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Abstract

Design of solar thermal cavity receivers has been a subjecterest for the
renewable energy community. The ability to harvest solar enargugh fluid-thermal
interactions, not only provides a viable, efficient, and environmentadigdly source of
power, but also one which reduces the cost of implementing and genehatipgwer

needs of today.

The following investigation develops a simulation of the thermal aatthensfer
behavior of a solar cavity receiver. The model constructed ttbatxonvective and
radiative exchange as the main component to energy capture oésetgy within the

system.

The results show that tightly packed cavity receivers exhigiter working fluid
temperatures for both laminar and turbulent conditions in comparisoredaim and
loosely packed cavity receivers. Tightly packed cavity ressidemonstrate net heat
transfer distributions with local maxima, with highest net hestsfer in the middle of
the cavity receiver, in comparison to loosely packed systems, whigh decreasing
linear-like net heat transfer distributions with increasiragtional cavity receiver depth

for both laminar and turbulent flow conditions.

It is demonstrated that further increasing the apertaee &fi the cavity receiver
beyond 60 cm, results in lower working fluid temperatures and net reafdr
distributions for varying aperture size for both laminar and turbwenditions. It was
demonstrated that decreasing helical pipe size of the caviyweeaesults in higher
working fluid temperatures and net heat transfer rates for lbotim&r and turbulent

conditions.

It was based on these observations and conclusions that an optimateesiver
design was investigated for three popular heat transfer fluidggh#iyt packed cavity
receiver with minimized aperture and helical pipe diamet&s chosen as the optimal
cavity receiver for the three popular heat transfer fluids.

xii



Chapter 1. Introduction

The growing energy needs of today’s world, call for not only viagiggient
sources, but also cost effective, environmentally friendly-energprept Renewable
energy sources, as solar, wind, and biomass, offer the options @stregvnature’s
glory, despite growing market conditions and developing infrastructure [1].

Solar energy, offers the option to harness solar radiation, whethaugh
automatic conversion to electricity via solar photovoltaic panels atingeof a working
fluid in a heat exchanger to generate electricity in a kgineering process stage [1].

The latter of the options is associated with the growing field of solar thermesyy.

Solar thermal energy options offer the ability to capture, ciplend store solar
radiation through thermal-fluid based interactions of a workingl fltyipically a molten
salt or heat exchanger based fluid, within its module and enclogtens [2-3]. Despite
initial, high capital investment, solar thermal energy providésiafit solar energy to
electricity power generation at maintainable operating costs@mtdolled conditions [2-
3]. It is of the fluid-thermal and design engineers’ best istdrechoose the appropriate
module and system, by which these physical interactions camrobt&olled and

optimized.

One of the many solar thermal technologies, the cavity reseioans the energy
collection modules for point concentrator solar collectors. The @jolis investigation
is to study the thermo-fluid behavior of a solar cavity receilkis investigation aims to
understand the radiative exchange from the system, as a resiét ohgoing thermal
dynamics of the cavity receiver system and also as of theteaff geometric changes in
the cavity receiver. This dual analysis allows the resulthefinvestigation to further

suggest optimal design conditions for the solar cavity receiver.

In the next few pages, a “Survey of Literature” is presenths will encompass
current research and findings in the solar thermal communitg. the interest of this
investigation to produce unique work that will be of importance to the sodamal
energy community and its imperative the reader understand the cuaxeiting work

undergoing in this field.



Continuing on, the next section explains the objective of this invastigdfiore
so, why this investigation is unique and how potentially it may aiditiakerstanding of
the solar thermal energy community. Given the initial inteoésthe reader, then the
methodology of analysis is explained. The methodology of analyssiiten, assuming
the reader has basic understanding of fluid mechanics, heat itraaste applied
mathematics. Experienced heat transfer and fluid mechanics £xpeytwant to briefly
read through this section, before spending their time in theutReand Discussion”.
Within the methodology of analysis, the solar cavity receiver gegnoétinterest is
outlined and described. A simple theoretical model based on the comsenfagénergy
and radiative exchange between surfaces of interest iaiegglin detail. Given the
wealth of literature on helical coils and the use of these pipsisolar cavity receiver,
appropriate mathematical representations of heat transfer flopenies as a result of
flow in helical coiled pipes is described, with relevant, \atbwn authors cited for their
exciting work. Finally in the methodology of analysis, the progeidf the heat transfer
fluid of analysis are described as well as the appropriaterdilonless variables which
guide the analysis of the thermal behavior of the solar cavity receiver.

The subsequent section holds the results and the discussion of the rEselt
results for 81 different simulation cases as described in AppdBdin relation to
changes in the geometry of the cavity receiver and masgdi@yReynolds number, and
heat convention coefficient of flow, are displayed in accordaoncéhé change in
geometry of the cavity receiver and the effect on the thedya&mics of the cavity
receiver. Appropriate discussion is placed at key junctures as the resuleseribed and
analyzed. The analysis of the results is utilized to suggeshenoptimal design
conditions for a solar cavity receiver given two more additional poputat transfer
fluids.

The conclusion section further details the relative significaridhis work as in
relation to the findings and their respective analysis angbjgcation to current work in
the solar thermal community. Further the conclusion suggests futukeawaiits relation

to the current investigation.



In the last sections of this investigation, appropriate appendiege@sented, so
the reader of interest can further understand and critique the method ofsaobtysice.
Appendix A contains appropriate view factor relationships for sutfaceirface
radiation calculations and Appendix B contains the simulation teescas described in
the “Results and Discussion”. Lastly for the reader’s intesess, of concluding remarks

are included.



Chapter 2. Survey of Literature

Only recently has the interest in the development of novel andeeffidesign of
solar thermal cavity receivers to meet the energy neeithe aforld, been renewed [4-9].
The Solar Hybrid Fuel Project of Japan aimed to develop molteadatailtreceivers with
novel beam down concentrators. These beam down type solar systerestated solar
radiation harvested from a heliostat field of 400 m radius responsive to the £hasga
direction and location [4]. The sunlight was concentrated downwardhatsolar cavity
receiver aperture via compound parabolic concentrator, which tgnedrd [4]. These
results were obtained using a numerical simulation code, which degernthe
temperature distributions of the receiver and the molten salt, dffaots of conductive,
convective, and radiative transfer in the receiver system. Thetigatess found that net
heat transfer rates in the cavity receiver system exhikit&hussian like distribution
behavior with net heat transfer the highest in the middle of #ivitycreceiver [4].
Furthermore the working fluid temperatures reached around 580°C andlaheavity

receiver designs were rated at an efficiency of 90% with thermal output of MQO[#].

The broad exploration of the Solar Hybrid Fuel Project of Japan omemnesy
chapter in the theoretical and numerical investigations of solan#éheavity receivers
and their design. As interested as groups as the Solar Hybtigreject were in general
energy capture and collection in the solar cavity receiver, othems interested in the

details that surrounded the losses from the cavity receiver.

Prakash et. al [5] demonstrated that within a cylindrical gaeteiver system of
length of 0.5 m and internal diameter of 0.3 m, the convective amativ@dheat losses
from the working fluid of water between temperatures of 50-150° C,efdrtine major
constituents of the thermal losses [5]. One of the group’s chiefests was to
numerically understand the heat losses from different orientations of the reavéiver at
0°, 45°, and 90°, unlike the Hybrid Fuel Project, which orientated the caagiver
system just at 90° angle. It was found that the convective ldssesased with increases
in receiver inclination, while losses increased with increasiegmreceiver temperature

[5]. Furthermore the investigation of the wind induced convective$pded the authors



to conclude that head-on-wind of velocity of 1 m/s cause 22-75 % rssa&sland head

on-wind of velocity of 3 m/s cause 30-140% heat losses from the cavity receiver [5]

Further investigation into the orientation of the cavity receivas sonducted by
Kumar and Reddy [6-7], who quantified laminar convective heat lossksadiative heat
transfer through a 2D heat loss model for a modified hemispheraséty receiver.
Similar results as Prakash et. al [5] were demonstraté@%sand 71% of total heat loss
was at 0° inclination and 40% and 59% of the total heat loss was aic8féation for the

modified cavity receiver with an area ratio of 8 at 400°C [6-7].

Fang et. al. [8] approached a similar problem as Kumar and Reitd¢stigation
through a novel approach of solving for, instead of assuming the waliliness, within
a prism like cavity receiver at an inclination angle of 21.8° withorking fluid of water.
The authors utilized the Monte-Carlo method, an intensive iteratstead which relies
of tracking light rays and determining through a probabiliseans whether or not these
light rays are absorbed, reflected, emitted, and/or scattenedtifre medium or interface
of interest [8]. For simplicity of simulation, the scattering the air medium was
neglected [8]. Energy balances were employed, assuming corstapeératures and
emissivities, utilizing radiative heat transfer factors akuwated by the Monte Carlo
method in the packaged software FLUENT, to solve for the temypesatf the surfaces
[8]. It was demonstrated that 48% of the energy gained through solar input wasedec
by the cavity receiver tubes and 26% gained by the receives {&ll The authors
demonstrated the internal wall of the receiver to reach teyes of 280-640° C and
cavity receiver tubes to reach temperatures of 270-430° C [8jvak further
demonstrated that total heat loss increased in wind speed dir@fti80-90° and

decreased in wind speed direction of 90-120° [8].

With the emergence of researchers with a sincere interds mnderstanding of
the convective loss nature of cavity receivers, came the diternaterest in the
understanding of the radiation dynamics of the solar cavityuwecsystem. Shuai et. al
[9], utilized the Monte-Carlo ray-tracing method, as previousbcdeed in Fang et. al
[8], to further understand the radiation dynamics of cavity recasiystems. The authors

studied cavity receivers of cylindrical, dome, elliptical, spla¢riand conical shapes [9].

5



Interestingly it was demonstrated that the spherical caeitgiver exhibited Gaussian
like heat flux distribution at its cavity wall with the highiéneat flux in the middle of the
receiver wall, while the elliptical cavity receiver exidad Gaussian like heat flux
distribution at its cavity wall with the highest heat fluxtee end of the receiver wall [9].
The conical receiver was shown to have a Gaussian like heat §tnbdliion as well,

with the highest heat flux at the end of the cavity receiver wall [9].

Interestingly, despite increased interest in the convectideradiative nature of
the cavity receiver and detailed analytical and numerical solutmnsderstand these
physical dynamics within the cavity receiver, researcheke heeglected the major
effects of the inner module, which stores the energy in the wpikind, on thermal
analysis, function, and efficiency. Solar cavity receivers contiest which are arranged
in a number of shapes and formats [4-9]. Helical coils haventtgckegun to take
interest in the design of solar collector modules [5]. It has been welheedé¢hat flows
in helical pipes behave under certain experimental and mathenyatefined fluid-
thermal characteristics [10-24]. It will be briefly noted ttisse scientific works on the
laminar and turbulent flows in helical pipes are based extensiigerdilexperimentation
with precise measurement techniques as the hot wire method, aat astablished

scientific field of research in their own respect [10-24].

It is the interest of this investigation to further the simulation tools ankougiof
current researchers in the solar cavity receiver communityglbattake a more holistic,
balanced thermal-fluid engineering approach to this exciting probl& simpler
theoretical architecture that models the convective and radiexeleange within the
cavity receiver, focusing on the dynamics of the inner design maalill@llow accurate
simulation results to be generated faster and also allatvedly easier interpretation of
the results for scientists, engineers, designers, and manufadhiszested in furthering

direction in solar energy research, innovation, and implementation.

In the following section, the objective of the investigation and thibadelogy of
analysis will be described. The reader should be careful tamotenique, yet relatively
simple architecture of the analysis in comparison to the more wmaigu studies

described above.



Chapter 3. Objective of | nvestigation and M ethodology of Analysis

Objective

The objective of this study is to develop a simulation method and toahdor
characterization of the radiative and convective heat transfer belava solar cavity

receiver.
The objectives of the simulation method and tool are four-fold:

1) Accurately model the steady state heat transfer, convective radidtive
exchange, between surfaces in the system

2) Optimize the geometric size and spatial conformation of thersysb maximize
heat transfer into the working fluid

3) Support current experimental results in solar energy desigrd Haseature
findings

4) Translate the optimized steady state model into a transient moodemulation,
design, development, and testing purposes of an actual solar cavity receiver

The preliminary objective and the purpose of this investigation, dewelop a
simulation tool that can translate the steady state themmadysis of the system into
corresponding optimization of geometric orientation and working conditionghe

capture, collection of solar thermal energy power.

Geometry of Interest

In order to develop a simulation tool for the thermal and heat férans
characterization of a solar cavity receiver system, itmiperative that the geometric
conformation and spatial orientation of the system is first taken into respect.

A solar cavity receiver system as shown in Figures 1 anp@atly has 4 main

parts

1) The aperture or the small opening for the entry of solar radiation
2) The encasing metallic ring of the aperture (simulated as a flat plate)

3) Metallic helical coils which circumvent the cavity system shape



4) A polished metallic reflector at the bottom of thestem (simulated as a f
plate)

Fig.1. Schematic of a solar cavity receiver (fi view)

Fig.2. Schematic of a solar cavity receiver (side v

The first part of the solar cavity receiver, theedpre, serves an opening to all
incoming, concentrated solar heat flux from thenpaioncentrators into the cavi
receiver system. Thaperture’s diameter plays a crucial role how th&arsflux is
distributed throughout the system. The second phrthe solar cavity system, tl



encasing metallic ring of the aperture, is one that formsaine surface of the top of the

cavity system. This ring is usually insulated.

The metallic helical coils that circumvent the cavity syswmape, in this case
cylindrical, are the most crucial part of the system. Theds contain working fluid,
typically a molten salt or other heat exchanger fluid, which f&dwaried rates, hence
have varying Reynolds numbers and heat convention coefficients. Inizipgnthe
geometric nature and spatial properties of these coils, workind) éhnergy gains and
losses, hence power generation, within the entire system are zgatinliastly the
reflector of the cavity system serves a means to re-disgtriboy heat not already

absorbed by the working fluid, back to the working fluid to maximize energy gains.
Developing a Theoretical Model

In order to analytically and numerically model such geomettly dynamic fluid
and heat transfer changes, the cavity receiver system (Figs. D®)jded into a simpler,
labeled parts. For initial steady state purposes, the soldy caceiver is modeled as in
Figure 3.

Fig.3. Geometry for cavity receiver system with aperture, surface 2 (thelsgptrough
which solar energy enters), lid or surface 1 (top circle), inner helicabicsilrfaces 3-12
(side wall), and reflector or surface 13 (bottom circle).



Figure 3 schematically represents a typical solar caeitgiver system in Figures 1-2,
where the wall surface (surfaces 3-12) represents the intéribbe helical coils. It is our
basic assumption based on the conservation of energy that thaveadiaat flux

incoming to the system, will be mostly transferred to the @it the heat transfer fluid

in the colil at the interior of the coils.

In the case of the cavity receiver, there are numerous instances of multheaide
transfer. It was the initial goal to model the radiatieat transfer phenomena accurately,
specifically focusing on the surface-to-surface heat exchemges cavity system. The
incoming heat flux into the aperture will quickly raise the terapge of the aperture;
hence initiate a series of heat transfer exchanges amtiregsurfaces in the cavity

system enclosure.

Surface to surface heat exchange in a gray enclosure isdibfiresssuming each
surface within the enclosure to be isothermal, hence chaemctdyy a uniform radiosity
and irradiation [25]. Furthermore the medium within the enclosureakent to be
nonparticipating. It is by the net radiative flux, tpat the associated temperature of the

surface is determined [25].

Applying an energy balance to any arbitrary surface in anosma, as the
aperture in the cavity receiver system, the net rate at wédtation leaves the surface, is

equal to the difference between the surface radiosity and irradiation (1),[25].

ai =Ai*(Ji — G) (1)

Ji = Ei+pi*G (2)

Plugging equation (2) into equation (1) and utilizing= 1 — €,

results in equation (3).

€ * Ai) (3)

q; = (Eb; —J;) *(1 ~e

10



Whereq; is the net radiative flux of the surfaak, is the area of the surfack,is the
incoming radiative flux of the surfac§;is the outgoing radiative flux of the surfadg,
is the emissive power of the surfaeg,is the emissivity of the surface, apdis the

reflectivity of the surface.

Equation (3) gives a net radiative heat transfer rate fronsthi@ace given the
known temperature values, as relation to the black body emissive pbwe surface,

Eb, and the outgoing radioisities of the surfacg®5].

Utilizing the concept of a view factor [25], which geometricdilhiks the fraction
of the radiation leaving an arbitrary surface and intercepteal fgighboring surface (4-
6), we can relate incoming heat fluxes to an arbitrary seirfemm exchanges with

neighboring surfaces in the same enclosure (7-9).

1 Sy fA]. cos(6;) * cos(6;) (4)
ij:A_i* T RZ * dA; * dA;
u (6)
j=1

N (7)
A; * G =ZA1*F11' *Jj
j=1

WhereFj; is the view relationship between surfacgsando; are the angles

of orientations of the surfaces, and R is the distance between the surfaces.

Utilizing equations (1, 5-6) and reducing equation (7) results in equation (8).

(8)

N N
di :Ai*(zFi]‘ *]i_EFi]‘ *J;)
=1 =1

11



Equating equation (3) to equation (8) results in equation (9).

9)

As the case with different spatial orientations of geometry, vibev factor
relationships change and values behave according to the definedactewrtlationship
expression. For the purposes of this study, all view factor relatmnsand sample

calculations used are included in Appendix A.

It is from equation (9), that we receive the net radiativetfaeatfer rate at an
arbitrary surface, given known temperatures and emissivitiagrfaices, and view factor

relationships amongst surfaces.

As explained earlier, in gray enclosures, all surfacessatharmal, and hence
have a constant temperature once thermal equilibrium is obtainedodfi¢cal to assume
at a given surface, the net energy balance should be zemw, naartain that constant
temperature of the surface, amongst interactions with othercesrémd losses/gains by

conduction and convention.

As in the case of Figure 3, net energy balances must equate torzall surfaces
in order to complete the initial objective of identifying changeshermal dynamics
within the cavity system. The energy balances for Figuree3jwen by equations (10-

12), utilizing equation (9) as the basis of the radiative exchanges betweenssurface

12



Energy Balance for Reflector and Lid

13
A T — Ty (kfie * (Tie = Top) * Ay)
Qr = 0=o0x 1—£j -

1 1—-¢&g t

(10)

J=1 Sj*Aj Ak*ij Ex*Ag

Where k=1,13

Energy Balance for Aperture

13 4 4

-1
g, =0=o0* Z % T T (hy x Ay * (T, — To)) + gsolar  (11)

J=lejxAj ~ AprFaj  &3%A;

Energy Balance for Helical Coils

13

T —T?
l
q=0=o0x E i-g; — ;Wi A (Ti= Ti) (12)

j=1 €]‘*A]' Ai*Fi]' Ej*A;

Where i=3t0 12, Ty = = * (Tf0; + Tfi;)

Where Tand T are temperatures of the surfaceg,gthe mean temperature of the fluid,
kfx is the thermal conductivity of the surface,i$the heat convection coefficient of the
aperture, gsolar is the incoming solar flux, Tifothe outlet fluid temperature, Tts the

inlet fluid temperature, ang is the Stefan-Boltzmann constant.

As explained earlier, at the top of the cavity system, thelidtd is insulated
(10) and the aperture experiences both convective losses to the atm@spghbeat gains
from the incoming solar flux, gsolar, which is arbitrary forialipurposes (11). At the
wall sections of the helical coil, there is convection from waykftuid flow with
radiative heat transfer solely reliant on exchanges with tighbeiing surfaces in the
enclosure (12). The heat convention coefficient, fof the working fluid in the helical
coil is calculated using the following procedure (13-19).

_ di?
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p v+ di (14)

Rep =
b n
! (15)
Pr = =
r=cp* K
Reritical = 2100 * (1 4 12 * §°5) (16)
If ReD < Recritical
1
3
Nup = 3.65 + 0.08 * [1 + 0.8 * 8°°] % Prx Rell 17)
wherem = 0.5 + 0.2903 * §%1%94
If ReD > Recritical
0.4
Nup = 0.023 * Re38> x Prx §°1 (18)
k (19)
hfi = NuD * a

Given the mass flow ratéy, as designated by the velocity flow choice, v, the
Reynolds number, Reis calculated using di, the diameter of the pipe, density of fhuid,
and viscosity of fluid,p (13-14) and subsequently the Prandtl number, Pr, can be
calculated utilizing cp, specific heat of the fluid (15). Utigi the well known
relationship, as mathematically described by Srvinvasan in 1968 [16]critieal
Reynolds numberReitical, fOr the transition from laminar to turbulent flow, can be
calculated via equation (16), wheés the ratio of diameter of helical coil to diameter of
the coil pipe. If the Reynolds number, is less than that of theatreynolds number,
then the Nusselt number, pufor laminar flow, as determined mathematically and
numerically by Ling, Zhang, and Ebadian in 1996 [24], can be calculadedquiation
(17). If the Reynolds number is greater, the Nusselt number fourtnaent flow can be
determined as described by Rogers and Mayhew [18] in 1964 layi@y18). Given
laminar or turbulent flow, equation (19) is utilized to determine thet kenvection
coefficient, hf, of the working fluid, given the correct Nusselt number (17-18).

14



For the preliminary investigation and design of a simulation inobmpressible
flow satisfying the continuity equation, neglecting frictionsmperature dependent
properties, pressure drop effects was assumed, hence the heattioongoefficient of
the working fluid was constant, no matter the geometric locatidmnvcoil. Utilizing
this information and additional emissivities, geometrical, playgcoperties of surfaces,
the set of non-linear equations can be solved simultaneously (10+Hexhoice for the

non-linear solver, was “fsolve”, apart of the MATLAB software package 2011.

The non-linear equations given by equation (10-12), would not only solvieefor
wall temperatures of the cavity receiver system, but alse/dinking temperatures within
the cavity receiver system via equation (12). Taking into mind ti&atsystem is
insulated, other than the aperture and helical coil, it is logicabsume that the majority
of the solar flux input, gsolar, would be received by the helicdlpipes based on the
conservation of energy. From equation (12), it can be demonstrated that

hf; * A; * (T; — Tyy;) = m * cp * (Tfo; — Tfi;) (20)
wherei=3to0 12, T,; = %* (Tfo; + Tfi;)

the energy gained and retained by the flow in the helical pipesguilal the convective
energy loss to the atmosphere, as a result of the convective oaflow (20). This in
return should equal the solar input, gsolar, into the system.

It is imperative to understand that this theoretical framewamnkg$ the backbone
of the present simulation model and the relative measure otdtgaxy. Failure to
satisfy to the equations directly disqualifies the prelimidagytimacy of the simulation

tool and method.

Solution of the non-linear set equations given the correct simulai@n will
result in accurate working fluid temperature and heat flux iligion of the cavity
receiver. More importantly the temperature and heat flutiloigion with the helical

coils can relay analysis into the potential design and optiizatf solar cavity

15



receivers. Finally these distributions can be lead to analy$ie energy generatedyck

(21) and efficiency of the system, (22).

Egen = 1 * cp * (Tfo; — Tfi;) (21)

E 22
e= () « 100% =

Specifications of the Theoretical M odel

For the interest of this study, the working fluid temperatuedus Solar Salt
[26], the heat transfer fluid of 60% NaN0O40% KNG composition with physical

properties as defined in Table 1.

Table 1. Working heat transfer fluid properties for Solar Salt, 60% NaMQ% KNG

Melting | Specific Heat @  Density @ Viscosity @ Thermal
point | 400 C (J/(kg*K) 400 C (Pa*s) Conductivity @
(K) 400 C (kgim 400 C (W/(m*K))
495 2,660 1,840 0.0017 0.55

It was of the interest to study the effects of changes in gggnn the cavity
receiver system on the working fluid temperature and heat diskibution. As
previously described, changes in the geometric properties of contpdnethe system,

will directly influence the thermal dynamics and outcome of the caviteBy.

For the purpose of this study, several cases, cases A throughlég13-5), were
chosen in relation to changes in geometry of the cavity receingth, aperture diameter,
and helical coil pipe diameter. The dimensionless parametersed éathrough | are as

defined as in Table 2.

16



Table 2. Cavity receiver geometric dimensionless variables and definitions

Dimensionless Physical Definition Symbolic
variables Definition
1 Ratio of Length of Cavity Receiver L/Lc
to

Length of Helical Coil

h Ratio of Length of Cavity Receiver L/Dc
to
Diameter of Cavity Receiver

a Ratio of Diameter of Cavity Receiver Dc/Da
to
Diameter of Aperture

b Ratio of Diameter of Cavity Receiver Dc/Do
to
Diameter of Helical Coil

C Ratio of Diameter of Helical Coil Do/Da
to

Diameter of Aperture

e Ratio of Length of Cavity Receiver L/Da
to
Diameter of Aperture
) Ratio of Diameter of Helical Coll di/Do
to

Diameter of Coil Pipe

N Ratio of Length of Helical Coill Lc/di
to

Diameter of Helical Pipe

17



Table 3. Case A, B, and C for changing length of cavity receiver

Case| Description I h a b C e ) N
A Tightly Packed | 1.1 | 1.4 | 80 | 1.0| 8.0 | 11.0 | 0.015| 83.0
(L=110 cm)
B | Medium Packed 15 | 19| 80 | 1.0, 8.0 | 150 | 0.015| 83.0
(L=150 cm)
C Loosely Packed 2 | 25| 80 | 1.0/ 80| 200 | 0.015| 83.0
(L=200 cm)

Table4. Case D, E, and F for changing diameter of aperture

Case Description I h| a b C e d N
D Small Gap 11| 14| 80 [1.0| 80 |11.0| 0.015| 83.0
(Da=10 cm)
E Medium Gap | 1.1 | 14| 40 |1.0| 40 55 | 0.015| 83.0
(Da=20 cm)
F LargeGap | 1.1 | 14| 13 | 10| 13 18 | 0.015| 83.0
(Da=60 cm)

Tableb. Case G, H, and | for changing diameter of helical coll

Case| Description I h a b C e [} N
G Small Pipe 11| 14| 80| 1.00 8.0/ 11.00.015 | 830
(di=12 mm)
H Medium Pipe | 1.1 | 14| 80| 1.00 8.0/ 11.00.025 | 50.0
(di=20 mm)
I Large Pipe 11| 14} 80| 1.0 8.0/ 11.00.050 | 25.0
(di=40 mm)

Each of the cases A through | listed in Tables 3 to 5 repregentsarametric
variations in length and diameter of the cavity receiver a§ as diameter of the
aperture. These are evaluated for 3 different inlet flow velscdred 3 different solar
fluxes, resulting in 81 different cases simulated to further nstaled the effects of
various parameters on the thermal behavior leading to an optimghdefsithe solar
cavity receiver system. These 81 different cases are deganbAppendix B. For all
simulation cases, it is assumed that the emissivity propeftitege system are as given in
Table 6.

18



Table 6. Emissivities of surfaces

System Component Surface £
Aperture 2 1.00
Lid 1 0.90
Reflector 13 0.10
Helical Coil Wall 3-12 0.95

Areas of the surfaces can be calculated, using equations (23-26).

Area of Lid Dc? Da? (23)
* — *
i 2 T * (. 2 )
Area of Da? (24)
Aperture T ( 4 )
D
oo o (G =
k —) *k * | —
= ((C 2 ) cos(0) ™\2
Area of (t*Drxdi) * (E) (26)
Helical Coil di

10

Where Dc is the diameter of the cavity receiver, Da is taenéier of the aperture, Dr is
the diameter of the reflector, Lc is the length of cavityikereand di is the diameter of

the pipe. Finally for all simulation cases, the following properéire assumed for initial
purposes.
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Table 7. Properties of solar cavity receiver

T, 273 K
Tinlet 350 K
h, 20 W/(nf*K),
kf 0.09 W/(m*K)
t 1,000 mm

Where T, is the outside air temperaturggl is the inlet fluid temperature; s
the heat convection coefficient of the aperture, and t is the thickness o¥itlyer@eeiver

wall insulation.

In conclusion, the objective of the investigation and the methodology ofsenaly
have been presented. The analysis presented is relatively snifgleéheoretical nature,
but provides a way to quantify and characterize the thermal dgsaofithe cavity
receiver. In the following section, the results and discussitinb@ipresented for the

simulation test cases (Appendix B).
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Chapter 4. Results & Discussion

The objective of this study was to develop a simulation method andawith
parametric study a tool for the characterization of the theamélheat transfer behavior
of a solar cavity receiver. In accordance with the initiakotiye of the development of a
simulation tool and method, the set of non-linear equations (10-12)seked for the

cases A through C given in Tables 3 to 5.

Effect of Cavity Receiver Length on Thermal Dynamics of System

The first parameter considered for study is the effect ofaley receiver length
on the thermal dynamics of the cavity receiver. The resultthede findings would

provide an initial point to complete the first two of four objectives in this invesiigati

The non-linear solutions to the set of equations for an inlet veloiciyl m/s and
solar input of 1 kW, for case A through C, demonstrated a more rapidsteonger
increase in working fluid temperature for case A, referringhéotightly packed system
than case B and C, medium and loosely packed systems respe(iafely 3), across

fractional depth into the cavity receiver (Fig. 4).
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Fig.4. Effect of coil packing in cavity receiver on working fluid temperatureése
A,B, and C (I=1.1, 1.5, and 2) for inlet velocity of 0.1 m/s, gsolar of 1 kW, laminar
Reynolds number of 1,300, and heat convection coefficient of 850%¥)m
An energy balance given the temperature values as solved fagure #, was
conducted according to relationships for surfaces in equation (10-IRicl check of

the energy balance for the solution yields the accuracy of this model (Fig. 5)
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Fig.5. Energy balance for solution of case A,B, and C (I=1.1, 1.5, and 2) for inlet yelocit

of 0.1 m/s, gsolar of 1 kW, laminar Reynolds number of 1,300, and heat convection
coefficient of 850 W/(frK).

As the solar input, increased from 1 kW to 10 kW, similar behavisregiced,

but at higher temperatures (Fig. 6).
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Fig.6. Effect of coil packing in cavity receiver on working fluid temperature &sec
A,B, and C (I=1.1, 1.5, and 2) for inlet velocity of 0.1 m/s, gsolar of 10 kW, laminar
Reynolds number of 1,300, and heat convection coefficient of 850%%)m
As gsolar is increased 1 to 10 kW, for laminar flow, 0.1 m/s, Reymldser of
1,300, the final outlet temperature increased from 367 K to 550 K (Fig.GaSe A
experiences more rapid and stronger working fluid temperature dcactisnal cavity
depth into receiver, than cases B and C, which experience singfaases in working

fluid temperature (Figs. 4,6).

As inlet velocity, increased to 1 m/s, Reynolds number of 13,000, smaller
increases in working fluid temperature across fractional yalapth into receiver for
case A through C was observed for both 1 and 10 kW (Figs. 7,i8pbserved that for
the 1 and 10 kW solar input, the difference between the inlet and wumtipérature is a
10-fold decrease going from laminar to turbulent flow (Figs. 4, 6, 7, and 8).
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Fig.8. Effect of coil packing in cavity receiver on working fluid temperature &sec
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Further investigation into the heat flux distribution for the coil, dernatesl that
as the inlet velocity increased from 0.1 to 1 m/s, Reynolds nundarir300 to 13,000,
cases A, B exhibited a net heat transfer distribution with al lo@ximum, with the
maximum net heat transfer rate occurring around 0.3-0.4 and 0.1 oathierfal cavity
depth into the receiver respectfully, while case C, which relkates loosely packed

system or one in which “I” is 2, exhibited a linear decrease tileat transfer rate with

increasing cavity depth (Figs. 9, 10, 11, and 12).
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Fig.9. Effect of coil packing in cavity receiver on working fluid temperature ésec

A,B, and C (I=1.1, 1.5, and 2) for inlet velocity of 0.1 m/s, gsolar of 1 kW, laminar
Reynolds number of 1,300, and heat convection coefficient of 850%¥%)m
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Fig.11. Effect of coil packing in cavity receiver on net heat transfer rateafe A, B,
and C (I=1.1, 1.5, and 2) for inlet velocity of 1 m/s, gsolar of 1 kW, turbulent Reynolds
number of 13,000, and heat convection coefficient of 5,050 ¥(m
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Fig.12. Effect of coil packing in cavity receiver on net heat transfer rateafe A,B, and
C (I=1.1, 1.5, and 2) for inlet velocity of 1 m/s, gsolar of 10 kW, turbulent Reynolds
number of 13,000, and heat convection coefficient of 5,050 ##(m
Intuitively, as the length of the cavity receiver increasesn asmse C, the view
factor relationship between the aperture and the neighboring sudace=ases, hence
radiative exchange of the incoming solar flux from the apertarthe other surfaces is
weaker than in cases A and B, which are more tightly compagttdms. As a result,
weaker view factor distributions for the middle and bottom of thetycagceiver, do not

receive as much radiation as the top of cavity receiver (Figs. 9-12).

In contrast to case C, where the system is loosely packed, \aetor f
relationships for tightly packed systems as cases A and Byeimid-section of the
helical coil are stronger from influences from the aperture @gmdobttom sections of the
helical coil. This in return correlates to stronger and mopédrancreases in working
fluid temperature in the midsection of the coil and overall higherkwg fluid

temperatures for tightly packed systems (Figs. 4, 6, 7, and 8).

From these simulation results, it can be observed that this miatigl &bides by

the basic, intuitive theoretical architecture, by having enéa@gnces of the system
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equate to zero as demonstrated in Figure 5. Further the results pioitide
understanding of the thermal dynamics of the system, given vaditgingvelocities and

solar inputs.

It is finally concluded from this analysis, that a more tiglpi¢ked system, case
A, provides higher working fluid temperatures and heat transfer liistomns, given

varied flow rates and solar inputs.

Effect of Aperture Diameter on Thermal Dynamics and L osses of System

With initial confidence in the simulation tool, attention was turnedtte
understanding of the aperture and its relative size. As descrililed Table 4, case D, E,
and F correspond to varying aperture sizes, 10-60 cm, with dimerssiordiies for a

and c of 8, 4, and 1.3 respectively.

It was observed, for both solar inputs of 1 and 10 kW with flows of Reynolds
number of 1,300 and 13,000 and heat convection coefficient of 850 and 5,058KYy/(m
respectively, the larger the cavity receiver to apertumaelier ratio, “a”, as in the case of
D, the stronger and more rapid increases in working fluid temyserat comparison to

cases as E and F, with smaller, “a” ratios, 4.0 and 1.3 respectively (Fit8).13-
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Fig.14. Effect of aperture diameter on working fluid temperature for case D, E, and F (
and c=8,4, and 1.3), for inlet velocity of 0.1 m/s, gsolar of 10 kW, laminar Reynolds
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Fig.16. Effect of aperture diameter on working fluid temperature for case D, E, and F
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Noticeably these rapid and strong increases in working fluid tetyse are more

noticeable in laminar flow (Figs. 13-14) than turbulent flow (Figs. 15-16).

Further investigation into the net transfer rate across theahebil, demonstrated
that case D exhibited a net heat transfer distribution withitdfieest local maximum in
comparison to cases E and F, with maximum net heat transfeyaeurring at fractional
cavity receiver depth of 0.3-0.4 (Figs. 17-20).
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Fig.17. Effect of aperture diameter on net heat transfer rate for case D, E(amahdrc

=8,4, and 1.3), inlet velocity of 0.1 m/s, gsolar of 1 kW, laminar Reynolds number of
1,300, and heat convection coefficient of 850 W)
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Fig.18. Effect of aperture diameter on net heat transfer rate for case D, E(amadFc
=8,4, and 1.3), for inlet velocity of 0.1 m/s, gsolar of 10 kW, laminar Reynolds number
of 1,300, and heat convection coefficient of 850 V.
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Fig.19. Effect of aperture diameter on net heat transfer rate for case D, E(amadFc
=8,4, and 1.3), for inlet velocity of 1 m/s, gsolar of 1 kW, turbulent Reynolds number of
13,000, and heat convection coefficient of 5,050 ik
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Fig.20. Effect of aperture diameter on net heat transfer rate for case D, E(amadFc
=8,4, and 1.3), for inlet velocity of 1 m/s, gsolar of 10 kW, turbulent Reynolds number of
13,000, and heat convection coefficient of 5,050 ik

It is demonstrated that increasing the aperture size, aasen[@ to F, results in
lower magnitudes of net heat transfer rates despite sim@ar distribution behavior
(Figs. 17-20). Furthermore net heat transfer rates decnessdaminar (Figs. 17-18) to
turbulent (Figs. 19-20) flow for both 1 and 10 kW, corresponding to 0.0210 kgk§\pe
and 0.0021 kg/s per kW for laminar flow and 0.2081 kg/s per kW and 0.02081 kg/s per

kW for turbulent flow respectively.

This observation is further evidenced in studying the energy ggoerand
efficiency of the helical coil system, as increasing thertare size for laminar flow,
results in 60-70% efficiency decrease as in the case of D(Talile 8). Interestingly
increasing solar input from 1 to 10 kW, for 0.021 kg/s per kW and 0.002Jp&gleV
for laminar flow and 0.2081 kg/s per kW and 0.02081 kg/s per kW for turbulent flow
respectively, results in not only an increase in energy gemerddut also increase in

efficiency (Table 8). It is demonstrated that for casdoEJaminar flow, an increase
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from 1 kW, 0.021 kg/s per kW, to 10 kW, 0.0021 kg/s per kW results in an sechean
56% to 97% efficiency of the system (Table 8).

Table 8. Energy input and efficiency for geometric cases D-F.

Case kg/s per kKW a c Egen(W) € (%)
D 8 8 973 97
E 0.021 4 4 564 56
F 1.3 1.3 216 22
D 8 8 10,000 100
E 0.0021 4 4 9,700 97
F 1.3 1.3 7,310 73
D 8 8 979 98
E 0.2081 4 4 568 57
F 1.3 1.3 220 22
D 8 8 10,000 100
E 0.02081 4 4 9,800 98
F 1.3 1.3 7,420 74

Interestingly it noted that case D achieves close to orIpctl@0% efficiency
(Table 8). Case D, correlates to an aperture diameter of 1@vitma cavity receiver
diameter of 80 cm, hence it reasonable to deduce based on thetitla¢@rchitecture,
that very little losses will occur at the aperture, hencéhallsolar input will be captured

by the working fluid.

It is evident from these results, decreasing the apertuee rgigults in higher
working fluid temperatures and net heat transfer rates as casigeD. As flow velocity
increases from 0.1 to 1 m/s, 0.021 kg/s per kW and 0.0021 kg/s per kW forrlfiomna
and 0.2081 kg/s per kW and 0.02081 kg/s per kW for turbulent flow respectively, the
working fluid temperature and net heat transfer rates decr@aseresult of flow induced
convection increases, but the net transfer rate distribution behaVicgratins the same
whether laminar or turbulent (Figs. 13-20). Further it is intargsto observe, that
increasing the solar input leads to not only increases in ergggerated, but more

sustainable efficiency levels, whether laminar or turbulent flow.

It is concluded based on these calculations, aperture size mitdmjzgiven a

strong, sustainable solar source leads to higher energy generation aedasflievels.
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Effect of Helical Pipe Diameter on Thermal Dynamics of System

The heart of the solar cavity receiver system lies with Itiedical coil
arrangement. As stated earlier, given the system is indulateder conservation of
energy, the coil must absorb the majority of the solar input fioenaperture. The
diameter of the helical pipe directly affects the flow andrmtta characteristics of
working fluid, hence determining how well the helical coil absorbaiagrity of solar
input. For purposes of this study, the diameter of helical pipe hasged from 12 to 20
to 40 mm, corresponding to case G, H, and |, with varying curvature araentumnns of
the helical coil (Table 5).
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Fig.21. Effect of helical pipe diameter on work fluid temperature (K) through coill
segment for case G,H, andSEQ.015, 0.025, and 0.050), for inlet velocity of 0.1 m/s,
gsolar of 1 kW, laminar Reynolds number of 1,300, 2,200, and 4,300 and heat convection
coefficients of 850, 733, and 650 WAK) respectively.
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Fig.22. Effect of helical pipe diameter on work fluid temperature (K) through coll
segment for case G,H, anddEQ.015, 0.025, and 0.050), for inlet velocity of 0.1 m/s,
gsolar of 10 kW, laminar Reynolds number of 1,300, 2,200, and 4,300 and heat
convection coefficients of 850, 733, and 650 WH{K) respectively.
It was observed, as diameter of helical pipe increased from 4@ inm, case G
to I, the working fluid experienced smaller increases in tenyreravith increasing
cavity receiver depth, for laminar flow Reynolds number of 1,300, 2&08,4,300
(Figs. 21-22). Interestingly as turbulent flow was onset, atrile¢ velocity of 1 m/s,
Reynolds number of 13,000, 22,000, and 43,000, the working fluid demonstrated

similar linear behavior for temperature increases for caseg4.(23-24).
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Fig.23. Effect of helical pipe diameter on work fluid temperature (K) through coll
segment for case G,H3%£0.015, 0.025, and 0.050), for inlet velocity of 1 m/s, gsolar of
1 kW, turbulent Reynolds number of 13,000, 22,000, and 43,000 and heat convection
coefficients of 5,050, 4,900, and 4,750 WHK) respectively.
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Fig.24. Effect of helical pipe diameter on work fluid temperature (K) through coill
segment for case G,H, and5EQ.015, 0.025, and 0.050), for inlet velocity of 1 m/s,
gsolar of 10 kW, turbulent Reynolds number of 13,000, 22,000, and 43,000 and heat

convection coefficients of 5,050, 4,900, and 4,750 \R¥respectively.

Further investigation into the net heat transfer rate of the aimgmameter of
helical pipe, demonstrated for laminar flow, case G, H, and |, k0&lper kW, 0.058
kg/s per kW, and 0.23 kg/s per kW for 1 kW respectively and 0.0021 kg/s per kW, 0.0058
kg/s per kW, and 0.023 kg/s per kW for 10 kW respectively, exhibited a distribution with
a local maximum, with fractional cavity receiver depth of 0.3-OXpegencing the
highest net heat transfer rate (Figs. 25-26). And as obseavigsr ethe onset of turbulent
flow, for case G, H ,and I, 0.2081 kg/s per kW, 0.580 kg/s per kW, 2.31 kg/s pfarkwW
1 kW respectively and 0.02081 kg/s per kW, 0.0580 kg/s per kW, and 0.231 kg/s per kW
for 10 kW respectively, results in similar behavior of fluid and tlarcharacteristics of

the flow, as evidenced by behavior of the net heat transfer rates (Figs. 26-27).
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Fig.25. Effect of helical pipe diameter on work fluid temperature (K) through coill
segment for case G,H, anddEQ.015, 0.025, and 0.050), for inlet velocity of 0.1 m/s,
gsolar of 1 kW, laminar Reynolds number of 1,300, 2,200, and 4,300 and heat convection
coefficients of 850, 733, and 650 WAK) respectively.
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Fig.26. Effect of helical pipe diameter on work fluid temperature (K) through coill
segment for case G,H, anddEQ.015, 0.025, and 0.050), for inlet velocity of 0.1 m/s,
gsolar of 10 kW, laminar Reynolds number of 1,300, 2,200, and 4,300 and heat
convection coefficients of 850, 733, and 650 WH{K) respectively.
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Fig.27. Effect of helical pipe diameter on net heat transfer rate (W) througkegnent
for case G,H, and BEO0.015, 0.025, and 0.050), for inlet velocity of 1 m/s, gsolar of 1
kW, turbulent Reynolds number of 13,000, 22,000, and 43,000 and heat convection
coefficients of 5,050, 4,900, and 4,750 WHK) respectively.
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Fig.28. Effect of helical pipe diameter on net heat transfer rate (W) througbempient
for case G,H, and BE0.015, 0.025, and 0.050), for inlet velocity of 1 m/s, gsolar of 10
kW, turbulent Reynolds number of 13,000, 22,000, and 43,000 and heat convection
coefficients of 5,050, 4,900, and 4,750 WHK) respectively.

It is apparent that changes in the helical pipe diameter,ildresault in shifts in
the fluid and thermal characteristics of the pipe flow. Hencee@sing the helical pipe
diameter, will not only increase the Reynolds number, criticgh®eds number, but also
increase the Nusslets number. As turbulent flow is onset, the cerv@tig also almost
negligible, hence the diameter of the helical pipe, playsatgest role, in determining
the heat convection coefficient of the flow. Even as diameter dfal@al pipe increases,
turbulent flow experiences relatively similar heat convection fimoefits of flow,
accounting for the behavior of the working fluid temperature and netraeater rates of
the coil (Figs. 23, 24, 27, and 28).

It is speculated that increasing the helical pipe diameterdp@3® mm, will result
in lower heat convection coefficients of flow, and given an increassss flow rate, the

outlet temperature of flow will be significantly lower than those for pipelow 100 mm.
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Summary of Geometric Effects on Thermal Dynamics and L osses of System

The following investigation details the effects of the caviegeiver length,
aperture diameter, and helical pipe diameter on the thermamilyaf the cavity
receiver. In summary, it is demonstrated that tightly pagystems, 1=1.1 and h=1.4,
demonstrate higher working fluid temperatures for both lanandrturbulent conditions
in comparison to medium and loosely packed systems, 1=1.5, h=1.9, I=2, and h=2.5

respectively in Figs. 29-30.
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Fig. 29. Effect of coil packing in cavity receiver on working fluid temperature &sec
A,B, and C (I=1.1, 1.5, and 2) for inlet velocity of 1 m/s, gsolar of 10 kW, laminar
Reynolds number of 1,300, and heat convection coefficient of 850%%)m
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Fig.30. Effect of coil packing in cavity receiver on working fluid temperatureése
A,B,and C (I=1.1, 1.5, and 2) for inlet velocity of 1 m/s, gsolar of 10 kW, turbulent
Reynolds number of 13,000, and heat convection coefficient of 5,050°%)m
Tightly packed systems, |1=1.1 and h=1.4, not only demonstrate higher working

fluid temperatures, but also net heat transfer distributions with local mawithehighest
net heat transfer rate in the middle of the cavity receivegnmparsion to loosely packed
systems, 1=2 and h=2.5, which have decreasing linear like netréwesfiet distribution
with increasing fractional cavity receiver depth for both famiand turbulent flow
conditions (Figs. 31-32).
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Fig.31. Effect of coil packing in cavity receiver on net heat transfer for casgaf\@BC
(I=1.1, 1.5, and 2) for inlet velocity of 0.1 m/s, gsolar of 10 kW, laminar Reynolds
number of 1,300, and heat convection coefficient of 850 WKjn

46



2600i

° o ® =11 h=14
oa00L m ° R ¢ =15 h=1.9
.4 N B =2, h=25
L4 ] °
< 2200 ¢
2 i | o
o ) ¢
5 | | [
2000+ ¢
[0}
‘% n . °
F 18001 e
3 u .
E | |
2 1600} ¢
)
1400 -
1200 | | | | | | | | |
01 02 03 04 05 06 07 08 09 1

Fractional Cavity Depth into Receiver

Fig.32. Effect of coil packing in cavity receiver on net heat transfer for casgaf@BC
(I=1.1, 1.5, and 2) for inlet velocity of 1 m/s, gsolar of 10 kW, laminar Reynolds number
of 13,000, and heat convection coefficient of 5,050 &
The investigation of the effect of aperture diameter demoadtthtt increasing
aperture size, from a=8.0, ¢=8.0, e=11.0 to a=1.3, ¢=1.3, and e=1.8, resultsrin lowe

working fluid temperatures for both laminar and turbulent conditions (Figs. 33-34).

47



560

® a=8.0,c=8.0, e=11.0 [
540 ¢ a=4.0, c=4.0, e=5.5 °
B  a=1.3,¢=1.3 e=1.8 ) .
520+
X *
= 500}
()
E *
©
o L [ |
5 480 ° * -
£ | |
@ 460
|_
) ® .
>
T 440 . .
o)) | |
c
£ °
X
< 420 . -
=
400+ z
3801 u
360‘ | | | | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fractional Cavity Depth into Receiver

Fig.33. Effect of aperture diameter on working fluid temperature for case D, E, and F (
and c=8,4, and 1.3), for inlet velocity of 0.1 m/s, gsolar of 10 kW, laminar Reynolds
number of 1,300, and heat convection coefficient of 850 WKjn
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Fig.34. Effect of aperture diameter on working fluid temperature for case D, E, aad F (
and c=8,4, and 1.3), for inlet velocity of 1 m/s, gsolar of 10 kW, turbulent Reynolds
number of 13,000, and heat convection coefficient of 5,050 ¥#(mn
Similarly, increasing the aperture size, from a=8.0, ¢=8.0, e=1161t8,ac=1.3,
and e=1.8, resulted in lower net heat transfer distributions, despitiar distribution

behavior for varying aperture size for both laminar and turbulent conditions (Figs..35-36)
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Fig.35. Effect of aperture diameter on net heat transfer rate for case D,E (arahd
c=8,4, and 1.3), for inlet velocity of 0.1 m/s, gsolar of 10 kW, laminar Reynolds number
of 1,300, and heat convection coefficient of 850 V.
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Fig.36. Effect of aperture diameter on net heat transfer rate for case Oj E,(arand
c=8,4, and 1.3), for inlet velocity of 1 m/s, gsolar of 10 kW, turbulent Reynolds number
of 13,000, and heat convection coefficient of 5,050 kK
The investigation lastly concluded that decreasing helical pipefstan5=0.050,
N=25.0 t06=0.0015, N=63.0, resulted in higher working fluid temperatures for both

laminar and turbulent conditions (Figs. 37-38).
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Fig.37. Effect of helical pipe diameter on work fluid temperature (K) through coll
segment for case G,H, anddEQ.015, 0.025, and 0.050), for inlet velocity of 0.1 m/s,
gsolar of 10 kW, laminar Reynolds number of 1,300, 2,200, and 4,300 and heat
convection coefficients of 850, 733, and 650 WH{K) respectively.
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Fig.38. Effect of helical pipe diameter on work fluid temperature (K) through coill
segment for case G,H, and£0.015, 0.025, and 0.050), for inlet velocity of 0.1 m/s,
gsolar of 10 kW, laminar Reynolds number of 1,300, 2,200, and 4,300 and heat
convection coefficients of 850, 733, and 650 W) respectively.
Lastly for given laminar and turbulent flow conditions, smallerda¢lpipe diameters,
6=0.0015, N=63.0, result in higher net heat transfer distributions, with ghestiheat
transfer at the middle of the cavity receiver, in comparisonatgef helical pipe
diametersy=0.050, N=25.0 (Figs. 39-40).
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Fig.39. Effect of helical pipe diameter on work fluid temperature (K) through coill
segment for case G,H, andSEQ.015, 0.025, and 0.050), for inlet velocity of 1 m/s,
gsolar of 10 kW, turbulent Reynolds number of 13,000, 22,000, and 43,000 and heat

convection coefficients of 5,050, 4,900, and 4,750 \i#frespectively.
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Fig.40. Effect of helical pipe diameter on net heat transfer rate (W) througkegnent
for case G,H, and BE0.015, 0.025, and 0.050), for inlet velocity of 1 m/s, gsolar of 10
kW, turbulent Reynolds number of 13,000, 22,000, and 43,000 and heat convection
coefficients of 5,050, 4,900, and 4,750 WHK) respectively.
From these three separate investigations, it is concluded thatisualogesign of
a cavity receiver would be one that would be tightly packed, mindriiz@perture and

helical pipe diameter.
Towardsthe Design of an Optimal Solar Cavity Receiver System

The following results and analysis, demonstrate not only the tyaladi the
theoretical model and the simulation tool in respect to modelingratimtive and
convective heat transfer in the system, but also give insight iossilppe design

specifications for a solar cavity receiver.

The current modeling of the cavity receiver has been done fatystgeerating
conditions for a few parametric variations. Since it does notitdkeaccount transient
behavior, further work is needed before these results can beadgbplfor a solar thermal
cavity receiver design. As mentioned eatrlier, this model accoontbd conservation of

continuity and energy, neglecting friction, temperature dependemegty changes,
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pressure drops, and other atmospheric interactions e.g. heating omtiepla¢ric gas
inside the cavity receiver. These results, rather through a nwhbéferent geometric
conformations and fluid-thermal characteristics, suggest desigrieahaonditions of
possible interest, through comparisons of several dimensionlesblegyitor the solar

cavity receiver.

The results suggest the following design and test conditions of in(@edsde 9),

in relation to higher working fluid temperatures and net heat transfer fatesail.

Table 9. Suggested design and test conditions for solar cavity receiver system

Case I h a b C e 8 N
A/D/IG 1.1 1.4 8.0 1.0 8.0 11.0 | 0.015| 83.0

For insight into realistic optimal design for a solar cavétgeiver, two additional
popular heat transfer fluids were utilized (Table 10), Therminoll\JB8] and Dynalene
EG [29].

Table 10. Working heat transfer fluid properties for Solar Salt, 60% NaM0% KNG,
Therminol VP-1, and 70 % Dynalene EG

Heat Liquid Phase | Specific Density | Viscosity| Thermal
Transfer Stable Heat @ 100 C @ 100 C| Conductivity
Fluid Temperature | @ 100 C (Pa*s) @ 100C
Upper Limit (J/(kg*K) (ka/ m3) (W/(m*K))
Value
(K)
Solar Salt 803 1,600 1,970 0.07 0.14
Therminol 673 1,775 999 0.10 0.13
VP-1
Dynalene EG 394 3,243 1,052 0.0083 0.35

These fluids were simulated at the suggested optimal designiooaditable 9),

for 1, 5, and 15 kW solar inputs at laminar flow rates and heat camvectefficients as

given in Table

11.
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Table 11. Heat transfer fluid conditions for design of an optimal solar cavity receiver

Heat Solar Velocity m Rep Nup hf;
I nput (m/s) (kg/s) (W/(m**K))
Transfer (kW)
Fluid
Solar Salt 15 0.10 0.022 34 11 123
15 0.30 0.067 101 17 203
Therminol 5 0.10 0.011 12 8 86
VP-1
5 0.30 0.034 36 12 133
Dynalene EG 1 0.10 0.012 152 12 344
1 0.30 0.036 456 20 581

The results demonstrated show upper temperatures of 750, 540, and 360 K are
achieved for a laminar flow rate of 0.1 m/s, corresponding to Reynoladers of 34,
12, 152 and 0.0015 kg/s per kW, 0.022 kg/s per kW, and 0.012 kg/s per kW for the Solar
Salt, Therminol VP-1, and Dynalene EG fluids respectively (Fig. 41).
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Fig.41.Working fluid temperature (K) of Solar Salt, Re34, 0.0015 kg/s per kW,
Therminol VP-1, Rg=12, 0.0022 kg/s per kW, and Dynalene EGR&2, 0.012 kg/s
per kW for laminar flow and heat transfer conditions.

It is interesting to note that at the solar input 15 kW, the solar salt nearlyexthie
its critical stable temperature limit of 803 K (Table 10Qass the 70% Dynalene EG at
5 kW with a working temperature of 364 K (Fig. 41). It is esteddiased on the optimal
conditions (Table 9), a solar input of 5-10 kW at laminar flow ratescribed (Table
11), would be appropriate for the Therminol VP-1 to still remain stalts liquid phase
(Fig. 41).

As flow increased from 0.1 to 0.3 m/s, it is interesting teplesthat the working
fluid temperatures of the fluid decreased significantly. With dheet of higher flow
velocity, the Solar Salt exhibited low temperatures throughoutdihetemperatures that

represent its solid phase, rather than its liquid phase (Fig. 42).
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Fig.42.Working fluid temperature (K) of Solar Salt, Re.01, 0.0045 kg/s per kW,
Therminol VP-1, Rg=36, 0.0068 kg/s per kW, and Dynalene EG;®¥6, 0.036 kg/s
per kW for laminar flow and heat transfer conditions.

Further investigation of the net transfer behavior, demonstratéaniamar flow
velocity of 0.1 m/s corresponding to Reynolds number of 34, 0.0015 kg/s per kW for
Solar Salt, Reynolds number of 12, 0.0022 kg/s per kW for Therminol VP-1, and
Reynolds number of 152, 0.012 kg/s per kW for Dynalene EG, the highesieaet
transfer occurred at top of the cavity receiver, with net tieasfer rate decreasing with
fractional cavity receiver depth (Fig. 43).
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Fig.43.Net heat transfer rate of Solar SaltpR®@4, 0.0015 kg/s per kW, Therminol VP-1,
Rep=12, 0.0022 kg/s per kW, and Dynalene EGRIH2, 0.012 kg/s per kW for laminar
flow and heat transfer conditions.

As flow velocity is increased to 0.3 m/s, Reynolds number of 101, 0.0045 kg/s per
kW for Solar Salt, Reynolds number of 36, 0.0068 kg/s per kW for TheriRel,
Reynolds number of 456, 0.036 kg/s per kW for Dynalene EG, the netréesfet rate
exhibited a distribution with a local maximum at 0.1, the middlehefdavity receiver

having the largest net heat transfer rate (Fig. 44).
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Fig.44. Net heat transfer rate of Solar Salt, Re=101, 0.0045 kg/s per kW, Therminol VP-
1, Re=36, 0.0068 kg/s per kW, and Dynalene EG, Re=456, 0.036 kg/s per kW for laminar
flow and heat transfer conditions.

It is interesting to note based on these results, at low floscitiels, as 0.1 m/s,
convection within the helical coil is as not as a significantofa@as the radiation
exchange between the aperture and the coils. Hence geometryhglayegt important
part in determining the net heat transfer rate and working fantperatures (Figs. 41,

43). As flow velocities increase to 0.3 m/s, convection starts yoappeart in the thermal
dynamics of the system, and hence thermal behavior of the flovetessnidned by

radiation exchange and convection loss (Figs. 42, 44).
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Table 12. Energy generated and efficiency of Solar Salt, Therminol VP-1, and Dynalene

EG for prescribed laminar conditions.

Heat Transfer Velocity | Rep per KW Egen(W) € (%)
Fluid (m/s)

Solar Salt 0.1 2.3 14,800 99
0.3 6.7 15,000 100

Therminol VP-1 0.1 2.4 4374 87
0.3 7.2 4406 88

70 % Dynalene 0.1 152 546 55

EG
0.3 456 466 47

As demonstrated earlier in analyzing the effective sizéhefaperture for the
cavity receiver in respect to thermal dynamics and lossdbgasolar input increases, the
efficiency tends to increase as well, given a fluid, as evidkbgethe lower efficiency
levels of Dynalene EG, 47% and 55 % at 1 kW of solar input in conopaiisthe higher
efficiency levels of Solar Salt, 99% and 100 % at 15 kW of solar input (Table 12).

Given optimum design of the solar cavity receiver, with healthgr snputs of 5
to 25 kW with reasonable laminar flow rates, higher working flumdperatures and net
heat transfer rates in the coil system can achieved. eltgected that as flow velocity
increases, past 1 m/s, lower working fluid temperatures willdigeved, as convection
starts to dominate over radiation exchange, especially when solarisnjowt, as on a
cloudy day. Higher flow velocities may mean larger operatingsarsd imply a need for

higher end point concentrators for large solar inputs into the cavity receivemsyst
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Chapter 5. Conclusions and Suqgestions for Futur e Resear ch

A numerical analysis of a solar cavity receiver is perforneedring out the

characteristics leading to an optimal design. This investigatianacterizes the thermal

performance a of a solar cavity receiver as functions omgérical parameters such as

cavity receiver length, aperture diameter, and helical pipe diameter.

The effect of the cavity receiver length on receiver peréorce is described by

the following:

Tightly packed cavity receivers, |=1.1 and h=1.4, where | is the odtcavity
length to coil length and h is ratio of cavity length to diamefethe receiver,
demonstrate higher working fluid temperatures for both laminar atodiléunt
conditions in comparison to medium and loosely packed cavity receiwérs,
h=1.9 and |1=2, h=2.5.

Tightly packed systems, |=1.1 and h=1.4, demonstrate net heatetransf
distributions with local maxima, with highest net transfer in riiddle of the
cavity receiver, in comparsion to loosely packed systems, 1=2=h8, which
have decreasing linear like net heat transfer distributions witheasing

fractional cavity receiver depth for both laminar and turbluent flow conditions.

Tightly packed cavity receivers, 1=1.1 and h=1.4, were shown to haveghest

working fluid temperatures and net heat transfer distributions.

The investigation of the effect of the aperture size on cawitgeiver

demonstrated:

Increasing aperture size, from a=8.0, ¢=8.0, e=11.0 to a=1.3, c=1.3, & e=
where a is ratio of length of cavity receiver to diamefecavity receiver, c is

ratio of diameter of helical coil to diameter of aperture, amglratio of length of
cavity receiver to diameter of aperture results in lower workfhgd
temperatures for both laminar and turbulent conditions.

Increasing the aperture size, from a=8.0, ¢=8.0, e=11.0 to a=1.3, ¢c=1.3, and
e=1.8, resulted in lower net heat transfer distributions, despitdasimeat
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transfer behavior for varying aperture size for both laminar @mbdulent

conditions.

Further the investigation demonstrated that minimization of apesizee a=8.0,
c=8.0, e=11.0, not only minimizes of convective losses, but also incrdasesalt

efficiency, given appropriate solar input.

The investigation of the effect of the helical pipe diameter ositycaeceiver

demonstrated that:

= Decreasing helical pipe size, fraim0.050, N=25.0 t6=0.0015, N=63.0, wher&
is the ratio of diameter of helical coil to diameter of copepand N is ratio of
length of helical coil to diameter of helical pipe, resultetiigher working fluid
temperatures for both laminar and turbulent conditions.

= Given laminar and turbulent flow conditions, smaller helical pipendtars,
6=0.0015, N=63.0, result in higher net heat transfer distributions, with ghegii
heat transfer at the middle of the cavity receiver, in compaiis larger helical
pipe diameters=0.050, N=25.0.

The investigation further demonstrated that minimization of helgad size,
6=0.0015, N=63, was shown to have the highest working fluid temperatures dnehnhet

transfer distributions.

Based on these observations and conclusions, an investigation of the optimal
cavity receiver design was conducted. A cavity receiver desigin evimensionless
geometric parameters of I=1.1, h=1.4, a=8.0, ¢=8.0, e=3+MP015, and N=63 was
chosen for the investigation of the effect of three different tneasfer fluids, Solar Salt,
Therminol VP-1, and Dynalene EG.

Based on this investigation it was concluded that:

= For gsolar of 15, 5, and 1 kW, larger temperatures of 750, 540, and 360 K are
achieved for a laminar flow rate of 0.1 m/s, corresponding to Reynoldbansm
of 34, 12, 152 and 0.0015 kg/s per kW, 0.022 kg/s per kW, and 0.012 kg/s per kW
for the Solar Salt, Therminol VP-1, and Dynalene EG fluids respectively.
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= As flow increased from 0.1 to 0.3 m/s, the working fluid temperatirése fluid
decreased significantly. With the onset of higher flow veloditg Solar Salt
exhibited low temperatures throughout the coil, temperatures thegsent its
solid phase, rather than its liquid phase.

= For laminar flow velocity of 0.1 m/s corresponding to Reynolds numb&4 of
0.0015 kg/s per kW for Solar Salt, Reynolds number of 12, 0.0022 kg/s per kW
for Therminol VP-1, and Reynolds number of 152, 0.012 kg/s per kW for
Dynalene EG, the highest net heat transfer occurred at the ttpe afavity
receiver, with net heat transfer rate decreasing witte@astng fractional cavity
receiver depth.

= As flow velocity increased to 0.3 m/s, corresponding to Reynolds numiéd of
0.0045 kg/s per kW for Solar Salt, Reynolds number of 36, 0.0068 kg/s per kW
for Therminol VP-1, Reynolds number of 456, 0.036 kg/s per kW for Dynalene
EG, the net heat transfer rate exhibited a distribution witbcal maxima, the
middle of the cavity receiver having the largest net heat transfer rate.

= As the solar input increases, the efficiency tends to incesaseell, given a fluid,
as evidenced by the lower efficiency levels of Dynalene £ and 55 % at 1
kW of solar input in comparison to the higher efficiency levelsad@iSSalt, 99%
and 100 % at 15 kW of solar input.

It can be additionally concluded that:

= The cavity receiver with dimensionless geometric parametetslof, h=1.4,
a=8.0, ¢=8.0, e=11.0, amd0.0015 presents an optimal design that can achieve
high working fluid temperatures and net heat transfer rates) godar inputs of 5
to 25 kW and reasonable laminar flow rates.

At the present, the results presented are preliminary, as jwéme steady state
nature of the analysis conducted here that used conservation of esetigy primary
basis in this investigation. These results cannot be directlglated at this time to any

current research in the solar cavity receiver field that may haveemssgn power input.
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It is evident from this preliminary step towards an optimaltgaeceiver design

that additional components to the simulation tool must be implemented as related to:

= Frictional effects for flow in pipes
= Temperature dependent property changes for the fluid
= Pressure drops for flow

= Heating of the atmospheric air in the cavity receiver

More importantly, experimental results for the designatedcsditions in this
investigation must be obtained, to verify the current results and tteefumprove the

analytical basis used in this study.

It is only with and after such experimental results, any, eféitient cavity can
receivers be constructed and implemented. This simulation todbec@onverted from
steady to transient state model for simulation, testing, and devehbppurposes of
actual solar thermal cavity receivers. A dynamic, robustsient model of the thermal
dynamics of the solar cavity receiver system would sergtrasg simulation tool for the

entire solar cavity receiver community.
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Appendices
Appendix A: View Factor Relationships
A.l. Apertureto Reflector Surface
In order to characterize the heat exchange between the apedutieeareflector

solid circular surface, the view factor relationship [28], “Digkparallel coaxial disk of
unequal radius”, (Fig. 45) was used (23).

A
Tk
J a
r
A,
— ¥

Fig.45. Aperture to reflector view [27]

The governing equation is given by, equation 23

Y2

2
Fl_zzé X — XZ—A{R‘Z] (23)
2 Ry

with
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A.2. Aperture/Reflector/Lid Surfaceto Helical Coils

In order to characterize the heat exchange between the ap#raureflector, or
lid surface to the inner portion of the helical coils, the viewoiaceélationship [28],

“Ring element on base of right circular cylinder to finitecamferential ring on interior

of cylinder “, (Fig. 46) was used (24).

Fig.46. Aperture/reflector/lid to inner coil view [27]

The view factor relationship is given by equation 24.

o1 (r7+#°-12) (r7+r2-1) o0

-2 " 5 > - >
\/(X22+f?2+1) — 4R ? \/(X22+f?2+1) — 42

with
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A.3. Helical Coil to Neighboring Helical Coil

In order to characterize the heat exchange between sectiongeothelical coils,
the view factor relationship [28], “Identical, parallel, direallyposed rectangles”, (Figs.
47-48) was used (25).

7

Ly .
|

Y

Fig. 48. Inner helical coil to inner helical coil view [27]
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Appendix B: Simulation Test Cases
In order to develop a simulation tool, test cases were developgesasbed in

Table 13 with prescribed heat transfer fluid.

Table 13. Solar flux, velocity, mass flow, Reynolds, Prandtl, Nusslet , and heat
convection coefficient constants for geometric cases A-I

Case | gsolar | Velocity m Rep Pr | Nup hfi
(kW) | (m/s) | (kgls) (W/(m?*K))

Al 1 0.1 0.021 1.3e+003 8.2 185 849.8
B1 0.1 0.021 1.3e+003 8.2 18p 849.8

C1 0.1 0.021 1.3e+003 8.2 185 849.8
D1 0.1 0.021 1.3e+003 8.2 18p 849.8

El 0.1 0.021 1.3e+003 82 18p 849.8

F1 0.1 0.021 1.3e+003 2 185 849.8

G1 0.1 0.021 1.3e+003 8.2 185 849.8
H1 0.1 0.058 2.2e+003 82 26 732.60
1 0.1 0.23 4.33e+003| 8.2 473 649.70
A2 5 0.1 0.021 1.3e+003 8.2 185 849.8
B2 0.1 0.021 1.3e+003 8.2 18p 849.8

C2 0.1 0.021 1.3e+003 82 18p 849.8
D2 0.1 0.021 1.3e+003 8.2 185 849.8

E2 0.1 0.021 1.3e+003 82 18p 849.8

F2 0.1 0.021 1.3e+003 82 18p 849.8

G2 0.1 0.021 1.3e+003 8.2 185 849.8
H2 0.1 0.058 2.2e+003 8.2 265 732.6

12 0.1 0.23 4.33e+003| 8.2 473 649.70
A3 10 0.1 0.021 1.3e+003| 8.242 18|5 849.8
B3 0.1 0.021 1.3e+003 | 8.2p 185 849.8
C3 0.1 0.021 1.3e+003 | 8.2 185 849.8
D3 0.1 0.021 1.3e+003 | 8.2 185 849.8
E3 0.1 0.021 1.3e+003 | 8.2 185 849.8

F3 0.1 0.021 1.3e+003 | 8.2 185 849.8
G3 0.1 0.021 1.3e+003 | 8.2p 185 849.8
H3 0.1 0.058 2.2e+003 8.2 2656 732.6

13 0.1 0.23 433e+003| 8.2 473 649.70
A4 1 0.5 0.1040| 6.49e+003| 8.2 611 2.80e+003
B4 0.5 0.1040| 6.49e+003| 8.22 611 2.80e+003
C4 0.5 0.1040| 6.49e+003| 8.22 611 2.80e+003
D4 0.5 0.1040] 6.49e+003| 8.22 611 2.80e+003
E4 0.5 0.1040] 6.49e+003| 8.22 611 2.80e+003
F4 0.5 0.1040| 6.49e+003| 8.22 611 2.80e+003
G4 0.5 0.1040] 6.49e+003| 8.22 611 2.80e+003
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H4 0.5 0.2890 1.08e+004 8.22 99/2 2.73e+003
14 0.5 1.16 2.17e+004 8.2 191.7 2.63+003
A5 5 0.5 0.1040 6.49e+003 8.42 61}1 2.80e+003
B5 0.5 0.1040 6.49e+003 8.22 611 2.80e+003
C5 0.5 0.1040 6.49e+003 8.22 61/1 2.80e+003
D5 0.5 0.1040 6.49e+003 8.22 61]1 2.80e+003
E5 0.5 0.1040 6.49e+003 8.22 61]1 2.80e+003
F5 0.5 0.1040 6.49e+003 8.22 61/1 2.80e+003
G5 0.5 0.1040 6.49e+003 8.22 61/1 2.80e+003
H5 0.5 0.2890 1.08e+004 8.22 99)2 2.73e+003
I5 0.5 1.16 2.17e+004 8.2 191.7 2.63+003
A6 10 0.5 0.1040 6.49e+003 8.22 611 2.80e+003
B6 0.5 0.1040 6.49e+003 8.22 61]1 2.80e+003
Cé 0.5 0.1040 6.49e+003 8.22 611 2.80e+003
D6 0.5 0.1040 6.49e+003 8.22 61/1 2.80e+003
E6 0.5 0.1040 6.49e+003 8.22 61]1 2.80e+003
F6 0.5 0.1040 6.49e+003 8.22 61]1 2.80e+003
G6 0.5 0.1040 6.49e+003 8.22 61/1 2.80e+003
H6 0.5 0.2890 1.08e+004 8.22 99,2 2.73e+003
16 0.5 1.16 2.17e+004 8.2 191.7 2.63+003
A7 1 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+003
B7 1 0.2081| 1.2988e+004 8.2 110.1 5.0469e+Q03
Cc7 1 0.2081| 1.2988e+004 8.242 110.1 5.0469e+0Q03
D7 1 0.2081| 1.2988e+004 8.2 110.1 5.0469e+Q03
E7 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
F7 1 0.2081| 1.2988e+004 8.242 110.1 5.0469e+003
G7 1 0.2081| 1.2988e+004 8.2 110.1 5.0469e+003
H7 1 0.580 2.16e+004 8.2 1789 4.9196e+003
17 1 2.31 4.33e+004 8.2 3456 4.7520e+003
A8 5 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+003
B8 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
C8 1 0.2081| 1.2988e+004 8.2 110.1 5.0469e+Q03
D8 1 0.2081| 1.2988e+004 8.242 110.1 5.0469e+003
E8 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
F8 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
G8 1 0.2081| 1.2988e+004 8.2 110.1 5.0469e+(Q03
H8 1 0.580 2.16e+004 8.2 1789 4.9196e+003
18 1 2.31 4.33e+004 8.2 3456 4.7520e+003
A9 10 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+003
B9 1 0.2081| 1.2988e+004 8.2 110.1 5.0469e+0Q03
C9 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
D9 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
E9 1 0.2081| 1.2988e+004 8.2 110.1 5.0469e+003
F9 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
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G9 1 0.2081| 1.2988e+004 8.22 110.1 5.0469e+Q03
H9 1 0.580 2.16e+004 8.2 1789 4.9196e+003
19 1 2.31 4.33e+004 8.2 3456 4.7520e+003

For calculations concerning case A, D, G, the following geomsecifications

were used

Table 14. Geometric specifications for cases A, D, and G

L 110 cm
Lc 100 cm
Do/Dr/Dc 40 cm
Da 10 cm
di 12 mm
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