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Preface

The Training in Alternative Energy Technologies (TAET) program at the
University of Florida, ran for nearly five years--from late 1979 until June
1984. The training program was sponsored by the Office of Energy of the US
Agency for International Development (USAID). The purpose of the TAET
program was to train technical personnel from the developing countries in
the theory and application of the renewable energy technologies: solar
energy, hydropower, biomass energy, wind power, and geothermal energy. A
total of 286 participants from 54 developing countries attended the nine
training session that were organized by the University.

The TAET curriculum was designed to meet the following specific
objectives:

1. To acquaint the participants with the alternative energy
technologies.

2. To provide the participants with sufficient knowledge to
assess the natural renewable energy resources of the
participant's country and to determine the best possible
technoiogical options to utiiize these resources so that
the participant can provide input in establishing
realistic national alternative energy programs for the
participant's country.

3. To provide technically trained people with the knowledge
to select among technological options and to identify
their most appropriate applications.

The training program consisted of lectures, seminars, demonstrations,
laboratory work, and field trips--activities designed to explain the theory,
illustrate the practice, demonstrate the operation and maintenance of the
alternative energy systems, and to provide detailed training for the program
participants.

As part of that effort, a number of technical notebooks and laboratory
manuals were written by che pregicam faculty at the University of Florida.
A1l of the written material and other documentation was collected, and
reorganized at the end of the training program in June 1984. This manual
makes dvailable most of the material on solar energy that was presented to
the TAET participants during the course of the training program.
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Basic Principles

Solar Constant

The solar constant is the intensity of solar radiation incident on a
surface normai to the sun's rays, outside the darth's atmosphere, at the
mean distance of the ea~th from the sun. Because of the slightly elliptical
orbit of the earth, the solar constant is, in fact, not quite constant; but
it is generally given as 1353 W/ml, The s .11 variation in its value can
be approximated by the relationship

Gop = Ggc [1 + 0.033 cos 360n/365] (1)
where Gon = extraterrestrial radiation on a normal surface, W/mé
fisc = solar constanct (1353 W/mé)
n = the day of the year

Solar Angles

The axis about which the earth rotates is tilted at an angle of 23.45°
to the plane of the elliptic. This tilted axis results in a continual
variation in the angle between the earth-sun line and the earth's equatorial
plane; this angle is called the solar declination, A. The angle changes
with the day of the year according to the approximate relationship

A = 23.45 sin [360 x (284 + n)/365] (2)

There is also a very small change from year to year, but this variation
may be neglected.

The position of the sun with respect to a point on the surface of the

earth can be defined in terms of @ number of angles. The coordinate system
and the nomenclature used here 1s shown below

sun

Figure 1. Zenith angle, slope. surface azimuth
angle, and solar azimuth angle for a tilted surface.
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the discussion that now follows, the nomenclature listed below also
used.

il

latitude (north positive)
slope of a plane surface with respect to the horizontal

surface azimuth; the angle subtended by the projection of the
normal to a plane surface onto the horizontal, and the local
meridian. Deviations east of south are taken as negative, west
of south as positive; a southern projection has an azimuth angle
of zero.

azimuth angle of the sun; the angle subtended by the projection
of the sun's beam onto the horizontal plane and the local
meridian; the same sign convention applies as for surface
azimuth.

hour angle; the angular displacement of the sun from the local
meridian, morning negative, afternoon positive.

angle of incidence; the angle between the beam radiation on a
surface and the normal to that surface.

zenith angle; the angle between the vertical (directly
overhead) and the sun's beam radiation.
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Angle of Incidence

The angle of incidence of the sun's radiation on a plane surface is the
angle subtended by the sun's beam and the normal to the surface. The angle
of incidence, 8, can be expressed in terms of the other solar angles as

Cos 8 = sinasinL cos 8 - sin A cos L sin B cos a
+ COS A cos L cos B cos Q
+ COs A sin L sin B cos a cos Q
+ €0S A Sin B8 sin o sin @ (3)

This equation simplifies considerably for some common situations; for
instance, if the surface faces south, then o = 0 and the last term drops
out,

If the surface is horizontal, then 8 = 0, and the equation reduces to
Cos 8 = sin A sin L +cos A cos L cos g (4)

In this equation 8 is now equal to the =zenith angle 0. From
equation 4 can also be found the sunrise and sunset angles--the angles when
the zenith angle of the sun is 90°. With g = 8, = 90°, equation 4
reduces to

Cos 2 = - tan A tan L (5)

which has two solutions of different sign. The negative angle is sunrise,
the positive angle is sunset.

Since the hour angle is equal to 15° per hour each side of solar noon,
it follows that the length of the day can be found from

29 2
h = I§§§ = 15 (-tan A tan L) (6)

where gcis the sunset hour angle found from Equation 5.
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Extraterrestrial Radiation

Estimates of daily and average levels of insolation at the surface of
the earth usually rely on correlations with extraterrestrial radiation. The
extraterrestrial radiation on a surface normal to the sun's ray is given by
fquation 1 and is close to the solar constant, Ggc, of 1353 W/m,

The extraterrestrial insclation on a horizontal surface, Gy, is given
by

Gy = Ggc [1 + 0.033 cos 360n/365] cos 9, W/m2 (7)

where the zenith angle, 8,5 is found from Equation 4. This equation can
be' integrated over the period from sunrise to sunset (specified by the hour
angles Q.. and Qs found from Equation 5) to give the total daily
radiation on a horizontal surface outside the earth's atmosphere. This
figure, Hy, is ygiven by

Ho = 2% x 3600Gge 1 + 0.033 cos(360 n/365)]
i
x [cos L cos A sin ag¢ + %%%55 * sin L sin a] J/mé (8)

The daily insolation, Hy, can be used to represent the mean daily
insolation, Hy, for a particular month. In this case, Hy 1s found from
Equation 8 for a particular day in the month--the day that will give a value
for insolation closest to the mean of the daily values over the month. This
day is not always the middle of the month. The days to use for estimating
monthly mean daily extraterrestrial radiation are given below

Table 1 Day number for monthly means [1]

Month date day number (n)
January 17 17
February 16 47
March 16 75
April 15 105
May 15 135
June 11 162
July 17 198
August 16 228
September 15 258
October 15 288
November 14 318

December 10 334
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Example 1

What is the mean daily radiation on a horizontal surface outside the
earth's atmosphere, during the month of June, at a latitude of 30° South

Solution

From Table 1 the day number to use is 162; so from Equation 2, the
declination is given by

A = 23.45 sin [360 x (284 + 162)/365] = 23.086°
The sunset angle, Qg5, is found from Equation 5

Cos Qg5 = -tan (23.086) tan (-30) = 0.2461

SO Qgg = 75.75°

Then from Equation 8 we have

= - 24 x 3600
T

Ho x 1353 [1 + 0.033 cos(360 x 162/365)]

2n x 75.75

x [cos(-30) cos(23.086) sin(75.75) + 6o sin(-30) sin(23.086)]

Fo = 18.50 My/m2

Table 2, overleaf, gives monthly mean daily values of extraterrestrial
radiation for north and south latitudes calculated using the procedure
indicated above.


http:sin(75.75

Table 2 Monthly Average Daily Extraterrestrial Radiation, Hy» MI/m2, for Gge = 1353 W/m2

Average Daily Extraterrestrial Radiation

Latitude Jan, Feb. Mar. Apr. May June July Aug. Sept., Oct. Nov. Dec.
60 3.5 8.2 16.7 27.3 36.3 40.6 38.4 30.6 20.3 10.7 4.5 2.3
55 6.1 11.2 19.6 29.3 37.2 40.8 39.0 32.2 22.9 13.6 7.2 4.8
50 9.1 14.2 22.3 31.2 38.1 41.1 39.6 33.7 25.3 16.6 10.2 7.6
45 12.1 17.2 24.8 32.9 38.8 41.3 40.0 35.0 27.5 19.4 13.2 10.5
40 15.1 20.1 27.2 34.3 39.3 41.3 40.2 36.1 29.5 22.1 16.2 13.6
35 18.1 22.8 29.3 35.5 39.5 41.1 40.2 36.9 31.3 24.7 19.1 16.7
30 21.1 25.5 31.2 36.4 39.6 40.7 40.0 37.5 32.9 27.1 22.0 19.7
25 23.9 27.9 32.9 37.1 39.4 40.0 39.6 37.8 34.2 29.3 24 .8 22.6
20 26.7 30.2 34.4 37.5 38.9 39.1 38.9 37.8 35.3 31.3 27 .4 25.5
15 29.3 32.3 35.5 37.6 38.1 38.0 37.9 37.6 36.1 33.1 29.8 28.2
10 31.7 34.1 36.4 37.5 37.1  36.6 36.7 37.1 36.6 34.6 32.1 30.8

5 33.9 35.7 37.1 37.1 35.9 35.0 35.3 36.3 36.8 35.9 34.1 33.1

0 35.9 37.0 37.4 36.4 34.4 33.2 33.6 35.3 36.8 36.9 36.0 35.3

-5 37.6 38.1 37.5 35.4 32.7 31.1 31.7 34.1 36.5 7.7 37.5 37.3
-10 39.1 38.9 37.3 34.2 30.7 28.9 25.6 32.6 35.9 38.1 38.9 39.0
-15 4.4 39.4 36.8 32.7 28.6 26.5 27 .4 30.8 35.0 38.3 39.9 40.4
-20 41.4 39.6 36.0 31.0 26.3 23.9 24.9 28.8 23.9 38.2 40.7 41.7
-25 42.1 39.6 35.0 26.0 23.8 21.3 22.3 26.7 32.5 37.8 41.3 42.6
-30 42.5 39.3 33.7 26.9 21.2 18.5 19.7 24.3 30.9 37.2 41.5 43.3
-35 42.7 38.7 32.1 24.5 18.4 15.7 16.9 21.8 29.0 36.3 41.5 43.8
-40 42.7 37.8 30.3 22.0 15.6 12.8 14.C 19.2 27.0 35.1 41.3 44,
-45 42.4 36.7 28.3 19.4 12.8 9.9 11.2 16.5 24.7 33.7 40.8 44.0
-50 41.9 35.3 26.1 16.6 9.9 7.1 8.2 13.6 22.2 32.0 40.1 43.8
-55 41.3 33.8 23.6 13.7 7.1 4.5 5.6 10.8 19.6 30.2 39.2 43.5
-60 40.6 32.1 21.0 10.8 4.4 2.1 3.1 7.9 16.8 28.1 38.3 43.2
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Terrestrial Radiation

The monthly mean daily extraterrestrial insolation levels,'ﬂo, can be
related to terrestrial levels, H, by the use of a monthly average clearness
index, Krs where Kr 1s simply the ratio of the two monthly mean daily
values:

T ° H/HO (9)

Values for the monthly average clearness index, E}, are available
from many locations around the world. Table 3 which follows gives values of
Ky for many countries and locations throughout the world.

The monthly average clearness index can also be reasonably well
correlated with the fraction of insolation which s diffuse. If Hy is the
mean monthiy daily diffuse radiation, the ratio Hq/H, i.e. the ratio of
diffuse to total radiation on a horizontal plane on the earth's surface, can
be found from Kt as follows:

= 0.775 + 0.00653 (ngg -90)

III =
S

- [0.505 + 0.00455 (ags - 90)] cos (115 Ky - 103) (10)
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Average Radiation on Tilted Surfaces

In order to design solar heating and cooling systems, and also
photovoltaic systems, it is necessary to estimate the average insolation
falling on a solar collector, or a photovoltaic panel, each month of the
year. This value, Hr (the subscript indicating a tilted surface) can be
calculated as follows.

The insolation striking a tilted surface is the sum of three
components: the direct beam insolation from the sun, the diffuse insolation
from the sky, and the reflected insolation from the area in front of the
tilted surface. FEach component can be calculated; the resulting equation
is

H-T - (g'ﬁd)ﬁb'*'ﬁd (1+(2205 B)+p(1-5058) (11)

where ﬁb = ratio of the monthly average daily beam radiation on the tilted
surface to that on a horizontal surface

average reflectance of ground cover, usually taken as between 0.2

o] =
and 0.7 (fresh snow gives the high value)
B = the angle of tilt of the surface

Ry s found from the equation below, for surfaces sloped towards the
equator (i.e. with zero azimuth)

b = C0s L* cos A sin ag7 + (n/180) Qg1 Sin L* sin a (12)
Cos L cos A sin ggg + (n/180) Rgg Sin L sin a

where Q.1 is the sunset hour angle (degrees) for the tilted surface, and
is calculated from

Q7 = min [cos-! (-tan L tan a), cos-! (-tan L* tan a)] (13)
Equations 12 and 13 apply to both hemispheres as long as L* is defined as

L*

L northern hemisphere (14)

L -8
L+8 southern hemisphere

The sequence of steps required to calculate the mean monthly daily
insolation on a tilted surface, Hr, is given below.

Step Variable Calculation

0. - Given: latitude: L
surface tilt: g
ground reflectance: p
clearness index: Ky

1. A Knowing the month and its day number (Table 1), calculate
declination from Equation 2.
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2. Qg Find the sunset hour angle from Equation 5.

3. Ho Find the extraterrestrial insolation on a horizontal
surface from Equation 8.

4. H Find_the terrestrial insolation on a horizontal surface:
H = Hy X Ky
5. Hg Find the diffuse radiation on the horizontal surface
from Equation 10.
6. L* Find the equivalent latitude from Equation 14.
7. QT Find the sunset hour angle for the tilted surface
from Equation 13,
8. Rp Find the ratio from Equation 12.
9, Hr Finally, calculate the monthly mean daily total
radiation on the tilted surface from Equation 11.
Example 2

Determine the monthly mean daily insolation in Peshawar, Pakistan, on a
south-facing flat plate solar collector tilted upwards at an angle equal to
the latitude (34 00'N), during April. Ground reflectance is estimated as
0.2.

Solution

Following the steps outlined above:

l. Find A. The day number for April (Table 1) is n = 105 so the
declination is given by

23.45 sin [360 x (284 + 105)/365]
9.415°

A

2. Find @g5. The sunset hour angle is found from Equation 5.

cos 2 = -tan (9.415) tan (34.0) = -0.1118
Qgs = 96.4°

3. Find ﬂo. The extraterrestrial insolation on a horizontal surface is
calculated using Equation 8; take Gge as 1353 W/me,

H, = 24% QQQQI§€1§§§ [1 + 0.033 cos (360 x 105/365)]
m

x [cos (34) cos (9.415) sin (96.4) + 3%% X 96.4 x sin (34) sin (9. 415)]

= 35.69 MJ/m2 day
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Find H. From Table 3, the clearness index, Kr for Peshawar in April
is given as 0.569, so H is found from

H o= o xKr = 35.69 x 0.569 = 20.31 MJ/m? day

Find Hy. From Equation 10 we have:

Hq 0.775 + 0.00653 (96.4 - 90)
H [0.505 + 0.00455 (96.4 - 90)] cos (115 x 0.569 - 103)

0.393

soHg = 0.393H = 0.393 x 20.31 = 7.98 MJ/m? day
Find L*. For the northern hemisphere L* = L - g

so L* =34 - 34 = 0,

Find_a¢7. The sunset angle for the collector is found from
Equation 13.
2T = minimum of cos~l (-tan 34 tan 9.415) = 95.4°

or cos~! (-tan 0. tan 9.415) = g9p0°

so Qg7 = 90°
Find Ry. This ratio follows from Equation 12

Rn. = —C0s 0. cos 9.415 sin 90. + (n/180) x 90 sin 0. sin 9.415
b Cos 34. cos 9.415 sin 96.4 + (n/180) 96.4 sin 34. sin 9.415

Find H.. The last step is to find Ht from Equation 11:
AT = (20.31 - 7.98) x 1.02 + 238 (1 4 cos 34.) 4 82 (1 - cos 34.)

or Hr = 19.9 MJ/m2 day

Calculations such as these, which are time-consuming and tedious to do
hand, can be performed very rapidly on a small computer.
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HEAT TRANSFER

The design and analysis of solar energy conversion systems requires an
understanding of the principal modes of heat transfer: conduction, convec-
tion, and radiation. In this set of notes we will examine these mechanisms
and see how they may be combined to facilitate the thermal analysis of solar
collectors and heat storage systems.

Conduction

Conduction is the only mode of heat transfer in opaque solid media.
The rate of heat transfer is given by Fourier's law:

- dT
Q= -kA & (1)

where k is the thermal conductivity of the material, A is the area available
for heat transfer, and dT/dx is the temperature gradient. The negative sign
1s required because dT/dx is itself negative since heat is transferred in
the direction of decreasing temperature. If the thermal conductivity is
independent of temperature, equation 1 may be integrated directly to give

- AT
Q= kA'ZI (2)

where AT is the temperature difference and ax is the thickness of the
material through which heat is being conducted.

The wunits of thermal conductivity are Btu/hr ft°F or W/m K in S.I.
units. The rate of heat transfer, Q, will then have units of Btu/hr or
Watts (W). The following conversion factors apply.

1 Btu/hr
1 Btu/hr ft °F

0.2931 Watts
1.731 W/m K

wn

Examg]e 1

The glass cover of a solar collector has an area of 80 square feet and
a thickness of 5/16 inches. The thermal conductivity of the glass is 0.5
Btu/hr ft°F. Determine the rate of heat transfer through the glass if the
outside surface temperature is 50°F and the inside surface temperature is at
75°F.

Solution: The temperature difference, AT, is 25°F

also AX = 5/16 inch
k = 0.5 Btu/hr ft °F
A = 32 ft2

N

Hence from equation

Q=0

()]

(75 - 80) x 12 -
X 32 x 5716 15,360 Btu/hr



For many substances k is, in fact, a linear function of temperature in
which case the thermal conductivity should be evaluated at the mean tempera-
ture, i.e. at (T; + Tp)/2.

It is usual to determine conduction heat transfer rates by working in
terms of the total resistance to the transfer of heat. One may then write:

0 = AToverall (3)

IR

where AToyepall s the temperature difference between inner and outer
surfaces and IR is the sum of the resistances to the transfer of heat. From
equation 2 it is clear that the resistances may be evaluated as

IR = £(Ax/kA) (4)

Example 2

The walls of a house are constructed as follows:

material thickness conductivity

outside brick 0.1 m 0.7  W/m K
insulation 0.2 m 0.065 W/m K

inside plaster board 0.03 m 0.48 W/m K

[f the temperature difference across the inside and outside surfaces is
20°C, determine the rate of heat transfer due to conduction if the total
wall area is 80 me2.

The resistances are found as follows:

brick R
insulation R
plaster board R

0.1/0.7 X 80
0.2/0.065 X 80
0.03/0.48 X 80

0.00179 K/W
0.03846 K/W
0.00078 K/W

so IR = 0.04103 K/W

The heat transfer is trerefore

Q = 20/0.04103 = 487.4 Watts
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The concept of a resistance to heat transfer is analogous to electrical
resistance in an electric circuit. The wall structure of example 2 is an
example of resistances in series. For some composite structures resistances
may be also in parallel. For example, where there are two conductive routes
between two surfaces the network inay be presented as:

T -—W —WWWWM—s |2
Rl R4

The overall resistance to heat transfer would then be calculated as

RoP3

= & 2
IR Rl R2 + R3

+ Rg

This form of analysis may also be extended to cylinders or pipes where
the resistance to conductive heat transfer is given by

_In (ro/ri)
B 2rkL (5)

where ri and ry are the icner and outer radii of the relevant surface
and L is the length of the pipe. The total conduction heat transfer is then
found, as before, from equation 3.

Two further terms appear in the literature. The first is conductance, C,
which is simply the reciprocal of resistance, i.e.

C = 1/R



but which may be given for a specified thickness of material on a unit area
basis. The second is the overall heat transfer coefficient, U, which is
simply the reciprocal of the sum of the resistances, i.e.

U=1/zR

but which may also be given on a unit area basis in which case equation 3 is
written as

Q = UAAT (6)

In all calculations it is important to closely examine the units of the
relevant data to ensure that the appropriate equation is being used and that
the calculation is dimensionally consistent.



Convection

Heat transfer takes place between a solid surface and a fluid whenever
a temperature difference exists. If the fluid is in laminar motion then
heat transfer is considered to take place largely by conduction. Even when
the bulk of the fluid is in turbulent motion, the layer immediately adjacent
to the wall is in laminar motion. Where mixing of the fluid particles
occurs, the heat is transferred by convection. Convection may be eijther
forced or natural (free) convection depending on whether the fluid motion is
imposed or whether it occurs because of differences in density caused by
temperature changes. A buffer layer exists between the laminar layer and
the turbulent bulk. In this intermediate region the heat transfer is
characterized by both conduction and convection.

Since the laminar layer presents a much greater resistance to heat
transfer than either the buffer region or the turbulent bulk, most of the
temperature resistance occurs across the laminar layer. The entire
resistance to heat transfer is, for practical purposes, regarded as being
concentrated in this thin layer. Thus the conductance term for a fluid is
generally referred to as the film heat transfer coefficient.

The heat transfer brought about by convection is generally computed in
a manner analogous to heat transfer by conduction. That is, one may write

Q = hcAaT (7)
where he = convective heat transfer coefficient, often called a film
coefficient

A = area available for convective heat transfer

AT

temperature difference between the surface and the bulk of the fluid.

Convective heat transfer may also be treated within the framework of a
thermal resistance network in a manner analogous to conduction. The thermal
resistance to convection is given by

Re = L (8)

As an example, consider the heat transfer from the interior of a room at
Ti through a wall to the air outside at temperature Ty.  Heat is first
transferred by free convection to the interior surface of the wall, then by
conduction through the wall to the exterior surface, and finally from the
exterior surface to the air outside. There are, therefore, three resis-
tances to the transfer of heat. The total resistance R is given by:

1 X 1
R I - A N R
hciA A hcoA

where hci, hco are the inner and outer convective film coefficients,
X is the wall thickness, and k is the thermal conductivity of the wall
material. The overall heat transfer is Simply:



Film Coefficients

Convective heat transfer film coefficients are generally determined
experimentally and many correlations have been reported in the Titerature.
The data are generally structured in terms of five dimensionless numbers.
These are:

Nusselt number (Nu) = hL/k
Reynolds number (Re) = pul/u
Prandtl number (Pr) = uCp/k

g98aT L352/,,2

Grasshof number (Gr)
98T L3p2Cp/uk

Rayleigh number (Ra)

heat transfer coefficient

= characteristic dimension

= thermal conductivity

= fluid velocity

= fluid density

viscosity

specific heat (constant pressure)

coefficient of expansion of the fluid

temperature difference

acceleration due to gravity '9.81 m/s2 or 32.2 ft/s2)

where h

©
n

fnon

QP> O O xr—
—
n

1]

A1l these terms are well defined except for the characteristic dimension L.
This term will depend on the configuration of the system being examined.
For ideal gases B is equal to the reciprocal of absolute temperature, i.e.
8 = 1/T. This is a good enough approximation for air.

In general, the Nusselt number, for convection, can be related to the other
dimensionless _numbers by equations of the form:

Nu C(ReNprm) forced convection
and Nu = C(Grnpem) free convection

where C, n, m are empirical constants which must be determined experimen-
tally. Once the Nusselt number has been determined for the system under
consideration, the film coefficient follows directly from

h = (Nu)k/L \9)

The following correlations are applicable for common system configura-
tions found in solar energy systems.



1. Laminar Flow in Pipes and Ducts

1/3 0.14

D
Nu = 1.86 (Re-P”-fﬁ) by (10)
Hy

applicable for Re.Pr.Dp/L > 10
and Re < 2100
Dh 1s the hydraulic diameter of the pipe or duct, given by

4 x flow area (11)
wetted perimeter

Dp =

up Is the viscosity at the buylk (mean) temperature of the fluid (use
this temperature for Pr also); u, is the viscosity of the fluid at the
wall temperature.

also Nu
Re

hDp/k
puDp/ up

n

and L is the length of the pipe or duct.

If the conduit is short, i.e. L/Dp < 60, Nu may be multiplied by a
factor equal to

1 + (Dp/L)07

2. Turbulent Flow in Pipes and Ducts

When the Reynolds number is above 6000 then fluid flow is fully turbu-
lent and heat transfer is enhanced. The Nusselt number may be estimated as

0.8 1/3 0.14
Pr / EQ)

Nu = 0.023 Re ( (12)
Hy
applicable for Re > 10,000
0.7 < Pr < 7000
and properties based on bulk temperatures.
If the tube is short increase iy by
1 + (Dp/L)0-7
3. Turbulent Flow Between Flat Plates
One side heated:
N = 0.0196 Re " Oppl/3 (13)

where Re and Nu are based on the hydraulic diameter.
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4. Flow in a Helical Coil

For flow in a helical coil the value of the heat transfer coefficient
calculated for a straight tube should be multiplied by

tube diameter
1 +3.5 (coil diameter)

5. Free Convection from Surfaces

a) Vertical surfaces, L = vertical dimension, < 3 ft
Ra < 104, Nu = 1.36 RaC-2
104 < Ra < 109, N = 0.59 Ra0:25 (14)
Ra > 109, N = 0.13 Ral/3
b) Horizontal Cylinder, L = diameter, < 8 ins
1 < Ra < 104, No = 1.09 Ra0-2
104 < Ra < 109, Nu = 0.53 Ra0-25 (15)
Ra > 109, Nu = 0.13 Ral/3

c) Horizontal Flat Surfaces

104 < Ra < 107 , Ne = 0.76 Ra0-25 (16)
107 < Ra < 1010, M = 0.15 Ral/3

The characteristic length, L, is four times the area divided by the
perimeter.

d) Sphere, L = djameter
Nu = 2+ 0.45 Ra0-25 (17)

In all the above correlations fluid properties are to be evaluated at
temperature, T¢, where

T¢ = 1/2 (surface temperature + ambient temperature)

6. Free Convection Between Two Parallel Surfaces

For air, the Nusselt number may be found as:

Nu = 1+ 1.44 [1 - 1708/B]* (1 - lé9§ (sin 1.88)1:6}

+ [(B/5830)1/3 . 17+ (18)
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where the meaning of the + exponent is that only the positive values of the
term in the square brackets are to be used {(i.e. use zero if the term is
negative).

In equation (18) B = Ra cos B where Ra is the Rayleigh number and g is
the angle between the surfaces and the horizontal. Ra is based on L = d,
the distance between the plates. Equation 18 is valid for g between zero
and 75°.

For inclinations between 75° and 90° the recommended relation for air
is

N = max [ 1, 0.288 (A Ra sin 8)Y*, 0.039 (Ra sin 8)1/3] (19)
The constant A in equation 19 is the aspect ratio of the air layer, defined

as the ratio of the thickness to the length along the layer measured along
either surface in the upslope direction.

7. Air Flow over a Flat Surface

The calculation of heat transfer coefficients for flat heated surfaces
exposed to wind does not appear to be well established. For smooth surfaces
a rough approximation is given by the dimensional equations:

W/m2 K, u
Btu/hr ftloF , u

h
or h

+ ;

4.5 2.9u h m/s
0.8 + 0.23u ; h

mph

nn

n
hn



Radiation

A11 heated bodies emit thermal electromagnetic radiation whose wave-
lengths and intensities are dependent upon the temperature of the body and
its optical characteristics.

Thermal radiation is usually considered to lie within that part of the
electromagnetic wave spectrum with a wavelength between 0.1 to 100 um
(microns). Solar radiation has most of its energy in the range between 0.1
and 3 um. The visible part of the spectrum is between about 0.4 - 0.7 um.

[t can be shown that the energy density at a given wavelength is
related to the monochromatic radiation emitted by a perfect radiator,
usually called a black body, according to the relation.

C
Epy = —err W/m2 . um (21)
(eC2/AT _ 1) 35

3.7405 x 108 W. um%/m2
1.43879 x 104 ,m.K

where C;
C2

Ep is the monochromatic emissive power of a blackbody, defined as the
energy emitted by a perfect radiator per unit wavelength, at the specified
wavelength A, per unit area and per unit time at the specified temperature T
(in degrees Kelvin).

The total energy emitted by a blackbody can be obtained by integration
over all wavelengths:

Ep = ’J Epydr = o T4 W/m2 (22)
0

where o is called the Stefan-Boltzmann constant and is equal to
5.67 x 1078 w/m2 k4.

It is also of interest to know the wavelength corresponding to the
maximum intensity of blackbody radiation. This may be determined from
Wien's displacement Taw:

Mmax T = 2897.8 um (23)

For example, we can estimate the wavelength of the maximum intensity of the
radiation emitted from the human body.

Taking the body temperature as 98.4°F or 37°C, we have

- 2897.8 _
Amax m = 9,34 um



Table 4 Fraction of Blackbody Radiant
Energy Between Zero and 3. T for even increments
of .T

AT, pm K Jo-ar AT, pm K Jo-ar
1000 0.0003 6200 0.7541
1100 0.0009 6300 0.7618
1200 0.0021 6400 0.7692
1300 0.0043 6500 0.7763
1400 0.0077 6600 0.783t
1500 0.0128 6700 0.7897
1600 0.0197 6800 0.7961
1700 0.0285 6900 0.8022
1800 0.0393 7000 0.8080
1900 0.0521 7100 0.8137
2000 0.0667 7200 0.8191
2100 0.0830 7300 0.8244
2200 0.1009 7400 0.8295
2300 0.1200 7500 0.8343
2400 0.1402 7600 0.8390
2500 0.1613 7700 0.8436
2500 0.1831 7800 0.8479
2700 0.2053 7900 0.8521
2800 0.2279 8000 0.8562
2900 0.2506 8100 0.8601
3000 0.2732 8200 0.8639
3100 0.2958 8300 0.8676
3200 0.3181 8400 0.8711
3300 0.3401 8500 0.8745
3400 0.3617 8600 0.8778
3500 0.3829 8700 0.8810
3600 0.4036 8800 0.8841
3700 0.4238 8900 0.8871
3800 0.4434 9000 0.8899
3900 0.4624 9100 0.8927
4000 0.4829 9200 0.8954
4100 0.4987 9300 0.8980
4200 0.5160 9400 0.9005
4300 0.5327 9500 0.9030
4400 .5488 96() 0.9054
4500 0.5643 9700 0.9076
4600 0.5793 9800 0.9099
4700 0.5937 9900 09120
4800 0.6075 10000 0914
4900 0.6209 11000 09318
5000 0.6337 12004 0.9450
5100 0.6461 13000 0.9550
5200 0.6579 14000 0.9628
5300 0.6693 15000 0.96%9
5400 0.6803 160(X) 09737
5500 0.6909 17000 0.9776
5600 0.7010 18000 0.9807
5700 0.7107 19000 0.9833
5800 0.7201 2000 0.9855
5900 0.7291 30000 0.9952
6000 0.7378 40000 0.9978
6100 0.7461 50000 0.9988

From reference 3



It is also useful to know what fraction of the total radiated energy is
being emitted over a range of wavelengths. Table 4 shows the fraction of
blackbody radiant energy emitted between zero and AT for increments of AT.

For example, we can determine the fraction of the sun's radiative energy
output that lies within the visible part of the electromagnetic spectrum.
The temperature of the surface of the sun is about 6000 K. The visible part
of the EM spectrum lies approximately between 0.4 and 0.7 microns.

From Table 4 we have:

0.516
0.140

AT = 0.7 x 6000
AT = 0.4 x 6000

4200 f (<4200)
2400 f (<2400)

LT}

Fraction between = 0.376

so about 38% of the sun's output is visible.

Absorptance, Emittance and Reflectance

The absorptance, a, is the fraction of incident light of a given wavelength
that is absorbed when light strikes an absorbing surface. The absorptance
of a surface is therefore a function of the wavelength intensity distri-
bution of the incident light.

The emittance, ¢, is the fraction of the emittance of a perfect blackbody at
a given wavelength emitted by a nheated surface.

When radiation strikes a body some is reflected, some absorbed, and if the
material is translucent, some is transmitted. It is clear that

a+r+r‘=1
fraction absorbed

fraction transmitted (24)
fraction reflected

a
T
r

If a body is opaque then r = 0

The reflection of radiation can be specular or diffuse. When the angle of
incidence is equal to the angle of reflection, the reflection is called
specular. [f the reflected radiation is uniformly distributed in all
direction it is said to be diffuse. A real surface exhibits both kinds of
reflection. A highly polished surface approaches specular reflection, a
rough surface generally reflects diffusely.

At a particular wavelength, absorptance is equal to emittance. This
relationship is essentially Kirchhoff's law:

ax £A



For an opaque surface therefore

€y T l-ny

and ay = 1 - s

The subscript A is important to note because, for most materials, a, e, and
r vary significantly with wavelength over the range of interest in solar
energy systems. The few materials for which they do not vary with X are
termed gray bodies, and those with « =€ =1 for all wavelengths are termed
blackbodies.

Infrared Radiation Heat Transfer Between Gray Surfaces

The majority of heat-transfer problems in solar energy applications involve
radiation between two surfaces. For this situation and assuming:

1. The surfaces are gray and reflection is diffuse.
2. Surface temperatures are uniform.

The radiative heat transfer between the surfaces is given by

4 4
- T
L +L1-€2
elAl  AtF12 A2

where subscripts 1 and 2 refer to the two surfaces, ¢ is the emittance, T is
absolute temperature (Kelvin), A is area, and Fjp is the view factor.

For the special case of radiation between two large parallel plates (i.e. as
in flat-plate collectors) the areas A] and A, are equal, and Fio is unity.
Equation 25 therefore reduces to:

Ao(Td - 14)

Q = —% 1 (26)
—t = .1
El 52

Equation 26 also applies to radiation between two concentric long cylinders
forming an annulus when the diameter ratio approaches unity.

The second special case is for a small body (surface 1) surrounded by a

large enclosure (surface 2). Under these conditions, the area ratio Ay/Ap
approaches zero, Fio is again unity, and equation 25 becomes

Q = elAlo(rg- r‘11> (27)



The result is independent of the surface properties of the large enclosure
since virtually none of the radiation Teaving the small object is reflected
back from the Targe enclosure. The large enclosure effectively absorbs all
radiation from the small body and thus acts Tike a black body. Equation 27
applies in the case of a flat plate radiating to the sky.

The sky can be considered as a black body at some equivalent sky tempera-
ture, Ts. The net radiation to a surface with emittance € and temperature
T is therefore found from

Q=eAa(Ts4 - T4) (28)

Several relations have been oroposed to relate Tss for clear skies, to
other measured meteorological variables. One simple relation is:

Tg = 0.0552 T41:5 (29)

where Ty is the local air temperature in degrees Kelvin.

It is possible to define heat transfer coefficients such that equations 26
and 27 reduce to simple form of equation 7. That is, we have

h = ° 2 2
/g + 1/eg -1 (12 F RAT25 + 1) (30)

=
It

or 19 (Tp + T{)(T92 + T12) (31)

derived from equations 26 and 27 respectively.



Radiation Transmission Through Covers

The transmittance, reflectance, and absorption of solar radiation by trans-
lucent solar collector covers are functions of the incoming radiation, and
the thickness, refractive index, and extinction coefficient of the materijal.
Generally, the refractive index, n, and the extinction coefficient, K are
functions of the wavelength of the radiation. However, for glass these
properties may be taken as independent of wavelength,

Reflectance
For smooth surfaces the reflection of unpolarized radiation on passing from

a medium 1 with a refractive jndex n] to medium 2 with refractive index
no is given by

tan? (0, - 0;)
tan2 (92 + Ol)

.%5 = 1/2 (rL +r,) (34)

r(@l)

where © 1 “and ©» are the angles of incidence and refraction as shown in
Figure 1. .

Medium 2 "2
Figure 1 Angles of incidence and refraction
8

> in medin having refractive indices ny and n,. [3]

Equation 30 represents the perpendicular component of unpolarized radiation
r, and equation 31 represents the parallel component of unpolarized
radiation, r, . Equation 32 then gives the reflection of unpolarized
radiation as the average of the two components. The angles 6 1 and 85
are related to the indices of refraction by Snell's law

nl _ sin @2



Thus if the angle of incidence and refractive indices are known, equations
32 through 35 are sufficient to calculate the reflectance of the single

interface.

For radiation at normal incidence (0 = 0, =

combined to yield

0) equations 34 and 35 may be

(0) Ir _ (nl - nz) 2 (36)
r I T+ ng)

Refractive indices for some cemmon translucent materials are given below:

TABLE " § Refractive Index for Various Substances in
the Visible Range Based on Air

Material Index of refraction

Air 1.000
Clean polycarbonate (PCO) 1.59
Diamond 242
Glass (solar collector type) 1.50-1.52
Plexiglass* (polymethyl methacrylate, PMMA) 1.49
Mylar (polyethylene terephthalate, PET) 1.64
Quartz 1.54
Tedlar " (polyviny! fluoride, PVF) 1.45
Teflon (polyfluoroethylenepropylene, FEP) 1.34
Water-liquid 1.33

solid

1.31

Example 3

Calculate the reflectance of one s

60°. The average index of refraction of glass for the solar spectrum is
1.526 (for air n = 1).
At normal incidence, equation 36 may be written for ng = 1as
- [n-12
" = (59)
. (1.526 - 1\2
or r(0) = (%jiﬂ??fi> 0.0434

At an incidence angle of 60°

equation 35 gives the refraction angle ©

. =1 sin 60 - °
(TTEEE—) = 34.58

sin

2

urface of glass at normal incidence and at

as
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Then from equation 34 the reflectance is

r(60) = 1| sin® (34.58 - 60) , tan? (34.58 - 60)
2| sin2 (34.58 + 60)  tan2 (34.58 + 60)

(0.185 + 0.001) = 0.093

roj—

Transmittance

For a single cover the average transmittance after reflection losses is
given by

T = L + 1 (37)

For a system of N covers, all of the same material, the average transmit-
tance after reflection losses are accounted for is given by

1 1 -r . l-r,
o T2 L+ (@N-T)r "T+(2N-1)r,

(38)

Example 4

Calculate the transmittance of two covers of nonabsorbing glass at normal
incidence and at 60°.

At normal incidence the reflectance of one interface r(0) 0.0434 (see

example 3). From equation 38 with r, = ry we have
= 1l-r
trl0) = e

. _1-0.0838 _
T +3(0.0434) - 08

At a 60° incidence angle equations 32 and 33 give

0.185

-
1]

0.001

-
n



and from equation 38 we then have

1/ 1-0001 . 1-0.185
2 |1+ 3(0.001) T + 3(0.185)

Tr(so)

0.76

Figure 2 below shows the effect of multiple glass nonabsorbing covers on
overall transmittance. Table 6 lists the average refractive indices of some
common cover materials.
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Table 6. Average Refractive Index in-Solar Spectrum
of Some Cover Materials [3]

Average
Cover Material Refractive Index
Glass 1.526
Polymethyl methacrylate 1.49
Polyvinylfluoride 1.45
Polyfluorinated ethylene propylene .34
Polytetrafluoroethylene 1.37

Polycarbonate 1.60




Absorgtance

The absorption of radiation in translucent media is described by Bouguer's
law, which leads to an estimate of absorptance as

a = 1 - exp-KL (39)

where K is the extinction coefficient and L is the distance that the radia-
tion travels, i.e.

L = cover thickness
cos 92
The overall transmittance of a single cover is then given by

T = (1 - G)'rr (40)

and the reflectance r from the simple identity:

r=1l-a-¢ (41)

The extinction coefficients for some common transparent materials are listed
below.

TABLE 7. Extinction Coefficients for Transparent Materials [4]

Polyvinyl fluoride (Tedlar ) 1.4 cm-!
Fluorinated ethylene propylene (Teflon ) 0.59
Polyethylene terephtk date (Mylar ) 2.05
Polyethylene 1.65
Ordinary window glass ~0.]
White glass (<0.01% Fe, 0,) ~0.04
Heat-absorbing glass 1.3-2.7

Example 5

Calculate the transmittance, reflectance, and absorptance of a single glass

cover 2.3 mm thick at an angle of 60°. The extinction coefficient of the
glass is 32 m-1,

Assuming for this glass n = 1.526 then from Example 3 we have

07 = 34.58°
r,(60) = 0.185
ry (60) = 0.001



then from equation 39

exp (-32 X 0.0023/cos 34.58)

From equation 37 we have

—
]

1/2/1.-0.001 .1 - 0.185]
1 +0.001 1 +0.185

0.843

n

It follows then that

T (1 - 0.085) X 0.843 = 0.771

1 - 0.085 - 0.771 = 0.144

and r

Although equations 39, 40 and 41 were derived for a single cover they also
apply to identical multiple covers, except that tr should now be evaluated
using equation 38 and the value of L used in eugation 39 should be equal to
the total cover system thickness.

Wavelength Variation of Transmission

Most transparent media transmit selectively. Transmittance is a function
of the wavelength of the incident radiation. Glass, the material most
commonly used as a cover material in solar collectors, may absorb little of
the solar energy spectrum if its Fep03 (iron oxide) content is low. If
the Fep03 content is high, it will absorb in the infrared portion of
the solar spectrum. The transmittance of several glasses of varying iron
content is shown in Figure 3.

1.0

f 0.02% FE7 03

0.10% Fe;O;

o
wn
I

0.50% Fe;O,

Transmittance, 1

L ]
0.2 1.0 2.0 3.0
Wavelength, um

Figure 3  Spectral transmittanee of 6 mm thick glass with various iron oxide contents, [_3]
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It is apparent that "water glass" (low iron) glass has the best trans-
mission; glasses with high Fep03 content have a greenish appearance and
are relatively poor transmitters. Note that the transmission is not a
strong function of wavelength in the solar spectrum except for the high
iron content glass. Glass becomes substantially opaque at wavelength
longer than 3 um and can be considered as opaque to longwave radijation
(i.e. thermal infrared). This useful characteristic is the principal
reason that glass is such an attractive material for covering flat-plate
solar collectors.

Plastics are generally more transparent than glass. Like glass, they
absorb in the untraviolet but they have variable transmittance in the
infrared depending on the thickness and the molecular bonds present in the
particular plastic. Simple plastics 1ike polyethylene have few absorption
bands at certain wavelengths.

The infrared absorption of plastics is important in collector behavior.
Glass being opaque to the thermal infrared, traps heat radiation. Some
plastics, being relatively transparent, allow thermal radiation to escape.
If plastic windows are used, the plastic must either be thick enough tc
absorb the thermal radiation or be instrinsically opaque to it. The trans-
mittance - wavelength curves of a number of plastics of importance for
solar energy collectors are shown below and overleaf. {=]
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In the transmittance curves, the thickness shown are typical for solar
collector systems. Plastic films are very thin and are used in tension for
window coverings. Their thinness tends to make them transparent, whereas
the thicker plastics used for rigid window coverings are thick enough to be
almost totally opaque in the thermal infrared. Plexiglas and Fiberglas are
more opaque than glass, but polycarbonate shows some transmission out to 6

microns.

Selective Surfaces

The problem of minimizing heat losses from a solar collector brings us
to an examination of the optical properties of the absorber surface and the
transparent windows. It is clear that we want as much radiant energy from
the sun as possible to reach the absorber, while at the same time we wish to
reduce to a minimum the thermal infrared energy radiating from the hot parts
of the collector. Optical properties which vary widely from one spectral
region to another produce what is termed selectivity. Figure 4 below
illustrates the essential characteristics of selective surfaces.
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Fig: 4. Three diagrams illustrating the basic physics of selective surfaces. The top diagram shows
radiant energy curves for the sun and for a hot surface radiating mainly in the thermal infrared; the
middie diagram shows a typical curve for a selective absorber; the bottom diagram shows a typical
curve for a selective transmitting surface. [5]



There are basically two types of selective surface of use in solar collec-
tors:

1) Selective absorbing surfaces, where the surface is black to sunlight,
making the transition from absorptive to reflective behavior in the region
between 1.5 and 3 microns. By Kirchoff's law a reflective surface is a poor
emitter, the value of the emittance being e =1 - r, where r is reflectivity
of the surface. A highly selective surface is therefore one that has the
highest possible reflectance in the thermal infrared. The measure of
selectivity is the ratio of the absorptance for sunlight divided by the
emittance for thermal infrared at the temperature of the projected use of
the selective surface. This ratio, a/e, can therefore vary with tempera-
ture, depending on the exact variations of both absorptance and emittance
with wavelength.

2) Selective transmitting surfaces, where the surface is transparent to
sunlight, making the transition from transmissive to reflective behavior in
the region between 1.5 and 3 microns. The function of such surfaces is to
let sunlight into a collector but to inhibit the loss of thermal infrared
from the absorber.

TABLE 8, Properties of Some Selected Plated Coating Systemz4

Durability
Estimated
Breakdown Humidity-degradation manufactured
Coating? Substrate ag & temperature (°F) MIL STD 810B cost per {t? (U.S.)

Black nickel on nickel Steel 0.95 0.07 >550 Variable 0.30

Black chrome on nickel Steel 0.95 0.09 >800 No effect 0.35-0.15
Black chrome Steel 0.91 0.07 >800 Completely rusted 0.10
Copper 0.95 0.14 600 Little effect 0.10
Galvanized steel 0.95 0.16 >800 Complete removal 0.10
Black copper Copper 0.88 0.15 600 Complete removal 0.10
Iron oxide Steel 0.85 0.08 800 Little effect 0.05
Manganese oxide Aluminum 0.70 0.08 0.10
Organic overcoat on iron oxide Steel 0.90 0.16 Little effect 0.15
Organic overcoat on black chrome Steel 0.94 0.20 Little effect 0.15

9From U.S. Dept. of Commerce, “Optical Coatings for Flat Plate Solar Collectors,” NTIS No. PB-252-383, Honeywell, Inc., 1975.
bBlack nickel coating plated over a nickel-steel substrate has the best selective properties (a, = 0.95, €1 =0.07) but degraded significantly during humidity
tests. Black chrome plated on a nickel-steel substrate also had very good selective properties (&5 =0.95, €; = 0.09) and also showed high resistance to

humidity. [_4_]
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ANALYSIS OF FLAT PLATE COLLECTORS

Although solar energy is sometimes portrayed as a 'simple' technology,
the thermal analysis of a solar collector s, in fact, quite comlex. Flat
plate collectors can be designed for applications requiring energy at moder-
ate temperatures, up to about 100°C. They absorb both beam and diffuse
solar radiation, do not need to track the sun, and generally require little
maintenance.

Insolation TAta

Useful eneray, qu

Eneray lost to the
environment, QL

Fiaure 1. Cnerav halance over collector.

In the steady state, the heat balance over the collector may be written

Qu = TAta-Q (1)
where Qu = useful energy transferred from the absorber plate to the
working fluid.
QL = heat losses from the collector.
I = incident solar radiation.
A = area of the collector.
T = overall transmittance of the collector covers.

a = absorptance of the absorber surface.



The instantaneous efficiency of the collector, N, would then be defined as

n=Q~” (2)

In practice, this is not a useful parameter since it varies continually with
time. The average efficiency M is then:

o,
jAIdt

n

In Equation (1) the heat losses from the collector Q_ can be written as a
function of the overall heat loss coefficient U_ as follows:

QL = UA(T, - Ty) (4)

where Tp is the mean plate temperature and Ta 1s the ambient temerature.
Equation (1) becomes

QG = Allta - UL(Tp - T4)] (5)

The problem here is that the temperature of the absorber nlate T, s
difficult to calculate or measure since it is a function of the collector
design, the incident solar radiation, and the entering fluid conditions.

To help in the thermal analysis of flat plate collectors, and to get around
the fact that the absorber plate temperature T, in Equation (5) 1is not
known, it is conventional practice to introduce fwo new variables into the
analysis. These variables are the Coliector Efficiency Factor and the Heat
Removal Factor.
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Collector Efficiency Factor

The collector efficiency factor F' is given by the following expression

‘ 1/UL
F =w[ i T 1] (6)
U D + (- D)F] Cg mDjhs
where UL = the collector overall heat loss coefficient.
W = the distance between tubes centres on the absorber
plate.
D = the outside diameter of the tibes.
F = the fin efficiency.
Cg = the bond conductance.
Dj = the inside diameter of the tubes.
hf = the inside convective film coefficient for the

fluid.

Figure 2 below may be used to estimate the fin efficiency, F, or it may
be calculated directly from

F = tanh [m(w - D)/2]

m (W -D)/2 (7)
where  m =\[y /s (8)
where G = absorber plate thickness.
k = thermal conductivity of the plate.
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Figure 2 Fin efliciency for tube and sheet solar collectors, E3]



The bond conductance, Cg, can be estimated from a knowledge of the bond
thermal conductivity, k, the bond average thickness, , and the bond width,
B. On a per unit length basis

CB = &g (9)
Y

The bond conductance can be very important in accurately describing collec-
tor performance. Simple wiring or clamping of the tubes to the absorber
plate may result in a significant loss of performance.

The collector efficiency factor is essentially a constant for any collector
design and fluid flow rate.

Collector Heat Removal Factor

The collector heat removal factor, Fp, may be determined from the follow-
ing expression.

.C
FR = m‘uf‘ (1-e1/C (10)

where C is a dimensionless collector capacitance equal to

+C
- _mp
C 0 (11)
m = fluid mass flow rate, per unit area kg/més
Cp = specific heat of the fluid, J/kg K
UL = overall heat loss coefficient, W/m2 K
F' = collector afficiency factor

It now becomes possible to write a simple expression for the useful energy
collected by a flat plate collector.

QU = FRA [Ira - UL(Tin 'Ta)J ,
(12)

This is a much more useful expression than Equation 5, since both Ti s

the inlet temperature of the fluid, and the ambient temperature,r&a, are
usually known. The heat removal factor, Fp, may be computed once UL has
been determined, and ITa, the radiation striking the absorber plate, will
also be available.



Example 1

Calculate the collector efficiency factor, F', and the collector heat
removal factor, Fp, for the following system:

Overall loss coefficient 8 W/m2 K
Tube spacing 150 mm

Tube I.D. 10 mm

Plate thickness 0.5 mm
Plate conductivity 385 W/m K
Heat transfer coefficient inside tubes 300 W/m2 K
Bond resistance 0

Flow rate 0.03 kg/s
Specific heat of water 4190 J/kg K
Dimension 1X2m

Solution
Determine the fin efficiency, F, from Equations 7 and 8.
8 1/2
)
385 X 5 X 10

F = tanh [6.45(0.15 - 0.01)/2]
6.45(0.15 - 0.01)/2

= 6.45

= 0.937

The collector efficiency factor, F', is then given by Equation 6.

1/8

0.15 1 * 1
8(0.01 + 0.14 X 0.937) 7 X 0.0T X 300

F'oo=

0.34

To find the heat removal factor, FR» we first determine the dimensionless
Capacitance, C, from Equation 11.

= 0.03 x 4190 _
¢ 2 X8X0.80 9.35

so from Equation 10

Fr

0.015 x 4190 [ 1 - exp (-1/9.35)]
8
797

———

|
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The Calculation of the Overall Loss Coefficient YL

A basic calculation is to determine the overall collector heat transfer
coefficient U . The thermal network for a two-cover flat plate collector
is shown overleaf in Figure 3. It is clear that

i} 1
T R e (13)

= 1
K hel + he1 (14)

hep * hrp
Rg = ax/k , (16)

_ 1

T R e un
and U = L T (18)

Ri + R2 +R3 Rg + Rg

In some texts, a 'top loss’ coefficient, Uy, and a 'back loss' coefficient
Up are specified, where

_ ]

Ug = Rl * Ry * R3 (19)
) ]

T T (20)

In general, it is possible to assume Rg is zero and that all resistance
to heat flow is due to the insulation. However, it may also be necessary
to consider edge losses. In a well designed system the edge Toss should be
small. It is recommended that edge insulation should be about the same
thickness as that on the back of the collector. In this case edge losses
can be included with the back loss to give

Up = % (1 + Ag/Ac) (21)

where Ao is area of the edge. This formulation asstmes Rg is zero and
that the back and edges are insulated in a similar manner. ctdge losses for
well cec-structed large collector arrays are usually negligible, but for
small collectors the edge losses may be significant.
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The procedure for determining the loss coefficient UL is an iterative
process. First, a gquess is made of the unknown absorber plate and cover
temperatures. This permits the calculation of the heat transfer coeffi-
cients and therefore the resistances to heat transfer. The value of U
then follows from Equation 18. The absorber plate temperature is then
recalculated from

Qy/A

b = Tyt ULFR (1 - Fp) (22)

A new temperature is then calculated for the first cover. This cover temp-
erature is used to find the next cover temperature and so on. For any two
adjacent covers, the new temperature of cover 2 can be expressed in terms of
cover 1 as

T 1 - —tlp - Ta) (23)

2 L7 Thet + hep

When the absorber plate temperature and the cover temperatures have been
recalculated, the overall Tloss coefficient, UL, is calculated once again.
This iterative procedure continues until calculated and estimated plate and
cover temperatures remain the same.

However, the calculation of UL depends on estimating the radjative and
convective heat transfer coefficients (hp and he respectively) for the
heat transfer between the absorber plate and the first cover, between the
covers if there is more than one, and between the outer cover and the envi-
ronment.  The equations used to determine these coefficients are given
below.

A) PLATE TO COVER

T24+72, T 47
= %p L)< (p "~ "1) 1/ m2K
Radiation: h, l/Ep P T H/meK (24)
where Tp = absorber plate temperature, K
Tl = ‘innermost cover temperature, K
ep = absorber plate emittance
€1 = cover emittance
g = Boltzmann's constant
= 5.67 X 1078 w/m24
Convection: he = %—N W/ meK (25)
where k = thermal conductivity of air, Wm/K
d = distance between the surfaces

N = a dimensionless number (the Nusselt number)
which may be determined here as

No= 1+ 184 01 - 2]*1 - 2(sin 1.86)167 + [0.664271/3 - (3% (26)



In this equation the meaning of the + exponent is that only the positive
values of the term in the square brackets are to be used, (i.e. a value of
zero is used if the term is negative).

Also z = 1708/R cosp (27)

where B is the angle between the collector and the horizontal; R is another
dimensionless number, the Rayleigh number and is given by

R = AT d3p2 Cp/ukT (28)

n

and here g acceleration due to gravity, 9.81 m/s2
AT = temperature difference between the surfaces, K

d = distance between the surfaces, m

p = density of air, kg/m3

Cp = specific heat of air at constant pressure, JT/kg K

M= viscosity of air, kg/nm.s

k = thermal conductivity of air, Wm/K

T = the average temperature of the air between the surfaces, K

B) COVER TO COVER

Radiation: Same as Equation (24) except that the equation is now
applied to the two cover surfaces.

Convection: Same as for the plate-to-cover situation,

C) OQUTER COVER TO SKY

Radiation: h, = eo(T% + TE)(TZ + Tg) (29)
where € = emittance of outer cover
T2 = cover temperature, K
Ts = sky temperature, K
o = Boltzmann's constant

il

5.67 X 1078 j/mk4
4.5 + 2.9 y W/m2K (30)

Convection: he

The calculation of heat transfer coefficients for flat heated surfaces
exposed to wind is not yet well established. For smooth surfaces Equation
(30) is a reasonable approximation. The average wind speed, u, must be in
metres per second.
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Example 2

Calculate the overall loss coefficient for a collector (single cover) with
the following specifications:

Plate to cover spacing 25 mm

Plate emittance 0.95

Ambient air and sky temperature 10°C (283 k)
Wind heat transfer coefficient 10 W/mé K
Mean plate temperature 100°C (373 k)
Collector tilt 45°

Glass emittance 0.88

Back insulation thickness 50 mm
Insulation conductivity 0.045 W/m.K
Collector array dimensions 10 X 3 X 0.075 m
Solution

Estimate the cover temperature as 35°C (308 K). In this example
the absorber plate temperature has been specified.

A) PLATE TO COVER

Radiation:  From Equation (24),

2 + 71,2 +
h = o(TD Tl )(TD Tl)
rp 1/€p +1/e1 -1

5.67 X 1078 x (373% + 308%)(373 + 308)
' 1/0.95 + 1/0.88 - 1

]}

7.60 W/m? K

Convection: hCp = kN/d where Equations 26, 27 and 28 are to
be used.

g AT d3p2C
R —
ukT

from Table 1 at T = 100 * 35 _ 47 goc

2
= 340.5 K
o = 1.032 kg/m3
C, = 1.0084 X 103 J/kg K
W= 2.0575 X 1072 kg/ms
k = 0.02931 W/m K
AT = 100 - 35 = 65K
d = 0.025m



- 9.8l X 65 X 0,0253 X 1.0322 X 1008.4
2.0575 X 10-5 X 0.02931 X 340.5

so R

52110
From Equation 27, Z = 1708/52110 X cos 45° = 0.0464

and (sin 1.88)1.6 = 0,98
-1/3
so N = 1+ 1.44 [1 - 0.0464][1 - 0.0464(0.98)] + [0.664(0.0464) -1]
= 3.159
: . 0.02931 _ 2
hence th 3.159 X W 3.70 W/m K
B) COVER TO SKY
Radiation: hep = eo(T12 + T2) (1] + T¢)

= 0.88 X 5.67 X 10-8(3082 + 2832) (308 + 283)
= 5,16 W/md K

Convection:  hy = 10 W/m? K (given)
so resistance, plate to cover = 7—35-%—3—75
= 0.0885 m2 K/
and resistance, cover to sky = E_TEiI_Tﬁ

0.0660 m2 K/W

= 1 = ] 2
so Ut * Gosss +o0geg - 6-47 W/me K

This is the first estimate of the top loss coefficient. We now check the
first estimate of the cover temperature. From Equation 23

Ut (Tp - Ta)
S
cp " "rp
_ 6.47(100 - 10)
S by e

48.5°C


http:0.0464(0.98

The procedure now is to recompute all the film coefficients using this new
estimate of the cover temperature. We do not repeat the calculations here,
but the results are:

= 2
hrp 8.03 W/me K

= 2
hCp 3.52 W/m* K

h.y = 5.53 W/m2 K
hep = 10 W/me K as before

} 1 1 -1
so U = (03 +357 * 5535710

6.62 W/mzK

The third estimate of the cover temperature, Ty, is therefore

i 6.62(100 - 10)
1 = 100 - =53+ 3.57

= 48.4°C

so the calculation is acceptable.

Once the top loss coefficient has been determined, the back loss coefficient
can be quickly found.

. - k Ae
from Equation 21 Up (1 + KE)
_ 0.045 2(10 + 3) X 0.075
0 U = Tgosll+ 10 £ 3 ]
= 0.96 W/mé K
So U = Ug+U = 6.62 + 0.96

7.58 W/ml K

The charts overleaf give top loss coefficients for typical flat plate
collectors under a variety of environmental conditions.



Top Loss Coefficients foi Flat Plate Collectors With a Plate
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Top Loss Coefficients for Flat Plate Collectors With a Plate Emittance of 0.1 =],
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Minimizing Thermal Losses
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Energy Gain from Flat Plate Collectors

It is now possible to evaluate all the terms necessary to compute the
amount of useful energy delivered by a flat plate collector. This quantity,
Qu watts, is found from Equation 12, after FR and U_ have been deter-
mined in the manner illustrated by Examles 1 and 2. However, equation 12
is time-dependent since I, the incident solar radiation, obviously varijes
through the day. In order to determine, therefore, the useful energy deli-
vered by the collector and its mean efficiency. it is necessary to compute
Qy for short time increments over the period of a day. The procedure is
illustrated by the following examle.

Example 3

Calculate the daily useful gain and efficiency of a bank of 10 solar collec-
tors installed in parallel. The hourly radiation on the plane of the col-
lector, I, and the hourly ambient terperature, Ta, are given in the table
below. Assume that the combined Ta coefficient is 0.8 the overal] loss
coefficient, Uy, is 6.6 W/méK, and the heat removal factor is 0.8. Each
collector is 2 m¢ in area. If the fluid inlet temerature is 40°C and the
flow rate through each collector is 0.03 kg/s, what is the fluid temperature
rise and how does it vary during the day?

T

Time _a I

°C W/m@

7 -8 20 5.6

8 -9 24 119.4

9 - 10 25 275.0

10 - 11 28 788.9
11 - 12 31 833.3
12 -1 33 913.8
1 -2 31 866.7

2 -3 30 644.4

3 -4 29 336.1

4 - 5§ 26 13.9

4797.1 W hr/m2
Solution

We wish to calculate the useful energy delivered from Fquation 12 and
the mean efficiency from Equation 3. For each time increment we have:

Time I Ta UL(Tin - Ta) Qs
W/mé W/m? W/m?
7 -8 4,5 - 132.0 0
8 -9 95.5 105.6 0
9 - 10 220.0 99.0 96.8
10 - 11 631.1 79.2 441.5
11 - 12 666.6 59.4 485.8
12 -1 731.0 46,2 547.8
1 -2 693.4 59.4 507.2
2 -3 515.5 66.0 359,6
3 -4 268.9 72.6 157.0
4 .5 11.1 92.4 0

2595.7 W hr/ml
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the mean efficiency T

= === = (0,54

The energy delivery by the 20 mé array over the day is
2595.7 X 20 X 3600 = 186.9 MJ

The temperature rise for the water will vary according to the period. The
smallest positive temperature rise is between 9 and 10; the highest between
12 and 1.

taking Cp = 4195 J/kg K

and m = 0.03 kg/s for each 2 m2 collector.
then AT = 3!—
™p

oT = 96.8X2 o

so from 9 - 10: m

1. - 547.8 X 2 8.7°C
and from 12 - 1: AT 003 X 4198

Performance Characteristics

The performance characteristics of flat-plate collectors are often presented
graphically.

Since the instantaneous efficiency is given by

_ Qu
L 'Y

and since Q, = FRA[lTa - U (Tsy - Ta)l

the efficiency may be expressed as a function of the fluid inlet
temperature, Tin’ as

Too . T
n = -FRUL(“—IH i. a) + FRTQ (31)

If n is plotted against (Tin - Ta)/1 then a straight line results with
a negative slope of FpU. The intercept on the abscissa is equal to
FRTa. A number of typical plots are shown overleaf. It is clear that, in
practice, there is considerable data scatter and that, moreover, the plots
are slightly non-linear. However, a straight line drawn through the data
points and intercepting the abscissa presents a very convenient indication



of collector performance. It will be necessary to calculate or estimate the
transmittance of the covers, v, and the absorptance of the collector plate
surface a. The intercept divided by the product, T a, gives the value of
FR, the collector heat removal factor. The slope of the line divided by
FR then gives U_, the overall heat loss coefficient.
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SOLAR THERMAL SYSTEMS

Solar thermal systems designed to utilize solar radiation for heating
or cooling are generally composed of a number of basic subsystems. These

are:

Solar collector system

. Thermal energy storage system
. Fluid circulation system

. Heat exchanger system

. Control system

Ol WM =
L ]

The solar collection part of the system has been examined in a previous
section. In this set of notes we want to look at the remaining components
of a solar thermal system: thermal energy storage, fluid circulation, heat
exhangers and control.

Thermal Energy Storage

Solar energy is a time-dependent and variable resource. This
Characteristic makes thermal energy storage virtually a mandatory component
of any solar thermal system. Thermal storage is used to dampen out diurnal
and meteorological variations in the level of insolation and provide a more
nearly constant heat source for the system load. The optimal size of the
storage system depends on a number of considerations: the insolation and
meteorological characteristics of the area where the system is located, the
nature of the system load, and the economics of the total system.

Water is by far the most common thermal storage medium for solar
powered thermal systems requiring a temperature of less than 100°C. Water
has a number of very attractijve properties as a thermal storage medium. It
is cheap, non-toxic and non-flammable; it has a high specific heat, high
density and excellent transport properties.

For some applications heat storage in solid med ' is a possibility,
particularly when air is used to collect and transport thermal energy.
Solid-phase storage has a number of advantages: they generally permit larger
temperature variations and higher operating temperatures, they stratify
thermally, and they are durable and reliable ~ystems. Table 1 shows therma]
properties for a numberof liquids and solids.

[t is clear that on both a mass and a volumetric basis, water is an
excellent thermal storage medjum.

An alternative method of thermal energy storage takes advantage of the
fact that a considerable amount of heat 1is absorbed or evolved during a
change of phase. A thermal energy storage system that uses solid-liquid
phase changes in the storage medium to store heat is called a phase-change
storage system.



There are two kinds of solid-liquid phase change storage systems.
The first is simple melting and freezing; the second involves the chemical
reaction between water and salt hydrates. When the hydrate is heated, the
salt dissolves in its water of Crystallization and absorbs heat. On cooling
the anhydrate becomes hydrated and crystallizes with the evolution of heat.
Table 2 gives the melting point and heat of fusion for a number of phase
change materials.

Although phase-change storage has great potential, it suffers from a
lack of reliability and durability, particularly with salt hydrate systems,
After many cycles, the rehydration (crystallization) phase change requires
progressively more subcooling before it takes place. The isothermal behavior,
therefore, deteriorates. In addition, since the phase change is not a true
melting, density differences between component compounds may occur which
exacerbates the subcooling problem.

Table 1. Properties of Heat Storage Materials

Specific heat Density Heat capacity
Material kT/kg K kg/m3 kd/m3 K
Water 4,2 1000 4200
Isobutanol 3.0 808 2420
Propanol 2.5 800 2000
Scrap iron 0.50 7850 2748
Magnetite 0.75 5126 2691
Scrap aluminum 0.96 2723 1830
Concrete 1.13 2240 1772
Stone 0.88 2720 1676
Brick 0.84 2240 1317

Note: The volumetric heat capacity for the solid materials assumes a 30%
void fraction.

Table 2. Properties of Phase Change Materials

Melting point Heat of fusion
Materijal °C kd/kg
Calcium chloride hexahydrate 30 168
Sodium carbonate decahydrate 33 267
Disodium phosphate dodecahydrate 40 279
Calcium nitrate tetrahydrate 47 153
Sodium sulfate decahydrate (Glauber's salt) 32 241
Sodium thiosulphate pentahydrate (STP) 45 95
Naphthalene 80 149
Naphthol 95 163
"araffin 74 230

=116 wax 47 209




Water Storage Systems

Water is a good storage medium. A typical system is shown in Figure 1.

Qu Load L
I
Collector Tank
d at P~ osses QL
I
S
|
From load
Figure 1.  Typical collector and storage system

For a well mixed tank of water it is not too difficult to accurately model the
system. An energy balance over the tank yields the equation

dT

Mc S = - - i
s = <0 -0 -tL (t)
where MS = mass of water in storage, kg,
Cp = specific heat of water, J/kgK,
TS = temperature of stored water,
t* = time,
Q, = heat added to the storage, Watts,
QE = heat lost from the system, Watts,
L™ = heat extracted by the' load, Watts.

Since the thermal losses, QL, can be expressed as a linear function of
temperature difference, Ts - Ta*, where Ta* is the ambient temperature
close to the storage system, Equation 1 can be rewritten as

dTs _ _ oT %) L
Mscp HES" Qu (UA)S(TS Ta) L (2)

where (UA) is the loss coefficient for the storage system. This term can be
readily estimated by determining conduction, convection, and radiation losses
from the storage tank. The example below shows how this equation can be used
to estimate the storage temperature as a function of time by the use of a
simple numerical integration procedure.



Exampie 1

A well-mixed water tank storage system containing 1,500 kg of water
has a loss coefficient of 11.1 W/K. The tank commences a 24 hour day at a
temperature of 45°C and is in a room at 20°C. Energy Q, is added and
energy L is extracted as indicated on an hourly basis below. Calculate the
temperature of the tank over the 24-hour period using numerical integra-
tion.

Energy Added Energy Extracted
Hour Qus MJ/hr L, MJ/hr
1 - 12
2 - 12
3 - 11
4 - 11
5 - 13
6 - 14
7 - 18
8 - 21
9 21 20
10 41 20
11 60 18
12 75 16
13 77 14
14 68 14
15 48 13
16 25 18
17 2 22
18 - 24
19 - 18
20 - 20
1 - 15
22 - 11
23 - 10
24 - 9
Solution

The differential equation of Equation 2 can be approximately solved by
rewriting it as:

Tst = Ts + at [Qy - (UA)  (Tg - Ta*) - L]
MSCp

The starting temperature (Tg) of 20°C is used to estimate the tank temp-
erature after 1 hr, T¢*. "This calculated temperature then becomes the
tank temperature, Ts, and a new temperature Ta* is estimated by
recursively applying the above equation. Substituting the given constants
reduces the equation to:

Tgt = Tg + At [Qy - 11.1 X 3600 (Tg - 20) -L]

1500 X 4190



or Tgt = Tg + At [Qu - 39,960 (Tg - 20) - L]
6.285 X 100
The temperature profile may now be estimated as follows. After one hour:
Tg =45 + 1 [0 - 39,960 (45-20) - 12 X 106]
6.285 X 100
or  Tg* = 42.9°C
After 2 hours:
Tt = 42.9 + 1 [0 - 39,960 (42.9 - 20) - 12 X 100]
6.285 X 100
or  T¢t = 40.9°C
This recursive procedure is continued through the 24 hour period to produce

the approximate time variation of the storage temperatire. The calculated
temperatures are shown below.

Q L T

Hour MJ/hr MJ/hr °C

0 - - 45
1 - 12 42.9
2 - 12 40.9
3 - 11 39.0
4 - 11 37.1
5 - 13 35.0
6 - 14 32.6
7 - 18 29.7
8 - 21 26.3
9 21 20 26.4
10 41 20 29.7
11 60 18 36.3
12 75 16 45.6
13 77 14 55.5
14 68 14 63.8
15 48 13 69.1
16 25 18 69.9
17 2 22 66.4
18 - 24 62.3
19 - 18 59,2
20 - 20 55. 7
21 - 15 53.1
22 - 11 51,2
23 - 10 49.4
24 - 9 47.8



Equation 2 may be extended by introducing the relationship between Qu>
the energy gain from the solar collector, the temperature of the storage
system Tg, the insolation characteristics, and the collector overall Tloss
coefficient, U.. We can write

Qu = FRA [I7a - U (Tg - T,4)] Watts (3)
where Fpn = collector heat removal factor
A = collector area, m
Tq = ambient temperature, °C
¥ = transmissivity of the collector covers
a = absorptance of the absorber.

If Qu is to be calculated from Equation 3 from hourly insolation and
temperature data, it should be recalled that it is the function of the
system control devices to pump fluid through the collector Toop only when
there is an energy gain. This occurs when the insolation has increased to
the point where Ita is greater than U (Tg - T5).

Example 2

Determine the hourly performance of the Tlarge solar heating
installation indicated below

Area of collectors = 100 m2
Storage volume = 7.5 m3
Collector overall loss coefficient = 5.2 W/m2K
Storage losses = negligible

The heat removal factor, Fp, is estimated as 0.8, ta as 0.85. The load
over the period is constant at 25 kW. The insolation levels and ambient
Lemperatures are shown below. Assume the initial storage temperature is
70°C.

Time I (W/m?) Ta (°C)
8 157.6 20
9 516.9 24

10 740.7 25

11 870.0 28

12 914.1 31

13 870.0 33

14 740.7 32

15 516.9 31

16 157.6 29

Solution
The heat balance over the storage system, Equation 2, reduces to
7500 X 4190 dT . o 25,000 Watts
dt
where Qy = 80 [0.851 - 5.2 (T4 - T,) ] Watts 4)



The differential equation can be solved numerically by rewriting it as

LU at [Q - 25,000]
s s 37.43 X 106 ““u

or for At =1 hr = 3,600s
-— -4 -
TS+ = Ts +1.145 X 10 [Qu 25,000]
The calculation proceeds as follows:
Time = 0800 hrs, I = 157.6 W2, T,=20°C, Tg = 70°C

80 [0.85 X 157.6 - 5.2 X 50]
- 10,083 Watts

]

From Equation 4 Qu

un

Therefore there is no energy gain from the collectors at this point.

Qu =0, (no flow through the collectors) Equation 5 becomes

"= T+ 1.145 x 107 [-25,000]

or 1.7 =70 - 2.9 = 67.1°C

Time = 0900 hrs, I = 516.9 W/n°, T, = 24°C, Tq = 67.1°C

From Equation 4 Qu = 80[0.85 X 516.9 - 5.2 X 43.1]
= 17,220 Watts
From Equation § Ts+ = 674 + 1.145 X ]0-4 [17,220 - 25,000]
T_+ = 66.2°C
S

With

This calculation procedure can be continued in this manner to produce the

table shown below.

[ Ta u L Ts

Time W/m2 °C KW KW °C
8 157.6 20 0 25 67.1
9 516.9 24 17.2 25 66.2
10 740.7 25 33.2 25 67.1
11 870.0 28 42.9 25 69.1
12 914.1 31 46.3 25 71.5
13 870.0 33 43.1 25 73.6
14 740.7 33 33.4 25 74.6
15 516.9 31 17.0 25 73.7
16 157.6 29 0 25 70.8

5,48 Kkih/m2



The data used in this example are realistic and show some interesting
characteristics. The mean collector efficiency can be estimated for the
100m2 array as

233.1 = 43%
5.48 X 100

which is on the low side. The low collector efficiency is due to the high
fluid temperatures at which the collector operates.

The energy collected over the course of the day is:
233.1 kWh = 839.2 MJ

equivalent to 8.39 MJ/m2 day
or 739 Btu/ft2 day

These figures are close to the convenient solar 'rule of thumb' for a flat
plate collector:

700 - 1000 Btu/ft2 day

Energy collected
8 - 11 MJ/m2 day

The other thermal characteristic indicated here is temperature swing. In
this example the storage temperature fluctuates between about 66°C and
75°C. These wvariations can be important depending on the Tload
characteristics. For example, if the solar thermal system is driving an
absorption chiller, temperatures of at least 60°C will be required in the
generator of the chiller. The coefficient of performance of the cooling
system will drop off sharply if such a temperature is not maintained. It
is therefore important that the thermal storage system is designed with the
load thermodynamic requirements in mind.

Design Guidelines

Computer simulations, experimental investigations, and a great deal of
practical experience have yielded some general guidelines for sizing flat
plate collectors and thermal storage systems.

The optimum storage size for an active solar thermal system will fall
in the range of 0.2 to 0.4 MJ/°C m2, equivalent to 10-20 Btu/°F ft2.
These ranges are for thermal capacity per unit area of collector, i.e.

0.2 < Mscp/A < 0.4 MJ/°C m@

For water as the storage medium (Cp = 4190 J/kg K) these figures
produce the rule of thumb that thermal sgzrage should be 45-90 litres/ml
or 1.2 - 2.4 gal/ft2,

Flow rates through forced-circulation systems are generally based on
0.02 - 0.04 gpm/ftZ of collector, equivalent to 0.015 . 0.03
Titre/m2s,



As we have previously mentioned, the collector array can be roughly
sized based on its ability to collect about 8-11 MJ/ml day or 700-1000
Btu/ft?l day. These design guidelines permit the rapid sizing of solar
thermal systems to drive a specified load. An approximate design based on
these rules of thumb provides a convenient and often quite accurate
starting point for more detailed analyses and simulations of system
performance. For example, consider again Example 2. Suppose we were told
the system load and asked to roughly size the sonlar collectors and thermal
storage requirements for the system. The load extracts an amount of energy
equal to

9 X 25 kWh X 3.6 MJ/kWh = 810 MJ/day

knowing the relatively high storage temperature requirements we would esti-
mate collector energy gain at the lower end of the 8-11 MJ/m2 day scale.
Estimating collector area as

810 MJ . m2 day _ 100 mé collector
day =~ 8 WJ

Storage requirements would be about 75 litres/mZ which gives us an esti-
mated storagc volume of 7.5 cubic metres.

Stratified Storage

When heated fluid from the collector does not mix with the bulk of the
fluid in the storage system, the storage system is said to be stratified.
This phenomena is made possible because most fluids become less dense as
they become hotter. The incoming fluid therefore has a tendency to remain
at the top of the tank above the colder fluid below. If the fluid flowing
to the collector is taken from the bottom of the tank in a perfectly strat-
ified system the collector inlet temperature will remain constant until one
tank volume of fluid has passed through the collectors, at which time the
collector inlet temperature will show a step rise in temperature.

In practice, perfect thermal stratification is impossible since the
inlet fluid velocity always causes some local fluid mixing and also because
in mid to late afternoon, as insolation levels decrease, the tank inlet
water temperature may actually be less than the highest fluid temperatures
at the top of the tank. The fluid therefore descends into the body of the
tank again producing a deqree of mixing.

With a well-mixed storage tank, on the other hand, the temperature of
the tank is uniform and will rise slowly throughout the day as the solar
collectors absorb solar enerqgy. As the storage temperature rises, the
efficiency of the collectors decreases. However, compensating for this
disadvantage with well-mixed storage systems is the rather higher heat
transfer attained by using a more rapid flow rate than is consistent with
an attempt to maintain thermal stratification in the storage tank.

In practice, there is little to choose between the two desian concepts
for liquid systems. It is useful and convenient to take advantage of the
degree of stratification that always exists in any liquid thermal storage
tank in the absence of a stirring device or excessively high inlet flow
rates. Hot fluid is added or withdrawn from the top of the tank, cold
fluid cold fluid added or withdrawn from the bottom.



Rock Bed Storage

Rock bed storage units have been successfuly used tc store heat for
many years. Hot air from solar collectors flows through a bed of pebbles
and heat 1is transferred from the air to the rocks. The air leaves the
storage unit at a temperature very close to the temperature of the pebbles
adjacent to the outlet plenum. This is the charging mode. To remove heat
from the stcrage system, the flow of air is reversed: cold air enters the
cold end of the unit and is heated as it passes through the bed. Since
there can be no mixing of the storage media in a rock storage unit the
system is always thermally stratified when charged. This means that the
collectors always operate with the coolest available incoming air, which
helps to increase their efficiency. However, it should be noted that in
rock bed storage systems, unlike liquid storage systems, heat cannot be
added and removed from storage simultaneously. A typical rock bed thermal
storage unit is shown in Figure 2. In general, the air flow is downward
during charging, and upward during discharging. Although it is not
essential that this flow pattern is adopted, such a design minimizes heat
losses to the ground since the bottom of the storage is at tne lowest
temperature.

Rock bed storage units have several advantages. They are inexpensive,
steble, and easy to construct; they will not freeze or boil; they are
virtually maintenance free, and they will Tlast a long time. Their
disadvantages include their incompatibility with hot fluid systems, their
relative large volume (approximately three times the volume of a water
system of equal thermal capacity), and possidle problems with dust and
particle entrainment.

Thermal Stratification

One of the principal advantages of rock bed storage units is that, if
properly designed, they exhibit a high degree of thermal stratification.
The small size of the pebbles provides a large surface area for heat
transfer so that the average temperature of a particular rock is close to
local air temperature. When hot air is Liown into the bed a well-defined
thermal wave moves through the bed in the direction of the air flow.
Figure 3 shows typical bed temperature profiles during the charging mode.
The rock bed in this figure was initially at 210C; the incoming air was at
65.50C. Note that the outlet temperature of the air remains constant at
the initial bed temperature of 210C until, at about 9 hours after charging
begins, the leading edge of the thermal wave reaches the bottom of the bed.

In a real system charged with hot air from a solap collector, the
temperature of the air entering the rock bed varies during the day,
typically reaching a maximum temperature around noon or soon after depending
on the Tlocation and configuration of the collector (and assuming a clear
day). During the afternoon the temperature of the air entering the rock bed
will be decreasing. The effect of this daily temperature variation is to
drive a temperature peak through the bed, a peak that continually flattens
as it moves down through the layers of rock. This phenomenon can clearly be
seen in Figure 4 which shows measured time-lapsed cross-sectional
temperature profiles through a rock bed storage system over a 22-hour
period.
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The time required for a thermal wave to traverse a rock bed is
important to the performance of solar heating systems. The rock bed size
and air flowrate should be selected so that the air returned to the
collector remains at “he minimum temperature for most of the heat collection
period, thus maximizing the efficiency of the solar collector. The time
taken for the thermal wave to traverse the rock bed should not be longer
than the heat collection period since this would mean that a part of the bed
would remain unused. The time teken, t, for the thermal wave to traverse
the rock bed can be estimated from

(6)

t = Lc seconds
Vca

where
= rock storage heat capacity, MJ/m3 K.
= heat capacity of air, MJ/m3 K

= rock bed length in direction of flow, metres
= rock bed face velocity, m/s

L
c
c
v

The heat capacity of a rock bed storage system is generally about 1.4
MI/m3 K. This figure assumes a typical 40% void fraction. The kind of
rock used does not markedly affect the heat capacitance of the storage
system,

If left undisturbed, a thermally stratified rock bed will progressively
destratify until the bed reaches a uniform temperature. This decay of the
thermocline is undesirable since it both raises the temperature of the air
flowing to the collectors during charging, thereby reducing their
officiency, and lowers the temperature of the air going to load during the
discharge cycle. However, the rate of thermal destratification is typically
quite slow. It takes several days for an undisturbed rock bed to reach a
uniform temperature. Figure 5 shows rock bed temperature profiles as a
function of time, Reasonably good thermal stratification was maintained
for at least three days in this experiment. Thus, decay of thermal
stratification in rock bed storage units has only a minor effect on system
performance. Charging the bed from the bottom as opposed to the top also
has little impact on performance.
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Sizing the Rock Bed

Studies suggest [5] that system performance improves as the rock bed
storage volume increases up to about 0.2 cubic metres of storage volume for
for each square metre of flat plate collector (m3/m2). Above this value
the performance of the system does not change markedly with additional
storage volume. The volume of storage recommended for aijr systems is 0.15
to 0.3 m3/m2 (0.5 - 1.0 ft3/ft2 collector).

If storage sizes greater than this range are used, the performance of
the system may actually decrease because heat losses from the storage system
will increase, and the temperature of the air going to the system Toad will
decrease.

To minimize heat losses and material costs, the shape of the rock bed
should be such that its surface area is minimal. However, in practice, rock
bed storage units are usually constructed as square or rectangular bins with
the air passing vertically through the pebbles as shown in Figure 2. A
maximum depth of about 2.5 m is recommended to limit the pressure drop
through the bed. For active solar systems, the flow rate of air through the
rock bed is determined by the collector area. The design value is typically
0.01 md/s per square metre of collector. Combined with the recommended
storage volume of 0.15 - 0.3 m3/m2, these figures indicate a flowrate of
0.03 - 0.07 m3/s per cubic metre of rock storage, with 0.05 m3/s a good
rule-of-thumb. For a bed depth of 1.5 to 2.5 metres, the bed face velocity
should be approximately 0.075 to 0.1 m/s regardless of the size of the
storage system,

Rock bed storage systems with horizontal flow can be constructed if
vertical space is Timited. However, horizontal flow rock beds are not
recommended because of problems with air flow distribution and channeling.
When the bed is loaded, smaller pebbles tend to move to the bottom of the
bed creating greater resistance to the horizontal flow of air through the
lower portion of the bed. The air therefore has a tendency to channel
through the upper part of the bed causing a loss in storage capacity and a
reduction in system performance. Attempts have been made to ameliorate
these problems as shown in Figures 6 and 7. Baffles can be installed
perpendicular to the air flow or, alternatively, horizontal sheets of
impervious materials such as plastic sheets can be used to encourage uniform
horizontal flow.



Figure 6.

Horizontal Flow Rock Bed (Alternative 1)
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Horizontal Flow Rock Bed (Alternative 2) [=]



s

Rock Bed Pressure Drop

The size of the pebbles or rocks used in the bed affects two important
design parameters. Decreasing the rock size increases the rate of heat
transfer but also increases the pressure drop across the bed. The rock
diameter should be small enough to ensure that heat is conducted into the
centre of the rock as fast as heat is transferred to the rock from the air
flow. For typical flow rates a rock diameter of 25 mm or less is
recommended.

Too high a pressure drop across the bed means high system electrical
energy consumption, whereas too low a pressure drop makes uniform flow
distribution difficult. A pressure drop of 30 to 50 Pa ar.oss the bed is
considered acceptable (0.0044-0.0073 psi, or 0.12-0.2 inches water).
Accurate prediction of rock bed pressure drop, however, is never very
precise since it varies according to how the storage container is filled.
Differences in pressure drop of up to 20% have been measured in laboratory
tests of the same rocks in the same container [9]. The shape of the rocks
also has an effect on the bed pressure drop. Generally, one can distinguish
three varieties of rock bed fil}:

(1) Round stones; obtained fraom gravei pits, no
sharp edges.

(2) Crushed stones; obtained by crushing round
stones, sharp and round edges.

(3) Crushed rock; obtained from quarries, no round
edges - all sharp.

These varieties are screened. The grade classified as 'clear' is the
appropriate type for rock bed storage units since the clear grade has only a
narrow range of particle sizes [5].

Nine samples of different kinds of rocks and stones were tested for
their pressure drop characteristics [9]. The results are shown in Figure 8.
The curves shown in this figure are for randomly packed beds and for clean,
washed rocks. Unwashed rocks can have twice the pressure drop of clean
rocks.

Fan Requirements

In order to select the size of fan required for the system, the
designer must determine the overall pressure drop through the rock
bed-collector loop. The total static pressure drop is the sum of the
pressure drops through the rock bed, plenums, ducting and solar collectors.
The pressure drop through the solar collectors can usually be obtained from
the manufacturer. As a rule-of-thumb, fan power requirements will be
approximately 2.5 Watts per square metre of collector area.
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Figure 8. Plot of Rock Bed Pressure Drop Versus Face Velocity.

where P is static pressure loss (Pa)

HOOQ oy

L is rock bed length in the flow direction (m)
V is rock bed face velocity (m/s) (total flow rate
divided by bed cross-sectional area)

19 mm Rounds (clear) F  12.7 mm Rounds (clear)
19 mm Crushed Rock (clear) G HL6 Crushed Rock
19 mm Crushed Stone (clear) H HL1 Crushed Rock
HL4 Crushed Stone I 9.5 mm Rounds (clear)

HL1 Crushed Stone

Note: Although this figure is an approximation based on a

very limited sampling, it is entirely adequate for the

purpose of ensuring a pressure drop that leads to a uniform
flow. 5]



Pump Selection

In an active solar hot water system a pump will be required to circu-
late a fluid within the system. It is important that the pump selected for
this task is carefully chosen. Pumps are selected by matching their per-
formance curves with the fressure drop-flowrate characteristics of the sys-
tems itself. A typical performance curve for a small centrifugal pump is
shown below in Figure 9. The curve indicates that this pump will Tift water
to a maximum height of 8 feet, but at this point there is no flow. As the
head against which the pump is working falls, so the flowrate increases up
to a maximum of about 1300-1700 gallons per hour depending on the size of
the fittings. In actual operation, the pump will operate somewhere between
these two extremes at a point which depends on the system curve.

10 T I T I T l 1 ] | ] 1

Tee! Magnet Drive
Hot Water Pump
No. 1P761

Pressure Rise, Ft H,0

1.6" connections

1.25"

0 400 800 1200 1600 2000 2400
Flow, GPH

FIGURE 9 ¢ Pressure-flow characteristic curve for a magnetic drive centri-
fugal pump. [1]



To construct the system curve it is necessary to calculate the system
pressure drop at the design flowrate. The system curve then follows from
the relationship between flowrate and system pressure drop:

e
where:

H
Q

A system curve is shown in Figure 10. Where the system curve inter-
sects the pump performance curve defines the operating point of the system.
A pump is therefore selected so the estimated operating point is at a system
flow rate close to the design value.

pressure drop or head,
volumetric flow rate.

[t should be noted that the system curve shown is for a closed-loop
system where the pump is required only to overcome fluid friction at the
design flowrate. In open-loop systems, the pump must also 1ift the fiuid to
an elevation which will depend on the system configuration. The system
curve will be displaced upwards on the graph by a head equal to the lift
required of the pump.

Figure 11 shows performance curves for several small pumps frequently
used in solar heating systems. This figure illustrates how the shape of the
performance curve can vary. Centrifugal pumps used in closed loop piping
circuits should be selected for a mid-curve operating condition, and should
have relatively flat performance curves. Pumps with a steep- curve charac-
teristic should not be used because they tend to Timit system flow rates.

PUMP CURVE
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POINT-PUMP
NO.I
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OPERATING
POINT-PUMP
NO.2

SYSTEM
CURVE

FLOW [N GPM

Fig 10. Typical System Curve for a
Closed-Loop System. [is]
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Figure 11 Example pump curves (25-64, 2542, and 25-18 are
Grundfos; 898 is a Richdel pump). Eé]

Parallel Pumping

Pumps are often used in parallel. For parallel operation, each pump
operates at the same head and provides one half the system flowrate. The
pump curve for parallel operation can be established by doubling the flow
rate of the single pump curve as shown in Figure 12. The operating point
for both single and parallel operation can be determined by drawing in the
system curve as indicated in Figure 13. When only a single pump is in
operation the system flow rate is reduced, not by half, but by an amount
dependent on both the characteristics of the pumps and the system. When
only a single pump is operating, the flowrate is higher than that through
each pump when they are operated together in parallel. When possible, the
pumps should be selected to permit single-pump operation. This allows
single-pump operation in the event one of the pumps fails.
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HEAD IN FEET

Pumps in series

When pumps are placed in series, each pump provides une half the total
system pumping head at equal pumping rates. The pump curve for pumps 1in
series can be constructed from the performance curve of a single pump by
doubling the head at each point of the curve as shown in Figure 14. Figure
15 shows the system curve drawn in and the system operating point. It
should be noted that each pump draws maximum power during the serie= opera-
tion. During single-pump operation, the pump draws minimum power.

It should be emphasized that both parallel and series configurations
require close attention to pump and system characteristics in order to
accurately determine the expected operating points. The use of safety fac-
tors, the use of improper or inaccurate pressure drop charts, inadequate
pressure drop calculation, etc., may lead to inappropriate pump selection
and consequent operational difficulties.
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SYSTEM OPERATING
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'S
P4 | ol
('S
> FLOW IN GPM
Fig. S Operating Conditions for Series Pump
installation s]
FLOW IN GPM

Fig. 14- Pump Curve for Series Operation is]




System Pressure Drop

In order to establish the system curve it is necessary to determine the
system pressure drop at the design flowrate. The volumetric flowrate is
determined from heat transfer considerations, but the system pressure drop
will depend on fixing the diameter of the pipework and accounting for all
fittings, bends, and other equipment in the piping system. The pipe diam-
eter can be determined by observing some simple design criteria. The gen-
eral range of pipe friction losses in hydronic systems is between 1 and 5
ft. of head per 100 ft. of pipe length. A value of 2.5 ft/100 ft. is a mean
value to which many systems are designed [10]. A further constraint is
velocity. Closed loop hydronic systems are generally sized so that the
fluid velocity does not exceed 4 fps (1.2 m/s). Above this velocity the
system becomes noisy and erosion can start to become a problem especially at
elbows.

It is also recommended that fluid velocity should not fall below 2 fps
(0.6 m/s). These limits on fluid velocity and pressure drop closely con-
strain the selection of an appropriate pipe diameter. The central area of
Figure 16 shows the region of permissible pipe sizes for a specified fluid
flow. One would generally select the smallest available pipe diameter that
falls within this central region.

For valves, bends, functions, and other elements, pressure drop is
usually Tisted in elbow equivalents. The elbow equivalent is then used to
estimate an equivalent pipe length from Table 3. FElbow equivalents for
valves and fittings for iron and copper pipes are shown in Table 4.

Table 3. Equivalent Length in Feet of Pipe for 90-Deg Elbows

Pipe Size
Vel. Fps

v Vs 1 1Y 1Y1 2 P3%) 3 k1% 4 5 6 8 10 12
1 1.2 1.7 2.2 3.0 3.5 4.5 5.4 6.7 7.7 8.6 10.5 12.2 15.4 18.7 22.2
2 1.4 1.9 2.5 33 3.9 5.1 6.0 1.5 8.6 9.5 11.7 13.7 17.3 20.8 24.8
k} 1.5 2.0 2.7 3.6 4.2 5.4 6.4 8.0 9.2 10.2 12.5 14.6 18.4 22.3 26.5
4 1.5 2.1 2.8 .7 4.4 5.6 6.7 8.3 9.6 106 13.1 15.2 19.2 23.2 27.6
5 1.6 2.2 2.9 3.9 4.5 5.9 7.0 8.7 10.0 1.1 13.6 15.8 19.8 242 28.8
6 1.7 2.3 3.0 4.0 4.7 6.0 7.2 8.9 10.3 1.4 14.0 16.3 20.5 249 29,6
7 1.7 2.3 3.0 4.1 4.8 6.2 7.4 9.1 10.5 1.7 14.3 16.7 21.0 25.5 30.3
8 1.7 2.4 3.1 4.2 4.9 6.3 1.5 9.3 10.8 1.9 14.6 17.1 21.5 26.1 31.0
9 1.8 2.4 3.2 4.3 5.0 6.4 7.7 9.5 11.0 12.2 149 17.4 21.9 26.6 31.6
10 1.8 2.5 3.2 4.3 5.1 6.5 7.8 9.7 11.2 12.4 15.2 17.7 2.2 27.0 320

Table 4, Iron and Copper Elbow Equivalents

Fitting Ivon Pipe Copper Tubing
Elbow, 90-deg .......... 1.0 1.0
Elbow, 45-deg .......... 0.7 0.7
Elbow, %0-deg long turn. . . 0.5 0.5
Elbow, welded, %0-deg.. . . . 0.5 0.5

Reduced coupling . ..... ‘

0.4
Openreturn bend. . ... ... 1.0 1.0
Angle radiator valve. . . . . . 2.0 3.0
Radiator or convector 3.0 4.0
Boiler or heater ......... 3.0 4.0
Openygatevalve ... .. .... 0.5 0.7

Openglobevalve . ... ..., li.O l'i.O
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Example 3
etermine the pressure drop for a 1-inch open gate valve and 20 ft. of
1-inch type L copper pipe at a flow velocity of 2.5 fps.

Solution

rom Table 4, an open gate valve is equivalent to 0.7 elbows. From
Table 3, a l-inch elbow at 2.5 fps fluid velocity is equivalent to 2.6 feet
of 1 inch pipe. Therefore, the gate valve is equivalent to 0.7 x 2.6 = 1.8
feet of pipe.

The pressure drop for the system is therefore based on 20 + 1.8 = 21.8 feet
of l-inch type L copper pipe. From Figure 17, the pressure drop at 2.5 fps
can be estimated as 3 feet of water per 100 ft. of pipe. For 21.8 feet of
pipe the pressure drop would be

3 x 21.8 = 0.65ft Hy0
T00

0.28 psi

The following rule of thumb is often used: the equivalent length of pipe
for an elbow (in feet of pipe) is approximately twice the nominal pipe
diameter in inches.™ Thus, a l-inch elbow is equivalent to 2 feet of 1-inch
pipe, a 4~inch elbow is equivalent to 8 feet 6f 4-inch pipe, etc.

Pressure drop through pipe tees varies with flow through the branch.
Pressure drops through the functions for tees of equal inlet and outlet
sizes are shown in Figure 18 .

100——¢
h § -
: ;
Y ] T
p N 1 A-?—s
t
: \ “I' a . [: X
) A < — ?
w p
g 10 Y —t < ) 4
3 ~EX TR
o N :
b 3 ST ¢
3 O~E®
i G g
3, AL [k
8 s \ n\l [
g RS
g ] A @—?.a
2 e —— !
T AN -
0s A N
a3 A—-@-—@
02 [
1L} ! N
o0 L AN |

[+] i0 20 30 40 30 &0 ‘0 40 30 100
PERCENTAGE OF WATER FLOWING THROUGH CIRCLED BRANCH

Notes: 1. The chart is based on straight tees, thatis, branches A, B, and C are
the same size,

2, Pressure (033 in desired circuit is obtained by selecting proper curve ac-
cording to illustrations, determining the {low at the circled branch, and
multiplying the pressure loss for the same size elbow at the flow rate in the
drcled branch by the equivalent elbows indicated.

3. When the size of an outlet is reduced the equivalent elbows shown in the
chart do not apply. Therefore, the maximum loss for any circuit for any flow
will not exceed 2 elbov: equivalents at the maximum flow (gpm) occurring in
any branch of the tee.

4. The top curve of the chart is the average of 4 curves, one for each of the tee
drcuits illustrated.

Fig.18 Elbow Equivalents of Tees at
Various Flow Conditions 023
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System Control and Configuration

The function of the control system is to control the solar thermal
system in such a way that the collection and storage of heat is accom-
plished as effectively as possible. The basic components of the control
system are the temperature sensors, the differential temperature control-
ler, and the output system. The differential controller starts the pump
whenever a temperature sensor on the absorber plate of the collector indi-
Cates a temperature a few degrees higher than the temperature in the middle
or at the bottom of the storage tank. The controller turns the pump off
when the temperature differential falls below a preset level. Typical dif-
ferentials are 15°F (8°C) for turn on, 5°F (3°C) for turn off. It is
important that the collector sensor be mounted to a section of the absorber
where it is thermally buffered from the temperature drop caused by the flow
through the collector when the pump is first switched on. Otherwise, the
pump may cycle on-off for a considerable period of time. Temperature sen-
sors may also be used to monitor both freezing conditions and excessive
storage temperatures. In each case the control system is designed so that
the differential controller makes an appropriate response to the signals it
receives from the sensors.

The output system delivers the appropriate control voltages from the
differential controller to tne pumps, valves, fans, or dampers that control
the fluid circulation.

A typical system configuration is shown in Figure 21. This is a
drain-down system, which means that in the event of freezing conditions the
system is designed to drain away to a sewer. The vacuum breaker above the
collectors permits air to enter the system while draining. Horizontal
piping is avoided. When the temperature rises sufficiently the solenoid
valves isolating the storage tank open, the dump valve closes, and the
system is refilled from the cold water supply. The air vent on top of the
system allows air to escape as the collectors fill with water. This kind
of system is exposed to main line pressures and must be designed accord-
ingly. The biggest disadvantage with this; design, however, is that drain-
age is dependent on the combined action of an electrical dump-valve and a
differential controller. If either fail in freezing conditions the system
is likely to be damaged.

Figure 22 shows a similar system except that here the system drains
back into the storage tank. This configuration is called a drain-back
system. Whenever the circulation pump is off the fluid in the collectors
drains back into the storage tank. The storage tank is vented to permit
air to enter the system. Note that the collector Toop is not exposed to
main supply pressure which would prevent the system from draining. The
collector return line must enter the storage tank above the fluid level in
order for the system to drain.

Figure 23 shows a typical closed-Toop solar thermal system. Since the
collector Toop is closed an expansion tank becomes necessary. If freezing
is a potential problem the heat transfer fluid must be a water/glycol mix-
ture or some other freeze resistant fluid. Figure 24 shows a similar
ciosed-loop system, this time employing two tanks. This system will return
cooler water to the collector thereby improving their efficiency. However,
thermal Tosses from storage will be greater.
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By far the simplest solar thermal system is the thermosyphon system.
No control system is required. However,

Figure 25 shows a typical system.
the storage system must be at a higher elevation than the collectors.

This

is often an impractical arrangement with Targe solar thermal systems.
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Solar Thermal Electric Systems

There are two basic techniques for converting the sun's radiation into
electrical power: (1) direct conversion by transfer of the energy to the
electrons of a solid--the photovoltaic effect; (2) conversion of the
radiation to heat which is then used to power a thermodynamic cycle from
which energy is extracted and converted to € actricity. In this section of
the text we 1 % at systems vesigned to convert the sun's energy to
electricity using the second approach.

Thermodynamic processes which use source temperature differences to
produce work (shaft power) are limited in efficiency by what is known as the
Carnot efficiency. The efficiency of a heat engine converting thermal
energy to work cannot exceed the Carnot efficiency, Ncs 0of the system
which is defined as

Thot - Tcold
Thot

Neg =

Thot s the absolute temperature of the thermodynamic working
fluid at its highest level, and Teold ¥s the absolute temperature of
the working fluid at its lowest level, at the point where heat is rejected
from the cycle.

[t can be seen from this expression that the Carnot efficiency
increases with increasing source temperatures. Actually it is temperature
difference which governs the efficiency but in practice Teold  is
generally fixed by the temperature of the local cooling water. As an
example, consider a flat plate collector boiling a freon-type fluid used in
a thermodynamic cycle producing work. [f the fluid boils at 80° C and
cooling water is available at 30° C the absolute maximum efficiency of the
cycle is (353 - 303)/353 = 0.14 or 14 percent.  Since a real system is
considered acceptable if it attains an efficiency of half the Carnot Timit,
a Rankine cycle process using flat plate collectors would only achieve a
thermodynamic efficiency of perhaps 7 percent. If the thermal and other
losses from the solar collector are included, the overall system efficiency,
i.e. insolation to mechanical work, will be only about 3 to 4 percent
assuming that the efficiency of the collector is about 50%.

[f electricity is to be produced from sunlight using thermodynamic
processes, it is therefore clearly advantageous to qenerate the highest
possible temperatures at the hot side of the cycle. Concentrating solar
collectors, or systems using reflectors to focus sunlight, are therefore
much more efficient at converting the sun's radiation to electricity than
flat plate collector systens.

Solar thermal electric systems that employ concentrating collectors
include the following design concepts.
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Central receiver ("power tower") systems (CRS) which are composed of a
field of heliostats (mirrors) which are controlled to reflect incoming
direct solar rays to a common absorber (receiver) elevated above the
field by a central tower. The energy, in the form of heat, is
transferred from the absorber to a working fluid (steam, air, helium,
sodium potassium eutectic or salts), which in turn is the source of heat
for a thermodynamic cycle (Rankine, Brayton, or combined Rank ine/
Brayton) to convert the heat to electricity.

Line concentrators which are fields of distributed (discrete) paraholic
concentrating collectors which focus direct insolation upon a line with
single axis tracking and an open or cavity receiver or absorber. The
heat is transported from the array via the absorber pipeline and is
transferred to the working fluid of a Rankine power cycle.

Point concentrators which are fields of distributed (discrete)
paraboloidal concentrating collectors which focus direct sun rays at a
point, with dual axis tracking and a cavity receiver (absorber). The
heat is transported from the array in one concept via steam, o0ils, or
chemical mixtures to a central Rankine power conversion system. An
alternate concept is to use individual power converters (Brayton or
Stirling engines) for each collector module, to produce electricity, and
then transport electric current to the power conditioning facility, then
to the busbar.



DISTRIBUTED COLLECTOR SYSTEMS (DCS)

COOLIDGE

An experimental solar irrigation project sponsored by the U.S. DOt
and run by the University of Arizona has been in operation since 1980.
It provides electricity to pump water from three 91 m deep wells at
Coolidge, Arizona to irrigate cotton crops. The power plant uses 2140
mé of parabolic trough concentrating collectors to focus sunlight on
receiver tubes within which circulates the primary circuit heat
transfer fluid: Caloria HT-43, a synthetic oil stable at high
temperatures. The primary fluid vapourizes a low-boiling point
secondary fluid (toluene) that drives a Rankine-cycle turbine that
generates electricity. :

Electrical power is fed into local electric-utility lines, from
which power is drawn as needed to pump about 5300 litres per minute
from the three wells, each of which requires about 50 KW. Maximum
power output 1is rated as 175 KW of which approximately 25 KW is for
power plant pumps and motors. Figure 1 shows schematically the
elements of the system. The Acurex collectors raise the temperature
of the Caloria HT-43 0il to around 2900C. The o0il 1is then circulated
through a 30,000 gallon (114 m3)  thermal storage tank. A
disadvantage with this particular thermodynamic cycle 1is that the
pressure in the condenser 1is below atmospheric, thus raising the
possibiity of air leaking into the system. Toluene forms explosive
mixtures with air at low concentrations.

Turbine
Toluene Vapor 4
Caloria 0il q 150 Kw
a g A
P . /] S Electricity
l
Genarotor
Vaporizer,

Salar Coliector(s)

——t il —

Oil Storage # /
Tonk

1

(|

Water
—D— . .
Irrigation
' Pump
Condenser

Figure 1. Diagram of Coolidge Pumping System
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As another example of a DCS system we look at the Small Solar
Power Systems Project (SSPS) initiated by the International Energy
Agency (IEA). Supported and funded by eight European countries and the
U.S., the SSPS is part of the IEA Research and Development program
which is aimed at applying and demonstrating those new or improved
energy technologies that offer significant potential for contributing
to future energy needs.

The principal objective of the SSPS project is to examine in some
detail the feasibility of using solar radiation to generate electric
power for possible application either in established grids or in
communities  whose geographical situation renders  conventional
electrical supply techniques difficult and costly. Evaluation is to be
performed with respect to two dissimilar engineering approaches. A
solar farm or DCS using parabolic trough collectors is to be located
adjacent to a central receijver system (CRS) wusina a field of
heliost, ts.

The technical and operational objectives are to compare both
technological concepts, based on the same design philosophy and
operated under the same environmenta] conditions. The SSPS-DCS plant,
which has a rated output of 500 KWe, utilizes the pilot-system
experience of Acurex in building irrigation plants in New Mexico and
Arizona, as well as of the German company M.A.N. in operating similar
systems in Spain, Mexico, and Australia. The plant has two collector
fields of approximately equal size (see Table 1). One field is made up
of 10 Toops of 70 collectors manufactured by Acurex: the other field
consists of 1 ops of 6 collector modules developed by M.A.N. Both
of these collector designs are line-focusing parabolic trough types.

The Acurex collector is arranged to track the sun in a single-axis
mode, the rotationdi axis being oriented in the east-west direction.
The M.A.N. collector modules employ two-axis tracking for orientation
in azimuth and elevation. Application of the two desian concepts in
the same location offers the opportunity to compare life-cycle costs
versus annual energy output under realistic conditions.

The heat transfer and power conversion systems of the DCS have
been designed with three heat transfer loops.

1) The first loop takes low temperature oil, Caloria
HT-43 at 225°C, from the bottom of a thermal storage
tank, circulates it through the collector fields, and
returns it at a temperature of 295°C to the top of the
storage tank.

2) In a second loop, a boiler takes the hot 0il1 from the
storage tank, discharges the thermal] enerqy to the
steam loop, and returns the o0il to the thermal storage
tank.

3. The third loop circulates water through the boiler and
then expands the generated steam through a turbine
generating electricity. The low-enthalpy steam is

condensed and pumped back to the boiler,
Fiqure 2 shows a simplified diagram of the DCS process
flow.
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Table 1. SSPS Distributed Collector System— Performance Data l}']

Design day 80, 12:00 (equinox noon) .
point: solar insolation 0,92 kW/mz?
Collector ACUREX collector, model 3001 2674 m2
fields: 60 groups in 10 locps
MAN collector,
model 3/32, "HELIOMAN" 2688 m?
84 modules in 14 loops
total aperture area 5362 m?
concentration ratio ca. 40
land-use-factor (ACUREX/MAN) 0,27/0,32
heat transfer medium thermal-oil (HT-43
collector inlet temperature 225°C
collector outlet temperature 295°C
Thermal one-tank-thermocline,
storage: storage medium thermal-oil (HT-43)
capacity equivalent to 0,8 MWhg
hot/cold temperature 205°C/225°C
Steam HT-43 inlet temperature 295°C
generator: HT-43 outlet temperature 225°C
steam outlet temperature 285°C
steam pressure 25 bar
Power solar insolation 4933 kW
(at design thermal 2580 kw
point): gross electric 577 kw
net electric 500 kw
Efficiencies therimal/gross electric 22,4%
(at design thermal/net electric 19,4%
point); insolation/net electric 10,1%
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F\Q' Q. Simplified schematic diagram of DCS process flow [_1_-1



The parabolic-trough single-axis tracking collector by Acurex. [3]
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CENTRAL RECEIVER SYSTEMS

Eight central receiver system experiments and pilot plants are now in
operation or under construction throughout the world, each with the output
power of one megawatt or more of thermal energy. Two of these systems are
now operating in the United States and France, and six more--located in the
United States, France, Italy, Japan, and Spain--are under construction. Al]
told, they represent an investment of at least Q250 million.

One of the first relatively large systems, a 1 MWt solar furnace con-
Structed by the French at 0Odeillo in the Pyreness Mountains, was converted
in the late 1970's to generate electricity for demonstration purposes. In
this application, the thermal power was removed from the receiver by means
of a hot-0il heat-transfer loop to thermal storage, or directly to an oil-
to-steam heat exchanger to operate a steam turbine coupled to an electric
generator.

As a solar furnace, the 0Odeillo plant develops temperatures up to
3,000°C without the need for direct flame-firing of test specimens or use
of heat-exchanger enclosures. Sixty-three heliostat mirrors, controlled by
computers, reflect the sun's radiation onto a parabolic mirror which in turn
concentrates the radiation on the fixed-focus area.

The Central Receiver Test Facility (CRTF) installed in 1977 at Sandia
National Laboratories in New Mexico is a test bed for components and sub-
systems for the Barstow, California, pilot electric plant. Its sophisti-
cated tower contains three test bays served by an elevator. The field
consists of 222 heliostats which can focus five megawatts of thermal power
into a test bay.

The recently completed 10MWe Barstow steam plant is connected to the
Southern California Edison utility grid, and could potentially serve the
needs of a community of 6,000. Its storage system is designed to provide 7
MWe for four hours.

A two-megawatt electric plant is under construction at Targasone, near
Odeillo. Two towers will allow the testing of one receiver subsystem while
another subsystem is being installed or modified. Molten salt will be used
as the heat-transfer fluid and also as the thermal-storage material.

A third Spanish plant, a 1 MWe facility to be built at the Almeria
site, is receiving assistance from the United States in the use of newly-
developed design methodologies and computer programs. All three plants are
expected to be operational by 1982.

Under Japan's Project Sunshine program, two pilot plants with different
design approaches have been constructed at Nio, Kagawa Prefecture, on
Shikoku, one of Japan's major southern island. Capable of producing 1,000
kWe each, the two plants are now operational.

Figure 5 shows the basic components of a central receiver system.



FIGURE 5,
CENTRAL RECEIVER SOLAR THERMAL POWER SYSTEM
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The SPSS - CRS plant has a rated output of 500 kiWe. Solar radiation is
concentrated about 450 times by a heliostat field with approximately 4000 m?
of reflective surface. The Martin Marietta first-generation heliostats
track the sun both in asimuth and elevation, with a maximum pointing error
of about 2 mrad whenever the wind speed is 1e-s than 13 km/h. The field is
designed to survive wind speeds of up to la4d km/h, seismic activities of
0.6 m/s2, and the impact of 20 mm hail at 20 m/s. Additional performance
data is indicated below in Table 2.

Table 2. SSPS Central Receiver System—Pertormance Data f_:-,.]

Design day 80, 12:00 (eguinox noon)
point: solar insolation 0,92 kW/mz?
Heliostat  total reflective surface area 4000 m?
field: concentration ratio 450
land-use-factor 0,22
Cavity heat transfer medium Sodium
receiver:  aperture size am:?
active heat transfer surface 16,9 m?
inlet temperature 270°C
outlet temperature 530°C
Thermal two-tank-system, storage medium | Sodium
storage: capacity equivalent to 1,0 MWhge
hot storage temperature 530°C
cold storage temperature 275°C
Steam sodium inlet temperature 525°C
generator: sodium outlet temperature 275°C
steam outlet temperature 510°C
steam pressure 100 bar
Power solar insolation 3675 KW
(at design thermal 2283 kw
point): aross eiectric 600 kw
net electric 517 kw
Efficiencies thermal/gross electric 26,.3%
{at design thermal/net electric 22,6%
point): insolation/net electric 14,1%




Transfer of thermal energy in the sodium cooled system is performed at
high temperature (530°C) and 1ow pressure (4 bar). The incoming energy
(2.7 MWt at the design point), which produces peak fluxes on the tube bundle
of the receiver of 0.63 MW/mz, is passed through a storage system to the
boiler. The third Toop generates steam and delivers it to the turbines at
510°C and 100 bar.

The German designed cavity-type receiver has a vertical octagonal
aperture of 9.7 m2. Sodium flows in six horizontal parallel tubes which
wind back and forth from the bottom to the top of the cavity. Sodium enters
the inlet header at 270°C at the bottom of the panel and Teaves the outlet
header at 530°C near the top. The receiver is mounted on top of a 43 m high
steel tower with a concrete foundation.

A cold sodium vessel and a hot sodium vessel, each having a volume of
70 m3, provide storage for the CRS. Sodium enters the hot storage vessel
from the receiver at 530°C, is pumped to the helical-tube steam generator,
then is returned to the cold sodium vessel at 275°C. The power conversion
unit is a steam-driven five-piston motor coupled to a three-phase generator.
The operating conditions of this unit are indicated below.

Thermal input (steam) 2200 kWt
Inlet pressure 100 - 102 bar
InTet temperature 500 - 520°C
Back pressure 0.3 bar

Speed 1000 rpm
Motor 845 Hp

Gross output 600 kWe

Met output 562 klle
Efficiency (gross/thermal) 27.3 %
Efficiency (net/thermal) 25.5 %

FIELD SYSTEM SYSTEM SYSTEM

HELIOSTAT ‘ SODIUM HEAT-TRANSFER POWER CONVERSION
!
|

COOLING
TOWER

F\'Q) ©. Simplified schematic diugram of CRS process flow {1]



The 43-meter-high receiver tower
as seen from the ground, with a
view of the back of the sodium
receiver. [4]




The cavity-type sodium receiver of the

tower. In this photograph, the receiver
heliostat image. 4]

CRS is shown mounted on the receiver
doors are closed, showing a single




Closeup of the CRS heliostat field shows the Martin Marietta first-generation-
type heliostats, some of which are in the stowed position with the reflecting
surface facing downward ( foreground). Y_:L]




2. BARSTOW

A central receiver pilot plant capable of generating 10 MWe is in
operation near Barstow, California. This project is the first of its kind
in the U.S. and will be a pilot operation for judging the feasibility of
central receiver systems.

Seven major systems are involved in total plant operation: the collec-
tor, receiver, thermal storage, master control, plant support, beam charac-
terization, and electric power generating systems. (The first six of these
make up the solar facility.) The heliostats of the collector system reflect
solar energy onto the receiver mounted on a 90.8 m (298 ft) tower. In the
receiver, water is boiled and converted to high-pressure steam (516°C and
10.3 MPa; 960°F and 1465 psia), which is then converted to electrical energy
by the turbine/generator. Any steam from the receiver in excess of the
energy required (35.7 MWt) for the generation of 10 Mue net power to the
utility grid is diverted to thermal storage for use when output from the
receiver is under that needed for rated electrical power.

When the turbine operates directly on steam from the receiver, the
pilot plant's rated output is 10 MWe plus 1.8 MWe parasitic loads (internal
plant loads). When operating from the thermal storage system alone (274°C
and 2.7 MPa; 525°F and 385 psia), the net electrical output is 7 MWe.
Overall efficiency of the system ranges from 13.5% (full insolation day) to
11.1 % (full energy storage operation).

Collector System

The collector field, consisting of 1818 Martin Marietta sun-tracking
heliostats, has a total reflecting area of 72,528 ml (781,740 ftz) and
is divided into four quadrants. Each heliostat is made of 12 slightly con-
cave mirror panels totaling 40 m2 (430 ft2) of mirrored surface that
focus the sun's rays on the receiver. The mirror assembly is mounted on a
geared drive unit for azimuth and elevation control.

There are a total of 1240 heliostats in the two northern quadrants and
578 heliostats in the two southern quadrants. In the southern quadrants,
the heliostats are focused on each of the 6 preheat panels under optimum
conditions. In the northern quadrants, the heliostats are focused on each
of the 18 boiler panels so that the heat is distributed over the length of
the panels.

The collector control subsystem consists of a micro-processor in each
heliostat, a heliostat field controller for groups up to 32 heliostats, and
a central computer called the heljostat array controller. The annual and
diurnal sun position information for pointing each heliostat are stored
within this control subsystem. The heliostats can be controlled indivi-
dually or in groups in either manual or automatic modes. The heliostat
array controller is located in the plant control room and is functionally
tied into the master control system. The plant operator can control the
collector field through either the heliostat array controlier or the master
control system.



The heljostats are designed to operate in winds up to 36 mph and will
be stowed in a mirror-down position in higher winds. Design specifications
include survivability in a stowed position in winds up to 90 mph. Several
heliostats have satisfactorily passed tests in which wind-induced structural
loads were simulated.

Receiver System

The receiver system consists of a single-pass to superheat boiler with
external tubing, a tower, pumps, piping, wiring, and controls necessary to
provide the required amount of steam to the turbine. Steam demand can be
varied from the control room by the operator, or the receivar system can
react to a demand from the electric power generating system up to the
receiver's rated output.

The receiver is designed to produce 516°C (960°F) steam at 10.2 MPa
(1465 psia) at a flow rate of 112,140 1b/h. The receiver has 24 panels (6
preheat and 18 boiler), each approximately 0.9 m (3 ft) wide and 13.7 m
(45 ft) long. The panels are arranged in a cylindrical configuration with a
total surface area of 330 ml (3252 ft2). Each panel consists of seventy
Incoloy 800 tubes through which water is pumped and boiled. The external
surface temperature of the receiver tubes at rated output will be approxi-
mately 621°C (1150°F). Each receiver tube is 0.69 cm (0.27 in.) inside
diameter and 1.27 cm (0.5 in.) outside diameter. These boiler tubes are
made with thick walls and special metal in order to withstand the effects of
diurnal cycling, wich can cause premature metal fatigue. In contrast to a
solar boiler, conventional boilers are kept heated even when steam and/or
electrical demand is low. In a solar receiver, the heat source disappears
when the sun is obscured or not shining, and the boiler cocls. When insola-
tion returns, the boiler is reheated.

Within each panel, all tubes are welded to the adjacent tubes for their
full Tength on the outside surface only. The receiver panel exterior is
painted with a special black paint ("Pyromark") to increase thermal energy
absorption. The interior surface of the receijver panels is insulated.

The tower, iolding the receiver 90.8 m (298 ft) above the desert floor,
has a 7.6 m (25 ft) deep footing and a 1500 ton concret: base. The tower is
equipped with a temporary crane for installation of the receiver panels.
The wide area of the tower beneath the receiver houses air-conditioned rooms
where the receiver computer controls and some of the beam characterization
system are located.

Thermal Storage System

The thermal storage system provides for storage of thermal energy to
extend the plant's electrical power generating capability into nighttime or
during periods of cloud cover. t also provides steam for keeping selected
portions of the plant warm during non-operating hours and for starting up
the plant the following day. Sealing steam is required in the turbine
casing even when it is not running. Even though the primary source for this
turbine sealing steam is thermal storage, a small auxiliary electric bojler
is standing by in case the thermal storage system is depleted or not
operating.
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The storage tank is 13.7 m (45 ft) high, 19.8 m (65 ft) in diameter
(inner), and built on a special lightweight, insulating concrete for reduc-
ing heat Toss to the ground. The walls are made of steel and 30.5 cm (1 ft)
of insulation and the roof is aluminum plus 61 cm (2 ft) of insulation.
The 3581 m3 (945,000 gal) capacity tank, filled with rock, sand and about
908 m3 {240,000 gal) of thermal oil (Caloria HT 43), acts as a heat stor-
age vessel or unit.

Desuperheated steam from the receiver is routed through dual heat
exchangers in which thermal storage 0il is heated. The heated 0il is pumped
back into the tank and thermal energy is transferred to the rock and sand.
When fully charged, the temperature of the thermal storage mixture (oil,
rock, and sand) will be approximately 302°C (575°F). When discharging, the
heated 0il is pumped through another heat exchanger to boil water. Steam at
274°C (525°F) and 2.7 MPa (385 psia) can be delivered to the turbine at a
rate of 105,000 Th/h. The rated electrical capacity of the plant operating
on thermal storage energy is 28 megawatt-hours (28 MWe-h) net output, i.e.,
7 MWe power for 4 hours. After discharging, sufficient thermal energy will
be available for heating, sealing steam, and restarting the plant the next
day.

As do other plant systems, the thermal storage system has its own con-
trols and also can be controlled both manually and automatically through the
master control system.

View of the tower with the boiler re-
ceiver mounied at its apex. 4 man is
standing beneath and to the left of the
receiver behind the railing. (27




The 10 MWe Solar One Central Receiver System in

California. Over 1800 heliostats focus sunlight
onto the receiver.
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The receiver under load. About 70 MW of enerqy is
focused on the absorber in the center of the field.



The capital cost of the Barstow 10 MWe CRS plant is estimated at 141 MS.
Annual operating and maintenance costs are estimated as 3.7 M$. Construc-
tion took 5 years. These data permit us to make an estimation of the cost
of the electricity that will be produced by the plant.

The capital cost of 141 M$ does not include interest charges on the Toan.
Construction costs are 141/5 = 28.2 M$/yr for 5 years. We assume interest
is charged at 15% annually. The total capital cost, including capital
charges, is therefore given by:

5
1= (*+0.15)° -1, 285 - 190,14 Mg

The capital recovery factor (CRF) for this debt, based on 15% interest rate
and a 40 yr lifetime, would be:

CRF (0.15, 40) = 0.15 = 0.15056
0 1 - (1+0.15)-%0

So the amount paid annually in capital charges is 190.14 x 0.15056 = 28.63
M$/yr.

Operation and maintenance costs are 3.7 M$/yr, so total annual costs may be
estimated as 32.33 M$/yr,

How much electricity will the plant produce? This is very difficult to
estimate at this stage in the development and demonstration of CRS plants.

Data for California suggest that the direct insolation is about 3200 kWh/m?
per year. Using this fiqure and the total heliostat area of 72,538 m2,
the gross insolation is about 232.12 x 106 kWh/yr.

The efficiency of the Almeria CRS plant is estimated as about 14% (insola-
tion kWh to net electric kWhe). So an approximate estimate of net electric
output for the Barstow 10 MWe plant would be:

0.14 x 232.12 X 106 = 32.5 x 106 kuhe/yr
Assuming that all routine maintenance is performed at night, so that the

daytime plant factor is 100%, the cost of electricity produced by the sys-
tem is approximately:

32.33 x 108 $/yr  _ 0.995 $/kWhe
32.5 x 10° kWhe/yr

or very nearly $1 per kWhe.
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ASHRAE STANDARD 93-77

FOREWORD

This Standard has been prepared by a Committee drawn
primarily from the membership of ASHRAE Technical
Committee on Solar Energy Utilization, TC 6.7. The’
Committee’s objective was to formulate a test pro-
cedure whereby solar energy collectors can be tested
both indoors and outdoors, to rate the collectors in ac-
cordance with their thermal performance, and to deter-
mine their time constant and the variation of their effi-
ciency with changes in the angle of incidence between
the sun’s direct rays and the normal to the collector
aperture,

Standard 93-77 is based upon the Interim Report
NBSIR 74-635, prepared for the National Science Foun-
dation/Energy Research and Development Administra-
tion by James E. Hill and Tamami Kusuda of the Center
for Building Technology, Mational Bureau of Stan-
dards. Following an organizational meeting at
ASHRAE’s Annual Meeting in Dallas in 1976, Commit-
tee 93 held many day-long sessions during which each
section of NBSIR 74-635 was carcfully reviewed. Task
Groups formed by the Committee formulated revised
versions of each section of the report, and added a con-
siderable amount of new material which provided for
methods of indoor and outdoor testing, for determina-
tion of the collector time constant and the variation of
collector efficiency with changing angle of incidence.
Instrumentation also received special attention. Provi-
sions for testing both concentrating and rlat-platc col-
iectors are included.
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NOMENCLATURE

constants  used in incident
cquation, dimensionless
cross-sectional area, m3(f1?)
transparent frontal area for a flat-piate collector
ur aperiure area for a concentrating collector,
mi(fi%)

gross collector area, m3(ft*)

area ot nozzle, m*(ft?)

absorbing area of a Mat-plate collector or the
receiving area of g concentrating  collector,
m-(f?)

constant  used in  incident
equation, dimensionless
etfective heat capacity of the solar collector,
J/7°C(BrurF)

angle  modifier

angle  modifier

= nozzle coelficient o { discharge, dimensionless

specific heat of the transfer uid, J/(kg-°C)
(Bru/(lbm - F))

nozzle throat diameter, m(ft)
temperature factor for caleulation of

Reynolds number, dimensionless

nozzle

= absorber plate elficiency factor, dimemsionless

solar coliector heat removai factor, dimension-
less

solar irradiation, W/m*(Btu/(lr - 1))

direct solar irradiation component Wem-= B/
(hr - ft*y)

direet normal solar irradiation, W/m*(Btu/(hr
1))

diffuse solar irradiation incident upon the
aperture plane of collector, W/ (Brus (hr - fity)

= solar constant, | 353 W/ me(429.2 B, (hr- 1ty

total solar irradiation incident upon the aperture
plane ot collector, Wrm (Bu/hr - £10))

= fuctor defined by equation (3.7), dimensioness

incident angle modifier, dimensionless

focal standard time, decimal hours

local standard time meridian, deg

apparentsolar time, decimal hours

air mass, dimensionless

mass flow rate of the transfer Muid, kp/s
(Ibm/hr)

Reynolds miniber, dimensionless

theoretical power required to move the wransfer
Tuid through the collector, Wihp)
absolute  pressure  ar the nozzie
Pa(lbt/in.")

velocity pressure at the nossle throat or tne statie
pressure difference  acrossy  the nozzle,
2a(ibf/in.?)

throat,

= pressure drop across the collecror, Patlbt/in. %)

pressure drop across the nozzle, Pa(lbrzin,*y
measured air Now rate, m*/5(ft* /min)
standard air flow rate, m* 7yt ‘min)
rate of usctul energy extraction
collector, W(Btu/hr)

from the
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= ambient air temperature, °C(F)

= average fluid temperature, °C(F)

= temperature of the transfer fluid leaving the
coliector, °C(F)

= lemperature  of  transfer  fluid leaving the
collector at the beginning of a specified time
period, °C(F)

- lemperature of the transfer tlujd leaving the
collector at a specified time, °C(F)

= temperature ot the ranster tluid entering the
coliector, °C(F)

= average temperature of the absorbing surtace for
a Nat-plate collector, °C(F)

= average temperature of the absorbing surface for
avconcentraging collector, °C(F)

= temperaiure ditference, °C(F)

= solar collector heat transfer loss coetficient,
WAm:-°C) (Buu/ (hr- 112 - F))

= velocity of the air ar the nozzle throat. m/s
(ft/min)

= specific volume of the air ar the nozzle ar
standard barometric pressure, m* kg dry air
(" /tbm dry wir)

= specific volume of air at the nozzle per unit mass
of air-water vapor mixture, m Yhg (1 Thm)

= density, kg'm' (Ilbm/ ')

= humidity ratio at the nozzle, kg H,O/kg dry air
(lbm H,0/ b drv air)

= absorptance of the collector absorber surface for
solar radiation

= fraction of specularly retlected radiation from
the retlector or refracted radiation which iy
intereepted by the solar collector absorbing
surface

= collector-solar azimuth, deg

angle of incidence between direet solar ravs and

the normal 1o the collector surface or to the

aperture, deg

= solar aititude angle, deg

= solarazimuth angie, deg

= collector azumuth angle, (measured from the
seuthin the horizontal plane), deg

= vollector efficiency based on tross collector area,
lﬁu

= wavelength, um

=xspecular reflectance of the
Tector

= vme, decimal hours or seconds

= transmittance o the solar collector cover plate,
dimensionless (1t no cover plate iy used, r=1.0)

= effective transmittance-absorptance product, di-
mensioniess

= elfective transmittance-absorptance product at
normal incidence

= time at the beginning and end of 3 test period,
decimal hours

= collector ult from the horizontal, deg

solar collector re-



1. PURPOSE

1.1 The purpose of this standard s to provide test
methods for determining the thermal performance of
solar energy collector modules (hereinafter called solar
collectors) which heat fluids for use in thermal systems,

2. SCOPE

2.1. This standard applies to non-concentrating and
concentrating solar collectors in which a luid enters the
collector through a single inlet and leaves the collector
through a single outlet.

2.1.1 Collectors containing more than one inlei and
more than one outlet may be tested according to this
standard provided that the external piping or ducting
can be connected so as to provide effectively a single in-
letand a single outlet.

2.2 The heat transtfer {luid {heicinaftier called the
transfer Tuid) may be either a liquid or a gas but not a
mixturc of the two phases.

2.3 This standard contains methods tor conducting
tests outdoors under natural solar irradiation and for
conducting tests indoors under simulated solar irradia-
tion.

2.4 This standard provides test methods and caleula-
tion procedures for determining steady state and quasi-
steady state thermal performance, tme and angular re-
sponse characteristics ot solar collectors.

2.5 This standard is not applicable 1o those collectors
in which the thermal storage unit is an integral part of
the collector to such an extent that the collection process
and the storage process cannot be separated for the pur-
pose ol making measurements of these two processes.

3. DEFINITIONS

3.1 Absorber. The absorber is that part of the solar
collector which receives the incident radiation energy
and transforms it into thermal energy. [t may possess a
surface through which energy is transmited to the
transter fluid; however, the transfer fluid itself can be
the absorber.

3.2 Absorber Area. The absorber areca is the total heat
transfer arca from which the absorbed solar irradiation
heats the transter fluid, or the area of the absorber
medium if both transfer fluid and solid surfaces jointly
pertorm the absorbing tunction. d

3.3 Air Mass. The air mass is the ratio of the mass of
atmosphere in the actual earth-sun path to the mass
which would exist if the sun were direetly overheed at
sea level.

3.t dngle of Incidence. The angle of incidence is the
angle between the direet solar irradiation and the nor-
mal to the aperture plane.
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3.5 perture Area. The aperiure area is the maximum
projected area of a solar collector through which the un-
concentrated solar radiant energy is admitted.

3.0 Area, Gross Collector. Gross collector area is the
maximum projected area of the complete collecior
module including integral mounting means.

3.7 Collector, Concentrating. A concentrating collee-
tor is a solar collector which uses retlectors, lenses or
other optical elements to concentrate the radiant energy
passing through the aperture onto an absorber of which
the surface areais smaller than the aperture area.

3.8 Collector, Flai-Plare. A fat-plate collector is a
non-concentrating solar collector in which the ubsorb-
ing surfaceis essentially planar.

3.9 Concentration Ratio. The concentriation ratio of a
concentrating sofar collector is the ratio of the aperture
arca to the absorber area.

310 Cover, Collector., The collector cover is the
material covering the aperture to provide thermal and
environmental protection.

31U Arradiatior, Instantaneous. Instantanceous irrad-
iation is the quantity of solar radiation incident on a
unit surface area in unit time, measured in W/m3(Btu/
(hr-t12)).

3,12 Arradiation, Integrated Average. The average in-
tegrated irradiation is the solar radiation incident on a
unit surface area during a specified time period divided
by the duration ol that time period.

313 Instantaneous Ffficiency. The instantancous efti-
cieney of a solar collector is the amount of eneray
removed by the transfer uid per unit of gross collector
area during the specified time period divided by the tozal
solar radiation incident on the collector per unit area
during the same test period, under steady state or quasi-
steady siate,

3. Pyranometer, A pyranometer is a radiometer us-
ed to measure the (otal solar radiation incident upon a
surtace per unit time per unit area. This energy includes
the direct radiation, the diffuse sky radiation and the
solar radiation reflected from the foreground.

Y A5 Pyrheliomerer. A pyrheliometer is a radiometer
used to measure the direet radiation on a surtace normal
to thesun’s ravs,

316 Quasi-Steady State. Quasi-steady state deseribes
the state of the solar collector test when the tlow rate
and temperature of the fuid entering the collector are
constant but the exit tTuid temperature changes due to
the normal change in irradiation that oceurs with time
for clear sky conditions.

347 Solar Collecror. A solar collector is a device
designed to absorb madent solar radiation and 1o
transter the enerey 1o a Huid passing through i
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W8 Standard Air. Standard air is air weighing 1.2
R '(0.075 b1y, and s cquivalent in density to
dry air ar a temperature of 21.1°C (70F) and a
barometric pressure of 1.01 x [0 Pa(29.92in. Hy).
Y19 Standard  Baromerric Pressure.  Standard
barometric pressureis 1.01% 10° Py (29.92in. Hp).

320 Temperature,  Ambient  Air., Ambient  air
temperature is the temperature of the ajr immediately
surrounding the solar collectors being tested.

3.2V Time Constant. The time constant is the time
required Tor the uid leaving a solar collector o attain
603.2" of its steady state value following a step change
inirradiation or inlet fluid temperature,

Total  Incident  Irradiation. Total incident
irradiation is the total solar radiant energy incident
upon a unit surface area during a specified time period,
expressed in {W-hr)/m*(Blu/ (i 2).

J.22

323 Transfer Fluid, Hear. The heat transfer fluid is
the medium, such as air, water or other fluid, which
passes through the solar collector and carries the ab-
sorbed ihermal encrgy away trom the collector.,

4. CLASSIFICATIONS

4.1 Solar collectors may be classified according 1o
their collecting chacacteristics, the wav in which they are
mounted (i.e., stationary or sun fracking) and the type
ot transter fluid which they employ,

4. 1.1 Collecting  Characteristics. A non-¢con-
centrating or lat-plate collector is one in which the solar
radiation absorbing surface s essentiallv flat and in
which the aperture and the absorber are similar in area
and geometry, A coneentrating collector is one which
usudly contains reflectors or other optical means o
concentrate the eneray entering through the aperture to
be incident upon a heat absorber of surface area smaller
than the aperture,

4.1.2 Mounting. A solar collector can be mounted
i astatonary position with a fised azimuth and il
angle (measured from the horizontal) or it may be ad-
Justable as to tilt angle 1o Tollow the annual changes in
solar declination: it may also be designed to track the
suncin altitude and azimuth @lazimue mounting) or in
s apparent daily rotation about the carth (polar or
equatorial mounting).

1.3 Type of Fluid, A collecior may use cither a lig-
wid orapas as the transter medium.,

5. REQUIREMUENTS

5.1 Solar collectors shal! be tested in accordance with
the provisions set forth in this Section and in Section 8,

S.L.1 The coliector whose thermal performance is to
be tested in accordance with this document shall be pre-
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conditioned  prior to initiation of the test. Pre-
conditioning shall consist of stagnation heat in a non-
operational mode in a dry condition for three days in
which the cumulative mean incident solar radiation
measured in the plane of the collector shall be not less
than 4722 (\(’-hr)/(m’ “day) (1500 Buus(1? day)). The
exposure angle shall be the angle of test specified herein,

S.L.2 Testing of full scale modules is preferred. The
size ol collector to be tested shall be large enough so that
the performance characteristics determined will be in-
dicative of those that would oceur when the collector is
part of an installed system. 11 the collector s modular
and the test is being done on one module, it should be
mounted and insulated in sueh o way that the back and
edge losses will be characteristic of those that will oceur
during operation on a structure.,

S.1.3 For tests conducted outdoors to determine
thermal efficiency, the collector shall be mounted in a
location such that there will be no significant energy
retlected or reradiated onto the collector from surroun-
ding buildings or any other surtaces inthe vicinity of the
test stand tor the duration of the test(s). This require-
ment will be satisfied if the eronnd and immediately ad-
jacent foreground surfaces are diffuse reflectors with a
reflectance of tess than 0.20. 11 significant retlection can
oceur, provision shall be made to shicld the collector by
the use of a nonreflective shield. In addition, the test
stand shall be located so that no shadow will be cast on-
to the collector by any obstruction a any time during
the test period.,

S.L4 For tests conducted outdoors to determine
thermal efficiency, the tests shull be conducted at tmes
having weather conditions sueh that the integrated
amverave irradiation measured in the plane of the collec-
torocaperture, reported, and used tor the computation
ol inssntancous ellicieney values shall be not less than
O30 W (200 Btu (he - 1e0y). Specitic irradiation values
that can be expected for elear shy conditions are shown
m Fables AT through A6 tahen from Reference 1. More
aeatne estinites can be made using the Tables in con-
ranction wath Clearness Numbers (see Reference 2, p.
269, e, 3)

5.1.5 For tests conducted (o determine thermal erti-
cleney at near-normal incidence canditions, the orienta-
tion ot the collector shall be such that the incident angle
tmeasured from the normal 1o the collector surface or
aperture) is less than 30°during the period in which test
data are being taken. Angles of incidence may be esti-
mated from Fables A7 through A 12 taken from Reter-
ence 3. More deeurate estimates can be made using the
procedures outlined in Reference 2. p. 20.3; Reference
4.pp. 282-292;and Reference S, Chapter 38.

S0 For tests conducted to determine thermal effi-
cieney and incident angle moditier for a at plate collee-
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tor, the air velocity across the collector surtface shall be
measured and recorded as part of the test data. The
velocity measurement shall be made in the immediate
vicinity of the collector, at a height corresponding 1o the
mid-height of the collector, and ot a location where the
velocity sensor is not shielded trom the wind and the
sensor does not cast a shadow on the collector during
the tests. Wind direction during cach test shall also be
determined and reported.

5.L.7 For tests conducted outdoors 1o determine
collector thermal efficiency, the range of ambicnt tem-
peratures for all reported test points comprising the effi-
cieney curve shall be less than 30°C (54F).

5.1.8  The transter fluid used in the solar collector
shall have a known specific heat which varies by less
than 0.5% over the temperature range of the fluid dur-
g a particular test period, The density of the transter
huid shall also be known and it shall not vary by more
than 0.3% over a particular test period.

6. INSTRUMENTATION

6.1 Solar Radiation Measurement

6.1.1 A pyranometer shall be used 10 measure the
total short wave radiation from both the sun and the sky
and a pyrheliometer shall be used to measure the direct
normal irradiation. The instruments shall have the
tollowing minimum characteristics, which are consistent
with current practice and/or the requirements of a first
class pyranometer or pyrheliometer as classified by the
World Meteorological Organization (WMO) (4. ().b]

6.1.1.4 Time Response of Pyranometer and
Pyrheliometer. The time constant of the pyranometer,
defined as the time required for the instrument to
achieve arcading of I — 1/¢ = 63.2% of its linal reading
atter a step change in irradiation, shall be less than §
seconds. The time constant tor (he pyrheliometer shall
beless than 25 seconds.

6.1.1.5  Variation of Response with Angle of In-
cidence. Ideally the response of the pyranometer is pro-
portional to the cosine of the incident angle ol the direct
solar radiation and is constant at all azimuth angles,
The pyranometer’s  deviation from a true  cosine
response shall be less than + 1% for the incident angles
encountered during the test(s).

6.1.1.6  Precautions for Effects of Humidity and
Moisture. The pvranometer shall be provided with a
means of preventing accumulation of moisture that mav
condense on surfaces within the instrument and affect
is reading. An instrument with a desiceator that can be
inspected is required. The ambient relative hunidity and
condition of the desiccator should be observed prior to
and following any daily measurement seguence.

0.1.2 The pyranometer shall be calibrated for solar
response within 12 months preceding the collector tests)
against another pyranometer whose caiibration uncer-
tainty relative to recognized measurement standards is
known. Any change of more than + 1% over a vear
period shall  warrant the use of more frequent
calibration or replacement of the instrument. H the in-

Sensitivity Stability I«-mpcr.llurc hpcclrul I.mcnril_\' Fime Cosine
B mW. ¢m* Y%y ) g‘_c_)|1||)gcl_13!_i{n|'|': T _Selectivity, "o L Cuonstant Response, "
Pyrhetiometer 0.4 £1.0 *1.0 €20 =10 L2858 —
Pyranometer =01 1.0 = 1.0 =20 + 1.0 RO =1

0.i.1.1  Change of Response Due to Variation in
Ambient Temperature. The instruments shall be cquip-
ped with a built-in temperature compensation circuit

and have a temperature sensitivity of less than + 1w,
over therange =20 10 +40°C (=4 (o +104F).
0.1.1.2 Variation in  Speetral Response.

Pyranometer and pyrheliometer errors caused by a
departure trom the rcqumd spectral response of the
sensor shall not exceed + 2% over thie r range of interest.

The WMO specification for a firse class pyranometer is
+ l"/l)

0.1.1.3  Nonlinearity of ResponSe. Unless the
pyranometer was supplied with a calibration curve
relating the output o the irradiation, its response shall
be within £ 1w of being linear over the range of irradi-
ation existing during the tests.

*Numbersn brackens denote the reterences i Secnion 1)

6

strument is damaged in any significant manner, it shall
be recalibrated or replaced.

6.1.3  When a pyrheliometer is available, i may be
used to deternmine the direct companent of the irradia-
tion incident on a tilted pyranometer. The diffuse com-
ponent may also be determined by shading the tilied
pyragometer from the direet irradiation. (See Section
8.3.2 and Refl. 8). At non-horizontal attitudes, eround
features which can atfect readings shall e noted and
therr effect on calibration shall be documented.

0.2 Temperature Measurements

6.2.1  Temperature measurements shall be made in
accordance with ASHRAE Standard 41.1-74 [9].

6.2.2 The accuracy and precision of the instrinments

including their associated  readout devices shall be

ASHRAE STANDARD 93-77



within the limits as follows:

Instrument
Precision®*

20.2°C (£0.36F)

Instrument
Accuracy®

£0.5°C (£ 0.9F)

Temperature

Temperature

Difference +0.1°C (£ 0.18F) £ 0.1°C (+0.18F)

*The ability of the instrument to indicate the true value of the
measured quantity.
**Closeness of agreement among repeated measurements of the same
physical quantity.

6.2.3 Temperature Ditference Measurements
Across the Solar Coltector. The temperature difference
of the transfer fluid across the solar collector may be
measured with one of the following [10]:

a. A type T thermopile (See Section 7.2.5)

b. Calibrated resistance thermometers connected in
two arms of a bridge circuit (recommended only when
transfer fluid is a liquid).

¢. Precision thermometers.

d. Calibrated thermistors.

¢. Calibrated matched type T thiermocouples,

9.2.4  In no case should the smallest scale division of
the instrument or instrument system exceed 2 times the
specified precision. For example, if the specified preci-
sion is £0.1°C (£0.18F), the smallest scale division
shall not excced 0.2°C (0.36F).

6.2.5 The instruments shall be configured and used
in accordance with Section 7 of this standard.,

0.3  Liquid Flow Meusurements

6.3.1 The accuracy of the liquid flow rate
measurement, using the calibration if furnished, shall be
cqual to or better than £ 1.0% of the measured value in
Mass units per unit time.

6.4 Integrators and Recorders

6.4.1  Surip chart recorders used shall have an ac-
curacy equal to or better than *0.5% of the full scale
reading and have a time constant of 1 second or less.
The peak signal indication shafl be between 50 and
100% of full scale.

6.4.2  Electronic mtegrators used shall have an ac-
curaey equal to or better than = 1.0% of the measured
alue.

6.4.3  The input impedance of recorders shall be
greater than 1000 times the impedance of the sensors.

0.5 Air Flow Mcasurements

When airis u.ed as the transter uid, the air flow rate
shall be determined as described in Section 7, using
instrumentation for mixing and sampling as described in
References 9 and 11.

6.6  Pressure Measurements

0.6.1 Nozzle Throat Pressure. The pressure
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measurcinent at the nozzle throat shall be made with
instruments  which shall permit  measurements of
pressure to within % 2.0% of the absolute pressure and
whose smallest scale division shall not exceed 2 times the
specified accuracy [12].

6.6.2 Air ‘Flow Measurements.The static pressure
across the nozzle and the velocity pressure at the nozzle
throat shall be measured with manometers or pressure
transducers whic¢h have been calibrated and found to
have an accuracy (o within + 1.0% of the reading. The
smallest manometer scale division shall not exceed 2.0%
of the reading [12].

6.6.3  Pressure Drop Across Collector. The static
pressure drop across the solar collector shall be
measured with a manoraeter having an accuracy of 2.5
Pa (0.01 in. H,0) for air heating collectors and =25 Pa
(0.101in. H,0) for liquid heating collectors.

6.7 Time and Mass Measurements

For calibration purposes, time measurements and
mass measurements shall be made 10 an accuracy of
=0.20% [12].

6.8  Wind Veloeity

The wind velocity shall be measured with an in-
strument and associated readout device that can
determine the integrated average wind velocity for cach
test period to an accuracy of £0.8m/s (+ 1.8 mph).

7. APPARATUS AND METHOD OF TESTING
7.1 Liquid as the Transfer Fluid

The test configurations for testing solar collectors
employving liquid as the transfer fluid are shown in
Figures 1, 2 and 3 which are representative rather than
exact and are not drawn 1o scale. Any of these con-
figurations is acceptable provided that the test condi-
tions specitied kerein are satistied. When the circulating
transfer fluid is susceptible 1o evaporation losses as
shown in Figure 3, care should be taken to minimize and
to account for the evaporation losses.

7.1.1  Solar Collector. The solar collector shall be
rigidly mounted to the test rack at the predetermined tilt
angle (for stationary collectors) with backing (it re-
quired) determined in accordance with the provisions of
Section 1.2, It is essential that the test rack, whether
fixed or movable, be unuffected by strong gusts of
wind.

7.1.2 Ambient  Temperature. The ambient
temperature sensor shall be housed in a well-ventilated
mstrumentation shelter with its bottom 1.25 m (4.1 1)
above the ground and with its door facing north, so that
the sun’s direct beam cannot fall upon the sensor when
the door is opened. The instrument shelter shall be
painted white outside and shall not be closer (o any
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obstruction than twice the height of the obstruction
itselt (iLe., trees, fences, building, etc.) [13].

7.1.3  Solar Radiation. Irradiation  measurements
shall be reported in terms of apparent solar time for the
test site (see Appendix A).

A pyranometer for measuring the total irradiation
and a suitable method for determining the direct com-
ponent shall be utilized for all collector tests, The
pyranometer shall meet the requirements specified in
Section 6.1.1 and. shall be mounted such that its sensor
is coplanar with the plane of the collector aperture. [
shall not cast a shadow onto the collector aperture
any tme during the test period. The pyranometer shall
not be mounted so as to receive a percentage of ter-
restrial radiation that is disproportionate with that
received by the collector, It s recommended that the
pyranometer be mounted near the upper-half periphery
of the collector, and in the upper center of the collector
array. The pyranometer should be oriented so that the
emerging leads or the connector are focated north of the
receiving surface (in the Northern Hemisphere), or are
otherwise shaded to minimize solar heating of the elec-
trical connections.

A pyrheliometer shatl be wilized o determine the
direct component of solar radiation when testing con-
centrating - collectors  that do  not aceept  ditfuse
radiation.

Care should also be taken 1o minimize reflected and
reradiated energy from the solar collector onto the
pyranometer. Some pyranometers are supplied with
shields. Pyranometers not supplied with a shield may be
susceptible 1o error due (o reflections of radiation thai
ariginate below the plane of the sensor,

Collectors tha aceept diffuse radiation shall have the
direcet component of the solar radiation determined tor
cach data point. This measurement can be made utiliz-
ing the shading-disk or the shade-band method using a
prranometer (see Section 8.3,2). However, a preferable
method involves the use of a pyrheliometer that mea-
sures the direet component.,

7.1.4  Temperature Difference  Meuasurements
Across the Solar Collector. The temperature ditference
of the transter fluid between entering and leaving the
sofar collector shall be measured in accordance with
Sections 6.2.2 and 6.2.3,

To minimize temperature measurement crror, cach
probe shall be located as close as possible to the inlet or
outlet of the solar collector and shall be inserted into g
mixing device located as shown in Figures 1, 2 and 3. In
addition, the piping between the mixing device and the
collector shall be insulated in such a manner that the
caleulated heat loss or gain trom the ambieny ajr will not
cause a temperature change for any test of more than
0.03°C (0.09F) between cach mixing device and the col-
lector,
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T.L.5  Additional Temperature Measurements. The
temperature of the transter fluid at cach of the WO posi-
tions cited above shall also be measured by inserting ap-
propriate sensors into the mising devices (except for the
case where precision thermometers are emploved 1o
determine temperature difference). Reference 9 should
be followed in making these measurements.

7.1.6  Pressure Drop Across the Solar Collector. The
pressure droppacross the solar collector shall be
measured using static pressure tap holes and cither a
manometer or a differential-pressure (ransducer. The
edeges of the holes on the inside surface of the pipe
should be free of burrs and should be as small as prac-
tical and should not exceed 1.6 mm (1/16 in.) in
diameter. The thickness of the pipe wall should be 2.5
times the hole diameter. Provision shall be made for
determining the absolute pressure ot the entering
transfer fluid [14].

7.1.7 Reconditioning Apparatus, As shown in Fig,
I, the use of a closed-loop test Facility requires that a
heat exchanger be employed 10 cool the transter fluid
and an adjustable in-line electrical resistance heater be
used to control the inler temperature to the preseribed
test values. This combination of cquipment or s
equivalent shall control  (he temperature of the fluid
entering the collector to within #0.5°C (=0.9F) ar all
times during the tests.

A heat exchanger is also recommended when employ-
ing an open-loop test lacility similar to Fig. 210 cool the
outlet liguid to minimize evaporation losses and thus
minimize weighing errors in the gravimetric determina-
tion of mass tlow rate,. Figure 3 shows an open-loop
svstenvin which the fluid is not recireulated.

T.L.8  Additional Equipment. A pump and a means
ot adjusting the Tow rate of (he transter fluid shall be
provided at the relative locations shown in Figures 1,2
and 3. Depending upon the test apparatus design, an ad-
ditional throttle valve may be required in the line just
preceding the solar collector for proper control. When
using the open-loop configuration in Figures 2 and 3, a
throttle valve should be used in the exit line as close as
possible to the collector. This valve is required 1o con-
trol the internal pressure (absolute) of the collector
when testing at inlet temperatures and. or at Tows thay
result in boiling.

A storage tank, expansion tank, air vemt and 2
pressure reliel valve should be installed in the closed-
loop test contiguration as show nin Fig. | 1o stabilize the
flow and allow the transter fluid to expand and contract
lreely in the svsten. ™ D pending upon the desien, an ex-
pansion tank and relief valve are sometimes inserted
between the pump and the collector in an open-loop test
Facility,

*Hhacare | shooht at be mrerpeeted o mesn thai the rebel salse amd expatnn Link g
fevessandy be lovated helow the valleans
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Filters and a sight glass should be installed within the
apparatus o ensure that the transter tluid passing
through the collector is free of contaminanis, including
air bubbles.

7.2 Airasthe Transter Fluid

Fhe test configuration  for  the solar  collector
emploving air as the transter fluid is shown in Fig. 4.
The recommended apparatus consists of a closed-loup
configuration. An oper.-loop configuration is an accep-
table alternative provided that the (esi conditions
specttied herein can be sadistied,

7.2.1  solar Collector (see Section 7.1, 1 )

7.2.2  Ambient Temperature (see Section 7.1 .2)
7.2.3  Solar Radiation (sce Section 7.1 )
7.2.4

The air outlet duct between the air flow measuring ap-
paratus and the solar collector shall have the same
dimensions as the air inlet duet leading to the solar col-
lector,

Test Ducts

7.2.5 Temperature Difference Measurement Across
the Collector. It a thermopile is used to measure the dif-
ference between the outlet and the inlet temperatures,
the thermopile shall be made from calibrated ther-
mocouple wire taken from a single spool. Extension
wires to the recording device shall also be made from
that same spool. The wire diameter must be no larger
than 0.51 mm (24AWG) and the thermopile shall be
tabricated as shown in Fig. §. There shall be a minimum
ol six junctions in tive air inlet test duct and siX junctions
in the air outlet test duct. These junctions shall be
located at the centers of equal cross-sectional areas.

During all tests, the variation in temperature at a
given cross section of the air inlet and air outlet test
ducts shall be less than «0,5°C (=0.9F) at the location of
the temperature sensors. The variation shall be checked
prior 1o testing, utifizing instrumentation and pro-
cedures outined in Reterence 9. It the variation exceeds
the above limits, mixing devices shall be installed 1o
achicse this degree of temperature uniformity, Refer-
enve T discusses the positioning and performance of
several types of air mivers. The emperature sensors
should be located as near as possible to the inlet and
outlet of the solar collector. The air inlet and air outler
ducts shall be insulated in such a manner that the caleu-
Lated heat loss or gain o or from the ambient air would
not cause a temperature change for any test ol more
than 0.3°C (0.5F) between the flemperature measuring
locations and the collector.

12,6 Temperature Measurements.  Sensors  and
read-out devices meceting the accuracy requirements of
Section 6.2.2 shall be used 1o measure the temperature
at the locations in the air inlel and air outiet ducts
shown in Fig, 4. Reference 9 shonld be followed in mak-
ing these measurements,
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7.2.7 Duct Pressure  Measurements, The static
pressure drop across the solar collector shall be mei-
sured using a difTerential pressure measuring dJdevice as
shown in Figures 1-4 [12]. Each side of this device shall
be connected to lour externally manifolded pressure
taps on the air inlet and air outlet ducts as shown in Fig,
6. The pressure taps should consist of 6.4 mm (174 'in.)
nipples soldered to the duct and centered over | mm
(.04 in.) diamesgr holes. The edges of these holes on the
inside surfaces of the ducts should be free of burrs and
other surface irregularities [ 14],

7.2.8  Air Flow Measuring Apparatus, Where the air
flow rate is sufficiently large, it shall be measured with
the nozzle apparatus discussed in Section 7 of Reference
[2. As shown in Fig. 7 this apparatus consists basically
of a receiving chamber, a discharge chamber and an air
flow measuring nozzle. The distance from the center of
the nozzle to the side walls shall not be less than 1.5
times the nozzle throat diameter, and the diffusion baf-
fles shall be installed in the receiving chamber at least
1.5 nozzle throat diameters upstream ot the nozzle and
2.5 nozzle throat diameters downstream ot the nozzle.
The apparatus should be designed so that the nozzle can
be casily changed and the nozzie used on each test shall
be selected so that the throat velocity is between 15 m/s
(2960 tpm) and 35 m/s (6900 fpm). When nozzles are
constructed in accordance with Fig. 8 and installed in
accordance with this section of this standard, the
discharge coefficient may be assumed (o be as follows:

Reynolds Discharge
Number Coelticient
e Vge Coo o
20,000 .96
SO0 .97
1O UK 0.98
1 30,000 ).UN

0000 and above

().

If'the throat diameter of the noszle is 0.13 m(Sin.jor
larger, the discharge coefficient may be assumed (o be
0.99. For nozzles smaller than 0.05 m (2in.)and where a
more aceurate discharge coetficient than given above s
desired. the nozzle should be cilibrated. The area of the
nozzle shall be determined by measuring its diameter 1o
an-aceuracy of =0.2% in four places approximately 43
degrees apart around the nozzle in cach of two planes
through the nozzle throat, one at the outlet and the
otherin the straight section near the radius [12].

Where the nozzle apparatus is used, an exhaust tan
capable of providing the desired llow rates through the
solar collector shall be installed as shown in Figure 4.
The dry and wet bulb temperatures ot the air entering
the nozzie shall be measured in accordance with
Reference 9. The velocity of the air passing through the
nozzle shall be determined by cither measuring the
velocity head by means of a commercially available
pitot tube or by measuring the static pressure drop

13
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across the nozzle with a differential pressure measuring
device. I the fatter method is used, one end of the
device shall be connected to a static pressure tap located
flush with the inner wall of the discharge chamber, or
preferably, several taps in each chamber should be
manifolded to a single device,

Where the air tlow rate is sulticiently small so that a
nozsle constructed and installed in accordance with ihe
requirements above would have a throat diameter of
smaller than 0.025 m (1 in.), the above configuration
should not be used and the air ilow measuring ap-
paratus shown in Fig, 4 should consist of a calibrated
How clement where at least 10 pipe diameters of
upstream and downstream pipe section have been in-
cluded in the calibration.*

7.2.9  Air Leakage, Air leakage shall be minimized
by taping and sealing all joints. Extreme caution is need-
ed because small leakage rates can have significant ef-
fects ontest results,

7.2.10 0 Air-Reconditioning Apparatus. The recondi-
toning appatatus shall control the dry bulb temperature
ot the rransfer medium entering the soliar coliector to
within =1.0°C (= 1.8F) ol the desired test values at all
times during the tests. Its heating and cooling capacity
shall be selected so that the dry bulb temperatere of the
air entering the reconditioning apparatus may be raised
or lowered the required amount 1o meet the applicable
test conditions in Section. 8.

7.3 Indoor Testing With a Solar Simulator.

A solar simulator may be used in licw of outdoor
testing to determine the steady state thermal per-
formance of the solar collector under controlled condi-
tions of wind and ambient temperature. References 18,
6, 17 deseribe typical simulators used Tor testing collec-
tors. Solar simulators employed in the testing procedure
shall have the following characteristics.

7.3.1 Spectral  Qualities.  The  simulator  shall
duplicate the spectrum of average North American ir-
radiation as closely as possible. This average is best
represented by an air-mass 2 solar spectrum [15]. The
measared energy spectrum shall not deviate from the
ar-mass 2 ospectrum more than as specified in the
following table:

\ir Muss 2, Pereent Minvimum Beviation

Band

tam 0 of Enerpy iu_lrh_uAulr__~ ,,_;{_.«. of Simulstor
0304 27 15
0.d47 4.4 "
0.7-1.0 8.6 R
1 0. M3 oo

Chorsmall thow clements, the discuatee coelticents avcnated with sich clements var con-
sidetaniv feonn thone asaen afed with the Larger clements dn additson tor sonatl pape o duet
M2ES, e Lt od prpe ircumicrence o ppe e hegoimes Iarpe gnd the dhanacenstio ot the
MRt dos s tteam pipe sections afteat tie behavior of the clement isell

18

In addition, the caleulated solar absorptance, a, of
the spectrally selective surface deseribed in Reference 18
irradiated by the simulator shall not ditter more than |
pereent from the value measured under air-mass 2
sunlight,

Fhere shall not be a significant change in the
simulator’s energy spectrum: for variations in power
output, The caleulated solar absorprance of the above
specttied  selective surtace  [18] irradiated by the
simulator shall not change by more than 1% for 2
change in radiation flux from 0.45 10 0.75 ot one Solar
Constant.*

7.3.2 Uniformity. The departure from uniformity
of the illumination ol the solar simulator beam over the
test plane (the plane ol the collector aperture) shall be
such that the high and low irradiation values of the il-
fuminated plane shall not exceed =10% of the average
illunination.

7.3.3  Collimation. The collimation shall be such
that 93% of the energy output of the simulator is within
asubtended angle ol less than 12 deerees. A collimation
of greater than this is required for collectors with con-
centradon ratios greater than 2.1,

T.3.4  Air Flow Across the Collector. A fan shall be
provided to cause a substantially uniform air flow
across the collector surface. The fan shail be capable of
producing an air velocity of at least 3.5 m/see (7.6
mph).

1.3.5  Simulator—Collector Configuration Factor.
The collector conliguration factor** between the solar
simulator surtace and the solar collector shall not ex-
ceed 0.05,

8. TESTPROCEDURES AND COMPUTATIONS
8.1 General

Mhe thermal performance of the solar collector s
deiermined in part by obtaining values of instantancous
efficieney for a combination of values of incident
radiation, ambient  temperature,  and  inlet  Tuid
temperature, This requires experimentally: measuring
the rate ol incident solar radiation onto the solar collee-
toras well as the rate of enerey addition 1o the transter
fhuid as it passes throueh the collector, all under steady
state or qiksi-stzady state conditions, In addition, tests
are performed  to determine  the  time response
characteristics of the collecror as well as how ity steady
state thermal efficiency varies with the incideni angle
berween the direct beam and the collector.

8.2 Basic Performance Equations
8.2.1 Collector Thermal Efficiency. It has been

shown and discussed by o number of investigators {21,

N 5
R A R T E N R IR T TR TR NI

SeUoninuration Laaer, oadutan exchange Ldor of tadianen shape Lactor are detimed oy
most et transter teat books tor evample, Relerenee t9
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22, 23, 24] that the performance of a flat-plate solar col-
lector operating under steady state conditions can be
sticeesstully described by the following refationship:

m
_:L = l(ra), - U, (t, =)= o ully =1y (8.1)

A very similar equanon can be used 1o desceribe the
performance of concentrating collectors (24]. Equation
(8.1) becomes modified as follows:

qll

A, m
A = lynlre)ol - U, A i - ‘“)=§“ Callie=ty,)

(8.2)

To assist in obtaining detailed information about the
performance of flat-plate collectors and 1o preclude the
necessity for determining the average temperature of the
receiver surface, it has been convenient (o introduce a
parameter I, where:

I' actaal uselul energy collected by a fat-piate collector
o= mee T ‘ SLiotl -
wwetul enerey cotlecred it the entire Hat-plate collector

surface were at the inlet furd temperature

Introducing this factor into Equation (8.1 results in

4y M
—— =F_ ]I .-~ U - == (L, -l
A, k (1 (1a), v, =ty A, Calli o —Lyy) ©.3)

I the solar cotlector efficiency is defined as

actutl useful enerey collected

(8.3a)

n, = ] .
solar energy inedens upon or

inteteepted by the collector

then the efficiency of the flat-plate collector is ziven by:

ne=(A P AEF, [(.m)‘ -y, 9_'4'1—_[1_)] = m_"x%l_’clu) (8.4)

' A,

Equation (8.4) indicates that if he efficiency n, is plot-
ted against (t, =t,)/1,, a straight line will result where
the slope is equal 1o (A/ANDF U, and the v intereept is
equal to (A, ANF (ta),. In reality, Uy is not a con-
stant but rather a function of the temperaiure of the
collector and of the ambient weather conditions. In
addition, the product (ta), varies with the incident angle
between the solar beam and 1he collector,

The procedures outlined in this document have been
developed inan attempt to control the test conditions so
that a well defined efficiency curve can be obtained
with a minimum ol scatter.

Figure 9 shows 1ypical test results taken  from
Reference 25 for o double-glazed rla-plate collector
using air as the transter fluid. The tests, which included
twoair flow rates, were conducted outdoors. The higher
etficiences were obtained with an air flow rate of 0.015
mY(s-m?) (3.0 ctms 1) and the lower efTiciencies were
obtained with an air flow rate of 0.01 m'/(s-m?) (2
ez 1),

Figure 10 was taken from Reference 26 and is for a
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Mat-plate collector tested with a solar simulator using
water as the transter fluid,

An example of an owtdoor test for a water-heating
at-plate colicctor under quasi-steady state conditions is
givenin Fig. 11]7].

Although’ a straight-line representation of the effi-
ciency curve will suffice for many flat-plate solar collec-
tors, some flat-plate collectors and most concentrating
collectors require the use of a higher-order-fit, i.e., a
second order polynominal, due to variation of U, with
receiver temperature,

8.2.2 Collector Time Constant, [t iy necessary (o
determine the time response ot the solar collector in
order to be able to evaluate the transient behavior of the
collector, and to seleet the proper time intervals for the
quasi-steady state or steady state efficiency tests.

Whenever transient conditions exist, the equalities
defined by Equations (8.1), (8.2) and (8.3) do not
govern the thermal performance of the collector since
part of the solar energy absorbed is used for heating up
the collector and iy components.

The governing equation for the transient behavior of
asolur collector is:

Codh,

- . mc,,
A.‘ dT = .RII(TO)U_l‘RU! “l,l—(.I) - KJ_(t!.c_[l,l)

a (8.5)
[ ¢a) the solar radiation [,, orinlet fluid temperature G,
or both I, and t,, are suddenly changed and held con-
stant, and it (b) (re),, U,, t,o fiand ¢, can be con-
sidered constant for the transient period, and if (¢) the
rate of change of the transter Tuid exit temperature with
time s related 1o the rate of change of transter fluid
dverage temperature with time by:

dt, _odu (8.6)
dT dT
where from Reference 29,
, me, F?
K= — —1] (8.7)

- FiU A, I Fy

and where

oo actual usetul enerey collected by (lat-plate collector

uselulenergy collected 1 the enpire flat-plate
collector surface were at the
averaee Hud temperature

then Equation (8.35) can be solved 1o give the exit
temperature of the transter fluid as a tunction of time:

-mrp KLyt
(8.8)

Feltra), -F, U, {4, —t)=time, /A Jea =t
FK ll(Ta)c—FK UI.“l.i_(n )—(lhc[\’/A.l)“!.r.lmlml—ll.u)

=¢

The guantity KC /1y ¢, is known as the time con-
stant and is the time required for the quantity of the
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Tests conducted inside using a solar simulator

1.22 mby 1.22 m liquid-heating collector

insulation unspecified

aluminum absorber, black-nickel selective coating, o = 0.95

80 — m = 0.0136 kg/(s-m?)
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Collector Efficiency, %
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Fig. 10 Thermal Efficiency Curve for a Double-Glazed Flat-Plate l.iquid-lleuling
Solar Collector with a Selective Coating on the Absorber| 26}
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left side of Equation {8.8) to change from 1.0 (0 0.368,
where 0.368=1/e,

8.2.3 Collector Incident Angle Modifier. The «ffec-
tive transmittance-absorptance fuctor (ta), can be
replaced in the general equations (2.1), (8.2), (8.3) and
(8.4) by the value at normal incidence, (ta),,, provided
another factor called the incident angle modifier K,, is
introduced (27]. Equation (8.4) then becomes:

- th
M = (AJ/AI) FR[Kav(Ta)e.n - UI. ('h‘lTl_a)] = ﬁ“nc_hd)
! 1 (8.9)

It can be shown that for a wide variety of solar
cellecturs, (ra), should vary with incident angle ac-
vording to the general expression:

) b

(ta),=a - ——

8.10
cos 8 ( )

Examples of this tvpe of variation are shown in Fig. 12
for three different flat-plate collectors [28]. Comparing
Equations (8.9) and (8.10)

(8.11)

K, (ta}, ,=a~ “osf

Solving the equation for K,, and recognizing that

(ta). ,=a~b:

|
1= 2 (=

=}- 8.12
er a~b cosh ( )

K

In terms of one constant, the incident angle modificr
K, is:

ar

K (8.13)

|
==by(—— -1
1=but cos8 )

at

Figure 13 shows the variation of K,, with incident angle
for the three solar collectors of Figure 12. Figure 14
shows plots for K,, as a function of ((1/¢cos8)~1),
verifying the applicability of the general form of
cquation (8.13). Reference [29] shows that equation
(8.13) has aiso been found valid for an evacuated
tubular collector.

The significance of the incident angle modifier to the
test procedures outlined herein is that the thermal ef-
ficiency values are determined for the collector at or
near normal incidence conditions. _'IJhercI'ore, the y
intercept of  the  efficiency  curve s equal to
(A/A) Fytta),,. A separate test is conducted to
determine the value of K, so that the performance of
the collector can be predicted under a wide range of
conditions and/or time of day using Equation (8.9).

It is recognized that some collector designs may
require tests at two differenc incident angles to account
for non- symmetrical response to irradiaiion as solar
aszimuth and altitude vary throughout the day.

24

8.3 TESTING PROCEDURE

The first performance test to be conducted on the
solar collector is the deiermination of its time constant.
The method for conducting this test is explained in Sec-
tion 8.3.1. After this is completed, a series of thermal
efficiency tests is conducted as explained in Section
8.3.2. Finally, the value of the collector incident angle
modifier is determined as a function of incident angle in
accordance with Section 8.3.3. The incident angle modi-
fier test is not required for those flat-plate collectors for
which the angular response characteristics are known:
included in this category are single- and multiple-cov-
cred flat-plate collectors without refiectors, honey-
combs, convection baffles, selective surfaces with direc-
tional characteristics, ete.

8.3.1 Experimentai Determination of the Collector
Time Constant. The testing of the solar collector to
determine its time constant can be done by one of two
methods.

Method (1) The inlet temperature of the transfer
fluid, t,,, is adjusted as closely as possible (preferably
within £ 1°C(£ 1.8 F)) to the ambient temperature
while circulating the transfer tluid through the collector
at the tlow rate specified in Section 8.3.2 and maintain-
ing steady state or quasi- steady state conditions with an
incident solar flux of greater than 790 W,/m:? (250
Btu/(hr-f12)). The incident solar energy is then abruptly
reduced to zero by cither shielding the collector from the
sun or shutting off the solar simulator. The former may
be accomplished most appropriately by turning the col-
lector to the North (on a movable mount) and/or shad-
ing with a white, opague cover. The cover should be
suspended of T the surface of the collector so that ambi-
ent air is allowed to pass over the collector as prior to
the beginning of the transient test, The temperatures of
the transfer luid at the inlet, 4., and outiet, t,, are
continuously monitored as a function of time untjl:

_(.l&_r_—lf-_'q) 30

U eanmat U,

Method (2) The collector is shielded from the sun us
specified above, or tested at night, or tested indoors
without the use of a solar simulator. The inlet tempera-
ture of the transter fluid is maintained at 30°C (54F)
above the ambient temperature, while circulating the
transfer fluid through the collector at the flow rate spec-
ified in Scction 8.3.2, for a period of time sufficient to
establish a constant outlet temperature, t .. After equi-
librium is ~eached, the inlet temperature, t,,, is abruptly
reduced as near as possible to within £ 1°C ( 1.8F) of
the ambient temperature. The temperature ¢ the
transfer fluid at the inlet, t,, and outlet s dre continu-
ously monitored as a function of time until:

berZhu 0,30

ll.c.nmul ""v.s
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For cither methiod the actual time constant is thetime T
required for the quantity (e =) =1 ) 1O
change from 1.0 10 0. 368,

8.3.2 Experimental Determination of (he Colleetor
Thermal Efficiency. The testing of' the solar collector to
determine its thermal efficieney shall be conducted in
such @ way that a governing efficiency curve for near
normal incidence is determined for the collector under
test conditions described in Sections S. and 8. At least
four dilferent values of inlet fluid temperature shall be
used to obtain the values of At/I. An acceprable
distribution of inlet temperatures for flat-plate collec-
tors is to set the at at 10, 30, 50 and 70%, of the stagna-
ton temperature rise obtained at the given conditions of
solar intensity and ambient air temperalure,

At least Tour data points shall be taken for cach
value of t, 5 two during the time period preceding solar
noon and two in the period following solar noon, the
specilic periods being chosen so that the data points
represent times symmetrical to solar noon. This larter
requirement is made o that any transient efteets that
may be present will not bias the test results when they
are used for design purposes. The requirement for ob-
taming data points equally divided between morning
and atternoen is not mandatory when testing with an
altwsinmuth mount. Al test data shall be reported in ad-
dition to the tited curve (see Section 9) so that any dJif-
ference in etficieney  due solely 1o the  operatng
temperature lesel of the collector can be discerned in the
test report. The curve shall be established by data
points that represent elficieney values determined by
mtegrating the data over a time period equal to the time
constant, determined in accordance with Sections N1
and S or S mimes, whichever s targei. The in-
teerited value of incdent solir ciergy will be divided in-
to the mireerated value ol enerey obtiined from the col-
lector to abtain the etticieney salue For that test period.,

When an indoor solar simulator is emploved and true
steady-state conditions can be obrained, (he time in-
terval specitied above is not applicable. In this cise,
datit may be considered as steady state when the collee-
tor outlet temperiature does not chanue (within the limins
of measurement) ina tive minute tine pertod. Instan-
tancous data may then be used 1o determine instan-
Lineous ettficiency,

I normal-incidence altazimuth mount is used for
the tests outside, the time intersal specilied above may
be reduced to five minutes or 12 the time constant of
the collector, whicheser 1s lareer,

In conducting the tests outside, care should be taken
to ensure that the incident solar radiation is steady tor
cach time interval during which an elficiency value is
calculated, Either electronie integrators or contintous
pen strip chart recorders may be used 10 determine the
integrated values of incident solar radiation and tem-
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perature rise across the collector, However, a strip chart
recorder with a recommended chart speed of 30 cmishr
(12 in./hr) or greater must alw ays be used 1o monitor
the output of the pvranometer to ensure that the in-
cident radiation has remained steady during the test
period, Fig\}rcs 15 and 16 show strip chart recordings of
incident solar radiation on 2 horizcontal  surface.
Whereas the conditions of Fig. 15 would be perfectly
aceeptable for obtaining efficiency values, those of Fig,
16 would not b *

The surface of the collector cover plate (if present) as
well as exposed envelopes of the pyranometer(s) and
pyrheliometer (if used) should be wiped clean and dry
prior to the tests. If local pollution or dust has formed a
deposit on the transparent surfaces, the wiping should
be carried out very gently, preferabiy after blowing off
most of the loose material or after wetting it a little, in
order to prevent scratching of the surtace. This is
particularly important for the solar radiation measuring
instruments since such abrasive action can appreciably
alter the original transmission properties of the
closing envelope.

The pyranometer(s) shall be checked prior (o testing
to see if there is any accumulation of water vapor en-
closed  within  the cover. The use of wet
pyranometers (where moisture s visible) shall not be
allowed,

en-

elass

In order to obtain sufficiently good steady state or
quasi-steady state conditions for the solar collection
process, the transter uid should be cireulated through
the collector at the appropriate inlet temperature level
until the remperature has remained constant tor 13
minutes prior 1o the period in which data will be taken
to caleulare the efficiencey values.

When using anindoor ~simukutor, the folfowing
startine procedure has been tound sitisfictory, The
trannster Huid s arreulared through the collector at the
mlet temperature chosen for the test. After equilibrium
is established for the chosen inlet temperature, the
simulator is turned on and the desired radiane fluy
obtiined by adjusting the Kump voltage, A cheek should
be made to ensure that the low rate of the transter ruid
does not vy by more than 17 and that the incident
radiation is steady as deseribed abose,

Fhe flow rate of transter fluid throueh the collector
shall be standardized at one value for all data points.
Fhe recommended value of tlow rage per unit area
transparent frontal or aperture) for tests are 0,02
Mot m) (107 b (e 119)) when liquid is the
rranster Hod and 0,01 ' (v - md) (2 efm 1% of
standard air when the tansfer uid s air. For air
heaters, efticieney is much more i function of fow rate
than with collectors using a liquid as the transter Muid

‘e 0 .
TONE e SRPST at TE s at ies o une Jutine the test petiod b as gt 12 1S m b |
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and a sccond test sequence using 0.03 m'/(s - m?) (6
cim/AE) is recommended. 1t is recognized that in some
cases the collector will have been designed for a flow
rate much ditferent than specitied above, In such cases
the design flow rate should be used.

In order to determine and report the fraction ol the
incident solar radiation which is diffuse for cach cof-
ficiency value, the use of both a pyrheliomerer and
pyranometer is preferred (it is required tor those
collectors that do not aceept diffuse radiation), In the
absence of a normal incidence pyrheliometer, two
pyranometers may be used, one of which uses a shading
band (8], or only a single pyranometer may be used.
When only a single pyranometer is used, its sensing
clement shall be shaded from the direct beam of sun just
prior to and just lollowing each testing period and the
value of the incident diftuse radiation determined. This
shall be accomplished by using a small disk attached to a
slender rod  held in a direet Jine between  the
pyranometer and the sun. The disk should be just large
cnough 1o shade the sensing element alone. As an
example in Ret. 4, this is accomplished by a dish 100
mm in diameter and held at a distance of one meter
from the sensing element of the pyranometer,

Fhe steady wind velocity across the collector as
measured per paragraph S.1.7 and Section 6.8 shall be
less than 4.5 mes (10 mph),

8.3.3 Experimental Determination of Collector In-
cident Angle Modifier for Stationary Collectors, The
testing of the solar collector 1o determine its incident
angle modifier can be done by one ot two methods,

Method (1} This method s applicable for testing
indoors using a solar simulator, or outdoors using a
mosable test rack so that the onentation ol the collector
can be wbitrarily adjusted with respect to the direction
of the incident solar radiation. Four separate etficieney
values are determined in general accordance with the
method desceribed in Section 8.3.2. For cach data point,
the inlet temperature of the transfer fluid is controlled
as closely as possible (preferably within = 1°C (=1.81))
to the mbient air temperature. The collector is oriented
so that the average inerdent angles between it and the
dircet solar radiation for the four test conditions are
respectively, approsimately 0, 30, 45 and 60 devrees,
The foregoing values are appropriate for conventional
Hat-plate collectors, At feast one angle should be ereater
than the acceptance angle, tor coneentrating collectors,

Method (2) This method s up;)lic';{blc for testing
outside using a permanent test rack where the collector
orientation cannot be arbitrarily adjusted with respect
to the direction of the incident solur radidtion except
for adjustments in til). Siy sepirate etficiency values
are determined in general accordance with the method
deseribed in Section 8.3.2. For cach data point, the inlet
temperature of the transfer fluid s controlled, it
possible, to within £1°C (+ L.8E) of the ambicnt air

30

temperature. The efficiency values are determined in
three pairs, where each pair includes a value of efficien-
cy early in the day and a second value late in the day,
Theaverage incident angle between the collector and the
solar heam for both data points is the same. The ef-
ficieney of the collector for the specilic incident angle
shall be considered equal 1o the aserage of the wo
vidlues. As with Method {1}, data should be collected for
average incident angles of approximately 0, 30, 45 and
60 deerees.,
8.4 Compuiation of Colleetor Time Constant
According to the definition of time constant given in
Section 8.2.2, it is the time required tor the left-hand
side of equation (8.8) to equal 0.368. Repurdless of
which experimental method in Section 8.3.1 is used, the
incident solar radiation is equal to ¢ero and the inlet
Muid temperature is held sutficiently close 1o the am-
bient air temperature so that (t,, = t,)= 0. Theretore,
by monitoring the entering and exit tluid temperatures
as a tunction of time, the time constant is the tine
required for:

= ().368 (8.14)

[l.l

ll.\.llllll.l|

[ the inlet fluid temperature cannot he controlled 1o
cqual the ambieat air temperature  within - +1°C
{(=1.8F), wn estimate of the (A AU product
should be made tor the collector for the conditions of
the test and the time constant caleulated as the time
required for:

. i,
("\l‘/"\u)l.kul ((l,- - l.l) + -\E‘ (t’.t‘.l - [l.u)
A
: = (), 168
(l! comtai l'.x)

(3.15)

(A, AR U, - +

xiE,,
AT
8.5 Computation of Collector Thermal Etticiency

FFor the test interval Tor each efliciencey data point, the
¢llicieney valueis caleulated using the equation:

I
m (',,fl W, =0 T
!

e
A rar

!

(8.16)

Fhe quantities 1 and ¢, have been tahen our of the
integrition in the numerator since they remiain essen-
tally constant during the test. Note that the collector
areatused for tire caleulition is not the absorbing surfuce
areas bur rather the gross collector area. For those
collectors thar do ot aceept diftuse radiaton, the
computition should be done twice; onee where | i the
denominator of equation (8.16) is (he total radianon, 1,
and onee where it s only the direet component, Iy, For
tTar-plate collectors, 1, shall be used.

A least sivteen data points shall be abtained tor the
establishment of the etficiency curve and an equation
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tor the curve shall be obrained using the standard
technique of a least-squares fit.* In most cases, a lincar
or second order fit will suffice. The curve shall not be
extrapolated bevond the Himits of data.,
8.6 Computation  of  Collector Incident
Mauodifier

Regardless of which experimental method in Section
8.3.3 is used, three different values of the thermal ef-
ficieney  of  the  collector  shall be determined
corresponding to three different values of incident
angle. Since the inlet Muid temperature is held suf-
ficiently close to the ambient air temperature so tha
(ty, = 1,) =0, the relationship berween K,, and the
efficiency, according to cquation (8.9), is:

Angle

. n
= —_—Tr1k 8.17
}\ar (An/"\R)FR(“’) ( )

c.n

Since (A/A)F(re),, will have alrcady been ob-
tained as the Y-axis intercept of the efficiency curve
determined in accordance with Sections 8.3.2 and 8.5,
three different values of K,. can be computed tor the
different incident angles using equation (8.17). The
vitlue of b, may be determined using equation (8.13)
and the standard technique of a least-squares fit 1o a
first-order polynomial. Other methods ol correlation
may be used to describe an cquation for the incident
angle modifier,

I the nlet Muid temperature eannot he controlled 1o
cqual  the ambient  air temperature  within +1°C
(=1.8F), an estimate of the (A/ADF U product
should be made for the collector for the conditions of
the test and cach value of K,, computed as:

: (8.18)
('\ v "\\'”‘R (TD )\nn

For those collectors  which  can aceept  diliuse
radiadion, | in equation (8.18) should be the ol
irradiation, 15 for those collectors which cannot accept
diffuse radiation, 1,, should be used.

Alternacely, cach data point can be plotted on the
same plot with the ellicieney curve determined in ac-
with Seetion 8.3.2 and 8.5 and 2 curve
drawn through cach poim parallel 1o the efficiency
curve and made to intersect the y axis. The values of
the yintereept are the etliciency values that would haye
resulted had the inlet fuid temperature been controled
to equal the ambient air temperature. Therelore, these
values can be used in conjunction with cquation (8.17)
to compute the dilfereni values ot K -

cordance

8.7 Computation ol Air Flow Rate
The air Now rare through the nozsle is caleulared by

*One should comalt sy standard fext discting anatvwy ol experimeiiat Jata tor g
Prosentanion ol thi techingue te g, Rety, Whand "
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the following equations:

Qui = LA C A (pov) (8.19)
Va = 10D 104 p (1 + W) (8.20)
The air Now’rate of standard air is then:
Q. =Q,/(1.2v") (8.21)
8.8 (.‘ompululri:m of Nozzle Reynolds Number
The Reynolds number is calculated as follows:
Nge = 1,V.D, (8.22)

The temperature factor £, is as follows Tor air:

Temperature

S S L UL
-6,7 20 7R2TS
+34 40 t2078
+18.0 ni) 6h7428
+6.7 Kl 6277S
+17.8 100 INi2S
+d489 120 S5028
+6i).0 P40 $1Y2s
+71.1 160 ANN2S

8.9 Computation of Theoretical Power Requirements

In order to caleulare the theoretical power required Lo
move the transter fuid through the solar collector. the
following equation shall be used:

Pu=m- Ap‘w (8.23)

9. DATATOBERECORDED AND TEST REPORT
9.1 Test Data

Table 1 ists the measurements which are to be made
at the beginning of the testing day and during the in-
dividual tests to obtain an elficiencey data point,

9.2 Teu Report

Fable 2 specifies the data and imlorniation that shall
be reported in testing the solar collector,
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ABSTRACT

The countries in the Caribbean region,
all of which are petroleum importers, receive
high annual insolation, especially on their
coastal zones. Therefore, solar energy 1is an
attractive alternative energy source. Due to
the lack of widespread computer availability
and expertise in simulation techniques, the
Caribbean region has a need for simplified
solar system design methods. Most of the pop-
ular methods for simplified design, such as

f-Chart and GFL, have been developed for space-’

heating applications in temperate and cold
regions. JTn the Caribbean region, however,
solar energy is applied for domestic and com-
mercial water heating and for air heating for
crop drying purposes.

In this study, conducted at the Center
for Energy and Environment Research (CEER) in
Puerto Rico, simplified 'design methods are
developed specifically for domestic and com-
mercial water heating and for air heating
avolications for crop-drying in tropical re-
gions. Constants are established and verified
by detailed simulation pregrams previously
carried out by CEER recsearchers and by modified
f-Chart comparison for three metropolitan
locations in Puerto Rico (San Juan, Pence,
Mayaguez). Based on the solar data for each
of these locations, three Systems are modeled:
a solar water-heating system, (1) with and
(2) without a load heat exchanger, and (3) an.
air-based system. For the bepnefit of technology-
transfer programs in the ragion, the entire
algorithm to establish the constants has been
programned on a micro-computer. Nomographs,
designated as PASO charts, were developed
trom this. Their use is equivalent to utiliz-
ation of a single step tool for solar system
design for tropical climates for the typical
systems in these zones,

A. INTRODUCTION

The prediction of the amount of electric
energy and/or fuel oil which can be offset by
the solar system is of prime importance in a
solar system design. This information is
required in the initial planning stages of a
domestic or an industrial deve lopment or when
a retrofit of an existing facility to solar -
is being considered. This information is
also useful to government planners for making
long-term economi¢ forecasts and energy plans.
These forecasts are of particular {mportance
to Puerto Rico and to the nations of the
Caribbean because most of them import their

entire energy supply in the form of petroleum,
On the other hand, thé Caribbean region
receives abundant sunshine throughout the
Year, and solar energy is an attractive
alternative energy source.

Although many studies have been done on
questions of solar design, most of the work
has been devoted to studies of space heating
applications in cold climates. 1In Puerto
Rico, however, there are no space heating
requirements. The requirements that do exist
which can be answered in the short term by
solar energy are for hot water heating for
domestic and industrial use, and for air
heating for industrial and agricultural use,
and for air heating for industrial and agri-
cultural applications such as crop drying.

In Puerto Rico and the Caribbean and in trop-
ical regions other than on mainland USA, a
need exists for simplified design methods
which do not require large, expensive comput-
ers and accompanying expertise for analysis
and design. .

One of the first approaches to simpli-
fied design is the well-known method devel-
oped by Klein et al (1) that has become known
as the f-Chart method.*

This original f-Chart method, howaver,
was based on space heating models which are
not appropriate to tropical regions. Modest
and Soderstrom (3) later designed detailed
simulation models for solar hot water systems
in tropical climates. These detailed simu-
lations showed that the f-Chart method, with
some modifications, could be extended to
these applications within certain ranges of
design values. The £-Chart, though, tended
to over-estimate the solar contribution for
larger systems by as much as ten percent.

: The reasons for these errors are two-
fold. First, the Space-heating problem has
certain characteristics which are different
from the water-heating problem, such as load
profile. Secondly, the original f-Chart was
inflexible in that certain critical parameters

'The §-Chart method wite provide the percent-
age of Lthe total monthly enengy load which
can be supplied by solan eneragy, hnown as the
f-value, as a function 0f centain desdiqn
paramelens and weathen data. This much-used
melnod was basded on a statisticat cornelation
0f a large number 0§ Aaunas of TRNSYS (2), a
detailed computen simulation model.
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such as desired water temperature and storage
volume could not be varied from their nominal
assigned values or extended outside of a short
range of ‘values. WNevertheless, this study
showed that the f-Chart method could be used
with precautions as a general gquide to water
heating designs in tropical climates.

An expanded version of the f-Chart
method was later developed by Beckman et al
{4). In this extension of the original f-
Chart, a design method was provided for hot
water heating only. Correction factors vere
provided which allowed for changes in certain
design parameters such as storage mass,
required water temperature, air flow rate in
air-based collectors and heat exchanger effi-
ciencies. This improved method, however,
reintroduced some of the computational diffi-
culty which the originai method was attempt-
ing to reduce. Lameirc and Bendt (5) have
estimated that a complete set of calculations
for this method done on a hand calculator
could take as long as four hours. Although
the method is available for programmable hand
calculators or computers, it is not of great
use In the Caribbean which is below the lati-
tude for which the software was developed.

In addition, computer use is not widespread
in this region.

Lameiro (5) provided a breakthrouga in
computational simplicity in solar desigyn when
he discovered a simple second order exponen-
tial fit to the f-Chart values. This method,
known as the GFL method, allows calculations
by hand of f-values in about five minutes
With accuracies of under two percent when
compared with the f-Chart. Unfortunately,
the GFL method, which is site specific, was
also based on spaceheating requirements and
did not address tropical regions.

. In this investigation, a method based on
the simplicity of the second order exponential
fit and correlated with the expanded version
of f-Chart, with appropriate modifications,
is developed for tropical regions. The
resulting parameters are then used in the con-
struction of simple nomographs, herein named
PASO Charts. These PASO Charts provide a
simple design tool for various systems and
locations.

B. TECHNICAL DISCUSSION

The principles of solar engineering are
well documented in recently published texts
in thic field. The books by Duffie and Beck-
man (6), Kreider and Kreith (7), and Lunde (8)
among others, contain detailed engineering and
mathematical analyses of the principal compo-
nents of solar energy systems. In actual sys-
tems such components as the collectors, stor-
age tanks, heat exchangers, and associated
valves and tubing intereact with each other
and with the environment in complex ways.
The exact solution to the coupled integro-
differential equations which describe such a
System is not easily found. To make matters
more difficult, the forcing functions are not
deterministic, but rather are random processes
which describe the insolation and other
weather data. Although the investigation of
these equaticns remains an interesting

theoretical problem, the need of the Hesigner
is for sound approximations which can be used
to design actual systems.

Due to the problems just mentioned, a
commonly used approach to solar systems analy-
sis is computer simulation. With this method,
a specific design with all of its subcompo-
nents, can be modeled in the computer. Actual
insolation and weather data measured at fixed
time intérvals (usually hourly) is then fed
to the computer. The computer simulation pro-
gram will model the thermal and other physical
interactions between the various components
at discreteftime intervals and arrive at
approximate system cperation vprofiles which
can be used for extensive analysis and for
the design of an optimal system.

The degree of approximation to an actual
system can be quite high, depending on the
amount of detail which is introduced. The
TRNSYS simulation program developed at the
University of Wisconsin-Madison by Klein
et al (2) in 1973 is one of the best-known
solar simulation programs. In addition to
the large data processing capacities required
for a detailed simulation program, a problem
inherent in these types of programs is that
any change in a design parameter requires a
rerunning of the entire simulatiomn. This is
very cecstly and out of the question from a
design viewpoint for all but the most expen-
sive solar applications.

The f-~Chart method was developed from .
many runs of TRNSYS in which design parame-
ters were varied and statistical correlation
equations were obtained. A detailed discus-
sion of this method is found in Beckman (4).
The following is a summary of the.governing
equations involved in this method.

1. Hot Water Systems

For hot-water systems, the f-Chart
correlation equation is:

£ =1.029 Y - 0.065 X - 0.245 y?
+ 0.0018 X? + 0.0215 y°, {1}

vhere X and Y are dimensionless quantities
given by

X = FRA Up (11.6 + 1.18 T
(o]
+ 3.86 T, - 2.32 T} at/L {2}
and
Y = FRA S (=) /L, {3}

valid for 0 Y < 3.0 and 0 < X < 18.0.

The parameters in these equations
are defined as follows:

f = solar fraction (percent of
monthly load which can be sup-
plied by solar energy)

F. = collector heat removal factor
(dimensionless)



FZ = collector - heat exchanger
effiiciency factor (dimensionless)

A = collector area (M?)

UL = collector overall energy loss
ccefficient (W/M%°(C)

TO = desired water temperature (°C)

Ti = water main temperature (°C)

T, = monthly, average ambient

a temperature (°C)
At = one-month period, in seconds

T= = Average value of the collector
transmittance - absorbance pro-
duct. This can be taken as .93
(ta) for mosi: flat plate
collectors.

-8 = average total monthly insolation
in the plane of the collector
(Ga/M?)

Correction factors are provided for
storage capacity and load heat exchanger siz-
ing as follows:

.2

Storage correction: S,(4)

(VS/75)

where V_ is the storage volume per unit area
of colldctor {lit (H20) /M*} and is valid for
37.5 < Vg < 300n. The storage correction fac-
tor multiplies the X variables.

Load heat exchanger correction:

0.39 + 0.65 exp. (-139/)), {5}
where A = CL(Cmﬂ1/QL)
and €, = load heat exchanger effectiveness.

Cmin = minimum fluid capacitance
rate (mCD) min in units of
(W/°C) wh@re m is the flow
rate and C, the specific heat
of the liguid.

QL = heat load expressed in units
consistent with C SO as to
make A dimensionl®&8 ((w/°c)
in this case}. The load heat
exchanger correction factor
multiplies the Y variable.

2, Air Systems

For air systems, the correlation
equation is

£ =1.040 ¥ - ,065 X - .159 y?

+.00187 x* - ,0095 y’ , {6}
with X now defined as
X = FR AU, (100 - T ) bt/L, {7}

valid for

0 <Y <3.0,0c¢x < 18.0.

Corrections are provided for pebble

bed storage mass and collector air flow rate
as follows:

Storage correction: (.25/v5)°3, (8}

where V, is the Storage volume per unit area
of colléctor M'/M? and is valid for

0.125 < v_ < 1.0.

k. .
Alr flow rate correction:

(M/10.1)'28, {9}

where M is air flow rate per unit area of
collector (lit/sec)/M? and is valid for
5 <M< 20.

3. Modifications
—Dfiilcations

Several modifications are required
for tropical applications. First, for freez-
ing conditions, a collector heat exchanger is
uised quite often. This is unnecessary for
the tropics since freezing conditions never
exist at any time of the vear. Therefore,

F, was set to one. Second, there is a dif-
ference between a closed-loop space heating
system in which the major losses are through
the walls of the building, and an open-loop
water heating system in which the water is
heated, used in a process, and discharged
outside the building. Therefore, in system
designs ,where a load heat exchanger is used,
the value of C . /Q. is set to one and 1\ is
therefore set QéﬁalLto €.. This has the
expected effect of lowerEng the f-value by as
much as 10%. Third, as discussed in Modest
and Soderstrom (3), the expected storage tank
losses should be added to the load. 1In space
heating applications where the storage tank
is located inside the building, tank losses
are considered to be not true losses, since
they aid in heating the air. 1In tropical
situations, however, the tank is usually
located outside the structure so that

L = Lload * LLosses {10}
where LLosses =_(UA)tank {11}
(Ttank = 'ra) At

is a good approximation. This can beo compen-
sated for in the GFL method at the load cal-
culation stage, as discussed later.

4. The GFL Mathod

This discussion follows Lameiro (5)
with appropriate tropical modifications. The
purpose of the GFL method is to find an expo-
nential fit to the f-values for a given
design. As the collector area is increased,
the f-values will increase in an approxi-
mately proportional manner. However, as larger
collector areas are used, the rate of growth
of the f-values slows down. There are two
reasons for this. First, large collector
areas may collect excess energy during high
insolation periods, causing "boll-off"
effects in the tank. Secondly, regardless of
the size of the collector area, there remains
the probability of 4 cloudy period of
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sufficient length to make the soclar system
supply less than the required energy. The
first reason is of more importance in trop-
ical regions than is the second because inso-
lation values are much less variable than in
colder regions. Therefore, there is not as
nuch of a dampening effect at high f-values.
This is borne out in the exponential curve
fits found for the locations in Puerto Rico.

The best fit found by Lameiro (5)
was a second order exponential function:

f = l-exp (-RA - sSa?) {12}

Typical errors in the use of this
formula were #2% for 0.0 < f < .9 and 2z 1.5%
for 0.4 < f < .8. R and § are mathematically
derived constants found by forcing the expo-
nential to pass through f = .5 and f = 75,
Any two such f-values may be used, however,
in this formulation the system design para-
meters are related to f through k and S. A
change in a design parameter would cauvse a
change in R and S. This formulation is not
useful due to the large number of constants
required to describe different systems at
different locations. A more efficient formu-
lation was found to be

£f=1-exp (~RY -5 v?) {13}

where Y = FR
In this formulation R and S are, to
a high degree of approximation, functions of
U, /t= only. Furthermore, the variation of R
akd S with UL/ru is very nearly quadratic.

(1=) A/L

The actual variables used in the GFL :

method, the same used in this investigation,
are:

. =['FR1a [52 A ' (14)

R = A+ BX + Cx? {15}

S = D + EX + Fx? {16}
where

X = (U /ta) - 8 {17}

L and (F_T=) are reference values
to which tRe user gan Sefault 1f he does not
wish to consider values other than those used
in this analysis. a through F are constants
which are found by performing a multiple
linear regression of R and § against values
of X.

C. RESULTS

The aforementioned procedure, adaptued to
tropical climates, was used to establish the
constants A through F in Equations 15 ang 16
for three different system designs. These
three designs are shown schematically in
Appenfix A. System 1 is a water heating sys-
tem for non-potable water, suitable as a pre-
heater for domestic and commercial loads such

as floor-washing and clothes-washing. Syster
2 is similar to system 1 except that a heat
exchanger is used. This system can thus pro
vide potable water for domestic and commerci:
loads such as dish-washing and food process--
ing. System 3 is an air-basad system with
pebble storage. Such a system can provide
pre-heating of air which can be flown througt
drums for crop-drying and similar applica-
tions. ‘ For each of these designs, a set of
constants was established for the following
locations in Prerto Rico:

*san Juan (North Coast)
Ponce (South Coast;
Mayaguez (West Coast)

In establishing these constants, a mul-
tiple linear regression technigue was used.
For liquid-based systems, the coefficient of
multiple correlation was typically .9Y which
signifies a nearly perfect degree of fit.
For air-based systems, this dropped to .77.
This drop is due to the smaller ranges of U
and T« values found in air collectors which
allow for a larger variation in the regres-
sion coefficients. Because of the more con-
sistent climate conditions in the tropics,
the accuracies of this method against f-Cha.t
were even higher than those reported by
Lameiro for mainland United States cities.
Typical accuracies were under 1% for f-values
between 0.2 and 0.75, and 2% for f-values
under 0.9. A correlation chart of the two
method is found in Figure 1.
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The constants A through F used in gqua-
tions 15 and 16, are listad in Appendix 3.
The differsnces in climatic regions in Puerto
Rico are borne out in these constants with
San Juan and Mayaguez appearing fairly simi~
lar and Ponce, in a much drier region, some-
what different.

The insolation data used to develop
these constants was tta data base maintained
at CEER. This includea feour years of data
for San Juan and Ponce, and six years of data
for Mayaquez. The insolation data was trans-
formed from a herizontal surface to a surrface
tilted at latitude, which was taken as 18°
for: Puerto Rico. The conversion method used
was the well-known Liu-Jordan method in which
the insolation is first broken up into beam
and diffuse components. A discussion of this
method is found in Liu (9). Modest and
Soderstrom (3) discuss some sensitivity ques-
tions concerning this methodology in tropical
regions.

Calculation of the Solar Fraction

The steps to be followed in using this
analytical method are similar to those of the
GFL method and are as follows:

1. From the collector efficiency curve,
specify the collector parameters:

FRTa (dimensionless) from the
Intercept and

FoU. (W/MPec) from the slope.

2. Calculate the annual load required,
L (G3/yr). For liquid systems,
include the expected tank losses
given by Equation 1l1. For the
designs used in this study, Eguation
1l reduces to

Llosses = 1.38 (UA)tank (GJ/yr)

3. Select a collector area, A.

4. Calculate X and Y from

u

7 wZo
X = T 8 (W/»%°C) and

[FRTU LY

JFRTQ)O L ’

0.75 for liquid
collectors.

0.50 for air
collectors.

Y

where (FRru) =

5. Calculate R and S from

R =A+ BX + CX? and

S =D + EX + FX?.

6. Calculate the f-value from

£=21-exp (-RY ~ 5 Y?),

To simplify this procedure even further
a set of nomograpns called PASO Charts ' have
been develoved as an aid in performing these
calculatiors. They will be discussed later.
In addition, numerical examples are included
to demonstrzate both the calculation method
and the "ASO Chart use.

-

D. AUTOMATED DATA PROCESSING

As has been mentioned earlier, the
results of this method can be used for hand
calculations. The establishment of the six
constants of Equations 15 and 16, however,
require th services of a computer. In order
to enhance the technology transfer programs
between CEER and Puerto Rico and the Carib-
bean region, the entire process for determi-
nation of these constants was automated and
programmed on a microcomputer. The entire
projram run-time on an Apple II system with
floppy disc drive is approximately 30 minutes
per location and system design. This involves
the running of five interconnected programs.
However, once the actual data is entered
interactively, the rest of the program flow.
is totally automated and involves no operator
interaction. Therefore, someone not familiar
with computers could easilw run this entire
method to establish the constants, assuming
that the insolation data was available.

E. PASO CHARTS

Appendix C contains a series of nomo-~
graphs, herein called PASC Charts, which ' *
allows the user a single-step solution,
graphically, to obtain a good estimiate of the
f£-value quickly. Each PASO Che-t is site and
System specific. The PASO Charcs included in
this report are for systems typically in use
in tropical climates bug they may be applied
to any location in the world as long as the
global insolation data is known.

Example Procedura for the Use of PASO Charts
(See Figure 2)

Given A solar hot water system as
described by System 1 is located
in Ponce, Puerto Rico. The total
load of the system is 600 GJ/yr
and the collector area is 200 M2,
Collector parameters are as
follows:

FRTG = 0.70;

[ EY 2
FRJL 4.0 w/M%eC,

Procedure: The PASO Chart corresponding to
System 1 is chosen and the solu~-
tion workad directly on this

nomograph by the following steps:

l. One may either calculate the
ratio of the arwa/load or
enter the two variables in
the nomograpn or lower left
hand corner and read the
corresponding value of area/
load. Both the vertical
(load) and horizontal (area)



Scales may be multipliegd by a
factor of 10, Applying this
factor, 600 Gi/yr enters at
60 and 200 m? enters at 20.
At this intersection, follow
up the corresponding diagonal
line to the intersection of
the {area/load) scale, which
in this example corresponds
to 0.33.

2. From this point, continue
vertically upward until
intersecting with the diago-
nal line corresponding to
FoTa = 0.70 and thep move
horizontally to the right
intersecting with the (AREA/
LOAD) F_ta scale at approxi-
mately value of 0.23. Re-
enter the nomograph at the
right at that value and con-
tinue on a horizonta) line.

3. Enter the lower nomograph at
the two values corresponding
to the collector parameters
Fota = 0.70; FpUp = 4.0.
Fgllow the corresponding
diagonal line at the inter-
section of these values unti]
reaching the { (U, /1a)-8)}
scale. L :

SOLAR SYSTEM PERFORMANCE:
FRACTION OF THE LOAD FusrLiD BY

a 3 JOLAR CMLAGY A A FUNCTION OF
© \: COMPONINT AND SYETIW PARAMCTERS
r—jos osl~
3 T Given: System load is [°°
2R S 600 GJ/yr and collec-
Slas osji tor area is 200 m2, as
- s, collector parameters
a3 T are: Fotu = 0,70 and

S
g

FRUL = 4.0 watts/m2-°C Jar

£

o4 ot

-5
o~

Qs

SOLUTION[
f = 0.80

7

¢ -

© 1 2 3 4 3 ¢ T e 0

Fig.c, ICQusc:aciug example - fon use 0¢ a PASO CHART
This chart is fon Sustem 1, Ponce, P.R, .
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4. Continue vertically until
intersecting with the horizon-
tal line described in the, sec-
ond part of step 2. At that
intersection the value of £
is interpolated as approxi-
mately .80.

To compare the results obtained by the
previously described methods: f-Chart, modi-
fied GFL and PASO Chart, a series of combina-
tions of systems, loads and collector para-
meters were run. Some examples of the results
are tabulated in Table 1.

M.

§ § . T
Z 3 g 5 % oIz o
LY [ D - B T ¥ Z =y O W
L k= s » G 3o
3 l? A L AL w W =3 - = e u
© 1200 600 .33° ¢ .7 .23 -2.3 .803 .ao¢ .80
1 loc 600 .17 6 ,7 ,12 .6 .440 .44) Y
P 2 200 60C .33 4 .7 .23 -2.3 .730 ,736 .71
2 100 600 ,17 ¢ .7 .12 6 ,380 .Ja} 40
J 200 600 ,33 ¢ .5 .37 O .800 ,794 ,3p
3 100 600 .17 § .5 .og 4 <411 .410 L4y
1 oo 1000 .30 ¢ .7 .21 -2.3 .631 .638 g1
1 100 1000 .10 6 .7 .07 .6 .28 ,214 .27
M 2 300 1000 .30 4 ,7 ,21 -2.3 .561 .567 .59
2 100 10006 .20 6 .7 ,07 .6 .181 ,1£5 .1g
3 200 600 .33 ¢ ,5 ,17 O 660 664 .65
©3 100 600 .17 6 ,5 ,gg 4 2320 ,315 .31
1 30o 1000 .30 4 ,g .ip -1.3 .559 564 .55
L 1lpo 1000 .10 5 ,g .0§ 2 £180 [169 ,17
RP 2 500 1000 ,50 4 ,g .30 ~1.) .677 .gpg .8
2 200 1000 .20 6 .6 .12 2 +213 248 .25
3 200 600 .33 4 ,5-,17 O <687 .50 .71
J 100 600 .17 6 .5 .08 ¢ <337 330 W01

sTable 1. Comparison of Szlax Faaction Valuca by Vani-

ous Methods; P-popce, M-Mawaguer, RP-Rio
Piednas,

F. CONCLUSIONS

The graphical methodology of PASO Charts
developed in this project provides the de-

- signer a rapid method for both analysis and

design. One can very easily compare the per-
formance of the same solar system and compo-
nents in various locations, given the PASO
Chart for each location. It is expected that
PASO Charts may. be similarly developed for
other systems and it is the intent of the
authors to do so in the future.

ACKNOWLEDGEMENTS

The research for the preparation of thisg
Paper was performed at the Solar Energ; Divi-
sion of the Center for Energy and Environment
Research (CEER), University of Puerto Rico,
Mayaguez, Puerto Rico.

Dr. Nelson Pacheco-Santiago performed his
research while he was on academic leave from
the U.S. Air Force Academy, Colorado Springs,
Colorado. lle worked under the sponsorship of
the Oak Ridge Associated Universities' Summer
Faculty Research Program,



The authors would like to extend their

appreciation to the scientific staff members Fig. A-2. Basic Solar Hot Air Sye tem
of the Solar Division of CEER, especially to
Dr. Angel M. Lépez and Dr. Fernando E. Pl4. Dawrgn
Also, thanks are due to Miss Virginia L. b Hoy din
Woodring, an Oak Ridge Associatzd Universities MEATINE To roso
sponscred student, whose work in the summer of o AuxNEAT
1981 contributed to this project. & aronaes
e‘v"é
[y {noT ToNK)
REFERENCES e roame®
'3 ({coet. 2omk)
1. Klein, S., Beckman, W., and Duffie, J. - ,
"A Design Procedure for Solar Heating
Systems". Solar EHE[‘E:’. 18, 113_127' é e ITURAGL~ CHARS NS NODL
197¢. coLD Ain s KEATING PROM BYORASE MODC
2. TRNSYS, A transient simulation problem,
Engineering Experiment Station Report
No. 38. Solar Energy Laboratory, Univer-
Si 1 i dison, Wisconsin. .
sity of Wisconsin, Madi » Wisconsin Tabfe A-1. Redenence values §or system designs
3. Modgst, MT anc;l Soderstrom, K. "Thermal I
Design Criteria for Solar Hot Water Sys- 1 z 3
tems in Tropical Climates". Presented at waTER SraniegTEMR O Ta 8 XA
the AZAA~ASME Thermodynamics and Heat WEAT m'.‘.’."::é.i‘,'.‘fé,']'v‘.‘::’.:’ 1,'. ;: ﬁ
Transfer Conference, Palo Alto, Calif., :": :lfg:::rt CAPACITT (m pEnpLe/m?y A w/a 28
€ THAOU4N COLLLCTOA {1/ml}) WA L 12 Y 10.t
May 24-26, 1978. TRUL RANGE {w/mBog) >-» >» PN
r.‘r&. RANSE A=9 A= 6-.T3
i . REFERINCE o TOL K] Te “os
4. Beckman, W., Klein, S., and Duffie, J. REFEALNCE LOAD (84/ye) 1000 150 1000
Solar Heating Design by the F-CHART
Metnod. New York, John Wiley and Sons,
1977,
5. Lameiro, G., and Bendt, P. "The GFL
Method for Sizing Solar Energy Space and ]
Water Heating Systems"”. Report No. SERI-
30, Solar Energy Research Institute, APPENDIX B
Golden, Colo.
6. Duffie, J. and Beckman, W. "Solar Ener
Thermal Processes. New York, John Wiley
and Sons, Inc., 1974.
7. Kreith, F. and Kreider, J. Principnles of TabZe B-1. Modified GFL Constants gor Puento Kico
Solar Engineering. New York, McGraw-Hill
Book Company, 1978.
8. Lunde, P. Solar Thermal Engineering, Location Design | A B c
New York, John Wiley and Sons, 1987,
Mayaguez 1 2,74E-0) ~3.01E-04 -3,21E-05
bl B and Jordan, R e fntercela-  meriomico 2 zliee GG NG
tionships and characteristic distribution
of direct, diffuse, and total solar Ponce 1 3.8)E-03 -2,10E-04 ~2.91E-05
radiation". Solar Energy. 4, 1964, Puerto Rico 2 3.2)E-0) -2.60E-04 -3,15E-05
3 2.50E-03  ~1,21E~05 -3.10E-06
APPENDIX A Rfo Pledras 1 2.96E-0) -1,44E-04 =3,19E-05
Puerto Rico 2 2.)7E-0)  -3,18E-04 =3.21E-05
Fig. A-1.. Basic Soan Hot Watex System 3 2.12E-0) 2,7BE-05 2.45E-06
) D E P
Mayaguez 1 2.22g-07 -5,92E-08 1.78E-07
seevce Puerto Rico 2 4.45E-07 2,40E-07 1.49E-07
K ROT waTLR 3 3.76E-06 -5,0)E-07 1.93E-08
A
y Ponce 1 1.67E-07 =-7.18E-07 2.24g-07
\ oA " wnuary Fuerto Rico 2 1.99E-07 ~7.41E-08 2.00E-07
fp.____ L neaT _ 3 6.72B-06  -7.18E-u7  7.80E-09
LMION -
onrex I Tang = Rf{o Pirdras 1 1.67E-07 -1.74E-07 1.88£-07
VALYg Puerto Rico 2 2.99E-07 1.42E~07 1.62E-07
3 4.10E-06 -5,12E-07 2,93E-08
€stLp



http:Rede,.nz

10 Lo
:;\“
T-OJ
<
5 Lv
<
L 4
o log
M
“las
lae
tas
by
o4 AREL/LOAD ol
pcy of Qe o1
Q -]
"0 0
0 L1]
to t o
soie @
-
-l
so¢ > *»
3
co-: \ [~
o
30 0
E \
209 \\("‘ °

l°~]

ancatwly

A\

APPENDIX C

1.0

Fig. ¢c-1,

8 System 1, Mayaguez, PR,

N
i )
3
-l
<
os ;, SOLAR SYSTEM PERFORMANCE:
=, FRACTION QF THE Loap SUPPLUD BY
JOLAR EnEReY AL A ruwcrion or
@ COMPONINT AKD BYSTIN PARANET LIRS
os
0.4 )
04 0.7
0.8
03
0.8
0.4
01 D
ol
\
ot >

WAL

PASO CHART forf *°

:_.’_._——//

L -
10F 83 w0 «0 o
02

[P}

oy

N

*3 4 -3} -1 < 0O 1

)/'l/l b
-
o8
oz

o8
os ¥l
-

1 Oe
fo U, IvaTTI Tty
A

ANLAZLDAD
D oa Nt ae

a

-0 8

ar

[sncaroie)r, wa

03

F14

<3

<l

at

LoD 184/ ¥L80 |~

as

o3

or

2 3 4 8 s 1 o

1. Flg. C-2. PASO CHART fon
, B Syazem 2, Mayaguez, P R,
oy ,E_‘

e

2 SOLAR SYSTEM PERFORMEWCE:
o8 :‘ fRactiow or TME toap SUPPLILD oY

« SULAR InERGY ag & Funclion D7

= COWPONINT AND STSTEM PaRANITORS
o

1-0.9

o Cevy rxas-0)

X )

o7

os

as

02

2

[

o
os
or
o¢

a3

o
(3}
or,
os ¥
‘I,UAI-IT‘H-I‘*'I o4
T 3 & 2 ¢ 7 4 » )

02

S8 E o

{aetasrenn)ry ¢

e se

4

[:N] ARLAZLOAD An\l
0Dos O a4 O ql

] =

0 -]

.oJ L1

LOAD {8J/YLAR ) —n

a3 M as
Fig. C-3. PASO CHART fon

2Sustem 3, Mayaguez, P.R.
S SOLAR SYSTEM FERFORMANCE!
3 IRACTIOV OF THE LOAD SUPFLIZOD 114
: JOLAR [ WIRKY AS A FUNCIION or

04 E COMPONLNY AND 3TSTEM PARAMCTIAS b
« Q

0,1

H
Anrauly .
0 ¢ o Liv rter-a) o
100 80 &0 «0 20 “$ o8 4 e -l et D LN L1 3 4 0
os {r//
rd
X 1
or oy
as o8 4
o, a3 ¥
-
04 04
fou (eTTUTWY)
O 1 X 3 4 s & 7 4
10 19 10 , [ 2
8l |8 F48- C-40 PASO cHarT
% % dor Sustem ], Ponce,p.R.
?on 03 - o
Slar 3
S -~
Slas o 2 o
- 3
- <
las =
SOLAR SYSTEM PCTTORMANCE! y
e o2 a
FRACTION OF THE LOAD suPP LMD WY
bas JOLAN (nlIAcY A3 A funCTION OF
COWrONINT aMD FISTAN PananETIAE
T os o
0.4 ARLA/LOAD \ Fa 0l
¢ a az
0 o e : 0 0.3 os
vo s
(1] 0 o L] 0¢
10 t 0
b4 v
tofx 0 o3 2 a3
so{~ so 1)

3 3
«w0{e b+0 02 234 02
o \ /

1048 Lao
- oY [
204 \ Z:Iau 0 "";4 0.1
10 4 ) |'° "___'_'_'—'J-’_—'::F‘:T
0 angaquly ¥ o IEAT IR o
100 %0 €0 4«0 120 i BRI I Y P 2P P2
os os
v /
os 00
o.r o
os LU
[} °-‘\‘:
.
e v teattucal) ot
e 1 % @ s s 4



o 1oy Fig, C-5 PASO CHART 2
’ S
8lo, 3 9ot Sustem 2, Ponce, P.R
N ol oe
Lryd -
H 2
2 S
: © 04 5 ae
= «
= =~
SOLAR -SYSTEM PERFOAMANCE:
oy FRACTION OF THE LOAD 1UPSLIO BT or
SOLAA CHCANY AL A FUNGCTICN Q7
COMPONINT AND SYSTEM PARAMCTLNG
oe os
\'°,
0.54 03
ae LI o4
10 t
?
wofx 0.3 /n“‘ a3
30{~
b .
LLY il 0a ’/’:_3' 02
304 S —'—‘-’/ [}
- ol
1 T M
[
104 1 | ! . ___,-»"'/
o aneatuly o o [INALIRD) °
100 83 10 40 10 O - “3 -4 3 -0 - 0 LI x{)//s
os »
v
os oy
[R] ar
Qs o o
o. °-“:
-
os Po Uy twarTisTuty o4
"o o1 ok s e Yo s
10 03 4 . as
3 g Fig. C-6. PASO CHART
19 g .
5 j\.: 308 Susten 3, Ponce, P.R.
= =
- -
3{41 3
E 08 0ed2 Qe
=, b
A ~ SOLAR SYSTEM PERFORMANCE:
lae FAACTION OF THC WDAD SUPPLIED oY
JOLAR CwiReT AT A funclionor
a1 COMPORENT AND 3TITCM PARAMCTENS
L,

ARLLILOSD
0 as Q¢ Q¢ Oz UJ

o ’]
v

0

s t )
0 :

:o‘E

w{?

o

| ancatuty

[('NEL-IN)]

100 00 €0 <0 10
os

0a

= ——cL.r O

ar

0 oa

Lo

e

a

[amea ripas)re

a4

13

a2

ARLA/LOAD ar

Q4 Qe a2

10 '
wlz
1] E
w]=
s0{9
3
10

[sata/ipas) gt

Fig. C-7. PASO CHART uye
Susten 1, Rio Piedsas p.g.

SOLAR SYSTEM PERFORMANCE:
FRACTION OF THE LO4O sUPPLILD oY
SOL AR INCAGT a3 A FuncTion D7

COMPONINT AND ST3TEN PanancT(ag

PASO CHART jox
Ric Pledras, ?.3.

10
Angauty
o — °
190 80 40 40 20 o -
o3
0a
0y
os
o.
[ X} Qe
FoU, Inaitsrvuty
LI (T T T T T T
1.0 10 1.0 .
3 Fiq. C-5,
Blas v Sustem 2,
« -
=138 o ,‘_:,
<
Shr 3 SOLAR SYSTEM PERFORMANCE:
P < 7RACTION OF TnC LOAD suPPLED BY
%% ©%1% sovar cnener st 4 runcrionor
‘:"0! S, COMPONINT AND LT3TLW PARAMETLAS

ot

\

ELEYAN-FV.] \

ar

o




Thermal Performance of Flat Plate Solar Collectors
By Generic Classification

James C. Huggins
David L. Block
Florida Solar Energy Center
300 State Road 401
Cape Canaveral, FL 32920

ABSTRACT

This paper presents thermal performance equations
for glazed flat-plate solar collectors categorized by
generic classification. The equations are derived
from analyses of experimental test data collected for
the past six years on tests of 270 solar collectors
performed according to ASHRAE 93-77 procedures and
leading to certification by the Florida Solar Energy
Center (FSEC). Presented here are the straight line
efficiency curves (intercept and slope values) for
eight solar collector generic classifications based on
the number of covers, the cover plate material, and
the absorber plate coating used in their construction.
The collector efficiency curves were developed from a
computer search to establish a list by generic type
and then from a statistical evaluation of each generic
listing. Of the 270 test collectors, 170 were tested
at FSEC and 100 were tested at other laboratories.

From the generic thermal performance equations
presented, a solar designer is able to select a gener~
ic type of solar collector for a particular applica-
tion and then to size and evaluate the performance of
the selected system based on the developed generic
thermal efficiency curve. This procedure allows the
designer to make decisions on system performance and
economics early in the design process and before
selecting a specific collector manufacturer,

INTRODUCTION
The solar collector is the crucial component and
critical design variable of a solar system -- jt is

the heart of the system. In designing solar systems,
most designers first select a particular solar col-
lector manutacturec and then structure the design
around the selected manufacturer's collector. It
would certainly be beneficial if, instead, the de-
signer could base the solar system design upon the
desired coilector characteristics and then, when the
design is complete, select the collector manufacturer
on a competitive basis.

The purpose of this study was to provide discrim-
tnatory design criteria by determining the relation-
ship between collector thermal pertormance and solas
collector generic classitications. This celationshrp
was cstablished by analyzing ASHRAE 93-77 solar col-
lector test results for 270 collectors in the solac
collector certar  tion program at FSEC.

COLLECTOR THERMAL PERFORMANCE

The theemal pertormance of 4 solar collector s
evaluated by  establishing  the collector's  thermal
efticiencty curve, The thermal clhiciency curve s

obtained  experimentally by pertorming  tests ona
collectur accordiug to the test Procedures descerthed
by ASHRAE  Stamdard 93«77, “Methods ol Testing o
Detevmine the Thermal Pertormances ot Solar Collectors”
(1.

[n the ASHKAE procedures, o vollettor 15 tested
under a4 prescerbed set ol canditions, Heasurement s
are made ot the tlow rate, (e tempreature rise across

the collector, and the incident radiation. The flos
rate and the inlet water temperature are kept con-
stant. The measured flow rate multiplied by the fluic
specific heat and the measured temperature rise across
the collector is the instantaneous energy collected by
the collector. This quantity divided by the measured
incident radiation is the instantaneous collector
efficiency. Performing the test at several inlet
water temperatures supplies additional data points.

The efficiency curve is derived from the data
points by a least squares fit of the data points
assuming either a first or second order efficiency
curve. In this study, the first order efficiency
curve based on the Hottel-Whittier-Bliss analytical
model is used. This efficiency curve is described as
follows:

= T.-T
n= FR (m)e FRUL Ci ?mb)
where
n = collector instantaneous thermal
efficiency
FR = collector heat removal factor
(ra) = effective transmittance-
¢ absorptance product
UL = heat transfer loss coefficient

[W/(m?-°C) or Btu/(hr-ft2:°F)]

(Ti-Tme) efficiency fluid variable consist-
I ing of inlet fluid temperature
minus ambient air tempersture
divided by incident radiation.

The coefficients FR(ru)e and F,U (intercept and
slope of cfficiency curve, respectively) are functions
of the collector’'s generic characteristics =-- the
materials, components and/or configuration used in the
manufacture ot the collector. Each collector manufac-
turer constructs each collector model with a unique
combination of generic characteristics. The ASHEAE
93-77 tests thus produce, for each collector test, a
combination of distinct coefficients FR(l’u)c and FRUL
(intercept and slope).

The 1ntercept and slope coefticients for flat
plate collectors are, in general, o function of seven
generic characteristics which are brietly described as
follows:

1. Number of cover plates. The majority of collec-
tors certified 1n the FSEC program have one cover
plate. Double glazed, two-cover plates, are more
commonly used 1n colder climates,

2, Cover plate material. The transparent cover
plate materials commonly used are:

high transmittance and loung-term durability,
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Glass is fragile and heavy. Because iron in
glass retlects the sun's radiation, o low 1ron
content in glass is Jesirable. The iron content
of glass was not considered in this study.

Fiber reinforced plastic (FRP), the second most -

widely used material. FRP is not as optically
efficient or as durable as glass but it is light-
weight and less costly,

Thin film plastics with the trade names of
Tedlar, Mylar, Teflon and Lexan. These have high
transmittance qualities and are inexpensive.
However, they do not retain heat very well and
have a tendency to deteriorate under ultra-violet
exposure.

3. Absorber Plate Couating. Common coatings are:
Selective surface coatings such as black chrome,
black nickel and copper oxide which have high
absorptance and low emmitance properties. Selec-
tive coatings are more cxpensive than paint. The
intrared emissivity of these surfaces is below
0.2.

Moderately selective surface coatings, special
paints which have moderately selective surface
properties. The emissivity of these surfaces
range from 0.2 to 0.7.

Flat black paints, non-selective, high heat
resistant paints that are inexpensive but which
do not possess the emittance qualities of a
selective surface. The emissivity of these
surfaces range from 0.7 to 0.98.

4. Absorber material Type. Absorber materials are
copper, aluminum and stainless steel. These
materials may be used in combinations of tubes
and fins, or integral tubes in plates. :

5. Absorber configuration. The absorber may be
contigured with parallel Pipes, series or serpen-
tine pipes, a parallel and series combination, or
vlate flow,

6. Enclosure type. The frame holding the collector
components  may be either metallic or non-
metallic.

7. Insulation materials. The insulation materials
used to keep heat trom escaping from the back and
sides of the collector are fiberglass, foam, or a
combination of bhoth,

. Presented 1n this paper are statistical mean and
standurd deviation values of the coefficients F (ta)
and F U as o function ot these collector charac?crxsE
tics ﬁxthxn generic collector categories,

FSEC SOLAR COLLECTOR PROGRAM

The Florida Solar Energy Center (FSEC) has been
setting standards for, testing, and certitying solar
collectors since 1977 when the Florida Legislature
passed 4 statute (Flurida Stavute 377.709) requiring
these actavities., [n 1980 the certitication program
became  mandatory  for a1l collectors manutactured
and/or sold 1n the state.

Ihe present certification program  uses  ASHRAE
93=77 us the test method and tollows the certitication
procedure developed by I'SEC (2,3).  This certification
program as alwo equivalent to the procedures sot hy
the Interstate Salar Coordimation Council (ISCC).  The
current sequence of tests 15 a5 follows:

l. Recewving inspection.

N SLILIC pressure Lest.

J. Thyety-dav exposure test,

4, Thermal shock/water Sprav Lests,

5. Thermal shock/eald 0] tese.

/] Statte pressure test,

7. Collector time constant determination test
EASHRAE 21-77)

R. Fost  exposure  thermal pertormance  test,

(ASHRALR 93-77)

9. Incident angle modifier test.
93-77)

10. Disassembly and final iuspection.

The results of an FSEC certification are pub-
lished in several forms. A complete test report is
issued by the testing laboratory for each test that is
conducted. For each FSEC certification, a Summary
Information Sheet is published to give the consumer a
brief description of the collector, the thermal per-
formance equations, and a thermal performance ratiaog.

From the inception of the certification program,
FSEC has certified 520 flat-plate collectors repre-
senting 145 manufacturers. Of the 520 collectors, 120
are no longer being manufactured, thus, there are 400
current certifications. Of the 400 current certifica-
tions, 364 are for glazed callectors and 36 are for
unglazed collectors.

(ASHRAE

RESULTS

This study addresses six yvears of test results on
glazed collectors for which ASHRAE 93-77 test results
are available. Presented in Tahie | are the number of
collectors tested during each of the six years,

TABLE 1. Number of Collectors Tested Per Year

Year Number of Glazed Collectors
1977 15
1978 52
1979 37
1980 68
1981 55
1982 43
Total 270

Of the 270 tested collectors, 170 were tested at FSEC
and 100 were tested by other testing laboratories.
The apparent discrepancy between the 520 and 270
numbers can be accounted for by the fact that some
collectors are certified under more than one manufac-
turer's name and many coliector models of differing
surface areas are certified through a single collector
test. The 270 total represents a listing of only the
collectors on which an ASHRAE Y3-77 test was per-
formed. All evacuated tubular, unglszed, and triple-
glazed collectors were excluded from the list.

R In presenting these collectors and tests, the
'foliowing seneral comments sre made:

- The weather conditions under which the
ASHRAE tests were performed were variahle by
location (Florida, Arizona, California,
etc.). Tests were done during all months
and days of the year. All weather condi-~
tions did prescribe to the limits of ASHRAE
standards.

- The collector tests represent performance
‘easurements made betore exposure testing
and after exposure testing. Prior to March
1981, collector pertormance was determined
by tests conducted only betore exposure
testing.,  After March 1981, collector per-
formance was determined by tests conducted
dfter 30 day exposure. Both conditions are
used herern,

- The collecturs represent those of manutac-
turing  compaties both active g detunct,
trom small  backvard operations to large
corparstions.,

[tous believed that FSEC, because 1t 1s buth g
state agency aml g researceh and development organa-
Lion, is unique o having test results for such 4
Large wumber ot collectors,  These wntgque gqualitica-
Lions made this stidy possible.

The study hegan approximately one and one-hal g
yedars ago when FSEC started o project to place all
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certified solar collector data on the FSEC computer.
This project was then accomplished by analyzing the
tested collectors by generic classitications. When a
listing by generic type had been compiled, calcula-
tions were made to determine the mean and standard
deviation of the collector efficiency curve (intercept
and slope) and of the collector incident angle modi-

fier.

Betore considering the results of this_study,
accuracy of

comment

needs

to be

ASHRAE test procedures.
are based on the ASHRAE 93-77 test procedures.

quently,

errors

nade

concerning the
The

results

presented here
Conse~
in measurements built into the AHSRAE

procedures will also appear in the results presented.
The errors associated with ASHRAE test procedures have

been

and Lumsdaine (5).
error of
the
laboratories under a wide range of conditions.
in the slope of
to be *8.4%.

further
and the subsequent accuracy or

age
value in

variation
was found
publications
errors

for

approximately

the test results.

The first analysis was to construct a listing of
collectors according to the seven collector characte-
ristics described 1n the Coliector Thermal Performance

section.

Reference

£2.4%

the performance

thoroughly discussed by Streed and Waksman (4)
Streed and Waksman found an aver-
of the measured
intercept obtained by a number of test

The

uquations
is made to these
discussion of measurement
tnaccuracy of

This produced a listing of 116 different Collec-

tor characteristic combinations.
of collectors
largest

second

in a

separate
number of

collectors

list was
was

30,

The largest number
and
15.

the

. The

analysis also produced 74 combiritions with only one

collector
tors.

and
Because

18 combinations =
than

more

only a single collector,

half

the

th only two collec-
combinations had
the results from using seven

The seven generic types were then reduced t
four «-- the number of cover plates, the cover plat
material, the absorber coating and the absorber type
Table 2 presents a listing of the number of collector
for each generic type as a result of this analysis

TABLE 2. Number of Collectors per Generic Type
for the Four Generic Classifications

Number of Collectors Number of Total
__per Generic:Type Generic Types Collectors

1 37 37

2 9 18

3 5 15

4 3 12

5 or above 8 188

270

The results of Table 2 show 46 generic types with
only one or two collectors. However, it is important
to observe that 188 of the 270 collectors (70 percent)
are represented by eight generic types.

Presented in Table 3 is a list of the eight
generic types in which there are five or zcre collec-
tors. The first three columns specify the generic
type, the fourth column shows the number of collectors
in each category, and the final columns list the
statistical values for intercept and slope. Under the
intercept and slope columns, the values given are the
mean, the standard deviation, and the maximum and
minimum values. To show the scatter distribution of a
particular generic type, the 26 collectors comprising
the single cover, FRP, copper tube and fin, flat black
paint classification were plotted and sre presented in

Figure 1. The dashed line represents the mean inter-

generic types were not statistically significent and cept and slope.
were not used.
Table 3. Collector Intercept and Slope by Generic Type.
GLAZING & ABSORBER INTERCEPT SLOPE (Btu/hr °F 12)
COVER MAT'L & ABSORBER husath
MAT'L TYPE COATING COLLIC TORY MEAN ;::TP,’:;E MAX MIN MEAN ;::"‘:'"‘l:: MAX MIN

Single Glass Copper Tubes  Flat Black Paint 47 67.2 5.0 75.6 56.2 -115 14 =72 -140
and Fins

Single Glass Copper Tubes Moderately 9 73.0 3.6 78.0 68.0 -112 11 -100 =130
and Fins Selective

Single Glass Copper Tubes Selective 58 71.7 3.3 81.4 62.0 -83 1 -61 ~124
and Fins Surlace

Single Glass Copper Tubes Flat Black Paint 22 691 6.0 846 58.8 -116 12 -96 -138
and Aluminum
Fins

Single Glasy Copper Sheet Selective 6 705 5.1 774 62.0 -89 17 =71 -120
Integral Tubes Surlice

Single FRP Copper Tubes Flat Black Paint 26 619 55 70.5 530 -117 15 -86 -147
and Fing

Single FRP Copper Tubes Ftat lack Paint n 57.1 6.2 655 401 ~114 10 -102 132
and Atununum
Fing

Doubile Giass  Copper Tulws Flat Black Paint 9 597 6.7 66.1 444 -84 9 - 69 ~95
and Finy




solar eallector and to pertorm system sizing and ana-
lvsis. With this tatormation, svstem pertformance
dectsions can be made early in the design process, and
the collector options can be evaluated betore 4 speci-
fic manufacturer 15 selected.

Using the results of Table 5
different variables can he evaluated,
a comparison of selective vs.

the effects of
Figure 3 shows
moderately selective vs,

flat black paint absorber surface for singte glass
cover plate collectors. As expected, the selective
surface shows better pertormance. Figure & presents a

comparison of glass vs., FRP cover plates and selective

Vs. non-selective surtaces. As rxpected, glass and
selective surfaces perform better., Finally, Figure §
shows a comparison of single vs  double glazings for
gluss covered collectors. This result is also as
expected.
100
w b
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w 70
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Figure S. Comparison of Average Efliclency Curves lor Absorber Caoatingy and
Glass Cover Plates.
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Figure 4. Comparison of Average Etticiency Curves tor Selective v
Non-Saleciive Absorper Coslings snd for Glass ve FAP Cover Plates

CONCLUDING REMARKS

Results have been presented which
peformance equations for flat-plate solar collectors
by generic classification. The tinel classification
considers the number of cover plates (cither single or
double), cover plate material lerther glass or fiber
reinforced plastic), and asbsorber coating (selective,
moderately selective or flat black paint). From these
results, the mean, standacd deviation, maximum and
minunum  values of the intercept and slope ot the
linear collector performance curve and of the incident
angle modifier are determined for each generic class-
fication.

The results are based entirely upon the perfor-
mance arnalysis of 270 solar collectors tested ac-
cording to ASHRAE 93-77 procedures and certified by
the Florida Solar Energy Center. The results repre-
sent six years of FSEC collector testing activityes.

Using the generic thermal performance equations,
designers can size and evaluate the performance of .
solar system by generic collector type. This proce-
dure should lead to more efficient system design and
more competitive procurement of collectors. Also,
these performance characteristics may be useful in
comparing collectors within the generic type or deter-
mining if a particular collector is better than aver-
age for that generic type.

Figures based on the derived results
presented which compare selective Vs. non-selective
surtaces, glass vs. fiber reinforced plastic cover
Plates, and single vs. double glazing.

give thermal

are also
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Figure 5. Comparison of Average Elticiency Curves for Singie vs Double Glass
Cover Plale Collectors with Flal Black Paind,
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Figure 1. Plot of 26 Colleclor Effictency Curves and the Average Efficlency Curve
tor the Generic Classitication of FRP Covar, Flal Biack Paint snd
Caopper Tubs and Fin Absorber.
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0.1

Figure 2 presents a graphic comparison of the
effects of different absorber types used in single-
glazed, glass-covered collectors with selective and
flat black paint surfaces. The comparison indicates
that the absorber type is not a major factor in the
seneric classification. Thus, the absorber type.was
eliminated trom the generic list which was then re-
duced to three characteristics the oaumber of
covers, the cover plate material and the absorber
coating.

Table 4 presents the results of the analysis for
these three genevic types.

The three generic types represented by Table 4
are the minmimum acceptable of the results .are to be
meamingful.  Table 5 presents o listing ot the results
for the three generic types and for cases with five or
“more  collectors per generic type.  These results
agreed well with those obtained by Kirkpatrick (6).
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50 For Avotage Yoiues
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TORN .

H - Copper Tubes ana Ansmmern Fing 14)
3
I
50
° r
s
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g
”*’ ?!u«n-v
l ]’Iuﬂ-n
za[—
Covper Shoets ovm Iniegral Tubes (3}
N
|0r- Aomncim Sheets axth tategral Tubes (2} N | Non—Seecn
~ ; Surtaca
ol A . . , .
o - a1 02 03 04 0.1
TI-TA)4 (F-HR.SQ FY/ATY)
Figure 2. Comparison of Average Elficiency Curves lor Absorber Type snd
lof Selective and Non-Sefective Surfaces and Giass Cover Plates.
TABLE 4. Number of Collectors per Generic Type for

the Three Generic Type Classifications
Number of Collectors  Number of Total Number
per _Generic Type of Collectors of Collectors

N~ O N W~
VO O~y

1
2
3
4
5
6

]

4
70

or above

N

Note that the Kirkpatrick resuvlts are for 117 collec-
tors tested as part of the DOE test program and do not
separate the collectors hy glazing materials as was
done for this study: the Kirkpatrick results only
consider the number of glazings and the absorber
coating.

Table 5 presents the primary results of this
study. These results allow a destigner to select the
thermal performance equation for a generic type of

Table 5. Collector Intercept, Slope Incident Angle Modifier by Generic Type.

INTERCEPT SLOPE (Btu/hr °F 112} INCIDENT ANGLE MODIFIER
GLAZING &
COVER ABSORBER huvaa "
MAT'L COATING cowtcrons | MEAN STaM0 MAX  MIN | MEAN Stvanon MAX mIN | mEAN then MAX  MIN
Single Flat Black Paint et 676 5.6 £4.6 51.3 -116 13 -72 -140 <011 005 -002 -0.25
Glass
Single Maderately Selective 14 714 10 78.0 59.7 -112 14 -89 -141 -013 006 -005 -023
Glass
Single Selective 75 N2 45 £14 G620 -82 13 ~G61 -124 034 010 -004 -023
Glass
Single Flnt Black Pant 44 600 62 705 481 -17 15 ~-86 -157 -0.12 007 -005 -0.20
FRP
Sinle Moderately Selective ; 596 66 664 516 -115 14 =100 -130 -012 001 -010 -0.14
FRP
Sinyle Selective 5 Gl 2 17 6a9 G614 -73 7 - 66 -79 -0.14 0.0 -013 -0.15
FRP
Duoubile Flat Black Pamt 13 619 6.2 706 44 4 -84 9 - 69 -95 ~0.11 006 ~-005 <020
Glass
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Performance of a Plastic Suspended Screen
Solar Air Heater

by
K. V. Chau, é. D. Baird, and L. 0. Bagnall¥*
Abstract:

A 104 m2 inflated plastic air heater with black plastic sus-
pended screens as extra absorbing surfaces was tested and compared
‘against an air heater without the screens. There was a definite
improvement in collector performance with the addition of one or
two suspended screens. The increase in.efficiency more than off-
sets the cost of the screens.

1. Introduction

In agriculture, there are many applications requiring heated
air at relatively low temperatures. Traditionally, the heat source
for these applications are usually natural gas or LP gas, but re-
cent concern regarding the availability of these non-renewable
energy sources has promoted new interests in the use of solar
energy for at least some of these applications.

Several investigations have evaluated the use of solar energy
for crop drying (1,2,3). Collectors of different designs, with
flat or corrugated plates, with or without a plastic glazing have
been studied (4,5,6,7). It has also been shown that screens could
serve as efficient absorbers (8).

The objective of this work is to develop a low-cost solar air

heater capable of moderate air temperature rises that can be used #

*Assistant Professor, Associate Professor, Associate Professor,
Department of Agricultural Engineering, University of Florida,

Gainesville, F1 32611.
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crop drying and other applications requiring heated air. The coll-
ector under investigation is basically a plastic flat plate collector,
with one of two black plastic screens suspended between the clear
plastic glazing material and the black plastic absorber. The sus-
pended plastic screens are woven mesh screens. Behind the black
plastic, there-is a layer of insulation. board to reduce heat losses.
The plastic mesh screen and the black plastic serve as the absorb-
ing, heat transfer surface- The addition of the plastic mesh
screen increases the heat transfer area and the convective heat
transfer coefficient betwee. the absorber and the aix. Sincé the
heat transfer is increased, the temperature of the absorber is re-
duced. and heat losses to the surroundings are coﬁsequently less.
Alsc, by operating at lower temperature, the useful liFfe of the
plastic absorber is extended. This type of plastic collector should
be more efficient than the conventional plastic air heater, especi-
ally when relatively high temperature rises are needed. This coll-
ector is intended for use in solar grain diying; however, it can
also be adapted for any use requiring heated air.

2. Experimental Facilities

The Collector

The experimental solar collector was 3.66 m wide by 29.26 m long
(Fig. 1). 1t was constructed primarily from plastic materials and
wood. The collector floor was made of urethane insulation boards,
32 mm thick, with aluminum foil on both sidas. The insulation
boards were supported by 3 mm x 10 mm boards sp;ééngbart, and laid
on the ground. The collector was covered with 0.15 mm clear poly-
ethylene sheet. Between the black plastic and the clear plastic,

there were either one to two black polypropylene screens (greenhouse

shade cloth) depending on the tests. The sides of the collector were
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25 mm x 203 mm boards with an aluminum locking device for mount-
ing the clear plastic. The locking device was of the type commbnly
used in plastic greenhouses and consisted of a fixed base rail

and an insert, that fitted inside the base rail to hold the plastic
in place. At each end of the collector, there was a metal plenum
to guide the air flow.

Originally, the collector was built so that it could be tilted
to collect more energy, but the.collector was later changed to lay
flat on the ground all the time. It was felt that because of the
low latitude (290N) of Gainesville, Florida, no significant gain
could be ixpected by tilting the collector, and there would be
increased costs to make the collector sufficiently sturdy to with-
stand its own weight and the strong wind occasionally experienced
in Florida.

Instrumantation

The air was delivered at the inlet end of the collector by a
vaneaxial fan. A differential measuring flow element connected to
an electronic differential pressure indicator was used to measure
air flow rates throuzh the collector.

Two grids of shielded thermocouples measured the inlet and
outlet temperatures of the collector. The thermocouples at the
inlet were placed after the fan so that the heat added by the
fan did not enter in the calculation of the efficiency. Thermo-.
couples were also placed at four stations along the length of the
collector to measure the temperatures of the black plastic, the
plastic screen, and the air stream. At each station, there were fo
thermocouples spaced across the width of the collector for each of

the temperatures measured; i.e.; four thermocouples under the black
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plastic, four thermocouples woven into the plastic screen, and
four shielded thermocouples in the air stream 3 inches above the
collector floor. -

Solar radiation was measured wifh a 72-junction thermopile
pyranometer and also with a mechanical pyranograph for quick
references. " Amhient temperatures were recorded by a shielded
thermocouple plared in a weather shelter.

The thermocouples and pyranoﬁeter outputs were recorded by
a data acquisition syséem that scanned eﬁery five minutes and
recorded the data on magnetic tape.

3. Results and Discussion

Collector performance and grain drying tests were conducted
in June, September, October, November, December 1976, in late
May and early June 1977, and in April and May 1978. The range
of air flow rates tested was from 0.70 to 1.03 m3 min"1 m"2 of
collector surface. During this period, the collector was also
used to dry corn and soy bean in two 100-bushel bins. During all
tests, the collector was flat on the ground, with an East-West .:
orientation. Collector tests were conducted only during bright
and calm days to reduce the effect of wind.

Collector with One Suspended Screen, 47% Shading

The term 47% shading indicates that the screen has 47%
opaque area and 537 open area. During the months of September,
October, November, and December 1976, the collector with one
suspended plastic screen (47% shading) was tested under various
air flow rates and solar radiation intensities.

In the evaluvation of the performance of solar collectors,the
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following simplified energy balance equation is usually used:

Q. = aQg - U(T, - T,) (1)

where .

Q. = useful energy collected

product of the transmissity of the glazing and the

a =
absorptivity of the absorber plate

Q. = available solar energy falling on thelcollector

U = overall heat loss coefficient

TE = average fluid temperature in the collector

Ta = ambient temperature

The collector efficiency can be expressed as :

E = ?,C =a - Ve - %) (2)
’s Q

s

If the collector efficiency is plotted against the normal-
T - T
ized temperature rise ——56———3—, one would get a straight lire,
s

the slope of which is equal to the overall heat loss coefficient
U, and the y-intercept is a, the product of the glazing trans-
missivity and the absorber plate absorptivity.

Figure 2 shows a plot of the collector efficiency versus
the normalized temperature rise. The equation for the straight
line of best fit is:

T -T

E = 0.46 - 15.04 CQ a (3)

'S

with a correlation coefficient of 0.65 which is very low. The
temperatures are in °C and the solar radiation QS is in W/mz.
There is quite a lot of scatter of the data points. Equation

(2) assumes that the collector efficiency is not affected by



the fluid flow rate. But it was found that with the suspended .
plastic screen collector, the efficiency is definitely aff-
ected by the air flow rate, probably due to the change in the
heat transfer coefficient of the screen. To illustrate the
dominant effect of the air flow rate, all the data used in
Figure 2 were used to plot efficiency versus air flow rate
as shown in Figure 3. There is much less scattering of the
data boints. Using the least squares method, an equation re-
lating efficiency (E) and air flow raﬁe (FR) was found to be:
E = -0.384(FR)% + 0.733(FR) (4)
with a correlation coefficient of 0.93. The air flow rate
1s expressed in cubic meters per minute per square meter of
collector area.

Figure 3 shows that the efficiency definitely varies with
air flow rates. As the air flow rate is increased, first, the
operating temperature of the collector is decreased and heat
losses are thus reduced; secondly, the convective heat trans-
fer coefficient between the air and the plastic screen is in-
creased, making the heat transfer more efficient. Because
the back of the collector is insulated, most of the heat
losses are radiative losses from the absorber and some con-
vective losses through the clear plastic. Since radiative
lossex are related to the 4th power of the absolute tempera-
ture of the absorber, the reduction of the absorber tempera-
ture is very significant.

In order to include the effect of radiatiorn on the collector

efficiency, an empirical equation relating efficiency, air flow
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rate and radiation was determined:

E = -0.463(FR)2 + 0.80(FR) - 3.5 107>

0, (5)
where Qs denotes rthe so}ar radiation in W/mz. This equation
shows that radiation has a very slight effect on efficiency.
The collector is a little more efficient at low radiation
rate beéa;se the operating. temperature. of the collector is
lower and thus heat losses are lower.

Since the air temperature rise across the collector is of
special importance for design purposes, -the data were used to
find the relationship between the temperature rise TR, the
air flow rate FR and the radiation rate QSE

TR = -24.76(FR)” + 11.84(FR) +0.0476(Q_) (6)

As expected, it was also found that the collector efficiency
decreases later in the year because the collector was not tilt-
ed. TFor the early part of December 1976, the average efficiency

3 min~l p 2 was 28.7% as compared to an average of

at 0.67 m
' 31.7% during the October, November period.

Figure 4 shows typical temperature profiles along the leng-
th of the collector. The air stream temperature in Figure &
is the air temperature at a level 7.5 cm above the black plastic.
It is not the mixed average air stream temperature but it does
give an indication of the air temperature variation along the
length of the collector. Attempts were made to relate this
temperature with the mixed average air stream temperature by
experimentally determining the vertical air temperature profile
from the collector floor to the clear plastic but the results

were too inconsistent to be meeaningful. The black plastic and the
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plastic screen temperatures are usually fairly close to each
other, with the black plastic temperature normally higher
than the screen temperature around solar noon, but the screen
temperature becomes higher than that of the black plastic
later in the afternoon. At noon, a larger percentage of

the incoming radiation is let through the screen openings
onto' the black plastic, and later in the aftermoon when the
sun is low, the screen obstructs more of the incoming rad-
iation.

Comparison tests for Collectcrs With and Without the Suspended
Screen

All the efficiencies reported here are all-day average eff-
inciencies. Figure 5 shows the efficiencies of collectors
with and without the suspended plastic screen. The data were
from the tests performed in late May and June 1977.

A more meaningful comparison between the two types of
collectors can be made by comparing their performance as a
function of air temperature rise since the temperature rise
is the principal parameter in the use of air heaters. Figure
6 shows the efficiency versus temperature rise curves at two
radiation levels, 700 W/m2 and 475 W/mz. These curveé are
constructed from the curves in Figure 5.

Figure 6 shows that the difference in efficiency be-
tween the two types of collectors is even larger than is in-
dicated in Figure 5. This is because the collector with the
suspended plastic screen, being more efficient, operates at

a higher air flow rate than the collector without the screen

\



200

for any given temperature rise. The higher air flow rate in
turn increases the efficiency even more as indicated by Figure
5.

From Figure 6, at a radiation rate of 700 W/m2 and a
temperature rise of 15°C, the collector efficiency is 41%
with the suspended screen and 307 without the screen. The
efficiency is thus increased by 37% by the introduction of
the screen. In other words, without the plastic screen, the
collector has to be 37% larger to collect the same amount of
heat at these conditions.

Another advantage of the suspended plastic screen is that
it helps reduce the temperature of the black plastic. For
the same temperature rise, the peak temperature of the black
plastic was 10°C to 15°C lower if the plastic screen was in-
stalled. The reduced temperature for the black plasticTmesns
that it should have.a longer useful life.

Colleétors With Two Suspended Plastic Screens

In 1978, the same collector used during the previous two
years were fitted with 2 suspended plastic screens to evaluate
the effect of an additional screen on the collector efficiency.
The clear plastic was still 0.15 mm polyethylene; the screens
were black polypropylene, spaced 50 mm apart.

a.) Two suspended plastic screens, each with 75% opening

Results are presented in Figure 7. The collector eff-
iciency is very much affected by air flow rates as in previous
years when only one screen was used. However, there is marked

improvement in collector efficiency when two screens are used
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instead of one. For example, at an air flow rate of 0.75 m3

min~ L m“2, the efficiency increases from 34% to 42%, a 24 per-
cent increase in efficiency when two suspended screens are
used instead of one. The additionai screen increases the heat
collection and transfer area and increases air turbulence re-

sulting in a higher heat transfer rate.

b.) Two suspended plastic screens, a 75% open over a 53% open
screen

The only difference between this arrangoment and the previous
one is the amount of shadlng of the lower screen. Results are
presented in Figure 8. Again, a two-screen arrangement gives a
higher efficiency than a one-screen arrangement; however, by
using a more dense lower screen (53% instead of 75% open) the
collector efficiency does not appear to be affected. In fact,

the two efficiency curves are almost identical as shown if Figure 8.

Collector Cost

The cost of the collector as described, excluding labaur,
instrumentation and fans is U.S. $1O.80/m2. The insulation boards
account for 327 of the total material cost and the two metal plenums
at both ends of the collector account for another 307%. The plenums
were custom-made and were rather expensive compared to the rest
of rhe collector. The plastic screen costs only U.S. $O.94/m2
about 9% of the total cost of materials; the clear and black plas-
tic cost 1.S. $O.22/m2

If insulation were not used and less expensive plenums were
used, it would be possible to bring the cost down to around U.S.
$5/m2. Naturally, if insulation were not used, the temperature

rise obtainable would be somewhat less and efficiency will decrease,
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but probably by less than 5 percentage points (if not operating
under excessive temperature) since the ground provides some
insulation and thermal storage. Such a collector was built
(9) in 1978. The material cost (not including the fan) was
u.s. 4.95/m2 and the efficiency ranged from 30 to 457 for 15°¢
to 25°C temperature rise. All thé costs listed above are 1978
prices, As of October 1979, these prices have increased by app-
roximately 227, mostly due to the increase in lumber prices.
4. Conclusion

A plastic solar air heater with one of two suspended
plastic screens is more efficient than a collector without one.
It is also capable of higher air temperature rises and remains
quite efficient. For the same air temperature rise, the temp-
erature of the black absorber is also lower when the plastic
screen is installed, therefore extending the useful life of the
blacic plastic. -

The collector performance is very dependent on air flow rate
During the Fall, the efficiency is 20% at an air flow rate of
| 3 1 -2

0.33 m3 rnin_l m_z and 35% at 0.90 m” min ~ m © for a collector

with one suspended plastic screen. Solar radiation has only a
very slight effect on efficiency; the collector is slightly more
efficient at lower radiation rates.

A collector with two suspended plastic screens is even moxre
efficient than a collector with only one suspended screen and
definitely much more efficient than a collector without a screen.

o . . . . . 2
Since the plastic screen is fairly inexpensive (U.S. $0.94/m™),

the increcase in efficiency due to the screcens is well worth the



extra cost.
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ENERGY REQUIREMENTS OF VARIOUS METHODS OF DRYING CORN

K. V. Chau 4
Department of Agricultural Engineering
University of Florida
Gainesville, Florida 32611

SUMMARY

Drying corn with heated air requires large amounts of energy. In
fact, it accounts for about 3/4 of the direct energy used in corn pro-
duction. Removing water from corn with heated air dryers requires any-
where from 3000 to 7000 kilojoules per kilogram of water. The variation
is due to the type of dryers used, airflow rate, drying air temperature,
ambient conditions and grain condition. Generally speaking, the high-
temperature, high-speed dryers such as crossflow dryers are less energy
efficient than dryers that use low temperature, lo.r airflow rate and a
deep grain bed such as a bin dryer. However, the latter type has some
disadvantages including lower capacity, slow drying rate making the grain
vulnerable to mold, and overdrying of the bottom layers. Combination
drying, either dryeration or partial high temperature drying, will
increase energy use efficiency. When ambient temperature and humidity
are high, this method should be used with great caution. Solar drying
is technically feasible but still not economically competitive at this
time. :

Drying grain is a very energy-intensive process. Energy is needed
to evaporate moisture in the grain, to run the blowers and various con-
veyors. It has been estimated that the annual energy requirement for
drying corn is 5.9 1010 MJ, equivalent to about 2.3 millfon m3 (612
million gallons) of LP gas (3). Table 1 shows the approximate direct
energy requirement per hectare of corn (6). It can be seen that drying
makes up about 3/4 of the total direct energy input. However, artifi-
cial grain drying is a much needed operation. It allows the farmer to
have more control over his farming operations and flexibility in the
scheduling of equipment and labor during the harvest season. Jt will
permit harvest at the optimum time to obtain maximum yield and minimum
field losses. Figure 1 shows the allowable storage time for corn at
various temperatures and moisture contents. The higher the moisture
and temperature, the shorter the storage time. This is why it is so
important to dry corn quickly after harvest in Florida where ambient
temperatures are high in the summer. :

189
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Table 1

Approximate Energy Requirements for Corn Per Hectare.

Operation Liters Gasoline
Moldboard plow . . . . . . . . . . . . 24.3
Disk (once over) . . . . . . . . . .. 8.4
Harrow . . . « v & v v v v v e e e e 3.7
Plant . . . . . . . . v v v o v v v 8.4
SPray .+ ¢ « v v e v e e e e e e e e 1.4
Anhydrous ammonia application . 15.0
Combine . . . . . . . . ¢« oo o .. 16.8
Transport . . . .« « ¢ . . 0 . . . 3.7
Subtotal . . . . . . . . . . .. .. 81.7 (= 2,735 MJ)

Drying. (13 percentage points of
moisture removed - 6.3 tons/ha) . . . 3052 (LP gas)

= 7,783 MJ
TOTAL ENERGY REQUIRED . . . . . . .. 10,524 MJ

Effects of Corn Moisture Content at Harvest

The moisture content at harvest has definite effects on the total
heat requirement for drying and also on the corn yield. Many farmers
do not appreciate the magnitude and the source of harvest losses.
Figure 2 shows that dry matter accumulation is at its maximum when the
moisture content is approximately 26% (4). Harvesting before or after
this point constitutes a maturity loss. On the other hand, leaving
the corn in the field to dry exposes the grain to insect, bird and
weather damages. In addition, machine losses (picker or combine) in-
crease as the moisture content decreases due to increased grain shat-

_tering. To minimize all these losses, corn has to be harvested when

its moisture content reaches approximately 26%. Harvesting early, at
30% instead of 26% moisture content, increases the heat requirement

for drying by about 25%.

Enerqgy Requirement vs. Drying Air Temperature

From a temperature standpoint, most farm drying falls into one
of the following categories:

a) Natural air bin dryers. The drying potential comes from the
ambient air and the fan heat. The fan heat adds approximately
1-1.5°C to the air temperature.

b) Low-temperature bin dryers. Typical drying air temperatures
are in the 15- 32°C range.

c) Medium-temperature bin dryers; 60-70°C air temperature range.
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d) High-temperature dryers; 7G°C and higher. They include bin,
column, and concurrent flow dryers.

Natural air and low-temperature dryers are used only in areas where the
arbient temperature and relative humidity are low. Practically all of
the dryers used in the Southeast are high-temperature dryers.

Table 2 shows the estimated energy required to evaporate one kilo-
gram of water from corn (9). It indicates that drying is more efficient

Table 2.

Approximate Energy Required in Kilojoules Per Ka of Water
Evaporated For Grain Dried at Different Operating Temperatures.*

Operating Moisture Content

Temperature 279 259 20%
38-49°C 3132 82 3712
71-82°C 4062 4062 4292
82-104°C 4062 4292 5103

* Based on ambient temperature of 16°C. (Walker)

at low temperatures than at high temperatures. However, it should be
pointed out quickly that the fuel inefficiency at high temperatures as
indicated by Table 2 is not due to the high temperature per se; it
merely reflects the inefficiency of the different drying systems oper-
ating at different temperatures. The lower drying temperatures are
assuciated with bin dryers which are very energy efficient, and the
higher temperatures are associated with the high-speed column dryers
which are less energy efficient. With high drying air temperatures,
the grain bed has to be thin (except for concurrent dryers) to reduce
overdrying of the grain layer that is first in contact with the drying
air. As a result, the discharged air still has a lot of drying poten-
tial left that is wasted unless the dryer has an air recirculation or
heat recovery feature.

For a given high-speed dryer, such as a crossflow dryer, decreasing
the air temperature will actually decrease the energy efficiency as
illustrated by Figure 3 (7). For a given airflow rate, the drying
energy required decreases when the drying air temperature increases.
Therefore, attempting to lower the operating temperature of a cross-
flow dryer to save energy will actually result in an increase in energy
consumption. It should be noted that increasing the operating tempera-
ture will increase the moisture differential in the grain mass and may
increase stress cracking.
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Drying Efficiency vs. Drying Techniques

Table 3 shows the estimated performances of the various grain
drying techniques (1). With presently available equipment, the effi-
clency of fuel utilization tends to decrease as the drying rate in-
creases. Higher speed and higher temperature dryers are usually less
efficient for the reasons already given in the last saction. Comments
on the various drying techniques are also included in Table 3. The
next section will be devoted to the discussion of some of the techniques
that are relatively new or not well-understood.

Combination Drying

Combination drying is a process that uses two or more drying tech-
niques to remove moisture from the grain. The two most common combina-
tion drying systems are dryeration and partial high temperature drying.

Dryeration is a process in which the grain is removed from the
dryer when its moisture content is about 2 percentage points higher than
the desired misture content. The hot grain is allowed to tempar for
several hours in a separate bin. Then it is cooled with an airflow rate
of about 0.5 m3/min-tonne. The final 2 percentage points of moisture
are removed during this cooling period.

Partial high temperature drying is similar to dryeration except
that the grain is removed from the high temperature dryer at a moisture
content of about 20% and transferred to a bin dryer where the remaining
moisture is ramoved. The advantage of combination drying lies in the
fact that this process allows the high-speed, high-tempzrature dryar to
operate only in the high moisture range where it is most efficient while
leaving the drying at low moisture to a deep bin drying and cooling
process. Dryeration can save about 20-25% and the partial heat drying
can save up to £0% of the energy normally used in a crossflow dryer (2).
The amount of energy saved depends on the ambient conditions and other:

factors.

Combination drying can result in better quality grain. The tem-
pering and cooling phases allow the grain to ba cooled slowly resulting
in a decrease in stress cracks in the grain. In a conventional crossflow
dryer, the grain is rapidly cooled during the last stage of the drying
process. This rapid cooling can impose great thermal stresses in the
Kernels, causing them to crack.

Disadvantages of combination drying include the additional handling
of the corn, a much closer monitoring of the grain temperature and mois-
ture content, and the extra management of the slow drying phase. Under
high ambient temperature and humidity conditions, special caution should
be taken to make sure there is no molding of the top grain layer during
the slow drying phase.
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Corcurrentflow Drying

In this process, the air and the grain move in the same direction.
The hot air that enters the dryer is in contact with the wettest grain,
and the air is rapidly cocled by the high rate of water evaporation
from the grain. Orying temperatures of 150°C - 260“C can he used without
causing excessive temperature in the grain. Air introduced at 150°C is
quickiy cooled to 83°C in travelling 5-7 cm into the corn at 25% wet
basis (8). The temperature of the corn kernel is .even much lower at
this point because it has been exposed to the drying air for only a very
short time, and the high rate of water evaporation helps keep it cool.

The concurrentflow dryer is more energy efficient than a crossflow
dryer as shown in Table 4 (2). There is also a reduction in stress
cracks and grain damage during subseguent handling because the grain
temperature is relatively low during drying.

Solar Drying

During the past few years, there have been renewed interests in
solar grain drying due to the dramatic rise of the cost of fossi] fuels.
At the present time, the general consensus is that solar corn drying is
technically feasible but it is still not economically favorable. The
solar drying system is used only during a short drying season each year,
therefore prolonging its payback period, unless some other uses can be
found for the sclar collector during the rest of the year. Almost
always, a conventional backup system is needed to allow for periods of
inclement weather. This is particularly important in the Southeast
wiere the corn has to be dried to a safe moisture for storage in just

a few days to prevent spoilage.

A typical collector used for grain drying in Florida can be expected
to colleci abuut 5700 ¥3/mé-day. When comparing with LP gas at 13.2¢/
liter (50¢/gallon), 5700 KJ is worth 3 cents. This means that if the
solar drying system costs $10/m%, the payback period is 333 drying days,
not counting the interest on the initial investment. 333 days may mean
5- 15 seasons, depending on the amount of use each year. When interest
on the initial investment and maintenance costs are taken into account,
the payback period will be even longer unless the cost of fossil fuels
will rise dramatically. One also nas to keep in mind that when the
price of fossil fuels goes up, so will the cost of the materials used
to make the collector. The above figure gives an indication on how much
one can afford to pay for a solar dryer. In order to compete success-
fully, thc solar grain dryer has to be very inexpensive. The Department
of Agricultural Engineering at the University of Florida is currently
developing a low-cost plastic collector that performs well for grain
drying. The material cost is only about S4/mé, but it is stil] not
economically competitive. Collectors can be made to be more efficient
in trapping solar energy, but their cost will increase.



194

21

Conditions of high ambient temperature and humidity in Florida
promote rapid mold growth and accelerate grain spoilage. The high
incidence of aflatoxin contamination is another special concern. Corn
has to be dried to a safe moisture level in a very short time. This
adds extra constraints to the success of solar grain drying since
collectors have to be made larger and operate at higher temperature to
have the short drying time desired. Larger coilectors mean higher
initial investment and operating at higher temperature means lower
collector efficiency.

Problems in the Rating of Grain Dryers

It is very difficult for farmers and elevator operators to make
the right choice when selecting dryers because dryer ratings are not
based on standardized tests. It is very difficult to compare the energy
efficiency of one dryer against another because so many factors affect
the performance rating. These factors include initial and final mois-
ture contents, grain temperature, physical properties of the grain,
resistance to air flow through the grain, and ambient conditions. Keener
(5) reported the following findings. Rased on a 10-point moisture
removal from 30% to 20%, a dryer would have a 7.7% higher drying rate
than an equivalent one evaluated for 25- 15% when using air at 72°C.
Different types of corn and hybrid varieties having different physical
characteristics affect the drying rate and drying efficiency by 15-
20%. Air flow resistance by the grain can have widely varying effects
on drying rate and drying efficiency. When the grain is clean, the air-
flow rate and the drying rate are generally higher for a given fan size.
However, the drying efficiency can either increase or decrease depending
on the systems.

Other Considerations

So far, discussions have been presented on the direct energy effi-
ciencies of various types of dryers and drying techniques. There are
other factors to be considered. The direct energy savings have to be
weighed against the initial cost of the dryers. Dryer capacity is
another factor. A drying technique that is energy efficient but requires
extra equipment, handling and management may not actually be energy effi-
cient from an overall energy standpoint. The extra equipment requires
some prior energy investment; the extra management and labor have their

energy costs also.

Wnen selecting a dryer or a drying technique, one should be very
mindful of the local ambient conditions. A system that works well and
is very energy efficient at one location may not be efficient or even
work at another location with different climatic conditions.



Table 3

Energy Efficiencies of Various Drying Techniques

Drying Technique

Drying Efficiency*
(ton/m3 of LP gas)

Conments

Batch or continuous
flow w' .. cooling in
dryer (82°C to 104°C).

Batch or continuous flow
with dryerationt (82°C
to 104°C).

Bin drying without stir-
ring device (5.5°C rise
with 55% relative humidity
humidistat control.

Bin drying with stirring
device (38°C to 60°C).

Bin batch-drying cooling
in bin (49°C to 60°C).

Electric bin drying
(1°C to 4°C rise).

Combination system, 5%
with batch or continuous-
flow drying, 2% with
dryeration, 3% with
aeration.*t

Drying with ambient
air (1°C rise).

Solar heat drying

43.8

54.5

62.0

62.0

62.0

51.9

84.8

High capacity, flexible, high
kernel stress from fast drying
and cooling, incomplete air
saturation.

Increased capital investment,
two handlings to storage, 50 to
60% increase in throughout,
improved product quality.

Overdrying in bottom layers,
difficult to manage for optimum
performance.

Mechanical reliability may be a
problem, flexible in grain depth,
fast batch procedures.

Modest price, medium capacity,
additional manual labor for
daily leveling and unloading.

Slow drying rate, increased
threat of mold, good grain
quality, limits on grain mois-
ture content.

Same as technique 1 or 5, except
final drying (without heat) and
cooling done in another bin;
increase in potential for mold
during final drying.

Slow drying, grain must be below
20% in moisture content, vulner-
able to mold, weather conditions
critical.

Stil1l in the developmental stage;
use as a supplemental source of
heat may become practical with
new tecnnology.

(Continued next page)
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Table 3 Continued.

* Based on drying 10 points (25% to 15% wb), 4875 KJ per Kg of water
for high-temperature dryer, and 3482 KJ per Kg of water for bin
drying systems.

+ Dryeration response is a constant 2 points of drying, assuming a
kernel temperature of 49 to 60°C.

++ Based on dryeration airflow of 1.1 m3/ton min for 20 hr plus aera-
tion airflow of 0.6 m3/ton min for 30 days.

Adapted from Agricultural Engineering, May 1975.

Table 4,

Energy Consumption (iJ/tonne) for Several Systems
for Drying Grain to 15% wb.

Drying Batch-in Cross- Con- Dryera- Partial
From Bin flow current tion Heat
30% wb 1091.7 1232.6 979.7 1091.7 955.3
28 909.8 1032.7 830.7 909.8 7439.2
26 749.2 868.4 682.3 720.9 570.3
24 606.5 682.3 545.9 553.8 393.9
22 454.9 516.4 415.3 382.1 228.8
20 321.1 363.9 291.7 228.8 ---
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