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Review for Final Exam » Monday, May 10, 3-5 pm

» Open book and notes
— No books other than course text
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— No homework solutions or in-class
exercise solutions

« Will

homework and in-class exercise

» More credit for correct approach than
for details of algebra or arithmetic

* No questions on material since second
midterm

abifoemics State [hersity
California State Universit 2

Northridge

be problems similar to those on

What is energy?

» Energy and power (energy/time) units
— Energy units: joules (J), kilowatt-hours
(kWh), British thermal units (Btu)
» 1 Btu = 1055.056 J
— Power units: watts (W), Btu/hr
*1W=1J/s=3.412 Btu/hr

— Fuel equivalencies: 1 ft3 natural gas ~ 1000
Btu; 1 bbl crude = 5.8 MMBtu; 1 Mtoe oil =
41.868x10'% J = 0.0387 quads

— World energy use (2006) was 466 quads

Northridge

Energy Costs

» Home costs (San Fernando Valley 2008)
— Electricity: $0.115/kWh = $32/GJ

— Natural gas: $1.07/therm = $11/GJ

» One therm = 105 Btu is approximately the energy

» Range was $0.69 to $1.22 per therm

— Gasoline at $3.00 per gallon (including
taxes) costs $26/GJ

« Assumes energy content of gasoline is 5.204

— Energy cost without California gasoline

Increase from $0.11/kWh to $0.12/kWh

in 100 standard cubic feet of natural gas

MMBtu per (42 gallon) barrel
$100/bbl oil costs $6.20/GJ (5.80 MMBtu/bbl)

es ($0.585/gallon) is $21/GJ

Resources vs. Reserves

Known Unknown
Economical

Reserves Resources
to Recover

Not

economical | Resources Resources
to recover
Northridge ¥
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Hubbert Peak

* Analysis due to M. King Hubbert
* Main publications in 1949 and 1956

» Correctly predicted peak in US oll
production in early 1970s

* Not so accurate in other predictions

» Some recent applications show world oil
production peak in next ten years

* Many other studies show later peak
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Engine Cycle Schematic Refrigeration Cycle Schematic

Basic Combustion Analysis

* General fuel formula: C,H,S,0,N,

* X, Y, z, w, and v from ultimate analysis or
analysis of gas mixtures

» Ultimate analyses:

— X=WI%C/12.0107, y = wt%H/1.00794,
= 1%S8/32.065, W = wt%0/16.0004,
v = Wt%N/14.0067, my,, = 100
— Mg = 12.0107x + 1.00794y + 32.065z + 15.9994w
+14.0067v = mq (1 — %MM)

 For mixture of compounds (o, = mole fraction)

X= Zkak y= Zwkyk M e = za’kMk

N{)l‘tll]‘l(lg(‘ species species species

Exhaust Oxygen and A

» Can relate these two quantities with fuel
properties
» Can compute theoretical %O, for given A

« Dry exhaust %0alyr _ (%-1)A
has water 100 w4770 A -A+z+Y
removed to 2
protect %02y, v
chemical At—mo [ X-Arzty }
analyzers r= %0y
A(l- 4772 "'VJ
100
Nnrl'ilull'luulg':t "
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Combustion Air

* A=x+yl4 +z—w/2 = stoichiometric
moles O,/mole fuel

* Need input data on Actual

O,/Stoichiometric O, = Relative air/fuel

ratio = A

Air/fuel ratio = m,,/mg,, =138.28LA/mM,,

C,H,S,O,N, + AA(O, + 3.77 Ny) —

xCO2 + (y/2)H O +zS0O, + (A—1)AO, +

3.77)\A + VI2)N,

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

Emission Rates

» Often stated as pollutant mass per unit
heat input from fuel 20.9
* Equation used: Bi =pigFa 20.9-%0, 4
* ComPUte pl d yIdM Pstd/R Tstd
*+ F4is dry exhaust volume/heat input
— Use default values or compute by equation
* Feb 3 notes have values of K’'s and default F’s
K %C + K, %H + Ky %0 + K %S + K, %N)
Q,

1 St Lnihers 12
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Other Equations

* Pollutant mass per unit heat input
Mco,  3.6642 wt%C Mso, 1.9979 wt% S

Q fuel Qc 100 Q fuel Qc 100

+ Combustion Efficiency (definitions on
next slide)

{ N Air }T
out
la] _p_ L Fuel ICpA., 47 XfAhco

MNcomb =
‘q‘max Qc M fueIQc

in

Northridge

Combustion Efficiency

— Air/fuel is the air to fuel (mass) ratio

—C, air = 0.24 Btu/lb,,*R = 1.005 kJ/kg=K

— f=molar exhaust ratio CO/(CO + CO,)
—x = carbon atoms in fuel formula, C,H, ...
— Q, = heat of combustion (Btu/lb,,, or kJ/kg)

» Use lower heating value for water vapor (usual
case)

— Ahgo 282,990 kd/kgmol = 121,665
Btu/lbmol

— M, is combustible fuel molar mass
Ib,/lbmol or kg/kmol

Northridge

Energy Economics

» Look at balance between initial cost and
ongoing costs
— Uses interest rate to consider time value of
money
+ Key formula relates equivalence
between initial cost, P (present value),
and ongoing payment stream, A (annual

cost)
C1-(+i)"
%_ i

(s

Northridge

Using the A/P formula

* Formula applies to any time period so

long as i is interest rate per time period
* E. g., for monthly costs with i = 6%/yr =
0.5%/month for N month%/ B 0.005

P~ 1-(1+0.005)™"
Need trial-and-error solution (or financial
calculator) to find i, given n and A/P
Can find n for given i and A/P
5
Inj1-—
A

In(L+i) e

Northridge

Energy Storage Measures

» Energy per unit mass (kJ/kg; Btu/lb,,)
 Energy per unit volume (kJ/m?3; Btu/ft3)

» Rate of delivery of energy to and from
storage (kW/kg; Btu/hr-Ib,)

« Efficiency (energy out/energy in)

* Life cycles — how many times can the
storage device be used
— Particularly important for batteries

ak .’:r;lﬁ:lll-l‘:unw'_-
Northridge
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SPECIFIC POWER WIRg

_|Compare

Batteries
versus other
motive
power
http://www.

nap.edu/books
/0309092612/
html/40.html

100 1000 18
SPECIFIC ENERGY WH/Kg
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Typical Annual Electricity Demand
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Annual Pattern of Daily Peak Demand

[Demand is volatile during summer|

60000 [

o

25200 { Low points afe weekends or holidays.

20000

Mot

LSS

Energy Commission October 18, 2007

Renewable/Alternative

» Alternative or renewable resources
— Solar energy
— Wind energy
— Ocean energy (tides, waves and
temperature gradients)
— Geothermal energy
— Hydropower especially small hydro
— Biomass fuels

— Conservation as an alternative resource
* Reduced usage and improved efficiencies
including vehicle fuel economy

Calbifornia State University

Northridge
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US Electric Net summer Capacity (EIA Data)
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Power Generation Costs

Retail

Wholesale consumer
power power
price price

Smallhydro [ ]

Solar
photovoltaic L 1000
Conc! ing
solar 1
Biomass| [
Geothermal | |
Wind | |
10 20 30 40 50
Power generation costs in USD cents/kWh
http://www.iea.org/textbase/papers/2006/renewable_factsheet.pdf
California State Unersty
0 23
Northridge

ME 483 — Alternative Energy Engineering |l

Wind Power and Betz Limit

 Power in incoming air = me =mV?/2 =
(pVA)V22 = pAV32 = P,
— Air density, p ~ 1.2 kg/m3
— A = swept area of rotor = (D, ) %/4
—V = wind velocity
» ¢, = power coefficient = turbine power
divided by power in wind
— Alternative: (generator power) / (wind power)
* Betz Limit: Maximum theoretical ¢, =
16/27 = 0.593

Calbiforni State University

Northridge

24
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Rayleigh Distribution

« At least three variations are used

c ~v?/2p?
V=B fv)=8 2 0<V <o0
2ﬁ2—02 7V2/c2
f(\/):zvei2 0<V <o
_plrc -
A7 TV VeV /A
V=" 0<V <
Northridge *

800 - T 3 T
= requanc
700 :.lq B‘lnnrg; —
500 - Energy
~ calculations
500 assume Betzc, g
-4 L and a 100 m o
2 400 i L~ rotor diameter ;
£ >
300 1=
200 | M s J
100 | n ]
u i M= ——J:D
o 5 10 15 20 25
wind speed [m/s)
Californi State Lnhersity http://www.sandia.gov/wind/other/LeeRanchData-2002.pdf and g5
N{j rt |‘| Ir |dge http://en.wikipedia.org/wiki/Wind_power for plot
Rayleigh Distributions
0.9
0.8 pb——
2/.2 _
07 eV /2 _[—c=1
fV)=—F— |—c=15
06 p—— 1 Cc —
‘ —c=3
s . —c=5
Vi = —
P2
\
. ——r——
0 1 2 3 4 5 6 7 8 9 10

Weibull Distribution

* A two-parameter distribution with shape
parameter, k, and scale parameter, ¢

» Rayleigh distribution is Weibull
distribution with k = 2

* Mean =cI'(1 + k)
 Variance = cqI'(1 + 2k") —=T2(1 + k)]

k-1
f(V) =k(vj e VIS v <

Cis the
gamma
function

Tix}

Gamma Function

EEEVEEEEY,
] .~

; r(x)= It“e"dt

; | \ _‘i/\" |

g =) TO=r2)=1 r@]:ﬁ
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c\cC
Northridge a
Weibull Distributions
1
09
08 f———— k=2gives [ {__, _5 ~_ H
07 b——— 1 Rayleigh k=2c=15 | |
distribtuion —k=2;¢c=3
08 a\ —k=2,¢c=5 |[]
% 05 / ~~ H
= \ / \ k=4;¢c=15
04 v \ —k=4;c=3 []
03 —k=4c=5 []
02 F
0.1 \\\
0
0 1 2 3 4 5 6 7 8 9 10
k = shape parameter X ¢ = scale parameter
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Wind Power Wind Power Distribution
+ Instantaneous wind power: P, = pV3A/2 » Wind power between V, and V,
_ 3 < — Weibull (Set k = 2 for Rayleigh
+ Total or average pozﬂ:%J‘VSf(v)dv ibull ( vieigh)
wind power: 2 29 B oA (el 3
-+ Total or average 5 A\F/z Wind P between V; and V, = f yke Ydy
. =c,Py=c
turbine power: total = Ep’0 =EpP (Va/c)
— 3 — Found by numerical integration with results
(V3) 1031"(**1) in tables
N “ r Wind P between Ac® (3
3 3 3 (3 31 (1 3Vn pAC
IR At )
( Rayleigh ¢ 2+ ¢ 2 \2 ¢ 22 (2 ¢ 4 Vl and V2 [ P( 2) P( 1)] 2 k
Northridge o Northridge »
Figure 2-8. Typical power output versus wind speed curve
Wind Turbine Operation
» No operation until wind velocity reaches Pawer in _ _
L. . . wind www.20percentwind.org/20percent_wind_
a minimum called the cut-in velocity energy_report_revOct08pdf
* Then operate at full turbine output g Rated Power
power until turbine output is greater g Pouer
than generator can accept saptred
« Limit turbine output power to full po—
generator power at high wind speeds
* No operation above maximum velocity I Wind Spesd
~ called cut-out velocity e ) _lg;gg;“
Northridge % e ¢ ey R Rogor 1
Frequency and Power Distributions
v A T T ] Average Operating Power
' [T\ 7\ —k=2; c=15wind )
0.5 [TV % frequency, f(V) » Generator uses turbine power between
0.45 . LY - = 'k=2;c=15wind f
o / ,\ ] power. ofF) cht_in.and rated (maximum pov:/gr)
= oas | : \ ——k=2; ¢ =5wind velocity, Vpnax = [2Pax/ (CopA)]
S 0w [ 1\ & :iq;ec"g;é\i’gd — Power coefficient ¢, = generator power
S om | I W power. g(P) divided by wind power
€ o / : A « Between V;,,, and V., Operate at
0.15 ; AN = o maximum power
L \ A ~ V, V,
0.10 17 / ~ a— 7 P max c pAV3 cut—out
0.05 N Poperation = I DT f(V)dv + J.Pmax f(V)dv
0.00 e . 4 e, Veutcin VP max
0 1 2 3 4 \5/ 6 7 8 9 10 Ni)lr‘ll'lilll'iflﬁé 36

ME 483 — Alternative Energy Engineering |l 6
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A um_ Electrical
o Jpevervases
Average Operating Power |l o T Electromagnetic Radiation
R . . jor | TV waves
Vo Ui{\r/zg power fraction table e 10° {  Radiation heat transfer by
max W . . .
,[ CpP2 FOV)AV =[fpVeyrin)— f,j(\/Pmax)]cpp2 c r[%rl] o MIW electromagnetic radiation
Vout-in tg | — Part of much larger spectrum
. Using cumulative distribution 10 | ot e — Thermal radiation transfers
cut_out 1 | | radiation i
B Ve o /O _( Vo /c)K) == e heat without contact
J Pnax F V)V = Pmax[(l e e j 1-e ™ [Z Ultiaviolet « Use of fire or electric resistance
VP max 23 1024 . heating are best examples
— c,pAC 3 o | R
L ) p e i « Thermal radiation lies in infrared
Poperatlon = [fP (cht—ln) fP(VP max )] F( ” 1) tgﬂ: RI,W and visible part of spectrum (with
P (e_(VPmax/C)k B e_(vcut—out Ie) ) 07 # some in ultraviolet)
N(ljll'tli‘lnll‘lltulﬁt‘ max a7 tz:: | Cfi;;‘j‘“ Figure 12-3 from Gengel, Heat and Mass Transfer 3
Black-body Radiation Spectrum Spectral E,,
« Basic black body equation: E, = cT* 100000000 Black Body Radiation
— E, is total black-body radiation energy flux 10,000,000 may
W/m?2 or Btu/hr-ft?; o is the Stefan-Boltzmann 1,000,000 / \
constant 100000
. . . adiation ' \
* E,, is spectral radiation it 10000 / / k\
— Units are W/(m2um) 1000 AN\
— Ep, d\ is fraction of black body radiation in 100 _\ \
range d\ about wavelength A 10 / W\ \\
» Maximum occurs at AT = 2897.8 um-K va— 5 " .
wT increase shifts peak shift to lower A s Violet Wavelengih &, wm
Northridge ® Northridge visible infrared “
E, Ea
Partial Black-body Power E AM
Eyo; glaclé t;f'{ r?di;tion between 2 = fia,=fia,~%au, + Radiation in finite
\ /I ] and L =L is Ep g4 n /'.(-—-x band, A\
¥ \ Bp o2, = _‘.bed7L N 172
.f'llr , 0 \'\. - f7~1—7“2 - oT? J‘Eb}‘dx -
.-’f N\ Fraction of total radiation ;; hY N M N
! G etween A =0 an / 1 1
| N, (cT*) bet A=0and ’ - o
\any given A is f, ."f wT? J b SAT T4 I b
| ! 0 0
"II AN 17 G\ = £ (2T)=F(2T)
N PRI =Fijxd7b A A 7
ak -’ﬂ'.u.'v:lll-l‘:unru'.- 0 ak .’:|-_;|.'V:|I|-I‘:|u‘ru'_.
NUl'lhl'lllgt‘ Figure 12-13 from Cengel, Heat and Mass Transfer Y NUl'lhl'lllgt‘ Figure 12-14 from Cengel, Heat and Mass Transfer *

ME 483 — Alternative Energy Engineering |l 7
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Emissivity

+ Emissivity = ratio of actual radiated
power to that of black body
— 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

Calbifornia State University 43

Northridge

May 5, 2010

Incident
radiation

G, Wim? Properties
Reflected

176 « When radiation,

/ G, hits a surface

a fraction pG is
Aroted  reflected; another
Smﬁ:ﬁm at fraction, aG is
absorbed, a third
fraction tG is
transmitted

» Energy balance:
pta+tt=1

Figure 12-31 from
Gengel, Heat and Transmitted
Mass Transfer G

Calbifornia State University

Northridge

44

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
a and ¢ are the same simplifies
radiation heat transfer calculations, but
is not always a good assumption

Califoenia State University

Northridge

45

Effect of Temperature

» Emissivity, ¢, depends on surface
temperature

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

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

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

Califoenia State University

Northridge

46

TABLE 12-3

Co ar absorptivity e solar absorptivity
g L with their ith their
e at room temperature n temperature
Surface s e Surface 5

- } Plated metals
Aluminum Black nickel oxide  0.92 0.08
Polished 0.09 0.03  Black chrome 0.87 0.09
Ancdized 0.14 0.84  conerete 0.60 0.88
Foil 0.15 0.05  white marble 0.46 0.95
Copper Red brick 0.63 0.93
Polished 0.18 0.03 Asphalt 0.90 0.90
Tarnished 0.65 0.75  Black paint 0.97 0.97
Stainless steel White paint 0.14 0.93
Polished 037 0.60 sgpow 0.28 0.97
Dull 0.50 0.21 Human skin

(Caucasian) 0.62 0.97

Calbiforni State University

N{jr[hridge From Cengel, Heat and Mass Transfer 47
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Zenith

Haorizon

@)

angent plane to
1 earth’s surface at
given location

Computing the Sun Path

* Input data: Latitude, L, date, hour h

* Find declination from serial date, n
. | 360 m .
5= (23.45°)sm[ﬁ(284+ n)@} (8indegrees)
+ Two angles: altitude (o) and azimuth (¢)
—sin(a) = sin(L) sin(8) + cos(L) cos(8) cos(h)
—sin(a) = sin(¢) = cos(8) sin(h) / cos(a)
— Sun path is plot of a vs. ¢ = o, for one day
— Plot is symmetric about solar noon

Caltfomigaa . "
Nurth-w(ﬂgiga"y plot data for 21st of month 51

Solar Irradiation by Month in Los Angeles (LAX)
Average of Monthly 1961-1990 NREL Data for different collectors

8 ~ — \ —e— Fixed, ilt=0
—8—Fixed, tit=L-15

Fixed, tilt=L

Fixed it=L+15

. AN
. A | e RS

7/‘(/‘,

£

\:\ ‘\\k ——Fied flt=00
u > —e— 1-axis, frack EW horizontal

Irradiation (kWh/rfYday)

h "f\*i\ |

A

R

N
- ~

—4— 1-axis track,NS horizontal

1-axis track filt=L.
1axis tit=L+15
2-anis track

Notes
1 f{Airixed collectors are facing south
The L in tilt =L means the local latitude (33.93°N)
I

o T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Calbiforni State University

Northridge

53
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16
1 [T [] ™
I Solar Time
) 12 :
z]:tl 10 Equa_‘tlon / \ = Standard
3 of Time Irr’ 'tll Time +
8 l[ \ Equation of
4 :
. = i Time +
minutes g [ 0 | (& mine)*
3 j \ rJ ] (Standard
1 ;’ Longitude —
. . I N Local
3:1 2 ! ] Longitude)
" 10 | / Standard
12 l| ,f Time =
u DST-1
15 hour
J FMAM]I I AS OND
e Optimum Fixed 60°
3= Collector Tilt 22
60° E; 45¢
ER 400
2 50° ;7 — 35 3
E E [
< 3 . 300 o
3w \\ - 25
3 ER 7__1/ / 2
8w I —= 15¢
i — o
£ w3 =~ — &
R -
10° E ———
3 °3%°
0 3 =
12;21 1720 2/20 3122 4122 522 67272 722 822 a1 10022 1143
10

Day of the Year
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radiation
L

(scattered)

12 9
Solar [ sl
N 7
1IN /

. = [ |
Insolation 3 ™~ \ / P
by collecto§ - g

collectos = S
orientation® | -] \\1}: ‘_./; | N
and month
at 40°N 2
latitude

i
Californsa Sate Ly T R =0 & 2% R
Northrid —— adj usted ——fixed ——tracking
m‘cﬂ* Aerosols 5 1
e pectral
‘9/99'-- Air Water vapor| scatering
mass  Clouds and
1.0 Ozone absorption
(ete.)
‘e Atmosphere

Direct
beam
radiation .

T
Global radiation

May 5, 2010

Atmospheric
Scattering

Active

Indirect et | .
Solar Water ..

Heating l

Hat water out

Hol water
stoeage tank

un
Drain
Ausilisry host
ledectric oo gas)
http://www.dnr.mo.gov/energy/renewables/
solar6.htm (accessed March 12, 2007)

LY

{electric or gas)

Cold water in

Hot water out

Ausdliary heat [

Hot water

Large volume
of water stored

Passive Direct
Solar Water
Heating

http://southface.org/solar/solar-
roadmap/solar_how-to/batch-

storagetank  collector.jpg (accessed March 12, 2007)

9

Flat Plate Collector

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

of flow tubes

D = flow tube
outer diameter

t = absorber
plate thickness

w = distance
between flow Absorber

. §|m /
tube centerlines™, . .uon
= 2L + D FluwTube;

/D, =flow tube
Header inner diameter

ME 483 — Alternative Energy Engineering |l
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Solar Collector 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 = FRA\:[Ha _Uc(Tf.in _Ta)]

Noibvidge Q= (T ~Tew)

Loss Through Top

* Analyze set of series thermal
resistances with common Q,,,

— Heat transfer between absorber plate and
lower glass plate shown below

T, T,
Qtop = (hp—gz + hr,p—gz)p\:(TP _ng)z : =
RP‘92
Aot 4 T,)
r.p-02 1 1
—+—-1

& &gy

Riwheiigs 62

Remaining Top Loss Path

Loss Through Top/Bottom

» Combine three resistances in series to
get Rtop = RP—g2 + RgZ—g1 + Rg1—a
- Qtop = (TP - Ta)/Rtop = UtopAc(TP - Ta)

* Loss through bottom is conduction
through insulation (k;., AX;,s) in series
with convection to ambient with h_,

T, T, T,-T,
Qbonom = Rin:"' R:ﬂnv = kins ? . 1 = Ubonum'%(TP _Ta)

—+
Axins A£ hb—a A£

Cabtfornia State I‘:uln-'.- 64
Northridge

T,-T
Qlop = (hgz—gl + hr,gz—gl)A: (ng 7Tgl): 2o
» Between Ry2-1
glass hoo- AG(TE+TE STy +T,,)
r.g2-gl =
plates e 1,1
g1 Eq2
* Top T,-T
plate to Qo= (hgl—a +hegia )A% (Tgl _Ta): %
. 92-g1
amblent — A%U(ngl +Tsiy XTgl +Tsky)Tgl _Tsky
r.gl-a i+i71 TglfTa
Northridge Eq Eq2 &
Total Loss

* Qgiges = U'sigeAsige(Tp — Ta)
— Can estimate U’y = 0.5 W/m2-K
— Use UggeA. = U'gigeAsige fOr common area
- Qsides = UsideAc(TP - Ta) = (TP - Ta)/Aside
» Total is sum of individual losses
QIoss = UcAc(TP - Ta)= (TP - Ta)/Rc
» Overall conductance and resistance
¢ Uc = Utop + Ubottom + Usides
1 1 1 1

Calbiforni State University = 65

Northridge R. Rep  Rootom  Ruice

top

C

Approximate U, ., Equation

N = number of glass covers

1
Uigp = W A’ =250[1 — 0.0044(s — 90)]
A[Mj +i s = tilt angle (degrees)
To\N+B hw  B=(1-004h,+
0.0005h,2)(1 + 0.091N)
G(Tp +Ta prz +Taz) h,, = heat transfer coeffi-
1 +[2N . B_lj No rc:ient fro;n Ito;':to ambient
- ther symbols have
0.05N{1—
ot ( gp) g previous definitions

Equation uses Sl units: U, and h in W/m?K, TinK, G
=5.670x108 W/m2-K4, &4 is same for all glass covers

Calbiforni State University 66
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Absorber Plate Analysis

/z/ Absorber plate !f
A
ry - Yoo
S ‘1t . ! ///’/
PO Z
- - . !
Tube | ] 4L~ —] .. Fluid tube
bond I w2l + D—— inside diameter, O,
autside diameter, D

+ Define m? = U/(tKjate)
- Effectiveness factor, F = tanh(mL) / (mL)
» Total (useful) heat transfer per unit length of

tube .
—(2LF +D)[H, -U,(T, -T,)]=
Northridge ™ (2LF +D)H, -U.(T,-T,)]=q, &

Absorber Plate Analysis |l
— .

v Absorber plate

/s * Heat flow
’ t \ _ into fluid at
any point

e 1 ., Fluid tube
bond I we 2L + D—— inside diameter, O,
) autside diameter, D

Factors, F’ and Fy

* Collector efficiency factor, F’
,_ Thermal Resistance Between Plateand Ambient
" Thermal Resistance Between Fluid and Ambient

" W,
- W[2LF + D J+ (UCg +1/ b D )]

» Heat removal factor, Fg

_ UAF'

mc o '
Fr_ M 1-e M zi(l_e—a) a:%i
F' UAF a mc,
Northridge Fr/F'>[L1/alasa—[0,0] e

Summary of Results

* Q, = useful heat transfer to working fluid

c

Collector Efficiency, n. = Q,/A_H.
« Start with Hottel-Whillier-Bliss Equation

Q, = FRAclHa _Uc(Tf.in _Ta)J
* Replace H, by H;ta

Q, = FeA|Hza-U (T, -T.)|

» Substitute into efficiency equation

_Q _ FRAClHim—UC(Tf_m—Ta)J:FRWFpuc(Tf_m—Ta)
AH, AH, H,

Northridge
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2 _ U, e 1
Koto w R
tanh mL U.|U.(2LF+D) " C, 7zD
F= mL _UGAF!
— F, = Mo
H,=H; (TOL) R
Qu = AFR [Ha _Uc(Tf,in _Ta)] Tf out — f in 5
me
Northeidge &
Solar Collector Efficiency Tests
[
09 —— Intercept —|—1-cover,black [
L __ |—1-cover,selective| |
08 ~ - FR(TQ)” —2-cover, black
07 2-cover, selective| |
206 |
§ 05 |
E 04
03
02 | Slope = —FgU, \
01 F
0
0 0.05 0.1 0.15
Northridge ”
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SOLAR COLLECTOR CERTIFIED SOLAR COLLECTOR
CERTIFICATION AND RATING
T SUFPLIER.  Heliodyne, Tne.
N 4910 Seapont Avenus
| Richmend, CA 94804
e
— MODEL: Heliodvne Gobs 408
SRCC OG-100 COLLECTORTYPE:  Glazed Flar-Plate
CERTIFICATION #: 10010810854
COLLECTOR THEEMAL PEEFOEMANCE KATING
23l Per Panel Per D Thousands of Bin Per Panel Per Da
CATE GOP\ ('[ EAR MILDLY CLOUDY CATEGORY CLEAR MILTY CLOIDY
{Te-Ta) paY | cLoupy DAY (TeTay DAY 4 DAY _
2 Mimbe [ 17 MIetd | 1 Mbete 000 1500 Bt e | 1000 Brafrd
Buaf’d
A ) A an i1 24
-] 43 i 11 -] i3 3l Pl
C 9 a7 15 < 25 14
5] 4 14 4 o (H 4
E | 10 2 E (144'F) 10 2
APodl Tiealiag (W s Clumatel 1 Post Heatng (ool Clumate] € Woans lnamg (Weim Clawe) 0 wate Heatsg (vt Comate) LA Combiloning

Onigmal Certification Date. Augut 1. 1953
Calioenia Sl

N{) rt h r “I_Ilge http://www.builditsolar.com/References/Ratings/SRCCRating. hirvz3

Sample Ratlng Sheet Il

COLLECTOR SPECTFICATIONS

Gross Area: 2006 m' 3215 Net Aperture Arex 2771 m' 208 &
Dry Weight: 50381 ke 133 1 Fluid Capacity: 1 08 zal
Test Pressure: 1034 ¥Ps 150 prig

COLLECTOR MATERIALS PRESSURE DROP
Frame: Alumizum Extrusion Flow AP
Cover (Outer): Low Tron Tempered Glass mlls [ gpm Pa_ | inHi0
Cover (Tnner): None ‘

Absorher Material:  Tube - Cepper / Plste - Copper

Absorber Coating:  Black Chiome

slope = —FrU,

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 —
F.U_ At — Frra
X :AC%(rref _Ta> Y= AC DR Hi,total

75

iforrsi State Unhversir

Nurthrldge

lnsu]a\):cm (Side): Isocyasunate Foam
Insulation (Back):  lsocyamuate Fonm & Fiberglass Intercept —_ F (’C(X)
TECHNICAL INFORMATION @ =T == e o
Efficiency Equation [NOTE: Based on gross area and (P) = Ti-Ta] ! nmmgn Slope ~
ST Units: n= 0.72. -32000 (PyI -00220 (P\[ \ 0.7 457 Wim'C
TP Units: n= -0.5639 (PyI -0.0022 (P]T ~ ]: -0805 BubrfoF
Incident Angle Modifier [(S) lcos ©- 1,0°¢ 8 <60%] Model Tested: Geu.?es* ————— -
K. = 1.0 00900 (S) 0.0000 (8)° Test Fluid: Water
Ko= L0 -0.08 s) (Lizea: Fit) Test Flow Rate: 36 ml's 088 pm
REMARKS:
November. 2006
Computing X (dimensionless)
Fe At * A, = collector
X=A|FU 2=, -T c
A{ F, D ( ref a)} area (m?2)
* FrU, (W/m?-K) from slope of collector
test data
* F’r/Fr 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
Northridge 7

Computing Y (dimensionless)

F, @ Higa e A =
Y = Al Ry )"F: =) ?I} :rcea i;"gmr
* Fgr(ta), from intercept of collector test
» F'r/Fg computed or assumed = 0.97
« Ratio ra /(zr), = 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?)
* D is heating demand J

iformi State Uniyersity

Nurlhrldge

7
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f Equations

» For water heating: f = 1.029Y — 0.065X
—0.245Y? + 0.0018X2 + 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

ak .’ll'.'\l.\'l:III-L:IInN'.-

Northridge
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Adjustments NREL 1961-1990 LAX Average

. . . SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A
- Adjust X for storage capacity, M, in L/m? FIXED-TILT (kWh/m2/day) Percentage Uncertainty = 9

y 1/4 Tilt(deg) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
X' = X(75/M) 0 Average 2.8 3.6 4.8 6.1 6.4 6.6 7.1 6.5 5.3 4.2 3.2 2.6 4.9
. . Minimum 2.3 3.0 4.0 5.5 5.7 5.6 6.4 6.1 4.4 3.8 2.7 2.1 4.7
» Adjustment for water heating only Maximum 3.3 4.4 56 6.8 7.2 7.7 8.0 7.0 5.8 4.5 3.6 3.0 5.1
. Lat-15Average 3.8 4.5 5.5 6.4 6.4 6.4 7.1 6.8 5.9 5.0 4.2 3.6 5.5
— See f-chart notes for details Minimum 2.9 3.6 4.5 5.8 5.7 5.4 6.3 6.3 4.7 4.4 3.4 2.7 5.2
. Maximum 4.6 5.7 6.4 7.3 7.3 7.3 7.9 7.2 6.6 56 4.9 4.3 5.7
» Adjust Y for load heat exchanger factor, lat  Average 44 50 57 6.3 6.1 6.0 6.6 6.6 6.0 54 4.7 42 56
LV = 0.139/7 Minimum 3.3 3.8 4.7 5.6 54 50 59 6.1 4.8 4.7 3.7 3.0 5.3
Z:Y'=Y(0.39 + 0.65e ) 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

Lat + 15 Average 4.7 5.1 5.6 59 54 52 58 6.0 5.7 55 5.0 45 54
Minimum 3.4 3.8 45 52 4.8 44 52 55 45 47 3.9 3.1 51
Maximum 5.9 6.6 6.6 6.7 6.1 5.8 6.3 6.4 6.5 6.1 6.0 54 5.7

— g¢ = heat exchanger effectiveness

. £l Average 4.1 4.1 3.8 3.3 25 2.2 2.4 3.0 36 4.2 43 4.1 35

Z=g. (mc ) ) /(UA)L Minimum 2.9 3.0 3.1 29 2.3 2.1 2.3 2.8 2.9 3.5 32 2.7 3.3
oMt S L P /min cupMaximum, 5.2 54 4.5 36 2.7 2.3 2.5 3.2 41 47 52 5.0 37
o St Lty 70 R T L -
Northridge Northridge
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