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SYMBOLS

A : enclosure aspect ratio, H/L

AP : dimensionless aperture position, d/H
AR : dimensionless aperture size, h/H

Cp : heat capacity, J/kg K

g : acceleration due to gravity, m/s’

H : cavity height, m

k : thermal conductivity of fluid, W/m K

h : convection heat transfer coefficient (W/m’K)
L : cavity width, m

Nu : Nusselt number

p : pressure, Pa

Pr : Prandtl number, v/a

Ra : Rayleigh number, gbATL’/ (va)

t : time, S

AT : temperature difference, (T — T,)

u,v : fluid velocities

X,y : Cartesian coordinates

\W4 : Watt

o : thermal diffusivity, m%/s

B : thermal expansion coefficient, 1/K

v : kinematic viscosity, m*/s

11 : dynamic viscosity, Ns/m?

P : fluid density, kg/m’

¢ : inclination angle of the heated wall from the horizontal, °
c : Boltzman constant, 5,67 x 10-8 W/m*K*
0 : thickness of the velocity boundary layer

=4
-

: thickness of the thermal boundary layer

(5]

: emissivity of the material
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NUMERICAL INVESTIGATION AND THERMAL ANALYSIS OF SOLAR
CAVITY RECEIVER

SUMMARY

The purpose of this thesis is to investigate steady, laminar, combined pure natural
convection and surface radiation in a tilted 2D solar square cavity receiver, perform
thermal analysis by using ANSYS Fluent, and compare the results with published
ones and to be able to offer a new solution to the investigated reasons of thermal
losses. This study is important to propose an optimum thermal design for solar
concentrators. 2D solar square cavity receiver has a constantly heated left wall, and
insulated top and bottom wall and an opening right wall. The temperature of the
heated left wall is 350 K and temperature of the air coming from opening wall is 300
K, so the temperature difference investigated for the solar cavity receiver is 50 K.
Different Rayleigh numbers from 10 to 10° were studied. Parameter changed for
Rayleigh number depends on the factor investigated in the different cases for this
study, such as it could be gravity or dimension.

2D, laminar, steady state flow, with SIMPLE scheme, presssure-based solver was
studied and for air density, Boussinesq approach was applied. Operating temperature,
density and pressure were defined as ambient airflow and for Radiation mode, S2S
method was used. The default values for the relaxation factors were applied. The
residual for continuity, x-momentum, y- momentum convergence criteria was taken
as 107, on the other hand, for energy convergence it was taken as 107

In this thesis, in order to study the solar cavity receiver, six types of validation
studies were performed for validating the mathematical model and boundary
conditions used at both numerical calculations and ANSYS Fluent. The numerical
and thermal analysis for both pure natural convection and combined natural
convection and surface radiation were studied for finding the main reasons of
thermal losses. In all the validation studies, the computed Nusselt numbers were
validated with the published ones.

The first validation study was for a pure natural convection analysis in a closed
square cavity. The results indicated that, as Rayleigh number increases, the fluid
velocity increases and fluid gets more close to the walls of the cavity and thermal
boundary layer and velocity boundary layer thicknesses decrease. The heated fluid
circulates in clockwise direction in the cavity because of the buoyancy effect.

The second validation study was to investigate the pure natural convection heat
transfer in a fully open square cavity. A fully open, 2D, square cavity thermal
analysis was performed by just changing the opening wall boundary condition as
pressure inlet. The velocity vector results indicated that fluid enters from bottom part
of the cavity, reaches to the hot wall, gets heated, and exits from right side of the top
wall of the cavity by buoyancy effect. There forms both thermal boundary layer and
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velocity boundary layer near the hot wall but as the Rayleigh number increases the
thicknesses of these boundary layers’ decrease.

The third validation study was to investigate the tilt angle of open cavity effect on the
pure natural convection heat transfer. The result showed that, the minimum natural
convection heat loss occurs when ¢= 180°, whereas, the maximum heat loss occurs
when ¢ = 60° for the Rayleigh numbers of 10° and 10°, and when ¢ = 75° for the
Rayleigh numbers of 10° and 10°. As the tilt angle increases up to ¢ = 60° for Ra=
10° and 10* and up to ¢ = 75° for Ra= 10° and 10°, the heat loss increases slightly
and then after that angles the heat loss decreases as dramatically.

The fourth validation was to investigate the effect of opening ratio of cavity aperture
on the natural convection heat transfer. The Nusselt numbers calculated for a
partially open square cavity were compared with the ones for a fully open square
cavity and then the optimum one was discussed for the heat loss reduction. In
addition, isotherms and streamlines of a partially open square cavity were validated
by comparing with the published results of study of Bilgen and Oztop. The result
indicated that increasing the aperture size of the cavity increases the heat loss, so that
using a partially open square cavity can reduce the heat loss.

Finally, the last two validation studies were to validate the radiative model (S2S)
used and to validate the Nusselt numbers found from combined heat transfer analysis
by comparing with the published ones. The validation succeeded and the results
indicated that, as the Rayleigh number increases, heat loss increases and radiation
heat loss becomes dominant at high Rayleigh numbers.

After validation studies, thermal losses in a solar cavity receiver were investigated by
analyzing different parameters such as temperature difference, cavity dimension and
cavity tilt angle. The temperature difference and dimension changing of cavity were
studied just for Ra=10° and the results were discussed for investigating the heat loss.
The results indicated that, as temperature difference increases, the heat loss increases
mostly due to radiation heat loss. The Nusselt number for radiation increases
dramatically as increasing the temperature of the hot wall, on the other hand, the
Nusselt number for natural convection remains almost same. The increase in the
length of the solar square cavity makes radiation heat loss dominant because the heat
loss of convection decreases from % 97 to % 42. The results of the study performed
for investigation of the tilt angle effect on the heat loss in solar cavity indicated that
there is a nonlinear relationship with heat loss and tilt angle.

To come up, background of a cavity such as a closed cavity and then an open cavity
were studied. Different cases of open cavity were studied such as a fully open cavity,
a partially open cavity, an inclined open cavity and all the results were compared
with the published similar studies, and the best optimum cavity model at the highest
thermal performance was proposed. Both pure natural and combined heat losses were
studied and the dominant one was determined.
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GUNES ISINI ALICI KABININ SAYISAL INCELENMESI VE ISIL
ANALIZI

OZET

Bu tez ¢alismasinda amag, giines enerjisini toplayarak 1s1 enerjisine ¢eviren ve 1sitma
sistemlerinde kullanilmasini saglayan, giines kollektorlerinin 6nemli bir pargasi olan
giines 15101 alict kabini incelemek ve yenilebilir bir enerji kaynagi olan giinesten
saglanabilecek enerjinin maksimum seviyede kullananilmasi i¢in ¢oziimler
sunmaktir. Glines enerjisinden saglanan verimi artirmak igin, glines 1511 alici
kabinda dogal taginim, 1s1ma ve riizgar gibi dis etkenler yiiziinden meydana gelen 1s1
kayiplarinin azaltilmasi1 gerekmektedir. Bu amacla oncelikle giines 1511 alici kabi
icin literatiirde yapilan calismalar incelenmis ve 1s1 kaybina sebep olan ana etkenler
belirlenmistir. Oncelikle giines 1511 alict kabinin sekli belirlenmistir. Bunun igin
literatlirdeki ¢aligsmalar incelenmis ve en az 1s1 kaybi olan kap seklinin kare oldugu
anlagilmistir. 2 boyutlu, egimli, kare seklindeki giines 1511 alic1 kabi icin literatiirde
yapilmis 1s1 transferi analiz ¢alismalari incelenmis ve bu tez ¢alismasinda ANSYS
Fluent kullanilarak analizler yapilmis ve literatiirdeki benzer ¢alisma sonuglar ile
karsilastirilarak sonuglar dogrulanmastir.

Bu tez ¢aligmasinin motivasyon noktasi, 2 boyutlu, kare bir kapta izolasyon ve sicak
duvar malzemelerininin ger¢ek 1s1ma yayma degerleri tanimlanmis ve bu degerler
kullanilarak 1s1 kaybina neden olan farkli etkenler analiz edilmistir. Glines kollektorii
ireticilert i¢in en uygun giines 1smn1 alici kabi tasarimi ve iiretimi i¢in faydali
onerilerde bulunulmustur.

Bu tez calismasinda giines 1511 alict kabi, 2 boyutlu, kare seklinde, sol duvardan
sabit 1s1 akisi ile 1sitilip, iist ve alt duvarlart yalitilmis, sag duvar ise agik olarak
modellenmistir. Isitilan sol duvarin sicakligit 350 K, agik olan duvardan gelen
havanin sicakligr ise 300 K dir, giines 1511 alict kabinin sicaklik farki da 50 K dir.
10* den 10° kadar farkli Rayleigh sayilari i¢in ¢alisma yapilmustir. Rayleigh sayis
icin degistirilen parametre ya yergekimi ya da kap boyutu olmustur. Akiskan i¢in
yapilan varsayimlar, sikistiritlamaz, sabit halde ve laminer akis oldugudur. Akiskanin
ozkiitlesi icin Boussinesq yaklasimi kullanilmistir. Kap duvarlarinda kayma ihmal
edilmistir.

Glines 1511 alic1 kabini ¢aligmak i¢in, hesaplamalarda ve ANSYS Fluent'te kullanilan
matematik model ve sinir kosullarin1 dogrulamak icin 6 tip dogrulama caligmasi
yapilmuigtir. Is1 kayiplarinin temel nedenlerini bulmak i¢in hem saf dogal tasinim hem
de dogal taginim ve yiizey 1simasinin birlesiminden meydana gelen birselik 1s1
transferi icin hesaplamalar ve analizler yapilmistir. Analizlerde kapali kap, tam agik
kap, egimli tam acik kap ve kismi olarak acgik kap olmak iizere 4 tip geometri
kullanilmistir. 4 tip geometri i¢in sinir kosullar1 ve baslangic¢ kosullar1 belirlenerek 1s1
transferi analizleri yapilmistir. Farkli tip geometrilerde yapilan bu analizlerin bir
kisim sonuglar1 birbiri ile karsilastirilmis ve 1s1 kaybini1 6nlemek i¢in dogru geometri
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belirlenmeye ¢alisilmistir. Tiim dogrulama caligmalarinda Nusselt sayilari, literatiirde
yayimlanmis benzer ¢alisma sonuglart ile karsilastirilip dogrulanmastir.

Ilk dogrulama calismasi kapali kare bir kapta saf dogal tasmim analizidir. Diisiik
Rayleigh sayilarinda iletim baskin iken, yiiksek Rayleigh sayilarinda tagmimin
baskin hale geldigi gozlemlenmistir. Bu durumu, Rayleigh sayisi arttik¢a, akiskanin
hizinin artmas1 ve kap duvarlarina daha fazla yaklasarak ve hiz sinir tabaka
kalinliginin azalmasi kanitlamaktadir. Ayrica Rayleigh sayisi arttikga, sicak duvar
tizerindeki sicaklik gradyaninin arttigi, sicak duvar iizerinde 1sil sinir tabaka
kalinliginin azaldig1r gézlemlenmistir. Isinan akiskan kap igerisinde kaldirma kuvveti
etkisi sebebiyle saat yoniinde dolagmaktadir.

Ikinci dogrulama calismas1 tamamiyla acik olan kare bir kapta dogal tasinimla 1s1
transferi incelenmesidir. Tamamiyla acik olan 2 boyutlu bir kabin tamamiyla kapali
bir kaptan farkli olarak, sadece acik duvarinin smir kosulu basing girisi olarak
degistirilip analiz edilmistir. Basing dagilimi sonuglari, kabin iist duvarma yakin
kisminda soldan saga dogru, ayn1 sekilde sag iist koseden sol alt koseye dogru ve sag
alt duvardan sol alt duvara dogru da bir basing azalmasi oldugunu gostermektedir.
Akiskanlar, basincin yiiksek oldugu yerden diisiik oldugu yere dogru hareket eder bu
sebeple de, iist duvarin solundan sagina dogru ve sag iist koseden, sag alt koseye
dogru ve sag alt duvardan sol alt duvara dogru bir akigskan akisi meydana
gelmektedir. Akiskan hareket yonii saat yoniindedir. Hiz vektdr sonuglari, akiskanin
kabin alt kismindan girdigini, sicak duvara ulastiginda 1sindigin1 ve kaldirma kuvveti
etkisi ile kabin iist sag kismindan ¢iktigini gosteriyor. Acik kapta, sicak duvar
yakininda hem 1s1l hem de hiz smir tabakalar1 olusur ve Rayleigh sayis1 arttik¢a bu
tabakalarin kalinliklar1 azalir.

Ucgiincii dogrulama ¢alismasinda acik kap egim acisinin dogal tasiim iizerindeki
etkisi incelemistir. Sonuglar gosteriyor ki, biitiin Rayleigh sayilar i¢in en az 1s1 kaybi
egim agis1 o= 180° oldugunda, en ¢ok 1s1 kaybi ise, Rayleigh sayis1 10° ve 10* igin
egim agis1 ¢ = 60°, ve Rayleigh sayis1 10° ve 10° igin egim agis1 ¢ = 75° oldugunda
meydana gelir. Rayleigh sayis1 10° ve 10* igin, egim agis1 ¢ = 60° “ye kadar arttikca
ve Rayleigh sayisi 10° ve 10° i¢in egim agis1 ¢ = 75° ‘e kadar arttikca, 1s1 kayb1 azar
azar artarken, bu acilardan sonra 1s1 kayb1 dramatik bir sekilde diismeye baslar.

Dordiincii dogrulama g¢alismasi kabin hava giris agiklik oraninin dogal tasimim 1s1
transferi lizerine olan etkisini incelemektir. Kismi olarak acik olan kare kap i¢in
hesaplanan Nusselt sayilari, tamamen acik olan kare kap ic¢in olanlar ile
karsilastirilmis ve 1s1 kayb1 azaltimi i¢in en uygun olan tartistlmistir. Ayrica, kismi
olarak agik olan kabin sicaklik ve hiz dagilimlari Bilgen ve Oztop® un ¢alismasimin
yayinlanmis sonuglar1 ile karsilastirllip dogrulanmistir. Sonuglar, kap giris
acikliginin artmasi ile 1s1 kaybinin artacagini gostermistir ve bundan dolayi, kismi
olarak agik kare bir kap kullanmak 1s1 kaybin1 azaltir.

Son olarak, son iki dogrulama c¢alismasi 1sintim modeli dogrulama ve birlesik 1s1
transfer analizinden bulunan Nusselt sayilarinin  yaymlanmis  sonuclarla
karsilagtirilmasidir. Dogrulama basarilidir ve sonuglar, Rayleigh sayisinin artisi ile 1s1
kaybinin artacagi ve isima ile 1s1 kaybmin yiiksek Rayleigh sayilarinda baskin
oldugunu gostermistir.

Dogrulama ¢alismalarindan sonra, giines 15in1 alict kabinin 1s1 kayiplarini incelemek
icin sicaklik farki, kap boyutu ve kap egim acist gibi farkli parametrelerin analizleri
yapilmustir. Sicaklik farki ve kap boyutu degisikligi sadece Ra= 10° icin ¢alisilmustur.
Sonuglar gosteriyor ki, sicaklik farki arttikga, 1s1 kaybir daha cok 1s1ma 1s1 kaybi
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sebebiyle artar. Isima Nusselt sayisi, sicak duvarin sicakliginin artmasi ile dramatik
bir sekilde artar iken, dogal tasinim Nusselt sayisi tamamen ayni kalmaktadir. Kare
seklindeki gilines 1511 alic1 kabinin boyutundaki artis, konveksiyonla 1s1 kaybint %97'
den %42’ lere diisiirerek, 1s1mayla 1s1 kaybinin baskin olmasina neden olur. Kap egim
acisinin 1s1 kaybina olan etkisini incelemek icin yapilan ¢alisma, 1s1 kayb1 ile egim
acist arasinda dogrusal olmayan bir iliski oldugunu gostermistir. Ayrica, kap
duvarlarinda kullanilan malzemelerin 1s1ma yayma degerlerindeki artis ile 1s1ma ile
1s1 kaybi artarak, kap icindeki toplam 1s1 kaybini arttirmaktadir.

Bu ¢alismalardan elde edilen sonuca gore, giines 1sin1 alici kabi i¢inde meydana
gelen 1s1 kayiplarin1 azaltmak i¢in, kismi olarak ag¢ik bir kap kullanilabilir. Bu kismi
acik kabin kiiciik boyutlarda ve diisiik 1s1ma yayma degerlerine sahip malzemelerden
yapilmasi gerekmektedir. Buna ek olarak, bulunulan ortam i¢in hesaplanan Rayleigh
sayisina gore en diisiik 1s1 kaybina yol agan uygun egim agisis1 kullanilmalidir.

Sonug olarak, kapali kare bir kap gibi bir kabin 1s1 transferi analizlerinden sonra ve
acik bir kap i¢in calisma baslatilmistir. Ac¢ik kap icin tamamiyla agik kap, kismi acik
kap ve egimli acik kap gibi farkli durumlar ¢alisilmistir ve sonuglarin dogrulanmasi
icin yaymlanmis sonuglarla karsilastirilmiglardir ve en yiiksek termal performansa
sahip gilines 15101 alic1 kap modeli 6nerilmistir. Hem saf dogal tasinim 1s1 kayb1 hem
de birlesik 1s1 kayiplar1 calisilmis ve baskin olan belirlenmistir.
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1. INTRODUCTION

1.1 Solar Collectors

A solar collector is an energy exchanger used to convert solar irradiation energy to
thermal energy or electric energy in PV applications. In this study, solar collectors
used for thermal energy were investigated. The thermal solar energy collector
function is absorbing heat of solar irradiation by a solar collector and then
transferring it to the working fluid. The working fluid can be air, water or oil. There
are two types of solar collectors according to concentration ratios. They are non-
concentrating collectors and concentrating collectors. In order to increase the thermal
performance of the collector heat loss from the absorber should be reduced. The
useful energy output of the collector is equal to the difference between the absorbed

solar radiation and the total thermal losses from the collector.

1.2 Solar Cavity Receivers

Thermal receiver function is to convert solar heat to the water or engine depending
on the application used, and there occurs a heat loss from receiver, which reduces the
efficiency of the system so it is very important to have a high thermal performance of
a receiver. The heat losses in solar cavity receiver occur because of the convection
and radiation heat losses to the air in the cavity and conduction heat losses in the
insulation. The cavity wall temperature, the shape factors and emissivity/
absorptivity of the receiver walls affect the radiation heat loss and on the other hand,
temperature of the receiver and insulation material affects conduction. On the other
hand, there are too many factors affect the convection heat loss of the cavity
receivers as the air temperature within the cavity, the inclination of the cavity, the
external wind conditions and the cavity geometries. In the literature, the mostly
studied shapes of receivers are cubical, rectangular, cylindrical and hemispherical
shapes. In this study, a 2D square cavity receiver was studied for different inclination

angles.



1.3 Solar Receivers Applications

The solar receiver function is to absorb the concentrated solar energy and then
transfers the heat to a working fluid. The receiver thermal efficiency has a significant
influence on the overall efficiency of the facility. In this thesis a square solar receiver
cavity was investigated for low temperature difference of AT= 50 K. The solar
energy used applications are listed below [20]:
Heating applications (50-70 °C)

e Domestic hot water production (~50 °C)

e Space heating applications (50-70 °C)

e Drying applications (5070 °C)
Water treatment applications

e Stills (40-80 °C)

e Desalination (70-100 °C)
Cooling/refrigeration with sorption machines (80—150 °C)

e Single-stage machines (80 °C)

e Multistage machines (150 °C)
Power production applications (100-600 °C)

e Low-/medium-grade power production, for instance in organic Rankine

cycles (100 - 300 °C)
e High-grade power production, for instance in water/ steam Rankine cycles
(300-600 °C)

e Hybrid power cycles with gas turbines (~600 °C)
Industrial heat, for instance, steam production (50-400 °C)

e Washing procedures (90 °C)

e Chemicals production (200 °C)

e Methanol reforming (~300 °C)
Therefore, in this thesis, the receivers mostly can be used at heating applications and

water treatment system were analysed.

1.4 Motivation of Work

The receiver is an important tool to transfer concentrated solar heat to the water, so

that the heat loss from the receiver plays a significant role in reducing the solar



collector efficiency. It is therefore important to investigate the difference parameters
effects on the receiver. There is a lot of research about the reasons of heat loss in the
cavities. However, there is a still open research area for heat losses of cavity
receivers. The present study therefore focused on the investigation and thermal
analysis of solar cavity receiver for different parameters such as Rayleigh numbers,
dimensions of cavity, inclination angle, opening ratio and temperature differences
effects. The primary approach of this study is to validate the mathematical model by
comparing the results with published ones. The first validation study was to validate
a closed square cavity and to validate mathematical model of a solar cavity receiver.
Then, the second step is to repeat the thermal analysis for different parameters on a
square solar cavity receiver. The focus of this thesis after several validation studies is
to investigate the temperature difference, cavity dimension changing and inclination
angle effects on the heat loss in solar cavity receiver with the defined emissivity
values of copper material used for hot wall and wood material used for insulated
wall. Actually, with these defined exact values of emissivity for hot and insulated
wall materials, there is not any research to compare, so that with these results
manufactures whose use wood and copper in a solar cavity receiver may be careful to

design and manufacture the optimum cavity receiver.

1.5 Purpose of Thesis

The purpose of this thesis is to investigate a 2D, square solar cavity receiver and
perform thermal analysis for a laminar, incompressible and steady state flow, taking
into account both pure natural convection and combined natural convection and
surface radiation. Different cases for a square solar cavity were studied such as
inclined solar cavity, different dimensions of solar cavity, partially open square solar
cavity and temperature difference effect. The results of this thesis study will provide
a comprehensive understanding of how different parameters affect the performance
of the square solar cavity receivers. To sum up, those results will help manufacturers

to design and manufacture a solar cavity receiver with efficient performance.

1.6 Literature Survey

In this section, a detailed literature review on past research investigation about heat

losses in open and closed square cavities were performed. The literature survey was
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separated in terms of the parameters investigated in an open cavity and closed cavity.
The most of the literature survey investigations have the similar properties of
assumptions for the fluid flow that it is 2D, laminar, steady state and incompressible
and Boussinesq approach was applied.

Therefore, the literature surveys are about pure natural convection analysis in open
and closed square cavities and combined pure natural convection and surface
radiation analysis in open square cavities. Since, the solar cavity receiver shape was
chosen as square, both pure natural convection heat transfer and combined heat
transfer were studied, and all parameters analysis results were compared with

literature.

Pure natural convection investigations
e A closed square cavity

Elatar et al. [1] investigated the laminar natural convection inside a square enclosure
with a single horizontal fin attached to its hot wall. The left wall of square cavity is
hot, horizontal walls are adiabatic and the right wall is cold. Prandtl number for the
enclosure is 0.71. The changing parameters were Rayleigh number, fin length,
conductivity ratio, thickness and position. The fluid was assumed Newtonian and
incompressible and Boussinesq approach was applied for density of the fluid. The
central difference discretization was used and it was solved by Gauss-Seidel method.
The iteration method used was a line by line consists of from both direct method and
Tri Diagonal Matrix Algorithm. They found that the fin thickness has negligible
effect on the average Nusselt number for all values of fin conductivity ratios.
Increasing the fin length enhances the fin efficiency. The maximum fin efficiency
was found at low Rayleigh number. Bairi [2] studied the natural convection in air
filled 2D square cavities both experimentally and numerically. The hot and cold wall
of the cavity has a constant temperature and the other walls are adiabatic. The
conservation of equations was solved by finite volume method. The changing
parameters of the problem was Rayleigh number (Ra) and angles of inclination (o).
They compared calculated Nu (average) with measured Nu,, (average numbers) for

different Ra and o.



e A fully open rectangular cavity

Karakaya and Durmus [3] studied the natural convection heat transfer in rectangular
open cavity. They studied both experimentally and numerically. Fluent was used to
model the problem and solve the conservation of equations and for simulations. The
changing parameter of the problem was Rayleigh number from 10° to 10°. They
compared their Nusselt number results calculated from Fluent data’s, with the
published ones. Kumar [4] studied both the numerical and experimental investigation
of the natural convection in 2D open channels. The flow was assumed 2D, laminar
and a Boussinesq approximation was applied due to low temperature differences.
Fluent was used to solve the conservation of equations with variable properties and
slip conditions. The Nusselt number, velocity and temperature profiles and heat
transfer rate were compared with the published results for validation of the

mathematical model.
e A partially open inclined 2D square cavity

Bilgen and Oztop [5] studied the natural convection heat transfer in a partially
inclined 2D square cavity. The wall facing the opening is hot and top and bottom
walls are adiabatic. They studied a 2D, laminar, steady state, heat transfer by natural
convection. They neglected the radiation effects. Their changing parameters for this
study was Rayleigh numbers from 10’ to 10° and dimensionless aperture sizes from
0.25 to 0.75, aperture position at high, center and low, and tilt angles from 0°(facing
upward) to 120° (facing 30° downward). They used the SIMPLER (semi-implicit
method for pressure-linked equations revised) algorithm to solve the problem. They
found that as the Rayleigh number increases, volume flow rate and Nusselt number
increase. In addition, as aperture size increases the Nusselt number increases. On the
other hand, there was found a nonlinear relation between Nusselt number and
inclination angle. They also found that Nusselt number is maximum at the tilt angle
of = 30°- 60° for low Rayleigh number and at the tilt angle of ¢= 60°- 90° for high
Rayleigh numbers. Hinojosa [6] investigated the numerical results of heat transfer of
natural convection of a 2D partially open tilted cavity by illustrating its temperature
profiles and flow patterns. The wall facing the opening of the cavity has a constant
temperature and other walls are from insulated material. The flow is laminar, 2D, and
Boussinesq approach was used for the density of the fluid. For the time

discretization, the fully implicit scheme was used. SIMPLEC algorithm was used to
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solve the conservation of equations. In addition, SMART scheme was used for the
discretization of the convective terms. The fluid Prandtl number is 0.71. The greatest
Nusselt number difference for partially open cavity and fully open cavity occur at
Ra=10* and ¢= 135°by 55,4 % and the smallest difference occurs at Ra= 10° and ¢=
90° by 4.6 %, and the average difference calculated was 29 %.

e A 2D square open cavity with slots

Bilgen and Muftuoglu [7] investigated the natural heat transfer in a square open
cavity with slots. The wall facing the slots has a constant temperature heating by a
uniform heat flux. The changing parameters they studied was the Rayleigh numbers
from 10° to 10°, number of slots from 2 to 8 and the dimensionless opening ratio
from 0.1 to 0.6. They used finite difference- control volume numerical method to
solve the conservation of equations. They found that as Rayleigh number increases
the Nusselt number and the volume flow rate increases and on the other hand as the

number of slots increases they decreases.

e Open cavities with different shapes

Prakash et al. [8] analysed the natural convection heat transfer of open cavities with
different shapes such as, cubical, spherical and hemispherical geometries having the
equal transfer area. They used Fluent software to model and analyse the 3D cavity
models. The walls of the cavity are made from copper and the fluid is air. For the low
wall temperatures such as equal to 100 °C, the Boussinesq approximation was used
and laminar model was used. On the other hand, for the higher wall temperatures, k-¢
turbulence model, ideal gas characteristics was used for fluid. SIMPLE scheme was
used to solve the conservation of equations. The changing parameters for this study
were isothermal wall temperatures of 100 °C, 200 °C and 300 °C and opening ratios
of 1, 0.5, and 0.25, and also five inclination angles 0° (aperture facing sideways), 30°,
45° 60°, and 90° (aperture facing vertically downwards). They found that increasing
the opening ratio increases the convection loss. They observed that natural loss
increases when increasing the opening ratio from 0.5 to 1 for both cubical and
spherical shapes. Also increasing cavity wall temperature increases the natural
convection loss. They observed a decrease in the convection loss when increasing the
inclination angle. The highest convection loss was observed at 0°, while lowest one

observed at 90°. They found that hemispherical cavity has the higher convective loss



when compared with cubical and spherical cavities at opening ratios of 0.5 and 0.25.
The spherical cavity was found to have the higher convective loss than the cubical

cavity at the opening ratio of 1.

Parakash [9] studied the natural convection heat losses occurring from cubical open
cavities in which back wall has a constant higher temperature between 35 °C and 100
°C. The cubical cavity has opening ratio of 1. The cavity inclination effect on
convective heat loss was studied by using different inclination angles such as 0°
(cavity facing sideways), 30°, 45°, 60°, and 90° (cavity facing vertically downwards).
The other changing parameter Prakash studied is Rayleigh number changing from
4.5 x 10° to 1.5 x 10°. To solve the 3D cubical open cavity model, Parakash used the
Fluent CFD software. As increasing the back wall temperature facing to opening, the
natural convection heat losses increases. On the other hand, they found that,
increasing the inclination angle decreases the natural convection. The highest
convection losses were observed at 0° of inclination angle whereas the lowest
convection losses were observed at 90°. In addition, this result was analysed for all
dimension of cubical cavities. Prakash et al. [10] studied the convective heat losses
occurring from downward facing cylindrical cavity receiver. They carried out both
test and numerical simulations. The results show that as mean receiver temperature
increases, the convective loss increases on the other hand as receiver inclination
increases convective loss increases again. They carried out both no-wind tests and
external wind tests and at the result they found that convective losses for induced

wind is higher than no —wind condition.

e Nanofluid in open cavity

Bondareva et al. [11] studied the natural convection of an alumina-water nanofluid in
a partially open rectangular cavity with a left conducting solid wall of finite thickness
at constant higher temperature and adiabatic top and bottom walls and opening at
right side. The single phase nano-fluid model conservation of equations was solved
by finite difference method with the given boundary conditions below. The flow was
assumed to be laminar, 2D, and satisfy Boussinesq approximation. The viscous
dissipation and Joule heating were neglected. Slip effects between the fluid phase
and nanoparticles were neglected. The changing parameters of the analysis were
Rayleigh number (10° - 10°), thermal conductivity ratio (1< K< 20), solid wall
thickness (0.1 < 6< 0.3) and the nanoparticles volume fraction (0< ¢ < 0.05). They
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found that increasing the nanoparticles volume fraction in an effective thermal
conductivity ratio and dynamic viscosity would lead to decrease in the heat transfer

of natural convection and fluid flow rate.
e Porous media in open cavity

Hossain et al. [12] studied the unsteady natural convection flow in an open-ended
rectangular cavity with the two permeable horizontal surfaces, which were
maintained at ambient temperature. They have investigated the effects of buoyancy
force and permeability of surfaces on the flow and heat transfer. To solve the
governing boundary layer equations, they have used an upwind finite difference
method along with the successive over- relaxation iteration technique. They have
found that increasing the Rayleigh number increases the heat transfer from the heated
surface. The heat transfer decreases from left vertical surface at the region near the
bottom surface and it increases in the upper surface. The heat transfer is higher for
blowing of fluid than withdrawn fluid from the permeable surfaces and this

difference increases with larger Rayleigh numbers.

Combined natural convection and surface radiation in a 2D open cavity
e A fully open square cavity

Gonzalez et al. [13] studied the heat transfer of natural convection and thermal
radiation on a solar open cavity-type receiver both theoretically and experimentally.
The laminar natural convection and surface thermal radiation on the square open
cavity at one end were investigated. The theoretical study was carried out on a 2D
square open cavity; on the other hand, the experimental study was carried out on an
open cavity of cubic shape as a receiver of a solar furnace. The finite volume method
and SIMPLEC algorithm was used to solve the conservation of equations. They
solved the problem firstly taking the fluid properties as temperature dependent and
then at the second case, they took all fluid properties as constant except density,
which is the buoyancy term, and Boussinesq approach was used. The changing
parameter used was Rayleigh number from 10* to 10°. The other parameter
investigated was temperature difference changing from 10 to 400 K and represented
as a dimensionless temperature difference (¢). Both theoretical and experimental air
temperatures were compared with each other and the deviation was found to be

around 3 %.



e The large temperature difference effect in a 2D open square cavity

Gonzalez et al. [14] studied the natural convection and surface thermal radiation in a
2D square open cavity receiver for large temperature difference changing from 100
K to 400K and for variable fluid properties. The numerical analysis was repeated for
the Rayleigh numbers changing from 10* to 10°. The wall facing the opening has a
constant temperature while coming fluid has an ambient temperature of 300 K. On
the other hand, top and bottom walls were adiabatic. The fluid was assumed
Newtonian and ideal gas and it is air at atmospheric pressure. The fluid flow was
assumed laminar and steady state. They used a staggered grid to calculate the
velocity components and used a non-staggered grid to calculate the temperature and
pressure. The power-law scheme was used for interpolation of the convective terms,
while centered- difference scheme was used for interpolation of the diffusive terms.
The SIMPLEC algorithm was used to solve the conservation of equations. They
found that total average Nusselt number increases as temperature difference
increases for the Rayleigh numbers 10* and 10°. In addition, they found that as

temperature difference increases radiative heat transfer becomes dominant.
e A tilted 2D open cavity

Singh et al. [15] studied a steady, incompressible, laminar flow for combined natural
convection with the surface radiation heat transfer in a tilted 2D open cavity in which
the wall facing the opening has a constant temperature higher than ambient
temperature. They calculated radiation heat transfer by formula of the radiosity-
irradiation and for calculating the view factors; they used Hottel’s Crossed- string
method. They investigated the effects of emissivity, tilt angle and Rayleigh number
on the heat transfer in the tilted open cavity. They found that increasing the
inclination angle firstly increases the heat transfer but then heat transfer decreases
with decreasing the cavity tilt angle for all Rayleigh number and emissivity. They
found that the best possible orientation is for the tilt angle of ¢= 60°, and they found
it worse at the tilt angle of @= 150°- 180°. They also found that surface radiation
affects the flow patterns and so that natural convection heat transfer decreases.
Hinojosa et al. [16] investigated the natural convection and surface thermal radiation
in a tilted 2D open cavity. To design an optimum thermal receiver is very important
for the solar concentrators. Since the receiver rotates to collect solar light, the

dynamic of the fluid and heat transfer inside the tilted cavity changes. The wall
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facing the opening of the cavity has a constant temperature of 500 K whereas
incoming fluid has a temperature of 300 K. The other walls are from insulated
material. The changing parameters are Rayleigh number from 10* to 10’ and the
inclination angle from 0° to 180°. The flow is laminar, steady state, and fluid
properties are constant except density was chosen as buoyancy term and Boussinesq
approximation was assumed. The fluid was assumed non-participating to the
radiation and emissivity of the cavity walls are taken as 1. The SIMPLEC algorithm
was used for solving conservation of equations. They found that increasing the
Rayleigh number, Nusselt number increases except for the inclination angle of 180°,
at which Nusselt number stays constant. Natural convection Nusselt number changes
with inclination angle whereas radiative Nusselt number stays constant. The fluid

studied has the Prandtl number of 0.71.

e A tilted 2D porous open cavity

Milani et al. [17] studied the heat transfer effect of natural convection along with
surface radiation in an inclined porous solar cavity by using the means of response
surface methodology (RSM). They used Finite Volume Method for discretization and
solved the problem with Fluent. They investigated the effects of Rayleigh number
(10* < Ra < 10%), Darcy number (10 < Da< 10°), inclination angles (0° < ©< 90°),
dimensionless porous substrate thickness (1/3 <6 < 1), wall surface emissivity (0< ¢
<1) and surface radiation heat transfer. The sensitivity analysis for Nusselt number
depending on those parameters was performed. It was found that Nusselt number
increases by increasing Rayleigh number, Darcy number and inclination angle 6. On
the other hand, the Nusselt number of natural convection heat transfer decreases as
the porous substrate thickness o increase. They also found out from the sensitivity of
Nusselt number on those parameter effects that mean Nusselt number of natural
convection is higher than the mean Nusselt number of radiation heat transfer.
Hathaway et al. [18] studied the ray tracing impact effect by modeling with Monte
Carlo method for performance of a cylindrical solar cavity with a convective
boundary. They found that as cavity size increases absorption efficiency increases

and wall temperature decreases.
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2. MATHEMATICAL MODEL

The schematic of a 2D tilted open square cavity with a uniform heat flux on the left
wall and the boundary conditions are given in Figure 2.4. The top and bottom walls
of the cavity are adiabatic but the left wall of the cavity is heated constantly by a heat
flux, q”, and the air comes through the opening wall. The fluid is Newtonian,
incompressible, and fluid has constant properties but for the density, Boussinesq
approximation was applied. The flow is 2D, laminar, and steady. There is no slip
condition on the walls of the cavity. For the solar cavity receiver, the hot wall is
made from copper and adiabatic walls are made from wood materials. When surface
radiation was taken into account for heat transfer analysis, the emissivity of those
materials was used. H is the height and L is the width of square cavity, and since it is

a square cavity, H=L.

2.1 Formulations for Natural Convection

The natural, or free, convection is observed as a result of the fluid motion induced by
buoyancy forces. The buoyancy force makes the fluid motion because of the density
difference results from the temperature difference in the system. Fluid can move
downward or upward depending on the heat transfer direction. The natural
convection theory explained here by illustrating a fluid motion on a hot vertical wall
in the Figure 2.1. As seen from the Figure 2.1, since the left wall is heated, the fluid
density decreases near this wall, and an upward fluid motion occurs because of the
buoyancy force, and a pressure difference occurs because of the weight of the fluid
column. In addition, a thermal and velocity boundary layer forms near the hot wall.

The pressure gradient along the y-axis in the quiescent region becomes:

dpo 51
‘Z)—y” : This is the free stream pressure gradient in the quiescent region outside
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Quiescent means that fluid is motionless at locations far from the source of
buoyancy. On the other hand, near the hot wall, the pressure gradient is:
dp
dy

So that, the net buoyancy force becomes equals to the pressure gradient difference

= —pg (2.2)

between cold and hot region, and so that subtracting equation 2.1 from equation 2.2,
the buoyancy force becomes:

K=Ky =g s—p) (2.3)
The density difference in the natural convection occurs because of the thermal
expansion of the fluid. As the fluid gets heated, the density decreases and so
that, p,, > p. The thermal expansion coefficient expression at constant concentration

and pressure is given below:

1 /dp
=—-—|(==) K1 24
~(57). &™) (2.4
In addition, by writing the expansion of this formula we get:
1 p—po
e =
Poo T —Te

P—Po = —PufB (T —Tw)

Buoyancy force K becomes like that:

K= Kxy) = gpoB (T —Te) (2.5)
The general momentum equation is:
DV
P = —Vp + uv2y
Where:
V="V (u, v) in 2D flow
DV

TR is the material derivative of V

D() _ a() a()Jrva()
Dt at 0x dy

DV aV V.V
o= TW-NDW)
a(),  90),
\7()—6— +E
9]
V.V()=u§+vaLy)
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Since the fluid motion along the hot vertical wall is upward, and the gravity direction
is downward, so body force due to gravity effect is added to the momentum equation

with minus sign as below:

%
Ppe = VP HHVEV —pg (2.6)

Therefore, the momentum equation above for the quiescent fluid is like that:

0= —Vpu — pPyg (2.7)

Then, subtracting the equation 2.7 from the equation 2.6, the momentum equation for

the natural convection becomes:

DV

P o= —V(P — Po) + uV?V — g(p — po) (2.8)

According to the Oberbeck-Boussinesq approximation, the fluid density in the all
terms except Buoyancy force in the momentum equation was assumed constant and
equal to the p,,. So that, the final form of the momentum equation for the natural

convection becomes like that [19]:

DV

Poopr = ~VP + UV + g peoB (T — Too) (2.9)
Tw>Ts Quiescent
] fluid

__|__ — O —>

I

% L g
—o
Vs vT X, U

Figure 2. 1 : Natural convection boundary layer development on the hot wall.

The conservations of equations for natural convection in a tilted open cavity
The fluid flow is 2D, laminar, and fluid is incompressible and flow is at the steady

state. Boussinesq approximation was used for the fluid density. The conservation of
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equations for continuity, momentum and energy in the dimensional form are as

follows:

Continuity equation:

ou 617_

FPRl 0 (2.10)

Momentum equation:

x- direction:

(peott?) N d(pouv)  0Op (62u 0%u

0x dy ox tu 9x2 + a_yz> + 9P B(T — T )cosp  (2.11)

y- direction:

0 (PooUv) N d(pov®)  dp 9%v 0%v
dx dy dy s

ﬁ-l_a_yz) +gpooﬁ(T—Too)sin<p (212)

Energy equation:

Uu—+v—=a axz-l‘a—y2

0x ay

oT  oT 92T 92T
(2.13)

In this study, Rayleigh number changes with gravity. The value of Rayleigh number

gives laminar flow conditions (Ra; < 10°).

gBATL3

Rayleigh number can be computed from: Ra = -

The physical properties of air are defined in accordance with ambient temperature,
and characteristic length L is taken as the width of square cavity. Prandtl number for

the fluid in this thesis study can be computed from:

v
Pr=—=0,717
a

The local convective Nusselt number (Nu,) calculations:

At the stagnant region formed in the interface of the solid and fluid, the conduction

heat transfer is equal to the convection heat transfer [19]:

q’c"ond = q;onv (2.14)
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aT
—k (a)wa” = h(T, —T,) 2.15)

oT 1
h = —k(—

ax>wall ) (Ty — Teo) (2.16)

The minus sign in the conduction heat transfer indicates that temperature gradient
has a negative slope, which means that temperature is decreasing from hot wall to the
right opening wall. The direction of heat transfer is from hot wall to the opening
wall. Then, local Nusselt number (Nuy) changing along the x- axis can be calculated

by the formula:

Qeonv hx (aT X

N = = — = — _ @
fx ax)wall ) (Ty — Ts)

2.17
qcond" k ( )

The average convective Nusselt number ( Nu. ) calculations:

The energy balance of convection and conduction in the equation 2.15, above for the
left wall can be written again and when integrating the both side of the equation with
respect to y-axis, average Nusselt number for the left wall can be found and it can be

also found for the right wall for the closed cavity.

L L aT
f h(Ty —Ty) dy = f -k <6—> dy (2.18)
0 0 X/ wall
7 hL jL (6T> 1 2.19)
U. = —= - (= )
¢ k 0 0x/ wai (TH oo)

Since q;‘md = ((’)T)
' k 0x/ wan

Nu, =

(2.20)

L

QCond _ Qcond” L
J Tm)dy AR
0

In Ansys Fluent, total heat flux on the wall can be taken to calculate the average

Nusselt number by using the equation 2.20.
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2.2 Formulations for Surface to Surface Radiation

In this study, the fluid was not participating to the radiation so that just a surface-to-
surface (S2S) radiation exists. To calculate surface radiation and net radiative heat
flux over the walls of cavity, walls are divided into parts depending on the mesh
used. The parameters affect the S2S radiation are the size of the cavity, orientation of
the cavity and separation distance between two surfaces. To calculate the effects of
these parameters by using view factor model, the view factors are calculated. The
radiation heat flux for a surface consists of directly emitted energy and reflected
energy. The reflected energy flux is affected by the incident energy flux from the
surroundings. When radiant energy strikes a material surface, part of it is reflected,
part is absorbed and part is transmitted. P is the fraction reflected and is defined as
reflectivity, a is the absorptivity as the fraction absorbed and 7 is the transmissivity

as the fraction transmitted. The formula for the relation between these three terms is:
pra+1t=1 (2.21)

The transmissivity is neglected because most of the solid bodies as in the solar cavity

materials do not transmit the thermal radiation. So the above formula becomes:
p+a=1 (2.22)
The emissivity (g) is equal to the absorptivity (a) for a blackbody. A = € and so that,

p=1-¢; (2.23)

Ep; = oT* (W/m2) (2.24)
Where:
Eni : is the total energy (W/m?) emitted and is proportional to the absolute
temperature (K) to the fourth power at surface I and the above equation is called the
Stefan- Boltzmann law, Ey is the energy radiated per unit time and per unit area by
the ideal radiator.
o: is called the Stefan- Boltzmann constant, which has the value
6= 5.669 x 10® W/m* K*. The Figure 2.2, given below shows the radiation exchange

between two surfaces.
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' J surface, Tj, Aj, &, Ep;
0

]
Ji

01/ L
dij

@ i surface, T;, A, &;, Eu;

Figure 2. 2 : The radiation exchange between two surfaces.

Here:

F;; 1s the radiation view factor and it is a fraction of energy leaving a surface I that

reaches surface j. Ajand A; are the surface areas of I and j surfaces respectively.

L is the line distance that connects dA; and dA; surfaces and 0; and 0; are the angles

between the normals of the surfaces. The view factors can be calculated by the

following expression [23]:

cos 0; cos 9]
N L

AJAL

cos 0; cosG
Fp= — ﬂ dAdA;

AAl

The properties of the view factors are those [23]:

e There is a reciprocity relation between view factors and surface areas:

AiFij = A Fy

e The summation rule for the view factor is:

N

j=1
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Here, N is the total number of parts along the cavity surface. Such as Fy; +F,+F3=
1.0, whereas F;;=F»,=F33= 0, (F;i= 0). F;; represents the fraction of energy leaving
surface 1 that strikes surface 1.
e There is a superposition rule between view factors given below [25]:
Fio3) = Fioz + Fios (2.29)
e [f surfaces j and k are symmetric about the surface I then there is a symmetry

rule for view factors:

Fi—>j = Fi—>k (230)

pG= reflected energy ¢E,= emitted energy

Surface, i

Figure 2. 3 : Incident, reflected and emitted heat transfer on a surface i, with
emissivity &.

G = irradiation = total radiation incident upon a surface per unit time and per unit

area.
J = radiosity = total radiation that leaves a surface per unit time and per unit area.

The radiosity is the sum of the energy emitted and the energy reflected when no

energy is transmitted, or

Ji = & Ep + pi G (2.31)

Here, € is the emissivity and substituting the equation 2.23 into the equation 2.31, J;

becomes equal to the equation below [25]:

Ji = € Epi + (1— &) G; (W/m2) (2.32)
Here from this equation, we get:

G ="——2 (2.33)
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The net energy leaving the surface I, is the difference between the radiosity and the

irradiation, equal to J — G.

The net radiative heat transfer = % =Ji— G, (W/m?) (2.34)

L

Substituting G, in the equation 2.33, into the equation 2.34:

Ji — & Ep;
1-— &

q; = 4; (]i_ ) w) (2.35)

Finally, we get net radiative heat transfer for surface i, as [23]:

Ep; _]i) (2.36)

qi = Aigi(l_gi

The direction of the net heat transfer depends on the size of the energy of the J; and

Ey;, and if:

Eu; > J; , heat flow is from the surface i.

Ji > Ey;, heat flow is towards the surface 1.

In other words, if q; is negative, direction of heat transfer is towards the surface i.
The net radiative heat transfer between any two surfaces [24]:

The irradiation G;, comes to i surface is:

N
j=1
Since A;F;= A; Fj; the above equation 2.37 becomes like that:
N
G = Z Fij]j (2.38)
j=1
The radiosity J; , leaving the i surface is:
N
Ji = Z Fijli (2.39)
j=1
The net radiative heat transfer is:
q; = A; (Ji = Gi) (2.40)
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Substituting the J; and G; into the equation 2.40:

qij = Ai] iFij— AJ; Fyj (2.41)

qij = AiFij Ui — Jj) (2.42)

For a number of N surfaces the equation 2.42 becomes equal to:

N N
qi = zqij = Aiz Fi(Ji— ) (2.43)
=1 =

The equation 2.36 is equal to the equation 2.43 and we get Ey; from this equality:

N
- Epi -]\ _

q; = A;g i Ai ) Fii(i—Jj) (2.44)

l _]=1

N

4 1-— &
Eyy =0l = Ji + = Z Fiy(i— ) (2.45)
L 2
j=1

The equation 2.44 is for the T; temperature defined for i surfaces. And by writing the

G and E,, equations into the equation 2.31 we get J; and J; equations respectively:

N

Ji=eoTd + (1= &) ) Fylj (2.46)
j=1
N

Ji=¢goT* +(1- ej)z FiJ; (2.47)
i=1

If the surfaces have the blackbodies property then ¢; = ¢ = 1, and we get:
Ji = & oT;*
Jj =g ol

So that, for blackbodies the net radiative heat transfer for N surfaces becomes equal

to the:
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N N
qi = Z qij = Aiz F ij(Ti4 - Tj4) (for blackbodies)
=1

The average radiative Nusselt number calculation:

% = g, = isthenetradiative heat flux, (W /m?) (2.48)
i
1
= N, f —-Q, dY (2.49)
0
Where:
oTHL
N, = —2 (2.50)
k(T = To)
N;: Dimensionless parameter of conduction radiation
_ Aqr
Qr = T (2.51)
Q:: Dimensionless net radiative heat flux on the corresponding adiabatic wall
y
Y = = 2.52
3 (2.52)

The total average Nusselt number can be found by summing of Nusselt numbers of

natural convection and surface radiation:

Nu; = Nu, + Nu, (2.53)

L
S 1 1
Nu, = d N. —-Q,dY 2.54
T o I = e g (.54
o

In ANSYS Fluent, the area weighted average total heat flux on the hot wall can be
taken to calculate the total Nusselt number. In addition, the average radiative heat
flux can be taken in Fluent.

— qL
2.55
Nu ~ kAT (2:55)
Where q (W/ mz) is total average heat flux on the hot wall. It can be also found from
those formulas, by using hot wall boundary conditions:

”n aT ”
Qeonda = —k (_) = Geonv’ = h(T —Ty)



2.3 The Boundary Conditions

2.3.1 Fully open inclined square cavity:

The boundary conditions of a fully inclined open square cavity system are shown in

Figure 2.4 and the boundary conditions of a fully open square cavity system with a

tilt angle of 90° are shown in Figure 2.6-b.

When dimensionless aperture size =h / H= 1, it is called a fully open cavity.

The assumptions done for the boundary conditions are those:

e There is no slip on the solid walls.

e The left wall of the open square cavity was heated constantly by a heat source
(q”) so that it has a constant temperature of Ty.

e In addition, u= 0 and v= 0 on the left wall and adiabatic walls.

e Since the upper and bottom walls are adiabatic, the temperature gradient is zero

on these walls.
oT _

— =0
ay

On the other hand, when radiation exists it becomes to equal to:
—k (a—T> = qr
0¥/ o1

Where:

qr is the net radiative heat flux (W/m”)on the adiabatic walls.

e The air coming from opening has a fixed ambient temperature of To,. The
outgoing fluid temperature gradient is zero due to greater effect of the convection
heat transfer on the conduction heat transfer.

e At the opening wall, the derivative of the velocity component is zero because the
fluid velocity profile does not change in this direction (V in x direction).

_0 617_0 au_ av <6T> o0 T =T
p=" ax ax  dy’ \ox),, T
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Figure 2. 4 : Schematic of the fully open cavity system, the coordinate system and
boundary conditions.

2.3.2 Partially open square cavity:

The difference from above case is just that the cavity is partially open and does not
incline. The boundary conditions are all same. The schematic of the partially open

cavity system is given in Figure 2.5 below.

¥
Ae L —>
A M C p=0
T dv du dv
ar —— ax " ax  dy
_ == ‘1\ !
H q” ” p— T
Adiabatic ,‘T\ : (_) — 0_. T",_ — TM
AlL | Ox/ gut
Ty i 4 d
W \l/ ] * >
B

Figure 2. 5 : Schematic of the partially open cavity system, the coordinate system
and boundary conditions.

2.3.3 Closed square cavity

The boundary conditions for a closed square cavity differs from an open cavity by
taking the boundary condition of right wall as a constant cold temperature equal to

300 K. The differences of open and closed square cavity schematic system are given
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in Figure 2.6. The fluid flow is again 2D, laminar, incompressible, and steady and

Boussinesq approach was applied for density.

p=0

W_o _ _dv
ax 3 3y

>
//?l

. |
Adiabatic (aT

Tn adlabah\‘l/ o . 7 / | l 5)0.“ =0Ty =To,
B D .

b) Open Cavity

T —>

-

(o]

SRR
%

iC]

a) Closed Cavity

Figure 2. 6 : Schematic of the a) closed cavity and b) open cavity system, the
coordinate system and boundary conditions.
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3. NUMERICAL METHOD

Ansys Fluent software was used to model a laminar and steady state flow, both pure
natural convection and combined pure natural convection and surface radiation heat
transfer in the 2D square cavity and simulate the results and to calculate the Nusselt
number. The conservation of equations from (1) to (4) was solved by using SIMPLE
(Semi-implicit method for pressure linked equations) Algorithm. Pressure based
solver was used. Second Order Upwind method was used for both Momentum and
Energy. Boussinesq approximation was applied to the density of the fluid. The
boundary conditions of the opening wall of the cavity defined as pressure inlet. The
boundary condition for the hot wall was defined as Temperature and for the insulated
wall heat flux = 0 W/m” was defined. In this study, “surface-to-surface" radiation
needs to be considered for analysis.

The Surface-to-Surface (S2S) radiation model [21], which assumes that all surfaces
are gray and diffuse, was used to compute the radiation heat transfer in a solar cavity
receiver. The heat transfer between two surfaces depends in part on their size,
separation distance, and orientation. These parameters are calculated by a geometric
function called a “view factor". If a certain amount of radiation is incident on a
graybody model surface, then a fraction is reflected, a fraction is absorbed, and a
fraction is transmitted. The S2S model assumes that any absorption, emission, or
scattering of radiation by the medium can be ignored. In solar cavity receiver the
cavity wall surfaces was considered opaque. The emissivity is equal to the
absorptivity for gray, diffuse, and opaque surfaces and that reflectivity is equal to 1
minus the emissivity. When the S2S model was used, the interior fluid was assumed
non-participating medium and this provides the main advantage of this option to
speed up the view factor calculation and the radiosity calculation. The convergence
criterion for the continuity and momentum residuals was taken as 107, and for the
energy residual was taken as 10°. Solution procedure summary for pure natural

convection thermal analysis in closed cavity was given in Table A.l, and in open
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cavity, it was given in Table A.2. Also the combined pure natural convection and

surface radiation solution procedure was given in Table A.3.
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4. RESULTS AND DISCUSSIONS

4.1 Mesh Grid Indepence Test

In order to get the correct solution from analysis a mesh grid test was applied for Ra=
10° case. The mean Nusselt number for hot wall under constant heat flux was
considered to evaluate the independence of the grid. The result of the mean Nusselt
numbers for different number of grids was given in Table 4.1. As seen from the mesh
grid test results, there was % 0,5 decrease in Nusselt number between 90 x 90 grid
and 100 x 100 grid and on the other hand, there was a % 0,20 decrease in Nusselt
number between 100 x100 grid and 110 x 110 grid. Since the Nusselt number, does
not change anymore after 100x 100 grid,100x 100 grid was selected to solve the
equations of conservations. The 2D Mesh model with 100 x 100 grid is given in
Figure 4.1. The mesh model settings is given in Table 4.2. Mapped face meshing was
used and edge size method was used by selecting four edges of the square cavity and
number of division segment was adjusted to give the necessary grids for a square

cavity.

Table 4. 1 : The results of the mean Nusselt number.

Number of grids in X-Y The mean Nusselt number
40 x 40 9,433
50 x 50 9,234
60 x 60 9,101
70x 70 9,029
80 x 80 8,981
90 x 90 8,948
100 x 100 8,924
110x 110 8,906
120x 120 8,893
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Mesh Model Used

0 005 0,01 (m)

0,0025 0,0075

Figure 4. 1 : Mesh model for closed cavity.

Table 4. 2 : Mesh program settings.

Mesh Method Mapped Fa'ce Meshing,
Quadrilaterals
Edge Sizing 4 edges
Number of Division 100
Behavior Hard
Bias Type No Bias
Named Selections
heated face hot
air coming face cold
insulated face ins
Mesh nodes 10201
Mesh elements 10000
Aspect ratio min 1
Aspect Ratio max 1
Skewness max 1,31 E-10 <0,98
Orthogonality min 1 >0,1
good worse neutral
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4.2 Numerical Solution and Validation Studies

In order to validate the mathematical model used, firstly, the closed square cavity
problem was solved for ¢= 90°. Nusselt number results and isotherms, streamlines
were compared with the published ones. Secondly, pure natural convection thermal
analysis was performed for a fully open square cavity for ¢= 90°, and Nusselt
number results were compared with the published ones. Thirdly, pure natural
convection heat loss in a tilted square open cavity was investigated. Fourthly, pure
natural convection analysis for a partially open square cavity for ¢= 90°, was
performed and isotherms, streamlines and velocity vector results were compared with
Bilgen and Oztop’s published results. Then the Nusselt number results were
compared with a fully open square cavity. The last two validations were radiative
model validation and combined pure natural convection and surface radiation
validation in a fully open square cavity and the Nusselt number results comparison

with published ones.

4.2.1 Pure natural convection analysis in closed square cavity

Problem definition and discussions: There is a square closed cavity heated from
left sidewall and cooled by the right wall and bottom and top walls are adiabatic. The
schematic of the closed system is given in Figure 2.6 -a. The pure natural convection
for 2D, laminar, incompressible, steady state flow was investigated. The boundary
conditions set in Fluent is given in Table A.l1 in Appendix A. In this section, the
effect of the different Rayleigh numbers on the pure natural convection in a closed
cavity was investigated. The Rayleigh number was varied from 10” to 10°. As can be
seen from Figure 4.7, the velocity vector result for Ra=10°, the flow direction is
clockwise inside the cavity. The isotherms and streamlines for Rayleigh numbers
from 107 to 10° given from Figure 4. 2 to Figure 4.6. The fluid heated by the hot wall
moves to the top wall by buoyancy effect and transfers its heat to the cold wall. The
insulated wall keeps the heat received by the fluid and behaves as an energy corridor
for the fluid flow. As can be seen from isotherms, a thermal boundary layer forms on
the hot wall and cold wall. The Figure 4.2 in which isotherms for Ra=10" was
illustrated and as can be seen from this isotherms, conduction heat transfer is
dominant and isotherms are uniform. And from left to right in the cavity, temperature

decreases. As can be seen from isotherms results as Rayleigh number increases,

29



thermal boundary layer thickness on the right wall decreases and volume occupied
by the cold fluid inside the cavity increases. The isotherms get more close to the left
bottom side of the wall and through the top wall; they get away from each other. The
temperature gradient is highest at the point where isotherms gets more close to the
each other, in other words as the thermal boundary layer of thickness decreases,
temperature gradient increases. When we look at the streamlines, as Rayleigh
number increases velocity gradient increases on the walls and streamlines gets more
close to the walls and the thickness of the velocity boundary layer decreases. On the
other hand, as Rayleigh number increases, fluid velocity increases. This means that
as Rayleigh number increases natural convection heat transfer increases, and natural
convection heat transfer becomes dominant with respect to conduction heat transfer
at high Rayleigh numbers. When we look at the streamlines for different Rayleigh
numbers, just one cell form for the Rayleigh numbers of 10%, 10° and 10* and on the
other hand, for Rayleigh numbers of 10° and 10°, there form many cells of stream
function. As can be seen from the Table 4.3, the average Nusselt Number Results,
the datas are more close to the published ones. So the mathematical model was

verified.

Temperature
oo “Fﬁ ) Velocity

Streamline 1
310.00 0.00029
309.00 / -
308.00 7
207,00 0.00024 f /4
|
305.00 0.00018

303.00

302.00 0.00012

301.00

300.00 0.00006
[K] [ms*1]

N—

]
00025 00078 00025 00575

|
)

Q)

|

0005

Figure 4. 2 : Isotherms and streamlines from left to right respectively for Ra= 107,
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Figure 4. 3 : Isotherms and streamlines from left to right respectively for Ra= 10°.
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Figure 4. 4 : Isotherms and streamlines from left to right respectively for Ra= 10%,
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Figure 4. 5 : Isotherms and streamlines from left to right respectively for Ra= 10’
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Figure 4. 6 : Isotherms and streamlines from left to right respectively for Ra= 10°.
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Figure 4. 7 : Velocity vector results for Ra= 10°.

Table 4. 3 : Nusselt number results for pure natural convection in a closed square

cavity.
closed cavity Average Nusselt numbers for hot wall
Total heat Elatar
Ra Gravi;y, flux on the | present A.C. of S. Bairi
m/s hot wall, study | Baytas[19] Kumar[4] | A.[2]
W/m> al.[1]
10° | 0,13 13,063 1,001 1,001
10° 1,3 14,032 1,075 1,119 1,112
10° 13 28,602 2,191 2,236 2,234 2,188 | 2,168
10° 130 59,339 4,546 4,504 4,517 4,529 | 4,228
10° 1300 116,4899 8,924 8,658 8,948 8,823 8,243
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4.2.2 Pure natural convection analysis in a fully open square cavity with ¢=90°.

In order to validate the mathematical model, pure natural convection with Pr=0,71 in
a square cavity was solved, ant the results were compared with the published results
in Table 4.4.

Problem definition and discussions: The schematic of the fully open square cavity
is given in Figure 2.6-b. There is an open square cavity heated from left sidewall
with temperature of 310 K and cooled by opening wall with an ambient temperature
of 300 K and bottom and top walls are adiabatic. The pure natural convection for a
2D, laminar, incompressible and steady state flow was investigated. The Boussinesq
approximation was applied for the density of the fluid. The Rayleigh numbers from
10% to 10° was taken as the changing parameter of the validation study.

As can be seen from the isotherms of pure natural convection analysis results from
Figure 4.8 to Figure 4.12, there forms a thermal boundary layer near the hot wall and
as Rayleigh number increases thermal boundary layer and velocity boundary layer
thicknesses on the hot wall decreases and the volume occupied by the cold fluid
increases. This means that as thermal, velocity boundary layer thicknesses decrease
temperature, and velocity gradient increases on the hot wall. In addition, when we
look at the pressure contours, pressure decreases from left side through the right side
of the top wall. This pressure decreasing creates a fluid flow from left to right. At the
same way, pressure decreases from top right corner through the bottom right corner
and it decreases from bottom right corner through the left bottom corner. Since from
high pressure to low pressure a fluid flow forms, as can be seen clearly in the
velocity vector results, a clockwise fluid flow in the open cavity forms. The velocity
vector direction is clockwise such as cold fluid enters from bottom, reaches to the hot
wall, and gets heated then by buoyancy effect it exits from right side of the top wall
with higher velocity. As can be seen from Table 4.4 and Table 4.5, for pure
convection heat loss, it does not important what type of material of cavity is made
from because this is a 2D thermal analysis and shell conduction was not defined in
Fluent so conduction through the walls of the cavity was not taken into account so
that all the Nusselt numbers results are same. In addition, the Nusselt numbers found
in this study are more close to the published results so the mathematical model was

also verified for pure natural convection in a fully open square cavity.
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Figure 4. 8 : a) Isotherms, b) Streamlines, c) Pressure contours, d) Velocity vectors
for Ra=10".
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Figure 4. 9 : a) Isotherms, b) Streamlines, c) Pressure contours, d) Velocity vectors
for Ra=10".
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Figure 4. 10 : a) Isotherms, b) Streamline, ¢) Pressure contours, d) Velocity vectors
for Ra=10".
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Figure 4. 11 : a) Isotherms, b) Streamlines, ¢) Pressure contours, d) Velocity vectors
for Ra=10".
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Figure 4. 12 : a) [sotherms, b) Streamlines, c) Pressure contour, d) Velocity vectors
for Ra=10°.

Table 4. 4 : Nusselt number results for pure natural convection in a solar square
cavity receiver made from aluminum.

Op er.a.tlng Heat flux Average Nusselt numbers for hot wall
conditions
Total heat Hinojosa Bilgen . Chan  Karakaya
Gravity flux on the present et al.[6] and Shirvan and and
Ra m/s’ ’ hot wall study (P1:= Oztop[3] et Tien.  Durmus[3]
W/m? ®Br=0,71) 71y O(I;r;) alll7l - prmyy  (Pr=0,71)
10> 0,13 11,57 0,887
10° 1,3 16,22 1,242 1,300 1,310 1,210 1,070 1,330
10* 13 44,71 3,425 3,440 3,530 3,480 3,410 3,540
10° 130 97,94 7,503 7,440 7,850 7,780 7,690 7,680
10° 1300 191,21 14,648 14,510 15,200 15,150 15,000 19,350

Table 4. 5 : Nusselt number results for pure natural convection of solar square cavity
receiver in which hot wall made from copper and insulated walls are made from

wood.
Operating
.\ Heat flux Average Nusselt numbers for hot wall
conditions
Total heat Hinojosa Bilgen . Chan Karakaya
. present and Shirvan
Gravity, flux on the et al.[6] and and
Ra 2 study Oztop[5] et .
m/s hot wall, (Pr=0,71) (Pr= (Pr= al[17] Tien.  Durmus(3]
W/m?’ o 0,71) N : (Pr=1)  (Pr=0,71)
0,72)
10° 0,13 11,57 0,887
10° 1,3 16,22 1,242 1,300 1,310 1,210 1,070 1,330
10 13 44,71 3,425 3,440 3,530 3,480 3,410 3,540
10° 130 97,94 7,503 7,440 7,850 7,780 7,690 7,680
10° 1300 191,21 14,648 14,510 15,200 15,150 15,000 19,350
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4.2.3 Pure natural convection analysis in a fully open tilted square cavity

Problem definition: The schematic of the fully open tilted square cavity is given in
Figure 2.4. There is an open square cavity with H=1 m, heated from left sidewall
with temperature of 350 K and cooled by opening wall with an ambient temperature
of 300 K and bottom and top walls are adiabatic. The pure natural convection for a
2D, laminar, incompressible and steady state flow was investigated. The Boussinesq
approximation was applied for the density of the fluid. The Rayleigh numbers from

10° to 10° was taken as the changing parameter of the validation study.

In order to validate this study, the calculated Nusselt number, was compared with
both Hinojosa and Mohamad’s published results. As can be seen from Table 4.6 the
Nusselt numbers results are more close to the published ones. In order to understand
clearly the tilt angle effect on the heat loss in a fully open square cavity, the
isotherms and velocity vectors for different tilt angles for Ra= 10° are given in Figure
4.13 and Figure 4.14. As can be seen from Figure 4.13. at which temperature for
different tilt angles are given, the minimum natural convection heat loss for all
Rayleigh numbers occurs when ¢ = 180°, at which solar cavity receiver opening face
direction is downward. On the other hand, the maximum heat loss occurs when ¢ =
60° for the Rayleigh number of 10° and 10*, and when ¢ = 75° for the Rayleigh
number of 10° and 10°. As tilt angle increases up to @ = 60 ° for Ra= 10° and 10* and
up to ¢ = 75° for Ra= 10> and 10°, the heat loss increases slightly and then after that
angles the heat loss decreases as dramatically.
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Contour 1
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340.000
| 335.000
330.000
325.000
320.000
315.000
310.000
305.000

300.000
K]

350.0000
345.0000
340.0000
335.0000
330.0000
325.0000
320.0000
315.0000
310.0000
305.0000
300.0000

a)p=0°
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Figure 4. 13 : Isotherms for different tilt angéles for an fully open square cavity for
Ra=10".
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Figure 4. 14 : Velocity vectors for different tilt angles for an fully open square

cavity for Ra= 10°.
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Table 4. 6 : Pure natural convection thermal analysis results for an inclined solar

square cavity receiver.

Pure natural convection in an inclined open square cavity
Operating conditions Heat flux Average Nusselt numbers for hot wall
inclination . Total heat Hinojosa
Ra angle, Grav12ty, flux on the present Mohamad | et al.(2005
degree m/s hot wa2ll, study (1995) [6] & 2012)
W/m [6]
0 1,23 0,94
30 1,63 1,25
45 1,72 1,32
60 1,75 1,34
10° 75 2,1E-06 71 31
90 1,63 1,25
120 1,41 1,08
135 1,29 0,99
150 1,19 0,91
180 1,03 0,79
0 3,34 2,56 2.47
30 4,51 3,45 3,34 334
45 4,79 3,67 3,59
60 4,92 3,77 3,7 3,69
10* L&) 0,000021 4,84 3,71
90 4,49 3,44 3,44 3,44
120 2,94 2.26 23
135 2,08 1,59 1.63
150 L5 1,15 1.15
180 1,03 0,79 1
0 9,78 7,50
30 8,51 6,52 6,17 6,42
45 9,32 7,14
60 9,78 7,49 7,36 74
10° 75 0,00021 2,98 7,64
920 9,82 7,53 7,41 7,44
120 6,27 4.80
135 3,43 2.63
150 1.9 1.46
180 0,96 0,73
0 11,07 8,48 8,79
30 16,46 12,61 12,08 12,25
45 17,89 13,70 13.41
60 18,74 14,36 13,72 14,15
6 75 19,19 14,70
10 90 0-0021 19,17 14,69 14,36 14,51
120 12,33 9,45 937
135 527 4,04 4.03
150 2,27 1,74 1.75
180 1,02 0,78 1
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4.2.4 Pure natural convection analysis in a partially open square cavity for ¢=

90°

Problem definition: The schematic of a partially open square cavity is given in
Figure 2.5. There is an open square cavity heated from left sidewall with temperature
of 310 K and cooled by opening wall with temperature of 300 K and bottom and top
walls are adiabatic. The pure natural convection for a laminar, incompressible steady
state flow was investigated.

The cavity is partially open such as AR = h/H = 0.50, AP = d/H = 0.50, ¢= 90°.

As can be seen from the Table 4.7, in which a comparison of the Nusselt numbers
between a fully open square cavity and a partially open square cavity was shown, as
the cavity aperture size increases the Nusselt number increases which means that
natural convection heat loss increases. Therefore, in order to reduce the heat losses
due to pure natural convection, cavity aperture size can be reduced in other words a
partially open square cavity can be used.

The validation was done by comparing the present solution results with Bilgen Oztop
results. As can be seen from Figure 4.15 to Figure 4.23, isotherms and streamlines

are similar to the Bilgen and Oztop’s results.

Temperatura Velocity
Contour 1 Streamiine 1

S:D.G 0.00047
309.0
308.0
2070 0.00036
306.0
305.0 0.00024
304.0
303.0
302.0 0.00013
301.0
300.0 0.00002
[K] [ms*1]

Figure 4. 15 : Isotherms and streamline results from left to right respectively for Ra=
10%.
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Figure 4. 16 : Isotherms and streamline results from left to right respectively for Ra=

10°.

Figure 4. 17 : Isotherms and streamline results from left to right respectively for Ra=
10° Bilgen and Oztop results [2].
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Figure 4. 18 : Velocity vector for Ra=10°.
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Contour 1 Streamiine 1
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Figure 4. 19 : Isotherms and streamline results from left to right respectively for Ra=
10",

o

Figure 4. 20 : Isotherms and streamline results from left to right respectively for Ra=
10* Bilgen and Oztop results [2].
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Figure 4. 21 : Velocity vector for Ra=10".
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Figure 4. 22 : Isotherms and streamline results from left to right respectively for Ra=
10°.

Figure 4. 23 : Isotherms and streamline results from left to right respectively for Ra=
10° Bilgen and Oztop results [2].
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Figure 4. 24 : Velocity vector for Ra=10.
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Table 4. 7 : Nusselt numbers comparison for a fully and partially open square cavity.

Average Nusselt number comparison for the hot wall
Ra Fully open square cavity Partially open square cavity
10° 0,887 0,756
10° 1,242 0,870
10° 3,425 2,518
10° 7,503 6,629
10° 14,648 13,723

4.2.5 Combined pure natural convection and surface radiation thermal analysis

for a fully open square cavity

There was carried out a few validation studies. The first validation study was the
surface thermal radiative model comparison with the Hinojasa et al. In order to do
this, the natural convection was suppressed and the temperature of the vertical heated
wall of the cavity fixed at 310 K, while the two horizontal walls and the aperture
were maintained to a constant temperature of 300 K. The cavity walls and its opening
are assumed as gray bodies (¢=1). The fluid was considered to be radiatively
nonparticipating. The comparison between the dimensional surface radiative fluxes
of this study and the Hinojosa et al. [22] was presented in Table 4.8. The maximum

percentage difference was 0,3 %. The tilt angle in this case is = 90°.

Table 4. 8 : Validation results of surface thermal radiative model (S2S).

Area-Weighted average radiation heat flux, W/m?
Wall Present study Hinojosa et al.[22] Difference, %
Hot 64,362 64,365 -0,005%
Top horizontal -18,809 -18,853 -0,233%
Bottom horizontal -18,809 -18,853 -0,233%
Aperture -26,742 -26,661 0,304%

The second validation study was the Nusselt number comparison for different
Rayleigh numbers with the published ones. The hot wall temperature was taken as
310 K, two-horizontal walls were adiabatic, and the opening wall boundary condition
was taken as Pressure Inlet with a constant temperature of 300 K. So the AT=10 K
was taken for this validation. The fluid was assumed to be air (Pr= 0,71) and
Newtonian and fluid flow was considered to be laminar. The fluid properties were

taken as constant except for the density in the buoyancy force, the Boussinesq
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approximation was applied. The cavity walls and its opening assumed as blackbody
and emissivity of all walls were taken as €=1 and the fluid is nonparticipating to the
radiation. The Table 4.9 shows the convective, radiative and total average Nusselt
numbers comparison with published ones for different Rayleigh numbers.

The tilt angle in this case was also equal to 90°.

The Rayleigh number changed by open square cavity dimensions and the gravity was
kept constant (9,81 m/s®) in this case. The comparison of Nusselt numbers indicates
that, the calculated Nusselt numbers are more close to the published results. As seen
from Table 4.9 as Rayleigh number increases, the heat loss increases, and radiation
heat loss becomes dominant at high Rayleigh numbers. The results show that

mathematical model and Ansys Fluent Thermal Analysis results were validated.

Table 4. 9 : Average Nusselt number (for hot wall) comparison with published ones.

Average Nusselt Number Results Comparision

Operating condiion Present study Hinojosa and Estrada [22] Shirvan et al [17]

for present study
Hm“i SLTH? Radiation

Ra DN “ HeatFlx,| Nr | Nu(Conv) Nu(Rad) Nu(Total)| Nr |Nu(Conv) NuRad) Nu(Total) |Nu(Conv) Nu(Rad) Nu(Total
study | Heat Flux, Wi

dimensions | W/mr"2

1002 473 8975 3653 | 889 | 096 066 1,63
1003102 | 7077 3789 [1907] 128 148 277 [2054] 1,19 173 292 | 135 180 3,5
1M 2197 | 77,65 4094 [4129] 3,09 344 653 [4426| 298 372 670 | 315 401 716
1005 4734 | 7933 4305 [8897| 658 781 1439 [9535| 640 802 1442 | 650 808 1458
1006 101,99 | 7697 4427 |19168] 1278 1729 3007 [20540| 1243 1729 2972 | 1258 1738 2996

4.3 Thermal Analysis of a Solar Cavity Receiver

For solar cavity receiver, the hot wall material is made from copper and the insulated
wall material is made from wood, so emissivity of those materials were found and
the validated mixed thermal analysis problem in part 4.2.6 was repeated, and the
results were given in Table 4.10. The Rayleigh numbers changed by solar cavity
receiver dimension and the gravity was kept constant (9,81 m/s® ) in this case. The
temperature difference was 10 K. As can be seen from the Table 4.10 for a solar
cavity receiver the main heat loss at low temperature differences occurs due to
natural convection. When the Nusselt numbers Results found in this case was
compared with the Nusselt numbers found in Table 4.9, the emissivity effect could

be understood easily that, as emissivity of material of the cavity wall increases, the
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heat loss increases due to radiation and therefore total heat loss increases.
Furthermore, as increasing the dimension of the open square cavity, Rayleigh

number increases so that heat loss increases.

Table 4. 10 : Thermal analysis of a solar square cavity receiver for AT= 10 K.

Average Nusselt number results comparison for hot wall

Operating condition for present Study Present study
€ H, mm Total ..
cop;’)er, &, wood, pr’esen ¢ g surface Radiation
Ra hot insulation study e Eiit he&;[/fl;llgx, Nr Nu(Conv) Nu(Rad) Nu(Total)
wall dimensions W /m’z
10° 0,1 0,95 4,73 9,81 | 67,45 3,91 8,89 1,15 0,07 1,22
10° 0,1 0,95 10,2 9,81 | 45,86 4,20 19,17 1,63 0,16 1,79
10* 0,1 0,95 21,97 9,81 | 48,19 4,63 41,29 3,67 0,39 4,06
10° 0,1 0,95 47,34 9,81 | 46,67 4,98 88,97 7,56 0,90 8,46
10° 0,1 0,95 101,99 9,81 | 42,21 5,24 191,68 14,44 2,05 16,49

In order to investigate the reasons of heat losses in detail for a solar cavity receiver,
temperature difference effect, dimension changing effect and effect of tilt angle of

solar cavity were studied respectively for a solar cavity receiver.

4.3.1 Temperature difference effect on the heat loss mechanism of solar cavity

receiver for Ra= 10°

The other case studied was the temperature difference effect on the heat loss in a
solar cavity receiver. In order to do this, a 1 m length 2D square solar cavity receiver
was modeled since the total heat loss in large dimension change was found high at
the previous studies. The temperature difference effect was investigated just for Ra=
10°. The air temperature coming from opening was kept constant as 300 K, but hot
wall temperature was increased to investigate its effect on the heat loss.

The temperature difference effect on the heat loss was studied and the results are in
the Table 4.11, indicate that as the temperature difference increases, the heat loss
increases mostly due to radiation effect. The Nusselt number for radiation increases
dramatically while it almost remains same for natural convection as hot wall
temperature increases.

The tilt angle in this case is = 90°.
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Table 4. 11 : The temperature difference effect on the heat loss, and Nusselt number,

for Ra=10°.
Average Nusselt number results comparison for hot wall for different temperature difference for Ra= 10°
Total
&, H, mm surface  Radiation
AT g copper, &, woo_d, present heat heat flux, | Nu(Conv) Nu(Rad) Nu(Total)
hot insulation study 2
wall dimensions ﬂux’z W/m
W/m
10 0,0104 0,1 0,95 1000 9,96 5,77 16,0 22,1 38,1
50 0,00208 0,1 0,95 1000 56,33 35,46 16,0 27,2 43,2
100 0,00104 0,1 0,95 1000 132,3 90,77 15,7 34,3 50,0
150 0,000693 0,1 0,95 1000 233,95 172,02 15,8 43,9 59,7
200 0,00052 0,1 0,95 1000 368,14 286 15,7 54,8 70,5

4.3.2 The dimension effect on the heat loss in solar cavity receiver for Ra= 10°

In this case, different dimensions of solar square cavity receiver were studied to
investigate its effect on the heat loss. The air temperature coming from opening was
kept constant as 300 K and hot wall temperature was kept constant as 310 K. Then,
different dimensions of solar cavity receiver were investigated for Ra=10°. The
results in Table 4.12 shows that as length of solar square cavity increases, there is a
dramatic increase in the radiation heat loss and on the other hand, there is a slightly
increase in the convection heat loss. As the length of solar square cavity increases,
the convection heat loss percentage decreases from 97% to 42 %, which means that,

radiation heat loss becomes dominant. The tilt angle in this case is = 90°.

Table 4. 12 : Average Nusselt number results for different dimensions of solar
square cavity receiver for Ra= 10°.

Heat flux for hot wall Average Nusselt numbers for hot wall

Total
surface Radiation Convection

H=L, mm g m/s’ heat heat flux,  heat flux, | Nu(Conv) Nu(Rad) Nu(Total) % Of. % of
flux, W/m? W/ convection radiation
W/m®
20 1300 191,2 5,01 186,19 14,27 0,38 14,65 97% 3%
100 10,41 42,92 5,24 37,68 14,43 2,01 16,44 88% 12%
200 1,3 24,79 5,42 19,37 14,83 4,15 18,98 78% 22%
500 0,083 13,76 5,64 8,12 15,55 10,80 26,35 59% 41%
1000 0,0104 9,96 5,77 4,19 16,04 22,10 38,14 42% 58%
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4.3.3 Combined natural convection and surface radiation analysis results for a

tilted solar square cavity receiver

In this case the copper material emissivity = 0,1 and wood material emissivity= 0,95.
Since, the focus of this study is investigation of thermal solar cavity receiver, the
selected temperature properties were: Tc = 300 K, Ty =350 K, AT =50 K, and H=1
m. As seen from Table 4.13, the maximum heat loss occurs due to radiation. The
maximum heat loss in this case occurs when tilt angle is 180° for Rayleigh numbers
10° and 10*. On the other hand, for Rayleigh numbers of 10° and 10°, the maximum
heat losses occur at tilt angles of 75° and 90° respectively. The convection Nusselt
number changes with tilt angle substantially except for = 180° there was a little
increase in Ra=10°. The radiation Nusselt number does not change substantially with
tilt angle because the dimension of the cavity was kept constant and just gravity was

changed so there was no effect of tilt angle on the radiation heat loss.

In addition, as Rayleigh number increases, the maximum heat loss increases at
different angles of tilt. In addition, as seen from Table 4.13, the minimum heat loss

occurs at = 45° for Ra=10°, ¢= 0° for Ra= 10", and ¢= 180° for Ra= 10’ and 10°.

In brief, there is a nonlinear relationship with heat loss and tilt angle.
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Table 4. 13 : Tilt angle effect on combined heat loss in solar cavity receiver for

different Rayleigh numbers.

Combined natural convection and surface radiation in an inclined open square cavity

Operating conditions

Heat flux for hot wall, W/m?

Average Nusselt numbers for

hot wall
inclination . Total . .
Ra angle, Grawtzy, heat Radiation | Convection N(tot) | Nu(rad) | Nu(conv)
m/s heat flux heat flux
degree flux
0 42,89 35,8 7,09 32,86 27,43 5,43
30 41,79 34,86 6,93 32,02 26,71 5,31
45 41,75 34,798 6,952 31,99 26,66 5,33
60 41,76 34,79 6,97 31,99 26,65 5,34
3 75 41,88 34,88 7 32,08 26,72 5,36
10 2E-06
90 41,9 34,91 6,99 32,09 26,74 5,35
120 41,86 34,91 6,95 32,07 26,75 5,32
135 41,91 34,96 6,95 32,11 26,79 5,32
150 41,97 35,02 6,95 32,15 26,83 5,32
180 43,64 36,39 7,25 33,43 27,88 5,55
0 40,91 33,64 7,27 31,34 25,77 5,57
30 43,06 34,63 8,43 32,99 26,53 6,46
45 43,31 34,59 8,72 33,18 26,50 6,68
60 43,24 34,61 8,63 33,12 26,51 6,61
10* 75 2E-05 43,23 34,54 8,69 33,12 26,46 6,66
90 43,15 34,61 8,54 33,05 26,51 6,54
120 42,77 34,87 7,9 32,76 26,71 6,05
135 42,59 35,03 7,56 32,63 26,84 5,79
150 42,45 35,18 7,27 32,52 26,95 5,57
180 43,89 36,54 7,35 33,62 27,99 5,63
0 47,27 35,28 11,99 36,21 27,03 9,18
30 46,8 35,66 11,14 35,85 27,32 8,53
45 47,48 35,53 11,95 36,37 27,22 9,15
60 47,85 35,39 12,46 36,65 27,11 9,54
5 75 47,96 35,23 12,73 36,74 26,99 9,75
10 0,0002
90 47,77 35,03 12,74 36,6 26,84 9,76
120 46,15 35,11 11,04 35,36 26,90 8,46
135 45 35,39 9,61 34,48 27,12 7,36
150 44,17 35,66 8,51 33,84 27,32 6,52
180 43,46 35,81 7,65 33,3 27,44 5,86
0 50,68 35,75 14,93 38,83 27,39 11,44
30 52,09 36 16,09 39,91 27,58 12,33
45 54,3 35,89 18,41 41,6 27,50 14,10
60 55,45 35,77 19,68 42,48 27,40 15,08
6 75 56,25 35,66 20,59 43,09 27,32 15,77
10 0,0021
90 56,38 35,46 20,92 43,2 27,17 16,03
120 53,03 35,37 17,66 40,63 27,10 13,53
135 49,45 35,59 13,86 37,88 27,26 10,62
150 46,82 35,77 11,05 35,87 27,40 8,47
180 44,44 35,9 8,54 34,05 27,51 6,54
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5. CONCLUSIONS AND RECOMMENDATIONS

In this thesis study, for a 2D open square cavity, laminar, steady state flow was
studied for respectively pure natural convection heat transfer and combined natural
convection and surface radiation heat transfer. Different factors acting on the heat
loss in an open square cavity were investigated and the results were validated by
comparing with the published results. At the beginning of the study, a closed square
cavity was studied to understand the pure natural convection heat transfer
phenomena and to set up a correct mathematical model for an open square cavity.
Then respectively, for validation with published literature results, a fully open square
cavity, a fully open tilted square cavity, and a partially open square cavity were
investigated. The most important validation keys of the study were to compare the
calculated Nusselt numbers with published ones. In addition, isotherms, and
streamline, velocity vector and pressure contour results were validated as Nusselt
numbers were validated well with the published ones.

The lessons to be learned from the validation analysis results are those:

e The fluid inside a closed square cavity rotates clockwise due to buoyancy
effect and as Rayleigh number increases, the fluid accelerates and a thermal
boundary layer forms both on the hot wall and cold wall. In addition, as
Rayleigh number increases, thermal boundary layer and velocity boundary
layer thicknesses on the walls decreases.

e In the open square cavity, fluid enters from bottom of the cavity and reaches
to the hot wall; it gets warmer there then exits from near the top wall by the
buoyancy effect. A thermal boundary layer forms on the hot wall of the
cavity. As Rayleigh number increases thermal boundary layer thickness and
velocity boundary layer thickness on the hot wall decreases.

e There is no effect of the materials of the cavity wall on the 2D pure natural
convection thermal analysis of the cavity; all the results have the same

Nusselt numbers due to dominant feature of the convection on conduction.
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The results of the pure natural convection thermal analysis for an open square
cavity indicates that; for a tilted cavity, the minimum natural convection heat
loss for all Rayleigh numbers occurs when ¢ = 180°, at which solar cavity
receiver opening face direction is downward. On the other hand, the
maximum heat loss occurs when ¢ = 60° for the Rayleigh number of 10° and
10%, and when ¢ = 75° for the Rayleigh number of 10° and 10°. As tilt angle
increases up to @ = 60° for Ra= 10’ and 10* and up to ¢ = 75° for Ra= 10> and
10°, the heat loss increases slightly and then after that angles the heat loss
decreases as dramatically.

As the cavity aperture size increases the Nusselt number increases which
means that natural convection heat loss increases. Therefore, in order to
reduce the heat losses due to pure natural convection, cavity aperture size can
be reduced in other words a partially open square cavity can be used.

The thermal analysis results for a combination of natural convection and
surface radiation indicates that as Rayleigh number increases, the heat loss
increases, and radiation heat loss becomes dominant at high Rayleigh

numbers.

Then, temperature difference, tilt angle factors acting on the heat loss in a 2D, square

solar cavity receiver with 1 m dimension were investigated. In addition, cavity

dimension changing effect on the heat loss in a solar square cavity was studied.

The lessons to be learned from this thermal analysis of a solar square cavity (¢=90°)

are those:

As emissivity increases, radiation heat loss increases so total heat loss
increases in the cavity. The Nusselt number for radiation increases
dramatically while it almost remains same for natural convection as hot wall
temperature increases.

As hot wall temperature of the cavity increases, the total heat loss in solar
cavity receiver increases due to radiation losses.

As dimensions of solar square cavity increases, there occurs a dramatic
increase in the radiation heat loss and on the other hand, there occurs a
slightly increase in the convection heat loss.

There was found a nonlinear relationship with tilt angle and heat loss.
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To sum up, in order to reduce the heat loss in a solar square cavity receiver, a
partially open square cavity, with small dimension and low emissivity materials of

cavity walls could be used.
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Table A. 1 : ANSYS Fluent settings for a pure natural convection in a closed square

cavity.

Solution Models Solution Methods
Energy On Pressure-Velocity Coupling
Viscous Laminar Scheme SIMPLE

Fluid Properties Gradient Least Square Cell Based
Material air Pressure Presto
temperature 300 K Momentum Second Order Upwind
density-Boussinesq 1,1771 kg/m’ Energy Second Order Upwind
Cp(specific heat) 1006,3 i/ke-K Solution Controls
thermal conductivity 0,026107 | W/m-K Default Values
Viscosity 0,000018531 | kg/m-s Residuals
Kinematic viscosity 0,000015743 | m?/s Continuity 10°
Thermal expansion coefficient | 0,0033333 1/K x-velocity 10°
Thermal diffusion coefficient | 0,000022039 | m’/s y-velocity 10°
Prandtl number 0,71432 Energy 10°

Solid Wall Material Properties Solution Initilization
Material of all wall Aluminum Standard Initialization
Density 2719 kg/m’ Compute from All zones
Cp(specific heat) 871 i/kg-K
thermal conductivity 202,4 W/m-K
Boundary Conditions
Cold Wall Temperature 300 K
Cold Wall Material Aluminum
Hot Wall Temperature 310 K
Hot Wall Material Aluminum
Interior surface body material Air
AT 10 K
oo s o | wm
Operating Conditions

Operating Pressure 0 Pa
Gravity- Ra=E2 -0,13 m/s’
Operating Temperature 300 K
Specified Operating Density 1,1771 kg/m’
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Table A. 2 : ANSYS Fluent settings for pure natural convection in an open square

cavity.
Solution Models Solution Methods
Energy On Pressure-Velocity Coupling
Viscous Laminar Scheme SIMPLE
. . . Least Square
Fluid Properties Gradient Cell Based
Material air Pressure Presto
temperature 300 K Momentum Seco_nd Order
Upwind
. . 3 Second Order
density-Boussinesq 1,1771 kg/m Energy Upwind
Cp(specific heat) 1006,3 j/kg-K Solution Controls
W -
thermal conductivity 0,026107 {<m Default Values
N kg/m- .
Viscosity 0,000018531 s Residuals
Kinematic viscosity 0,000015743 m?/s Continuity 10°
Thermal expansion coefficient 0,0033333 1/K x-velocity 10°
Thermal diffusion coefficient 0,000022039 | m?/s y-velocity 10°
Prandtl number 0,71432 Energy 10°
Solid Wall Material Properties Solution Initialization
Material of all wall Aluminum Standard Initialization
. 3 Compute
Density 2719 kg/m from All zones
Cp(specific heat) 871 j/kg-K
thermal conductivity 202,4 W{(m—
Boundary Conditions
Opening Wall Temperature 300 K
. Pressure
Opening Wall inlet
Opening Wall Pressure 0 Pa
Hot Wall Temperature 310 K
Hot Wall Material Aluminum
Interior surface body material Air
AT 10 K
Insult.at.lon -Heat Flux boundary 0 W/m?
condition
Operating Conditions
Operating Pressure 0 Pa
Gravity- Ra=E2 -0,13 m/s’
Operating Temperature 300 K
Specified Operating Density 1,1771 kg/m3
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Table A. 3 : ANSYS Fluent settings for combined pure natural convection and
radiation thermal analysis.

Solution Models

Solution Methods

Energy On Pressure-Velocity Coupling

Viscous Laminar Scheme SIMPLE

Radiation S2s Gradient EZTISESS:;W

Fluid Properties Pressure Presto

Material air Momentum Seco.nd Order
Upwind

temperature 300 K Energy Zi)izinn(ilorder

density-Boussinesq 1,1771 kg/m3 Solution Controls

Cp(specific heat) 1006,3 j/kg-K Default Values

thermal conductivity 0,026107 W/m-K Residuals

Viscosity 0,000018531 | kg/m-s Continuity 10°

Kinematic viscosity 0,000015743 | m?%/s x-velocity 10°

Thermal expansion coefficient 0,0033333 1/K y-velocity 10°

Thermal diffusion coefficient 0,000022039 m’/s Energy 10°

Prandt! number 0,71432 Solution Initialization

Solid Wall Material Properties Standard Initialization

Material of all wall Aluminum fCrc:)r;pute All zones

Density 2719 kg/m®

Cp(specific heat) 871 j/kg-K

thermal conductivity 202,4 W/m-K

Boundary Conditions

Opening Wall Temperature 300 K

Opening Wall Prﬁ]slzl;re

Opening Wall Pressure 0 Pa

Opening wall do not participate in radiation

Hot Wall Temperature 310 K

Hot Wall Material Aluminum

Hot wall emissivity 1

Interior surface body material Air

AT 10 K

Icr:)s:(;?ttif: Heat Flux boundary 0 W/m?

Insulated wall emissivity 1

Operating Conditions

Operating Pressure 0 Pa

Gravity- Ra=E2 0,13 m/s’

Operating Temperature 300 K

Specified Operating Density 1,1771 kg/m3

62




CURRICULUM VITAE

Name Surname

Place and Date of Birth

E-Mail

EDUCATION

e B.Sc.

¢ B.Sc.

e M.Sc.

: Selin Bilmez

: Sivas /21.05.1987

: selin.bilmez@gmail.com

: 2010, Middle East Technical University,

Science and Art Faculty, Chemistry

: 2011, Middle East Technical University,

Engineering Faculty, Aerospace Engineering

: 2018, Istanbul Technical University,

Graduate School of Science Engineering and
Technology, Department of Aeronautics and

Astronautics Engineering

PROFESSIONAL EXPERIENCE

2018- present Research and Development Engineering Specialist at GASSERO
2016-2018 Research and Development Engineering Specialist at MUTLU AKU
2014-2015 Project Engineer at Sistem Teknik Industrial Furnace A.S.
2012-2013 Design Engineer at Hexagon Studio A.S.

63



