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Cross-section of the Sun
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The amount of energy from the Sun that reaches the Earth annually
Is 4 x 10*8 Joules.

4 x 1018 Joules/ Year +~ 365 Days/ Year = 1 x 101 Joules/ Day
1 x 10 Joules/ Day + 24 Hours/ Day = 4 x 101* Joules/ Hour

The amount of energy consumed annually by the world's population
Is about 3 x 10 Joules.
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1.1 The Time Scale of Fossil Fuels and The Solar energy Option

w all the energy consumed by humans has come from the sun.
Coal, oil, and natural gas, hydroelectric generators, windmills

w Solar energy is an ' inexhaustible source potentially capable of

meeting a significant portion of the nation’s future energy needs with a minimum of
adverse environmental consequences.

@ The future of solar power development will depend on
how we deal with a number of serious constraints, including scientific and

technological problems, marketing and financial limitations, and political ~ and
legislative actions favoring conventional and nuclear power

w The design and analysis of solar energy systems are based upon well-established

engineering knowledge, including thermodynamics , fluid mechanics,
heat transfer ,basic physics and chemistry, calculus and ordinary

differential equations, and economics
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1.2 The Time Scale of Fossil Fuels and The Solar Energy Option

0 The rate of production of a nonrenewahle energy resource increases with time,
reaches a maximum, and then decays. oal, oil, and natural gas
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FIGURE 1.1 Complete cycle of U.S. production of petroleurn liquids. Redrawn
from (18).




o Of course, the peaking in the production rate of a given energy source does not
imply the end of its availability. It does mean, however, that the end of its
availability is in sight and that when peaking occurs some other source must become
increasingly available to supplement the diminishing source if all the energy
requirements are to be met. In case no other source is available at the time the peak
in production rate is reached, some energy-consuming activities would obviously

have to be curtailed.

w To avoid an energy catastrophe it is therefore imperative that accurate
predictions of future energy supply and demand be available to decision makers.

> According to current estimates, about 889world’s fossil fuel supply is coal, It
Is important to know when it will be exhausted, because this will show much time

Is available to develop and deploy other energy sources, which are essential to the
survival of industrial society.



Hubbert, a research physicist in the U.S. Department of the Interior,
predicted in 1962 that the rate of production of coal would reach 2
maximum somewhere between the years 2100 and 2150, as shown in Kig. 1.2,
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FIGURE 1.2 Complete cycles of world coal production for two values of I, Redrawn from
(18).




The complete world cycle_-predi_c_tihn of Eiliott and Turner (11) for all nonrenew-
able fossil resources is shown in Fig. 1.3

4 According to Elliott and Turner

the rate of production of a resource is related
to the demand and the amount remaining

by an expression of the type

(0,

vhere P = cumulative production of the resource
t =time
f(D) = function of demand
f(s) = function of supply

aP_, P _P v_\_G
dr""CiU( U)_’_ln(ﬁ_l)—“{}—f""(jz

C, . U

= e —— P=
C2 g tm 1 +exp—(C t/U+C;)

Rate of production of world fossil fuels (10'® Btu/yr) % I %

o X
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Year 1+ eXp — [(CI (Ut — ]| X U

- FIGURE 1.3 Effect of the value of the resource base on

the projected rate of world fossil fuel yields according to  a4ion (1.6) is similar in form to the relation used by Hubbert

.. Elliott and Turner (11).
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Table 1.1 gives some estimates of the total energy contents of the world’s
supply of recoverable fossil fuels according to Hubbert (19). It is apparent that the

world production of fossil fiiels will peak between the vears 2030 and 2050

TABLE 1.1 Energy Contents of the World’s Initial Supply of Recoverable Fossil Fuels?

Energy content

Fuel Quantity L0? J(th) 10'* KW « hr(th) Percent
Coal and lignite 7.6 X 10** tons? 201 55.9 88.8
Petroleum fiquids 2000 X 10° bbl 11.7 3.25 5.2
(272 % 10° tons) |
Natural gas 10,000 X 10'* £t 10.6 2.94 4.7
| (283 x 10 m®) _
Tar-sand oil 300 X'10° bbl 3 ¢ 1.8 SR 23 0.8
R Ry (41 x-10% tcms) W O A
Shale oil 190 X 10° bbl 1.2 032 0.5
{26 X 10° tons)
Totals g 226.3 62.9 100.0

9From Hubbert, M, King, Energy Resources for Power Production, in “Environmental Aspects of

Nuclear Power Pmductmn, International Atomic Energy Agency, Vienna, pp. 13-43, 1971, Table
VI
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TABLE 1.2 Estimates of the Year in Which a Maximum Production Rate

of Coal Could Occur®?
Source Year Comment

Chase Manhattan Bank, elucidated (5) 2033 Original report states 1500 yr at 1972 rate
of consumption; elucidation in text

Brennan {6) 2000 Assumes energy demand stops increasing
at 2000

Elliott and Turner (11) 2040 Takes into account use of coal to replatle
oit

Linden (23) 2010 Assumes mining technology not radically
improved from 1970s

Linden (23) 2052 Assumes atl coal ¢can be mined

Highest credible limit for resource base

Linden (23) 2073

assumed




@ The next question to ask is, “How much time is available to develop other
cnergy sources?” An answer to this question can be given only within the context

of the historv of science and technologv, How long has it taken in the past for a
new tcchnquEZ to be introduced into the mainstream of an industrial society? The

general estimate is that it takes somewhere between 20 and 40_vears for a

technoloev to come to fruition.
For example

© the Wright brothers made their first flight with 2 heavier-than-air ship in 1903,
and aviation became a major industry about 40 years later,
o The first high-speed computer was develtzlpedl at éhebend of -
: ter industry developed about 20 years later.
World War IL, and a Jarge-scale computer industry developed about 20 yeass later
'g first nuclear chain reaction was set off in 1942, but despite massive governmental

funding nuclear power was supplying less than 2 percent of the total energy consump-

tion of the U.S. economy three decades later.
8 il T | |

N st

SRR




@ The replacement of current energy-producing system
requires careful planning and allocating of current energy
resources, and time.

@ Of all the currently known available sources, only nuclear
and solar energy have the potential of supplying large amounts
of power within the available time frame.

@ How much energy each of them can supply and under
what conditions one source is more suitable to meet the
demand economically and safely than the other.

@ To build a large-scale solar energy industry must include

considerations of the availability of material, work force. And
the level of technology required for such an undertaking.



For example

Assuming that all solar conversion piants could be located in the sunny parts of
the world where the average daily insolation is 5 kW - hr/m?, about 2.5 million km?
of land ‘would:have to be covered with solar collectors if the average overali solar
system conversion efficiency —were—t6—percent. Assuming further that these solar
systems, including all storage ard-transmisston, could be built with the-same capitat—
investment as a curtent coal-fired thermal power plant (about $500/kW) or a
nuclear pﬂﬁ’er—p}ﬂﬂt—f&bmﬁ—{rheeefk’ﬁ,—ﬁm—mquired initial investment would be
roughly 25 or SO trillion dollars, respectively. Such an investment over half a

century—would require about 15-30 percent of the 1974 gross—world—product per

vear, accordine to a study conducted at the International Institute for Applied
System Analysis R :

A4 gxAx 77 xCost=

5kw hr/m2x2500000km?2x109¢x
(5007 /kw or 1007 /kw)=25.)"3_
Juv or 50: "5 v
-
FHRIE1 &1 :10ka/m?( Flat-lolatg
collector) 50 billion metric tons

JANUARY NET RADI ATI ON




TABLE 1.3 Estimates of the Heat, Electric Power, and Fuels to be Supplied
by Solar Energy in the United States, as Projected by ERDA%

Solar technology 1985 2000 2020

Direct thermal applications {in units
of 10'* Btu = 1 Q per year)?

Heating and cooling 0.15 O 20 Q 15§ Q

Agricultural applications 0.03 0.6 3

{ndustrial applications 0.02 0.4 2
Total - 0.2 Q 3 Q 20 Q

Solar electric capacity (in units
of 10° W =1 GWe)¢

Wind 10 GWe 20 GWe 60 GWe
~ Photovoltaic 0.1 30 80
Solar thermal 0.05 20 70
. Ocean thermal 0.1 . 10 40
Total ' L3 GWe 80 GWe 250 GWwe
Equivalent fuel energy ' 0.07 Q 5 Q 15 Q
Euels from biomass 0.5 Q 3 0Q 10 O
Total solar energy ~1 Q ~10 Q ~45 Q
Projected U.S. energy demand ' 100 Q 150 Q I80 Q

From (12).



1. 2 Overview of Solar Energy Conversion Method
In accordance with the suggestions of the Solar Energy Panel of NSF/NASA, the

following overview of the principal methods

Solar
radiation

Natural Technologicat
collection collection
¥
Renewable
organic
fuels
: \
Ccean
Wind temperature Thermal Photovoltaic
) dlfferences _
Useful energy

FIGURE 1.4 A summary of schemes for solar energy conversion.
Redrawn from (27).

At the present time UHJ}’ the thermal method is suffi 1ciently advanced to compete econonu;

cally with other souices, including nuclear.




1.2.1 Thermal conversion
(1) For generting low temperature hot (365°K)

When a dark surface is placed in sunshine, it absorbs solar energy and heats up.
Solar energy collectors working on this principle consist of a surface facing the sun,
which transfers part of the energy it absorbs to a working fluid in contact with it.

solar radiation

INTEE
B@NED B E D
8 R R

BT , B Ao £7 ,
BER T, B

. : '
insulated back :': : ::__: _i__ NEHIHF&
= ' \ — REOET

transparent cover

embedded tubes
carrying coolant
(usually water

a solar-energy collector.

Transparent cover

Heat transfer
medium

Absorber

Housing

Insulation




® These types of therm;il collectors guffer from heat losses due to radiation and

convection, which increase rapidly as the temperature of the working fluid increases.

e To reduce heat losses to the atmosphere one or two sheets of glass are usually
placed over the absorber surface to imvrove its efficiencv.

® Improvements such as the use of selective surfaces, evacuation of the collector
to_reduce heat losses, and Spectal kinds of glass are used to increase the efficiency

of these devices.
Examplel flat -plate collector (365°K)

Lateral cross-sectional view of a solar water heater with high pressure tank

Heat exchanger (pipe in thermal contact with the absorber plate)

Absorber plate (black coated)
Electnc booster

(tlass or plastic sheet
Prescure resistant storage tank

Support (Toof)

Thermally insulate d box




Examplel Flat -plate collector (365K)

® The thermal utilization of solar energy for the purpose of géneratmz low-temperature heat
Thf:I are avai_lable today for operation overa range of temperatures up to approximﬁtely
365 K (200°F).

o These collectors are stitable mainly for providing hot service water

and SRace _Deating,
and possibly are also able to operate absorption-type air-conditioning svstems

I

7,

hot service water
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space heating and cooling
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Fan Thick Attic
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Passive solar cooling Passive solar heating
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A Yazaki absorption
chiller-heater, using
water as the
refrigerant, is today’s
best choice in air
conditioning for
protecting the
environment and
reducing the cost of
energy. Double-effect
cycles and advanced
technology ensure
high performance and
long term reliability
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Diagram of A Solar Air Cooling System
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(2) For generting high working temperature
Solar furnace (4000 K)

The generation of hipher worki e as needed, for example, to

operate a conventional steam engine requires the use of f; focusing devices ip
connection with a basic absorber-receiver.
L

~ +solarray reflectgd

. AUICHUIYOHINTEED . —
-‘_i=.._ i

furnace

parabolic mirror | | -

B bank of helliostats |

solar furnace



Odeillo solar furnace Iin France
(4000°K)



solar Tower

A solar furnace (picture from NREL
http://rhIx01.rz.fh.../pictures/tower.jpg
[phoenix, May 19 2002, last modified Oct 05 2004]
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1.2.2 Photovoltaics Conversion (%?ﬁ@gﬁgﬁ)

The conversion of a solar radiation into electrical energy by means of solar cell

load

i

/ n-type
silicon
junction
p-lype

silicon

photons
elactron flow
o
=)
ﬂ'\
[+]

+ "hiola® flow

solar cell

p-type material
{hole z=urplums)

depleticr regien

e

n-type material
{slectron surplus)

Figure 1: a solar cell.






1.2.2 Photovoltaics Conversion (3t ZiEl)

s Photovoltaic solar cells, as opposed to conventional collectors, which convert solar
radiation into heat, utilize energetic photons of the incident solar radiation directly to
produce electricity. Thus, this technique is often referred to as direct solar conversion.
Conversion efficiencies of thermal systems are limited by collector temperatures,
whereas the conversion efficiencv of photo cells is limited bv other factors.

@ The conversion of solar radiation into electrical energy by means of solar cells has

been developed as a part of satellite and space-travel technology. The theoretical
efficiency of solar cells is about 24 percent, and in practice efficiencies as high as

I5 percent have been achieved with silicon photovolfaic devices. The technology of
photovoltaic conversion is well developed, but large-scale application is hampered by

0@ _the high price of photo cells, which has been estimated by an ad hoc panel on solar
cell efficiencies of the National Academy of Sciences at approximately $100 per

clectric watt in 1972. This is_about 100 times more than electric energy from
conventional fossil- and nuclear-fuel electric power plants, and a cost reduction of
the order of 100 to 1 will be necessary before photovoltaic conversion can be

economically viable.




Photovoltaic panels integrated into the roof of a building
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- 5 1

Design concept for

a.satellite solar power station.
. I .:l" i

space solar power satellite

IGURE 1.5 Dresign concept for asatellite salar powsr station, Courtesy of 4rihier D Litthe, Ine.
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FIGURE 1.6 Spectral irradiance curves for direct sunlight extraterrestrially
and at sea level with the sun directly overhead. Shaded areas indicate absorp-
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potentially utilized in different solar energy applications are indicated at the
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FUNDAMENTALS
OF SOLAR RADIATION
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The subject of this chapter---

To make a quantitative analysis of the sun’s motion and its
energy flux on earth:
1. Based on the season and daily, the motion is analyzed.

2. The measurement and prediction of solar radiation on
monthly, daily, and hourly time scales

Bquinox hiarch 21
Sun over BEquator

Solstice December 21
Sun ower Tropic af Cappicom

Solstice June 21
TR =5
Sun ower Tropic of Cancer

Equinos September 21
Sun ower Equator




Terminology

<
0
Diffuse

Reflected

(Indirect radiation)

Beam radiation Solar radiation intercepted by a surface with negligible direc-
tion change and scattering in the atmosphere. Beam radiation is also referred to as
direct radiation.

Diffuse rzdiation Solar radiation scattered by aerosols, dust, and by the
Rayleigh mechanism; it does not have a unique direction. d

Tﬂtal radiation The -total of diffuse and beam radiation; total radiation is
sometimes referred to as global radiation.

o> Direct radition+ Diffuse radiation+Indirect radiation =Total radiation



—a— Dlirect Insolation

2A0 —m[iffuse Insolation
——— — — iZlobal Insolation

200

150

KW H

100 \
50 W

I:I I | I I I | I I I | |
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Month

Fig. Annual pattern of direct, difftuse and global insolation for average clear
day for the weather station at the research meadow



EARTH'S ENERGY BUDGET

. Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
6%  20% 4% 64% 6%

Radiated to space

Incoming
solar energy from cl-:r:-]uds and
1 00% atm osphere

Reflection and absorption

Absorbed by of solar radiation

atmosphere 1 6% Radiated

directly
to space
from earth
i Absorbed by
é clouds 2% __ Radiation 55%
e absorbed by
. atmosphere
Conduction and 150

rising air 7%

Absorbed by land
and oceans 51%

’ Solar
Reflected Energy

Of this amount 30 pergent is rellected to space,

47 percent is converied to low-temperature heat and reradiated 1o space,
and 23 percent powers the evaporation/precipitation cyele of ihe  biosphere;

less than 0.5 percent is represented in the Kinetic energy of the wind and waves
and in photosynthetic storage 1 plants.




2.1.1 The Solar Constant

solar constant [y o

1.353 kW/m® = 429 Btu/hr - ft?
1.94 cal/em?® » min

lo (1.6 percent).

since the sun-earth orbit is elliptical, the sun-earth distance varies by *1.7 percent
during a year, and the extraterrestrial radiation also varies slightly by

the inverse-square law (L)
© 4 actual
" 1.04
TABLE 2.1 Annual Variation of Solar Radiation from I o
Orbital Eccentricity c
[=]
Ratio of flux Solar radiation 5 - 1.02
Date Radius vector® to solar constant (kW/m?) i g
[ et =
Jan. 1 0.9832 1.034 1.399 = | E Spring
Feb. 1 0.9853 1.030 1.394 =18 1.00 Autumn
Mar. } 0.9908 1.019 C 1379 35
Apr. 1 0.9993 1.001 1.354 5o
May 1 1.0076 0.985 1.333 = ) Summer
June 1 1.0141 0.972 1.312 s 0.98 -
July 1 1.0167 0.967 1.308 ]
Aug. 1 1.0149 0.971 1.312
Sep. 1 1.0092 0.982 1.329 .
Oct. 1 1.0011 0.998 1.350 0.96 I F oM Ll gy
Nov. 1 0.9925 1.015 1.373 ' AM J J A S O N D
Dec. 1 0.9860 1.029 1.392 . Month
%Ratio of sun-earth_distance to mean sun-earth distance, 1) Y ppp. )
(Lo uct FIGURE 2.2 Effect of the time of year on the ratio of extraterrestrial

I, radiation to the nominal solar constant.



b ™

amount of fight
from the sun

by region of

the solar spectrum

uv ., Visible Infra-Red

relative radiative power per unit wavelength
[

T 1
500 1000 1500
wavelength (nanometers)

= ."E_ o

encransie o r;;m "



2.2.2 TERRESTRIAL SOLAR RADIATION ESTIMATION-
BEAM COMPONENT

Air Mass Ratiom —
the dimensionless path length of sunlight through the atmosphere

me= — gec §.=— . ( 90° >a>0°)
a sin a
« : solar-altitude angle (k%%ﬁﬁ)
SRR
%—,—u““u,y{,a

KB X RZAHBRE

m=1 the sun is overhead.

m =2 solar-altitude angle is 30°
m= 90 extraterrestrial radiation




2.2.2 TERRESTRIAL SOLAR RADIATION ESTIMATION-
BEAM COMPONENT

(1) Solar Radiaion under clear skies

Bouger’s law equation —calculating atmospheric absorption of solar radiation for
clear skies

[b = ae_km

(2.1)

|

FIGURE 2.4 Air mass definition; air mass m = BP/AP = csc a, where a is the

altitude angle. The atmosphere is idealized as a constant thickness layer

I the terrestrial intensity of beam radiation
I, the extraterrestrial Intensity of beam radiation

k an absorption constant for the atmosphere



I, =1,e*m

For clear skies atmospheric transmittance (2.1)
7 (&1,/1,)=0 5(6-0.65!?1(2,0:) + e—0.0QSm(z,a)) +394 accuracy (2.2)
d * )
iz 0) = m(0,0) 22
Po) (o) §
N . 21172 __ . S
= {1229 + (614 sin «)*] 614 sin o o3 %

Iy is the terrestrial intensity of beam radiation

I, is the extraterrestrial Intensity of beam radiatio S T X
m(0,0)) is the air mass m at sea level (altitude 0) B8 0 A b
m(z) is the air mass m at an attitude z above sea level

a is the solar-altitude angle
p is the atmospheric pressure
The surface beam radiation [ is given by
2.5
Iy = 1% atm | (2:5)

Equations (2.2) and (2.4) re

present an accuracy 1mprovement over Eq. (2.1), si
they include curvature effects. 9 (2.1), since



Modified Transmittance Equation

q o:o_r'}::o L) 5/‘;2-?%%
for particulates air pollution and water vapor in the air / S

modifications 'Fatm =dg + a e_k CsCco

@9, a1, and k are functions only of altitude and visibilitv shown in Table 2.3

TABLE 2.3 Coefficients a,, ¢,, 4nd k Calculated for the 1962 Standard Atmaosphere for
Use in Determining Solar Transmittance Tatm®

Altitude above sea level (km) extrapolated values.
0 0.5 1 L5 2 (2.5)0

23 km haze model
ay 0.1283 0.1742 0.2195 0.2582 0.2915. - (0.320)
a,. 0.7559 0.7214 0.@848 0.6532" 06265 (0.602)
k. 0.3878 0.3436 0.3139 0.2910 0.2745 (0.268)

5 km haze model "
a, 0.0270 (0.063) 0.0964 (0.126) (0.153) (0.177)
a, 0.8101 - (0.804) 0.7978 0.793) (0.788) (0.784)
k__ 0.7552 (0.573) 0.4313 (0.330) (0.269) (0.249)

“Adapted from Hottel (5) by permission. :
bValues in parentheses indicate interpolated or extrapolated values.



TABLE 2.3 Coefficients 49,4, and k Calculated for the 1962 Standard Atmosphere for

Use in Determining Solar Transmittance > Tatm>

Altitude above sea level (km)

extrapolated values.

0 0.5 1 1.5 2 (2.5)0

23 km haze model

ay 0.1283 0.1742 0.2195 0.2582 0.2915. - (0.320)

a, 0.7559 0.7214 0.6848 0.6532" 0.6265 (0.602)

k 0.3878 0.3436 0.3139 0.2910- 0.2745 (0.268)
5 km haze model .

2, 0.0270 (0.063) 0.0964 (0.126) (0.153) 0.177)

a, 0.8101  (0.804) 0.7978 (0.793) (0.788) (0.784)

k_ 0.7552 (0.573) 0.4313 (0.330) (0.269) (0.249)

“Adapted from Hottel (5) by permission.
bValues in parentheses indicate interpolated or extrapolated value.s



2.3 SOLAR RADIATION GEOMETRY

Terminology ---- Altitude Angle (8, 0r a)
and Azimith Angles (¢, or a.)

Vertical

A

= SUN

Latitudinal variation \

|

-

Sun

Latitude +32.22167 (32°13'18.012'N)

Longitude: -110.92583 (110°5532.988"W)
#iEEm (Equator)

kBl s282 ( Tropic of Cancer )

/ "
altitude angle / oistice
ag L
azimuth ansle ﬁﬁ (Antarctic Circle)
. i ( azimuth angle )r* a5
Horizontal Wm'a

Hhlg4H (Tropic of Capricorn)
JtiE@ (Arctic Circle)
plane # (zenith angle ) ¢

A E Chour angle DH, kg
$E 5 (latitude) L

#~#k (solar declination) §
% @ (Ecliptic Plane)

Summer solstice
§-§ Winter SOlstice

s south

Ili!G I;F;E 2.6 Diagram showing solar-altitude angle o and solar-azimuth angle a;. See also
Tig. 2.9a.




Terminology ---- Solar Hour Angle (h,),

Latitude +32 22067 O I3T8017N)

Longitade: -110.92583 (11075 532558™W)

HFE Summerp SGIE0EE

£F Whinter MOUSTIOR

#ti 3E i ( Equator )

JeE 8 ( Tropic of Cancer )
‘WES®E (Tropic of Capricorn)
FAEEN (Antarctic Cirele)

Je#EEEE (Arctic Circle)

8 ( azimuth angle )7 95 * i
w'r« Polaris
TR 445 (zenith angle ) ¢
B # BE ( hour augle DH. f1,

FEF Qatitude) L

#i¥ (solar declination) d
# i @ (Ecliptic Plane)

Meridian parallel

Solar Declination (), Altitude (L)

Vertical

to sun rays s south
Y IF,I\;;I;F;:ZB Diagram showing solar-altitude angle « and solar-azimuth angle a,. See also
N Zenith
Sun rays
. KB xR b
, S
- s d;i'r;ction
~~_ 3 3/ Declination %\ —
= angle e i o i — = -
Ecliptic
plane L v
Meridian of observer at @ ' .
Solarous unse % gi@g
. ;‘j“ )
LEL= B (latitude)
H, /& E (hour angle) =
5s ##& (solar declination)

1 Solar Hour Angle=360/24=15"




ARBEEE (Solar time) A

EHEABER GBS ELAERRM ( solar time ) KER, YERA KB SFTF
h,=0 .4 —8& LA R/NEs (watch hour) %5% 15 EA&YIEE ( longitude ) E.E

BB R UESSER , TR Ao DB -

B1.1 EXBPFLIEL R, 011:00a.m.
Ag=+15°
ERBhF 284 N 37 5

37
ho=—4(15) — -0 (15) =—69.25°



@ Graph to determine the solar declination.

Ecliptic

Mar 21 Ecliptic
plane
@ e v
e [a-—.nl}'l:_
£z s"_%._.-
quinox ; .f;
AR
|

Tropic of Capricorn

& B &g

® ik (solar declination) RABXOARBREILIAEHERFRETEaRsE

KIGIRE (FRE)

Declination & {deg)

20

(+}

-
=]

[=]

10

(—)

20

Bquinox hiarch 21
Sun over Bquator

Solstice June 21
Sun ower TF-:-pic of Cancer

Tropic of Cancer

db ¥ 5 5%

Solstice Deceqbe-r 21
Sun ower Tropic of Capricom

Bquinox Septernber 21
Sun ower Equator

- (+}
— 10

{a)

. ﬁi&@lfﬁﬂﬂa Copper & RH

360 (284 +n)
365

5, = 23.45 sin [

|




The relation between ¢, @, and a w4
KB EE Ao KB /@ .
cos ¢ = cos L cos A, cosd,+sih L sind; ¢+a____f_ 3%4{/”
sin® =cos Lcos i, cosds+sinl sind, = €0S ¢ | Z | Ej)
COSdg “'—“.sec & { cos Lsinds — 005-55 sin L cos .k ] =sin g = Cos 0, ?mﬂf

COS ¢

=2345 -smPGO' :58'4 +n )]
30D

R . _ (Copper formulation)
_KBE® o = arcsin(sin L sin 3+ COS L €OS 6,08 H.)
R

- COS S .SIn \
@ = arcsin| 3 H, ;

\ cosa )

B ( azimuth angle re ag
EE(m)HE (altitude angle) 8 «
ik (solar declination)




BI1.3 R8A1EABRMT:30a.m ik 40° MR ABNREES o RIEAS

e sin ®= cos L cos Ay cos d,; + sin L sind, ¢ =i — &
: : 2
ecO0sa; =sec® [ cos Lsind; — cosds sinLcos i ]
v
S 360- (2 ]
2 o _ . | 360-(284+ n) d
e 6= 23.4:‘»-511’1{ 365 58 ( azimuth angle ). a5

AR,
N

S

L#40° L=40°N

7:30a.m, kg =4C15) -F% (15) = 67.5°

4, =18%12"=18.2°, n= 213
B A i

L)

360 (284+213)°
365

d: =23.45 sin = 17.91°

. sin ®= cos L cos Ay cos d, + sin L sind,
'~ =c0s40°cos67.5° cos18.2° +sin40°sin18.2° = 0.4792
= @=28.63° ,_go=%—a=90°—23;63°=51.37°
cosag = sec&® [ cos Lsind, — cosds sinL cos./z;]]

= sec 28.63° (cos 40° sin 18.2° — cos 18.2°sin 40° cos 67.5°
= ag=189.26°

BE(m) A (altitude angle )
##k (solar declination) d



EXAMPLE 2.3

Using Fig. 2.10, determine the solar altitude and azimuth for March § at

10 a.m. Compare the results to those calculated from the basic Egs. (2.8) and

(29) Declination Approx. dates
| +23°27 June 22
+20 ' May 21, July 24
SOLUTION 4+15° May 1, Aug. 12
On March 8 the solar declination is ~5°; therefore the —5° sun path is used. +10° Apr. 16, Aug. 28
The intersection of the 10 a.m. line and the —S° declination line in the diagram + & Apr. 3, Sep. 10
represents the sun’s location; it is marked with a heavy dot in Fig. 2.10. The o’ Mar. 21, Sep. 23
sun position lies midway between the 40° and 50° aititude circles, say at 45°, — 5: Mar. 8, Oct. &
and midway between the 40° and 50° azimuth radial lines, say at 45°, So ~10 Feb. 23, Oct. 20
g Feb. 8, Nov, 3
~ 45 —20"° Jan., 21, Nov. 22
a=45 —23°27 Dec. 22
ag =45°

Equations (2.8) and (2.9) give precise values for « and ag:

sin o = sin (30°) sin (—5°) + cos (30°) cos (—5°) cos (30%)
o =44.7°

__cos (—5%) sin (30%)

si 5
s cos (44.7°%)

a; =44.5°

Therefore, the calculated values are within 0.5° (1 percent) of those read from
the sun-path diagram.




THE ANALEMMA
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FIGURE 2.16 The analemma—a graphical presentation of the equation of time.

Equation of time values are plotted to the right and left of the vertical centerline.
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@ CALCULATION OF RADIATION INTERCEPTED
BY SURFACES-BEAM COMPONENT

fig 8

|90 /45

ilted surface
ag
4
ormal to
tilted plane 3 !
an BN
aw - —= )
s

¢ The incidence angle i is defined as the angle between the normal to a surface
and a line collinear with the sun’s rays.

KX AL, REERTENSE (REEZHME ) BRI A SR
#y7&A ( incidence angle )o

« the component of beam radiation {y o intercepted by the surface of a
collector is given by

Ib,c ::Ib cos {

aw . KBYZBESR /A (wall solar azimuth ) REXFHELEREER
HE SRR R EKFE EREHRA.



) South-facing Horizontal and Vertical Surfaces (Fixed)

cos ¢ =gindssihL+cosg,cos L coshg

(1) For vertical south-facing surfaces

the incidence angle

‘[cos i = —sin &5 cos L + cos &, sin L cos hg

, 4w =0, [3:900’

sb-l-ﬁ':—z‘

2) For a horizontal south-facing surface, =0 ,the incidence angle

cos I = sin & sin L + cos 8; cos L cos A, (= sin Q)

— COS ¢

Equator

Normal to
tilted plane

Horizontal plane

HETEE |




(1) For vertical south-facing surfaces , 4w =0, §=90°,

the incidence angle
T

| Cos i = —sin & cos L + cos & sin L cos A, ¢+ﬁ“-—‘“§"

R#& . cos j =cos h, sin L cos &, — cos L sin 6,
] — .
HE D P= sinL cos fig i + sin L sin f_j— cosL &
' - — §
= Ccosd;t +sind, k
— —_—

.ﬁ=(c05 Lc_ﬂs.kS : + cos Lsinhg_f—l-sin Lk .

wl %l ™l

(cosd.i4sing, )

cos i = cos kg sin L cOs 5. — cOs L sin d;



Collector without moving surface (Fixed surface)
) South-facing Horizontal and Vertical Surfaces (Fixed)

(1) For yvertical south-facing surfaces | @, =0, §=90°,

the incidence angle co0s ¢ = cos L cos hy, cosd,+ sihL sind;
/o

‘[cos i = —sin &; cos L + cos 8, sin L cos h ¢'+ﬁ=_2"

2) For a horizontal south-facing surface, § =0 ,the incidence angle

cos 7 = sin & sin L + cos §; cos L cos A, (= sin Q)

() Soyth-facing Tilted Surfaces  the tilt angle

The incidence angle for a south-facing tilted surface is

cos 7 = 'sin (L — ) sin 65 + cos (L — B) cos 65 COS hg
(i) Mon-south-facing Tilted Surfaces

the incidence angle i: |cos i = cos (g; — a,,) cos « sin 8 + sin & cos B




() Generalized Equation for Fixed Planar Surfaces

The incidence angle

cos 7 =sin d4(sin L cos § — cos L sin 8 cos a,,)
+ cos & cos hg{cos L cos § + sin L sin § cos a,,)
+ cos 64 sin B sin a,, sin A,

™ Fixed, Tilted Cylindrical Surfaces in a north-south plane.
The incidence angle tubular solar collectors

cos = {1~ {sin (B —L)cos & cos by + cos (B — L) sin &,]2}*"

Glass tube




! Axis of
ratation

-
S
\E

Flat-plate collactor facing south at dixed fily
ik racking flat-plata collectar with axis onented noith-south

Axis of rotation

Axis of rotation
S Axis of rotation

I
/:D\
I
S Axis of rotation E

Two-axis tracking flat-plate colector Orvi-iis travching parabolic rough with axis orienled east-wes! Tiwd-axis tracking concentrator

e r \\E

Aais of rotation



Chap. 3

Radiation Heat Transfer

MILLIONS OF NUCLEAR
REACTIONS HAPPEN ACRRDSS
THE SUN EVERY SECOND.



Radiation



23°C amblem
temparaturs

Basal production
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HEAT © www.gcse.com

Heat can be transferred by:
Conduction
Convection
Advection

Radiation

wind ;
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* Radiation: energy propagating
through space in the form of

electromagnetic radiation
Moves as fast as speed of light
Can travel through a vacuum




Electromagnetic Radiation

Radiation energy propagates as a wave,
in energy packets called photons

’J:‘— A —— Wavelength
P ""-.,. I,..-'ﬁ"'-.,.
: \

{




Radiation allows heat to be transfered through wave energy. These
waves are called Electromagnetic Waves, because the energy
travels in a combination of electric and magnetic waves. This energy
IS released when these waves are absorbed by an object. For
example, energy traveling from the sun to your skin, you can feel your
skin getting warmer as energy is absorbed.

Shorter wavelengths carry more energy than longer wavelengths.



Radiation emission

|

Radiation emission

Gas or vacuum

High temperature gas or
semitransparent medium

(a) (b)

FIcURE 12.2 The emission process. (a) As a volumetric phenomenon. (b) Surface
phenomenon.



*_*Ji_

Blackbody, T Blackbody, 1, ,
Real surface, T

Real surface
I?\. (7\., 9,T) -
Ellg I?u.b (?L;T}

E?L (}L,T) = 87\. E?l.,b O‘-«T)

(a) (b)

Ficure 12.16 Comparison of blackbody and real surface emission.
(a) Spectral distribution. (b) Directional distribution.



RADIATIVE INTENSITY

dAF=dA-:058

spectral intensity, 7, =
radiative energy flow/time/area ,
normal to rays/solid angle/ wavelenoth

total mtensity, I = o
radiative energy flow/time/area normal to rays/ solid angle

x

I(r, §) =[ Ixr,§ A dA.
0



Radiation Intensity

(a)

FIGURE 12.6 Definition of (@) plane and (b) solid angles.



Emitted
radiation

Ll

=

(a) (b)

Ficure 12.5 Directional nature of radiation. (a) Emission
of radiation from a differential area dA, into a solid angle
dw subtended by dA, at a point on dA,. (b) The spherical
coordinate system.



dA, = r? sin® db do

Ficure 12.7 The solid angle subtended by dA,, at a point on dA, in the spherical
coordinate system.



FIGURE 12.9

Emission from a differential
element of area dA, into a
hypothetical hemisphere
centered at a point on dA,.



Irradiation

Spectral irradiation, G,(1): (W/m” - um)
G,(A)=[,"1"1,,(2,0, $)cos Osin 6d 6d

Total irradiation. G-

G=[ G,(A)dA



Radiosity
Radiosity 1s all the radiant energy leaving a surface, including emaitted

and reflected energy. (F1g. 12.11)
\Qdiﬂsﬂy

Reflected

portion of
irradiation

Emission
Irradiation

Surface radiosity,

Spectral radiosity, J,(2): (W/m”. ym)

a2

T, (A) =17 [77L 4(A.6. §)cos Osin 8d6d §

Total radiosity, J:
J =1 J,(A)dA



Blackbody Radiation

A blackbody 1s an 1deal surface having the following properties:

1. A blackbody absorbs a/l incident radiation. regardless of
wavelength and direction.

2. For a prescribed temperature and wavelength, no surface can emut
more energy than a blackbody.

3. Although the radiation emutted by a blackbody 1s a function of
wavelength and tE“lPE“BIackI:..ml.y Radiation 11t 0f direction. That 1s,
the blackbody 1s a diffuse emutter.

No surface has precisely the properties of a blackbody. A cavityis a
closest approximation.

T . Diffuse emission
At
]:‘L, e ]l. b

w}r

\L Isothermal surface, T—I

(a) (b) (c)



2.3 Blackbody radiation
A blackbody has the following characteristics:

@it is the physically ideal perfect radiator and perfect
absorber, 1.e.:

@all incident radiation is completely absorbed (hence
"black™);

@at all wavelengths and in all directions maximum possible
emission occurs (radiance is independent of direction I.e.
Isotropic radiation).



A hypothetic body that completely absorbs all
wavelengths of thermal radiation incident on it. Such
bodies do not reflect light, and therefore appear black if
their temperatures are low enough so as not to be self-
luminous. All blackbodies heated to a given
temperature emit thermal radiation with the same
spectrum, as required by arguments of classical
physics involving thermal equilibrium. However, the
distribution of blackbody radiation as a function of
wavelength, known as the Planck law, cannot be
predicted using classical physics. This fact was the first
motivating force behind the development of guantum
mechanics.

Introduction to Blackbody radiation
Wien Distribution

Wien Displacement Law
Stefan-Boltzmann Law




The Planck Diﬁtributipn

2he:
ﬂ /2. _ 0 I
Planck Law |Z.s(4.1) P [explhcq/ ART) 1]

Since a blackbody 1s a diffuse emutter, 1t follows that

C,

E, y(AT)=nl, ,(A,T) =
" ~ Plexp(Cy/AT) ~1]

where h is Planck's constant, ¢ is the speed of light, and k is Boltzmann's
constant (Rybicki and Lightman 1979, p. 21).

h=6.6262 x 107 erg s = 6.6262 x 107 J 5

¢ = 2.99792458 % 10° m s~ ' = 2.99792458 x 10" em s~

E=1380Tx 10 W erg K ' = 1.380Tx 1072 J K.



The Planck Dlst:rlbut]nn

Elackbody
radiator

1000

E(T

A fem

o

Power density (1079 watksim? )
= K3 03 B M OO =] &0 4D

100
Waualangth {rirm)



Wien's Displacement Law

Ditferentiating (15.26) w.r.t. A to obtain

A ma:{T = CE

Thus relation locates A___ of blackbody emission at a certain 7.

Specira radiancy W/em?

h
=]

Ly
=

£
=

Tt
=

o
=

10

WIEN'S LAW

Spectral emissive power, E; ;, (W/m#-um)

10°

0P — <— Visible spectral region
Ao T = 2898 um-K

107

Solar radiation
10°

10°
10*
10°
102
10!
100
10!
10?

103

10*

0.1 0.2 0406 1 2 4 6 10
Wavelength, A(um)

Ficure 12.13  Spectral blackbody emissive power.

20 40 60 100




The Stefan-Boltzmann Law

The total emissive power of a blackbody:

C
L d).=oTl*
lexp(C,/AT)—1] °

EE;{T) — E PE

where o 1s the Stetan-Boltzmann constant.
Since a blackbody 1s diffuse, I, =FE,/m



Total Blackbody Emissive Power

The total emissive power of a blackbody may be determined from equations (1.11)
and (1.13) as

% \ * d{(nAT)
_ _ 204
E,(T) = L Eppy(T, )dA = Cyn°T L (nﬁT)ﬂeCi/("Hj - ]}
_ |G [T §3€f§] 2d _
= {Cé‘ L il T*, (n = const). (1.19)

The integral in this expression may be evaluated by complex integration, and is
tabulated in many good integral tables:
T 4C 1 W

= 5.670 X 10~°% ,
15C4 sl m2 K+

Eu(T) = noT*, o =

(1.20)

where o is known as the Stefan-Boltzmann constant.”



Stefan-Boltzmann Law
g=c T4A (1)
where
g = heat transfer per unit time (W)
o =5.6703 10-8 (W/m2K4) - The Stefan-
Boltzmann Constant
T = absolute temperature Kelvin (K)
A = area of the emitting body (m2)
The Stefan-Boltzmann Constant in Imperial
Units
o =5.6703 10-8 (W/m2K4)
=0.1714 10-8 ( Btu/(h ft2 oR4) )
= 0.119 10-10 ( Btu/(h In2 oR4) )



Band Emission

It is often necessary to calculate the emissive power contained within
a finite wavelength band, say between A; and Az. Lhen

-’n {:'y'rﬂﬁ i k)
Cy ECdE
EprdA = J n*ré.
J:h c? CafnasT ef -1 (121)

It is not possible to evaluate the integrat in equation (1.21) analytically. Therefore, it
IS customary to express equation (1.21) in terms of the fraction of blackbody emissive

power contained between 0 and n AT,

f{H)LT) = __‘__JS Eb"'d}l =J”)‘T( E
” 0

i5 Ed¢
d(nAT —
fn EppdA n’ "—TTS) ( )= ﬂ"fcﬂnn et — 1 S22

s that

Az
J;l E&Ad)‘. = U(HAET) - f(ﬂ(\.lT:llﬂzﬂ'T4. (123)




Band Emission

The fraction of the total emuission from a blackbody that 1s 1n a certain

wavelength mterval of band:

X, , dA
F . ."[]i Eﬂ,:bd’q‘-‘ [[;t Eju:bdju %
o -[;: E, ,dA - oT 2
i £ ;
AT =4 b

— a d ‘j"'“T — {q-..r = 0.6
lo Jipac (AT)= f(AT) i

. G CEydA - [; E,,dA i

Firsiy = ol —— = Fos1,) ~ Flooay)
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The "darkest ever" substance kn Wn to science has been made in a US laboratory.
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Surface Emission

Blackbody, T Blackbody, 1, ,,
Real surface, T

e Real surface
K L (A6,T) =
o &6 Iy W T)

E}.. {?L,T) = 8?\. El,b (?L»T)

A
(a)

Ficure 12.16 Comparison of blackbody and real surface emission.
(a) Spectral distribution. (b) Directional distribution.



Total, directional emussivity £,(6,¢.7T):
1.(0.6.T)
0.¢.T)===
£9(0.9.7) .,(T)
Spectral, hemispherical emissivity &, (1.T):
_E,(A.T)
24 1= E,5(A.T)

Total, hemispherical emussivity &(1):

_E(D) s €2(A.DE, (A, T)dA
“D=E,D" Eb(TES

Total, hemispherical emiés.ix-'it}f g(T):
&(T) = E(T) Jo €:1(A. TE, ,(A.T)dA
~EL(T) E.(T)

Usually, e~ ¢,: ¢, ¢,
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FIGURE 12.17
Representative directional distributions Metals, as received and unpolisiied
of the total, directional emissivity. Metalbieat

Oxides, ceramics
Carbon, graphites

Minerals, glasses
Vegetation, water, skin

Special paints, anodized finishes
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Total, normal emissivity, €,

FicUure 12.20 Representative values of the total, normal
emissivity g,,.
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FIGURE 12.18 Spectral dependence of the spectral, normal emissivity &, , of selected

materials.



1.0

= ! e
N~ o)) 0o

Total, normal emissivity, €,

€
N

Silicon carbide

-
"
«* Stainless steel,
heavily oxidized

Stainless steel
lightly oxidized

L]
L]
.'..
.
e,
s
-
s,
.....
e
bl
L
.......
L™

Ar

300

700 1100 1500 1900
Temperature (K)

2300

2700

3100

Ficure 12.19 Temperature dependence of the total, normal emissivity g, of selected

materials.
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Ficure 12.24  Spectral dependence of the spectral transmissivities 7, of selected

semitransparent materials.
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Ficure 12.23  Spectral dependence of the spectral, normal absorptivity o, , and

reflectivity p, , of selected opaque materials.
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Surface Absorption, Reflection, and Transmission
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Spectral, directional absorptivity

I,——‘_-z'-abi {’i‘ 8" t’rﬁ}
%04 0.0)= =55 %)

Spectral, hemispherical absorptivity

Gﬂ,_absi‘ﬂ”)
a, (L) = G )

Total, hemispherical absorptivity

o =



Spectral, hemispherical transmissivity
T Gr(A)

L (7.
Total transmissivity 7= —(E-
T



spectral normal absorptivities:spectral transmissivities
P, Tt &, + T, =]
po+a+ =1

For opague medium: p, + o, =1
po+a =1



Definitions for reflectivities

Incident Reflected

ray radiation of Incident Haﬂected
wuniform ray

WSP“

intensity

Diffuse and specular reflection



Kirchhoff's Law

Considering the thermal equilibrium between a body 1n an enclosure
under steady-state conditions the following relations.

called Kirchhoff's law.

£, (4.0, 0, T)= a; 5(A, 0,9, T).

g,(A.T)=a,(A.T), if the irradiation is diffuse:
or the surface 1s diffuse

g(T) = a(T), if the irradiation is emission from a black-
body at the same temperature as the surface:
or the surface 1s gray and diffuse: or ...



T'he Gray Surface
[ £, g c0s 6511 0d 0d ¢

§ L}]T (72 cos @sin BdOd ¢
fﬂ . '51’4 o1, ; cos @sin Qd{?‘dg?ﬁ
- ?TL; "1, . cos Osin 6d6d ¢ .

.’l‘

g, (A.7T)= ai(iﬁT)

if 1. the urradiation 1s diffuse. or
2. the surtace 1s diffuse. (Fig. 12.17)

y £,E,,(A.DdA [ a,G(A)dA
- E,(T) R G - ¢




Stefan-Boltzmann Law

The energy radiated by a blackbody radiator per second per
unit area is proportional to the fourth power of the absolute
temperature and is given by

I'}
A

S ~
= (7] Jn’ =5 Stefan-Boltzmann Law
7 = 3.6703x10 wart f m K"

For hot objects other than ideal radiators, the law is
expressed In the form:
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Solar Radiation and IR Emission
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13.3 Radiation Exchange Between Diffuse, Gray Surfaces in an
Enclosure
Assumptions: 1sothermal surface; uniform radiosity and irradiation:

opaque, Aiffiice orav anrfare noannarticinatino medinmm

/rm

[r—

-5
g,A

MNode cormespon — p ad
dl.ri H‘}. . “_I H
to the surface s



11-63 The absorber surface of a solar collector 1s

exposed to solar and sky radiation. The equilibrium 600 W/m’ _

temperature of the absorber surface 1s to be determuned }/ / T Air,o c

. . .. =15

if the backside of the plate 1s insulated. / / / T * _1', oC
sy = 12

Properties The solar absorptivity and emissivity of the

surface are given to o, = 0.87 and £ = 0.09. LA, Absorber plate
. I,="

Analysis The backside of the absorbing plate 1s o =087

insulated (instead of being attached to water tubes), and e = 0.00

thus
QIIHB." = {]

a:Gsr-Iar = E{'_"":T.':4 - I;.ij 4} L 'F?{I; - }:'.u':"}

(0.87)(600 W/m?) = (0.09)(5.67 =107 Wim* -K*)|(T.)* — (288 K)* [+ (10 W/m? - K)(T, — 298 K)
T. =346K



Thermal infrared thermography

Ideal for:

General Thermography

Printed Circuit Board (PCB) Analysis
Electrical Predictive Maintenance
Substation and Power Generation Analysis
Motor Control Centers

Uninterrupted Power Supplies (UPS)
Mechanical Preventative Maintenance
Flat Roof Inspections

Energy Audits

Building Envelope Analysis

Mold and Moisture Remediation Surveys
Quality Assurance

Security

Medical Thermography

Veterinary Medicine

Equine Thermography

Educational Presentations

Research and development

Electrical & machinery
Predictive / Preventive
Maintenance PM / PDM
applications

Research &
Development, Non
Destructive testing
Mechanical / Steam trap
[ distribution /
Refractory / Boiler /
Petrochemical
applications

Energy audit / Heat loss
/ building efficiency
surveying applications
Law enforcement /
Military / Surveillance
for ground-based / air
borne or marine
applications



11-63 The absorber surface of a solar collector is )
exposed to solar and sky radiation. The equilibrium 600 W/m*

temperature of the absorber surface is to be determined / / // Air

if the backside of the plate is insulated. I=125 OC
Tsky =15°C

Properties The solar absorptivity and emissivity of the

surface are given to o= 0.87 and € = 0.09. W ,_ Absorber plate
L N I,=7?
Analysis The backside of the absorbing plate is R a. =087
insulated (instead of being attached to water tubes), and A . £=0.09
thus )
(}"ne! =0
oGy = 0(T" =T, ")+ (T, = T)

(0.87)(600 W/m?) = (0.09)(5.67x10~° W/m? -K* )[(TS )t —(288K)* ]+ (10 W/m?* -K)(T, —298 K)
T, =346 K



11-31 A surface is subjected to radiation emitted by another surface. The solid angle subtended and the rate
at which emitted radiation is received are to be determined.

Assumptions 1 Surface A, emits diffusely as a blackbody. 2 Both 4, and 4, can be approximated as
differential surfaces since both are very small compared to the square of the distance between them.

Analysis Approximating both 4, and A4, as differential surfaces,
the solid angle subtended by 4, when viewed from 4, can be

determined from Eq. 11-12 to be A, =4 cm’
A,, A 0 2 °
0y, =02 o 22080y (Gom )eos6O® 5 175,104 sr A
r r (80 cm) & =60

since the normal of 4, makes 60° with the direction of viewing. :
Note that solid angle subtended by 4, would be maximum if 4, '
were positioned normal to the direction of viewing. Also, the ' =45°/ =80 cm
point of viewing on A4, is taken to be a point in the middle, but :
it can be any point since 4, is assumed to be very small. E

The radiation emitted by A, that strikes A4, is :
equivalent to the radiation emitted by 4, through the solid Ar=4cm
angle m,.;. The intensity of the radiation emitted by A4, is I, =600 K

CE (1) ol (5.67x107° W/m? -K*)(800 K)*
I T T

I =7393 W/m? -sr

This value of intensity is the same in all directions since a blackbody is a diffuse emitter. Intensity
represents the rate of radiation emission per unit area normal to the direction of emission per unit solid
angle. Therefore, the rate of radiation energy emitted by 4, in the direction of &, through the solid angle ®,.
| is determined by multiplying /; by the area of 4, normal to 8, and the solid angle ®,.;. That is,

Q5 =1,(4, cos6))o,
= (7393 W/m? -sr)(4x10™* cos 45°m?)(3.125x10~* sr)
=6.534x10* W
Therefore, the radiation emitted from surface 4, will strike surface 4, at a rate of 6.534x10* W.

If 4, were directly above 4, at a distance 80 cm, ¢, = 0° and the rate of radiation energy emitted by 4,
becomes zero.



11-41 The variation of emissivity of a surface at a specified temperature with wavelength is given. The
average emissivity of the surface and its emissive power are to be determined.

Analysis The average emissivity of the surface can be

. A
determined from €,

A4 A 0
& [B, (1)dr : [Ey (D)2 e [E,, (D)2
A Py

e(T)=—2 + + 0.7 T
ofl* ol* ol*
=&1fo-, Y€/ 02, TE3S 0,0 0.4
=a1fy, + e (fa, = 1)+ e3(= 1) 03 +
where f, andf,  are blackbody radiation functions R
corresponding to A,7and A, 7", determined from 2 6 A, pm

AT = (2 pm)(1000 K) = 2000 pumK —— f;, = 0.066728
Ay T = (6 pm)(1000 K) = 6000 pmK —— f;, = 0.737818
Jor, =S —Jo =1y, since fo=0andf, _, =f, —f, sincef, =1L

and,

£ =(0.4)0.066728 + (0.7)(0.737818 — 0.066728) + (0.3)(1 - 0.737818) = 0.575

Then the emissive power of the surface becomes

E=¢e0T* =0.575(5.67x10° W/m?.K*)(1000 K)* = 32.6 kW/m?



11-43 The variation of transmissivity of the glass window of a furnace at a specified temperature with
wavelength is given. The fraction and the rate of radiation coming from the furnace and transmitted
through the window are to be determined.

Assumptions The window glass behaves as a black body. -
. . A
Analysis The fraction of radiation at wavelengths

smaller than 3 um is

AT = (3 um)(1200 K) = 3600 umK —— f; = 0403607

The fraction of radiation coming from the furnace and
transmitted through the window is

(M) =1 f;+7,(I= 1)
=(0.7)(0.403607) + (0)(1-0.403607)
=0.283 = >

Then the rate of radiation coming from the furnace and transmitted through the win%iow becomés Hm

G, =tdoT" =0.283(0.25x0.25m*)(5.67x10™ W/m* K *)(1200K)* =2076 W




View Factor

View factor (or shape factor) F.: fraction of the radiation leaving

surface i that 1s intercepted by surfacej.

g.. 1. . cosb.cosO.
Fy=-=Li [ — "4
i AJ A A4, TR’ J




Fiew Factor Relations

AF,=AF,  --reciprocity relation
. . Cosb.cosd,
= 1,1, 5 dA4;dA,
A TR”

For an {:lﬂame c:f N SUr ta{:es

T F =3\ --summation rule
=1



13.2 Blackbody Radiation Exchange
For a blackbody surface, there 1s no reflection and radiosity equals

emissive power, J. = E, ..
disi — (4,7, )FE__,? — “47'F;j£vbf
4 =4 F,E,
The net rate of radiation exchange 1s
qi; — ‘4;'11: ;‘;‘E bi ‘4;'1-?: ;‘fEbj' = 4; E;;‘ {T(T; -1 :1)

For an enclosure of N surfaces, the net radiation from surface 7 1s

N
|.|iI=




1 ey
Jy AF L Ey A1 T
Q] Qz Q'l QI
{a) ()
(a) Space resistance, (b) surface resistance,
£, i l—€4
EI:r'I AlEI ""rl AlFl—-l Jrz AZEE Ebl
e e AAAA e AA A e A AN A
L o

(c) total resistance.

Electric network analogy for infinite parallel plates:

_Ep N1 N2 Epm
A€ Az€r
Epy — Ep
01 = 774 1 1 —e; 2,
4o+ — 2
A€ AVFi o, Aje




Chapter 12 Radiation Heat Transfer

12-26 Two very large parallel plates are maintained at uniform
temperatures. The net rate of radiation heat transfer between the
two plates is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces €1 =0.5
are opaque, diffuse, and gray. 3 Convection heat transfer is not

considered.

Properties The emissivities ¢ of the plates are given to be 0.5 and I, =400 K
0.9.

Analysis The net rate of radiation heat transfer between the two
surfaces per unit area of the plates is determined directly from

Qi _ o' -T*) _ (5.67x10™° Wim* - K*)[(600K)* —(400K)*]

As L+i_l L_

1y
£ & 0.5 09

— 2795 W/m?
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12-30  Two very long concentric cylinders are
maintained at uniform temperatures. The net rate of
radiation heat transfer between the two cylinders is to
be determined.

Assumptions 1 Steady operating conditions exist 2 The
surfaces are opaque, diffuse, and gray. 3 Convection
heat transfer is not considered.

Properties The emissivities of surfaces are given to be
oS | and €= 0.7.

Analysis The net rate of radiation heat transfer between
the two cylinders per unit length of the cylinders is
determined from

D,=05m D;=02m
I, =500K 7, =950 K

mcﬁf—ff)Z[MQZmXHMKimRMFSWmF-KﬁK%OKf—GmHQﬁ

Q12 =

1 l-¢,(r
1 1= (n
81 82 F‘z

=22,870 W =22.87 kW

1+1—0J(g]
1 0.7 5 Cross sedion of

evacuatedtube

Outer Glass Tube

Inner Glass Tube

Fluid Tube

Evacuated tube
Copper Sheet

Evacuated Space



TasLe 13.1  View Factors for Two-Dimensional Geometries [4]

Geometry

Relation

Parallel Plates with Midlines
Connected by Perpendicular

— W —

Inclined Parallel Plates of Equal
Width and a Common Edge

Perpendicular Plates with a
Common Edge

i

Wi

[(W, + W) + 4] = (W, — W) +4]'*

2W,

=wiL, W, =wj/L

el

L+ (wiw) = [1 + (w/w)*]"
= 3

Wi+ oW —wy

2w;

TasLE 13.1  Continued

Geometry Relation

Parallel Cylinders of
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TasLe 13.2  View Factors for Three-Dimensional Geometries [4]

e = =
Geometry Relation
Aligned Parallel X=XIL¥=¥L
Rectangles

(Figure 13.4)

:

I
Ly
]

¥

Coaxial Parallel Disks
{Figure 13.5)

i

(o
. |
| o

L
21
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Perpendicular Rectangles
with a Common Edge
{ Figure 13.6)
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12-53 Two very large plates are maintained at uniform temperatures. The number of thin aluminum sheets
that will reduce the net rate of radiation heat transfer between the two plates to one-fifth 1s to be determined.
Assumprtions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse. and gray. 3
Convection heat transfer 1s not considered.

Properties The emussivities of surfaces are giventobe £1=0.2,e2=02, and €2 =0.13.

Analysis The net rate of radiation heat transfer between the plates in the case of no shield 1s

c(rl -4
'::'1"L no shield = N
1 1 i N =1000 K
—+——1 | _
'xE]- €5 ! £1 =02
_ (5.67x107° Wim? -K*)[(1000K)* - (800K)*]
1.1
02 02

= 3720 W/m*
The number of sheets that need to be mserted 1n order to
reduce the net rate of heat transfer between the two
plates to onefifth can be determined from

o _ o' -1r") .

12 shields = -1 F w gl Radiation shields
e e | e | 2=02 &5 =0.15
g gy ) ey g,
5 -3 4 _

_(3?:]{3“ 2 }_{ B67=107" W/ 1111 ‘K ][{lﬂ'ﬂﬂ K} (800 K) ] VN gy =292 = 3
1 1 b, 1 1 \ o
—+—-1] m1d| — 1

+ .
L02 02 ) 015 015



9-67 The absorber plate and the glass cover of a flat-plate solar collector are maintained at specified
temperatures. The rate of heat loss from the absorber plate by natural convection 1s to be determuned.

Assumprions 1 Steady operating conditions exist. 2 Air 15 an ideal gas with constant properties. 3 Heat loss
by radiation 1s negligible. 4 The air pressure 1n the enclusure 1s 1 atm.

. . . Absorber
Properties The properties of air at 1 atm and the average temperature

of (T1+T2)/2 = (80+40)/2 = 60°C are (Table A-15)
k = 0.02808 W/m °C

Sv.::la..t'
v=1896x10"" m?/s radiation
Pr = 0.7202
ﬁ=i l —0.003003K "

T, (60+273)K

Analysis For 8 = (0°, we have honzontal rectangular enclosure. The Ki la::
characteristic length in this case 1s the distance between the two A0°C

glasses L. = L =0.023 m Then,

Ry - EPL T, )L b _ (9-81m/s*)(0.003003K )(80- 40 K)(0.025 m)’
a= 3 r= 5 7, <7
U- (1.896x107" m~/s)~

_ 4 13 +
Hu=1—1.44i1—@' —[Ra —1}
Ra

(0.7202) =3.689x10*

' 18

=1—1.44|1—

. T+ 4,13 7
1708 - (3.689x10H)" 1o,
3.689x10" | 18 -

Then



A, =H=xW=(2m)(3m)=6 m >

- T,-T, | 80— 40)°C
O = kNud, ——2 = (0.02808 W/m.°C)(3.223)(6 m?) (B0-407°C _ 560 w
L 0.025m
For 8 =20°, we obtain
1708 77 1708Gin1.86) % | [(Racose)?? |
Nu=1+1.44 1——] 1- + -1
Racoséd Racosd& 18
B + [ ; 1/3 +
1708 1 1708[sin(1.8 x 20)|*° 3.689 10" ) cos(20
=1+1.44/1— ! 1— [sin( - ) o K ) cos( )] ~1| =3.152
(3.689x107)cos(20) | (3.689:x10 7 ) cos(20) 18
- T, - T, . » (80—40)°C
O = kNud, 1 —2 = (0.02808 W/m.*C)(3.152)(6 m2)8Y=2C _a5g W

L 0.025m

For 6 =907, we have vertical rectangular enclosure. The Nusselt number for this geometry and orientation
can be determined from (Ra = 3.689x 10* - same as that for horizontal case)

va o oonf H) 4\1/4 oo _2m_\?
Nu=0.42Ra"* PrO2 | =0.42(3.689%10%)14(0.7202)%" = |  =1.557
\ L J , 0.025m /
- I, -T, , 1. (80—-40)°C
O = kNud, 12 _ (0.02808 W/m.°C)(1.557)(6 m2) S04V C _ 420w
L 0.025m

Discussion Caution is advised for the vertical case since the condition H/L < 40 is not satisfied.



METHODS
OF SOLAR COLLECTION
AND THERMAL CONVERSION

Part (1)

Sun overhead at midday

P
-ﬁ,l' - g? :-E'-- i.-_ RecoiverEnging
- > Hangl
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4 v |

HE OO0

Flat-plate collactor Evacuated-tubes

at highest efficiency at highest efficiency



» Converting the sun’s radiant energy to heat is the most common and well-developed
solar conversion technology today.

o This chapter analyzes in detail different methods for converting solar energy at
.emperatures ranging from moderately above ambient to above 3000 K.

o The thermal and optical performance of several solar-thermal collectorsis described.

¢ They range from air- and liquid-cooled nonconcentrating. flat-pl to
compound-curvature, continnously fracking tvpes with concentration ratios up

to 3000 more.



4.1 Energy Balance for a Flat-Plate Collector(* [FT[IEE <)

A close-coupled

solar water heaiedr/,/'
”",_.r"

Arrows show
direction of water
flow through copper
pipes when the sun

heats the collector panels
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41 ENERGY BALANCE FOR A FLAT-PLATE COLLECTOR

Lateral cross-sectional wiew of a solar water heater with high pressure tank

For a flat-olate collector of area 4.
this energy balance is

_ de,
- 1,A.T505=qy + ross T+ dt

.

Absorber plate (black coated)

Glass or plastic theet Ac- \

Quoss = rate of heat transfer (or heat loss) from
the collector-absorber plate to the surroundings

FIGURE 4.1 Schematic diagram of solar collector with two covers.

I, = solar irradiation on a collector surface

Ty = effective solar transmittance of the collector cover(s)

o, = solar absorptance of the collector-absorber plate surface

qy = rate of heat transfer from the collector-absorber plate to the working fluid

Qoss = rate of heat transfer (or heat loss) from the collectnr—absorber
the surroundings

deofdt = rate of internal energy storage in the collector

plate to



e The instantaneous efficiency of a collector 7,

Qe the useful energy delivered

A.l.  the total incoming solar energy

. (4.2)

e for the average efficiency

t
/qudf
- 0 '

MNe = ]
/ AL, dt (4.3)
Q

! is the time period over which the performance is averaged -
In a standard performance test this period is on the order of [S or 20 min




4.1.1 Collector Heat-Loss Conductance

In order to obtain an understanding of the parameters determining the thermat

efficiency of a solar collector, it is i
\ mportant to develop th
heat-loss conductance. : e coneept of collector
de,

1A 70, =q, + Gloss T FI_

Fﬂat loss gioss = rate of heat transfer from the collector-absorber plate to the surroundings

— Qoss = UC‘AE(TE —T,)

heat loss through 15.¢
the pane of glass

reflection
on abhsorher

reflection on the

pane of glass

occurrence
of solar radiation

Ue the collector heat-loss conductance
T, average temperature

" heat loss through the
rear and side walls



Collector or

Tix)

Ata fixed y
X

temperature profile in working fluid

Working fluid \
Flow tube L)

WY LU

(a)

T[yi
4 Atafixed x

_ T

—| Tube f=~ Plate| ——= Tube b=
-y

temperature profile in the absorber plate.

(c) d}

FIGURE 4.3 Qualitative temperature distribution in the absorber plate of a flat-plate collector.
(#} Schematic diagram of absorber; (b) temperature profile in the direction of the flow of the

working fluid; (¢) temperature profile at given x; (d) temperature distribution in the absorber plate,




% The thermal analysis of a flat-plate collector

1. The collector is thermally in_steady state.
2. The femperature drop between the top and bottom of the absorber plate is

neslisihle.
3. Heat flow is one-dimensio through the covers
T ; dimensional e as well as through the back

4. The headers connecting the tubes cover o

5. Ther: ﬂ can be treated as though it were a black-body source for infrared
racha‘tmn at an equivalent sky temperature.
6. The iradiation on the collector plate is uniform.

Collector Flat Plate Collector

Cover: protecting the
Inlet Connection \ p 9

absorber plate and
preventing loss of heat
Collector Housing: made
from aluminum alloy or
galvanized steel - fixes
and protects the absorber
plate

Outlet Connection

Flow Tubes

Insulation: to the bottom
and sides of the collector
to reduce loss of heat

W'ﬂ'fkinﬂ f[Uid \ Source: Green Spec.
Flow tube

Absorber Plate: usually
black chrome absorbing
coating to maximize heat
collecting efficiency




at-plate solar

collectar

= for a collector of area /,l, and thickness Iy, and with a layer of

insulation /; thick at the bottom and along the sides , the effective back loss
would be approximately

Ackir o | O+ +1) VR 480 fm
Tback loss i Ve la Wi; (4.6) v iF)
:ﬁ"ll'::!. sthe rate of heat transfer Per unit surtace area of collector between the absorber plate
4 and the second elass cover is
Ayt - 0A (T4 - T,
Useful I:Mwbnr Qopioss = Ahy (T, —sz} + Veo +1 §2 ) (4.7)
m..;f plate rafiection - €p.i "'En-f =1

- Lfo—T,
=(ha +haMo(Te ~Tp) =~ 4,

p o T+ Ta )T + Ty
T ey + Mg, — 1)

Cellector bottom |
housing temperature

Ry

*A similar derivation for the rate of heat transfer between the two cover plates gives

- T, -T
O Ambient temperature (7,) Qoploss = (her + 1 )A(Tn = T,,) = ﬂR £ 4, (4.9q)
4
o)
T + T WTpi* + T ?)
Thermal circuits YO By e+ Veg —1) (4.95)




e the convection heat exchange occurs between Tg: and the ambient air at Toir

gives’
Tgl — Do
Qtoploss — (hc,oo + hr,M)(Tgl - Tair)Ac = TAC (4-10) _Q_
Ty
(Tgl _ Tsky) )
(Tgl _ air) ;

* The total heat-loss conductance U, can then be expressed in the form

where hr’m = (:‘g;,;‘U(Tgl + Tsky)(Tgl 2 4 Tszky)

> .

\r’ 2 h p4 Qu
LR (4.11)

__ 1 1
R, +R, "R; +R, +R,

U,

Qloss = UcAc(Tc —T,)

Ue the collector heat-loss conductance
T, average ‘temperature

rain, wind,
RN snow

;, ‘: reflection j J ‘)
— |

conveetion infulatlnn
(“v‘—'-:,_(:\ 4 ‘5}9 , > \}{_
( \J N "% \ ” )
ot b o / |
- %, -
{3
hieat e /. ,/ounmllun
radiation ;’
glass cover f‘
- \ avallable rc
absorber — \/ ol .

Thermal circuits



® A simplified procedure for calculating U, suggested by Hottel and Woertz (25)

_ . (Tc o Ta)Ac
Do oo N (T — TV + 11 + 1/
| AT — T, )4,
* 1/[ep,,- + OOSN(I + Gp’f)] + (2N +f-— 1)/63,1' —N (4‘12)

where f= (1 —0.044, ., + 0.00054, ,,2)(1 +0.091N) N = number of covers
C'=365.9 (1 —0.008838 + 0.000138%) he, oo = 5.7+ 38V (m/sec)

€g,; = infrared emittance of the covers

The values of g4, 105 calculated from Eq. (4.12) agreed closely with the values
obtained from Eq. (4.11) for 972 different observations encompassing the following
conditions:

320< T, <420K

260< T, <3I10K

0.1 <e¢,; <095
0< V<10 m/sec
1l N<K3
0<p<90




EXAMPLE 3.15

Calculate the rate of heat transfer between the surface of a flat-plate collector
(e, =095, T, =360 K) and the glass cover (e, =090, T, = 340 K) if the
convection heat-transfer coefficient is 10 W/m? - K (1.76 Btu/hr - ft? + °F).
SOLUTION

Radiation and convection occur in parallel between T; and T,.

the convection resistance from Eq.. (3.43)

Ry ==—=0.1m? - K/W (0.568 hr - °F/Btu)
e =,

and from Eq. (3.104) the radiation resistance
/e, +1f/e, —1
= oTy + T, (T, + T, %)
_ (1.11 +1.052—1)X 10® Tolass,s — T
5.67(340 + 360)(1.15 + 1.29) X 10° o fe R, =10W/m? - K

=0.120 m* - K/W (0.680 hr - °F/Btu) / Teollector — Ty
4 _(Th —T)R, +R:)  20/0.012 flat-plate collector

Thus 7= R.R, ~0.1+0.120

€2 =090, T, =340K

Tair

Ll 7 T T TTT—glass cover

surface of collector




® 4.1.2 The thermal analysis of a flat-plate collector

@ Collector

Tix)

Ata fixed y
x

temperature profile in working tiuid

Working fluid b)
Flow tube

(a)

Tiyi
At a fixed x

T (o

—=| Tube fo— Prate ——] Tube |

v

temperature profile in the absorber plate

FIGURE 3.10
Web and tube configuration

The rate of heat loss from a given segment of the collector plate at x,vis

b

q(x,y) = U, [T.(x,y) — T,] dx dy

where T = local collector-plate temperature (T, > T,)
T, = ambient air temperature

(4.13)

U, = overall unit conductance between the plate and the ambient air



® 4 1.2 The thermal analysis of a flat-plate collector
To derive a relation to evaluate this efficiency for a flat-plate solar cellector

foot

OQutlet header

dq;‘ad 'd Gioss 'd Geond— 0 AT
aglydy —ULT, —T,)dy + (—kt —=

Ililli}f(llzzlz _ 9,
(BTN

. 25550

/ )z dr,

Fluid from Fluid from dy
inlet header inlet header

) =0 (4.14)

Insulation

_dT,
y+dy,x, dy

aT, ,
agly dy —ULT, —T,) dy +kt dy =0 (4.15)

dy?

4’1, U, ( ' asfs)
e = +
dyz kt [Tc Ta U(,‘

The boundary conditions are

1_| at y =0,dT,./dy =0. |

2oaty=w=( —D)f2, T.= Tp(xo) (4.16)
let m* = U.fkt and ¢ = T, — (T, + a, I JU),

2
\ dv'Z
Working fluid ”\ The general solution of Eq. (4.16) is .

@ ot ¢ = Cy sinh my + C, cosh my (4.17)




The constants Cy- and C; can be determined by substituting the two boundary
conditions and solving: the two resulting equations for C; and C,. This gives

?_EII@ | Te— (Ty +oul/U,) _ cosh my o
73 T[J Tp(xg) —(Ty + agly/U,)  cosh mw | 19,
T‘V’ :III:;‘:W

4 Atafixed x

B o e Y

-"i Tube i"'- Plate | ——= Tube |--—

Wb
Aﬁ Z

IFELIE II'J!III!II!I’!(J’II!] '-'”‘Ig"ll

Working fluid
NN [} Flow tube
‘ o in |"
Hfin D |
. - e rrrr Tiy)
At afixed x
r

o the rat¢/ of heat;transfer to the conduif fio ortion of the platé between — oo -

darT, 1
,q't{m :_kt'z;"ﬁ == {ogly ~ U;[Tp(xy) — T,]} tanh mw (4.19)
Y ly=yw M

e Since the conduit is connected to fins on both sides, the total rate of heat
transfer is |

Tiowi(x0) = Dwlagl — U [Ty(xg) — 7,1} IRIDE -y 5

® If the entire fin were at the temperature Tp(xg)

The fin efficiency n, = tanh mw/mw..

| TiotallXo ) = Ttotal, max = 2wnplogds — Ue [Ty (xo) — T,]} (4.21)




1.0
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ECH -

Fin efficiency nf

FIGURE 4.5 Fin efficiency for tube and sheet flat-plate
solar collectors.

_ ny =1
o When the fin efficiency approaches unity, the maximum portion of the radiant

energy impinging on the fin becomes available for heating the fluid.




- "
.

"N
‘/ QdUCt(xO) ’\

® In addition , the energy impinging on the portion of the plate above the flow
passage provides useful energy to heat the working fluid

Qauct(x0) = D{asly — U, [Tp(xo) — Tal} (4.22)

® Thus, the total useful energy per unit length in the flow direction becomes

QH(JCQ) = 2'qﬁﬂ + Qduct(iﬂ)

qu(xo) = (D + 2wn) {agls — U [Ty(x0) — T, 1} (4.23)




® Thus, the useful enerpy per unit length transferred as heat to the working fluid
becomes

— | qulxo) = (D + 2wn) {02313 — Up[Tp(xe) — T,1}
i

9u(0) = 2D + d)A, [T, (xo) ~ T(x,)]
Qu(xo) _ + Tf(.XO)

20D + d)hcpz-
%Qu(xo) = (D + 2wn) {og I — UelTp(xo) — Ta1}

-

=(D + 2wn) {ogls — Ue{

Or

': Tp(xg)=

G (xO )
2D + d)h,

Du (xﬂ ) 57 (Xo ) -

=—U, — ]+ {asls+ Trxo) — T,
(D + 2wn) [2(D+d)hc'1-] {a e 1)

{ogls + T](xﬂ) — Tq1}
1/Uo(D + 2wnp) + 1/h, (2D + 2d)
=1I'F {agly— U, [Tf(xo) — 1,1}

+ Tf(xﬂ) o Ta]}

= g, (X0) =




Collector Efficiency Factor

. LU

I/UC(D + ZWT?J«') + 1/50,5(21) + 2d)

is called the collector efficiency factor

®The collector-plate efficiency factor F' depends on UL, R i and 7?;*
only slightly dependent on temperature

* Typical values for the factors determining the value of F' are given in Table 4.1.

TABLE 4.1 Typical Values for the Parameters That Determine the Collector Efficiency Factor F'
for a Flat-Plate Collector n Eq. (4.26)

Ve

2 glass covers 4 Wim? - K 0.685 Btu/hr - ft* - °F
1 glass cover 8W/m? - K 1.37 Btu/hr « ft? . °F

kt
copper plate, 1 mm thick 0.4 W/K 41.5 Btu/hr + °F
steel plate, 1 mm thick 0.005 W/K 0.52 Btu/hr - °F

Ec,i
water in laminar flow forced convection 300 W/m? - K 52 Btu/hr - ft* + °F
water in turbulent flow forced convection 1500 W/im? - K 254 Btu/hr - ft* - °F
air in turbulent forced convection I00W/m? - K 17.6 Btu/hr ~ ft2 - °FF

CSF okt  hyy

I/.l’




» Collector Heat-Removal Factor

However, in a real collector the fluid temperature increases
in the direction of flow as heat is transferred to it.
An energy balance for a section of flow duct dx canbe written in

the form
Tix)

At a fined p
x

temperature profile in working fluid
FY

Ty
At a fixed x

Working fluid \
L2} Flow tube

== Tube |== Plate| ———s] Tutse fe—
¥

Lo}



 Similarly, a heat balance on the collector cover gives

loss e +gma’

Frame

7 Yecomv—Yrtop loss =d. Q/ dt :(mc)ngg(L )/ dr

Yeonv — AcUp [Tp(r) T Tg(r)]

Water pipes
Frame

0A(Ty(t) = T, *)

l/epr,- + l/egz:z- —1 (4.7)

= (Aer + 1A Tplt) — T,) = AU_[To(£) — T)

qtop loss ':qconv+qmd = ACELQ ( Tg(f) — Td )+

(B~ TN T~ 1)
2 (I/Ep,i+ I/Egz,z'_l)

U,= (Ecz + 7))

dT,(1) _ _ _
¢ (me)y T = AU [Tp() — To(D)) — AU [T(t) — T,)|  (4-35)

U =(he, 0o + 1y )
(inc)g = thermal capacity of the cover plate




EXAMPLE 4.2

Calculate the temperature rise between 8 and 10 am. of a lmX2m
single-glazed water collector with a 0.3-cm-thick glass cover if the heat
capacities of the plate, water, and back insulation, are 5, 3, and 2 kJ/K,
respectively. Assume that the unit surface conductance from the cover to
‘ambient air is 18 W/m® <K and the unit surface conductance between the
collector and the ambient air is U, = 6 W/m?® + K. Assume that the collector is
initially. at the ambient temperature. The absorbed insolation- e [ ‘diring the
first hour: averages 90 W/m?® and betweéen 9 and 10 a.m., 180 W/n2. The air
temperature between 8 and 9 a.m. is 273 K and thgt between 9 and 10 a.m.,
278 K. o

SOLUTION

Transparent cover
a/ Heat transfer

medium

Absorber

Housing

Insulation



The combined collector, water, and insulation thermal capacity is equal to

. U 6

the temperature rise of the collector between 8 and 9 2a.m. is

— asfs OCSIS ¥ Uedo!

Tp(0) = Ta == | 775 = (Tp0 = T} | exp — | il

(1) — T, U, [Uc (Tp,0 ):, exXp |:(mc)p + (UC/Um)c(mc)g:|
) O:SIS . ) UCA(_.f ( .it;e initii )

S| O G, UL Ym[| e T

_90 2)(6)(3600)
6{1 exp ( 15,000 =15 X 0944 =142 K

Thus, at 9 a.m. the collector temperature will be

T,=142K+T,=142K+273 K= 287.2K

Between 9 and 10 a.m. the collector temperature will rise as

T _T +.aSIS B aSIS T T UcAcf
p=ta T g, ~Too ~Ta)| exp (€)p + (Ue/ U rme)g

=278 + —1-29 — (30 — 9.2)0.056 = 306.8 K (91°F)




The basic air-cooled flat-plate collector

(1) Since poor heat-transfer properties of air (. the convection heat-transfer coefficient
hoater>>30 hyi, ), it is essential to provide the largest heat-transfer area possible to
remove heat from the absorber surface of an air-heating collector. The heat-transfer

cess needs an unsymmetrically heated duct of large aspect ratio
(typically 20-40). & & T L4 &

(11) Malik and Buelow (.38, 39) a suitable expression for the Nusselt number for

-a smooth air-heating collector is

0.0192 Re¥* Pr

Nu.,, =
"1+ 1.22Re™V® (Pr—2)

For rough-surface air-heating collector, they recommended multiplying a friction
factor fg, ( Blasius equation )
fan = 0.079 Re~1* (4.46)

0.0192 Re¥* Pr
1+1.22Re V® (Pr—2)

(4.45)

Nusm = (0.079 Re_lm

the hydraulic diameter Dy in the Nusselt and Reynolds numbers is based on

the entire duct perimeter.




® Air-Collector Efficiency Factor

. energy collection

the collection rate if the absorber plate were at the local fluid temperature.

(4.47)

__ 00192Re** P (Du
1+1.22Re™* (Pr—2)

, (Tc T Ta)Ac
NIH{(C/T T, — THIWN + )19} + 1/h,

0'(T4 __T4)A
1/[€pI+OOSN(1+€p I)] + Q2N+ f— I)/E‘g; N (4 12)

- @AC(TC T Ta)

Qtop loss =




*Air-Collector Heat-Removal Factor Fg

Fo the actual rate of heat transfer to the working fluid

—£-" the rate of heat transfer at the minimum temperature
difference between the absorber and the environment

_ GCP(TJ'Z out Tf, i)
gl — Uc(Tf,f — Ty)

_..macpra . _FIUCAC
Fp = UA. [1 exp( macp,a)J (4.48)

m, is the air flow rate (kg/sec)
Cp o 18 its specific heat

R (4.31)

The heat-removal factor for air collectors is usually significantly less

than that for liquid collectors because A, for air is muchsmaiier than
for a liquid such as water.



EXAMPLE 4.3

Calculate the collector-plate efficiency factor F' and heat-removal factor Fr for
a smooth, 1-m-wide, 5-m-long air collector with the following design.

Cover / /
glass _ o 5
U, is 18 kJfhr-m? -K 220
Insulating - / Ib/ft*)
air gap

th-E:‘

Insulation—___|

Collector housing

air density is 1.1 kg/m®
flow rate is 0.7 m®/min - m.?
specific: Heat is 1 kl/kg+ K
viscosity is 1.79 X 1075 kgfm - sec

Air duct



'SOLUTION

The first step is to determine the duct heat-transfer - coefficient A, from Eq.

(4.45). The Reynolds number is defined as

Ee
M

.._EFI}H

in which the average velocity ¥V is the volume flow rate divided by the flow

area.
07X 1XS5 .
1% 0015 — 233 mf{min = 3.89 m/sec

and the hydraulic diameter Dy is

4(0.015X 1)

Wi

Pu =TT 17001570015 ~ 0026 m
(1.1%(3.89)(0.0296)
RE — =
— 1.79 X 10-5
From Eq, (4.45) the Nusselt number is
0.0192 Re¥* Pr _ khe

Nug, =

1+122Re" V8 (Pr—2) Du
5.0192(7066)¥%(0.72)

= = 22;0
1+ 1.22(7066) Y8 (0.72 — 2.0)
The heat-transfer coefficient is
_ ko Nucpu
hﬂ—NuﬂH- Pr Dy
The Prandtl number for air is ~ 0.72. Therefore,
22.00(1.0%(1.79 X 105
={ )IOX }=U.0185 kI/m? - sec -

G (0.72)(0.0296)
= 66.5 kJ/m?® - hr - °C (3.26 Btu/hr - ft? - °F)

The plate efficiency is then, from Eq. (4.47),

_ h 665
.F-tc+ U, T 66.5+ 18

The mass flow rate per unit area is

m_pg_11X07
A, A, 60

the heat-removal factor Fr can be calculated from Eq. (4.48).

. -
_00128)1) Y f(0.787)(18/3600) (_
~ (18/3600) 31 exp t_ (0.0128)(1) =0.677

P

=0.787

= 0.0128 kg/sec » m,?

K



4. 3 Introduction to Concentrating Solar Eneray Collectors
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Solar c¢dlection devices that increase the recewer sutface ﬂUX intensity
over that incident on the collector aperture are called concentrators.
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* Reasons for Using Concentrating Collectors
Three reasons are commonly-cited for using concentrators:

I. To increase energy delivery temperatures in order to achieve a thermodynamic

match between temperature level and task. The task may be to operate

thermionic, magnetohydrodynamic, themiddynamic, or other higher temperature

devices.
2. To improve thermal efficiency by reducing the heat-loss area relative to the
receiver area. There would also be a reduction in transient effects, since the

thermal mass is usually much smaller than for a flat-plate collector.

3. To reduce cost by replacing an expensive receiver by_a less expensive reflecting
or refracting area.

Flat-plat solar collector ~ T=384'k 77 ..mo=20%
Solar concentrator T=580k 7] .anot=40%



Intermittently Turned Concentrators-The Compound parabolic Concentrator (CPC)
Family

o The compound parabolic concentrator (CPC) family developed by Winston (60‘62j and
Rabl (41-44), and described by Baranov and Melnikoy (2), will be described in detail

. Set by the laws of physics. Most other concentrators fall short of the ideal
limit by a factor of 2 or more. short of the ideal

e These CPC collectors are of either -single or compound curvature and are
characterized by the highest concentration ‘permitted for a given acceptance angle.

o  Since the compound-curvature (dishlike) CPCs require almost continuous trackin_g
at useful values of the concentration | :

ratio, the single- curvature devices requiring
only periodical movement are described herein.




TABLE 4.5 Optical and Geometric Properties of Full and Truncated Compound
Parabolic Concentrator Solar Collectors®

Acceptance
half-angle Average
of CPC Concentration Height/aperture Reflector/aperture number of
(degrees) ratio CR ratio ratio reflections /7
1.40 0.38 0.80 0,25
1.50 o 0.50 5904 1.06 0.34 g0,
36 Lo 10V 065 OV 1.36 0.2 V70!
1.70b 1.09 2.24 0.61
3.65 1.04 2.22 0.60
4.51 1.62 3.38 - 0,79
4 .90 ' 2.25 462 0.91
11.5 | 5.0° 2.94 6.00 0.99
7.28 1.86 3.86 0.87
9.08 3.03 6.17 ' 1.06
5.7 9.80 4.17 8.44 1.17
10.02 5.47 11.05 1.25

a truncated. From (41). (50%)]

1.2 50 percent truncation 0% , that is, 50 percent reduction in height/aperture ratio 59%)l . causes
a CR reduction of only about 10 percent (%) while reducing the average number of
reflections by 20 percent or more 20%)

2. The average number of reflections 7 increases with CR roughly as In+/CR.
n O In+/CR.
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