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1.  INTRODUCTION

Task VI of the International Energy Agency Solar Heating and Cooling
Program is a multinational research project that deals with the performance
of evacuated collectors in systems. The study of twelve highly instrumented
solar installations ranging from single family residential heating and
cooling to large industrial applications makes up the Task. A1l the major
evacuated collector types have been used. In six years of research, many
analytical approaches and much specific technical information have evolved
from the need to understand, explain, and compare experimental results. The
Task assembled much of this material dinto this report characterizing
evacuated collector modules, arrays, and collection subsystems. Not only
should the reader be able to see the value of this material in analyzing
the performance of solar energy systems, but alsoc in formulating models and
design tools,

Analyses have focused on the collector module, array, and collection
subsystem because these are the common elements of solar energy systems and
their performance and characteristics can be more or less directly compared
without the complicating ambiguities of different size storages,
possibilities of energy losses, and differing manners and patterns of
energy end use,

Good arguments can be made that a single tube should be considered the
collector and, 1in fact, single large evacuated tubes which are the
performance equivalent of three square meter flat plate collectors have
been produced. However, the Task has chosen the manifolded array of
evacuated tubes as supplied by the collector manufacturer as the single
collector module. Performance specifications for a single module generally
come from the manufacturer or independent ponctual tests, not from Task
measurements. The collector array boundaries are established by the array
inTet and outlet temperature sensors. The array is made up of one or more
single collector modules, intercollector module piping, and any additicnal
array manifolding. The collection subsystem can be made up of one or more
collector arrays, interarray piping, and piping to either storage, the rest
of the system, or direct use. The boundaries of the collection subsystem
are established by inlet and outlet temperature sensors.

Through the next three chapters this report progresses from the single
collector module to the collection subsystem. The characterizations are
mainly for instantaneous and steady state performance. Studying and
characterizing collectors, arrays, and collection subsystems in detail as
given in these chapters leads to the possibility of a generalized daily
characterization which can be used as the basis for simple accurate system
performance modeling. This possibility is discussed in the final chapter of
this report.
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2.  SINGLE ETC MODULE CHARACTERISTICS

Tables 2-1 through 2-5 at the end of this section display the
technical information on the collectors used in Task VI experiments. The
following subsections will explain common precise definitions used in this
report.

2.7 COLLECTOR AREA DEFINITION AND QTHER CONVENTIONS

[EA Task VI adopted the collector aperture area as a unique and
unambiguous reference for all quantities normalized to the collector area.
These quantities include collector efficiency and energy flows.

Task VI defines the collector aperture area as
A=L - -W* [m2]

where L = exposed transparent part along collector tubes, excluding boxes,
headers and so forth.

W = width of the collector module = n - p

n = number of tubes

p = distance between the centers of adjacent tubes, or pitch.

® = tilt angle of the absorber plane with respect to the collector

plane.

Most participants deal with untilted absorbers, but two recent Swiss
experiments involve tilted absorbers. This report will show later that
absorber tilt angle effects can be accounted for within the "incidence
angle modifier" factor,

When normalized to an area, all Task VI figures refer to the aperture
area. Any quantity normalized to the aperture area can be normalized to
gross area, absorber area, or any other area by multiplying by the ratio
"aperture area” to "other area.” For instance, for the collector efficiency

aperture area

n{absorber area) = n(aperture area) -
absorber area
Other important Task VI conventions are that the absorber area
corresponds to one side of the absorber when flat and to the entire area
when cylindrical, and that the array aperture area is simply the sum of
collector aperture areas.

* From the beginning of the Task through 1984, the aperture area
definition included a cos © factor, where @ is the tilt angle of the planar
absorber surface. The Task included @ in the definition to account for
Japanese installation where © was relatively small., Subsequently, it was
felt that the figures produced could be subject to misinterpretations. For
example, if © equals 90 degrees in the former definition, A equals zero.
This means that such a collector would have infinite efficiency.




2.2 COLLECTOR TEMPERATURES

From the beginning, the Task adopted average collector fluid
temperature as the relevant collector temperature for analysis and
reporting. That is,

1

Tf = ry (Tin + Tout) ' (K]

where Tip and Tout are the fluid temperatures at the collector inlet and
outlet.

By doing so, we eliminated any confusion created by the "heat removal
factor" FR that s 1involved when adopting Tin instead of Tf., The abvious
advantage in doing this is that collector efficiency no longer changes with
the fluid flow rate. Collector efficiencies depend only on physical
characteristics and ambient conditions and may then be directly compared.

In accordance with common practice, we use the collector efficiency
factor F' to translate collector absorber temperature to average collector
fluid temperature.

The inTet temperature may be useful in a few cases. We will see later
that this temperature does not apply when Tooking at collector efficiencies
in detail.

_ The average collector fluid temperature applies as long as Tin and
Tout do not differ greatly, which is the case in most Task VI experiments.

2.3 COLLECTOR THERMAL CAPACITANCE

It is important to consider collector thermal capacitance as it can be
a significant factor in the daily performance of some collector types and
some systems, especially large arrays. Capacitance can hide some of the
energy collected from the collection subsystem and, as the magnitude of the
hidden energy can vary depending on such factors as load, it must be
accounted for,

Collector thermal capacitance can be evaluated from the capacitances
of its components, including the external glass tube. Collector thermal
capacitance is calculated as

Ue
(M-C)ETC = £ mj-ci + — (m-c)glass [9/K]
1 o
where mi = mass of the absorber, fluid, piping, and other components [kg]
and
ci = specific heat of the absorber, fluid, piping, and other

components. [J/kg-K]
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A ratio of heat loss coefficients modifies the glass thermal capacity
contribution as shown below

Absorber Glass Ambient
- | Up . Vo |— o
Ue =1/ (1/Up + 1/Ua) [W/K]

where Up, Ums U refer to the same object, that is 1 tube or 1 collector.

In the case of ETC's, Up is dominated by radiative exchanges and Uy is
related to convection and radiation between the glass tube .and the
environment. For instance, for Corning CORTEC collectors, where the glass
thickness is 2.7 mm, the glass contribution amounts to about 15 percent of
the total collector capacitance, including fluid inventory.

We deal with insulation around the manifold and piping in the same

way, This is also the case for arrays, subsystems, and other components of
the system.

2.4 USUAL EXPRESSIONS QF COLLECTOR EFFICIENCY

Collector efficiency is usually written as

6 _ Up-aT
T‘lc=‘f=F'(m-—r)v AT = Tf = Ty (1
where F' = collector efficiency factor
Q = heat power from collector (W/m2]
Ta = optical efficiency
UL = heat Toss factor [W/m2K]
Tf = fluid temperature = (Tyn + Tout)/2 [K]
Ta = ambient temperature and K
I = solar radiation on collector plane. [W/m2]

As stated previously, the reference area is the aperture area.
Quantities normalized to the reference area are Q, I, ¥ and Uy.

When U is assumed to be a constant, expression (1) can be
represented graphically in two equivalent ways as shown in Figure 1. Under
this assumption the efficiency curve is a unique line and the power curves
are a set of parallel lines equally spaced for equal AT variations. Various
properties may be deduced from this Figure. For example, the point A s a
stagnation point AT = I:Ta/U_ for a given value of I, or a radiation
threshold I = AT-Ul/3a for a given value of AT. Other properties are shown
in the figure.

The collector efficiency factor F' involves the heat transfer from
absorber to fluid. The factor incorporates the fin efficiency and the heat
transfer from the fin base to the fluid. Let us consider the following
cases:




Figure 1. Two Equivalent Representations of Collector Efficieﬁcy

A. Efficiency Curve B. Power Curves
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2.4.1 F' = 1 and no fin effect

Te =T - {K]
where T¢ is the fin base temperature. Now
Q _  UpeaT
Ng = _E_ = ta - ——I—-
where AT = Tg = Ty = T¢ - Ty (K]

which is schematically equivalent to

Ta UL Te Tf

T

Q (useful heat)

UL AT
(losses) _
I xa (solar gains)

2.4.2 No fin effect, but thermal conductance from fin base to fluid

(Ucf)

Ucf may be related to exchange coefficients, conductivity, and/or a
heat pipe between absorber and fluid. Ucf 1is also normalized to the
reference area.

Then
Ta UL Te Uef Tf
- Te # T
losses Q
[ta
é /UL . AT
T T s T |
where AT =Tf - T, (K]

which is also equivalent to

Ta Frup Te Tf

—y o

losses Q

F'lta



Q — AT
Ne = — = F'(ta - U — )
I I

1/UL
1/UL + 1/Ucf

with F's

2.4.3 Both effects, fin effect and Uﬂf

A careful treatment with temperature varying along the fin leads to
the equivalent case ‘

Ta F'U Te T
losses Q
F'elota

¢, — AT
Ng = — = F'(za - U — )

I I
where AT =Tf - T, [K]

1/0L

and F' =

1/(UL-F) + 1/Uq¢
where f is a factor directly related to the fin efficiency.
This case is also equivalent to

Ta fUL Te Uer Tf

Faol

losses

felota
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2.5 INSIGHTS FROM IEA-VI EXPERIMENTS

[EA-VI experiments show that the heat conductance between absorber and
ambient clearly increases with temperature, and therefore should not be
considered temperature independent. Other experimental work alsc confirms
this. Both experiments and theory show that UL can be written with good
accuracy as

UL = K7 + K2+ ATapa (W/mz-K]
with ATapa = Tab - Ta tK]
where Tap refers to the absorber. If there are no fin effects, then

Tap = Te.

For ETC's, the domination of radiative effects Justifies the U
dependence on temperature difference. The same is no doubt also true for
flat plate collectors where the conductance due to convection also depends
on temperature.

This temperature dependence, very pronounced at temperature
differences around 100 °K, 4s already significant at medium temperature
differences around 50 °K and 1is highly correlated to the stagnation
temperature of a collector at a given solar radiation level. Therefore,
stagnation temperature studies, discussed later, complement collector
efficiency studies.

Temperature dependence implies a major complication because the
corresponding heat loss UL- ATapha is no longer linear but quadratic in
A Taba .

In addition to temperature dependence of UL, we consider the
following:

- conductance from fin base to fluid (Ucf)
- fin efficiency
- incidence angle modifier
+ as related to solar geometry
- including effects related to the absorber tilt angle
(with respect to the collector plane) and
« collector shading.

In the next sections we describe how to deal with these
considerations. Of course, we focus on our results and our contributions to
ETC characterization, but we feel strongly that such procedures will apply
to other collector types.
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2.6 COLLECTOR EFFICIENCY WITH QUADRATIC HEAT LOSSES

We will begin with simple cases and then proceed to progressively more
complex cases,

2.6.1 Quadratic heat loss dependence and no other effect

Ta UL Te Tf
losses Q
I1a
Tab = Tc = T (K]
AT =Tf - T, _ (K]
UL = K7 + K2-AT ' [W/m2.K]
ne=m-u T Lm0
I 1 I I

The Sanyo and Corning Cortec collectors display this type of
behaviour. Figure 2 clearly shows that for the range AT/I > 0.12 (i.e. AT =
120°K for I = 1000 W/m2 or AT = 12°K for I = 100 W/m2), the efficiency
strongly depends on both AT and I values, not just on the ratio AT/I.

Thus the efficiency curve has to be parameterized in either AT or I.
An equivalent representation can be given by the power curves, where the
lines are still parallel, but no longer equally spaced. See Figure 2.

2.6.2 Quadratic heat dependence, finite conductance from absorber to fluid
{Uef). and no other effect.

Ta UL Te Uef Tf
— . .
losses Q
I-Ta

AT =Tf - Ty (K]
ATca =Tc - Ta [K]
MTef = Te - Tf | K]
AT = ATgq - ATef (K]
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Q= UgreaTer [W/ma]
) . ATea
Ne¢ =_T_=ta—UL_f_-

We need to know Q or ne versus the relevant parameters which are

.Using the equation above, eliminating undesired parameters and solving
for Q versus AT and I leads to ‘

. Ucf 3 p— 1
Q= 7%, [(-Uef-K1-2-Kz+AT) +/(K1+UcF)244-Kp(UeF- AT+ Ta- 1)] (M

where only the positive root is retained. It can be shown that this
solution leads to case 2.6.1 if Ugf+® and to case 2.4.2 if Ky +0.

To eliminate the square root, we can use the approximation

x X2

VIi+x=14+=---—
2 8

which is within one half percent of the exact solution if x < 0.5.

ETC's used in Task VI experiments fulfill this condition. Using the
approximation we obtain

0. 2-Ky__ K2 AT AT2
ne = - = Fy-ta - Fy3—-7a-4T - Fy3——=3a2-1 - Fy-K1— - Fy3-Ko—- (2)
I Ucf UcF I I

where

1 1/K1

Fy = ———— =

1+ (K1/UcF) /Ky + 1/Uer

" Expression (2) can be written as

. AT ATZ
Mo &A= BeaT - CI-Dr = - € — (3)
Q = A-I = B-AT-I = C-I2 ~ D-AT - E-AT2 fW/mz] (3')
Q2 a(l-Ta) - beAT(I-7a) ~ c(I+Ta)2 - D.AT - E-AT2 [W/m2] (3'")

In (3) and (3') the five parameters A,B,C,D,E are made up of four
basic physical quantities, K, K2, Uef and T&. Alternatively, in (3"), ==
and I are always associated and a,b,c¢,D,E are made up of Kj, K2 and Ucf.
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Let us discuss some properties of equations (2) and (3)

« If K2 =0, equation (2) reduces to case 2.4.2.

» If Uef = o, equation (2) reduces to case 2.6.1.

« If I =0, for instance during night loss measurements, only the terms D
and E contribute to Q in (3') and (3"). K1 and K2 losses are reduced
because of the conductance Uqf. .

« If AT=0, only terms A and C contribute to Q in (3') and to nc in (3).

‘Thus, the efficiency at AT=0 depends on I and ng = A - C.I. The first 3
terms of equations (2) and (3) show that the optical efficiency depends
on AT and I.("Optical" efficiciency is not really the proper term). The
last two terms of equations (2) and (3) describe the heat loss
dependencies. .

In conclusion, equation (3) is consistent with respect to usual cases
Tike 2.4.1 and 2.4.2 and adequately describes the performance of ETC's. The
physical meaning is established for all parameters of the equations.
Depending on the particular ETC, some parameters may be zero. Therefore,
equation (3) provides the correct basis to fit measurements.

Equation (3) can be represented graphically as
*+ N¢ = N¢(AT/I) for a given I or AT on efficiency curves or
. 6 = 6(1) for a given AT on power curves. See Figure 2.

Now, we no longer get a straight line for the efficiency curve. Also,
the efficiency curve intercept at AT/I = 0 depends on I. The power curves

are no longer equally spaced for equal AT variations. Other similar
properties can be easily deduced.

2.7 STAGNATION TEMPERATURES

Efficiency curves are usually developed with Tow AT's. Interpretation
of these curves can be enhanced by studying stagnation temperatures.

We measured stagnation temperature Tg by introducing a long and
flexible temperature sensor through the collector piping of the absorber of
a tube. This procedure is simple, fast, and reliable. The stagnation
temperature is then correlated to solar radiation. The relation Tg (I) is a
basic tube characteristic as well as a basic collector characteristic.

With ETC's one can reasonably assume that radiation exchanges between
absorber and glass cover dominate other heat transfer mechanisms. In steady
state and for flat absorbers

— 2Asbs _
wl = —— E o (T4 - Tg4) [W/m2] (4)
where ta = optical efficiency normalized to aperture area
Aabs/Aap = one-sided absorber to aperture area ratio

= effective absorber emittance
a = 5,67 - 10-8 = Stefan-Boltzmann constant [W/mzK4]
T = absorber stagnation temperature and [K]
Tg = glass temperature, [K]
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The effective absorber emittance 1is based on the mean over both
absorber sides and on the previous assumptions. € is a mean emittance
depending on the wavelength. € is the mean value of € (A ) weighted
accordingly to the Planck Spectrum. Therefore € can depend on temperature.

* Since the heat transfer coefficient between glass and environment is
much larger than the corresponding radiative heat transfer coefficient
between absorber and glass, we may assume that the glass and ambient
temperatures are identical, that is Tg = T,. More precisely, we may replace
Te with Ty in equation (4) and include the above mentioned effect in T,
which is then called effective emittance. The effect of doing this s
almost negligible.

It is assumed that for a given temperature range T can be considered
constant. Equation (4) gives the relation of Tg (I) to other variables.
Though not indicated by the functional notation, it involves Ta. When Tg is
at or above 200°C, as is the case for most ETC's on clear day conditions,
thg influence of T, is relatively small and can be treated as a secondary
effect.

From measurements of Tg, Ta and I, and for the same wa, I and
Aabs/Aap. we can deduce a stagnation temperature Tgr normalized to a
reference ambient temperature T,y by

Tsh - Tah = Tt - Tyrd [K4]
A reasonable approximation to this is

Tsr = Ts = (Ta - Tar) (Tar/Ts)3 (K] (5)
Therefore, from measurements of Tg, Ta. and I, we can deduce Tgp and 1.

These results can be compared to the model given by equation (4) when
it is applied for Tgy and Tap

- 2Aab5 _ r 1
w = A o (Teph - Tard) (W/m2] (4')

ap

One measurement of Tg, T3, and I is enough to evaluate the quantity
€ /ta. Equation (4') then provides a relation for Tg.(I), as long as € and
Ta can be considered constant.

If ta is known from other. studies, it provides a direct method of
evaluation for € or even E’(TS). Direct measurements also provide
quantification of how T@ varies wheén changing the background behind a
collector, such as using reflectors or white panels, or when changing other
optical conditions such as the incidence angle modifier.

The form of Tg(I) must also be consistent with equation (3) for
nc=0-

_ Of course, one could construct more refined models, but in the case of
ETC's, relations (4), (5), and (4') are simple and reasonable.



15,

W/ 000§ 006 008

004 009 005
0§}
002
062
* (2 0z = “°1) dsy [ Jo
] | l | l
wniutwn | y=4 211ym=¢ yoe(q=g butyjou=}

$(v) 9ued Jeaa yjLM $3934343 punoubyoeg
944 ut pasn ysn uL spew 33340) : 44
‘sbuljeod 8AL103|3S JUILILYLP *BOURL] UL BpeW 233407 a.m.<

STUBWIANSEIY w=rreveere .M et LepPOW

(squedidLyded SSLMS WOUS S3LNS3Y) "231y¥0) buruuao) *3unjedadwa) uoljeubels ¢ aunbiL4



16.

Figure 4. Stagnation Temperature (Results From Swiss Participants)

Measurement of Tq,. for a sample of 361

Corning CORTEC "E" tubes (T, = 20°C)

and scattering of Tg, after normalization,
according to a simplified model, for I = 800W/m2.
See equation (4).
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We can now illustrate these considerations:

Figure 3 shows measurements as well as model predictions for earlier
Corning CORTEC ETC's. For a Tlimited range of I or Tsr., the agreement
between the model with © constant and measurements is satisfactory.
Differences in the manufacturing, particularly in the selective coatings,
appear clearly. These studies demonstrate the improvement in the selective
coating as may be seen in Figure 4 which displays characteristics of the
Corning CORTEC E used in the new Swiss installation.

Interesting as well is the scattering of the observed performance for
ETC tubes, and consequently for collectors. Tge has a standard deviation of
t 13°K, corresponding to € = 0.013. These stagnation temperature. models
provided a test to allow rejection of a few tubes that performed poorly
when mounted.

2.8 FIN EFFECT COMBINED WITH QUADRATIC HEAT LOSSES

Starting with case 2.6.2 and comparing it to case 2.4.3, the fin
effect can be introduced by replacing UL by fUL and I-%a by fl-Ta in 2.6.2.
But f depends on U[ and, if U =Ki+K2ATca, f depends on Te or ATea. This s
a major complication which did not appear in case 2.4.3 because U was a
constant, thus allowing an analytical solution. It did not appear in case
2.6.2 where approximations helped to solve a second order equation,

Fortunately, with the ETC's used in Task VI, the fin efficiency is
always very close to unity and this problem can usually be avoided.

Consider the following:

+ If the temperature does not vary too much along the fin, U may be
considered constant along the fin; that is, UL = U (T), and the same
formalism used for case 2.4.3 may be applied.

- It is probably possible to solve the set of equations given for case

2.6.2 iteratively, with U >f-U_ and I-%@~fl-%&. Assume T., compute f,
solve the equations, deduce a T¢ value, and repeat.

2.9 INCIDENCE ANGLE MODIFIER

When the dncident solar radiation 1is not perpendicular to the
collector plane, transmittance and absorptance are modified. Dealing with
absorbers tilted with respect to the collector plane also implies other
effects that can be included in the incidence angle modifier factor.

This factor, called IAM, 1is defined as

optical efficiency for (v,.B
IAM(v,58) = p y (v.8)

optical efficiency for reference conditions

where ( Y,8) refer to the incidence angles vy and 8 and a given absorber
tilt angle, and where the reference conditions are normal incidence and no
absorber tilt angle.
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This definition should apply only to beam radiation. The IAM factor
affects the T@ product in that Ta becomes IAM-Ta in all equations.

For ETC's used in Task VI, incidence angles ( vy,B) are defined as
shown in Figure 5,

Figure 5. Incidence Angle Definitions

N/
/?\\
=
8
Z. collector plane
L

tube

N » O OO O tubes

transverse incidence angle
axial incidence angle = r/2 - sun ray to tube axis angle.

w <

nn

In most calculations and measurements, it will be assumed that Y and 8
dependences are not correlated, that is

IAM(Y,B) = IAM(Y) - IAM(8)

This assumption could be not verified in some cases, reflectors for
instance, but none of the IEA Task VI studies have reported such effects.

In this section, we discuss only untilted absorber cases. In the next
section we discuss how to introduce absorber tilt angle effects within the
incidence angle modifier factor.

According to the definition at normal incidence, IAM(0,0) = 1. As 8
increases, IAM(B) is expected to decrease in the same way as with flat
plate collectors. With flat absorbers, IAM(Y ) 1is expected to remain
constant when v is increased. At large vy values, transmission effects may
appear. With cylindrical absorbers, IAM(Y) is expected first to increase,
like 1/cos y, when y increases, and then to remain constant due to mutual
tube shading. Task-VI experiments seem to verify these expectations.
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For the B-dependence, the parametrization used in ASHRAE 93-77 may be
used. It is an approximation of the Stokes-Fresnel equations and can be
written as

1
IAM(B) = 1 - bo(——— - 1)
cosB
where bg is a parameter that can be adjusted to data. See Figure 6.

A]théugh we deal in this chapter only with single ETC characteristics,
we include IAM properties as measured from ETC arrays because we strongly
feel that they also apply to single ETC's.

How do we evaluate the IAM factors from data ? We first use a given
expression for the collector efficiency. Let us take equation (3') '

Q = I-IAM -(A-B-AT) - D-AT - E-AT2 [W/m2]
where we temporarily neglect the Ia-term.

By fitting such an expression to data selected for conditions close
to normal incidence, we may evaluate the parameters A, B, D and E, where Q.
I and AT are given by measurements. Then from other data selected for given
( v,8) values it 1is possible to extract IAM(y,B) for each selected
measurement by

Q+D-AT+E-AT2
I1(A-B-AT)

IAM(Y! B) =

where Q. AT and I are measured
and A, B, D and E are from the previous fit.

In other words, we compare the optical efficiency for (ysB) conditions
to the optical efficiency for normal incidence conditions.

This procedure, of course, applies to simpler collector efficiency
expressions as well. If the I2-term has to be taken into account, the same
method can be used, but IAM(y,B) has to be extracted by solving a second
order equation. It is also possible to parameterize IAM(y,8), to introduce
the corresponding expression within the collector efficiency expression
and to evaluate all parameters, including IAM, by a global fit to all data.

So far, we have assumed the solar radiation to be exclusively beam
radiation. Let us now deal with a solar radiation including diffuse
radiation. Let us define a IAM factor for the diffuse radiation by

IAM - DIF = fDIF(y,8) - IAM(y.B)-dR

where DIF = diffuse radiation on collector plane
DIF(Y.8) = diffuse radiation distribution versus v and B and
da = solid angile.
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The absorbed solar energy is given by

Ia = DIR « ta - IAM(y,8) + DIF - ©a - IAM

— DIR ___ DIF
I, = [IAM(~,B) +—— + [AMe— 7.GL
a = ta-[IAM(y,8) T o i

- S ot

IAM*(vy,B)

where DIR / GL = beam / global radiation on collector plane.

Obviously, now we are facing a major complication. Diffuse and/or beam
radiation should be measured as well as the global radiation. Some Task VI
participants do it. But even with such measurements, it is not trivial to
extract IAM(y,B) from IAM=*(y.8) and the corresponding data

GL —— DIF
[AM(Y ,B) = IAM®e——= - JAM.m—
DIR DIR

IAM*( ¥ ,B) can be evaluated from data as described before, but IAM(Y,B) is
the relevant quantity. IAM involves I[AM(y,B).

Diffuse radiation may be assumed to be isotropic, a crude
approximation, and iterative procedures can be applied in order to get
IAM( v, 8).

We have not gone this far 4n Task VI studies. Further detailed
investigations should be performed along these 1ines. Nevertheless,
interesting features and results have been obtained. They are presented
with definitions not yet fully normalized and finalized.

Notice that, if IAM is not too different from IAMs, IAM(Y,B) is close
to IAM=(v,B). Some illustrations of the IAM factor are shown in Figures
6,7,8,9 and 10,

Notice also that so far we have neglected effects such as these
related to spectral distributions or those induced by differences in
evaluation procedures, for dinstance solar simulator versus outdoor
conditions.

2.70 TILTED ABSORBER EFFECTS

When flat absorbers are tilted with respect to the collector module
plane, corresponding effects may be taken into account within the partial
incidence angle modifier factor IAM(Y), that is

IAM(Y) = IAMo(Y) - TA(Y)

where the index o refers to untilted absorber and TA involves tilted
absorber effects.

Solar radiation is defined with respect to the collector plane. A lack
of solar radiation due to an inadequate collector orientation, a flat roof
for instance, may be partly compensated by an increased collector sensivity
obtained by tilting the absorbers, so that TA » 1.
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Figure 6. Incidence Angle Modifier IAM{8) Parametrization
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behave in an unexpected way. No explanation has been found.
b, is found to be 0.17 in close agreement with SOLARTECH ETC
tests (Canada). For a separate evaluation of b,, see section 2.9.
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Figure 8. IAM(y) for Philips VTR261 ETC at Solar House EUT (NETHERLANDS)
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Figure 10. Experimental Determination of the Transmittance
Absorbtance Product, as extrapoiated from array
efficiency data when operating the system at
very Tow AT/l values (test days). The extrapolation is based
on results accumulated over long periods.

(Solarhaus Freiburg, F.R.G.)
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Let us discuss the case of Corning-Cortec in the context of ETC's
exposed to pure beam radiation

Q=a- IAM(y,8) - I -U_ -AT [W/m2]
where IAM(Y,8) = IAMg(y) - TA(Y) - IAM(8) = IAM ,(v.8) -« TA(Y)
and Up = K7 + Ko « AT,

We concentrate now on TA(y). We have, in physical terms

Q . Aap = TG'IAMo(Y|B)'Aabs'EDIRg+e(1—SL)]- ZKI‘AabS'AT [N/m’]
where

Aap = aperture area

Aahs = absorber area

2 = collector plane tilt angle with respect to horizontal

e = absorber plate tilt angle with respect to collector plane

DIRg, DIFg, Glg beam, diffuse, global on collector plane (@)
DIRg+gs DIFg+ss Glgg or absorber plane (@ + 8) [W/ma]
Y = axial incidence angle on collector

p, £ = pitch of evacuated tubes and single absorber width

K' = heat loss per unit of absorber area

SL = shadow loss factor (from tube to tube)

T, « = physical transmission and absorption coefficients.
See Figure 11,

Normalizing Q to the radiation incident on collector plane. [=DIRg,
gives the efficiency

§ Aabs DIRg+e (1-SL) Aabs AT
n=-= ta—-—-IAMg(y, B)- - 2K' —————
I Aap DIRg Aap DIRQ

Ta TA(y) UL

ta and Uy correspond to physical properties of the considered ETC's,
whatever the absorber tiTt angle can be. Absorber tilt angle effects are
included only in TA(Y).

In order to get <ta and U_ from data, for instance through fits, Q, AT
and I (=DIRg) must be measured, but TA(Y) has also to be evaluated. That
involves only geometric considerations.

Another interpretation of the previous efficiency expression is:

o mIAM(v8) - U —
T DRy oY " DIRerr
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where DIRgff = DIRg-TA(Y) represents the effective solar radiation reaching
the absorbers normalized on the collector plane and the aperture area. n'
is the usual efficiency for ETC's with untilted absorbers for the case
where incident radiation is DIRaff.

Of course, accounting properly for diffuse radiation leads to a rather
complex situation.

- As seen before, complications are due to the usual dincidence angle
modifier effects.
« TA (y) can be written, as

DIREFF+DIFEFF  GLEFF
DIRg:DIFy  Glg

TA(Y) =

where DIREFF, DIFEFF, GLEFF correspond to effective radiations reaching
the absorbers.

When extracting physical ETC parameters from data, beam and diffuse
radiations 1in the absorber plane have to be evaluated or measured as well
as the radiation in the collector plane. We recommend doing it when dealing
with test or demonstratjon systems.

About the beam radiation we have
DIREFF = DIR g4 (1-SL).

The effective diffuse radiation can be measured by use of a shadowing
geometry similar to the absorber geometry. If not measured the diffuse
radiation invoives the use of a model which could simply be

DIFEFF = DIF,.

It was found from solar radiation measurements within the SOLARIN
project that DIFg.g may exceed DIFg by 507. This effect is attributed to a
luminous horizon band which actually is not seen by tilted absorbers (but
by solarimeters). Then effectively DIFEFf as seen by absorbers may be close
to DIFg. As we see, it is a very complex situation requiring caution.

» Different effects may be correlated.
- Diffuse radiation reaching the absorber back can not be easily evaluated.
+ Reflectors, if any, modify significantly radiative properties.

As already mentioned, we restrict ourselves, within IEA Task VI, to
identify properly all relevant and significant effects and to provide guide
lines for a refined methodology.

As an 1illustration we show now how to evaluate TA(y) for pure beam
- radiation in case of the Corning-Cortec ETC. See Figure 11.

We neglect transmission effects through other glass tubes as well as
module edge effects. The following considerations are purely geometrical.
The transverse incidence angle (y) depends on @ and can be deduced from
the knowledge of the sun's motion. Shading (SL) appears for vy values larger
than a limit given by
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v 1 p—ﬁcose
im = tan~ ! {(————o
1im £51ine )

The shadowing fraction is given by

<

Y= Ylim SL =0

p 1
> Y 1 SL = 'I - -
Y Tim L (tanY-sine + cos®

For beam radiation we have:

DIRgre  DIRg
= (= unprojected beam radiation)
cos(y-e) cosYy

Taking conditions similar to the SOLARIN project leads to
p=110mm; o =230° 2% =288m; any@.

Y‘l 'im =2 37- 5°

DIR cos(v=4) Y& Y4
o = m
TA(Y) = (1-SL) = cosy
DIRg
p/e=1.25 Y > Yim

TA(y) behaves in a remarkably simple way. See Figure 12.
« For Y=0," TA (¥) = cos e.
« For Y< Y1ims tilting the absorber is equivalent to tilting the collector.

» For Y> Y1ipe shadow losses reduce the previous compensation,
Nevertheless, a 25Z gain, as compared to untilted absorber conditions, is
achieved. '

These considerations may be somewhat affected when considering the
diffuse radiation. But as long as only the beam radiation is considered or
as long as the diffuse fraction is low, the previous considerations look
reasonabie.
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Figure 11. Tilted Absorber Geometry

Geometrz:

Figure 12. Tilted Absorber Factor.

Corning-Cortec geometry, absorber tilt angle § = 30°
TA(Y) = absorber tilt angle effect (TA > 1 = gain)
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TABLE 2-1. SINGLE COLLECTORS USED IN IEA-VI EXPERIMENTS,
GEOMETRICAL AND DESIGN FEATURES.

COUNTRY

ARUSTRALEA

CANADA

C.E.C

F.R.G

NETHERLANDS

SWEDEN

SWITZERLAND

SWITZERLAND
SWITZERLAND

UsA

Notes : (1)

£TC TYPE

Sydney University
soLartec 'S

Philips VTR36]E§}
Philips VTRZ61
Sanyo STC-CU250L

Corning "US"
Philips vrrzs1 (81010}

Philips VTR261(B)

Philips yTRiat(8)
General Electric TC100
Owens [11inois Sunp?k
Teknoterm HT{F.P,) (19
Granges Aluminium(F.P.)

Scandinavian Solar HT(F.P)

Corning CORTEC “A"
Corning CORTEC "8
Sanyo STC-CU250L

Corning CORTEC "D"

Corning corTEC “g+{ 12}

(8)

Phitips VTR361(8]

Philips VTR141

NA for Not Applicable, NIA for No Information Available.
Basic area definition for normalizations. See text (2.1}

(19

NUMBER OF
TUBES PER
MODULE

14
19
10

19

23
RA
NA
HA

< oo

14

LENGTH FOR

APERTURE AREA
PITCH DEFINITION
Ceen)

]

60

152

104
75
93

113
104

az

75
NIA
NIA

NA

NA

NA

11.3
1.3
97.2

111.3

111.3

104
95

1390

1055

1550
1560
2602

2140
1560

1560

961
NIA
NIA
NA
NA
NA

2172
2112
2524

2172

2172

1560
1005

aperTuRE ' 2)aross
AREA

PER MODULE

{m*]
1.25 1.47
1.30 1.64
2.27 2,75
2.22 2.75
2.42 2.77
1.45 1.86
1.047  2.41
2.05 2.57
1.37 1.80
1.37 1.63
2.55 NiA
NIA 0.7
NIA 2.12
12.0 NIA
1.45 1.86
1145 1.86
2.44 2.77
1.45 1.86
1.45 1.86
2.27 2.67
1,146 1.68

~—EXTERNAL GLASS
MATER]AL

Borosilicate Glass

Borosilicata Glass(s)

Soda Lime Glass
Soda Lime Glass
Soda Lime Glass

Pyrex
5So0da Lime Glass

Soda Lime Glass

Soda Lime Glass
Soda Lime Glass
Borosilicate Glass
NIA

NIA

NIA

Pyrex
Pyrex
Pyrex

Pyrex

Pyrex

Soda Lime Glass
Soda Lime Glass

Area with selective coating. When flat and selective on both sides, specified as “2-area".
Reflector delivered by the manufacturer as part of the collector.
Equivalent to SUNMASTER DEC 3A,

Kimble KG-33, equivalent to "PYREX" low expansion glass,

Alumintzed mylar film bounded to aluminium substrate, reflectivity 0.8, acceptance angle 60°(manufacturer),
The nomenclature of the Philips collectors refers to the tube type, not collector comstruction,
Experimental results and performance indicators in previcus reports are based on an early definition

of 1.35m? aperture area per module,
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TUBE - ABSORBER 5 ——perLEcTOR M

Outside Area per Heat
Diameter Thickness Shape Titt angle Module Remaval Shape Material

[m=] ) [deg) [m*]

i8 1.4 Cylindrical RA 1.97 Flow through Flat Diffuse white

53 2.0 Cylindrical n 1.1% Flow through cPe Aluminized Mylar n
65.5 1.2 Fin 0° NIA Heat pipe Ripple  Aluminium

65.5 1.2 Fin [ NIA Heat pipe Flat Aluminium

80.4 2.1 Fin o° NIA Flow through Flat Grey painted steel
100 2.4 Fin 0° 1.12 Flow through None

65 1.2 Fin 0° 2.1.092 Heat pipe Ripple Aluminium

65 1.2 Fin 0° 2.1.45 Heat pipe Flat Tedlar coated aluminium(]4’
65 1.2 Fin 0 NIA Heat pipe None

NIA NIA Cylindrical NA NIA Flow through CPC Aluminium

NIA NIA Cylindrical NA NIA Flow through CPC Aluminiym

NEA NIA NA 0° NIA Flow through KA

NIA NIA NA 0° NIA Flow through NA

NIA NIA NA 0° NIA Flow through NA

100 2.7 Fin g° 2.1.12 Flow through None

100 2.7 Fin 9° 1.12 Flow through Kone an
80 2.0 Fin a° 2+1.73 Flow through Fiat White painted sheet
100 2.7 Fin 30° 2+1.12 Flow through None

100 2.7 Fin 30° 1.12 Flow through None

65 1.2 Fin g° 21,2703 jeat pipe Ripple  Aluminium

65 1.2 Fin [N 240,665 Heat pipe None

(10) Philips VTR261 tubes in Stiebel-Eltron modules SOL-50.

(11) In use in the CORTEC “A" array instead of the SANYO array.

{12) Rew CORTEC collector (improved selective surface) to be instailed in the definitive array
of 1000m® in Geneva SOLARCAD District Heating Project starting at April 1985.

{13) Both sides are coated except for G9%of area.

(14) Tedlar coated aluminium film manufactured by Solar Usage Mow.

(55) Flat plate collectors
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TABLE 2-2. SINGLE COLLECTORS USED IN IEA-VI EXPERIMENTS.

CHARACTERISTICS FROM ABSORBER TG COLLECTOR FLUID.

Absorber fluid may be different from collector fluid when dealing with heat pipe.

COUNTRY

AUSTRALTA

CANADA

C.E.C,

F.R.G.

NETHERLANDS

SWEDEN

SHITZERLAND

SWITZERLAND

SWITZERLAND

U.5.A,

-

4— SELECTIVE COATING

SOURCE OF ABSORBER SUPPORT

ETC Type MATERIAL [ £ INFORMATION  MATERIAL THICKNESS

Lrn]
Sydney University Copperl?raded metal 0.93 0.05(2) Sydney Univ. Borosilicate glass NIA

carbide(1)
SOLARTEC Copper chromium oxide 0.8 0.05 Manufacturer Borosilicate glass NIA
Philips VTR361 Cobalt sulfide oxide MIA NIA Steel NIA
Philips YTR261 Cobalt sulfide oxide NIA NIA Steel NIA
Sanyo S7C-CU250L Nickel base 0.95 0,08 Manufacturer Copper NIA
Corning "Us” Black Chrome 0.95(12) 8.1 Manufacterer Copper 0.13
Philips VTR281 Cabalt sulfide oxide 0.95 ~ 0.05 Manufacturer Steel HIA
v (12 (7

Philips VTR261 Black Cobalt 0.92° 7 0.0% Manufacturer Mild steel NIA
Philips YTR14] Cobalt sulfide oxide MIA NIA Steel NIA
General Electric TCIO0  NIA NIA  NIA Copper NiA
Owens I11inois SUNPAK NIA NIA NIA Borosilicate glass NIA
Teknaterm HT (FP) Black Chrome NIA NIA Steel NIA
Gringes Aluminium (FP)  Aluminium Oxide NIA  NIA Aluminium NIA
Scandinavian Salar HT{FP) Aluminium Oxide NIA NIA Aluminium NIA
Corning CORTEC "A* Black Chrome 0.95 G.1Egg Manufacturer Copper 0.15
Corning CORTEC "B" Black Chrome 0,95 0.1 Manufacturer Copper 0.15
Sanyp STC-CU250 L Nickel Base 0.92 0.1 Manufacturer Copper NIA
Corning CORTEC "D* Black Chrome 0.95 0.05 Manufacturer Copper 0.15
Corning CORTEC “E" Black Chrome 0.95 0.05(9) Manufacturer Capper 0.15
Philips VTR361 Cobalt sulfide oxide u.szgg%n.ns“u) Manufacturer Copper plated steel NIA
Philips VTR141 Cobalt sulfide oxide 0.95  0.03 Mapufacturer Steel NIA

de. reactive sputtered.

€ = 0.00012Tg + 0.075 (Ts = surface temperature in °K): € = 0.05 at 300%,0.06 at 373°K.

Glass tubes are connected on all-copper manifold, consisting of supply, return and support cups,
which is an integral part of the collector.

No validity range given, Efficiency data indicate that valyes apply at least up to 100°C.

Clear sky measurement in Freiburg, Tamb = 16°C, Tglass = 19°C,

Depends on header pipe material.

Measured at T = 90°C, e = el,

Stagnation temperature measurements indicate a value of ¢ = 0,17 at Tg ¥ 200°C.
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—COLLECTOR —~—

(m FLUID
* HEAT PIPE —+  STAGNATION TEMPER, OPERATING MAXIMUM

ABSORBER TO FLUID CUTOFF AT 800 W/m? PRESSURE PRESSURE
MATERIAL FLUID TEMPERATURE ~ AND 20°C AMBIANT {above atm. pressure)

[°C? Tsr(°C] [bar] [bar]
Glass + Al fin HA NA NIA NIA HIA
+ Cu U tube
Borosilicate glass ;ube(a) NA NA 350°C(13) “l ~2
Copper tube Water NIA NA NIA HIA
Copper tube Neopentane NIA NA NIA RIA
Copper NA NA NIA NIA NIA
Copper tube NA NA 252:5°C(S) 1 7 ()
Copper tube clamped Neopentane NIA NA RIA NIA
by Al-block
Al-Copper Neopentane NIA NA NIA NIA
Copper tube Isobutane 160°¢ NA 0-1.7 20
Glass » Cu fin + NA NA 320°C 2-5 9
Copper U tube
Borosilicate glass tube NA NA NIA NIA NIA
Steel NA NA 200°C 2-5 8
Copper tube NA NA 180°C NIA 25
Copper tube NA NA NIA NIA NIA
Copper U tube KA NA 1 7
Copper 1) tube HA NA 1 7
Copper tube NA RA n200°C 1 5
Copper U tube NA NA 1 7
Copper U tube NA NA 242:!3°C(9) 1 7
Copper tube Water NIA NA NIA NIA
Copper tube Isobutane 130 °C NA 1.38 NIA

(9) From measurements on a sample of 360 tubes. Tstag value corresponding to ¢ = 0,103 « 0,013
(see Fig, &)

{10) May have deteriorated with time,

(11} See text (2.7) for definition of Tgp, Measurements at low wind speed.
{12) Given figures apply for air mass 2.

(13) Manufacturer's information for bright sunshine,



TABLE 2-3. SINGLE COLLECTORS USED IN IEA-VI EXPERIMENTS.

COUNTRY

AUSTRALTA
CANADA

C.E.C.

F.R.G.

NETHERLANDS

SWEDEN

SWITZERLAND

SWITZERLARD

SWITZERLAND

U.S.A.

Notes : (1)
(2)

{4)

THERMAL CAPACITANCE.

Fluid refers to collector fluid, not including heat pipe if any.

ETC TYPE

Sydney University

SOLARTEC

Philips ¥TR361
Philips YTRZ261
Sanyo STC-CU250L

Corning “UsS"
Philips VTR261

Philips VTR261

Philips VTR141

Gereral Electric TC100
Owens [tlinois Sunpak
Teknoterm HT (F.P)

Gringes Aluminium{F.P)
Scandinavian Salar HT(F.P)

Corning CORTEC"A"
Corning CORTEC"B™
Sanyp STC-Cy2soL

Corning CORTEC"D*

Corning CORTEC"E"

Philips VTR3G1
Philips VTR141

32.

FLUID VOLUME
IN COLLECTOR

[liter/m?]

0.87%
8.52

NIA
NIA
0.35

{3)
0.4
o.14¢4)

0.67

0.67

NIA
Negligible

FLUID CORRESPONDING
CAPACITANCE IF WATER

o
[%l K-m]

3.67
34.9

NIA
NIA
3,599

2.8

NIA
Negligible

According to definitions in section 2.3 : Ceg = YC/U «Cg.

Values agree within & 10% with other published values (manufacturer's, scientific literature).

30 m of Cu~piping Smm inner diameter.
1.32Zm of Cu-piping 16mm inner diameter,

COLLECTOR EMPTY
CAPACITANCE

[
EiSIK-mzap]

7.88
5.1

NIA
HIA
4.78

3.95

NIA
NIA
NIA
NIA

4,59
0.15(2)

EXTERNAL GLAss(T)
EQUIY.CAPAC ITANCE

Cee

[kd/Ksm?ap]
0.45

insignificant

NIA
NIA
0.2 - 6.47

0,067 - 10.0
NIA

NIA

NIA
NIA
NIA
NIA
NIA
NIA

0.067 -
0.067 -
8.095 - 5.

0.967 + 1.2

0.067 » 11.2



TOTAL COLLECTOR

CAPACITANCE [F WATER SOURCE OF INFORMATION

Ce=Cowtlep+Ce
[leK-ng%] 6

12.0
40.9

NIA
NIA
10.0

5.05

4.59
¢.48(7)

Components

(2}

Components

Components : JRC ISPRA

Components
Companents

Components

Components
Components
Components
Components
Companents
Components

Components
Components
Components

Components

Components

Components
Components

VALIDITY

NIA

50-100°C

10%
10%

"o

20%
20%
20%

[RTNTY

+ 10%

+ 10%

33.



TABLE 2-4, SINGLE COLLECTORS USED IN IEA-VI EXPERIMENTS.

COUNTRY

AUSTRALIA

CANADA

C.E.C.

F.R.G.

NETHERLANDS

SWEDEN

SWITZERLAND

SWITZERLAKD

SWITZERLAND

U.5.A.

Notes : (1)

{2}
(4)

34.

EFFICIENCY CURVE PARAMETERS.

ETC TYPE

Sydney University

SOLARTEC

Philips VTR361

Philips VTR261
Sanya STC-CU250L

Gorning “US"(3}
Philips YTR261

Philips VTR26!

Philips VTRi41

General Electric TC100
Owens [11inois SURPACK
Teknoterm HT (F.P)

Gringes Aluminium {F.P)
Scandinavian Solar HT[F.P)

Corning CORTEC"A"
Corning CORTEC"S"
Sanyo STC-CU250

Carning CORTEC"D"
Carning CORTEC “g"

Philips VTR361
Philips VTR141

mooeL useol '

n=F ' Ta-F U (AT/1)
naF ' T-F U (AT/1)-8 AT

neF'7a-F U (ot /1) (2}

n=F'Ta-F'u (aT/ 1}
id,

id.
n=F"{&-F U (aT/1)

neF " £5-F* U (aT/1)

n=F ' fa-F' U (AT/I}
id.

id.

n=F*T&-F'Up (AT/1)
id.

See test, sections 2.4 and 2.6 for definitions.
AT' = Inlet - Ambiant temperature.

No measurements of individual modules available.
Low value, due to inadequate spectrum,

PARAMETERS

F'ta F'iy, OTHERS
[W/K-m?ap]

0.575 1.74

0.575 1.140+0.0064 AT  8=2.78+107* k™!

0.455 1,01

0.64 1.37

0.65 1.5

0.68 2.

NIA HIA

NIA NIA

0.688) 1.2

0.62 1.84

0.60 1.41

0.65 1.12

0.70 4.2

0.79 3.5

0.71 3.5

0.74 1.8+0.015 aT

NIA

0.65 1,340,017 4T

NIA

0.64 1.357+0.0053 aT

0.55 NIA

0.61 1.8



SOURCE OF INFORMATION

Own tests

National Solar Test Facility,
CANADA

JRC-ISPRA

 Manufacturer
JRC-I1SPRA

Manufacturer

Manufacturer

Studsvik

Studsvik

Manufacturer

Manufacturer

Standard Test SP Boras,Sweden

EPFL Lausanne(Switzerland)

EPFL Lausarne{Switzerland)

EPFL Lausanne(Switzerland}

Manufacturer
Manufacturer
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TEST CONDITIONS/VALIDITY

Solar radiation 850<I<1050 W/m*  (Q<aT<150°C
Tracking, stationary conditions, 10% diffuse

Selar simulator, 150kW argon arc Tamp, 260, 500, 750, 1000 W/m?
Each with aT=5,30,55,80K. Ambient temperature = 20 °C
Flowrate ~2-the normal value.

Tests of JRC-ISPRA: Solar radiation, I>600W/m?  0<AT<7Sk

Quasi steady state conditions

Solar simulator. Radiation low pressure Xenon, I=S500N/m?
Perpendicutar, 50% diffuse, stationary conditions,

NIA

Solar radiation, I > 600M/m?, steady state
id.

NIA

NIA

NIA

Solar radiation 950<I<1000W/m>  0<aT<250k
Stationary conditions, white painted background
As above.

As above. No background, no tilted absorber.

NiA
Solar simulator (45% diffuse)



36.

TABLE 2-5. SINGLE COLLECTORS USED IN IEA-VI EXPERIMENTS.

COUNTRY

AUSTRALIA

CANADA

F.R.G.

NETHERLANDS

SWEDEN

SWITZERLAND

SKITZERLAND

U.5.A,

Hotes

(

(3)
(4

(5)
{62

INCIDENCE ANGLE MODIFIER, ESTIMATES AND MEASUREMENTS.

[NSTALLATION

Sydney University

Mountain Springs

Solarhaus Freiburg

Eindhoven University

Solarcad District

Solarin Industry

CSU Solar House I

ETC-TYPE

Sydney University

SOLARTEC

Carning “Us™
Philips VTR261

Philips VTR261

Philips YTR14!

General Electri¢c TC100
Owens [1lingis SUNPAK
Teknoterm HT{F,P}

Gringes Aluminium (F,P}
Scandinavian Solar HT{F,P)

Corning CORTEE "A®

Corning CORTEC "B"
Sanyo STC-CU250L

Corning CORTEC "EM

Corning CORTEC “D*

Philips VTR361
Philips VTR141

IaM(y, & = 0}'"

0® 15°  30° 45° 60°
1.0 1,03 f1.08 1.20 1.38
1.0 - 115 1.12 0.85

1.0 1.05 1.6 1.31 r.a2td)

NIA
Considered insignificant

Between 1 and 1.1(see fig.6.3)

Near 1.0
0.94 0.8
0.91 ¢0.83
0,99 0.98
0.99 0.98
0.99 0,98

insignificant (~1.0}

insignificant (+1.0}
insignificant (~1.0)}

Considered

Considered
Considered

0.87 1.0 1,15 1.28 1.25

0,87 1.0 1,15 1,25 1.25

1.0 0.99 0.98

NIA

1,00 0,99

M(y = 6, a){"

0 15°  30° 45°  60°

Considered insignificant
{simulations only)

1.6 0.99 0.97 0.92 0.80

Considered insignificant

Considered insignificant

NIA

RIA
1.0 0.%9 0.98 0.%94 0.80
1.0 0,99 0.98 0,94 0.80
1.0 0.99 0,98 0,94 0.80
1.0 0.99 0.98 0.94 0.80
t.0 0,99 0.98 0.94 0.80
1.0 0,99 0,98 0.%4 0,80
1.0 0.9% 0.97 0.91 0.79
1.0 0,99 0.9 0.89 0.73
1.0 0,99 0.97 0.91 0.79
As CORTEC “A"
As CORTEC "A"

NIA

NIA

(v, 8) parameters are v = Transversal incidence angle A = axial incidence angle (see section 2.9)
Where fq a diffuse fraction. [AM{y) does not apply to diffuse, which is considered to have an aptical
efficiency 0.04 higher than normally incident beam (ray tracing simulation},

Approximation to Stokes-Fresnel laws for flat plate transmission:

High IAM values at 45° and 60° may indicate that all transient phenomena
have not been fully accounted for vet.
AHD = extracted from array hourly data (IEA-VI).

See also Fig., 7

IAM(B) = 1.8,

Lo

COSB



37.

PARAMETRIZATION
IAM.TE = 0.611 fy4 ! (wn tests Measurements on single panel (1000W/m?, low diffuse),
0.571(1-Fg) - TAM{Y) 2) Simylation{ray-tracing) in reasonable agreement.
{3)with b,y=0,198 National Solar Test |Measurements an single panel at solar simulater,
facility,Canada, (direct beam 890, 770, 640 and 460 W/m®)
1
Own test IAM(y) evaluated from IAM(y) = n{y)F 1 {aT/1(y)

AU +F O {AT/TI0))

AHDIS) n values for efficiency corrected for capacitance and array piping heat loss
AHD See Fig, 10,
Manufacturer Theoretical simulations + estimates
Boaing report All IAM{y= 0, 8) are assumed to be near
Boeing report those for flat plate collectors (see Duffie and
Beckman)
{3)with b,-ﬂ.ths) Own tests Global fit on hourly data : (3)
(3)with byal., 27 AHD T - @ e - (Ky oK :aT)efigr - €100 30p
{3)with by#0. 21 No distinction between beam and diffuse components,

cos(y-9)
1aMey) cosY Absorber tilt angle effects computed
from geometrical considerations.
IAM{v} = TA(y)}. See sect. 2.9 and 2.10.

YYiim
Y*Y¢im 1AM{y )= %

NIA
HIA
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3. ETC ARRAY CHARACTERISTICS

In this section we describe ETC arrays involved in IEA Task VI
experiments and determine characteristics based on hourly data recorded
over long periods. We recall that an ETC array includes all components
(ETC, piping, and other components) between two temperature sensors
corresponding to the array inlet and outlet. An array involves only one
type of collector.

Following definitions are used by Task VI participants:

TOO1 [K] Dry bulb ambiant temperature

T101 [K] Array inlet temperature

T102 [K] Array outlet temperature

T100=1/2(T101+T102) [K] Mean array fluid temperature

A100 : [m2] Array aperture area

G001 iW/mz] Solar radiation on collector plane

HOO1 - iMJ/m2] Solar energy on collector plane (per m2)
H100=H001 -A100 [MJ] Solar energy on collector plane {whole array)
Q12 [MJ] Heat output from array.

Q112 = W - Cy-(T102 - T101)
where W = flow rate and Cy, = fluid specific
heat.

Tables 3-1 through 3-4 displaying array characteristics are given at

the end of this section. We now dindicate how to derive some of these
characteristics.

3.1 SPECIAL MEASUREMENTS ON ETC ARRAYS

An ETC array is a chain of elements. This analysis may be extended to
the collection subsystem. The following considerations apply to ETC array
components, but they may apply also to other components of the collection
subsystem.

The thermal diagram of a given component i, again defined by 2
temperature sensors corresponds to

Ta
m Tin Tout
- Civ Tis Py .
Pin Pout
dT;
Us(T5-T Ci —-
i(Ti-Ta) L
where
T; = %(Tin + Toyt) = mean fluid, or component, temperature (K]
Ta = ambient temperature [K]
Pins Pout =.inlet, outlet fluid pressure EN/mz]
Ui, Cj = heat loss, thermal capacity (including fluid) for
component i ' [W/K, 3/K]
Py = V(pin—Pout) = mechanical pump power dissipated in
.. component 1 U
V, m = volumic, mass flow rate [m3/s, kg/s]
c = fluid specific heat. [J/kg K]
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Energy balance gives:

dT; .
Ui(Ti-Ta) + Cj a;‘ = me (Tin - Tout) + Py

The monitoring system may be used for proper component evaluations.
Also useful are pressure gauges. They provide the information necessary for
the determination of the mechanical power induced by a pump. Measuring as
well the electrical power to the pump gives the pump efficiency, the
mechanical to electrical power ratio. For instance, we found in the
SOLARCAD experiment a surprisingly low efficiency of 6%, due to design
oversizing. |

The energy balance expression suggests different experiments:
+ To get rid of the solar radiation influence, measurements are performed
by night. The solar loop is heated and kept at roughly constant

temperature by using heat from storage or auxiliary energy. Therefore, in
stationary conditions

(a;- = Q)

me(Tin-Tout) + Pi
Ti‘Ta

Ui =

+ We then stop heating the solar 1loop. We keep the pump running. The
temperature decreases at a quasi exponential decay and we get knowing Uj
from previous measurements

dTi -1

Ci = [ﬁc (Tin‘Tout) + Py - Ui(Ti"Ta)] . (EE-)

For these tests, sequential measurements are taken using the usual
data acquisition system to improve accuracy. Numerical smoothing may help
in order to get relevant results for very small temperature differences.
Notice that if the condition dTj/dt = 0 dis not fully achieved when
evaluating Ui, capacity corrections can be applied in a recurrent way.

Performing this test on the Swiss SOLARIN project showed that the heat
loss factor for the ETC array depends on temperature. Assuming this factor
to be dominated by radiative Tosses from absorber to glass gives

_ Asbs 3
Uarray = 8% A—"'— [« T [N/mz-K]
ap
where € = equivalent emissivity (for both absorber sides)
Aapse Aap = absorber, aperture area
-] = Stefan-Boltzmann constant
T = %(Tabs + Ta)
Tabs = absorber (fluid) temperature
Ta = ambient temperature
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At T =40°C, the measured value Uarray = 1.77H/m2.K would yield
€= 0.164 which is in good agreement with other measurements of stagnation
temperatures for single modules.

Figure 13 shows some results of this experiment. The fit through the
data is 1in good agreement with the above radiation model, especially for
the slope of the curve which characterizes the temperature dependence of
the array heat loss factor.

Actually, the array heat loss factor determined by night measurement
is found to be smaller than in operational conditions with solar radiation,
due to the reverse temperature gradient in the absorber fin.

Figure 13. Night Measurements 0f the Array Heat Loss Factor
for the Swiss SOLARIN Experiment.

W/ mX
am ‘rfrrl‘ll[rlIY_IIIllllllllrrrrllirl[liild
' t Uarray 4
250 -~

1

L
200 P

Radiation model with e=0.164

- "
....
= N e E
-----
Eg l - aet -
' .....
st
-t
. WYL

....
et
.....
.....

1.00
Linear fit through data

1 4

= e + 4
T 2 (Tabs Tamb) )
m I S N SO SN N N S S NS TN N U DU VRN NN R SN NN SN SN SN SN JUNY SN S SN SR N TN SR SN N MU ST N N

13 20, 30. 40. 50. 60. o?é]. g0.

100

250

200

150

1.00
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3.2 ETC ARRAY CHARACTERISTICS FROM HOURLY DATA

Although hourly array efficiencies, as measured by I[EA Task VI
participants, seem to be very similar to instantaneous efficiency curves
for single collector modules, ‘they are somewhat different and provide a
powerful information in many respects:

- Recorded over Tong periods, they account for a lot of realistic dynamic
conditions such as solar radiation changes, diffuse fraction, beam
radiation angles, ambient and user temperatures, wind, snow.

« They include additional heat loss and thermal capacity effects such as
piping, other components.

+ They correspond to mean values for a sample of modules whose
characteristics are not always identical.

« They show medium or long term performance evolution.

To get relevant characteristics and to allow comparisons hourly data
are required to fulfil given conditions:

+ Hourly data must correspond to continuous array operation.
« Hourly data are restricted to the period 1la.m. - 2p.m., solar time.
« The array heat output Q112 is corrected for thermal capacity

Q105 = (T100, ~ T100,-7)-C100 [MJ]

where €100 is the thermal capacity between T101 and T102 and where n-1
and n refer to the beginning and the end of the measurement period.

Array efficiency expressions are then fit to the data, and
characteristics are extracted.

For simplicity we choose array efficiency expressions similar to
single ETC efficiency expressions. However component parameters (like heat
loss  factor or thermal capacity for single ETC's, piping, other
components) do not simply add to each other 1in all cases to give the
corresponding array parameter. Additivity may be the case or roughly the
case in many instances, but careful investigations are still needed. The
purpose of modeling is to combine component characteristics to get global
characteristics. Validation should justify the procedure. Within IFA Task
VI we evaluate global array characteristics.

Standard parameters, F'ta and F'U, are estimated by all participants
by use of a linear regression analysis applied to hourly data

Q112+Q105

Results apply only to particular and limited conditions, depending on
experiments and participants. They cannot be extrapolated to all
conditions.
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Some participants use more refined array efficiency expressions, to
take 1into account the temperature dependence of the heat loss factor, heat
pipe effects, or other effects. For instance

FIUL = KiekoaT = SHE0S i akpeaT) -
- = + . = e ——— = - . * emmmem——
L= Rz H100 R G001

AT = T100 - TOO1

A bilinear fit, AT/G001 and ATZ/GO0T being considered as independant
variables, is used for the determination of F'w&, Ki and Kp.

As seen previously for single ETC efficiencies, this parametrization
induces a splitting of the efficiency curves n versus the usual variable
AT/G001.

- The previous temperature dependence may be parametrized by using a
radiation model

Q112 + Q105 _ Aabs  T1004-T0014
- = F'ta - 2% o

H100 Aap G001

with the same symbols as previously defined.

This parametrization applied to Swiss data (SOLARCAD) gives slightly
larger optical efficiencies as compared to first case, compensated by
larger heat losses (see Table 3-4).

It means that the whole set of parameters gives a coherent description of
the experiment, but that an individual parameter may slightly depend on
the modeling or the method used for its evaluation.

+ Another participant, USA, Solar House I, using Philips VTR361 collectors,
takes the following regression equation

Q112+Q105 AT ATZ
———————e.=a 4+ b + c + d« AT + e-GOO
H100 G001 G001

This relation is similar to equation (3) given for single ETC efficiency.

- Also, the array thermal capacity may be evaluated by fitting procedures.
For instance first case leads to

Q112 AT 6T
-—- = F'ta - (K1#K2+AT}) —— - C100 ——
H100 GOO1 G001

where 6T = T100, — T100p-1.
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These procedures may be extended to other hourly data outside the
period 11a.m. - 2p.m. Other effects may then appear; for instance, thermal
capacity, incidence angle modifier, or shading. These effects may be
investigated and evaluated by use of appropriate procedures. For instance,
the array efficiency expression should include additional terms for the
corresponding effects whith data- fitted to such an expression. This
situation 1is similar to the one already encountered when dealing with
single ETC characteristics.

3.3 SHADING

Collector shading due to environment or mutual collector shadihg from
collector raw to collector raw may occur in some experiments. It should be
minimized by proper design.

Single ETC characteristics imply no shading effects. Absorber tilt
angle effects are dealt with separately, as seen before.

Shading is typically an array problem. Shading effects should be dealt
with and evaluated separately to facilitate relevant characterizations and
comparisons.

Some ETC array characteristics may be extracted from those selected
hourly data 1involving no shading effects. For the other array
characteristics as well as for long-term array performances, it is
necessary to consider and to evaluate the average effective solar radiation
reaching the collectors. In other words shading losses must be evaluated
properly. This procedure implies precautions and detailed computations such
as:

- no shading on solarimeters

- separate beam/diffuse radiation treatment and modeling or assumptions for
diffuse radiation

+ geometrical considerations such as sun angles and motions, collector
geometry and other considerations

« integration over time of all conditions.

Because conditions, geometries and problems are quite different from
one experiment to the other, each participant applies his own corrections
when necessary. Thus we do not present here a normalized and general method
to deal with this problem. It is important to mention this problem and to
apply the necessary corresponding corrections for a proper evaluation of
characteristics and performances.
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TABLE 3-1. COLLECTOR ARRAYSUSED IN IEA-VI EXPERIMENTS.
GEOMETRICAL AND DESIGN FEATURES.,

COUNTRY

AUSTRALIA
CANADA

C.E.C.

F.R.G.

NETHERLANDS

SWEDEN

SWITZERLAND

SWITZERLAND

U.S.A.

Notes : (1)

INSTALLATION

Sydney University
Mountain Springs

JRC ISPRA

Solarhaus Freifburg

Eindhoven University

Stderttirn

Knivsta

Solarcad District
1d. 1985 installation
Solarin Industry

CSU Selar House I

Mutual collector shading (significant from November to February) taken into account.

ETC-TYPE

Sydney University

SOLARTEC

Philips YTR361
Philips VTR261
Sanyo STC-CU250L

Corning “Us™
Philips VTRZ261

Philips VIR261

Philips VTR141

General Electric TC100
Teknoterm HT(F.P}

Gringes Atuminiym{F.P)
Scandinavian Solar HT(F.P)

Philips VTR14{

General Electric TC100
Owens I117nois Sunpak
Scandinavian Solar HT(F.?)

Corning CORTEC"A"
Corning CORTEC"B"
Sanyo STG-CUZSGL
Corning CORTEC"E"

Corning CORTEC™D"

PhiTips YTR36!
Philips VTRI41

NB OF
MODULES

32

216

o U

24
15

23

110
NIA
90
18

18
28
14

oW oo

280

24
52

#-=TQTAL AREA ———s

APERTURE
[m?]

40.0

281.

ABSORBER
[m*]

63.0

248.

33.35

RIA
NIA
NIA
NIA
NIA

NIA
NIA
NIA
NIA

&.72

§.72

13.84
793.

COLL.PLANE
TILT ANGLE
[DEG]

30,
30,
30.

85,
§5.

a8,

60,
40,
40.
40,
43,

60.
45,
45,
45,

30,

30.
2.5

45,
45,

In the late afterncon in months of October, February and March: up to 20% of total area.
Mutual shading of absorbers from tube to tube included in [AM-effects.
West mountain cuts sun about 1/2 hour before sundown (No corrections).
No estimate of inter-row shading has been made.

ABS.PLANE
TILT ANGLE
[DEG]

NA



LATITUDE
OF SITE
[DEG]

33.55°5

53.55°N

47,58°N
47.58°N

51.48°N

59.00°N
§9.00°%
59.00°N
59.00°N
59.00°N

59.44°N
59.44°N
59.44°N
59,44°N

AZIMUT FACED
BY ARRAY
{DEG]

0°{North)
0°(South)

A8°{South)
~0°(South)
AD°(South)

12.5West
12.5West

7. West

0°(South)
UU

0°
0°
ge

0°
uﬂ
g°
ne

4° West
4° Hest
4° West
4° West

0°(South)

0°{South)
0°(South)

TUBE
ORIENTATION

N-5

45.

BACKGROUND
BEHIND COLLECTORS

Flat, diffuse white
CPC Reflectors

Ripple refl, of Al,
Flat refl, of Al.
Grey painted steel

Roof tiles{dark brown)
Roof tiles(dark brown)

Tedlar coated Alum.

Hhite gravel
CPC reflector
NA

NA

NA

Black roof
CPC reflector
CPC reflector
NA

White painted sheet
Roof {grey)

Roof (grey)
None{railroad 10m below)

Roof {white painted rocks)}

Ripple Al reflector
White painted wood

SHADOW EFFECTS

None

nm

No effect due to horizon

No significant effect
No significant effect
No significant effect

No shading

Less than 5% in Tate afterncon

Nearly House(z)

Very small from adjacent rows
id.
id,
id.
id.

Very small from adjacent rows
id.
id.
id.

: Nov, - Feb.
Mutual row shading : Nov, - Feb,
Mutual row  shading : New. - Feb,
Small effects due to nearly buildings +

Mutual vow shading

(3)

None

. (4)
West mauntaln(a)

West mountain

(3)
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TABLE 3-2. COLLECTOR ARRAYS USED IN IEA-VI EXPERIMENTS.
FLUID FLOW AND PIPING CHARACTERISTICS,

COURTRY

AUSTRALTA

CANADA

C.E.C.

F.R.G.

NETHERLANDS

SWEDEN

SWITZERLAND

SWITZERLAND

U.5.A,

Notes : (1)

(2)
(3)
(4)
(5)
(6)
(n
(8}

INSTALLATION

Sydney University

Mountain Springs

JRC ISPRA

Solarhaus Freiburg

Eindhoven University

Sidertdrm

Knivsta

Solarcad District

1d. 1985 Installation

Solarin Industry

€SU Solar House I

Corrosion Inhibitor :

ETC-ARRAY

Sydney University

SOLARTECH

Philips VTR361
Philips VTR261
Sanyo STC-CU250L

Corning "US"
Philips YTRZ61

Philips VTR261

Philips VTR141

General Electric TC100
Teknoterm HT{F.P)

Grénges Aluminium (F,P)
Scandinavizn Solar HT{F.P}
Philips VTR141

General Electric TCIGO
Owens 111inois SUNPAK
Scandinavian Solar HT{F.P)

Corning CORTEC "A"
Corning CORTEC “B™
Sanyg STC-CUZSO0L

Corning CORTEC “E"

Corning CORTEC "D"

Philips YTR36)
Philips VTRI41

WORKING FLULD

(n

Water+corrosion inhibitor

(2)

Deionized Water

Water
Water
Water

Water+38% Propylenglycol
Water+38% Propylenglycol

(e)

Hater

Water+10% Ethylenglycol
Water+35% Ethylenglycol
Water+35% Ethylenglycol
Water+35% Ethylenglycol
Water+50% Propylenglycol
Water+30Z Ethylenglycol
Water+10= Ethylenglycol
Water

Water+50% Propylenglycol

Water+25% Ethylenglycol
Water+25% Ethylenglycol
Water+253 Ethylenglycel
Water+32% Ethylenglycol

Water+32% Propyleng]ycal(sl

Water+Ethylenglycol (4)
Water+50% antifreeze

GLOBAL FLUID(11)

FLOW RATE
[2/h miaperture]

38

30

92
54
43

36-54
40-60

4-17

35

30-45
22-30(8)

25

L1
37

MAXWELL CORAX. Complex Alkaline liquid fermulation, concent, 670 ppm.

MAXWELL POLYMER 214 : mixture of an exclusive polymer and sequestering agent, concent.&70 ppm,
Freeze protection none necessary.
Deionized water treated with "boron-nitrite" corrosion inhibitar,

FropyTene glycel is chosen for its lower toxicity {Swiss food industiry control).
Antifreeze for heating season only.
2 manifolds || tn Tickelman, 12 collectors in series per manifold.
3 main rows of 236 collectors; in each row, parallel branches of 2 collectors in series.
7 main rows of 40 collectors; in each row, parallel branches of 2 collectors in series.
One or twe pumps running, depending on incident radiation (2 pumps above 500W/m*).



47.

ELECTRICAL POWER OVERHEATING REGULATION CRITERIUM
MODULE CONNECTION TUBING MATERIAL  OF ARRAY PUMP OPERATING MODE  PROTECTION {QN/OFF VALUES)
[W/m? aperture]

4 branches inj , per branch Capper 9.5 Continugus flow NIA AT = 4,5/1.5°C
2 series of 4 iny

Every single tube ing Steel and copper 5.7 Drainback Drainback AT = 13.5/4.0°C
with all others {for > 40 min.)
Serie galvanized steel HNIA Continuous flow NIA NIA

Serie : galvanized steel XIA Continuous flow NIA NIA

3 groups of 2 coll in serie galvanized steel NIA Continuous flow NIA NIA

2 groups of 12 coll in serie(s) Copper-Steal 10,2 Continuous flow [Exchanger on GO01(55°)>100W/m?®

3 groups // of 5 coll, in serie Copper-Steel 12. Continugus flow [cold water mains Time delayed OFF
Serie Capper 922 0.D, NIA Continuous flow Boiling out NIA

Serie Copper 16.6 Continuous flow NIA Coll, Pump ON
Paratlel Copper 6.7 Continuous flow NIA when TeplT > 40°C
Parallel Copper 6.9 Continuous flow HIA

Parallel Copper 5.2 Continuous flow NIA #eat dsl;very when
Parallel Copper 4.6 Continuaus flow NIA coll > ToH

Series Copper 2.1 Continuous flow NIA

Parallel Copper 26.0 Continuous flow NIA Coll. Pump runs 24H
Parallel Copper 28.1 Continuous fTow NIA Heat delivery when
Paralliel Copper 42.0 Continuous flow NIA Teoll > Ty
Parallel branches of Steel 17.2 Continuous flow Drain coIIE10)

2 coll, in serie Steel 17.2 Continuous flow Drain coll, GO01=175W/m?
Parallel (6) Steel 15.4 (8) Contingous flow Drain col1.ﬂn) (8}
Paratlel branches of Steel /1.5 Continuous flow Orain coll. GOO1»200/ 150U/ m*

2 coll, in serie >500/450W/m?
Parallel branches of(7) Steel 2.7 Continuous flow [Exchanger on G011(30°Sud }>200/ 100W/m*
2 call, in serie cold water mains

Serie Capper NTA {9 Continuous flow NIA NIA

4 branches af 13 in serie Copper 4.2 Continuous flow Venting storage NIA

(9) An early pump gave 1.6W/mZ, not sufficient to ensure balanced flow over the four branches.
(10) For pumping break safety only, District heating is always able to absorb all heat produced,
(11) Total flow divided by aperture area, whatever the module connections are,
(12} Freezing protectien by recirculation,
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TABLE 3-3. COLLECTOR ARRAYS USED IN IEA-VI EXPERIMENTS.
HEAT LOSSES AMD THERMAL CAPACITANCE.

COUNTRY

AUSTRAL LA

CANADA

C.e.C.

F.R.G.

NETHERLANDS

SWEDEN

SWITZERLAND

SWETZERLAND

U.S.A.

Notes :

(1

INSTALLATION

Sydnay University

Mountain Springs

JRC 1SPRA

Solarhaus Freiburg

Eindhoven University

Sddertdrn

Knivsta

Solarcad District

[d. 1985 Installation

Solarin [ndustry

CSYU Solar House I

ETC-ARRAY

Sydney University

SOLARTECH

Philips VTR361
Philips VTR261
Sanyo STC-CU250L

Corning “US"
Philips YTR261

Philips VTR261

Philips VTRI41

General Electric TC100

Teknaterm HT{F.P}

Gringes Aluminium (F.P}
Scandinavian Solar HT(F.P)

Philips YTR141

General Electric TC100
Owens 111inois SUNPAK
Scandinavian Solar HT(F.P}

Corning CORTEC "A"
Gorning CORTEC “B*
Sanyo STC-CU250L

Corning CORTEC “E™

Corning CORTEC "D"

Philips VTR361
Philips ¥TR141

rLuto voromet
IR PIPES
[(2/m* aperture]

0.38

0.78

0.66
0.86
0.99
1.14

NIA
NIA

WORKING FLUID(')
CAPACITANCE IN PIPES
Cpplkd/ Xrrap]

3.2

5.62

=

0,328

4,25

NIA
0.03(7)

Piping and other components from T101 to T102 {inlet and outlet temperature sensars for Q112 calculation},
not including ETC's themselves.
May differ from value of Table 2,3 if fluid used is not water.
Including ETC's themselves. Night or other direct measurements, excluding hourly efficiency fit results.
Insulation calculation, not including thermal bridges (no precise idea about them).

Night heat loss measurement of piping and header pipes, excluding heat pipe tubes.

Calculated from muitilinear regression.
Night measurements on heated solar loop.



ppes ewpryl!)
CAPACITANCE
Coglkd/Km?ap]

0.43

2.6

0.92

Lol
oo

0.063

NIA
0,011 {7)

toraL prpingt !
CAPAC ITANCE
Cp=Cpr+Crg

2.03
5.8

Not significant
Not significant
6.54

TOTAL (2
COLLECTOR

CAPACITANCE
Celkd/¥miap]

12.0

4,77

49,

TOTAL ARRAY
CAPACITANGE
Caalolp

14.0

45.8

16.5

5.16

NIA

JE—
= Y- ]
o S

10.54

NIA
0,568(7}

pipinG seat(!)
LOSS FACTOR
CALCULATED
Up[W/Kmtap]

NIA

0.17

NIA

NIA
NIA

8.28

<0.1

NIA
NIA

TotAL Aray (3!
CAPACITANCE
MEASURED
[kd/Kkm?ap]

NIA

NIA

NIA

11.6(8)
RIA

2.55

- -
e E=XT-]
O Ch n

9.6

NIA
NIA

ToTAL ARRAY'3!)
HEAT LOSS
MEASURED
[W/Kmiap]

NIA

1.120,16

0.33

1.28
0.8 {(5)

NIA

1.64 + 0.009
1,98 + 0.017
1,85 + 0,012
NIA

1.33 +» 0.008

NIA
NIA
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TABLE 3-4. COLLECTOR ARRAYS USED IN IEA-VI EXPERIMENTS.
PARAMETER EVALUATION FROM HOURLY DATA

COUNTRY

AUSTRALIA

CANADA

C.E.C.

F.R.G.

NETHERLANDS

SWEDEN

SWITZERLAND

SWITZERLAND

U.S.A.

Notes : (1)

(2

INSTALLATION

Sydney University

Mountain Springs

JRC ISPRA

Solarhaus Freiburg

Eindhoven University

Stderttrn

Knivsta

Solarcad District

1d. 1985 Installaticn

Solarin Industry

CSU Solar House I

ETC-ARRAY

Sydney University

SOLARTECH

Philips VTR361
Philips ¥YTR261
Sanyo STC-CH250L

Corning "ys$*
Philips VTR261

Philips VTR261

Philips VTR141
General ETectric TCI0D
Teknoterm HT(F.P.)

Gringes Aluyminium (F.P.)
Scandinavian Solar HT(F.P)

Philips YTR141
General Electric TC100
Owens I11inois SUNPAK

Scandinavian Solar HT(F.P)

Corning CORTEC"A"
Corning CORTEC"B™

Sanyo STC-CU250L

Carning CORTEC"E"

Corning CORTEC "D*

Philips YTR361

Philips YTR141

MODEL USED TO FIT DATA

QIS _ ..oy (4T
Qll%%%%gi = F'Tu-F'UL(E%ET)
QIZN0S | p oy (AT
Q112+0105

HI00

Qt12+0105
N

(aAT=T100-T001)

= F.TG-FIUL(E%ET) - FrU U ,aT

= F'1a-(Ky+K24T) fﬁ%&f)

(1) T = Frae 1AM, - (Ko ke TH ) -C100 « gyt

(111} JI2 <F e 1aM(b e o2

0112+Q105

Aabs, , T100°-T001"
Azp [y

' AT
“argn  Fran{KiekaaT) mopy

Q112

Hi5 = Fra-(Ky#KaT) Za - 4aT - eGOO1

Q112+105
H100

C100 unit is kd/K<m2ap {for HOG! in kd/m2ap and &T in K).
F'UL probably ynderestimated and d overestimated by fit

= F'Tu-F'UL(E%%T

AT
}-C100+ 1t




F'ta

0,63

0.42

NIA
RIA
NIA

0.64

0.680
0.50
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PARAMETERS
F'Uy (W/ K-m*ap) Others

1.74
1.01
.39
19
1.06 U, = 1.33-107m3 /W
1.6+0,014aT €100=9.5 (Fixed) ‘!
1.7+0.011aT €100=7.9
c=0.23 €100-9.2
2.240,012aT C100+10,6( Fixed)
2.1+0.014aT €100=7.1
e =0.29 C100-8.8
1.5+0. 01287 C100=10.6( Fixed)
1.5¢0.0114T €100=10.6
¢ = 0.23 C100=12.5
1.49+0,009aT

(2}
0.6486+0.0035AT  d»7.055 10-? -
1.46 ea11.3 10*m?/N

COMMENTS

Values currently under investigation

valid for 0.05 < g‘,}}rco.lz kmi/W, [ > 850W/m?, AT=50-100K

Operation with both DHW and Heating temperature ranges,
Operation only within DHW-temperature range.

U, is the"heat loss resistance factor.

The system operation with near
constant temperature does not
give enough information for
parameter avaluation methods.

Expr. {1) is fitted on a,m.-2p.m. hourly data
{II} is fitted on t1a.m.- Sp.m. hourly data
(I1I} is fitted on 1ta.m.- Sp.m. hourly data

IAM(b,} effect is simultaneously fitted in (11} and
(II1). See results on table 1.5,

100<G001<1200W/m?, 30<AT<90K, stationary

Winter data show smaller F'U_ than summer ones,
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‘4. COLLECTION SUBSYSTEM

From the array output to the collection subéystem output, diverse
energy contributions, positive or negative, take place. They depend mainly
on the following characteristics:

« heat loss factor, not including the array,

thermal capacity, not including the array, :

* pump characteristics such as power efficiency and other characteristics
« other characteristics which depend on the subsystem.

By knowing all significant characteristics about a single ETC, array,
and collection subsystem, it is possible to predict the energy output from
the collection subsystem for solar radiation, temperature, load and other
given conditions. The whole procedure may be validated by measurements and
then provides a useful design tool.

In Table 4-1, we present some information about collection subsystem
characteristics for Task VI experiments.
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TABLE 4-1. COLLECTOR SUBSYSTEMS IN IEA.VI EXPERIMENTS
Heat losses and thermal capacitances

FLUID voLume (1) rLuto corresponorne!’)  p1pes ewery(!Y toma preing(1?
COUNTRY INSTALLATION IN PIPES CAPACITANCE CAPACITANCE CAPACITANCE
CTF CTE cr ‘
[liter/m*aperture] [kd/¥m?ap] [kJ/¥m?ap] Ckd/Kn*ap]
AUSTRAL 1A Sydney University 1.01 4.25% 0.98 5.23
CANADA Mountain Springs 0.9 3.7 t.8 8.5
C.E.C. JRC ISPRA 0.9 3,66 0.84 4,50
F.R.G. Solarhaus Freibyrg 2.04(4) 1.7 7.1 14,8
NETHERLANDS  Eindhoven University NIA
SWEDEN S¥dertiirn NIA
Knivsta NIA
SWITZERLAND Solarcad Distri:t(S) 2.2 9.2 3.3 12.5
Salarcad DistricetS? 2,33 9.5 1.5 .o
Solarin Industry 0.97 3.84 2.33 6,17
U,5.A, CSY Solar House I NIA

Notes : (1} inciudes piping, flowmeters, valves, pumps, heat exchangers of whole solar subsystem
(between temperature sensors involved in Q102 evaluation}, not including array's piping
nor ETC's. If more than one array, the invelved parameter is normalized to the sum of aperture areas,
(2) If more than one array, Ca = T Aj Cai/T Ay where Aj = aperture area of array i,
(3) HNight measurements or others. Not including array nor ETC’s.
(4) Because of the possible parallel operation of both arrays, installation is plumbed with 1 1/2 steel piping.
With only one array, 1'' piping would have been used, leading to 0.9} &/m® ap only.
} Early tests installaticn
&) New 1000m® installation



TOTAL suBsysTEM(2)
CAPAC ITANCE
Co=CT+CA
Lkd/Kmap]

HIA
51.3

NIA

22.9
21.4
16.71

PIPING HEAT'!)
LOSS

ur
" [W/Kmap]

NIA

0.18

0.41

NIA

0.4
0.06
0.055
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SUBSYSTEM PIPNG' 3!
CAPACITANCE MEASURED
Ckd/Kmtap]

NIA

NIA

NIA

NIA

11.6
n.o
5.0

suBSYSTEW piping'3)
HEAT LOSS MEASURED
[N/Km?ap]

KIA

NIA

0.6

0.7
~ 0.07
0.081
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5. SUMMARY AND PROGNOSIS

IEA Task VI has studied in detail the instantaneous, hourly, daily,
monthly, and seasonal energy output from single collector arrays, and
collection subsystems. The energy Input/Qutput diagrams, established on a
daily basis, show a remarkably simple behaviour. These diagrams integrate
all daily dynamic effects and can be considered as daily array
characterizations., They can be used as a powerful and simple tool for
designers, either directly or within a simple day-by-day simulation.

Also the same "Input-QOutput" diagrams may be constructed for the
collection subsystem rather than for the array. Assume that by simple
modeling you can deduce from system characteristics the daily collection
subsystem characteristics, that is the energy output versus solar energy
for given mean temperature difference between load an ambient, perhaps with
additional small correction factors. Then, by use of a simple day-by~day
simulation, including storage, load and other components, it is possible to
predict the overall system performance. Further investigations along these
Tines are currently being carried out by the Task.

This daily analysis obviously depends on all characteristics mentioned
in this report. Therefore, the following points are important:

« Identify all characteristics.

- Evaluate these characteristics in order to explain and understand
measured performances.

- Optimize these characteristics when designing new projects.

This report has concentrated on developing standardized analytical
performance evaluation procedures and characterizations for collector
subsystems, arrays, and single collector modules. Because other subsystems
may differ significantly from one participant to another, it has not gone
very far into their characterization, but similar approaches could be
productive. For more detail on subsystem and entire system performance and
analyses, see other Task VI reports.








