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Nomenclature g. :Rate of useful energy extraction from the
A : Transparent frontal area for a flat-plate coll- collector, W
" ector, m? 7. :Ambient air temperature, °C
C, :Specific heat of the transfer fluid, J/kg-°C T, : Temperature of the transfer fluid leaving the
Fr :Collector heat removal factor, defined by collector, °C
Eq. (2) ' Ts,e,inivial : Temperature of water leaving the collector
I : Total solar irradiation incident upon the aper- at the beginning of a specified time period, °C
ture plane of collector, W/m? T¢,e,: : Temperature of water leaving the collector at
K.. :Incident angle modifier, defined by Eq. (7) a specified time, °C
m . Mass flow rate of the transfer fluid, kg/s Ty,; : Temperature of the transfer fluid entering the
collector, °C
* Member, Korea Advanced Institute of Science T, :Average temperature of the absorbing surface
and Technology . for a flat plate collector, °C
** Member, Samcheok Technical Coilege
*++ Member, Korea Advanced Institute of Science U. :Solar Collector heat transfer loss coefficient,

and Technology

W/m2°C
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(za). : Effective transmittance absorptance factor, di-
mensionless

{z@)en : Effective transmittance at normal incidence,
dimensionless

7 :Solar collector efficiency, defined by Eq. (4)

1. Introduction

The use of solar energy for space heating,
cooling, and supplying domestic hot water to
residential building has been increasing at a
considerable rate since the oil-shock has bro-
ught the public awareness of the limit of
conventional fossil fuel. This trend has prod-
uced a number of new solar collectors of
different designs, each claiming high efficiency
and potentially signigicant fuel savings if
used. The rapid rise in the number of new
golar collectors appearing on the market req-
uires some form of unified approach to speci-
fying efficiency that will make possible the
comparison between various models. In order
that tests on different solar collectors conducted
at different times shall be comparable, it is
necessary that the test define the governing
equation of the collector and the test should
be conducted according to the same procedure
using a standard test loop.

A review of solar collector test methods
reveals that there has been a considerable
effort by previous investigators [1-6] to dev-
elop a standard test procedure to determine
the thermal performance of solar collectors:

A proposal for testing and rating solar coll-
ectors based on thermal performance was first
made by the U.S. National Bureau of Standards
(NBS) in 1974 [1-3]. The procedure prescribed
that a series of outdoor steady-state tests be
conducted to determine the near-normal-inci-
dence efficiency of the collector over a range
of temperature conditions. The American So-

ciety of Heating, Refrigerating, and Air Con-
ditioning Engineers (ASHRAE) subsequently
developed a modified version of the NBS
procedure which was adopted in February,
1977, as ASHRAE Standard 93~77 [5]. This
standard is similar to the NBS procedure but
calls for additional tests to determine the
collector time constant as well as an incident
angle correction factor that can be applied to
the near-normal-incidence efficiency to deter-
mine collector performance both early in the
morning and late in the day [5]. Reference
[2] gives a comprehensive review of testing
procedures both proposed and used throughout
the world.

In the present work an effort has been
made, first, to build a test apparatus in accor-
dance with AHSRAE Standard 93-77 for water-
heating collectors and a series of tests have
been conducted [7, 8] to re-evaluate the ASHR-
AE Standard test procedure for solar collectors
in a manner similar to the NBS effort [6].
As a result of eliminating some impractical
areas of the test loop recommended by the
ASHRAE [5] and introducing some modifica-
tions to the existing designs [5] a modified
configuration of the Standard Test Loop for
the liquid-heating solar collector has evolved.

The purpose of this paper is to present jhe
outline of the modified test loop of the Korea
Advanced Institute of Science and Technology
(KAIST) along with engineering drawings and
specifications of main components that are
required to build the modified test loop.

In addition, the results of the three primary
tests in the standard test procedure [5], the
time constant, near-normal-incidence efficiency,
and incident angle modifier tests, that are
conducted outside under real sun conditions
using the KAIST test loop, are presented in
graphical form.
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2. Governing Equations of Solar Collector
Efficiency

For a given collector its thermal performance
varies depending upon many parameters, such
as operating temperature, liquid flow rate,
solar insolation, orientation, tilt, time of day,
outdoor temperature and
A brief
summary of equations that govern the thermal

wind conditions,
clearness of the local sky, etc. [3].

efficiency of solar collectors is included here
for completeness in discussion. It has been
shown by previous investigators that the per-
formance of a flat-plate solar collector opera-
ting under steady-state conditions can be des-
cribed by the following relationship (3,5]:

—fl—“zl(z'a)e— U(T—T)

= mfp (:Y}',e— Y},:‘) (1)

where q., A, I etc. are as defined in the
nomenclature. To assist in obtaining detailed
information about the performance of flat
plate collectors and to preclude the necessity
for determining the average temperature of
the receiver surface (73), it has been conve-
nient to introduce a parameter Fr defined by
(actual useful energy collected

Fa by a flat plate collector) )

~ (useful energy collected if the
entire flat plate collector surface
were at the inlet fluid tempera-
ture)

The parameter Fr is sometimes called as the
collector heat removal factor [9]. Introducing
this factor into Eq. (1) results in

9 _ Foll(za).— Ul Ty,i— T

A
= mg" (Ty,.— Ty, 3

If the solar collector efficiency is defined as

_ (actual useful energy collected)

= "(Solar energy incident upon or
intercepted by the collector)

= el éA (4)\

then the efficiency of the flat-plate collector
1s given by [5]:

p=Fa(ra)e— Fll,~Tri=Te)

1
_ mCo( Ty, e~ T5,0)
Al

5>
Eq. (5) indicates that if the efficiency is.
plotted against (7y,:— T.)/1, a straight line-
will result where the slope is equal to FrUL
and the y-intercept is equal to Fa(ra). In.
reality, U, is not a constant but rather a
function of the temperature of the collector
and of the ambient weather conditions. In.
addition, the product (ra). varies with the-
incident angle between the solar radiation and.
the collector [3,5].

The collector test procedures developed by~
the NBS and ASHRAE [3,5] are, in effect,
the result of the effort to control the test:
conditions so that a well defined efficiency
“curve” can be obtained with a minimum of”
scatter. All the test loops designed by previous-
investigators [1-6] are an integral part of the-
test procedure and they are all designed to-
measure, at least, the mass flow rate of the-
transfer fluid (i),
temperature between the inlet and outlet of’
the collector (7T%,.— T¥,:), and the insolation.
(I) all simultaneously and under steady-state:

the difference in fluid

conditions.

3. Outline of the Modified Test Loop
Design

The main factors that have been taken into-
consideration in the modified test loop desigm
are:
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First, build the test loop such that both the
inlet temperature of the water (7,:) and the
water flow rate (#2) can easily be controlled
to a constant level and kept for at least 20
minutes with a minimum effort. Second, make
it possible to measure all the critical data
such as the rate of incident solar radiation on
to the collector (I) as well as the rate of
energy addition to the water as it passes
through the collector, simultaneously and all
under steady state conditions.

A representative testing configuration for
liguid-heating solar collectors recommended by
ASHRAE [5] is shown in Fig. 1 to compare
with the modified test loop designed by KAIST
group shown in Fig. 2, Major differences
between the two test loops are as follows:

AMSIENT TEMPERATURE

(1) The test loop specified in the ASHRAE
Standard [5] has only one storage tank,
whereas the present system contains two
storage tanks connected in series. The Pur-
pose of connecting two storage tanks in
series is to damp out thermal transients and
to keep the inlet temperature of the collector
at a constant level for sufficiently long time
(for about 20 minutes).

(2) In Fig. 1, the electric heater is located
between the circulating pump and the flow
meter. This configuration was not practical
to maintain a constant inlet temperature of
the collector. Therefore, removable electric
heaters are installed inside storage tanks as
shown in Fig. 2. In addition, a bypass line
is added from the collector inlet to the
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Fig. 1 Closed-loop testing configuration for a solar collector when the transfer fluid is a liquid

(ASHRAE),
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Fig. 2 Schematic diagram of KAIST test stand for liquid-heating solar collectors.

collector outlet in order to reduce the tem-

perature difference between the top and the

bottom of the storage tank. This bypass line
also permits periodic calibration of the flow
meter in place.

(3) Temperature sensors are also added on
both inlet and outlet of the tube sides and
the shell sides of the heat exchanger as
shown in Fig. 2.

Other than the differences noted above, both
test loops shown in Figs. 1 and 2 are closed
loops similar in principle and design. Main
components of the KAIST test loop such as
heat exchanger, storage tanks, and expansion

tanks, in particular, are. all fabricated at KA.
IST machine shop according to the engineering

drawings -prepared by present workers to meet
technical specifications of each component.

As shown in Fig. 3, the KAIST test loop
consists of an integral test stand capable of
supporting a typical flat-plate collector at a
chosen orientation while containing the flow -
loop within the test house. The tested collector
can be adjusted over a wide range of tilt
angles (0~90°) and orientations (0~360°) and
easily mounted to or removed from the support
structure. The whole test stand is located on
the flat roof-top of KAIST building to run
experiments under real sun conditions.

An isometric view of the test loop is shown

-in Fig. 4. Engineering drawings (i.e., a plan

view and a front view) for piping arrange-
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Fig. 8 General assembly view of KAIST test stand for liquid-heating solar collectors.

Table 1 Specifications for the equipment and sensors used in the KAIST test loop.

Equipment/Sensor

Specification

1. Water-to-water
heat exchanger

Single-pass counter-flow shell and tube type heat exchanger; effective heat trans-
fer surface area=0, 323m?, tube 0.D.=0.95cm, tube length=30cm, no. of tubes=
36, tube material=copper.

2. No. 1 storage tank

Volume=9), 0389m?® (dia.=30cm, height=55cm)
0.5KW immersion heater=2, material=s.s.

3. No. 2 storage tank

Volume=9, 0529m® (dia.=35cm, height=55cm)
0.5KW immersion heater=2, material=s.s.

4, Expansion tank

‘Volumezo. 0035m® (dia.=15cm, height=20cm) material=s.s.

5. Pressure relief valve

Pressure setting=2, 1kg,/cm? (30psi)

6. Filter

S5-micron particulate fluid filter.

7. Pump

'Max. 30//min. (when head=12m), power 125W
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8. Flow meter Brooks instrument model No. 1110-08H2G/A; 0-9.65//min (0-2. 55GPM),
accuracy=-+2% of the reading.

9. Pyranometer Eppley radiometer model PSP; develop an emf of 8.43%1078 volts/watt-m?,
response time=1sec., temperature dependance=+1% over ambient temperature
range —20 to +40°C.

10. Temperature 1) A 304 s.s. sheathed chromel-alumel quick disconnect thermocouple asszmbly
o (model No:. OMEGA CASS-18U-12)
2) Visual thermometer; mercury-in-glass thermometer, accuracy=--0.5°C.

11. Strip chart HP model 7100B; 2pen-multi-range input span, accuracy=-=0.2% of full scale,
response time=0, 5 sec. for full scale

12. Digital multimeter |{1) HP model 3465A; accuracy=2-0.03% of reading, sample rate=2.5 readings
per sec.

2) HP model 3435A; response time=1.6 sec. to within 3 digits of final value on
one range, accuracy=--0.1% of reading --2 digits. (up to 200mV range].

Fig. 4 Isometric view of the test loop inside the test house.
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Photo 1 Test stand for liquid-heating solar
collector at KAIST.
ment can be found in Ref. 8, Design drawings
of main components such as the heat exchan-
ger, storage tanks, and mixing devices for
thermocouple can also be found in Ref. 8.
‘The specifications for the main equipments
and sensors are summarized in Table 1.

A close-up of the test loop with a flat-plate
collector mounted to the top of the support
frame is shown in photo 1. Photo 2 shows
the loop from the back and, as can be seen,
all equipment is enclosed within the housing
and is insulated to minimize heat loss and to
sufficiently protect from the environment.

4, Testing Procedure, Experimental Results
and Discussion

A series of tests have been conducted to
examine the performance of the modified test
loop of KAIST following the general testing
procedure of ASHRAE Standard 93-77 [5].
‘The Standard [5] calls for the determination
of the thermal efficiency of the solar collector
by obtaining values of instantaneous efficiency

Photo 2 Test stand for collector as seen from
the rear.

for a combination of values of incident insola-
ion, ambient temperature, and inlet fluid tem-
perature. This requires experimentally measu-
ring the rate of incident solar radiation onto
the solar collector as well as the rate of energy
addition to the transfer fluid as it passes
through the collector, all under steady state
or quasi-steady state conditions. In addition,
it is required to perform tests to determine
the time response characteristics of the colle-
ctor as well as how its steady state thermal
efficiency varies with the incident angle bet-
ween the direct irradiation and the collector.

4.1. Experimental Determination of Colle-
ctor Time Constant

The first performance test to be conducted
on the solar collector is the determination of
its “time constant”. The method for conducting
this test is given in Ref. [5]. Following is
the outline of the method used in the present
work: The initial temperature of the water,
T%,., is adjusted to within +1°C of the ambient
temperature while circulating the water thr-
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ough the collector at the flow rate of 2. 92lpm
(0.02kg/s-m?, which is a recommended value
of ASHRAE) and maintaining steady-state
conditions with an incident solar flux of
greater than 740W/m? (ASHRAE recommends
I to be greater than 790W/m?). The incident
solar energy is then abruptly reduced to zero by
shielding the collector from the sun by shading
with a white opaque cover suspended ahove
the collector. The temperature of the water
at the inlet, T%,:; and outlet, 7T,. are continu-
ously monitored as a function of time. The
“time constant” is finally obtained by deter-
mining the time required- for [5]:

Tyyeri— Thyi .
T o Ty 0 368 ©
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the nomenclature.

The above procedure is repeated three times
and the average value is taken as the time
constant. The time constants of the sclar
collector No. 1 and No. 2 listed in table 2 are
found to be around 67 and 108 seconds respe-
ctively. According to the NBS report [6] the
time constants of the sclar collectors Nc. 3 and
No. 4 listed in table 2 are 102 and 108 seconds.
The time constant of the solar collector No. 1
Ho-
wever, the time constants of collectors No. 1

seems to be rather smaller than others.

and No. 2 measured in the present worx using
the KAIST test loop seem to be reasonable
values when they are compared with the time
constants of the solar collectors No. 3 and
No. 4 which are obtained by NBS [6] for

where Tj,.,» and T5,c i1 are as defined in¥j slightly different collectors.

Table 2 Description of solar collectors tested at KAIST and at NBS [6].

i Heat transfer Gross .
Colllle:tor fluid and flow Qrfégr(tglig collector Absorber Glazing Abtiloglaer Remarks
) rate (kg/s-m?) area(m?) -
X Black nichrome - | Made by
1 (\)Nater. d0.04 2.25 2.43 selective surface Sigsgsle- Copper | domestic
.02 and 0. (a>0.93, e<0.11) | & manufacturer
o Black silicon : N
2 Watgrbl% 2.88 2.93 | coating g{:fsle Copper ”
: (@>>0.92, £<0. 08)
Water: Aluminum roll- Double- Tested by
3 0.032 1.61 1.68 | bond, black paint | glass | CPPPET | NBS(Ref. 6)
7 Steel, black- .
Water: 4 . Single-
4 1.78 1.96 chrome selective Copper ”
0. 0353 surface glass

4. 2. Experimental Determination of the
Collector Thermal Efficiency
ASHRAE Standard [5] recommends that at
least 16 “steady-state” efficiency values should
be obtained over a range of temperature diffe-
rences between collector fluid and ambient air
in order to draw an “efficiency curve” for the
collector. The results of the efficiency tests

for solar collectors No. 1 and No. 2 are shown
in Fig. 5 along with the efficiency curves of
solar collectors No. 3 and No. 4 reported by
NBS (6] in order to make a qualitative com-
parison. All data were taken +1 hour symme-
trical with solar noon. Test data are obtained.
over the entire range of (7T;,:— 7.)/I values
primarily by changing the inlet temperature
of the collector, 7y,:;, and the range of the
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integrated average irradiation measured in the
plane of the collector is between 300W/m?
and 800W/m? as shown in Fig. 5 (ASHRAE
recommends that this value should not be less
than 630W/m?).

The time interval over which the experi-
mental data are collected and integrated is at
least 5 minutes. All data are taken while the
incident angle is close to zero (ASHRAE
recommends that the orientation of the colle-
ctor should be such that the incident angle
measured from the normal to the collector
surface should be less than 30°, during the
period in which test data is being taken).

To examine the effect of water flow rate
through the collector on the thermal efficiency,
data are taken for two different levels of flow
rate for the solar collector No. 1 (i.e., equi-
valent flow rates of 0.02kg/s-m? and 0. 04kg/
s-m?). It can be chserved from the efficiency
curves of the collector No. 1 shown in Fig. 5
that increased flow rate raises collector effi-
ciency for operational conditions of lower( 7y,
— T.)/I values. These efficiency values are
based on the collector aperture area given in
Table 2.

In order to examine the reliability and the
capability of the modified test loop of KAIST,

it is desirable to test solar collectors whose

thermal efficiencies are already known. Ho-
wever, it was not possible for present authors
to obtain a solar collector whose thermal effi-
ciency curve is available. Therefore, the relia-
bility of the KAIST test loop is examined
indirectly and qualitatively: As shown in Fig.
5, thermal efficiency test results of the solar
collectors No. 1 and No. 2 are compared with
the results of NBS test [6]. Major characte-
ristics of the solar collectors No. 1, No. 2,
No. 3, and No. 4 are shown in Table 2. It

can be seen from Fig. 5 that the general trend -

of the efficiency curves of the present work
are in good agreement with the NBS results.

In addition, in order to examine the repro-
ducibility of the thermal efficiency curves,
the steady-state efficiency tests are repeated
many times under the same conditions as
shown in Fig. 5, and the result shows that
the efficiency curve is reproducible for a given
flow rate through the collector.

It may be inferred from these tests that the
accuracy to which the efficiency can be deter-
mined is limited mainly by the accuracy to
which the independent variables I, 7, C,, and
(T%,:;— T.) can be measured.

4.3. Experimental Determination of Colle-

ctor Incident Angle Modifier

The significance of the incident angle modi-
fier to the test procedure is that the thermal
efficiency values are determined for the colle-
ctor at or near normal incidence conditions.
Therefore, the y-intercept of the “efficiency
curve”, such as Fig. 5, is equal to Fr (7a)e,x
(this factor denotes the effective transmittance
absorptance factor at normal incidence).

ASHRAE Standard [5] recommends that
four separate efficiency values should be deter-
mined under test conditions such that the
average incident angles between the collector
and the solar radiation for the four test con-
ditions should be respectively, approximately
0, 30,45 and 60 degrees.

For each data point, the inlet temperature
of the water is controlled to within -+1°C of
the ambient air temperature. In this case, it
can be shown that the relationship between
the incident angle modifier, k.., and the effi-
ciency is given by [5]:

- i
k‘",h FR(Z'a)e,n " ’ (7)

where Fr(za).,. is obtained as 'the intercept



COLLECTOR EFFICIENCY (%)

1290

of the efficiency curve (Fig. 5). Different
values of k.. can be computed for the different
incident angles using Eq. (7). In this way,

the incident angle modifier are determined
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Fig. 5 Experimental results of the near-normal
incidence effciency test for water-heating
solar collector.
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Fig. 6 Incident angle modifier test for liquid-
heating solar collector.
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for a wide range of incident angles. The
results are shown in Fig. 6 for the collector
No. 1 and it is compared with the test results:
of the NBS [6] for collectors No. 3 and No. 4-
listed in Table 2.

It can be observed from Fig. 6 that the
incident angle modifier (k..) begins to decrease:
when the angle of incidence reaches somewhere:
around 30°. This shows that at below 30°,
the effect of the angle of incidence on thermal’
efficiency of the collector is negligible. This-
conclusion agrees with implications of the:
ASHRAE Standard [5] which states that for
tests conducted to determine thermal efficiency-
at near-normal incident conditions, the orienta--
tion of the collector shall be such that the
incident-angle (measured from the normal to
the collector surface or aperture) is less than.
30° during the period in which test cata is.
being taken.

Also, it can be observed from Fig. 6 that
the general shape of the “incident angle modi-
fier” versus “angle of incidence” curve obtai--
ned in the present work (for collector No. 1)
agrees very closely with that of the NBS
results (for collectors No. 3 and No. 4)

5. Summary and Conclusion

The outline of the modified test loop of
KAIST based on ASHRAE Standard has been.
presented along with engineering drawings.
and specifications of main components of the-
test loop for liquid-heating solar collectors.
Also, a summary of experimental procedure
used to examine the modified test loop and to-
re-evaluate the ASHRAE Standard test proce-
dure has been given. The three primary tests.
in the ASHRAE Standard, the time constant,
near-normal-incidence efficiency, and incident:

angle modifier test are conducted outside under
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real sun conditions using the KAIST test loop
and results of these tests are presented in
graphical form.

Based on the test results of this study and
a qualitative comparison with the results of
the NBS (6], following conclusions may be
made: The modified test loop of KAIST design
proved to be a practical apparatus in order to
determine thermal efficiency of the liquid-
heating solar collectors in accordance with the
ASHRAE procedure. In general, the ASHRAE
Standard 93-77 proved to be a reasonable
procedure. However, some of the rigorous
restrictions of the standard, such as the wea-
ther conditions that specifies the minimum
integrated average irradiation values (not to
be less than 630W/m?2) to conduct outdoor tests
to determine efficiency and incident angle
modifier can be further lowered under different

weather conditions.
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