


. . dTy
Quse +9p +Ceff *—_— =hj '(Tp _Tf)
dt 3)

= Qabs _qsky = conv —Ycond

with

use =V & p (T = T;) ©)
qp = Up(Ty - T,) 5)
Tp =(T, +T;)/2 (6)

Qabs = Ka,b(an's)'Ou Gpr +Ky g0 -Gar (D)
dgky = et 0 (Tp = Tiy)

=6efr -0 (T +Ty): (Ty +Tgy) (T, ~Tyy)

= Ug (T, —Tyy) ®)
The latter assumption can be made since the term

G- (Tp + Tsky) . (Tg + Tszky) is almost constant in the

relevant temperature range.

Following a common approach, the convective heat
transfer coefficients are assumed to increase linear with
the wind speed.

C.lconv =(Ugp +Ugy 'VW)'(Tp -Ty)

©)
=U, '(Tp -T,)

It has to be considered that the absorber surface
temperature may be above as well as below the ambient
temperature. To be able to distinguish between areas with
convective gains and losses a “convection factor”
0 < f.ony < 1 is introduced. f,,,, describes the part of the
absorber which is colder than the ambient temperature
which leads to power gains, cf. fig. 1.

. min[Tp,O; max(Ta;Tp,i )] _Tp,i (10)
Too = Tpi

conv

For the usual case T, <T,; eq. (10) leads to

feonv = 0. The effective absorber temperature T; of the

share of the absorber surface with convective power
gains can then be described by

T =Ty +(Ty = Ty ) feony - (11)

and analogous T; for the convective losses can be

determined by

Ty =Tyo +(Tp = Tpo ) (1= Feony ) (12)

The convective heat transfer can then be modelled as
qconv = q::—onv + qgonv (13)

with

q:()l’lV = U: : (T];— -Ta ) feony

= (UZO + UZ‘—1 “Vw ) feony

(14)
[Tp,i + (Tp _Tp,i)' feonv —Ta]
doom = Us Ty Ty} (= Feony)
~(Ugo + Uz v )- 1~ Fuony) (15)

[TP,O + (Tp - Tp,o ) (1 - fconv)_ Ta ]
Tp,°28
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Fig. 1: Depending on the boundary conditions, three
different heat transfer mechanism can take place on
different areas of the absorber between fluid inlet (T,;)
and outlet (T,,). 1.) in the absorber area with a surface
temperature T, beneath the dew point temperature T,
(0 t0 fiong) due to condensing air humidity, 2.) for T, < T,
(0 to feon) convective heat gains and 3.) for T, <T, (I-
Sfeonw to 1) convective heat losses. Effective, average
absorber temperatures for the single heat transfer
mechanism can be determined with the assumption of a
linear increase of the surface temperature in fluid flow
direction.

Following (Soltau 1989), the condensation heat flux
can be determined by

qcond =f [ps(Tp)_ps(Td)] 5

where f is a function of the mass transfer coefficient and
of the specific evaporation enthalpy. Following (Bachr

(16)

1993), the temperature-dependent saturated vapour
pressure of water can be described by:
4064,95
T)=10%-exp| 19,016 - ———— 17
ps(7) p( T/°C+236,25] (17

The problem is now to linearize the partial pressure
differences in eq. (17) and to convert these into



temperature differences, conforming to the model. For
this purpose, the approach was made of building a matrix
of coefficients containing the linearized slopes S of the
vapour pressure curve for different T,; and
AT = max[Tp; min(Tg; Tp0)] — Ty -

After the introduction of a condensation factor and an
average absorber surface temperature for the
condensation heat transfer, similar to eqs. (10) and (11)
for the convection,

) min[Tp’o;max(Td;Tp’i )] =Ty
cond = T T (18)
p,o ~ Tpi
Tp,cond = Tp,i + (Tp - Tp,i ) feond (19)

and with the assumption of nearly constant water vapour
characteristics in the considered temperature interval, eq.
(16) passes into

qcond =Up-S- (Tp,cond -Tq ) fcond (20

Up can be determined by parameter fits. Under certain
assumptions, cf. (Krdamer 1999), Up can be coupled with
the convective heat transfer coefficient U, (Krdmer
1999):

_ 2Kyt
Up=178-10"£.U7 . 1)

With the latter procedure one parameter less has to be
determined with the model.

Substituting egs. (5, 8, 14, 15, 20) in eq. (3) leads to

. dT
Quse +Ub '(Tf _Ta)"'ceff th
=h; '(Tp _Tf)
= c‘labs -Ur '(Tp _Tsky) (22)

- UI : (T; - Ta ) fconv
- U; ' (Tl; - Ta ) (1 - fconv)
_UD S '(Tp,cond - Td) : fcond

By adding temperature differences in a suitable way the
right hand part of eq. (22) can be transformed into

i+ (T = Tr )= s

-Ur '[(Tp T )+ (1 _Tsky)]
'[(Tp _Tf)+(Tf+ _Ta)'fconv 23)
g fr e - 0 )

_UD S- [(Tp - Tf )+ (Tf,cond - Td )] fcond

which can be solved to T,-T¢ and substituted in eq. (22).
Applying eq. (9) finally leads to

—_ut

o

. dTy
Guse + Up (T = Ty )+ cefr T

Kop(©0,75)o) Gyt +Kggay Gar

—&eir - UR '(Tf - Tsky)

—(Uzo +U¢y 'Vw)'fconv (24)
F' e [T+ (T =) feopy — Ta ]
—(UEO +Ugy ’Vw)'(l—fconv)
[To +(Tr ~To) (1~ feony )~ Ta ]
~UpS [T + (T = T;)- foond ~ TaJfeond
with
F* by

hi + UR + U: fconv + U; (1 - fconv )+ UD Sfcond
F* is equivalent to the well known collector efficiency
factor F’. However, regarding uncovered collectors the
back side heat losses are related to the fluid instead of the
surface temperature, cf. eq. (3).

As a result, eq. (24) contains the measuring quantities
Quse» Tr>Ta,Gpr>Gar > Ty » Vi » Ti, Ty and - Ty,
furthermore quantities which can be derived by the
measured data, material properties or constants like
dT¢ /dt,UR,feonvsfeond»S and furthermore the collector

F*Ka,b (eay's)aai >
F*K . F'UR,F'Up,F U, F U, F Ug, F*Ugy by,

Uy, and c.. Some of the parameters can be determined

model  parameters  as

theoretically (e.g. the K- ’s) whereas the heat transfer
coefficients have to be found out by experiments with
multi linear regressions of the measured time series
(Perers 1993). In principle, eq. (24) would have to be
solved iteratively, because fiony, foonda and S can only be
determined by evaluating the useful power gain

Tye =Tpe + ql‘fe (25)
1
which is unknown. Furthermore, the time dependency of
the fluid temperature would have to be known for the
consideration of the effective heat capacity. However,
investigations showed that a determination of the
absorber surface temperatures with measured values of
Qusein €q. (25) delivers de facto the same parameter

values, compared to an iterative application of eq. (24)
and (29).

However, if eq. (24) shall be applied for a
prediction of solar energy yields, for f,,, < 1 or
feona > 0 an iterative evaluation of ¢, is necessary.
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3. MEASUREMENTS

In Bishkek (Kyrgyzstan) measurements were carried
out for a period of two months. Data have been recorded
as one minute average values of the hemispherical-,
diffuse- and long wave irradiance, flow-, return- and
ambient temperature, absorber flow rate, air humidity and
wind speed.

The absorber inlet temperature was between 12° and
13°C, the ambient temperatures in the range of
20° to 35°C. Thus, in most cases the ambient temperature
even exceeded the collector outlet temperature.
Sometimes the dew point temperature was above the
fluid inlet temperature which led to condensation of air
humidity at least on a part of the collector.

The average difference between average fluid and
ambient temperature was nearly —9 K which led to
collector efficiencies, only defined with respect to the
incoming irradiance, of higher than one, cf. fig. 2.

4. COMPARISON TO MEASURED DATA

In the evaluation of the experiments two small
neglects are included. Firstly, the thermal gains of the
flow- and return pipes as well as the distribution and
collecting pipes of the collector have not been taken into
consideration. An estimation delivered a value of
maximal 10 W/m? for these effects. Secondly, as the
distributing and collecting pipes of the absorber were
installed beside each other, a reduction of the aperture
area due to the turn loops of the absorber strips appeared.
On the other hand, the collector aperture area was
complemented by additional bridges between the
absorber webs. Both reversal effects are nearly in the
same order of a few percent of the collector aperture area.

(Hilmer 1996) derived a two axis incident angle
modifier function K, (9,y’s) numerically as well as

Ky.q for an absorber which was geometrically nearly

identical. These functions were
determination of (,,, in eq. (24).

used for the

The determination of all remaining parameters in eq.

(24), which are o, h;, U, UZ,s Uggs Ugrs Uy, €prand
Cefr, Dy multi linear regression with the entire data set of
nearly 7500 10-minute mean values failed.

For U, (< 0) as well as for o, and eqg (both

values > 1) no physical sensible values could be
determined. Also h; was overestimated significantly.
Thus, the model equation (24) has to be further restricted.

During the measured period, convective heat losses
could be observed only at quite a few data sets with very
low specific flow rates (v<20 1/m?h). Under these
conditions the model assumption of a linearly increasing
fluid temperature in the absorber is not valid any more.
Thus, only data sequences with flow rates between
40 and 120 I/m*h and hereby without convective losses
(always f.on,=1) have been taken into account in the
following evaluations.

The back side of the absorber is in thermal contact
with the bearing area. The roof, however, consisted of a
complicated construction made of asphaltic felt, concrete
and wood. Hereby it was not possible to determine a
representative roof temperature for the heat exchange
with the absorber. Furthermore, beneath parts of the
absorber frequently condensate could be observed. A
mathematical modelling of condensation and evaporation
processes between roof and absorber appear to be
difficult. The back side of the absorber was assumed to
be adiabatic with U, =0.

The heat transfer coefficient h; from the absorber
surface to the fluid is dominated by heat conduction in
the absorber material and was numerically determined by
(Schmidt 1999) with the use of the CFD-program Fluent.
For laminar flow a value of h; =200 W/m?K was found,
for turbulent flow h; =290 W/m?K, both values with
respect to the collector aperture area. Sensitivity analysis
showed that the value of h; has only small influence on
the other collector parameters determined.

A renewed parameter fit with the remaining
parameters o, UZ,, Ugs, Eefr Und cer resulted in mostly

sensible values, only a; =1.01 was out of the ordinary.
Probably a net heat flux to the absorber takes place from



the roof covering, as mentioned made of black asphaltic
felt. For the effective emission coefficient of the absorber
a weak minimum for g.g =0.73 could be determined. A

data analysis showed that the values of «; and €. are
strongly correlated. Surprisingly, & is no sensitive

parameter for the overall result. A proper explanation
might be that the sky temperature Ty, very often was

between the absorber surface temperatures at the fluid
inlet and outlet, thus the net heat exchange between
absorber and sky by infrared radiation was only poor.

The effective heat capacity c.;; was determined about
twice as high as theoretically expected. Due to the stable
weather conditions during the experiments variations of
c.fr have nearly no influence on the overall result as well.

U;, and U}, were determined to be 2.8 W/m’K and

7.0 (W/m?K)/(m/s), respectively, which is in the expected
range. However, also these parameters are highly
correlated. During the measurements only seldom higher
wind speed was observed, furthermore the used
anemometer had a starting velocity of about 1 m/s.
Energetically, the condensation did not make a big
difference. If Up remains in the model as a free
parameter, cf. eq. (24), the share of qepng ON quse Was in
the range of 2 %. If Up is coupled with Ug,, eq. (21),
the share of qconq is about 1 %. In the latter case the
condensation heat transfer coefficient is almost entirely
dominated by the convective heat transfer coefficient
which is about forty times more relevant regarding .
In the framework of the evaluated experiments it could
not be determined which approach should be preferred.
However, obviously q.,,q Was strongly overestimated if

U7 in eq. (21) was substituted not only by UZ,, but

also by the wind speed proportional coefficient UJ; - v, .

The developed model is able to reproduce the
measured collector gains for clear and for cloudy periods
very well, the differences between measured and
modelled power gains are nearly always within the
interval of measurement precision, cf. fig. 3. For typical
collector gains of 6 to 12 kWh/m?d, the average deviation
of the daily sums of the collector gains are below 5%, for
the entire period below 1%.

The restrictions mentioned above regarding not
determinable parameters do not make the model approach
uncertain, but are caused by the specific and hardly
influenced boundary conditions during the in-situ
measurements.

5. SUMMARY

A model was developed to describe the thermal
behaviour of uncovered collectors. The model covers
different heat transfer coefficients of convection and
condensation which can lead to heat gains and losses on
different sections of the absorber surface. Thus, the
shares of the single quantities of heat contributed by
different heat transfer paths can be determined. Main
model assumption is a linear increase of the absorber
surface temperature in direction of the fluid flow, thus the
application is limited to sufficiently high flow rates.

The results of the model have been compared with
data measured at an uncovered collector of 50 m? for two
months. However, due to very low fluid inlet
temperatures and high ambient temperatures convective
heat losses of the absorber have been observed only
seldom and the model could not have been validated
complete yet.

! Fig. 3:
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NOMENCLATURE

All area specific quantities are related to the aperture area

of the collector.

Ceff
C1..Cs

EL

fcond

fCOl’lV

F¢
Gr
Gor

Gar

Ka,b
Ka,d

Ps
qabs
db
deony
q :onv
dcony
q cond
9cond
qsky
Quse

Quse

Ty

J/m’K
different

W/m?

W/m?
W/m?
W/m?

W/m?K

Pa
W/m?

W/m?

W/m?
W/m?
W/m®
W/m®
W/m?
W/m?
W/m®
Wh/m?
K/Pa
°C
°C

effective heat capacity of the
collector

constants in the model equation of
EN 12795 (2001)

long wave irradiance

share of the collector aperture area
where condensation takes place
share of the collector aperture area
where convective heat gains take
place

uncovered collector efficiency factor

collector efficiency factor

hemispherical radiation in the
collector plane

hemispherical beam radiation in the
collector plane

hemispherical diffuse radiation in
the collector plane

heat transfer coefficient between
collector surface and fluid

incident angle modifier function for
beam radiation

incident angle modifier constant for
diffuse radiation

saturated vapour pressure of water

heat flux by short wave radiation

back side heat flux from or to the
absorber
convective heat flux

convective power gains
convective power losses

heat flux by condensation
heat gain by condensation

heat flux by long wave radiation

useful power gain
useful energy gain

approximated slope of the linearized
saturated vapour pressure curve
ambient temperature

dew point temperature

T

Tp,cond

Tsky

oy
Eeff

Vs, 0

°C

°C
°C
°C

°C
°C

°C

°C

°C

W/m’K
W/m?K

W/m*K
W/m*K

Ws/m’K
W/m’K
W/m’K
W/m?K

W/m?*K

/m*h

kg/m’
W/m’K*

average fluid
temperature = (T;+T,)/2
inlet temperature of the absorber

outlet temperature of the absorber

average absorber surface
temperature = (T,,;+T},,)/2

absorber surface temperature at the
fluid inlet

absorber surface temperature at the
fluid outlet

average temperature of the share of
the absorber surface with convective
heat gains

average temperature of the share of
the absorber surface with convective
heat losses

average temperature of the share of
the absorber surface where
condensation takes place

sky temperature, equivalent to the
black body radiation from the sky
heat transfer coefficient on the back
side of the absorber

condensation heat transfer
coefficient

convection heat transfer coefficient

wind independent part of the
convection heat transfer coefficient
wind dependent part of the
convection heat transfer coefficient
heat transfer coefficient for
convective gains

heat transfer coefficient for
convective losses

heat transfer coefficient for long
wave radiation

=Ug/ eyt

wind speed in the collector plane
specific flow rate

absorption coefficient at normal
incident

effective emission coefficient of the
absorber surface

incident angles of the beam radiation

density

Stefan-Boltzmann constant
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