuclear energy at that time, relevant regulations from
the country of origin of installed equipment (i.e., the USA), or applicable recommendations from
the International Atomic Energy Agency should be used in cases in which appropriate national
regulations were insufficient or non-existent. It was optimistically foreseen that the investors (i.e.,

" Effective dose is a quantity used to describe the consequences of exposure of human being to
ionising radiation and considers external and internal exposure. It is used for low doses and
represents the measure of probability for the occurrence of radiation-induced cancer and genetic
effects. The unit for effective dose is the sievert (Sv). For reference, the global annual average is
2.4 mSv.
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Slovenia and Croatia) would find the solution and decide on the location of the final repository
for all future radioactive waste from NEK before commissioning the plant.

The limit for the effective dose established in the Location Permit has never been changed and
remains valid. In 1988, an additional requirement was added in connection with the construction
of temporary storage for Low and Intermediate Level Radioactive Waste. According to this
requirement, the annual effective dose from external radiation at the NEK fence shall not exceed
200 pSv. The storage is still in operation.

During the construction period of NEK, rules were adopted related to monitoring and limits of
contamination in the environment and exposure limits for the population from different
practices. In the decision regarding the approval of regular operation of NEK (February 1984),
additional restrictions regarding liquid effluents from NEK to the Sava River were set:

e For all radionuclides except ®H (Tritium), **C and dissolved gases: 200 GBq per year and
80 GBq in a calendar quarter,
e  For 3H: 20 TBq per year, 8 TBq in a calendar quarter.

Annual limits for activity releases in gaseous releases were not set explicitly in the decision.
Instead, NEK was required to provide computational models for the dilution of releases during
normal operation and the dispersion of releases during the potential accident that could serve as
a basis for the dose calculation to the public. In response to this requirement, NEK has developed
models based on the recommendations from the US Nuclear Regulatory Commission that were
used for establishing the annual limits for activities in gaseous releases from NEK. The annual
limits for activities in gaseous releases were officially confirmed in 1989 and were as follows:

e For 3! (lodine): 18.5 GBq per year,

e  For aerosols (radionuclides with T1/,>8 d): 18.5 GBq per year,

e For noble gases: the annual limit is calculated from the dose limit (50 uSv per year) on
the border of the restricted protective zone according to adopted models,

e For®H and *C there were no explicit limits for released activities.

These limits were in force until 2007, when the limits for liquid effluents were modified to allow
for a longer (18 months, previously 12 months) fuel cycle in NEK. The annual limit for the 3H
release was increased, while the limit for other liquid releases was decreased. The new (and still
valid) limits for liquid effluents are:

e For all radionuclides except 3H, 1C and dissolved gases: 100 GBq per year, 40 GBq in a
calendar quarter,

e  For 3H: 45 TBq per year,

e  For C: no explicit limit.

Since 2007, the limits for gaseous releases and liquid effluents are a part of the Radiological
Effluent Technical Specifications (RETS), a document related to radiological safety, monitoring,
effluents, and reporting requirements. This document must be approved by a regulatory body for
a valid operating licence and must be continuously maintained to reflect possible modifications
and compliance with legal requirements.

We can see that “the history” of dose and radioactive release limits for NEK is quite short and,
except for the adjustment related to the introduction of 18-month fuel cycle, there has been no
change of limits from the beginning of NEK operation. The reason is not in the indifference and
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passivity of the authorities but the professional knowledge of involved experts and adoption of
internationally approved approach during the initial licensing process and initial operation of the
plant.

The author aims to review available data on emissions from NEK and compare it with available
data on doses of the population in the NEK neighbourhood. We made such a comparison ten
years ago, [1], and we would like to update data and verify conclusions from the previous paper.

3  MONITORING

The NEK must provide proof that it is complying with the imposed restrictions. Therefore, it is
obliged to measure the emissions of radionuclides and report them to the regulatory body, and
also to provide an independent assessment of effects to the environment and population.
Monitoring, therefore, consists of the measurements of the plant releases (a measurement of
emissions), sampling, and measurements in the plant neighbourhood (a measurement of
immissions in the environment), evaluation of these measurements, as well as total dose
assessment for members of the public based on collected data and/or computational models.
Objectiveness and validity of results have been ascertained with the involvement of independent
and authorised organizations (experts) in the monitoring implementation, evaluation of data and
dose assessment.

Requirements for monitoring in environment and emissions reporting have been in force from
the very beginning of the operation of NEK. The programme of sampling and measurements,
which has been verified and approved annually, has been based on a generic (and extensive)
programme in the relevant rules from 1986 and the rules from 2007. The main difference
between these rules is not in the content of the monitoring programme itself but the introduction
of the additional requirements related to the quality and reliability of measurements. The rules
were updated in 2018 when Council Directive 2013/59/Euratom was adopted in Slovenian
legislation.

Monitoring in the environment covers a 12 km circle around the plant and extends 30 km
downstream of the River Sava. It includes:

- external dose measurements with passive and active detectors,

- sampling and measurement of radioactivity in the air (aerosols and iodine),

- sampling and measurement of radioactivity in the river Sava (water, sediments, fish),
- sampling and measurement of soil,

- sampling and measurement of drinking water (wells and water supplies),

- sampling and measurement of atmospheric precipitations and deposits,

- sampling and measurement of food and milk (locally produced).

In Figure 1, sampling locations for monitoring are presented (from [2]). Comparison of this figure
with the figure from the report, [3], from 1991 reveals that the number of sampling points has
not changed substantially from the late 1980s, and that sampling positions are not changed for
the majority of "old" locations.

In addition to sampling, monitoring also includes external dose measurements with passive TL
detectors and continuous active detectors (energy compensated GM tubes) for external dose rate
measurements. While the active detectors are a part of the early warning system in Slovenia and
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were not operational until the late 1990s, the network of TL detectors around NEK (57 locations,
up to 10 km from the plant) has just slightly been changed from the 1990s.

In support of monitoring and emergency preparedness, one meteorological station is situated
inside the plant and three in the vicinity of the plant. The data from these stations serve for
computational modelling required in dose assessment.

All data from monitoring are collected and evaluated through authorised organizations on a
regular basis. Evaluated data from environment monitoring and data on NEK emissions are used
for the dose assessment of members of the public in the neighbourhood of NEK. Evaluated
monitoring data, as well as results of dose assessment, are published on an annual basis as a
report, which is also publicly available through the NEK internet site.

Data from continuous detectors in the early warning system from all parts of Slovenia are publicly

available on the internet, [4].
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Figure 1: Current map of NEK neighbourhood with the distribution of places where different
samples are regularly taken as a part of NEK monitoring, [2]. The position of NEK is marked with

an arrow.
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4 OVERVIEW OF EMISSIONS FROM NEK

As stated, for the purpose of monitoring, NEK provides data on released activities in all liquid
effluents and gaseous releases from the beginning of operation (first criticality). All releases are
continuously measured and data are collected. Released activity depends on many factors, but
the most important factors are fuel quality, leaks from the primary system, produced power, trips
and power excursions, the efficiency of liquid and gaseous waste processing, the chemistry of the
primary system, and also an implementation of outages, and remediation of possible equipment
failures.

4.1 Liquid effluents

The history of annual activity releases in liquid effluents of NEK from 1983 to 2019 (data from [5])
is presented in Figure 2. We can see that the annual releases of fission and activation products
(Figure 2a) have been steadily decreasing since the first years of operation. However, even the
highest value (13.4 GBq in 1985) was a mere 6.7% of the annual limit (200 GBq per year until
2007). The values in 2008 and 2009 (the last one not presented in the figure) were under 100
MBq (less than 0.1% of the valid annual limit 100 GBq per year). The main contributors to annual
releases were (and still are) activation products such as *2Co and ®Co (Figure 2c), and fission
products *3*Cs and 137Cs (Figure 2d). The released activity of 3| (Figure 2b) was always at least
ten times lower and, in the last two decades, appears in the liquid effluents only occasionally.

While the annual released activity of almost all radionuclides in liquid effluents has decreased
substantially since the beginning of the operation, this does not apply to 3H (Figure 2e). The
reason is in a direct connection between 3H production and energy production in NEK. The
released activity was always close (40% to 80%) to the valid limit (20 TBg until 2007). In
connection with the introduction of the 18-month fuel cycle, the Slovenian Nuclear Safety
Administration has changed the limit to 45 TBq.

4.2 Gaseous releases

The history of annually released activities in gaseous releases of NEK from 1983 to 2019 (data
from [5]) is presented in Figure 3. The most important radionuclides are noble gases (}*3Xe, 133mXe,
41Ar), which are limited indirectly through effective dose on the NEK fence, and 3H (no limit). The
highest releases of noble gases (Figure 3a) were in the mid-1990s (up to 25 TBq), while the current
values are around 1 TBq.

Similarly as in liquid effluents, an annual release of 3H in gaseous releases does not show any
decrease (Figure 3b). After the introduction of an 18-month fuel cycle, the annually released
activity is around 2.5 TBq. History of releases of #C (Figure 3c), in contrast, shows an initial
decrease from the first value of 400 GBq (1985) in the 1980s but has not substantially changed in
the last two decades. The annual release is around 100 GBq.

Annual releases of 3! (not presented in Figure 3) have been under 1 MBq since 2001. In the
1990s, these values were much higher, up to 2.7 GBq in 1996, which is 15% of the limiting value
(18.5 GBq per year). In 1996, to our knowledge, was also the highest release activity of aerosols
(20 MBq, 0.1% of limiting value). Annual activity releases of aerosols in the last decade are about
MBq or less.
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Figure 2: Annual activity releases in liquid effluents of NEK for 1983-2019 (from [5]).

Annual releases of *C are presented in Figure 3c. Releases were much higher in the 1980s than
in the 1990s and later, when annual gaseous releases were 0.1 TBq per year or less. An annual
limit has not been established for this radionuclide (the same also applies to other nuclear power
plants) and the impact on population doses was not properly evaluated until 2002.
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Figure 3a: Noble Gases. The release is limited ~ Figure 3b: 3H (Tritium). The annual limit has
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Figure 3c: **C. The annual limit has not been established.

Figure 3: Annual activity releases in gaseous releases of NEK from 1983 to 2019 (from [5]).

5 COMPARISON OF ASSESSED DOSES

Data from the monitoring of emissions from NEK and immissions of radionuclides into the
environment serve as a starting point for the evaluation of doses to the general population in the
neighbourhood of NEK. This assessment is done by authorised organisations and finally submitted
to the regulatory body through NEK. We will not discuss in detail methods or methodology of
dose assessment in the past but merely present the data compiled from the available report on
the evaluation of the radiological monitoring of the Kr$ko Nuclear Power Plant in the 1980s, [3],
and available national annual reports on the radiation and nuclear safety in the Republic of
Slovenia, [6].

5.1 Doses from liquid releases

In Figure 4, doses from NEK liquid releases are presented with total doses from all releases
(including gaseous). We can see that until 1994 almost all dose from NEK was associated with
liquid releases. It was related to local fishermen and their families, and the most important
radionuclide for this exposure pathway is **’Cs.
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However, we must point out that the total dose is not always a realistic term. It is not always
possible to simply add doses from different exposure pathways since the complete dose
assessment includes dose estimates for different and distinct critical groups of people.
Comparison with data on Figure 2 can therefore hardly support the observable increase of annual
doses in the first half of the 1990s in Figure 4.

Doses from liquid releases were practically constant through the second half of the 1990s and
diminished for almost an order of magnitude in 2002, which also applies to the total dose from
NEK. Both changes were the consequence of the changed methodology for dose assessment.

If we consider the last decade, the contribution of **C to doses from liquid releases and to total
doses was prevailing from 2013 to 2016 but became minimal in 2017.

DOSES FROM NEK RELEASES

(LIQUID)
100
= Liquid: Ingestion (Cs-
1 = = 137, Sr89, Sr-90, I-131,
10 H-3, C-14)

mTOTAL NEK

Dose (uSv per year)

011 ‘ ‘ ’

0,01 ||

81828384 858687 888990919293 94 95 96 97 98 99 00 01 02 03 04 0506 07 08 09 10 111213141516 17 18 19
Year

Figure 4: Annual doses of the population in the NEK neighbourhood due to liquid releases

(131, [6]).

5.2 Doses from gaseous releases

Available data on annual doses from gaseous releases from NEK are presented in Figure 5. After
1994 (and until 2001), the most important exposure pathway was external exposure from the
cloud of noble gases. Data in Figure 3a reveals that the release of noble gases was high in 1993
to 1996, but not in 1997 and afterward. However, assessed doses from noble gases were high
until 2001.

After 2001, the most important pathway was the ingestion of radionuclides from gaseous
releases transferred to vegetation. The most important radionuclide in this respect is *C, which
becomes a part of the food chain. *C was not included in the evaluation before 2002, and its
contribution was not regularly measured until the last decade. Contribution to the dose in 2002
(and in the following years) was estimated based on analogous results with other nuclear power
plants. This was also the consequence of the methodology change mentioned in the discussion
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of the doses from liquid releases. In this period, the inhalation dose from *H was comparable to
the estimated dose from 4C.

In the previous decade, the doses from gaseous releases were related mostly to C. These doses
were assessed from measurements in the environment and could be considered realistic values
for the NEK neighbourhood.

DOSES FROM NEK RELEASES
(GASEOUS)

100

OGaseous: External
radiation

BGaseous: Inhalation (H-
3,C-14, 11131,
particulates)

mGaseous: Ingestion (C-
14,

I | | = TOTAL NEK
I I Il

Dose (uSv per year)

0,1 |

0,01 “]i —
818283 84 85 8687 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 1213 14 1516 17 18 19
Year

Figure 5: Annual doses of the population in the NEK neighbourhood due to gaseous releases

(3], [6])-

5.3 Importance of pathways

In Figure 6, doses from liquid and gaseous releases are presented together with estimated total
doses from NEK releases. The scale in the figure is linear to enable easier comparison of release
pathway importance through the period from 1981 to 2019.

In Figure 6, we can see that until 1994, total annual doses were approximately 2 to 4 uSv per year.
The most important contribution was the ingestion dose due to liquid effluents. From 1995 to
2001, total doses were from 5 to 15 uSv per year, but the most important contribution comes
from external exposure to gaseous releases (up to 11 pSv per year). This was the external
exposure to radiation from a cloud of noble gases released from the plant. The assessed ingestion
dose due to liquid releases was still high (2 to 6 uSv per year).

From 2002 to 2019, total doses are (less than) 1 to (less than) 2 uSv per year. The most important
contribution is the ingestion dose due to the release of **C. The estimate considers the transfer
of ¥C from air to local vegetation and food chain and '*C in liquid releases which is consumed by
local fishermen. All other pathways contribute much lower doses.

We can also see that estimated doses have never come close to the authorised limit. Even the
highest estimated dose (from 1995) represents only 30% of the authorised limit.

36 JET



Towards Forty Years of Krsko NPP Operation — An Overview of Population Exposures to Radiation

DOSES FROM NEK RELEASES
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Figure 6: Annual doses of the population in the NEK neighbourhood due to all releases ([3], [6]).
The scale is linear to enable easier comparison of release pathways importance.

5.4 Comparison with natural background and global contamination

Measurements of radioactivity in the neighbourhood of NEK provide us also with the data that
enable us to assess natural radiation background. Similar data are available also for Ljubljana and
other parts of Slovenia.

Figure 7 presents annual external exposures to radiation measured with the TLDs in the
neighbourhood of NEK, average external exposures in Slovenia (also measured with TLDs) and
estimated annual external doses due to contamination from nuclear tests and Chernobyl releases
in the NEK neighbourhood. The highest contribution of contamination to external dose was in
1986 (after Chernobyl) when the annual external dose from contamination was estimated to 325
uSv. We can see that the annual external dose, as measured with the TLDs in the NEK
neighbourhood, was regularly slightly below the Slovenian average. We can also see that the
contribution of external radiation to dose was significant only in the 1980s.

In Figure 8, the total annual doses to the population in the NEK neighbourhood from NEK
operation are compared to total doses from natural sources (natural background) and total doses
due to contamination from nuclear tests and Chernobyl releases. We can see that measured
natural background (2440 to 2530 uSv per year, which is practically the same as measured in
Ljubljana) was always the main contributor to the total dose of population. In 1986, when the
Chernobyl accident happened, the contribution of total contamination was 570 uSv (in Ljubljana
even 720 uSv!), while is the estimated current value is about 10 uSv per year. The highest
estimated annual dose from NEK (15.4 uSv in 1995) was 31% of the administrative dose limit and
only 0.6% of natural background, while the (overestimated) annual doses from recent years (less
than 0.15 puSv) present only 0.3% of administrative dose limit and 0.006% of natural background.
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Figure 7: Comparison of average annual external doses measured in the neighbourhood of NEK

(57 TLDs), average external doses measured in Slovenia to annual external doses contamination
estimated from measurements of soil contamination in NEK neighbourhood ([3], [6]).
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Figure 8: Comparison of annual doses of the population in the neighbourhood of NEK from
exposure to natural sources, general contamination from nuclear tests and Chernobyl releases,
and nuclear power plant.
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6 CONCLUSIONS

We have seen that initial limitations imposed on the operation of NEK remain valid and, except
in the case of liquid discharge of 3H, there was no need to modify them.

NEK successfully operates within these limitations with releases, which are well below the limiting
values.

The scope and extent of monitoring have not changed substantially from the mid-1980s;
therefore, old data remain compatible with recent measurements.

We can recognise different approaches to dose evaluation in certain periods of monitoring
history. Therefore, doses from different periods are not always directly comparable.

According to the available data, except in the late 1990s, estimated doses to the population were
always only a few percent points of the authorised dose limit, which is 50 uSv per year.
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PRIMERJAVA KAVITACIJSKIH MODELOV
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NA HIDRODINAMICNEM PROFILU
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Abstract

In this paper, four different cavitation models were compared for predicting cavitation around a hy-
drofoil. A blocked structured mesh was created in ICEM CFD. Steady-state 2D simulations were per-
formed in Ansys CFX. For all cases, the SST turbulence model with Reboud’s correction was used.
For Zwart and Schnerr cavitation models, the recommended values were used for the empirical co-
efficients. For the full cavitation model and Kunz cavitation model, values for the empirical coeffici-
ents were determined as the recommended values did not provide satisfactory results. For the full
cavitation model, the effect of non-condensable gases was neglected. For all the above-mentioned
cavitation models, the pressure coefficient distribution was compared to experimental results from
the literature.

Povzetek

V prispevku je narejena primerjava med Stirimi kavitacijskimi modeli pri numeri¢ni napovedi kavita-
cije na hidrodinami¢nem profilu. V ICEM CFD je bila izdelana blokovna strukturirana mreza. V Ansys
CFX so se izvedle 2D stacionarne simulacije. Za vse simulacije je bil uporabljen SST turbulentni model
s korekcijo, ki jo je uvedel Reboud. Za kavitacijska modela Zwart in Schnerr smo uporabili privzete
vrednosti empiri¢ni koeficientov. Za full cavitation model in Kunzov kavitacijski model smo vrednosti
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koeficientov dolocili sami, saj privzete vrednosti niso dale zadovoljivih rezultatov. Za vse Stiri
zgoraj omenjene kavitacijske modele smo primerjali porazdelitev tlacnega koeficienta z
eksperimentalnimi rezultati iz literature.

1 INTRODUCTION

Cavitation is a phenomenon that occurs when a combination of low local static pressure and high
velocities leads to pressures lower than the vapour pressure. Vapour structures occur in locations
where the local pressure is below the vapour pressure.

In some areas, cavitation can be beneficial, for example, in the medical field to remove kidney
stones, but in engineering applications such as turbines, pump, and rudders, it is an undesirable
effect. Cavitation may cause deterioration in performance, vibrations, and noise. Cavitation
erosion occurs when the cavities collapse near the surface of a blade. Cavitation erosion is usually
combined with other before mentioned unwanted cavitation effects.

The development of cavitation in liquids can take different patterns. Typical types of cavitation
have been classified based on their physical appearance. Some typical cavitation types are
presented in Figure 1 and include bubble cavitation, sheet cavitation, vortex cavitation and cloud
cavitation.

Figure 1: Typical cavitation types, upper left travelling bubble cavitation, upper right leading
edge sheet cavity, lower left vortex cavitation and lower right cloud cavitation, [1].

To reduce the cost of maintenance and improve the overall performance of a turbine, propellers,
pumps or similar machinery, understanding and predicting cavitation and its effects is crucial.
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2 GEOMETRY AND MESH

The hydrofoil geometry was obtained from [2]. As seen in Figure 2, the chord length of the
hydrofoil is 152.4 mm, and the angle of attack is 1 °. The size of the domain also shown in Figure
2 is four chord lengths before, six chord lengths after and 2.5 chord length below and above the
hydrofoil.

2,5¢c

4c /c

Figure 2: Model dimensions.

For the hydrofoil domain, a blocked structured mesh was created in ICEM CFD. The final mesh
consisted of approximately 76,500 elements. The maximum dimensionless value y+ is below 1, as
shown in Figure 3.

Yplus
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r 0.66
r0.58
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0.16
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Figure 3: Dimensionless y+ values on the hydrofoil surface.
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The upper image in Figure 4 shows the surface mesh of the model. The middle image shows a

magnified cut-out section of the domain, which shows the mesh distribution around the

hydrofoil. The bottom image in Figure 4 is a cut out magnified section of the middle image, where

mesh distribution near the hydrofoil surface is visible.
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out magnified section of the

upper image (middle section) and cut-out magnified section of the middle image (lower image).

Surface mesh of the hydrofoil domain (upper image), cut

Figure 4
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3 GOVERNING EQUATIONS, CAVITATION MODELS

In CFX, the homogenous mixture flow is governed by the following set of equations, phases are
considered incompressible and share the same velocity field U:

Continuity equation:

V.U=m<i+i) (3.1)
P Py
Where:

U — time-averaged mixture velocity [m/s],

m — interphase mass transfer rate due to cavitation [kg/m3s],
py — vapour density [kg/m?3],

p1 — liquid density [kg/m?3].

Momentum equation for the liquid vapour mixture:

a(pU)
at

+ V- (pUU) = =VP + V- ((u+ p) (VU + (VU)T)) (3.2)

Where:

p — density of the water-vapour mixture [kg/m?3],

P —time averaged pressure [Pa],

U — dynamic viscosity of the water-vapour mixture [kg/m s],
U, — turbulent viscosity [kg/m s].

Volume fraction equation for the liquid phase.

ady m
- . = — 33
etV ) Py (3.3)

Where:

y — water volume fraction [/].

The water volume fraction and vapour volume fraction are defined as:

liquid volume vapour volume
V= total volume ’ *= total volume (3.4)
The relation between the water and vapour fraction can be expressed as:
yta=1 (3.5)
The water-vapour mixture density can be defined as:
p=yp+ A —-7)py (3.6)
The water-vapour mixture dynamic viscosity is defined as:
p=ym+ A=y, (3.7)
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3.1  Turbulence model

Two-equation turbulence models are very widely used, as they offer good compromises between
numerical effort and computational accuracy. In the models, the velocity and length scale are
solved using separate transport equations. The k- and k-w two-equation models use the gradient
diffusion hypothesis to relate the Reynolds stresses to the mean velocity gradients and the
turbulent viscosity. The turbulent viscosity is modelled as the product of a turbulent velocity and
turbulent length scale.

The turbulence velocity scale is computed from the turbulent kinetic energy, which is provided
from the solution of its transport equation. The turbulent length scale is estimated from two
properties of the turbulence field, usually the turbulent kinetic energy and its dissipation rate.
The dissipation rate of the turbulent kinetic energy is provided from the solution of its transport
equation.

3.1.1 The Shear Stress Transport (SST) Model

The SST turbulence model was proposed by Menter, [3], and is a blend between the k-w model
for the region near the surface and k-€ model for the outer region. The model consists of a
transformation of the k-e model to a k-w formulation. This is achieved by the use of a blending
function Fi. F1 is equal to one near the surface and decreases to a value of zero outside the
boundary layer. [1]

The turbulent kinetic energy k is defined by:
d(pk) 0 a

2 ( +ﬁ)%
xj a Oy ax]

at a_x,-pfk):a

Where:

Py, — production rate turbulence,
k —turbulent kinetic energy [m?/s?],
— buoyancy production term.

The specific dissipation rate w is obtained:

F) ]
G ) = | (1 BV G+ ot e B9

Where:

w — specific dissipation rate [s],
P,p —buoyancy term.

The model constants are:

B' =0.09,
a=5/9,
B = 0.075,
o =2,

0, = 2.
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If we use @, @, and @5 to represent the terms in the k-, k-w and SST model then the coefficients
of the SST model are a linear combination of the corresponding coefficients of the underlying
models [1]:

(1)3 = Fld)l + (1 - Fl)qu (3.10)

The turbulent viscosity is modified to account for the transport of the turbulent shear stress. The
turbulent viscosity is defined as:

a k

= 3.11
p max(a,w, SF,) (3:11)

Mt

Where:

S — strain rate magnitude [s],
a, — constant (0.31),
F, —second blending function.

3.1.2 Reboud’s correction

Two-equation turbulence models were developed for single phase flows; they tend to
overestimate the turbulent viscosity in the region of transition between vapour and liquid phase
and damp the unsteadiness of the cavitating regime, [1].

Rebound, [4], proposed a modification of the k- turbulence model by reducing the turbulent
viscosity in order to take into account the suggested two-phase flow effects on the turbulent
structures, [1]. The density in the turbulent viscosity equation is now replaced with a density
function and is written as:

(pm - pv)n

= - - 3.12

fe)=pv+ (o1 = p)" (3:12)
Where:

Pm — Mixture density [kg/m?],
n — constant (10).

3.2 Cavitation models

The specific interphase mass transfer rate m was modelled using an appropriate cavitation
model. We assume that the specific mass transfer rate is positive if directed from vapour to liquid.

3.2.1 Zwart

The Zwart cavitation model was developed by Zwart et al. [5]. The model is based on the
multiphase flow equations, with mass transfer due to cavitation appearing as source-and-sink
terms in the liquid and vapour continuity equations. The mass transfer rate is derived from a
simplified Rayleigh-Plesset model, [5].
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3, 1—«a 2P,
Fva nuc( )pU f P < P
3 P
m= (3.13)
3ap, |2P —P,
| FwndR” 3 if P> P,

Where:

Thue — Nucleation site volume fraction [m],
Rp —bubble radius [m],

P, —vapour pressure [Pa],

FE,qp — evaporation coefficient [/],

F,.ona — condensation coefficient [/].

The recommended values for the two coefficients are F,,, =50 and F,,q = 0.01. The

recommended values for the nucleation site volume fraction and bubble radius are 7, = 5 -
10~*and Ry = 107°.

3.2.2 Schnerr

Schnerr and Sauer, [6], assumed that the vapour structure is filled with spherical bubbles, which
are governed by the simplified Rayleigh Plesset equation. The mass transfer rate in the Schnerr
and Sauer model is proportional to @(1 — @). Moreover, the function p';pl a(1l — a) has the

interesting property that it approaches zero when @ = 0 and @ = 1 and reaches the maximum
in between, [1].

PP 3 |2P,—P
E, 1—a)— |= fP<P
vap P) a( a) RB 3 01 1 v
m= (3.14)
PuP 3 [2P—-P, |
LFmd (1l - oz)E 3  if P>P,

Where:

Rp — bubble radius [m],
FE,q, — evaporation coefficient [/],
F.ona — condensation coefficient [/].

1
3 (3.15)

R _( a 3 )
BE™\1—a4nn
Where:
n — bubble number density [/],

The recommended values for the two coefficients are F,,, =1 and F,,q = 0.2. The
recommended values for the bubble number density is n = 1013,
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3.2.3 Full cavitation model

The full cavitation model (FCM) was developed by Singhal et al. [7]. The bubble dynamics equation
is referred to as a “reduced bubble dynamics formulation” and is derived from the generalized
Rayleigh-Plesset equation. It assumes that in most engineering situations, there are plenty of
nuclei for the inception of cavitation. The primary focus is on the proper account of bubble growth
and collapse, [7].

(3.16)

Where:

f,, —vapour mass fraction [/],
fg — 8as mass fraction [/],

T - surface tension [N/m],

P, —vapour pressure [Pa],

C, — empirical coefficient [m/s],
C. — empirical coefficient [m/s].

Singhal et al., [8], reported a numerical model using a probability density function approach for
accounting for the effects of turbulent pressure fluctuations. The local values of the turbulence
pressure fluctuations were defined as:

P'purp = 0.39pk (3.17)

In [8], computations of time-averaged phase-change rates by the integration of instantaneous
rates in conjunction with the assumed probability density function for pressure variation with
time were presented. By raising the phase change threshold pressure value, Singhal, [7],
proposed a simplified term:

PI
P, = <Psat + ;’””) (3.18)

where:

Py ,: — saturation pressure [Pa],

The recommended values for the two empirical calibration coefficients are C, = 0.02 and C, =
0.01.

3.2.4 Kunz

The Kunz cavitation model is a heuristic model based on work by Merkle et al., [9]. The source
term is subdivided into a term related to vaporization and a term related to condensation. The
transformation of liquid to vapour is calculated as proportional to the amount by which the
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pressure is below the vapour pressure. For the transformation of vapour to liquid, a simplified
form of the Ginzburg-Landau potential is employed, [10].

Cprodpv (yz - }’3)

o
m= Caestpyy min(0,P — B,) (3.19)
1
(7 P UOZO) teo
where:
Cproa — empirical coefficient [/],
Caest —empirical coefficient [/],
U —free stream velocity [m/s],
tw —mean flow time scale [s].
The mean flow time scale is defined as:
tow = L/Uqx (3.20)

where:
L — characteristic length scale [m].

The recommended values for the two empirical coefficients are C,.,q = 100 and Cg.s, = 100.

4 BOUNDARY CONDITIONS AND SIMULATION SETTINGS

For this problem, the following boundary conditions were applied (shown in Figure 5):

- The left surface was specified as an inlet, where a normal velocity of 16.91 m/s was
defined.

- The right surface was defined as an outlet, where a static pressure of 51,957 Pa was
defined.

- The top and bottom surfaces were defined as a free-slip wall.
- The symmetry boundary condition was applied for the side surfaces.

- The hydrofoil surface was defined as a no-slip wall.
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Figure 5: Boundary conditions.
The cavitation number is a non-dimensional parameter for cavitating flow and is defined as:

_ Pref — Pv

= 4.1
O-SPLUTefZ ( )

The cavitation number for this case is calculated to 0.34.

For all four selected cavitation models, steady-state 2D simulations were performed in Ansys CFX.
For all cases, the average RMS residuals were set at 10”-6, and the SST turbulence model with
Reboud’s correction was used. For Zwart and Schnerr cavitation models, the recommended
values were used for the empirical coefficients. For the FCM cavitation model, we have neglected
the effect of non-condensable gases. The two empirical coefficients were setat C, = 1 and C, =
1. For the Kunz cavitation model, the two empirical coefficients were set at C;,5; = 65,000 and
Cproa = 1800. The empirical coefficients used for this study are presented in Table 1.

Table 1: Empirical coefficient values for cavitation models used in this study.

Cavitation model Coefficient values
Zwart Fyap = 50, Feong = 0.01
Schnerr Foap =1, Feong = 0.2
FCM c,.=1,C. =1
Kunz Caest = 65,000, Cpyoq = 1800

5 RESULTS

Figure 6 shows the distribution of the pressure coefficient along the hydrofoil surface for all four
selected cavitation models. The pressure coefficient is compared to the experimental results from
the literature, [2]. In general, all cavitation models show good agreement with experimental
results at x/c values below 0.7. Above 0.7, the FCM and Zwart cavitation models show the best
agreement, while the Kunz cavitation model deviates the most.
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Figure 6: Pressure coefficient distribution.

The cavitation for the Schnerr model starts at x/c=0.2; for the FCM and Kunz model, it starts at
approximately x/c=0.3. For the Zwart model, the cavitation starts at x/c=0.4. Vapour volume
fraction distribution for all cavitation models is seen in Figure 7.
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Figure 7: Vapour volume fraction distribution.
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Figure 8 shows the vapour volume fraction for all cavitation models. The Zwart and FCM models
predicted cavitation in a very similar manner, which is also evident from the pressure coefficient
distribution. For the Schnerr cavitation model, the values for the vapour volume fraction are
higher compared to the other three models.
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Figure 8: VVolume vapour fraction for the four selected cavitation models.

6 CONCLUSION

Steady-state 2D simulations were performed for a hydrofoil with a chord length of 152.4 mm and
an angle of attack of 1 °. A velocity of 16.91 m/s was defined, the cavitation number was
calculated to 0.34. For all cases, the SST turbulence model with Reboud’s correction was used.
For Zwart and Schnerr cavitation models, the recommended values were used for the empirical
coefficients; the results for the pressure coefficient for both models show good agreement with
experimental results. For the FCM cavitation model, we have neglected the effect of non-
condensable gases. In this study, the two empirical coefficients were set at C, = 1 and C, = 1.
With the set coefficients, the results for the pressure coefficient were in good agreement with
the experimental results. For the Kunz cavitation model, the two empirical coefficients were set
at Cgese = 65,000 and Cpp0q = 1800. With the set coefficients, the results for the pressure
coefficient were in good agreement with the experimental results but compared to other models;
the Kunz cavitation model deviates the most. From the results given, it seems that the selected
cavitation models in this study can offer similar levels of accuracy, although we should note that
with the FCM and Kunz model, the recommended values for the empirical coefficients did not
provide satisfactory results.
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Nomenclature

(Symbols) (Symbol meaning)

U time-averaged mixture velocity

m interphase mass transfer rate due to cavitation

P, vapour density

P liquid density

p density of the water-vapour mixture
time-averaged pressure
dynamic viscosity of the water-vapour mixture

®, turbulent viscosity

Y water volume fraction
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P, production rate turbulence
k turbulent kinetic energy
Py buoyancy production term
w specific dissipation rate

P, buoyancy term
S strain rate magnitude
F, second blending function
P mixture density
T nuc nucleation site volume fraction
Ry bubble radius
P, vapour pressure
Foap evaporation coefficient
Fona condensation coefficient
Ry bubble radius
n bubble number density
f, vapour mass fraction
fg gas mass fraction
T surface tension
pP, vapour pressure
(0 empirical coefficient
C, empirical coefficient
P'mrb local values of the turbulence pressure fluctuations
P, saturation pressure
Cprod empirical coefficient
Ciest empirical coefficient
U, free stream velocity
t,, mean flow time scale
L characteristic length scale
o cavitation number
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Abstract

In this article, a brief introduction of conventional refrigeration is given, followed by a description and
history of magnetic refrigeration. The active magnetic regenerator comprises 12 parallel plates of ma-
gnetocaloric material (gadolinium (Gd)), through which circulates the heat transfer fluid (water, in this
case). At both ends of the regenerator are the heat exchangers. The hot heat exchanger (HHEX) and
the cold heat exchanger (CHEX) connects the fluid to the heat sources. The principle of operation of a
magnetic refrigeration installation is based on exploiting the magnetocaloric effect from the materials
that possess these properties (in this case, Gd).
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Povzetek

V tem clanku je uvodoma opisano kompresorskego hlajenje, ki mu sledi opis in zgodovina
magnetnega hlajenja. Aktivni magnetni regenerator obsega 12 wvzporednih plos¢
magnetokalori¢cnega materiala (gadolinij (Gd)), skozi katerega kroZi tekocina za prenos toplote (v
tem primeru voda). Na obeh koncih regeneratorja sta izmenjevalnika toplote. Vrociizmenjevalnik
toplote (HHEX) in hladni izmenjevalnik toplote (CHEX) povezujeta tekocino z viri toplote. Nacelo
delovanja magnetne hladilne naprave temelji na izkoris¢anju magnetokalori¢nega ucinka
materialov, ki imajo te lastnosti (v tem primeru Gd).

1 BACKGROUND AND INTRODUCTION

The technology for producing artificial cold based on vapour compression was introduced more
than 120 years ago, with small improvements since then, [1]. However, it has reached a
technological level at which improvements and performance increases are unlikely. In 2002, they
represented 25% of the total electricity consumption in residential areas and 15% of commercial
electricity consumption in the US. A difficult problem to solve and quite serious with this type of
technology is the refrigerant used; in most cases, it was hydrofluorocarbons (HFC), which when
removed from use; this compressible gas is very harmful both for the environment as well as for
the ozone layer, [2]. There is a great deal of research on the evolution and development of freons
with a much lower pollution level and contribution to global warming. Previously used
refrigerants, specifically chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), have
had a devastating effect on the ozone layer, [3].

In this century, with the increased concern regarding global warming and increasing energy
consumption, the development of a more energy-efficient refrigeration technology than steam
compression is a priority, [4].

Meeting the growing demands of refrigeration and air conditioning while reducing greenhouse
gases has led to further research and developments in magnetic refrigeration systems to produce
artificial refrigeration. This motivation is the basis for attracting interest in many research centres
in Europe, the United States, China, and Japan.

Magnetic refrigeration is based on the magnetocaloric effect of materials with this property,
which manifests itself as a change in temperature when subjected to a magnetic field, [5]. This
effect is reversible: when the material is no longer under the action of the magnetic field, it
returns to its original state. The magnitude of the temperature change depends, in most cases,
on the strength of the magnetic field. To obtain maximum energy efficiency and minimize the
operating costs of this installation, it is recommended that the magnetic field source use
permanent magnets, [6]. As a working agent, magnetic refrigeration uses solid materials: silicon
compounds, gadolinium, etc. These materials illustrate the unique and most strongly highlighted
property: the magnetocaloric effect, which is manifested by the increase/decrease of the
temperature of that material when it is magnetized/demagnetized. This process of obtaining low
temperatures (i.e., lower than those of the environment) have thermal conditioning as the main
purpose.
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2 BOUNDARY CONDITION

The modelling and simulation of thermodynamic processes were performed in COMSOL
Multiphysics software. The model was inspired by specialized publications and was built using the
options offered by this software. The simulated model is assumed to have a mesh model. In Fig.
1, the AMR (active magnetic regenerator) model is presented.

Figure 1: COMSOL Multiphysics active magnetic regenerator model used for the simulation

Heat exchangers (HHEX and CHEX) are located at both ends of the AMR. The fluid channel length
of the modelled AMR is 300 mm, and the width is 10 mm. The materials were also selected
according to the simulations performed in the profile publications, [7]. The AMR uses
magnetocaloric gadolinium (Gd) and the assembly was made in the form of parallel plates. Water
was used as a heat transfer fluid, [8].

Figure 2: Mesh of the fluid channel modelled in COMSOL Multiphysics
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3  MODELLING AND SIMULATION

This modelling and simulation are mainly based on the study of fluid channels inside the AMR
under different magnetization conditions. The modelling was done in COMSOL Multiphysics, and
the aim is to increase the efficiency of the regenerator with 12 parallel plates and to use it as a
heat-transfer agent.

Figure 3: 3D model of the fluid channel modelled in COMSOL Multiphysics without Gd plates

The following are the geometric features of this model. The geometry is with parallel plates and
microchannels through which the flow of the working agent occurs, [9].
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0

Figure 4: 2D model microchannels for heat transfer agent, modelled in COMSOL Multiphysics
with Gd plates

The heat transfer fluid used in this AMR model is water, and COMSOL Multiphysics has already
implemented Newtonian fluid in its library.

To avoid the oxidation of gadolinium (Gd) plates over time, various compounds can be added to
the working agent (water) provided that the physical and thermodynamic properties are not
significantly altered. There are different anticorrosive compounds for these types of installations.

x10°

T o

Figure 5: 3D model of fluid flow along the length of the Gd plate. inside the canal
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When studying the fluid flow, the first characteristic criterion to be considered is the Reynolds
number in order to determine the flow regime, [10].

_ prvDy
Ky

Re (3.1)

Where: pf, v, uy are, density, speed and dynamic viscosity of the heat transfer fluid, and D, is the
hydraulic diameter.

The hydraulic diameter represents the characteristic length of the fluid flow and can be defined
as:

Dy, = (3.2)

Where: A, is the flow section and P, wetted perimeter

4 RESULTS AND DISCUSSION

When the heat transfer agent flows in the X direction, having been in contact with the Gd plates,
which have a different temperature, the so-called hydrodynamic boundary layer appears near
the solid wall. The profile below is circular, so it is possible to define an average Reynolds number,
[11-12]. It can be seen how the fluid temperature drops from a maximum in the centre of the
microchannel to almost zero to the boundary layer of the channel wall.

mm
300 10 0 10
mm

200

Figure 6: 2D model of the fluid channel temperature modelled in COMSOL Multiphysics
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Magnetization, specific heat and adiabatic variation of the temperature of the magnetocaloric
material Gd varies depending on two essential parameters: temperature and the applied
magnetic field, [13].

s

Figure 7: 3D model of the fluid channel temperature modelled in COMSOL Multiphysics with 12
parallel Gd plates

In this way, a direct application of the adiabatic temperature variation on the parallel Gd plates
is obtained. At each step, the temperature of the plates made of magnetocaloric material Gd.
varies according to the equation below, [14]:

T = T(6) + AToq (T(0), uoH (), poH (¢ + AD)) (4.1)
The internal energy for the plates of magnetocaloric material Gd can be written as follows:
U=U(SVH) (4.2)
And in differential form:
dU =TdS — pdV — MdH (4.3)

For the operation of the magnetic refrigeration system at constant pressure, the enthalpy can be
defined as:

G=U-TS+pV—-MH (4.4)
And in differential form:
dG =Vdp — SdT — MdH (4.5)
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Fig.9 shows the variation of the adiabatic temperature of the gadolinium for a variation of the
magnetic field from 2T (black line) to the maximum intensity of the magnetic field of 10T (light
blue line). We can see the evolution of the values of the adiabatic temperature variation of
gadolinium as a function of temperature.
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Figure 8: Variation of the adiabatic temperature of the Gd plates made with the MatLab
algorithm

In Fig. 10, we can see the evolution of the entropy change of the Gd plates depending on the
applied magnetic field. This variation of the magnetic field is made from 2T (black curve) to 10T
(light blue curve). For all values of magnetic intensity, the evolution is slow at the beginning until
the maximum value of 15 J/kgK, after which it is slowly decreasing. We observed that the
contribution of electron entropy is negligible, and after Curie temperatures, the magnetocaloric
material gadolinium becomes paramagnetic, [15].
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Figure 9: Evolution of the entropy change of Gd plates. performed in the MatLab algorithm

In Fig. 10 (below), one can see the 3D model simulated in COMSOL Multiphysics of the fluid
channel in AMR with 12 gadolinium plates (Gd.)
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10 300

e °

Figure 10: 3D model of the fluid channel for magnetic regenerator, modelled in COMSOL
Multiphysics

5 CONCLUSIONS AND PERSPECTIVES

The first part of this paper presented the basic concepts of magnetic refrigeration and its
definitions. In recent years, interest in this technology has grown considerably, due to the
advantages we have shown. Then, we explained how this technology works based on
magnetocaloric materials, in our case, gadolinium (Gd), which remains the reference material in
this field due to its specific properties. In addition to the magnetocaloric material that is part of
the AMR, the heat transfer fluid and the location of the parallel plates are quite important
components. In Fig. 1 an AMR with 12 parallel gadolinium plates (Gd) was modelled. Fig. 2 shows
the fluid channel mesh; 12 parallel gadolinium plates (Gd) were used. Fig. 10 shows the 3D model
of the 12 gadolinium plates (Gd) in COMSOL Multiphysics, placed in parallel and water was used
as a working agent. The advantages of this technology were shown with the possibility of further
study of different types of AMRs: with gadolinium powder (Gd), with gadolinium spheres (Gd)
and the accentuation of the modelling of heat transfer, magnetism, and convective transport of
the working agent.
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Nomenclature

(Symbols) (Symbol meaning)
AMR active magnetic regenerator
Gd gadolinium material
HHEX hot heat exchanger
CHEX cold heat exchanger
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