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THE PROBLEMS ASSOCIATED with fossil fuel sup-

plies and the associated escalation in price has
sparked renewed interest in solar energy as an
alternate fuel source. One application of solar en-
ergy which has received considerable interest is
domestic hot water.

This paper presents an undergraduate labora-
tory experiment which uses a solar collector to
heat water for domestic usage. The water is cir-
culated by natural convection so no pumping is
required.

The experimental apparatus is relatively inex-
pensive to acquire. The solar collector can be built
on site to reduce costs. This can be accomplished
by students with supervision for which they can
receive credit for construction and start-up of the
system.

The quality of the data produced is very good.
This enhances the educational experience since
the students are more enthusiastic about an ex-
periment which “works.” The students can also
sample the hot water produced to “experience”
the results.

Rich Noble received his B.E. degree in 1968 and M.E. degree in
1969 from Stevens Institute of Technology. In 1976, he received his
Ph.D. degree from the University of California, Davis. His current re-
search interests include facilitated transport in liquid membranes,
transient heat transfer, and problem solving skills.

20

Outlet ——Y

10 Ambient

Inlet —»——7(

Inside Building

- 4 Water Outlet
== T~3Panel Top

2 Panel Bottom

Water Inlet ' ™

Solar Collector
Outside Building

1
L

FIGURE 1. Schematic diagram of solar water heater
with thermocouple locations.

The educational objectives of this experiment
are the following. 1) to expose the students to
the principles of solar energy collection, 2) to
demonstrate the use of solar energy to heat water,
3) to demonstrate the use of natural convection
to move fluid, and 4) to use experimental data ob-
tained to do a preliminary design for a feasible
household system.

EXPERIMENTAL

The experimental apparatus is shown sche-
matically in Fig. 1. The students take temperature
readings at least hourly for the 10 locations shown
and also the short-wave solar radiation flux normal
to the collector surface. A short-wave radiometer
is attached to the collector with a millivolt read-
out. This is done for the period 8 am to 5 pm and
can usually be accomplished quite easily by the
students in the group performing the experiments.
They can take turns for each hour and obtain the
data between classes if necessary. One set of data
can be obtained in 2 or 3 minutes with the aid of
a digital thermometer with a multiple dial so the
student simply dials each thermocouple reading
and writes down the temperature.
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The students are asked to determine:

Overall system efficiency.

Overall heat-transfer coefficient for the collector.
Overall heat-transfer coefficient for the heating coil.
Collector and heating coil surface area needed to pro-
vide 0.189m3 (50 gal) of water daily at 50°C which is
initially at 15°C.

SYSTEM CONSTRUCTION

A diagram showing the construction of the
solar collector is shown in Fig. 2. The solar panel
is an aluminum plate (2.11m x 1.14m) which is
painted black. Attached to the collector are 9 cop-
per tubes (1.59c¢cm O.D.) spaced 12.7cm apart
(“a” in Fig. 2) and also painted black. The copper
tubes are connected to a copper manifold (3.81cm
0.D.) at the top and bottom. To avoid relative
heat expansion effects, it is recommended that the
plate and all tubing be made of the same material.

Below the collector is 0.15m of insulation. The
collector and insulation are housed in a wooden
frame (3.81cm thick) which is 1.22m x 2.43m x
0.24m. A piece of plate glass sits above the collec-
tor to prevent long-wave radiation from escaping.

The angle of the collector relative to the ground
surface can be adjusted using a support frame
with adjustable support arms on the top and a
hinge on the bottom of the collector.

The return pipe from the heating coil should
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FIGURE 2. Solar collector
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This paper presents an . . . experiment

which used a solar collector to heat water for
domestic usage. The water is circulated by natural
convection so no pumping is required.

be downward sloping to the collector to aid the
natural convective fluid motion. It is initially rec-
ommended that the angle of the collector be set
at latitude + 10° [1].

Depending on climate, it is desirable to insulate
all piping and the hot water storage tank to mini-
mize losses. Also, in cold climates, an anti-freeze
solution can be used as the working fluid since the
heat transfer is through a closed loop.

DATA ANALYSIS

The data are analyzed using the following pro-
cedure: First, the heat transferred from the heat-
ing coil to the water in the tank is calculated.

AT
qt=mcp(F)t (1)
where: q; = heat transferred to the water in
tank (W)
m = mass of stored water (kg)
(88 = isobaric heat capacity of water
J
(*kg-K )
AT . .
( N ); = change in water temperature in

tank over time interval At
(X
S

Measurement of the short-wave solar radiation
incident on the solar collector ¢; determines the
heat input to the system.

Therefore, the thermal efficiency of the system
(1) can be determined.

qt
N= — 2
di ( )

This assumes that the system has no other heat
gains or losses. If the storage tank and piping are
well-insulated, this is a good assumption.

An overall heat-transfer coefficient for the
solar collection (U,) can be calculated as follows

AL |
R Wi @)
where: A, = surface area of the collector
(m?)
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TABLE 1. Experimental Data

Radiometer
Temperature (°C) Reading
TIME Ty T, T, T, T, Tg T, T T, T, (mYV)
8:00 3 5 7 8 23 17 21 19 24 8 3
9:00 13 35 41 29 16 22 21 18 24 12 8.5
10:00 23 63 71 57 54 24 22 19 24 15 13.6
11:00 25 79 88 68 66 25 24 19 24 16 16.5
12:00 26 74 83 67 66 26 24 20 25 16 19.5
1:00 25 36 44 46 46 26 24 20 26 15 4.5
2:00 27 59 68 60 60 27 26 20 26 19 19
3:00 29 83 92 70 69 29 29 21 27 23 175
4:00 29 72 78 61 59 29 27 22 28 23 12.5
5:00 30 59 68 61 61 30 27 23 28 23 9.0

Tank Capacity: 0.454m3 (120 gal): Area of Tank Coil 1.86 m2: Radiometer Calibration constant: 1(mW/cm2) =

0.272mV

Area of Solar Panel: 2.38m?

(AT) 1y = log-mean temperature differ-
ence (K)
(Ts—Ta) — (T2—-T;)
l (T3 T4)
(T,-T)

The subscripts on the temperatures refer to the

locations shown in Fig. 1.
Similarly the overall heat-treansfer coefficient
for the heating coil (U;) can be determined.

_ qt
U= LT )

approximately 10 am. This is the time that the
storage tank outlet temperature (Ts) equals the
storage tank temperature (T,). Before this time
T, is greater than T, and the storage tank is heat-
ing the fluid in the coil. Therefore, using 10 am
as a starting point for heating, the hourly data
was sub-divided into periods where there was a
rise in T,y. The average values of the data during
these periods is shown in Table 2

Sample calculations for the 10 am to 12 noon
time period are shown below.

= (radiation flux) (collector surface area)

where: A = surface area of coil (m?) eI 1(mW /cm?) 1W
(AT) 1y = (To=To) = (Ts=To) = OOV X 5 ommv X 10°'mwW
‘ m (Lo Ta) x2.38 x 10*em® = 1.45 x 10° W
(T,, ) kg
C(At )t—0454m3x9964 x 4.183
SAMPLE CALCULATIONS
. . . x100 3 x 2K 1BT _ 5 ear 10w
By scanning the data in Table 1, it becomes kg:K = 2hrs & 3600s
apparent that the collector does not start supply- s 2.63 x 10°W
ing any appreciable heat to the storage tank until T = 4. T 145x10°W 0.18
TABLE 2. Averaged Data
Avg
Radi-
Avg ation
Avg Temperatures (°C) mV Rate
TIME PERIOD 1 2 3 4 5 6 7 8 9 10 Reading (kW)
10:00 12:00 247 72 80.7 64 62 25 233 193 243 157 165 145
12:00 1:00 255 55 63.5 565 56 26 24 20 255 155 120 1.0
1:00 3:00 27 59.3 68 58.7 583  27.3 263 203 263 19 137 120
3:00 5:00 293 713 793 64 63 293 277 22 27.7 23 13.0 114
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TABLE 3
Calculated Results

TIME q q; 7 U, U;
PERIOD kW) &W) (%) (W/m2K) (W/m2-K)
10:00 12:00 1.45 0.263 18 20.6 15.2
12:00 1:00 1.05 0524 50 28.1 38.6
1:00 3:00 120 0.262 22 33.8 15.7
3:00 5:00 1.14 0.262 23 18.0 12.9
Uoo_ @ _ 145x10W
« = "R AT 2.38m?
s 16.7
. 47.3 — 20 G—L
(16.7-47.3)K 7 m2K
Ui oo Mo o SBBR 10N
¢ A(AT) oy 1.86m®
i 0.7
. A A
(0.7-377)K 7 m2K

Results for all time periods are shown in Table 3.

Sizing requirements for obtaining 0.189m* (50
gal) of water at 50° which is initially at 15°C
are shown below.

It is assumed that the actual time period for
heat transfer is 8 hours. This assumption is due
to the fact that the sun did not set until 7 pm and
the collector surface was still quite hot at 5 pm.

Q= mc,,(%)t = 0.189m* x 99.64 ffa x 4.183
J 35K 1 hr
3 T, 2
x 10 kK X 8 hrs X 3600S 9.57 x 10°W
a4 95TX10°W -
G= = (g~ 381X10W

Assuming that the heat transfer rate is di-
rectly proportional to surface area

qa A

_ 95TW 7
A= —?W(ISGm‘) = 5.93m

3.81 x 10°W
123 x 10°W (2-38m

The average value of q. is 300W and the aver-
age value of q; is 1230W for the calculated results.

A. = 2) = 7.3Tm?*

CONCLUSIONS

A laboratory experiment to demonstrate the
feasibility of using solar energy to heat has been
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discussed. The working fluid is moved by natural
convection so no pumps are required. The experi-
ment exposed students to the principles of solar
energy and natural convection. The experiment
also demonstrated the use of solar energy to heat
water. Students used data obtained in the experi-
ment to do preliminary design calculations to size
equipment for a domestic hot water installation.

The experimental apparatus is simple in de-
sign and operation. The students can take data
quickly and easily. The experiment also performed
as desired (it works) so students can see the per-
formance. O
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I Memoriam
Ralph E. Peck

Ralph E. Peck, professor emeritus of chemical
engineering at the Illinois Institute of Technology,
died November 6, 1982, at the age of T1.

Dr. Peck began at the institute in 1939 and
was chairman of the chemical engineering depart-
ment from 1953 to 1967. He was internationally
recognized as an expert in drying, and was active
as a consultant for industry and government. He
taught in Israel, Brazil, Algeria and Korea, and
established a department of chemical engineering
at India’s University of Punjab.

Dr. Peck was involved in peace and nuclear
arms freeze organizations and was sometimes
called on by the U.S. government to disarm chemi-
cal gas weapons.

He was a member of the Ethical Humanist
Society of Chicago. He was honored for teaching
excellence from the institute and from ASEE and
was a fellow of the AIChE. An annual Ralph Peck
lectureship was established in 1973 at Illinois
Institute of Technology.

His work after his retirement in 1977 led to
his invention of a process for removing sulfur
oxide gases from burning coal and converting
them to high-grade fertilization. 0O
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