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Outline

 Black-body and solar radiation
« Emissivity and absorptivity
 Path of the sun

* Solar collectors
— Basic analysis
« Useful gain = Absorbed solar — Heat Loss
« Overall loss coefficient, U,
« Effectiveness terms and factors: F, F', Fg, F'g
— f-chart method
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Black-body Radiation

o Perfect emitter — no Uniform Nonuriform

surface can emit
more radiation than M k\fé
a black body
« Diffuse emitter —
radiation is uniform
in all directions
 Perfect absorber — all radiation striking a

black body is absorbed

Blackbedy Real body

N{r)ﬂl'tli'lnll'lilulﬁi‘ Figure 12-7 from Gengel, Heat and Mass Transfér

Black-Body Radiation Il

» Basic black body equation: E, = cT*
—E, is total black-body radiation energy flux
W/m?2 or Btu/hr-ft2
— o is the Stefan-Boltzmann constant
o o= = 215k%/(15h3c?) = 5.670x108 W/m2-K* =
0.1714x10°8 Btu/hr-ft2.R4
 k = Boltzmann’s constant = 1.38065x1023 J/K
(molecular gas constant) = R,/Nyagadro
« h = Planck’s constant = 6.62607x1034 J-s
e ¢ = 299,792,458 m/s = speed of light in a
vacuum
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Black-body Radiation Spectrum

» Energy (W/m?2) emitted varies with
wavelength and temperature

* E,, is spectral radiation
— Units are W/(m2-um)

— E,,;,d is fraction of black body radiation in
range di about wavelength A

* Maximum occurs at AT = 2897.8 um-K
— T increase shifts peak shift to lower A
» Diagram on next chart
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Spectral E,,
Black Body Radiation
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Spectral Black-body Energy

* E,,dA = black-body emissive power in a
wavelength range dA about A

— Typical units for E,, are W/m2-um or
Btu/hr-ft2-um
C

«C, = 2nhc? = 3.74177 W-um“/m2
* C, = hc/k =14387.8 um/K
—h = Planck’s constant, ¢ = speed of light in
vacuum, k = Boltzmann’s constant
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Radiation Tables

» Can show that f, is function of AT

A AT
G

Ey
Partial Black-body Power
Evos Black body radiation between A =
".. -,,-I ] Oand A =X is Eyg,s Ay
¥ \ oo, = _[ Epy.di
J.f \ 0
,ff \ Fraction of total radiation
[ “.  (cT) between A = 0 and
/ any given A is f,
AN 1.
i A fx=FJ.bed7»
Calbforni State I‘:u-n--'.- 0
N{)l'thl‘l(lgt‘ Figure 12-13 from Cenqel, Heat and Mass Transfer ’
Ey
E AM
fia,=fa,~1as,  « Radiation in finite
/',(— band, AL
N 1 k2
/ N fae, =g [Emdh=
.-"ll \\ M
e
/ 7 | Emndh——7 | Endh
."II C\T 5 ol
\ = f(L,T)-F(0T)
A Aa A
Nurlhritl‘ge Figure 12-14 from Cengel, Heat and Mass Transfer "

1k 1 c 1
f, =—— [ Epdh=——+ 1 dr== d(AT
* cT42|; K J;ﬁ(e%/” ) { (AT P/ T -1) (
Lo Blackbody radiation functions £
 Radiation tables T
give f, versus AT *":0'0" ——
— See table 12-2, 400 0.000000
H 00 0.000000
page 118 in Hodge 800 0.000016
— Extract from similar s P
table shown at right 1400 0.007790
Calik ersiry 1600 0.019718
1800 0.039241 *°
Q0 00667
Emissivity

» Emissivity, ¢, is ratio of actual emissive

power to black body emissive power

— May be defined on a directional and
wavelength basis, g, o(1,0,9,T) =
I, (X,0,0,T)/Ip, (A,T), called spectral,
directional emissivity

— Total directional emissivity, average over
all wavelengths, €y(0,¢,T) = 1,(6,0,T)/1,(T)

— Spectral hemispherical emissivity average
over directions, &, (A, T) = L, (A, T)/1,, (A, T)

— Total hemispheric emissivity = E(T)/E,(T)

rabifoemsics State [nhersiy
California State Universit 12
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Emissivity Assumptions

« Diffuse surface — emissivity does not
depend on direction

» Gray surface — emissivity does not
depend on wavelength

* Gray, diffuse surface — emissivity is the
does not depend on direction or
wavelength

— Simplest surface to handle and often used
in radiation calculations

1.0 TTTTT TTTTT TTTTT
o os N . - _-f- ",
2 | " silicon carbide, | : —Pﬁﬁ'\/
Z 1000 K I~/ |V
2 06 : :
8 Tungsten [ : T !
v = : |t | Aluminum
g - 1600 Kf"“—--...,‘\\ : V% beoxide,
= - \ % MOOK
= 04 H o T
= 5 ~ Stainlass steal,
= T S 1200 K
2 02 o ™~ heavily oxidized
0.2
wl : *Frovolonas® T T T
[~2800 K  Stainless stel,
B L ‘ BOK
0 | | LI | | LIl .hsh.u}l .mlqu.e‘?I 11
01 02 0406 1 2 4 6 10 20 4060 100
Wavelensth A4 yum
Incident
radiaticn .
G, Wim? Properties
Reflected
| PG« When radiation,
\ / G, hits a surface
a fraction pG is
Atsorbed  reflected; another
S“’E"S!:’]"‘“t a6 fraction, aG is
T, .
absorbed, a third
\3‘7 fraction tG is
Figure 12-31 from . transmltted
Vese Tanier Tensmited o+ Energy balance:
Califorrsi Sate Unfyersity +o+1= 1
Northridge p 1
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1.0 T
08 Heavily oxidized
W stainless steel
7 061
3
= Aluminum oxide
2 04
i,:f Lightly oxidized
B0z stainless steel Tungsten
0 ! | ! ! !
0 500 1000 1500 2000 2500 3000 3500
Tamparatura K
Incident
radiation .
G. Wim? Properties ||
Reflected

] P8« Fractions on
\ / previous chart
are properties
Absorbed — Reflectivity, p

Semitransparent aG Wi
— — Absorptivity, a
— Transmissivity, 1
\17 » Energy balance:

Figure 12-31 from ) o] +oa+1t=1
Cengel, Heat and Transmitted
Mass Transfer G

Cabifornia State Lniversity

Northridge v

Properties Il

 As with emissivity, o, p, and t may be

defined on a spectral and directional

basis

— Can also take averages over wavelength,
direction or both as with emissivity

— Simplest case is no dependence on either
wavelength or direction

— Reflectivity may be diffuse or have angle of
reflection equal angle of incidence

rabifoemsics State [nhersiy
Calrfornin State Unfversity 18
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1.0
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Kirchoff's Law

» Absorptivity equals emissivity (at the
same temperature) a, = ¢,

« True only for values in a given direction
and wavelength

» Assuming total hemispherical values of
o and ¢ are the same simplifies
radiation heat transfer calculations, but
is not always a good assumption

Effect of Temperature

» Emissivity, g, depends on surface
temperature

 Absorptivity, o,, depends on source
temperature (e.g. T, = 5800 K)

 For surfaces exposed to solar radiation
— high o and low ¢ will keep surface warm
— low o and high ¢ will keep surface cool

— Does not violate Kirchoff's law since
source and surface temperatures differ

21

Northridge
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TABLE 12-3 TABLE 12-3
Comparison of th r absorptivity 5
; h their
temperature
Surface i £ Surface s
- Plated metals
Aluminum Black nickel oxide 092 0.08
Polished 0.09 0.03  Black chrome 0.87 0.09
Ancdized 0.14 0.84  (oncrete 0.60 0.88
Fail 0.15 0.05  white marble 046 0.95
Capper Red brick 0.63 0.93
Polished 0.18 0.03 Asphalt 0.90 0.90
Tgmishecl 0.65 0.75 Black paint 097 0.97
Stainless steel White paint 0.14 0.93
Polished 037 080 spow 0.28 0.97
Dull 0.50 0.21  Huyman skin
(Caucasian) 062 0.97

Calsfoersia State niversity
N{)l'thl‘i(lgt‘ From Gengel, Heat and Mass Transfer 2

Average Radiation Properties

* Integrated average properties over all
wavelengths

_ 17 _ 15
SZFOElEbldﬂ (24 :F-!;alEbldﬂ

* Look at simple example where ¢, = ¢,
fora <2, and sxzazfork>7n

1 1

_ K 1
g=—+\|¢,E,dl=—+|¢gE,,d1+—|5,E,,dA
0'T4~([ -[ oT* 3[

ak .’ll'.'\l.\'l:III-L:IInN'.-

Northridge
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Average Radiation Properties |

» Rearrange to get f,, the fraction of black
body radiation between 0 and A

:7‘[E xd}\,"‘ J.Ebkdk_glfh +82(1 f}\ )
ol A
« Similar equation for absorptivity (o, = ¢,)

M o
g % vy %2 - _

ak .’ll'.'\l.\'l:III-L:IInN'.-

Northridge
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Example

» Data: g, =0.9forA <3 umandeg, =0.2
forx >3
—Solar T =5800 K, AT = 17,400 um-K,
f,(17,400 um-K) = 0.980155, find o
* Useq, = ¢,
Tsgook = o fy, +0tp(1— 5 )=0.9(0.980)+0.2(1-0.980)=0.886
— Earth T = 300 K, AT = 900 umK, f,(17,400
um-K) = 0.001, find ¢
Eaook =11, +e,(1— , )=0.9(0.001)+0.2(1-0.001) = 0.201

California State University

Northridge
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Solar Angles Il
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__—from the
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Declination Angle & Relative Earth-Sun Distancle03

20 f /\ 1.02
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& 7 2

20 f \ 0.98

-30 0.97

0 40 80 120 160 200 240 280 320 360
Julian Date
S-.fn

Angles for Tilted Collector
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15
A .
R Equation 7] |52 Tme Computing the Sun Path
far 10 : = Standard ]
5 of Time FF ll'l Time + « Input data: Latitude, L, date, hour h
6 ) . L .
i 7] |Equation of  Find declination from serial date, n
; i [ |Time+ 360 n
R ?;. 7 1| @ mine * 5= (23.45°)sm[%(284+ n)@} (8indegrees)
2 AN | |(standard « Two angles: altitude (o)) and azimuth
f Longitude —
2 I N Local —sin(a) = sin(L) sin(8) + cos(L) cos(3) cos(h)
Dial i . . .
dow B tl[ ;r 'S‘tonz't“je) — sin(a) = sin(¢) = cos(8) sin(h) / cos(a)
10 i Ti?:e ir — Sun path is plot of a. vs. ¢ = o, for one day
115 DST-1 — Plot is symmetric about solar noon
hour clferasiT MIDIC st
16 TFMANMT T ASOND Nnrthr%ﬂgany plot data for 21st of month a2
Path Calculation Problem
» Angles given as sin(angle) = x require
arcsin function calculation
» Typical arcsine function returns angle
between —90° and 90°
— Limits correspond to range for sine
between -1 and +1 g
— Special calculation for hour angle limit
o hjmie = 2tan(3) / tan(L) k7
* ¢ = £[n —arcsin(sin ¢)] for [h] > [hyl
Northridge =
Solar Irradiation by Month in Los Angeles (LAX) . g—*« Optlmum Fixed oo
. Average of Monthly 1961-1990 NREL Data for different collectors 70 — Collector T||t 22
9 \ 60° E:. 45°
= —. ed, tilt=0 E, ) 40
- ’ / Nl \\-; :;mg,n:pus o 50° % 35° 3
g 7 y S e, tilt= =) E —
-2 /; y*ﬁ | ¥\\ ] Fdatts i ER \\ 1 300 9
s | A DN NN | i 3= - I
5 z/’ / \ —+— 1-avis, rack,NS horizontal % 3 . - 2
W N [ 13’
= & = Y 2-avis track 3 E — - d
: e == ol S -
: ”I?L'%‘iiif.:’[‘"fi“;’%i:!f:“ﬂi:’.‘:“ﬂmmm‘ali . ~ | o
’ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec E e 30 ——
= S~ _//
Month 0 ; .
N[’;Irlli]"i-li("ige 35 " 12721 1720 2/20 3122 4122 5#2;]‘/ (:;;E YE“T:ZQ 8/22 921 10122 11/
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Atmospheric

Solar .[™ a
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of water stored
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) :;emu: ::::tlon
Heating Codvaacin - prote
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War Hot water out
- Passive Direct
stneage tank
P Solar Water
Heating
Aussiliary hest /letement,
e cegah Caldwater i hitp:/fwww.dnr.mo.gov/energy/renewables/ \ E /‘ http://southface.org/solar/solar-
solar6.htm (accessed March 12, 2007) Aundiiary he _ Hot water roadmap/solar_how-to/batch-
{dmi?u ;‘] """ storage tank  collector.jpg (accessed March 12, 2007)
2
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Basic Solar Collector Analysis

» Overall heat balance
— Incoming solar radiation
— Heat loss from collector to environment
— Useful energy gain = Incoming Solar
Radiation — Environmental Heat Loss
» Environmental heat loss proportional to
AT = Tcollector - Tambient

— Applications that require high collector
temperatures will have more heat loss

1 St |niversd

Nnrtllrulge

43

April 19, 2010

Useful Heat Transfer

» Heat is added to a collector fluid
— Typically collector fluid is water or water
and anti-freeze solution
— Air is also used as collector fluid for home
heating
» Energy added from simple first law for
open system with consant pressure
heat addition
Qu = mcp(Tf‘oul _Tf,in)

1 St |niversd

Nnrtllrulge

a4

Solar to Useful Energy

* Solar transmission through glass covers
provides absorbed radiation, H, = Hita
» Consider three losses
— Conduction through bottom of solar
collector box
— Conduction through edge of box
— Loss through top

» Convection between absorber plate and glass
covers with conduction through glass

» Convection from top glass cover to ambient

Cabtfornia State |‘:II|1Y-'.- 45
Northridge

Loss Through Top

* In steady state the following heat rates
will be the same
— Between absorber plate and bottom glass
— From bottom glass to top glass
» Consider two-plate collector
— From top glass to ambient
— Look at exchange between absorber plate

at temperature Tp and bottom glass at
temperature Ty,

— Have convection plus radiation

Cabifornia Stan Unbversity 46
Northridge

Loss from Absorber Plate

T4_T4

Qtop = hp—gZAc(TP _T92)+AC10_(F}71QZ)
—+—-1
Ep &gy

AU(T;—TQ"Z) ATz +T2 ST +T,, (T, -T,,)

=h,, (T -T,,)
r.p-g2\'P g2
1,1, 1,1,
&p 892 Ep 892

T, T,
Qtop :(hp—gz+hr‘p—92)p¥(TP _TQZ): PR o
p-g2

1 St Lnihers

Nnrlllrulgt

a7

Remaining Top Loss Path

ME 483 Alternative Energy Engineering Il

T,-T,
pr = (h927gl + hr‘nggl)ﬂ (ng _Tgl): g o
* Between 92-g1
2 2
g|aSS h _ A:o-(Tgl +T92XT91 +Tg2)
r.g2-g1 —
plates e S
£ g2
" Top Tu-T
plate tO Qlop :(hgl a Jrhr 91— a)Ac(T _Ta):%
H g2-g1
ambient .= ACJ( gl+TskyXTgl+T )T Ty
r,gl-a
1.1, T,-T,
Nnrlllllll'uulg':t Eq1 €y 8
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Loss Through Top/Bottom

« Combine three resistances in series to
get Rtop = RP—gz + RgZ—gl + Rgl-a
- Qtop = (TP - Ta)/Rtop = UtopAc(TP - Ta)

* Loss through bottom is conduction
through insulation (k;,s, AX;,) in series

ins?

with convection to ambient with hy_,

To-T To-T
Q ottom 2 = 2 2 =U ottom U 7Ta
bott Rins T RCOW h R 1 bot Ac( P )
AXirls Ac hb—a Ac
Northridge “

April 19, 2010

Total Loss

¢ Qsides = U,sideAside(TP - Ta)
— Can estimate U’ = 0.5 W/m2-K
—Use UgigeA: = U'gigePsige fOr common area
- Qsides = UsideAc(TP - Ta) = (TP - Ta)/Aside
» Total is sum of individual losses
® Qloss = UcAc(TP - Ta): (TP - Ta)/Rc
» QOverall conductance and resistance
¢ Uc = Utop + Ubottom + Usides
1_1,1 1
R R 50

side

Calbifornia State University =

Northridge R. R

c top

bottom

Approximate U,., Equation

N = number of glass covers

Utop :ﬁ A’ = 250[1 — 0.0044(s — 90)]
7[Mj + = s = tilt angle (degrees)
T,(N+B hw  B=(1-0.04n,+

0.0005h,2)(1 + 0.091N)
G(Tp +Ta XTS +Ta2) h,, = heat transfer coeffi-

1 +[2N 4 Bl] No rc]ien’( frolrjn Ito;;to ambient
— N Other symbols have
.05N{1—
ep+005 ( Sp) % previous definitions
Equation uses Sl units: U, and h in W/m2-K, Tin K, G
=5.670x108 W/m2:K4, ¢4 is same for all glass covers

Roriheidge o

Absorber Plate Analysis

» Three analysis steps for solar energy to
heat fluid (Hottel-Whillier-Bliss equation)

— Solar energy into plate flows across plate
to location of tubes at some line on plate

— At same line heat flow into collector fluid
from plate is determined

— Integrate heat flow into fluid from inlet to
exit to get total useful heat transfer to fluid

Qu = FRAC[Ha _Uc(Tf.in _Ta)]

Roriheidge s

Flat Plate Collector

k = absorber thermal )
conductivity 2L = distance
Glazing between outside

of flow tubes

D = flow tube

outer diameter
t = absorber
plate thickness

w = distance /

between flow viosally
© pae

tube centerline$™ un /'

=2L+D

Fowibs /D, = flow tube

Header inner diameter

ME 483 Alternative Energy Engineering Il

Absorber Plate Analysis

/z/ Absorber plate /.ﬁ
// Y PLE | y //
o
PO
- - . !
Tube J 2L — . Fluid tube
bond = w= 2L + B—— insice diameter, D;,
outside diameter, D

+ Define M2 = U /(tK jate)

« Effectiveness factor, F = tanh(mL) / (mL)
» Total (useful) heat transfer per unit length of
Yiotar = (2LF + D)[Ha _Uc(Tb _Ta)]: qu

Calbiforni State University

Northridge

54

)




Review for Second Midterm April 19, 2010

Absorber Plate Analysis Il Factors, F’ and Fy
//"— ™ S — * Collector efficiency factor, F’
// . ' * Heat flow ._ Thermal Resistance Between Plate and Ambient
o 3 _ into fluid at " Thermal Resistance Between Fluid and Ambient
- any point Fre YU,
Tllrl‘? | ]"'_ 2L~ — -.\( Fluid tube WI;I/[(ZLF + Dpc]"’ (]/CB +]/(hC iTEDi ))J
bond == w2l 4 N—— inside diameter, D,, ’
i outs dndiarneu.-,n) * Heat removal factor, Fg
/;‘\[Ha _Uc(Tf _Ta)] -~ !
AL GO N “SwFH, -u. (T, -T,)] Fr e Sl U AF
qu—Il 1 n 1 ‘-\V\i/, 2~ Ul -1 FRI:U PF' 1—e ™ :g(lie—a) a= r(.;nACc
' (ZLF tDpcf C78-*"’]c,i”Di ; CAYZ P
Northridge = Northridge Fr/F >l lalasa— o] s
Fr/F' Chart
1
Summary of Results
0.95
* Q, = useful heat transfer to working fluid
0.9
E 1
0.85 ~ w 1 1 1
— |+
L / U |U.(2LF+D) C, Dh,
E 08 / e _UAF
/ — Fo=—02|1-e "™
0.75 /, Ha:Hi(Ta) R UCA[
07 l,’ Q
065 ’/ Q, = AR [Ha _Uc(Tf‘in -T, )] Tf‘oul :Tf,in +—=
mc,
oo & —— Rorihridge .
L . Solar Collector Efficiency Tests
Collector Efficiency, n. = Q,/A.H. os | intercept ——reverma 1]
L - __ |—1-cover,selective| |
« Start with Hottel-Whillier-Bliss Equation zf N~ R, —2.cover,black | |
. 2-cover, selective
Qu:FRAlea_Uc(Tf.in _Ta)J gz'z :
* Replace H, by Hra £ oa |
- F,A[H Ton—T) |
Qu = RAc iTa_Uc( fin a) 02 } S|ope:_FRUC \
 Substitute into efficiency equation O'; I
0 0.05 0.1 0.15
_Q FRAclHiTa_UC(Tf.in _Ta)J7 E FRUC(Tf.in _Ta)
= = =ko-————"-—
A:HI HI P -
* Northridge ®
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= — ; COLLECTOR SPECTFICATIONS
SOLAR COLLECTOR CERTIFIED SOLAR COLTECTOR RS S SY giny Now wat ok s b
CERTIFICATION AND RATTNG Dry Weight: 6038 kg 133 1o 301 08 gl
/'EOH}‘,\ SUFPLIER.: ﬂalbo_dl\'nm. Ine. Test Pressure: 1034 ¥Pa 150 prig
4910 Seapont Avenus
Richmend, CA 94804
COLLECTOR MATERIALS PRESSURE DROP
Frame: Afumium Estrusion Flow AP
MODEL: Heliodvne Gobi 408 Cover (Outer): i:w\ Tron Tempered Glass mlls [ gpm Pa_ | inH0
SROC OG- 100 COLLECTORTYPE  Glazed Flar-Plaze T‘f;;cqmﬂ Bl Capps \
CERTIFICATION # _ 100-1981.0854A Absorber Coating:  Black Chiome slope = —F U
Insulation ($ide):  Jsocyanuate Foum p -
COLLECTOR THERMAL FERFORMANCE RATING Insulation (Back):  Isocyamurate Foam & Fiberglass H
Megajomles Per Panel Per D Thoutands of Eitu Per Panel Per Da Intercept - R(T(X,)n
| CLEAR | MODIY | CLOUDY CATEGORY | CLEAR MILD CLOUDY TECHNICAL INFORMATION e PSR
DAY | cLOUDY DAY (TeTay DAY Efficiency Equxhun [NOTE: Based on grosiaics and (P) = Ti-Ta] Iy I.nlel‘reg Slope ~
2iMbmd | 17MImed | 1) Mbo'd 1000 Brafr'd ST Units: = 0725 -32000 (PYI 00220 (P) ! \ 0. 457 Wim'C
IP Units: =07 .ojﬁac ®)1 0002 (@Y1 Nt 0805 B/be’SF
A ] 7 23 A [9F) 24 S o -
B 33 A1 B__(F) a0 Incident Angle Modifier [(5) = 1icos 6 - 1, 0° & £60°] Model Tested:  Gobi 408~ = = = = =
C 3% 13 C (6 ] K.= 10 20900 (S) 00000 {S)°  Test Fluid: Water
5] I 2] u ] 0 50°F) 4 E.= Lo 008 (S) (Lizea: Fit) Test Flow Rate: 36 ml's 089 gpm
E_(BI°C 10 E (4 1
Ao Heatag (Wam Clusatel B-Poel eatag (Cool Clute} € Woaies Hesmg (Wi Clanae) D-Wata Healng Covl (‘..n, [ a—— REMARKS:
Ongmal Catfcstivs Date. August |, 1983
Calromi Sale Unhe 1
NOl'Ihl'I(lgE http://www.builditsolar.com/References/Ratings/SRCCRating. htrf T

F-chart Water Heating Only System with Solar Air Heating

N ‘Warm air
Relief Valves Auxiliary
Tempering to house -
Value
7 To Taps Heat Fanl Damper
Exchanger
Preheat T Awil o
Collector Storage E_A”x"""w Damper
Tank Water
—* Heater o L—* totep Pabble
COLLECTOR Bed
Preheat Water
" Tank Heater
Water ains b
Collector-Storage j 3 -
Heat Exchanger Supply Supply Return air
from house

Figure 4.1: Two-Tank Domestic Water Heating System

Fiqure 4.2: Pebble Bed Storage Space and Water Heatina Systerq
Northridge
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F-Chart Water and Space Heating > Q =2(me, ) (T o =T

Water [T T
Relief Tank €. = heat-exchanger fodt
Valve effectiveness
Hot Water Tf-
- e~y in
| | ht To house
Main Pre- 1 (C)ollector
Storage Heatl 4 House fluid |00p
Tank Tank 2
Heat
Exchanger I
Coe .

o

(Wulm Supply @
Existing  Storage

Flgure 4 3 Water Storage Space and Water Heating System Tank Tank
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Review for Second Midterm

Heat Exchanger

« Start with Hottel-Whillier-Bliss equation
—Replace Ty;, by T,

(e, ).~ almnc, ),

Qu = AcFF;[Ha _Uc(Tw‘in _Ta)]

-1 -1
. m
fp AR, AR [T AR )
& mcp hmin

mey ), go(me, ) me, ). { eclme, )

67
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F'r/Fr Chart
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f-chart Method

¢ Predicts fraction of demand over a time
period (usually monthly) than can be
supplied by solar

* Two empirical pamameters, X and Y
— X is ratio of reference collector loss to total

heating load
—Y is ratio of absorbed solar energy to total
heating load —
EF.U — F.ra
X z%ﬁ—ref _Ta) Y = AC DR Hi,total
Northridge &

Computing X (dimensionless)

Fe At = A, = collector
X= K{FRUW*ZB(T’“ _TA)} area (m?)

* FrU. (W/m2.K) from slope of collector
test data

* F'r/Fg computed or assumed = 0.97

« Usual averaging period, At = 1 month,
converted to seconds

» D = heating demand for averaging
period (J)
* Tref = 100°C; T, from NREL data

Cabtfornia State I‘:uln-'.- 70
Northridge

Computing Y (dimensionless)

Y = A Fy(ca) Fe @ Hia * A, = collector
R (re), D area (m2)

* Fg(ta), from intercept of collector test
* F'x/F; computed or assumed = 0.97

* Ratio ra/(zer), = 0.94 (October — March),
= 0.90 (April — September) or computed

* Hi 1o is available from NREL data for At
= 1 month (convert to J/m?)

* Dis heating demand J
Northridge
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f Equations

» For water heating: f = 1.029Y — 0.065X
—0.245Y2 + 0.0018X? + 0.0215Y3
— Adjustments required

« Adjust X for hot water supply only and storage
capacity different from standard

« Adjust Y for load heat exchanger capacity
 For air heating: f = 1.040Y — 0.065X —
0.159Y2 +0.00187X2 — 0.0095Y3
— Solar collectors heating air have no heat
exchanger so F'g = Fg

Cal .’:r-_lﬁ:lll-l‘:unr\'.- 72
Northridge




Review for Second Midterm April 19, 2010

F-Chart for Collectors Using Water
Adjustments
* = « Adjust X for storage capacity, M, in L/m?
. [ X' = X(75/M)4
A =09
T T ]  Adjust Y for load heat exchanger factor,
> 15 i :/ —t-0s Z:Y' = Y(039 + 0.656_0'139/2)
- | —f=05 )
/: g /: T :2: — g = heat e>$changer effectnvgness

= -0z — mass flow times heat capacity and UA

//’ = —f=01 factors defined previously
05 f——"H

] Z= 8|_(mcp )mm /(UA)L
. 0 2 4 6 8 10 12 14 16 Cabifornia State University 74

X Northridge
Another Adjustment NREL Data

» For systems with only water heating » National Renewable Energy Laboratory

- T,, = water temperature to household « Collector data for 1961-1990 for 360

— Ty = cold water supply temperature individual months and monthly averages

— T, = monthly average ambient temperature — Available for variety of collectors
. Multiply X by correction factor, CF, * Flat plate collector data for several angles

below « TMY3 data: Typical Meteorological Year

CF = 11.6+1.18T,, +3.86T,, —2.32T, — Hourly data on radiation components
- 100-T, — Compute resultant for given collector
geometry

Northridge . Northridge &

NREL Collector Types '61-'90 NREL 1961-1990 LAX Average

SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A
FIXED-TILT (kWh/m2/day) Percentage Uncertainty = 9
Tilt(deg) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
0 Average 2.8 3.6 48 6.1 64 6.6 7.1 6.5 53 42 3.2 2.6 49
Minimum 2.3 3.0 4.0 55 5.7 5.6 6.4 6.1 44 38 2.7 2.1 47
Maximum 3.3 44 5.6 6.8 7.2 7.7 80 7.0 58 45 3.6 3.0 5.1
Lat- 15 Average 3.8 4555 6.4 64 64 7.1 6.8 59 50 42 3.6 55
Minimum 2.9 3.6 45 58 5.7 54 6.3 6.3 47 44 34 27 5.2
Maximum 4.6 5.7 6.4 7.3 7.3 7.3 7.9 7.2 6.6 5.6 49 43 5.7
M Lat Average 4.4 5.0 5.7 6.3 6.1 6.0 6.6 6.6 6.0 5.4 4.7 4.2 5.6
Minimum 3.3 3.8 4.7 5.6 54 5.0 59 6.1 48 4.7 3.7 3.0 53

« Data available at
different tilt levels for
flat-plate collectors
facing south
— Horizontal (0°)

— Latitude — 15°
Maximum 5.4 6.4 6.7 7.2 6.8 6.7 7.3 7.0 6.7 6.0 5.6 5.0 5.9

— Latitude W Lat+ 15 Average 4.7 5.1 5.6 5.9 5.4 52 5.8 6.0 5.7 55 5.0 4.5 5.4

. o 87N, Minimum 3.4 3.8 4.5 5.2 4.8 4.4 52 55 45 4.7 3.9 3.1 5.1

— Latitude + 15 Maximum 5.9 6.6 6.6 6.7 6.1 5.8 6.3 6.4 6.5 6.1 6.0 5.4 5.7

_ . o Flatciata codocor1asing seuth at fusd te 90 Average 4.1 4.1 3.8 3.3 2.5 2.2 2.4 3.0 3.6 4.2 43 4.1 35

Vertical (90°) Minimum 2.9 3.0 3.1 2.9 2.3 2.1 2.3 2.8 2.9 3.5 32 2.7 3.3

e (s s Maximum, 5.2 5.4 45 3.6 2.7 2.3 25 3.2 4.1 47 52 50 3.7
Calorni Sty ‘.unr\.- 77 Alfiormel il ‘.unr\.- 78
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