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SUMMARY

The purpose of this report is to present a graphical methodology for the
preliminary evaluation of solar thermal energy plants by Air Force base civil
engineers. The report is the result of a study for the Air Force Engineering
and Services Center by the Jet Propulsion Laboratory under Tyndall Air Force
Base Project Order No. F-82-93 (NASA Task RE-152, Amendment 353).

The report is organized as a Guidebook with worksheets and nomograms
provided for rapid estimation of solar collector area, land area, energy
output, and thermal power output of a solar thermal plant. Flat plate,
evacuated tube, parabolic trough, and parabolic dish solar thermal
technologies are considered.
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PREFACE
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LIST OF SYMBOLS

a Collector optical efficiency.

Ac Collector area (ft2 ).

Ap Solar thermal plant area (ft2 ).

b Collector heat loss factor (Btu/hr ft2 OF).

GCR Ground cover ratio.

h Hours per year that the insolation intensity meets or exceeds the
minimum intensity for the collector to operate aL the required
average temperature across the collector; hours of collector
operation per year at the given site.

lavg Average beam insolation intensity (Btu/hr ft2 ).

,min  Critical beam insolation intensity; the threshold, or minimum,
insolation intensity at which the collector provides a net
positive thermal energy output at the required average collector
temperature (Btu/hr ft ).

Imax Peak beam insolation intensity (Btu/hr ft2).

Navg Collector average efficiency.

Nmax Collector efficiency at peak insolation intensity (Imax)*

Pavg Average thermal power of the collector per unit area (Btu/hr ft
2 ).

PAVG Average thermal power of the solar thermal plant (Btu/hr).

Pmax Peak thermal power of the collector per unit area (Btu/hr ft
2).

PMAX Peak thermal power of the solar thermal plant (Btu/hr).

qabl Insolation energy per unit area available to a specific type of
collector at a particular site summed over h hours per year that

insolation intensity meets or exceeds Imin (Btu/ft 2 yr).

qi Insolation energy per unit area incident at a particular site
summed over all the hours of sunshine for the year (Btu/ft 2 yr).

qu Useful annual heat output of the collector per unit of collector
area (Btu/ft 2 yr).

Qu Useful annual heat output of the solar thermal plant (Btu/yr).

S Distance from the collector field to the load (ft).
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9LIST OF SYMBOLS (Continued)

Tamb Dry bulb, daytime average annual ambient temperature at the
site (OF).

Tc Required average temperature across the collector (OF).

T 1  Load working fluid feed temperature (OF).

T2  Load temperature (OF).

AT Difference in temperature between Tc and T amb (OF).
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GLOSSARY OF TERMINOLOGY

absorber Component of a solar thermal collector that converts

insolation to thermal energy and transfers it to a
circulating working fluid.

Albuquerque, New Mexico Guidebook site representative of a high elevation

area with dry climate and distinct summer and winter

seasons.

Barstow, California Guidebook site representative of a dry desert climate

with mild winters, typical of Arizona, California,
and Nevada.

beam insolation Direct radiation from the sun received relatively

unscattered at the earth's surface.

Cape Hatteras, Guidebook site representative of a Mid-Atlantic

North Carolina coastal climate with a pattern of pronounced cloudy
and sunny periods.

collector A device to gather solar radiation and convert it to
thermal energy.

collector aperture The opening through which unconcentrated solar

radiation enters the collector.

collector area The area of the collector aperture.

collector efficiency The ratio of useful heat output of the solar

collector to the insolation available to the

collector.

concentrator A device for focusing solar radiation either through

reflection (mirrors) or refraction (lenses).

CONUS The contiguous 48 states of the United States.

diffuse radiation Radiation from the sun scattered by the earth's

atmosphere.

evacuated tube A type of non-concentrating solar thermal collector
in which the absorber plate is enclosed in a
transparent vacuum tube.

flat plate collector A type of non-concentrating solar thermal collector

consisting of an absorber plate between a transparent

cover and insulated back. The absorber plate tends

to occupy virtually all of the collector area.

ground cover ratio Ratio of collector area to the total required plant

land area.
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GLOSSARY OF TERMINOLOGY (Continued)

heat loss factor Factor that accounts for the thermal energy losses

in the collector receiver or absorber.

insolation Solar energy received at or near the earth's

surface.

load A facility or industrial process that requires heat.

Maynard, Massachusetts Guidebook site representative of a New England

climate with overcast winters, rather low annual

average insolation, and a low number of sunny hours.

Madison, Wisconsin Guidebook site representative of a Great Lakes
climate with high humidity, bright summers, very
cold winters, and rather low annual average

insolation.

Medford, Oregon Guidebook site representative of a Pacific
Northwestern climate with excessive cloudy periods

except in summer. Low average insolation during

winter and fall but compensated by high summer
intensity, which brings the annual average to that
of Miami, Florida.

Miami, Florida Guidebook site representative of a gulf climate;

mostly cloudy with intervals of bright sunshine,

yielding an overall insolation level significantly

lower than that of a dry site such as Albuquerque,

New Mexico.

optical efficiency The ratio of tile energy available to the absorber
or receiver to the insolation energy available to
the collector; factor that accounts for losses in
the optica! subsystem of the collector (e.g., the

glass cover of a flat plate collector).

parabolic dish A point-focusing solar thermal energy system

consisting of a concentrator, receiver, and
two-axis tracking control system.

parabolic trough A line focusing solar thermal energy system
consisting of a concentrator, tubular receiver, and

single-axis tracking control system.

plant area The total area occupied by the solar thermal plant,
including the collector area, space between
collectors, and maintenance access space.

plant output Annual heat output ot the solar plant delivered toIf th" load.

sensi'le heat Heat energy given to a body that causes its

temperature to increase.
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GLOSSARY OF TERMINOLOGY (Continued)

solar thermal plant The collector field, piping network, control system,
and interface connections necessary to convert solar
radiation into thermal energy and deliver it to a
thermal load.

storage A subsystem of a solar thermal plant designed to

retain heat from the collector field in a sensible or

latent form until needed by the load.

total insolation The sum of beam and diffuse insolation on a plane at
the earth's surface.
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SECTION I

INTRODUCTION AND SUMMARY

The subject of this report is the collection and use of solar thermal
energy to meet thermal load requirements of the United States Air Force. A
graphical methodology is presented for use by Air Force base civil engineers
in developing quick estimates of solar collector area, land area, energy

output, and thermal power output ot a solar thermal plant. Flat plate,
evacuated tube, parabolic trough, and parabolic dish solar thermal

technologies are considered.

The scope of the Guidebook is limited to thermal energy prouctiion.
Electric power generation is not considered. However, the Guidebook -all be
used to estimate the amount of thermal energy being delivered by a collector
field to virtually any load, including an engine generator ot a central solar
thermal electric plant or cogeneration plant. The scope oL tLe Guidebouk oIoes
not include economic analysis. Pre-project economic Cvaluation 01 a solar
thermal plant should be done in accordance with cu-rrnt, standard Air Force
guidelines and, most importantly, should be based on current vendor price
lists. A list of solar thermal collector companies is available trom the

Solar Energy Industries Association, Suite bOO, 1001 Lounecticut Avenue NW,
Washington, DC 20036 (telephone: 202 293-291).

A. AIR FORCE APPLICATIONS

The United States Air Force uses thermal energy in many ways. Large
central steam plants provide heating for buildings. bmaller plants heat
industrial solvents or provide warm air for parachute drying. Miki sizt plants
may be distributed throughout an Air Force base serving the lautury ot the
hospital, for example.

A study (Reference 1) of Air Force thermal appl ications tor soiat -nergy
systems reported a wide range of thermal loads at six Ali Force bases, as

shown in Table 1. The loads varied in size Irom 10 7 btu/yt to 1 0 1 btu/yr.
Temperatures ranged from 70 to 3501F.

TABLE 1. EXAMPLES OF AIR FORCE THERMAL ENER(Y LOALS

APPLICATIONS TEMPERATURE RANGE, OF SILL RANGE, 109 btuiyr

Central Plant 300 - 350 170 - 860
Hospital 300 - 350 29 - 48
Tndustrial 140 - 190 0.01 - 17

Solvents 200 - 260 0.4 - 4
Corrosion Control 70 - 180 N/A
Parachute Drying 80 0.3 - 1.8
Environmental Control 80 - 350 7 - 70
Laundry 350 12

I



Air Force thermal loads were found to be similar in time profile to
industrial and commercial loads and can be characterized as base, inter-
mediate, or peak (Reference 1). Base loads are steady for 24 hours.
intermediate loads increase the total load during daytime. Peak loads occur
intermittently for perhaps a few hours.

Solar collector output also varies with time, and a consistent match with
a varying load is virtually impossible. Assuming that the unit cost of fuel
is the same for base, intermediate, and peak thermal loads, then for economic
reasons the solar plant should be sized to meet the minimum daytime load.
This approach to sizing will permit all the energy from the solar plant to be
used and will avoid incurring the added cost of thermal energy storage and the
energy losses associated with storage. Only if the plant sized on the above
basis is found to be economical is it worthwhile to consider thermal storage.
If the minimum-size no-storage plant is not economical, the plant with storage
will not be economical. Hence, the decision regarding use of solar -an be
made without considering energy storage. The addition of storage cnn be
treated as a refinement in follow-on detailed studies. Consequently, the
conventional fuel-fired heating system should be capable of meeting the total
load. Where or when fuel prices rise dramatically above Air Force historical
averages, larger solar thermal energy systems serving more of the load may
make economic sense. In that case, thermal storage may be justified.

For simplicity, eight sites in the CONUS have been selected as Guidebook
sites to approximate all possible Air Force sites, as shown in Figure 1. In
selecting the Guidebook site most similar to the actual sit,., the engineer
should compare the sites on the basis of proximity, insolation, and climate.
For example, Colorado Springs, Colorado, would be represented by the Guidebook
site of Albuquerque, New Moxico, because they are relatively close, have about
the same level of insolation, and have relatively similar climates. A
detailed discussion of site and load considerations is presented in
Reference 2.

B. SQL -R RADIATION

The solar radiation available at ground level is called the total
insolation and consists of beam and diffuse components. The beam component,
which is similar to the insolation available outside the earth's atmosphere,
comprises 85 to 90 percent of the total insolation on clear days, while the
diffuse component contributes about 10 to 15 percent. Thus the beam component
is by far the most important component of the total. The beam and diffuse
insolation vary throughout the United States. Insolation data for the eight
Guidebook sites are presented in monogram format in Appendix B. These sites
can be used to represent the insolation at any Air Force base in the CONUS.

C. SOLAR THERMAL TECHNOLOGIES

The Guidebook addresses four solar thermal technologies capable of
achieving temperatures in excess of ?000 F: flat plate, evacuated tube,
parabolic trough, and parabolic dish. Diagrams and operating temperatures of
these collectors are presented in Table 2.

2
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In this Guidebook, collector performance is characterized by only two key
parameters: optical efficiency (represented by the letter "a") and heat loss
factor (represented by the letter "b"). it is desirable to have a high value
for a and a low value for b. Values of a and b for the four collector types are
provided in Table 2. A particular manufacturer's system will probably have
different a and b values from the average values shown. The difference is not
important in accomplishing a preliminary design of adequate precision. Average
values for a and b are actually preferred to ensure that the preliminary design
does not lead inadvertantly to a vendor-specific specification for the detailed
design. However, if desired, a vendor's values for a and b could be used
without modifying the Guidebook methodology.

The flat plate and evacuated tube collectors are considered to be non
tracking systems because they do not track the sun as it moves across the sky
from east to west each day. These non concentrating collectors use both the
beam and diffuse insolation to warm the working fluid. The parabolic trough and
parabolic dish are tracking, concentrating collectors and can utilize only the
beam insolation.

The flat plate collector looks like a rectangular box with a transparent
cover and insulated back. inside is an absorber plate which is heated by the
sun and cooled internally by the working fluid. Flat plate collectors are in-
stalled on tilted, south facing planes in the northern hemisphere. The degree
of tilt is usually the same as the latitude of the site for year round appli-
cations. If the solar plant is to be used in winter only, such as for space
heating, then the tilt should be latitude plus 100. Summer only applications
require a tilt of latitude minus 100. Evacuated tube collectors consist of
an absorber mounted in an evacuated glass tubular enclosure. The heat is
removed by a fluid circulating through the absorber in the evacuated tube. The
output of flat plate collectors and evacuated tube collectors can be increased
by adding mirror boosters on one side or both sides of the collector assembly.

Collector performance can be improved significantly by tracking the apparent
motion of the sun. Parabolic trough collectors track by rotating about one axis
only. Parabolic dishes track the sun by rotating about two axes.

Parabolic troughs have a linear focus so the receiver is a long tube at the
focus of the cylindro-parabolic mirror or lens array. The parabolic trough
collector can be aligned so that the principal axis is along the E-W or N-S
axis. Parabolic dishes have a point focus, so the receiver is a small cavity
located at the focus of the paraboloidal mirror or lens. As in the non tracking
collectors, a circulating working fluid is used to remove heat from the receiver
and transport it to an intermediate heat exchanger or to the load directly.

D. USE OF THE GUIDEBOOK

The Guidebook can be used to determine:

1. Annual heat output of a collector per unit area (IBtu/ft yr).

2. Average thermal power of a collector per unit area (Btu/hr tt 2.

3. Annual heat output of a solar thermal plant (Btu/yr).

4. Average thermal power of a solar thermal plant kBtu/hr).

5. Collector area and total land area required for a plant of a given
annual energy output (ft2 ).

4
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This information can be used to assess whether a detailed design of a
solar thermal plant is technically warranted for a particular thermal
application, whether a vendor's proposed plant is reasonably sized, or whether

one collector technology is better than another for a particular site or a

particular load. The accuracy of the Guidebook is generally within + 20

percent of a realistic detailed design in terms of thermal energy output and

associated area requirements.

The main body of the Guidebook consists of tour sections, each with a

corresponding worksheet. The first worksheet, Worksheet A, is used to select
the Guidebook site, to identity the required average collector temperature,
and to stablish the ambient temperature. Worksheet B is used with a nomogram
to determine tile insolation proper ies at the site and to select a collector

type for analysis. Worksheet C is used with a nomogram to establish collector
properties. Worksheet 1) is used f, establi. h plant properties. After
completing the worksheets in the Guidebook, the engineer should be able to

complete the information sheet ('Iable 3).

In using the (Guidebook, it is recoimended that the engineer plan ahead to

make many iterations through the worksheets. This will be necessary and

desirable because there are many possible combinations of collector type, load
size (or percent ot load served by solar), area limitations, etc. Multiple
iterations are essential to understanding tht interactions and sensitivities
for each unique case.

The worksheets and nomograms will seem complex at tirst. But after one or

two iterations through the methodology, the mechanics of the process will be
mastered so that subsequent passes can be accomplished in about 10 minutes. To
simplify the job of getting started, selec, a collector type with a
temperature range centered approximately on the temperature desired. T1he
inherent characteristics of the four collector technologies suggest that there
are some temperature ranges most appropriate for each. While experts disagree
as to the boundaries of these temperature ranges, the tollowing representative
ranges are provided for use in the Guidebook:

Flat Plate: 120 - 21uo°
Evacuated Tube: 150 - 3uo"F
Parabolic Trough: 200 - )UU0 F
Parabolic Dish: 300 - 2lotooF

For Air Force applications, a trough coilecto will often be the first
type analyzed. For low latitude sites such as Miami, Florida, consider N-S
orientation of the trough axis. For high latitude sites such as Madison,
Wisconsin, consider both E-W and N-S orientations ot the trough axis.

After analyzing the trough collector options, consider dish collectors
if the desired temperature is over 3000 F. Consider evacuated tube
collectors if the desired temperature is under 3JOUF. (In the nomograms,
evacuated tube and flat plate collectors utilize the same scales.)

A sample case is presented in Appendix A to illustrate the use of the
Guidebook.

, ntonm mm mm m nlll m I. ... :'- -::-:: "-.. .



TABLE 3. SOLAR THERMAL PLANT INFORMATION SHEET

I. Site of possible solar plant

2. Guidebook site (line A16)

3. Working fluid teed temperature (line At) OF

4. Load operating temperature (line A2) OF

5. Required average temperature across the

collector (line AIS) OF

6. Dry bulb daytime annual average ambient
temperature at the site (line A17) OF

7. AT = Tc - Tamb OF

8. Distance from the collector field to

the load (line A3) _t

9. Collector type

10. Collector optical efficiency, a (line B3)

II. Collector heat loss factor, b (line B4) Btu/hr it 2 O2

12. Minimum (critical) beam insolation
intensity (line B21) btu/hr Lt2

13. Average beam insolation intensity (line B23) Btu/hr tt2

14. Maximum (peak) beam insolation

intensity (line B27) btu/hr tt 2

15. Solar plant output per year (line D8) Btu/yr

16. Solar plant operating hours per year hr

(line B19)

17. Solar collector area (line D12) tt2

18. Solar plant area (line D15) ft2

19. Average thermal power of solar plant Btu/hr
(line D18)

20. Peak thermal power of solar plant (for
sizing pumping system) (line D19) Btu/hr

7
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SECTION 11

SITE AND LOAD: WORKSHEIT A

A. OVERVIEW

Use Worksheet A to calculate the required average temperature across the
collector and to identify the Guidebook site. To begin the analysis, the only
inputs required are load working fluid feed temperature, load operating

temperature, and the distance from the collector field to the load.

B. SITE AND LOAD CHARACTERIZATION

Worksheet A is used in determining values for these key parameters:

Tc = Required average temperature across the collector (IF)

T amb = Dry bulb, daytime, annual average ambient temperature of

the site (OF)

/AT = Tc - Tam b

To arrive at values for these parameters, it is necessary to know:

T 1  = Load working fluid feed temperature (°F)

T2  = Operating temperature of the loao (IF)
S = Distance from the collector field to the load (ft)

The required average temperature across the collector is the mean oi the
required outlet and inlet temperatures. The required outlet temperature is

found by summing the load operating temperature and the temperature losses in
the lines within the collector field, in the thermal transport pipe, and
across the heat exchanger. (See Figure 2, Solar Thermal Plant block
Diagram.) The collector inlet temperature is founo in a similar manner,
starting with the load working fluid teed temperature ana accounting for
temperature losses in the lines. In this way, the entire collector field is

analyzed as a unit; the individual collectors can be considered as plumbed in
parallel or series without affecting the analysis.

It should be noted that Worksheet A uses a temperature drop approach
rather than a heat loss approach in arriving at the required average
temperature across the collector. In doing so, many approximations were made
with regard to pipe insulation thickness, flow rates, collector spacing in the

field, etc. These approximations were generated by working the problem many
times and arriving at temperature drops for thermal networks having the best
chance of being economic to build, operate, and maintain.

The ambient temperature of the site, Tamb, is the daytime average over
the whole year. The overnight lows are excluded because the solar collector
field will not be operating. The performance ot all types of solar collectors

are affected by the variation of ambient temperature. The effect is more
pronounced for flat plate and .vacuated tube collectors than for parabolic
trough and parabolic dish collectors.

9h



WORKSHEEI A

TO FIND Tc

Al. Enter the approximate feed temperature of the load Al
working fluid (TI).

A2. Enter the approximate operating temperature of the A2

load (T2 ).

A3. Enter the approximate distance, S, from the collector A3

field to the load (or to the heat exchanger next to the

load).

A4. Enter the approximate temperature difference between A4

the two hot sides of the heat exchanger.

If unsure, use the following values for the type of
working fluids in the heat exchanger:

liquid to air : 50°F
liquid to liquid 250Y

liquid to boiling fluid 50°F

A5. Enter the approximate temperature drop of the hot A5

working fluid from the collector outlet to the
heat exchanger.

If unsure, use 2°F per 100OF of T2 per l00 ft

of transport distance, S. Example: for a load with an

operating temperature of 30 0 F served by a collector
field 200 ft from the heat exchanger/load,

2°F x 3000 F x 200 ft 120 F

100 0 F x 100 ft

Collector Thermal Heat
Field Transport Exchanger Load

T
c

S~T 
2

f- -- - - --

t

Figure 2. Solar Thermal Plant block Diagram

10



WORKSHEET A (CoUht iiued)

A6. Add lines A2, A4, and A5. Ab

A7. Enter the approximate temperature drop of the hot A7
working fluid in the piping network within the

collector field, estimated as line A6 x 0.03.

AS. Add lines A6 and A7. Ab
Line A8 is the required collector outLet temperature.

A9. Enter the approximate temperature difference between A9
the two cool sides of the heat exchanger.

If unsure, use the following vaLues ior the type of
working fluids in the heat exchanger:

liquid to air . 5UOF

liquid to liquid 25°F
liquid to boiling tluid 50OF

AIO. Add lines Al and A9. Al _

All. Enter the approximate temperature drop of the cool Ali___

working fluid going through the thermal transport
pipe from the heat exchanger outlet to the collector
field.

If unsure, use 20F per 100°F of line AIO per
100 ft of transport distance, S.

A12. Subtract line All from line A10. A12

A13. Enter the approximate temperature drop of the cool A13

working fluid in thet piping network in the collector

field, estimated as line A12 x 0.03.

A14. Subtract line A13 from line A12. A14

Line A14 is the collector inlet temperature.

A15. Add lines A8 and A14 and divide by 2. A15
Line A15 is the required average tempelature

across the collector, Tc.

TO FIND Tamb

A16. Enter name of Guidebook site that most closely A1t_

approximates the real site in terms of climate,

insolation, and general proximity.

11



WORKSHEET A (Continued)

A17. Enter Tamb, the dry bulb, daytime, average annual A17

ambient temperature (OF) for the site.

If unsure, use the Guidebook site value.

Tamb

Albuquerque, NM 60

Barstow, CA 68

Cape Hatteras, NC 66
Madison, WI 50
Maynard, MA 53

Medford, OR 57
Miami, FL 79

Omaha, NB 57

TO FIND AT

AI. Subtract line A17 from AI5 to obtain 6T, the Al8
difference between the required average temperature

across the collector and the average ambient temperature.

ENV OF WORKSHEET A

12
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SECTION III

INSOLATION AVAILABLE TO THE COLLECTOR: WORKSHEEI B

A. OVERVIEW

Use Worksheet B and an Insolation Nomogram to determine the insolation

energy available to a specific collector type at a particular Guidebook site.

All inputs to Worksheet B are either self-contained in Worksheet B or are

parameters solved for in Worksheet A.

B. CHARACTERIZATION OF AVAILABLE ENERGY

Worksheet B is used in determining the insolation energy at any ot the

eight Guidebook sites available for conversion into thermal energy by any of

the four collector types. The following key parameters will be solved tor,

using a nomogram in conjunction with Worksheet B:

lavg = Average beam insolation intensity at a particular site
over h hours of operation per year (Btu/hr ft2 )

qabl = Insolation energy per unit area available to a specific
type of collector at a particular site summed over h hours

per year that insolation intensity meets or exceeds

Imi n  (Btu/ft2 yr)

qi = Insolation energy per unit area incident at a particular

site summed over all the hours of sunshine for the year
(Btu/ft2 

yr)

mi n  Critical beam insolation intensity; the threshold, or
minimum, insolation intensity at which the collector

provides a net positive thermal energy output at the

required average collector temperature (Btu/hr it2 )

1 = Hours per year that the beam insolation intensity meets or

exceeds Imin; hours of collector operation per year

Imax = Peak beam insolation intensity (BLu/hr it2 )

To arrive at values for these parameters, it is necessary to know:

6T = Tc - Tamb (OF)

a = Collector optical efficiency (from lable 2)

b = Heat loss factor tor the collector (btu/hr tt2 OF)

(from Table 2)

Throughout the year, beam insolation intensity (Btu/hr It
2 ) varieb

instantaneously. Measurements taken at 15-minute intervals can be averaged to

13



give an approximation for an hourly value. The hourly averages can be added.
Then the total is divided by the total number of hours of data for the year to

obtain an annual average beam intensity.

This annual average includes data points for which the beam insolation

intensity is very low, too low to operate a collector productively. These

very low values of beam insolation intensity must be eliminated from

consideration to get a true estimate of the average beam insolation intensity

while the collector is operating.

The minimum acceptable level of insolation intensity varies with collector

type. This is because collector types differ in optical efficiency and heat

loss factor. Collectors with high optical efficiencies allow nearly all of
the beam insolation to pass on to the absorber plate or receiver. Very little
is lost due to unwanted reflections of transmission losses in the mirror,

lens, or cover plates. Collectors with low heat loss factors lose very little

thermal energy from the hot absorber or receiver to the surroundings at

ambient temperature.

The minimum acceptable level of insolation intensity varies also with

required average temperature across the collector. During periods of low
insolation intensity, a particular type of collector may not be able to raise

the working fluid temperature to the required level, Tc .

For each site, then, there is a certain amount of insolation energy each
year (qi) incident at the site. Only a certain fraction of this insolation
energy is at an intensity (l in) high enough to be available to the specific
type of collector being considered for operation at a required average

temperature across the collector, Tc. This available energy is qabl"
When the collector is operating, approximately h hours per year, the intensity

of the insolation is lav , on the average. For a few hours each year, the

insolation intensity peaks at Imax -

The key parameters discussed above are represented graphically in the

Insolation Nomograms. (There are eight Insolation Nomograms, one for each
Guidebook site.) On the nomogram are many interrelated scales linking the key

parameters. The worksheets provide directions on how to go from one scale to
the next in a few seconds, arriving at a set of graphical solutions for the

key parameters.

The Isolation Nomograms for the eight Guidebook sites are contained in

Appendix B.

14



WORKSHLEEI B

TO FIND qabl

BX. Enter T2 , the approximate operating temperature hI
of the load, from line A2.

B2. Place a check mark next to the collector types which

could meet T2:
Flat Plate: 120 - 2l"F
Evacuated Tube: 150 - 3L00F
Parabolic Trough: 200 - ouoF

Parabolic Dish: 3io - 2O(JOoF

Enter on line B2 the collector type Lo be cons durc,

this time through the. methodology . It a specIiic

manufacturer's collector is to be consi ulec], entetr
the manufacturer s collector type.

B3. Enter the value for collector optical iIticiencv, _ _ _ _

a, from Table 2. (it using a particuiar miutfctur,r
collector, asK th manutacturer for the value >, a,

certified through testing by tile National I)ur .u 01

Standards. )

B4. Enter the value for collector heat loss tactor, U, h.,

from Table 2. (It using a particular mati t.~tt, .r

collector, ask the manu facturer tor the value )I b,

certified through testing by thc National Bureau o
Standards.)

B5. Enter the name of the Guidebook site repreentinl, tie C:

actual site (same as line A16). Select the lllsoiatilon
Nomogram for the Guidebook site listd on line hS.

There are eight different insolation nomograms,

one for eich (;.uidebook site.

bfh. Find tuL a and10 b scales on tile Insolation Nomogriam. bo Se Nomn;Orali.
Make a mark on the paper at point (a,t:l). 01le

values for a and b are lines b3 and B4 respectively).

Draw a line from point (a,b) to the origin. by ace NomiObi ll.

P;. Enter Al from line A18. b,_

B9. Find the A and I scales on thle Insolation h' See Nomlabran
Nomogram . (Make sure the Al scale is the correct
scale for tile type of collector listed on line h.

B1I. Draw a vertical line starting at tile value o1 A] b l Se Noo'gr-all

from I ine Bb) on tue Al scale and continuilli

down for about i inches.

15



WORKSHEET b (Continued)

Bl1. Draw a line parallel to the sloping a/b line drawn in bi1 6ee Nomogram

step B7. Start at the origin of the AT, I scales

and continue until intersecting the line down Irom AT

in step BlO.

B12. Draw a horizontal line starting at the point of B12 See Nomogram

intersection in step B11 and continuing to the

right until intersecting the curved line labeled

" KI x h."

B13. Find the qi and qabl scales on the Insolation b13 See Nomogram

Nomogram.

B14. Draw a vertical line starting at the point of B14 See Nomogram

intersection on the curved line labeled

" "'1 x h" and continuing down until intersecting

the sloping line between the qi and qabl scales.

B15. Draw a horizontal line starting at the point of B15 See Nomogram

intersection on the sloping line between the qi

and qabl scales. Continue to the right until
intersecting the qabl scale-. This intercept on

the qabl scale is the insolation energy available

to the particular collector at the selected site

for the required average collector temperature.

Bi6. Enter (labl the energy available to the
collector, as found in step BI5. Bb

TO FIND h

B17. Refer to step Bll. Draw a horizontal line B17 See Nomogram

starting at the point of intersection in step BI1
and continuing to the left until intersecting the

curved line labeled "hr."

B18. Draw a vertical line starting at the point of B18 See Nomogram

intersection on the curved line labeled "hr" and

continuing upward to the Duration scale. The

intercept on the Duration scale is h, the number of

hours per year that insolation will meet or exceed

the critical insolation intensity, imin .  it is also

the number of hours of collector operation per year.

B19. Enter h, as found in step B18. B19

t

lb



WORKSHEEIA B (Continued)

11) FIND imin

B20. Refer to step B12 and to step Bi7. The line drawn in b20 See Nomogral
these two steps is a straight line. Extend this line
to the right to intersect the I scale. This

intercept is Imi n , the critical level ot insolation
intensity below which the collector cannot produce

useful thermal energy at the required average
temperature across the collector.

B21. Enter !min, the critical insolation intensity, as B21

found in step B20.

TO FIND lavg

B22. Refer to step B12 and to step B17. The line drawn in b22 See Nomogram

these two steps is a straight line that intersects

the lavg curve. From this point 01 intersection,
draw a vertical line down to the qi scale and then

up to the right at a 450 angle onto the 1 scale.
This intercept on the I scale is Iavg , the average

beam insolation intensity.

B23. Enter avg, average beam insolation intensity, B23

as found in step B22.

TO FIND Imax

B24. Find the point where the lavg curve intercepts the B24 See Nomogram

I axis. This intercept is Imax, the peak beam

insolation intensity.

B25. Enter Imax' the peak beam insolation intensity, B25

as found in step B24.

END OF WORKSHEET B
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SECTION iV

COLLECTOR OUTPUT: WORKSHEEI C

A. OVERVIEW

Use Worksheet C and the Collector Nomogram to find tie collector output on
a per-unit-area basis. All inputs to Worksheet C are either self-contained in

Worksheet C or are parameters solved for in Worksheets A and B.

B. COLLECTOR PERFORMANCE CHARACTERIZA I1ON

Worksheet C is used in determining values for the key parameterb that
characterize collector performance per unit area:

qu = usetul annual heat output ot the collector per unit area
(Btu/ft 2 yr)

Pavg = Average thermal power ol the collector per unit area on
average during the h hours ot operation per year (btu/hr

ft
2 )

Pmax Peak thermal power of the collector per unit area (btu/hr
ft 2 )

Nmax = Collector efficiency at pe:ak insolation

intensity (Imax)

Navg = Collector average efficiency

To accompl i sh the analysis, the following inputs are needed:

AT = t c - lamb ( F) (from Worksheet A)

a optical -ft icincy of the collector (trom Worksheet B)

b Heat loss factor tor the collector
(Btu/tir It 2  LF)(trom WorksheeL B)

=1 al Energv available to the collector per unit area
(Btu/tt- yr) (from Worksheet B)

There is a certain amount of insolation energy (qi) each year incident
at the site. Of this amount, only a fraction is actually available kqal)l )

to the collector. That is, the insolation intensity is 1ot always high1 enough

to permit a collector to raise the working tluid temperature to the required

tempe rature (I) and prodhuce useil energy. Usetul energy is produced h

hours per year, and the quatitity of useful energy is qu" 'lhe relationship
betwecen qabl and q, is that I inLput and otput. A collector convetIs
available ins(,lation ,'rd, ]) to ustul ineat energy (q,,) at an
average- et f iciifuicy oIt NdVy

-_ i I I I "l lll .. . .. I I - . .... .. : _ : :1-



There are a few hours each year when beam insolation intensity peaks at

lmax It is important to know this value because the pumping system for the
plant should be sized for peak conditions. Otherwise, the collector may

overheat and be damaged when the insolation intensity is at the peak. 'he
collector efficiency at peak insolation conditions (Nmax) is a little higher

than the average efficiency. The thermal power (pmax) at Imax is

significantly higher than Pavg"

The Collector Nomogram is presented in Appendix C. There is only one

Collector Nomogram. It can be used for all four collector types.

t

20

II iml i m ,, m m l n . ... ]



10i FIND) Naivg

CI ["nter col lector opt icail eft rcierra, a, liom line 133. c

C:2. Enter collector heat loss, lactor, t), tra)m line b-4.

C3 . Find the a and b scalies oi) til'e 0I ol- ta NOMlrarl. L See' Ioiriooiiiii,
Make a mark on the paper at paoint 1,1o ) ic vi aucs

tor a and b are lines (11 anid (.-, rt-spcct ilv~.)

C4 . En t er l' fr m i n e B 8.1_

C 5. Enter- Iavg front line 9.23.0

Ch . Find the Al and I scales onl till' (oIict..r Nowarilau. t Sue Norio, rim

Make a mark on the paper at poit (ALI, l.v ,) . klihe
values tor ILI and~ I av!are I ut-S L4 aid

respectively.)

C7 . Draw a I int  fror ; pain t C~,I )to toi o r i ' in11. (,7 eNomograri

C8. Draw a line parallel to the hon just dirawn ili step , i b See Noriagtram

start ing froml point (a]Io) arna inlterst ill thre ai scalte .

This intercept i s Nav the average ci I 011 jcV Ot thlt
Colle ct or.

C9 . Enter thet collector el tic iency , N ;Agas lonid in t

'tt0 FINDIL

C 10. EntLe r qah Ir 1on' lie c. *)I U ____)_____

Fi .1 nd thlt N S CI I C an 11 a1 1lI a ool tl'k o1 leCtal CI I Sue Noiioerami

NotT r it amr. ( N te4 th a t t It I IX I I I C ic S I~ r ro.1

tlthe (it "ca I e. . ) Make zi 1ay nk onI t hi pa je i 00 ti (l r l
.scale at point q0ajI (Io 1,1).

(12 Draw at [in.i tir o poi ift q' to 0 t l i ii bl ee Nolrooralin

CI1. Draw a vertical irne tt o tii r t he N,1 1 aunt oil Cl3 set! Nolllrog1iann

the a sc~i, a il l.o.~ cant j on j ri dowo Iin
inttirsict ins', thit strn l ,11i Iint drawrn Ii stepl(i

CA 4- trl;4. -i hoar izonta l 1 ruel st artL i fit, at tint par i ol 1.1
i nt I-sr(cc t io I nli z. tht I tilt ld, I ie . : r ill d i it

tq'p i13 1 andl coilt irrile LO Va I-he t Ii girt '1 si-c t illll,
Ol- il scihi. T,1i s ,-) ll ot q' 1 IlI k- r ctell

lait#t I lt rrcntLioiir at the, -) c it-c n tii ot L, a

(r , Lilt- i t hall hoarL (il I ) i tis11 a t i ait , I- ms ii no los
:Indl I a t i t rid, . FEn t ti, r 'tIj s MIro r 1rem lid vi hit,' of

1I 
1I jo 

l 
le 
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WORKSHEET C (Continued)

C15. Enter the correction factor for collector orientation, C15
use of total insolation, cosine losses, and latitude

from the table below:

Flat Plate & Parabolic Irough Parabolic

Site Evacuated Tube E-W N-S Dish

Albuquerque, NM 0.77 0.76 0.87 i.0

Barstow, CA 0.77 0.76 0.87 1.0

Cape Hatteras, NC 0.78 0.76 0.87 1.0

Madison, W1 0.78 0.76 0.85 1.0

Maynard, MA 0.78 0.76 0.85 1.0

Medford, OR 0.78 0.76 0.85 1.0

Miami, FL 0.79 0.77 0.91 1.0

Omaha, NB 0.77 0.76 0.86 1.0

C16. Multiply line C14 by line C15 to obtain qu, the C16_

useful annual heat output of the collector.

TO FIND Pavg

C17. Draw a sloping line joining lavg and tile origin C17 See Nomogram
of the a and b scales. At the point of intersection

of this line and the vertical line drawn in step

C13, draw a horizontal line, intersecting the p scale.
This intercept is Pavg, the average thermal power

output of the collector per unit area.

C18. Enter Pavg as found in step C17. C16___

TO FIND Nmax

C19. Enter Imax from line B25. C19

C20. Find the AT and I scales on the Collector Nomogram. C20 See Nomogram

Make a mark on the paper at point (Al, imax). (The

values for AT and Imax are lines C4 and L19,

respectively. )

C21. Draw a line from point (AT,Imax) to the origin. C21 See Nomogram

C22. Draw a line parallel to the line just drawn in step C22 See Nomogram

C21, starting from point (a,b) and intersecting the

a scale. This intercept is Na, the peak efficiency

of the collector.
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WORKSHEET C (Continued)

C23. Enter the collector peak efficiency, Nmax, as found C23
in step C22.

TO FIND Pmax

C24. Draw a sloping line from Imax, on the I scale,

to the origin. Draw a vertical line starting at the

Nmax point on the a scale and continuing down C24 See Nomogram
until intersecting the sloping line, from imax
to the origin.

C25. Draw a horizontal line starting at the point of C25 See Nomogram

intersection in step C24 and continuing to the right
until intersecting the p scale. This intercept is

Pmax, the peak thermal power of the collector.

C26. Enter Pmax, the peak thermal power of the collector, 2 _26

as found in step C25.

END OF WORKSHEET C
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SECTION V

PLANT SIZING: WORKSHEET D

A. OVERVIEW

Use Worksheet D to find the energy output and thermal power ot the plant.

All inputs to Worksheet D are either self-contained in Worksheet D or are
parameters solved for in Work~heets A through C.

B. CHARACTERIZATION OF THE PLANT

Worksheet D is used in determining values for these key parameters:

Ac  = Collector area (ft
2 )

Ap = Plant area (ft 2 )

Qu = Useful annual heat output ot the plant (Btu/yr)

PAVG = Average thermal power of the plant (Btu/hr)

PMAX = Peak thermal power of the plant (btu/hr)

To accomplish the analysis, the following inputs are needed:

qu =Useful annual heat output of the collector
(Btu/ft 2 yr)

GCR (;round cover ratio; the ratio of collector area to the

total required plant area

The plant propt rties are Ap, Qu, PAV, and PKAX" Ap is the atta
of the plant, which includes collector area, allowances for spacing between

collectors, and an allowance for maintenance access. fhe allowance for
spacing between collectors is called the ground cover ratio (UttR), which is a
convenient way of expressing how close together the collectors can be
installed before blocking and shading losses become unacceptable.

The useful annual heat energy ot the plant, i, is the energy that

actually arrives at the load. It is the output of I r t 2 of collector
(qu), integrated over the collector field (Ac), and adjus:k*d djownwardf for

line losses. The line losses are approximated in the worksheet so no complex

heat transfer equations need to be solved.

The average thermal power of the plant, PAVG, is measured in htul/hL.

Think of the plant operating tor many hours each year, produc ing energy at
some rate that varies due to the level of insolation intensity. For the h

hours per year that the collector operates, the heat output per hour is a
measure of the thermal power of the plant. The total energy produceu, Qu,
divided by the number o hours the collector operated li, is ali apIproxi,aL te

measure of the avera g thermal power (it the plant. 1he peak plant power,

25



is the maximum rate of energy delivery 
to the load and occurs while

insolation intensity is at IKAXo Use PmAx in sizing the plant pumping

system.

2b



WORKSHEET D

Dl. Enter qu, useful annual heat output of the collector DI

per unit area (Btu/ft 2 yr) from line C16.

D2. Enter Pmax, peak thermal power of the collector per D2

unit area (Btu/hr ft 2 ) from line C26.

D3. If solving for required collector area, Ac, given D3 N/A

load size, go to D10.

D4. If solving for annual useful heat output of the plant, D4 N/A

Qu, given collector area, go to D5.

TO FIND Q,

D5. Enter collector area, Ac. D5

D6. Enter S, the distance from the collector field to the
load, from line A3. U6

D7. Enter the approximate fraction of thermal energy D7

retention by the working fluid as it flows from the
collectors in the field to the heat exchanger near the
load. If unsure, use the following formula:
D7 = 0.9 - 0.0005S.

V8. Enter the approximate fraction of thermal energy D8
transferred in the heat exchanger. If unsure,
use the following:

liquid to air: 0.90
liquid to liquid: 0.95

liquid to boiling fluid: 0.90

D9. Multiply lines Dl, D5, D7, and D8 to obtain Qu, the U9
thermal energy provided by the plant to the load each
year. Go to line V12.

TO FIND Ac

D10. Enter load size to be served by the solar plant. This D10

is the minimum daytime load experienced during the
year (Btu/hr).

Dl1. Divide line D10 by line D2 to obtain Ac, the required DI
collector area.

TO FIND Ap

D12. Enter Ac, the collector area, from line D5 or D12

line Dli.
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WORKSHEET D (Continued)

D13. Enter GCR, ground cover ratio, selected from the D13

following table:

Flat Plate & Parabolic Trough Parabolic

Site Evacuated Tube E-W N-S Dish

Albuquerque, NM 0.bl 0.61 0.42 0.35

Barstow, CA 0.bl U.b1 0.42 0.35

Cape Hatteras, NC 0.61 0.61 0.42 0.35

Madison, WI 0.48 0.50 0.37 0.35

Maynard, MA 0.52 0.53 0.38 0.35

Medford, OR 0.52 0.53 0.38 0.35

Miami, FL 0.80 0.75 0.50 0.35

Omaha, NB 0.52 0.53 0.38 0.35

D14. Divide line D12 by line D13. 014

D15. Multiply line D14 by 1.10, to allow for maintenance D 15
access area.

Line D15 is Apt plant area.

D16. Enter area available for a solar plant at the plant Dlb

site (ft2 ). If line D16 is greater than or equal to
line DIS, go to line D17. If line D16 is less than

line DI5, the available area is inadequate and a new

smaller value for Ac must be used. Calculate the

new A as follows:
c

(line D16/1.1O) x line D13

Using this new value for Act go to line D5.

TO FIND PAV

D17. Enter h, the number of hours per year of collector D17

operation, from line B19.

D18. Divide line D9 by line D17. D18_

Line D18 is PAVG, the average thermal power

of the plant.

TO FIND PMAX

D19. Multiply lines D2, D7, D8, and D12. 019
Line D19 is PMAX, the peak thermal power

of the plant.

END OF WORKSHEET D
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APPENDIX A

SAMPLE CASE

31

(The reverse of this page is blank.)



I

SAMPLE CASE

The following sample case is provided to illustrate the usc of the

Guidebook. Proposed is a 100,000 ft2 trough collector field at Colorado
Springs, Colorado.

The inputs to the analysis are given as follows:

1. Site of possible solar plant: Colorado Springs, WO

2. Load working fluid feed temperature: Ti = b0°F
3. Load operating temperature: T2 = 345"F

4. Distance from collector field to load: S = 200 it

5. Solar collector area: Ac = i0,U0 it 2

6. Collector type: Trough

7. Area available at the site: 400,000 ft 2

8. Solar thermal plant diagram per
Figure 2 in Guidebook.

The outputs of the analysis are as follows:

1. Solar plant output per year

2. Peak thermal power of solar plant

3. Average thermal power of solar plant

4. Required plant area

The sample case is documented in the completed worksheets, nomograms, and
information sheet in this append.x.
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WORKSHEET A

TO FIND Tc

Al. Enter the approximate feed temperature of the load Al 60OF
working fluid (TI).

A2. Enter the approximate operating temperature of the A2 345 0 F
load (T 2 ).

A3. Enter the approximate distance, S, from the collector A3 200 ft
field to the load (or to the heat exchanger next to the

load).

A4. Enter the approximate temperature difference between A4 25OF
the two hot sides of the heat exchanger.

If unsure, use the following values for the type of
working fluids in the heat exchanger:

liquid to air 50°F
liquid to liquid 250 F
liquid to boiling fluid : 50°F

A5. Enter the approximate temperature drop of the hot A5 1401
working fluid from the collector outlet to the
heat exchanger.

If unsure, use 2°F per 100°F of T2 per 100 ft
of transport distance, S. Example: for a load with an
operating temperature of 300OF served by a collector
field 200 ft from the heat exchanger/load,

0
2°F x 300 F x 200 ft 12 F

100 F x 100 ft

Collector Thermal Heat
Field Transport Exchanger Load

Tc

= 3 -- -ST

Figure 2. Solar Thermal Plant Block Diagram
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A6. Add lines A:. A4, anid A'). AO J64'F

A7 . Flnteor the ipprox imat, e~p Ia r drop 01 Lite 110t A7 12'y

workij Ly IluIn ii1 i ti 1,'2 l LtWCofk wi thiin the

collector I it-l, ust ri4ci:. as line A6 x 0.03A.

Ad ( I i ne , Atan Ab F' ,k

,i ne A6 i s L he i vqu i Lred cou I Ic eCt.ur out L vLLettlpe ratLu re
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WORK SHEET A (co'ont inued)

A17. Enter Tab, the dry bulb, daytime, average innual A17 60°
;ambient temperature (oF) for the site.

it unsure, use the Guidebook site value.

Tamb

Albuquerque, NM 60
Barstow, CA 68

Cape Hatteras, NC 6b
Madison, WI 50
Maynard, MA 53

Medford, OR 57
Miami, FL 79

Omaha, NB 57

TO FIND AT

A18. Subtract line A17 from AI5 to obtain AT, the Ai8 178°F
difference between the required average temperature

across the collector and the average ambient temperature.

END OF WORKSHEET A

t
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WORKSHEET b

TO FIND qabl

Bl. Enter T2 , the approximate operating temperature B1 345"F

of the load, from line A2.

B2. Place a check mark next to the collector types which B2 trough

could meet T 2 :

Flat Plate: 120 - 210OF
Evacuated Tube: 150 - 300OF

Parabolic Irough: 200 - bOO°F X

Parabolic Dish: 300 - 2000OF X

Enter on line B2 the collector type to be considered
this time through the methodology. If a specitic

manufacturer's collector is to be considered, enter

the manufacturer's collector type.

B3. Enter the value for collector optical efficiency, B3 0.65

a, from Table 2. (If using a particular manufacturer's

collector, ask the manufacturer for the value of a,

certified through testing by the National Bureau ot

Standards.)

B4. Enter the value for collector heat loss factor, b, b4 0.13 Btu/hr tt2.F

from 'able 2. (It using a particular manutacturer's

collector, ask the manutacturer for the value of b,

certified through testing by the National Bureau of

Standards.)

B5. Enter the name ot the Guidebook site representing the b5 Albuquerque

actual site (same as line Alb). Select the Inbolation

Nomogram for the Guidebook site listed on line B5.

There are eight different insolation nomograms,

one for each Guidebook site.

R 6. Find the a and 1 scales on the Insolation Nomogram. B_ See Nomogram

Make a mark on the paper at point (a,b). (T,e

values for a and b are lines B3 and B4 respectively).

B7. Draw a line iromn point ka,b) to the origin. B7 See Nomogram

B8. Enter AT from line A1S. bb I76OF

B9. Find the Al and I scales on the Insolation B9 See Nomogram

Nomogram. (Make sure the AT scale is the correct
scale for the type ot collector listed on line B2.)

BlU. Draw a vertical line start ;Ig at th, value 01 Al BlU See Nomogram
(from line W? ) on the Al scale and continuiug

d,wn lor ahlit inchts.
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WORKSHEET B (Continued)

BII. Draw a line parallel to the sloping a/b line drawn in B11 See Nomogram

step B7. Start at the origin of the AT, I scales

and continue until intersecting the line down from AT

in step BIO.

B12. Draw a horizontal line starting at the point of B12 See Nomogram

intersection in step BI and continuing to the

right until intersecting the curved line labeled

" F Ix h."

B13. Find the qi and qabl scales on the Insolation B13 See Nomogram

Nomogram.

B14. Draw a vertical line starting at the point of B14 See Nomogram

intersection on the curved line labeled

" YJI x h" and continuing down until intersecting

the sloping line between the qi and qabl scales.

B15. Draw a horizontal line starting at the point of B15 See Nomogram

intersection on the sloping line between the qi

and qabl scales. Continue to the right until

intersecting the qabl scale. This intercept on

the qabl scale is the insolation energy available

to the particular collector at the selected site

for the required average collector temperature.

BI6. Enter qabl, the energy available to the 6 2

collector, as found in step B15. B16 0.77xiO Btu/ft vr

TO FIND h

B17. Refer to step B1. Draw a horizontal line B17 See Nomogram

starting at the point of intersection in step 811

and continuing to the left until intersecting the

curved line labeled "hr."

B18. Draw a vertical line starting at the point of BI See Nomogram

intersection on the curved line labeled "hr" and

continuing upward to the Duration scale. The

intercept on the Duration scale is h, the number of

hours per year that insolation will meet or exceed

the critical insolation intensity, Imin . it is also

the number of hours of collector operation per year.

B19. Enter h, as found in step B18. B19 3510 hr
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W()RKSHEiI b (Cont inued)

TO FIND Imin

B20. Refer to step B12 and to step b7. hie t ine cdan in bzU Se' N"11or6"'.
these two steps is a straight line. hxtenu this line-
to the right to intersect the I scal.. ihis
intercept is I . , tit critical level o1 insol.ition
intensity below which the collectort cannot proti..t,
usetul thermal energy at the requi red average
temperature aicross the collector.

B21. Enter lmin, the critical insolation intensity, as b2I Jt btu/hlt it-

found in step B2U.

TO FIND Iavg

B22 . Refer to step B12 and to step B17. The line L wl in '. See No1iogratl,
these two st.t-s is a straight line that intcrect.
the lavg curve. From this point of intersect ioi,
draw a vertical line down to tht qi scale and tLhei
tip to the right at a *4 0 angle onto the I scale
This intercept on the 1 scale is Iavg , the v ra' e
beam insolation intensity.

B23. Enter Iav', average beam insolation intensity, b2J 2.7 btu/lfr it-
as found in step 1522.

TO FIND Imax

B24. Find the point where thel curve intercepts the b 24 See Nomogram
I axis. This intercept is Imax, the peak beam
insolation intensity.

B25. Enter Imax' the peak beoim insolation intensity, b.' .,Li btu/ihr ILI

as found in step B24.

END OF WORKSHEE' b
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WORKSHEET C

TO FIND Navg

Cl. Enter collector optical efficiency, a, from line B3. Cl 0.b5

C2. Enter collector heat loss factor, b, from line B4. C2 0.13 Btu/hr ft2 oF

C3. Find the a and b scales on the Collector Nomogram. C3 See Nomogram

Make a mark on the paper at point (a,b). (The values

for a and b are lines Cl and C2, respectively.)

C4. Enter AT from line B8. C4 178 0 F

C5. Enter lavg from line B23. 
C5 237 Btu/hr ft2

C6. Find the AT and I scales on the Collector Nomogram. C_6 See Nomogram

Make a mark on the paper at point (AT,lavg). (The

values for AT and lavg are lines C4 and C

respectively.)

C7. Draw a line from point (AT,Iavg) to the origin. C7 See Nomogram

C8. Draw a line parallel to the line just drawn in step C7, C8 See Nomogram

starting from point (a,b) and intersecting the a scale.

This intercept is Navg, the average efficiency of the

collector.

C9. Enter the collector efficiency, Navg , as found in C9 0.55

step C8.

TO FIND qu

6 2
CIO. Enter qabl from line B16. CIO 0.77x10 Btu/hr ft

CIl. Find the N scale and qabl scale on the Collector CII See Nomogram
Nomogram. (Note that the qabl axis is across from

the qu scale.) Make a mark on the paper on the qabl

scale at point qabl (line CIO).

C12. Draw a line from point qabl to the origin. C12 See Nomogram

C13. Draw a vertical line starting at the Navg point on C13 See Nomogram

the a scale and continuing down until

intersecting the sloping line drawn in step C12.

C14. Draw a horizontal line starting at the point ot (14 o.41xlO Btu/ft %,r

intersection on the sloping line (determined in

step C13) and continue to the right, intersecting

the qt, scale. This value of q will be corrected

later for orientation of the collector, use ot total

(rather than beam only) insolation, cosine losses,

and latitude. Enter this uncorrected value ot

on line C14.
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WORKSHEEI C (C( tinuc.)

C15. Enter the correction factor for collector orientation, C15 0.b7
use of total insolation, cosine losses, and latitude
from the table below:

Flat Plate & Parabolic 2rough Parabolic
Site Evacuated Tube E-W N-S Dish

Albuquerque, NM 0.77 0.7b 0.87 1.0

Barstow, CA 0.77 0.76 O.b7 l.0

Cape Hatteras, NC 0.78 0.76 0.87 I.0

Madison, WI 0.78 0.76 0.85 1.o

Maynard, MA 0.78 0.76 0.85 1.0

Medford, OR 0.78 0.76 0.85 1.0

Miami, FL 0.79 0.77 0.91 1.0

Omaha, NB 0.77 0.76 0.86 1.0

6
C16. Multiply line (14 by line C15 to obtain qu, the C16 0.36xi(0 Btu/ft- yr

usetul annual heat output ot the collector.

TO FIND Pavg

C(7. Draw a sloping line joining lavg and the origin C17 See Nomoeram

of the a and b scales. At the point ot intersection
of this line and tile vertical line drawn in step
C13, draw a horizontal line, intersecting the p scale.
This intercept is P'avg , the average thernial power
output of the collector per unit area.
per unit area.

C18. Enter Pavg as found in step (,17. Clb 129 btu/hr It-

TO FIND Nmdx

C19. Enter Imax from line B25. L19 ill Btu/ihr Itt

C2(0. Find the AT and I scales onl tire to llect, or NNomogram. L20 bee Nomogrant
Make a rmark oir the paper at point Al , 1~, ax). ('lie

values for A'l and lma x are lines C24 ana (,19,
respectively.)

(21. Draw a linev trom po iit (Al, I t, t' il. 1 See Nomogra

C2'2. Draw a li ni pia i I , ' i ir, i t t t di twi r 1n .t p (22 See No011ogran-i
( :)I , start Ing 1 ni ru .r , ) .ra l t.' rli. o t n inrg tire

a sale. lii intrr,,t r! ; Nl11. , % iMd. p rh tit icni'llcy
ii the cal I ,t toy



WORKSHEET C (Continued)

C23. Enter the collector peak efficiency, Nmax, as found C23 0.58
in step C22.

TO FIND Pmax

C24. Draw a sloping line from Imax, on the I scale,
to the origin. Draw a vertical line starting at the
Nmax point on the a scale and continuing down C24 See Nomogram
until intersecting the sloping line, from Imax
to the origin.

C25. Draw a horizontal line starting at the point of C25 See Nomogram
intersection in step C24 and continuing to the right
until intersecting the p scale. This intercept is
Pmax, the peak thermal power of the collector.

C26. Enter Pmax, the peak thermal power of the collector, C26 185 Btu/hr it 2

as found in step C25.

END OF WORKSHEET C
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WORKSHEET D

Dl. Enter qu, useful annual heat output of the collector Dl 0.36x10 6 Btulft2 vr

per unit area (Btu/ft2 yr) from line Clb.

02. Enter Pmax, peak thermal power of the collector per D2 185 Btu/hr ft2

unit area (Btu/hr ft2 ) from line C2b.

D3. If solving for required collector area, Ac, given D3 N/A

load size, go to DIO.

D4. If solving for annual useful heat output of the plant, D4 N/A

Qu, given collector area, go to D5.

TO FIND Qu

D5. Enter collector area, Ac. 5 I00,000 ft2

D6. Enter S, the distance from the collector field to the

load, from line A3. Db 200 ft

D7. Enter the approximate fraction of thermal energy D7 0.b

retention by the working fluid as it flows from the

collectors in the field to the heat exchanger near the

load. If unsure, use the following formula:

D7 = 0.9 - 0.0005S.

D8. Enter the approximate fraction of thermal energy D8 0.95
transferred in the heat exchanger. If unsure,
use the following:

liquid to air: 0.90
liquid to liquid: 0.95

liquid to boiling fluid: 0.90

D9. Multiply lines DI, D5, D7, and D8 to obtain Qu, the D9 27.4 x 109 Btu/yr

thermal energy provided by the plant to the load each

year.

TO FIND Ac

D10. Enter load size to be served by the solar plant. This DIO

is the minimum daytime load experienced during the

year (Btu/hr).

DII. Divide line D10 by line 02 to obtain Ac, the required Ol___ _ _

collector area.

TO FIND Ap

D12. Enter Ac, the collector area, from line D5 or D12 100,00 ft2

line Dli.
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WORKSHEET D (Continued)

D13. Enter GCR, ground cover ratio, selected from the U13 0.35

following table:

Flat Plate & Parabolic Trough Parabolic

Site Evacuated Tube E-W N-S Uish

Albuquerque, NM 0.61 0.61 0.42 0.35

Barstow, CA 0.bl 0.61 0.42 0.35

Cape Hatteras, NC 0.61 O.bl 0.42 0.35

Madison, WI 0.48 0.50 0.37 U.35

Maynard, MA 0.52 0.53 0.38 0.35

Medford, OR 0.52 0.53 0.3b 0.35

Miami, FL 0.80 0.75 0.50 0.35

Omaha, NB 0.52 0.53 0.38 U.35

D14. Divide line D12 by line D13. 014 2bb,0UU ft

D15. Multiply line 114 by 1.10, to allow for maintenance D5 315,00U ft

access area.

Line D15 is Apt plant area.

D16. Enter area available for a solar plant at the plant Dlb 400,000 ft

site (ft 2 ). If line Dlb is greater than or equal to

line D15, go to line D17. If line D16 is less than

line D15, the available area is inadequate and a new

smaller value for Ac must be used. Calculate the
new A as follows:

c
(line D16/1.10) x line D13

Using this new value for Act go to line D5.

TO FIND PAVG

D17. Enter h, the number of hours per year of collector 017 3510 hr

operation, from line B19.

D18. Divide line D9 by line D17. D18 7.81 x 10 Btu/hr

Line 018 is PAVG, the average thermal power

of the plant.

TO FIND PMAX

D19. Multiply lines D2, D7, D8, and D12. D19 14.1 x 10 Btu/hr

Line D19 is PMAX, the peak thermal power

of the plant.

END OF WORKSHEET D
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ALBUQUERQUE, NEW MEXICO
INSOLATION NOMOGRAM
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COLLECTOR NOMOGRAM
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C
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SAMPLE CASE

SOLAR THERMAL PLANT INFORMATION SHEET

I. Site of possible solar plant Colorado Springs (Given)

2. Guidebook site (line A16) Albuquerque

3. Working fluid feed temperature (line Al) b0 OF (Given)

4. Load operating temperature (line A2) 345 OF (Given)

5. Required average temperature across the

collector (line A15) 231 OF

6. Dry bulb daytime annual average ambient

temperature at the site (line A17) 60 O F

7. AT = Tc - Tamb 178 OF

8. Distance from the collector field to
the load (line A3) 200 ft (Given)

9. Collector type trough (Given)

10. Collector optical efficiency, a (line B3) 0.65

II. Collector heat loss factor, b (line B4) 0.13 Btu/hr tt
2 oF

12. Minimum (critical) beam insolation

intensity (line B21) 36 Btu/hr tt2

13. Average beam insolation intensity (line B23) 237 Btu/hr tt2

14. Maximum (peak) beam insolation

intensity (line B27) 311 Btu/hr It2

15. Solar plant output per year (line D8) 27.4xlU 9  Btu

16. Solar plant operating hours per year 3510 hr

(line B19)

17. Solar collector area (line D12) 100,000 it2  (Given)

18. Solar plant area (line DIS) 315,000 ft2

19. Average thermal power of solar plant 7.81x106  Btu!hr

(line DI8)

20. Peak thermal power of solar plant (for

sizing pumping system) (line D19) 14.1xlO b  Btu/hr
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INSOLATION NOMOGRAMS
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ALBUQUERQUE, NEW MEXICO
INSOLATION NOMOGRAM
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BARSTOW. CALIFORNIA
INSOLAION NOMOGRAM
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pl

CAPE HATTERAS, NORTH CAROLINA
INSOLATION NOMOORAM
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MADISON, WISCONSIN
INSOLATION NOMOGRAM
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VAYNARD, MASSACHUSETT

INSC LATION NOMCGRAM
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MEDfORD, OREGON
INSOtATION N OMOCG RAM
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MIAMI, FLORIDA

INSOLATION NOMOGRAM
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