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Forskningsindhold

| projektets farste ar har hovedvaegten ligget pa
udvikling af teoretiske modeller til beregning af
termiske ydelser for vakuumrgrsolfangere, der
udnytter solstralingen fra alle retninger.

Traditionelle solfangerteorier fra litteraturen er
udviklet med henblik pa almindelige plane
solfangere med plane absorbere. Disse teorier
har ikke direkte kunnet anvendes i forbindelse
med vakuumrgrsolfangerne, da absorberne er
cylinderformede.

Derfor er der wudviklet en ny teoretisk
solfangermodel til vakuumrgrsolfangere med
cylinderformede absorbere. Modellen tager
udgangspunkt i den traditionelle plane
solfangerteori, som integreres over den
cylinderformede absorber. Derudover udmaerker
modellen sig ved, at den praecist bestemmer
skyggeeffekterne fra rgr til rgr, ligesom den kan
regne pa hvordan solfangeren udnytter
solstralingen fra alle kompassets retninger.

Den teoretiske solfangermodel er sammenholdt
med malinger pa en prototype solfanger, og det
viser sig at modellen gengiver “virkeligheden”
med stor ngjagtighed. Modellen er herefter
videreudviklet sa den nu kan indga i
simuleringsprogrammet TRNSYS. Dette
amerikanske simuleringsprogram er et kompo-
nent baseret program, som er det mest anvendte
og anerkendte simuleringsprogram til
solvarmeanlaeg.

Med modellen er der lavet indledende analyser
af, hvilke solfangerydelser man kan forvente i
hhv. Danmark og Grgnland (Uummannagq).

De forelgbige resultater viser, at vakuumrgr-
solfangerne kan give en meget storre ydelse i
Grgnland end i Danmark.

Fig. 2. Rar der skygger for hinanden.
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THERMAL PERFORMANCE OF EVACUATED TUBULAR COLLECTORS UTILIZING SOLAR
RADIATION FROM ALL DIRECTIONS
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DK-2800 Kgs. Lyngby
Denmark

E-mail: ljis@bve. diu.dk
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Abstract — A prototype collector with parallel-connected evacuated double glass tubes is investigated theoretically
and experimentally. The collector has a tubular absorber and can utilize solar radiation coming from all directions.

The collector performance iz measured in an outdoor test facility and an efficiency expression for the collector is
determined. Further, a theoretical model for caleulating the thermal performance iz developed. In the model, flat plate
collector performance equations are integrated over the whole absorber circumference and the model determines the
shades on the tubes as a function of the solar azimuth., Results from calculations with the model are compared with
measwred results and generally there is a good degree of similarity between the measured and caleulated results.
However, the comparison shows that the model is suitable only for vertical placed pipes.

The model is used for theoretical investigations on vertically placed pipes at a location in Denmark (Copenhagen, lat.
56°N) and at a location in Greenland (Ummannagq, lat. 71°N). For both locations, the results show that to achieve the
highest thermal performance, the tube centre distance must be about 0.2 m and the collector azimuth must be about 45°-
60° towards west. Further, the thermal performance of the evacuated solar collector is compared to the thermal
performance of the Arcon HT flat plate solar collector. The Arcon collector is the best performing collector under
Copenhagen conditions, whereas the performance of the evacuated tubular collector is highest under the Ummannagq
conditions. The reason is that the tubular collector is not optimally tilted in Copenhagen but also that there is much
more solar radiation “from all directions” in Ummannaq and this radiation can be utilized with the tubular collector. It is
concluded that the collector design is very promising — especially for high latitudes.
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Fig. 2. The tubes connected in a solar collector panel.

utflow

1 INTRODUCTION

A new collector design based on evacuated tubular
collectors is investigated theoretically  and
experimentally.

The collector is based on a number of parallel-
comnected double glass tubes, which are open in both
ends. The tubes are anmluses with closed ends and the
outside of the inner glass wall is treated with an
absorbing selective coating. The collector fluid is floating
from bottom to top of the inside of the inner tube where
alzo another closed tube is inserted with the purpose to
fill out a part of the tube volume so that less collector
fluid is needed. Further, it ensures a high heat transfer
coefficient from the inner glass tube to the collector fluid. L33
Fig. 1 shows the design of the evacuated tubes and Fig. 2

shows the principle of the tube connection.

Quter gloss lube The collector is investigated in an outdoor test facility in

Flowy cit
& order to determine the collector performance
Evacuated .
Inner gices ubs experimentally.
with cbsoroing For the theoretical investigation of this collector
Zﬂ?ﬁg"g]‘;@e’” principle, traditional collector theory cannot directly be
Flui applied, as the absorbers are tubular. Therefore, to
Inner tue [spacs theoretically determine the collector performance a
number of conditions must be taken into account,
including:
i ¢  That solar radiation from all directions can be
Flcan it

Fig. 1. Design of the evacuated tubes. (Top view: Left.
Front view: Right).

utilized (also from the “back” of the collector).
+  Shadow effects from adjacent tubes.
+  Special incident angle modifiers.



A collector  theory  fix the collector  perfommance,
imcluding  the  above-mentioned  considerations,  is
developad. The theory is companed with the results from
the experiments. Based on the theory, the following
points are investi gated:

«  Optimal distance bat ween tubas.

«  Optimal collector azimuth.

«  FExpectad yearly thamal performance for diffierent

climales,

Fimally, a comparison betwaen the tharmal peformance
ol a fat plate collector and of the investigated collecior is
maile.

1 COLLECTOR DESIGN

The salar collector panel consists of 14 evacuated tubes
placed with a centre distance of 0.067 m. The wbes are
connected o two manifold pipes, which are placed in an
imeulated bos. The tubes are 16 m long, however,
2x0.065 m is placed inside the mani fold boxes. Thus only
1.47 m is exposad 1o the sun. The outer diameter of the
outer tubz is 0.047 m and the outer diameter of the innar
tubz is OLO3T m. The collector panel is placed on the
ground, tilted 45° and facing south. The solar collactor

areds are describad in Table | amd Fig. 3 shows a photo of

tha collactor. The collector was built by the company
SunCiain.

Table 1. Solar collector panel areas,

Cinoss nren Ouler ploss tubse | Ahsorber coross | Toial abzarber
[rm] Loty ars arzl
L] Jm]
K3 oo e b

Fig. 3: The evacuated tubular collactor.

3 COLLECTOR PERFORMANCE THEDRY

Generally, for a solar collactor without reflectors and
without parts of the collector reflecting solar radiation to
othar parts of the collactor, the performance aquation can
ba written as:

B, =F+P+PF, -1, (1)
or more detailed described:

B, = A, B KRy, Gy

{.'ul

e AT SR G £

=AU T, - T

whera K is the incident angle modifier defined as:

(23

a

K, =1- Iun[—?] (3

o=

The incident angle medifiers for diffuse radiation, K, .
and groumd reflected radiation, K, . are evaluated by
aquation 3 using -3, ]

For tubular collectors, there are several conditions,
which make equation {2} more difficult to evaluate.
Amongst others the [ollowing can be mentionsd:

w In flat plate collector thaory, the areas A, and Ay, are
typically equal and close to the transparent area. For
tubular collectors, howevar, this is not the case as,
depending on the solar azimuth and altitude, only
parts of the absorbar area are exposad 1o the beam
radiation.

In Hat plate collector theory the incident angle
madifier, K. i independant of the longitudinal and
tmnmsverse component of the incident angle. The
eylindrical geometry in tubular collectors makes it
necessary o consider both components.

e In the investigated tubular collecior, where the
absorber covers the whola inner tube ciroumberence,
al=o radiation coming from the “back™ of the collector
st b avaluated.

To caleulate the thermal performance of the evacuated
tubes, the genaral performance equations (1} and (2} have
been integrated over the whole absorber circumiference.
This means that the tubke is divided into small “slices™,
anid each slice is treated as if it was a Nat plate collector.
In this way, the transverse incident angle modifier is
climinated. For describing the solar radiation on a wbular
collector, this method has previously been used by Pyrko
1 (1984,

Integrating over the absorbar area, the performance
aquation can be describad as:

P, = _|' (B P +P, -F, b2 4

L]

In the following each pat of equation (43 will bhe
invastigated. The investigation is based on a theoretical
analysis of a single tuba,



Heat loss, Py
The heat loss can be described as:

P = [ A, U (T, ~T,)dE

= | L1, U, (T,, - T,)dE Q)
=2l U, (T, —T,)

Energy from diffisse radiation on collector/tube, Py

The evaluation of the energy contribution from the
diffuse radiation is based on an isotropic diffuse model.
Thus, the circumsolar diffuse and horizontal brightening
contributions are not taken into consideration in this
model.

The energy contribution from the diffuse radiation can
be written as:

B, = _[Aa Fh(w0)), K, B -Gyrdd
- . ®)
=271, LF (100), K, G, [ B, 4§

For a flat plate collector, the view factor from the
collector to the sky can be described as:

P -l ™

When integrating over the absorber area, the absorber
surface tilt, p, and the absorber swrface azimuth, &
change as illustrated in Fig. 4. This will have an impact
on the determination of the incident angle. For instarce,
when the surface azimuth is 0 (south) the tilt is f; and
when the surface azimuth is £x (north) the tilt is 7w -p,

Fig. 4. A tube seen from the top (left) and the side (right).
When the performance equation is integrated over the
absorber area both the surface azimuth and the surface tilt
do change.

The tilt, as a fimction of the actual absorber azimuth can
be written as:
-w=E=0:

_p Py,
B=B,-d 2)&

T/

8)

0zE>m:

B
= + {1 ——)-
B=B.+1--")%
Agsuming that there are no adjacent tubes, the view
factor from the tube to the sky can be described as:

. 1+cos[|3;af P. )-éj
-dE+

@

/2

1|z 2
o trenfpra-Lore)
J 5 &

(10)

=10.5
In reality, there will be adjacent tubes, which will
reduce the view factors to the ground and the sky
This

respectively. reduction must be taken into

consideration.

Fig. 5. Determination of view factors between two tubes.

Fig. 5 shows two adjacent tubes. The view factor Fi;
between the absorber of tube 1 and tube 2 can be
described as:

1
ACE_, :EZ length of the crossing curves

7%2 length of the non crossing curves  (11)

={;+z+0,)- Csinix, )

Here A, is the absorber perimeter of tube 1. The curves

O and ©O; between the points P;-P; and P;-Py
respectively canbe described by:
(@ 2-x)+@®/2-x,)
O, = 2w 12
1 . L (12)
and
(m/2-x)-(m/2-x,)
Q, = e 13
¢ o L, (13
Here the angles x; and x; are defined by:
Lt
= 14
X, =acos { = } (14)



- L7h
x3—acos[ C J (15)

If the centre of tube 1 has the coordinates (0,00, the
coordinates of the points P; and P; and thus the distance,
z, between the two points can be found as:

P, = I:rlj e0s(x, )L, -sin(xl):l

{16)
P, =[C+r -cos(m+x,),r sin(m+x,)]

Lo (C+rc-cos(1'c+ X )T, -c-:ns(xi))2 an
+ (rc sin(m+x,)— rp-sin(xl))

By inserting equations (12), (13) and (17) into equation
(11), the view factor from tube 1 to tube 2 can be written
as:

1
27,

E.=

(m-x, - Xa)Tp

(C+I‘t'COS(JT‘FXI)*ID'COS(XI))z (18)
+
Jr(rc FIn(m+x )1, 'sin(xl))2
+H(x, - % )T,
—Csinix, )
The final view factor from tube to sky, including
shading adjacent tubes can thus be described as:
E,=F,.-E, (19)
Energy  from ground reflected  radiation  on

collector/tube, P,
The energy contribution from the ground reflected

radiation can be written as:

P = [AFrw), XK, B G, &

. (20)
=27, LE (10, K, Gy [ B dE

with

G, =p, (G, +Gy) (21

For a flat plate collector, the view factor from the
collector to the ground can be described as:
1-cos(P)
F., B — (22)
In a similar way as for the diffuse radiation, the view
factor from the tube to the ground, assuming that there
are no neighbouring tubes, can be described as:

1 [ﬂ - afB—S)-ﬁj
-dE+

i
1 |- 2
Fo =]
2 Ilfcos[ﬁsf(IJrB—s)'ﬁ] )
w2
7 46

=05
Including the adjacent shading tubes, the wview factor
from tube to ground becomes:
Fc—g = Fc—g _E—z (24)

Energy from beam radiation on collector/tube, Py
The energy contribution from the beam radiation can be
written as:

t
b= _[ F (o), GyA, 'Ks'Rh'dE.-
[
25
. (25)
=F"(30), G, Lt | K R, dE
.

Notice that there is now integrated over only a part of
the circumference. This is because only part of the
abzorber surface is exposed to the beam radiation.
Agsuming that the pipes are placed wvertically, Fig. 6
shows the three critical angles, when the solar azimuth,
¥, is between 0 and /2 (Lart S. (2000)).

When the solar azimuth is smaller than the angle x;,
there is no shading on the tubes. If the solar azimuth is
larger than x;, the tubes are fully shaded and if the solar
azimuth is between x| and x; the tubes are partly shaded.
If the solar azimuth is equal x;, the tubes are half shaded.
In Table 2 the critical angles are defined for all four
quadrants of the circle.

Tube 2

Fig. 6. Critical angles determining the exposed area,
when the pipes are placed vertically.
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Table 2. Critical angles determining the exposed area,
when the pipes are placed vertically.

Quadrant: 1 Ha Ha
RESES 7 I, +T, [YCJ L-T,
aoca| ——2|-m [aeos| =|-w |acos -
& c &
-2 =l I+, [rc] -t
— 2008 —A00E = —acos
(& & C
e n -
: aoog| 0 acos[ri] Y U
C (& C
W2 <y L+ T I, —T,
—acon 4w |-aoos| L+ |—qcos| 2—L|+n
[ C o

In Fig. 7 - Fig. 10, the angle “q,.” represents the tube
area exposed to beam radiation, for different solar
azimuths. Further, the angles &i.x and &y, used in
equation (25), are shown.

As a function of the solar azimuth, the angle, gy, and
the integration borders, &ya and &, are described in
Table 3.

Table 3. Angles determining the exposed area, when the
pipes are placed wvertically and the collector panel
azimuth is 0°.

- TS el |9:s] Esart e
YeSHy b 32m Qs +3/2 ]
M= s < H [C cos(y, +7) —rt] 32wy Gyl 32|
w—ace| ————
b
v =3 ) 3 2o Qe+ 32 e
My Cys T acos [IL - Coosly, + ?C)J amby  |aut3Zn-r
&
Ye2Hs 0 . R
/2 = e 0 9] Bt
VaSHy n 2yl |l w2 yd
1 W < K - T 2- |- T 2y
1= 2 . GOS(CCOS v.[) IcJ |- el e
b
V=% w2 0 2yl [ 2y
FeRa Ea [re - oos(]]’s[)] 24yl 24
acos| — 1
b
Ye2Hs 0 . R
0= yein/2 [a] Eoan fog
YsSH n [rel- 2 ||guelHyel- m/2
B ys < [C-cmﬁ/!)—&} Pl w2 layeted- mi2
T = A 0T | me—
i3
v =Hy w2 |V5\— 2 |q_‘d+|y5‘— w2
My Cye _r [ve|- T2 Q| Hve] - 42
aoos[r“ COOS(TJJ [l Qe Hrel
b
VsZHs 0 5 N
W2 S vsm 19
YeEH1 n |32 el gyl | -3/2 ot
R LS [cmw, —n)—rt] 32 mthl el | 32wty
M—aces|——
b
V=K /2 32 wHhlay] | 32w
Yo Fysris [ [[,c-m(l %)} [3/2 oyl | -3/2 b
b
Ye=Hs 0 - R

Fig. 7. Relationship between the solar azimuth, v, the
beam exposure angle, qy., and the integration borders &y
and &qqp, for -n = y< -w/2, when the pipes are placed
verticallv.

Fig. 8. Relationship between the solar azimuth, v, the
beam exposre angle, q,., and the integration borders £,y
and & for -2 < y,< 0, when the pipes are placed
vertically.

Fig. 9. Relationship between the solar azimuth, v, the
beam exposure angle, gy, and the integration borders &
and &y for 0 < y< @2, when the pipes are placed
verticallv.
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Fig. 10. Relationship between the solar azimuth, v, the
beam exposure angle, gy, and the integration borders &x
and &y, for w2 = y< a1, when the pipes are placed
vertically.

The theory above is developed for vertical placed pipes,
that is for p,= n/2. If the pipes are not placed vertically,
the angle determining the exposed area will be different.

An illustration of this can be seen in Fig. 11. The figure
shows two pipes placed horizontally and with the solar
azimuth, y= -n/2. Comparing Fig. 6 and Fig. 11 makes it
clear that the exposed area, ¢, for an collector facing
south is not equal O if the solar altide, h,, is larger than
7/2-x;. The angle determining the exposed area, qy., when
the solar azimuth, y,, is +n/2 and with horizontal pipes, is
given by the formulas in Table 4.

Sky
v

Ground

+TT
Fig. 11. Relationship between the solar altitude, b, the

beam exposure angle, ., when the pipes are placed
horizontally.

Table 4. Angles determining the exposed area with the
solar azimuth, y.=tn/2 for horizontally placed pipes.

0 < b2 [l Eo Eoep
YsSH n |t b h.
M a2 < Ccas[z—h]—r |t hs he
M—Aacnsg| #
kS
mah = 2 [Gd+ B he
M < w2, <Hs fS |Gt s he
IE—C-oos[f—hsj
a 008 72
L
w2, 23 0 B

The incident angle, 0, and the geometric factor, Ry

In equation (25), the incident angle, 6, and the
geometric factor, Ry, still need to be addressed. As earlier
mentioned, when integrating over the absorber area, both
the surface tilt and the surface azimuth change will have
an impact on both Ky and R,,.

The incident angle, 8, can be described as (Duffie J.A.
and Beckman W.A. (1991)):

cos(8) = sin(8)-sin(¢p)cos(P)
-sin(@)-cos(d)-sinB)-cos(f)
+cos(B)cos(d)cos(®)cos(B) (26)
+cos(8)sin(d)cos(®)cos(Eysin)
+cos(8)sin(@)sinE)sin(B)
Here the tilt, p, is described in equation 8 and 9 as a
function of the absorber surface azimuth, &.
The geometric factor, Ry, can be described as(Duffie
J.A. and Beckman W.A. (1991)):
_ cos(6)
" cos(@

hon'mntal)
cos(8) @n

- cos(d)cos(d) cos(w) +sin(8) sin(d)

Solving the performance equation:

All the parameters involved in the performance equation
(1) and (2) have now been described in the equations (3)-
(27).

In order to evaluate the performance of the tubular
collector on a wearly basis, the above theory was
implemented into a numerical program. All the integrals
could be solved analvtically, except the integral in
equation (25), which was solved by using the trapezoidal
formula for solving integrals numerically. 360 integration
steps were used in the numerical inte gration.

The program is based on weather data with howrly data
for global radiation, diffuse radiation on horizontal and
outdoor temperature. However, the incident angle and
thus the collector performance were calculated every half
hour.

4 MEASUREMENTS

The performance of the collector was measured in an
outdoor test facility where the inlet temperature, the
outlet temperature and the wvolume flow rate was
measured. The temperatures were measwred with copper-
constantan thermocouples (Type TT) and the wvolume
flow rate was measured with a HGQ1 flow meter. A 31%
glvcol/water mixture was used in the solar collector loop.
Further, the global radiation and the diffuse radiation on
horizontal were measured with two Kipp&Zonen CMS5
pyranometers.

The power from the solar collector was determined from
the measurements by:

Pu = VDCD(T it 7Tout,cold) (28)

in

Further, an efficiency expression for the solar collector
panel was determined from the measurements. Only

12



measurements where the below mentioned conditions

were fulfilled were used by determination of the

efficiency expression:

o G, was larger than 800 W/m?

o The incidence angle on a south facing 45° tilted
surface was smaller than 20°

¢ The diffuse radiation was less than 22% of the global
radiation

e Stationary conditions during at least 15 min.

The solar collector efficiency, based on the absorber area

and on the tube cross section area, could thus be

determined by:

Absorber area :

P

u
GouA,
Tube cross section area :
P

u

T G Ao

cmss, uhe

T'I =
29)

n

Fig. 12 shows the measured efficiency expressions
based on the absorber area and the tube cross section
area, respectively.

1.2

[Got= 200 Wi
i< 20

1 df < 0.224G

08
B =0 20647 4TI
R =05
0s

04

Golkeler sffieizrey []

—_-‘O-w________'“ Erm =035-2.084TH:
F=nm

0z

0

a o ne on3 ond nos on
dTffluidambiznti (totl (K]
(& Ets{Crozs Tube=0 967 A © Eta Abeorter Area =2 36|

Fig. 12, Measured efficiency expressions based on the
absorber area and the tube cross section area.

5 COMPARING THE MODEL WITH
MEASUREMENTS

A period of 13 days (17/5-30/5 2003) has been selected
for validating the computer model of the collector. In Fig.
13 the total solar irradiance on the collector plane, the
ambient temperature, the inlet temperatre to the
collector and the volume flow rate in the collector are
shown. These values are used as input data to the model.

The necessary data for describing the collector are
shown in Table 5. The heat loss coefficient, k,, was
determined from the efficiency measurements (Fig. 12)
and split into two parts for the evacuated tubes and the
manifold pipes respectively. F* was caleulated from
theory (Duffie J.A. and Beckman W.A. (1991)),
(Incropera F.P. and de Witt D.P. (1990}) and 7a, and «
were calculated with a simulation program for
determining optical properties (Svendsen 8. and Jensen
F.F.(1994)).

In Fig. 14 the measwred and calculated collector cutlet
temperature are compared. Generally, it can be seen that
there is a good degree of similarity between the measured
and calculated temperatures. However, it can also be seen
that the model has a tendency to calculate too low outlet
temperatures in the morning and in the evening. This
tendency is especially clear for the last 3-4 days in Fig.
14. The reason for this problem is that the collector is
tilted 45°, whereas the model is developed only for
horizontally or vertically placed pipes. As earlier
described, with a tilted collector both the solar azimuth
and the solar altimde will influence the size of the
shadowed area of the pipes. The larger differences
between the calculated and the measwed outlet
temperature ocowr especially when the solar altitude is
dominating the size of the area exposed to beam
radiation. In the model the shadow caleulations are based
on only the solar azimuth (for vertical pipes) or on only
the solar altitude (for horizontal pipes).

Table 5. Data describing the collector in the model.

Mo, of I Ty Tp o leg i T a
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Fig. 13. Total solar irradiarce on the collector plane,
ambient temperature, collector inlet temperature and
collector volume flow rate during the test period.
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Fig. 14. Measured and calculated outlet temperature for
the test period.
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6 THEORETICAL INVESTIGATIONS

In this section, the model will be used for theoretical
investigations. Only wvertically placed pipes will be
analysed, as the model is vet unfit to calculate on tilted
pipes. The collector performance is investigated for two
locations:

e  Copenhagen, Denmark, lat. 56°N, vearly average
ambient temperature: 7.8°C. Weather data: DRY
(Lund H. (1995)).

¢ Ummannaq, Greenland, lat. 71°N, yearly average
ambient temperature: -4.2°C. Weather data: TRY
(Kragh I. et al (2002)).

Fig. 15 shows the sum of the solar radiation on the front
and the back of vertical planes with different orientations.
For Copenhagen, there is symmetry around 0° (south)
whereas for Ummannaq the minimum solar radiation on
the plane is arommd —30° (towards east). The reason for
this asymmetrical behaviour is that there is a mountain
east of Ummannag, which reduces the radiation coming
from east.

Az a function of the collector azimuth, Fig. 16 shows
the utilized solar energy per tube in a panel assuming a
tube centre distance of 0.067m and a constant solar
collector fluid temperature throughout the vear of 50°C.
For both Ummannaq and Copenhagen, there is an
optimum at a collector azimuth of about 45°-60°. The
results are caused both by the distribution of solar
radiation and by higher afternoon temperatures.

Fig. 17 shows the utilized solar energy per tube as a
funiction of the tube centre distance for a collector fluid
temperature of 50°C. For both locations, the utilized
energy increases for tube centre distances up to 0.2 m,
which is dve to reduced shaded areas. For larger distances
the utilized energy decreases again, due to the increasing
heat loss from the manifold pipes.

For the two locations, Fig. 18 and Fig. 19 show the
utilized solar energy per tube as a function of the
collector azimuth and the tube centre distance for a
collector fluid mean temperature of 50°C. Here it can be
seen that the tendencies in Fig. 16 are true for tube
distances in the range of 0.047 m - 0.3 m.

Finally Fig. 20 and Fig. 21 show the utilized solar
energy per m? as a fimction of the collector fluid mean
temperature assuming a tube centre distance of 0.047 m
and a collector azimuth of 50°. Further, the thermal
performance of the newest (Vejen N.K. (2003)) Arcon
HT collector is shown. The Arcon HT collector is facing
south and tilted 45° in Copenhagen. In Ummannaq the
Arcon HT collector is facing south and tilted 60°.

It is interesting that the Arcon collector is the best
performing collector under Copenhagen conditions,
whereas the thermal performance of the evacuated tubular
collector based on the outer tube cross section area, is the
highest under the Unmannaq ¢onditions. The reason for
the change in the ranking of the collectors is that the
tubular collector is not optimally tilted in Copenhagen but

also that there is muh more solar radiation “from all
directions” in Ummannagq and this radiation can be
utilized with the tubular collector.
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Fig. 15. Solar radiation on the front and the back of
vertical planes with different orientations.
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Fig. 16. Utilized solar energy per tube as a function of the
collector azimuth. Tube centre distance=0.067 m.
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7 DISCUSSION AND CONCLUSION

A prototype collector with parallel-connected evacuated
double glass tubes is investigated theoretically and
experimentally. The collector has a tubular absorber and
can fthus utilize solar radiation coming from all directions.

The collector performance iz measured in an outdoor
test facility and an efficiency expression for the collector
is determined from the measurements.

Further, a theoretical model for caleulating the thermal
performance is developed. In the model, the flat plate
collector performarnce equations have been integrated
over the whole absorber circumference. In this way, the
transverse incident angle modifier is eliminated. Also, the
model determines the shades on the tubes as a function of
the solar azimuth in order to calculate the energy from the
beam radiation correctly. The calculation of the energy
from the diffuse and ground reflected radiation is based
on an isotropic diffuse sky model.

The calculations with the model is compared with
measured results and generally, there is a good degree of
similarity between the measured and calculated results.
However, the comparison also shows that the model is
suitable only for vertical placed pipes.

The model is used for theoretical investigations on
vertically placed pipes placed in Copenhagen, Denmark
and in Ummannag, Greenland. For both locations, the
results show that to achieve the highest thermal
performance the tube distance should be about 0.2 m and
the collector azimuth should be abouwt 45°-60° towards
west. The thermal performance of the evacuated solar
collector is also compared to the thermal performance of
the Arcon HT flat plate solar collector. These results
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show that Arcon collector iz the best performing collector
under Copenhagen conditions, whereas the performance
of the evacuated tubular collector is the highest under the
Ummannaq conditions. The reason is that the tubular
collector is not optimally tilted in Copenhagen but also
that there is much more solar radiation “from all
directions” in Ummannaq and this radiation can be
utilized with the tubular collector. It is therefore
concluded that the collector design is very promising —
especially for high latitudes.

The theoretical results presented in this paper are based
on a collector model, which needs to be further
developed. First of all, the model must be able to
caleulate on tilted pipes. The reflections between the
pipes must be included in the model and also an
anisotropic diffuse sky model should be included. This
extended model must of course be thoroughly validated
with measurements.

Finally, though the collector design seems wvery
promising the collector reliability and durability must be
examined before any final conclusions can be drawn.
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NOMENCLATURE

LATIN SYMBOLS:

a Incident angle modifier constant [-]

A Abgorber perimeter length [m]

Ly Absorber area [m?]

Ly Absorber area exposzed to beam radiation [m?]

by Abgorber area expoged to diffuse radiation [m?]

Agr Abgorber area expoged to ground reflected [m?]
radiation

Aocnpe  TUDe cP038 gaction area [m?]
Cylinder cenfre distance [m]

Cp Collector fluid heat capacity [1kg k)]

F* Collector efficiency factor [-]

Fiz View factor from tabe | to mbe 2 [-]

Iy View factor from tube to ground [-1

Fos View factor from mbeto dey [-]

F‘bg Wiew factor from tube to ground without [-]
adjacent tubes

Fes View factor from mbe to sy withowt adjacent  [-]
tubes

Gy Beam radiation on horizontal [Wim#]

Gy Diffuse radiation on horizontal [Wim?]

Gyr Ground reflected radiation on horizontal [Wim?]

Gybial Global radiation [W/m?]

G Total radiation on collector plans [Wim#]

h Solar altituds [rad]

Ity Collector heat logs coefficient [Wim2K]

Ka Incident angle modifier for beam radiation [-]

Kaa Incident angle modifier for diffuse radiation [-]

Ko o Incident angle modifier for ground reflected [-]
radiation

L Pipe length [m]

Oy Help length [m]

s Help length [m]

Py Bnergy from beam radiation on collectorfube  [W]

Pa Bnergy from diffise radiation on collectoriitbe [W]

Pe Energy from ground reflected radiation on [W]
collector/tube

Proe Heat loas from collectorftube [W]

Py Uzeful energy from collector/ftube [W1]

Qe Angle determining the area exposed to beam [rad]
radiation az a finction of by
Gys Angle determining the area exposed to beam [rad]
radiation ag a finetion of v,
Ry Geometfric factor; irradiance on a tilted surface -]
divided by irradiance on a horizontal surface
I3 COnxter glass tube rading [m]
Ip Absorber rading [m]
gl Ambient temperafure [*C]
T Fluid mean temperature [*C]
Tine Hot inlet temperanre [*C]
Toueaa  Cold outlet temperare [*C]
UL Heat loss coefficient bazed on absorber area [Wim*K)]
v Collector volame flow rate [m4s]
H1 Help angle [rad]
Ha Help angle [rad]
My Help angle [rad]
Z Help length [m]
GREEK SYMBOLS:
Collector tilt [rad]
B Absorber surface tilt when absorber surface [rad]
azimuth is zero
M Solar eollector efficiency [-]
T Solar azimuth [rad]
I3 Declination [rad]
P Collector fluid density [legfm*]
B Incident angle [rad]
T Effective transmittence-absorptance product [-]
4 Abgorber sarface azimuth [rad]
Etart Integration border [rad]
Eovp Integration border [rad]
D Latitude [rad]
) Solar time [rad]
REFERENCES

Duffie J.A. and Beckman W.A. (1991) Selar Enginecering
of Thermal Processes, 7™ edn. pp. 268-283 & pp 13-31.
Wiley Interscience, New York.

Incropera FP. and de Witt D.P. (1990) pp. 428-467.
Introduction to heat trangfer, John Wilky & Sons,
Singapore.

Lund H. (1995) The Design Reference Year user manyal.
Report of IEA-SHC Task 9. Report 274. Thermal
Insulation Laboratory. Technical University of Denmark.
Kragh I. et al (2002) Gronlandske vejrdaty. Nk
Uuwnmnannag.  Department  of  Civil  Engineering,
Technical University of Denmark . November 2002,

Lart 8. (2000) Development of a thermal performance
test for an Integrated Collector-Storage solay water
keating system. pp. 90-100. Ph.D. thesis. Division of
Mechanical Engineering and Energy studies. University
of Wales Cardiff.

Pyrko I (1984) A model of the average solar radiation for
the tubular collector. fnt. J. Solar Energy. 32, 563-563.
Vejen N.K. (2003) Development of 12.5 m?2 solar
collector panel for solar heating plants. Proceedings of
ISES Solar World Congress, 16-19 June, Gothenburg,
Sweden. In Press.

Svendsen S. and Jensen F.F. (1994) Soltransmittans.
Lecture note. Thermal Insulation Laboratory, Technical
University of Denmark.

16



Bilag 2: Artikel optaget i proceedings for EuroSun 2004
Congress, 20-23 juni 2004.

17



NEW TRNSYS MODEL OF EVACUATED TUBULAR
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Introduction

A new collector design based on parallel-connected =~ *“°™"" ey
double glass evacuated tubes has previously been % . . |
investigated theoretically and experimentally (Shah, L.J.  vinslecivecoaing = ’I\\\

on the outside

& Furbo, S. (2004)). The tubes were annuluses with e/

closed ends and the outside of the inner glass wall was et tuos e |
treated with a selective coating. The collector fluid was

\\ / i
floating inside the inner tube where also another closed ~—"
tube was inserted so less collector fluid was needed. o
The collector design made utilization of solar radiations pi (il ful e fEd ony e e

from all directions possible. Fig. 4 shows the design of
the evacuated tubes and the principle of the tube
connection.

The investigations resulted in a validated collector
model that could calculate the yearly thermal
performance of the collector based on hourly weather
data. The advantages of the model were that shadows,
the solar radiation and the incidence angle modifier for Fig. 4: Design of the
each tube were precisely determined for all solar €vacuated tubes (top) and
positions, including solar positions on the “back” of the the tubes connected to a
collector. However, the model could be improved Solar panel (bottom).
further as the model was only valid for vertically tilted

pipes and as the model was not developed for a commonly used simulation
program.

In the present paper, the theory is further developed so it can simulate solar
collector panels of any tilt and based on the theory a new TRNSYS (Klein, S.A. et al.
(1996). ) collector type is developed. This model is validated with the measurements
from outdoor experiments.

NN CNEN NN

Inflow

TRNSYS simulations of the yearly thermal performance of a solar heating plant
based on the evacuated solar collectors are carried out and among other things it is
investigated how the distance between tubes and the collector tilt influences the
yearly thermal performance. The calculations are carried out for two locations:
Copenhagen, Denmark, lat. 56°N, and Uummannag, Greenland, lat. 71°N.

Further, the results are compared to the calculated thermal performance of the solar
heating plant based on traditional flat plate collectors.
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Collector performance theory for tubular absorbers

In Shah, L.J. & Furbo, S. (2003) and Shah, L.J. & Furbo, S. (2004), a theoretical model for
calculating the thermal performance of evacuated collectors with tubular absorbers was
developed. The principle in the model was that flat plate collector performance equations
were integrated over the whole absorber circumference. In this way, the transverse
incident angle modifier was eliminated. The model was valid only for vertically tilted pipes.

In this section, the principle of the model will shortly be summarized. Further, the newest
development that improves the model to be able to also take tilted pipes into calculation
will be described.

Generally, for a solar collector without reflectors and without parts of the collector reflecting
solar radiation to other parts of the collector, the performance equation can be written as:
P, =P, +P,+P —P (1)

or more detailed described:
Pu = Ab F "(T(l)c .KG .Rb .Gb + Aa F "(Ta‘)c .Ke,d .Fcfs .Gd + Aa F "(T(X,)C .Ke,gr .Fcfg .Ggr - Aa .UL (Ttm - Ta ) (2)

where Kg is the incident angle modifier defined as:
(0
K, =1-tan (2) (3)

The incident angle modifiers for diffuse radiation, Kg 4, and ground reflected radiation, Kg g,
are evaluated by equation 3 using 6=11/3.

To calculate the thermal performance of the evacuated tubes, the general performance
equations (1) and (2) have been integrated over the whole absorber circumference. This
means that the tube is divided into small “slices”, and each slice is treated as if it was a flat
plate collector. In this way, the transverse incident angle modifier is eliminated. For
describing the solar radiation on a tubular geometry, this method has previously been used
by Pyrko J. (1984). .

Integrating over the absorber area, the performance equation can be described as:

T

P = j (P, +P, +P, —P, )d& (4)
where,

Ploss = I Aa .UL.(Tfm _Ta )dé = J‘ L.rp .UL.(Tfm _Td )dE_, = 2.R.L.rp.UL.(Tfm _Ta) (5)
Pd = j Aa .F’.(TQ’)C'KS,d 'Fcfs Gddé = Z.Tt.rp.L.F "(Ta)c.Ke,d‘Gd'J‘ Fcfs.dé; (6)
P, = [ A, F(t0), Ky, F ,G,dE  =2mr LF (1), K,, G, [F,dE (7)
G, =p, (G, +G,) (8)
F _=05-F, 9)
F,,=05-F, (10)
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Power from beam radiation on collector/tube, Pp:
The power contribution from the beam radiation can be written as:

O<y,—-y,<m: P, = jF’-(T(x)eGb-AbKeRbd& :F’-(roc)eGb-LTpJl K, R, -dg

0<y,-v,<m: P, = j F'(to), G, A, KyRydE  =F'(ta), G, Lt j K, R, -d¢

Notice that there is now integrated over only a part of the circumference. This is because
only part of the absorber surface is exposed to the beam radiation due to shadows from
the neighbour tube. The task is now to determine the size of this area, thus determining
the size and position of the shadowed area. In vector notation, the position of the sun can
be described by:

sin®,-cos v, \ L
S=| sin@, siny, (12) )Q L

cos 0,

and a “cross section circle” (see Fig. 5) on the K
absorber of one tube can be described by:

cos (g —-B, }cos Yo
N=r- siny, (13)

p

sin (g —B. }sin Yo
Fig. 5: The solar vector, S, and the
Fig. 6 shows an example where a part of one
tube is shaded and a part is exposed to beam tube vector

radiation. In order to determine the size of the
area exposed to beam radiation, the points Py
and P4 must be determined.

Since Py is located where the solar vector and
the tube vector are at right angles to each
other, Py, described by the angle yp, can be
determined by the scalar product of the two
vectors:

<
3

Fig. 6: lllustration of the shaded area
and the area exposed to beam radiation.

SN = |S|'|N|‘COS(%J =0=sin0,-cosy,-cos (g— B, }cos Y, +sinO, -siny -siny, +cosO, -sin (g—BS }sin Y, =0=

sin(0, )-cos(y, )-cos(E —B,)+cos(6, )~sin(E -B.)
Y, = —arctan - 2 - 2 (14)
sin(6),)-sin(y,)
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Since the equation for yo involves the tangens function, the equation will return two
solutions. Based on information on the position of the sun, the correct solution is found.

The point P4, described by the angle y4, can be
determined from the following equations (15), (16) and

(17). A graphical illustration of symbols used in the
equations can be seen in Fig. 6 and Fig. 7.

X, X, sin®,-cosy,
P =|y, |=|y. |+|sin®, siny, |T (15)
z, z, cos0,

X, X cos(g—st-cosy]
PI_LYIJ_[OJHP. siny, (16)
“ sin(g—ﬁs}sin 7,

X, :—zn~tan(g—ﬁsj (17)

. , . Fig. 7: lllustration of the
Equations(15) (16) and (17) together give four equations gpaded area and the area

to the four unknowns: T, y1, X, and z,. Solving for y1 gives:  gxposed to beam radiation.

_ K }
K, +0.5— =2 (2K, K, +2K,")
K,” +K, 0.5

=arctan 2 s
h K, K, +K;’

{-2K, K, +2K,")

or (18)

i K
K, +0.5 =2 (2K, K, -2K,)
K,” +K, 0.5

K, K, +K

Yy, = arctan 2

where
K, = X L \f

tan(;—ﬁsj tan[g—ﬁs}tan(ys—yf) tan (0, )sin (v, -, )

C N C

2 T 1
K, = C[ 50 ) -YJJ

K, =K, -K K, +K,> K/

K, =

From equation (18) it appears that there are two solutions for y1. Based on information on
the position of yo, the correct solution is found.
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The incident angle, 8, and the geometric factor, Rp:
The incident angle, 8, can be described as:

cos(0) = sin(0, )-cos(y, —v;)-cos (% —B, )-cos(yaclual )+sin(0, )-sin(y, —v;)-SIN(Y, . ) +€08(0, )-sin [g —B. j-cos(yactual )

(20)
The geometric factor, Ry, can be described as (Duffie J.A. and Beckman W.A. (1991). ):
_cos(0) (21)

° cos(0,,)

Solving the performance equation:

In order to evaluate the performance of the tubular collector on a yearly basis, the above
theory is implemented into a Trnsys type. All the integrals can be solved analytically,
except the integral in equation (11), which is solved by using the trapezoidal formula for
solving integrals numerically. 360 integration steps are used in the numerical integration.
Taking the collector capacity into account, the collector outlet temperature is evaluated by:

Cp,col (Titm - Tf*m )

P, =VpC, (Tout,hut _Tin,cold)+ At (22)
Measurements and model validation

The thermal performance of the collector | No. of pipes [-] 14
described in Table 1 was measured in an |L [m] 1.47
outdoor test facilty where the inlet |, [m] 0.0235
temperature, the outlet temperature and the |, [m] 0.0185
volume flow rate was measured. The |G [m] 0.067
temperatures were measured with copper- |, [W/m2K] 2.09
constantan thermocouples (Type TT) and the [p [-] 0.98
volume flow rate was measured with a HGQ1 [7(7q), -] 0.856
flow meter. A 31% glycol/water mixture was [, [-] 38
used in the solar collector loop. Further, the Coeolloctor [kJ/K/tube] | 1.9

global radiation and the diffuse radiation on
horizontal were measured with two Table 1: Data describing the collector in
Kipp&Zonen CM5 pyranometers. the model.

The collector performance was measured for

two different tilts: 45° and 90° (both facing south). A period of 11 days (17/5-28/5 2003)
has been selected for validating the Trnsys model for the collector at 45° and a period of 7
days (12/8-19/8 2003) has been selected for validating the Trnsys model for the collector
at 90°.

The necessary data for describing the collector are shown in Table 1. The heat loss
coefficient, ko, was determined from efficiency measurements (Shah, L.J. & Furbo, S.
(2004)) and split into two parts for the evacuated tubes and the manifold pipes
respectively. F° was calculated from theory (Duffie J.A. and Beckman W.A. (1991)),
(Incropera F.P. and de Witt D.P. (1990)) and (Ta)e and a were calculated with a simulation
program for determining optical properties (Svendsen S. and Jensen F.F. (1994)).
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In Fig. 9 the measured and calculated collector outlet temperatures are compared. It can
be seen that there is a good degree of similarity between the measured and calculated
temperatures. Further Fig. 8 shows the measured and calculated collector performance for
the two periods. The difference between the measured and calculated performance lies
within the measuring inaccuracy of 4%.
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Period
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(1715 - 2815 2003) (12/8 - 19/8 2003)

Fig. 9: Measured and calculated outlet Fig. 8: Measured and calculated collector
temperature for the test periods performance for the test periods.

Simulation of solar heating plants

Model description:

A model of a solar heating plant is built in

TRNSYS. The collector array consists of 100 =L I.

rows where the distance between the rows is [ 27 w ot
assumed to be so large that the shadows L7 7
between the rows have negligible influence on
the collector performance. The energy
consumption of a town is defined by a water
mass flow rate, a return temperature and a
flow temperature of 80°C.

If the temperature from the solar heat Fjg. 10: Schematic illustration of the
exchanger is above 80°C the temperature is TRNSYS model.

mixed down to 80°C with at three-way valve.

If the temperature from the solar heat % 180000
exchanger is below 80°C, an auxiliary boiler ™t S— ] toooe
plant heats up the district heating water to %60 ~ Ttetm) Ry 2000 =
80°C. %50 BE® 100000 2
An illustration of the TRNSYS model can be £, | | oo
seen in Fig. 10 and Fig. 11 shows the mass * - + 40000
flow rate and a flow and return temperature "] | | | I
through out the year for the district heating net 0 2000 4000 6000 8000

of the town. The annual heat consumption of Time bl

the town is about 32500 MWh.
The collector performance is investigated for
two locations:

e Copenhagen, Denmark, lat. 56°N, yearly average ambient temperature: 7.8°C.
Weather data: DRY (Lund H. (1995). ).

Fig. 11: Assumed flow rate and
temperatures in the district heating net.

23



e Uummannaq, Greenland, lat. 71°N, yearly average ambient temperature: -4.2°C.
Weather data: TRY (Kragh J. et al (2002). ).

Tube distance, collector tilt and collector orientation

The optimum tube centre distance, collector tilt and orientation with respect the thermal
performance per tube is investigated for the two locations. The gross collector area is
assumed to be constant in the solar heating plant. Consequently, there are more tubes in
the collector area when the tube distance is small than when the tube distance is large.
Table 2 shows how the collector orientation, the tilt and the tube distance are varied.

Collector azimuth [°] -90 (east), 75, 60, 45, 30, 15, 0, 15, 30, 45, 60, 75, 90 (west)

Collector tilt [°] 15, 30, 45, 60, 75, 89

Tube centre distance [m] | 0.048, 0.077, 0.107, 0.137, 0.167, 0.197
(corresponds to Tmm — 150 mm of air gap between the tubes)

Table 2: Overview of the parameter variations performed with the model.

Fig. 12 and Fig. 13 show the thermal performance per tube for Copenhagen and
Uummannaq respectively. The figures clearly show how the thermal performance
increases with increasing tube centre distance. The increase is mainly caused by less
shadow from the adjacent tubes but also by the differences in the average temperature
level of the collector.

The figures also show that the optimum tilt and orientation is about 45° south for
Copenhagen and about 60° south for Uummannaq.
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Fig. 12: The thermal performance per tube as a function of the tube centre distance,
collector tilt and orientation (Copenhagen).
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Fig. 13: The thermal performance per tube as a function of the tube centre distance,
collector tilt and orientation (Uummannaq).

Comparison with a flat-plate collector

Still considering the solar heating plant, the thermal performance of the evacuated tubular
collector is compared to the thermal performance of the newest (Vejen N.K., Furbo S.,
Shah L.J. (2004). ) Arcon HT collector. The collectors are facing south and tilted 45° in
Copenhagen. In Ummannagq the collectors are facing south and tilted 60°.

It can be difficult to compare the
thermal performances of flat-plate
collectors and tubular collectors as
the effective area of a flat plate
collector typically is defined as the
transparent area of the glass cover
and the effective area of a tubular
collector can be defined in many
ways. In the present comparison,
the tubes are placed close together
so that there is no air-gap between
the tubes and the outer tube cross-
section area (=L-2:rN) directly
corresponds to the transparent area
of a flat-plate collector.
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Fig. 14: Thermal performance pr. m? collector as a
function of the solar fraction of the solar heating

plant.

Fig. 14 shows the thermal performance per m? collector as a function of the solar fraction
of the solar heating plant for the two collector types. Here, the solar fraction is defined as:

1 _ Qauxiliar
Q town

Solar fraction

(23)

First of all, the figure shows that the tubular collector has the highest thermal performance
for both locations. Further, it can be seen that the Uummannaq curves decreases more
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rapidly with increasing solar fractions. This is due to the lower air temperature in
Uummannag.

The figure also shows that the ARCON HT collector has a better thermal performance in
Copenhagen than in Uummannaq, whereas the tubular collector performs best in
Uummannag. The main reason for the result is that there is much more solar radiation
“from all directions” in Uummannaq and this radiation can better be utilized with the
tubular collector.

Conclusions

A new TRNSYS collector model for evacuated tubular collectors with tubular absorbers is
developed. The model is based on traditional flat plate collector theory, where the
performance equations have been integrated over the whole absorber circumference. On
each tube the model determines the size and position of the shadows caused by the
neighbour tube as a function of the solar azimuth and zenith. This makes it possible to
calculate the energy from the beam radiation.

The thermal performance of an all glass tubular collector with 14 tubes connected in
parallel is investigated theoretically with the model and experimentally in an outdoor
collector test facility. Calculations with the new model of the tubular collector vertically
placed and tilted 45° is compared with measured results and a good degree of similarity
between the measured and calculated results is found.

Further, the collector model is used in a model of a solar heating plant and a sensitivity
analysis of the tube centre distance, collector tilt and orientation with respect the thermal
performance per tube is investigated for the two locations Copenhagen (Denmark) and
Uummannaq (Greenland). The results show that the optimum tilt and orientation is about
45° south for Copenhagen and about 60° south for Uummannagq.

Finally, the thermal performance of the evacuated tubular collector is compared to the
thermal performance of the newest Arcon HT collector. Here, the results show that the
tubular collector has the highest thermal performance for both Uummannaq and
Copenhagen. This analysis also illustrates the differences in the thermal behaviour of the
two collector types: The ARCON HT collector has a higher thermal performance in
Copenhagen than in Uummannaq, whereas the tubular collector performs best in
Uummannaq compared to Copenhagen. The main reason for the result is that there is
much more solar radiation “from all directions” in Uummannaq and this radiation can
better be utilized with the tubular collector than with the flat plate collector.
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Nomenclature
LATIN SYMBOLS:

Ccollector

P
Fi2

Ploss
Pu

Qauxiliar

Qtown
Rb

Incident angle modifier
constant

Absorber area

Absorber area exposed to
beam radiation

Tube centre distance
Collector fluid heat capacity
Collector panel heat capacity
incl. fluid

Collector efficiency factor
View factor from tube 1 to
tube 2

View factor from tube to
ground

View factor from tube to sky
Beam radiation on horizontal
Diffuse radiation on
horizontal

Ground reflected radiation on
horizontal

Collector heat loss coefficient
Help variable

Help variable

Help variable

Help variable

Incident angle modifier for
beam radiation

Incident angle modifier for
diffuse radiation

Incident angle modifier for
ground reflected radiation
Tube vector

Number of tubes

Pipe length

Energy from beam radiation
on collector/tube

Energy from diffuse radiation
on collector/tube

Energy from ground reflected
radiation on collector/tube
Heat loss from collector/tube
Useful energy from
collector/tube

Energy supplied from the
boiler plant

Energy supplied to the town
Geometric factor; irradiance

-]

on a tilted surface divided by
irradiance on a horizontal
surface

[m?] re Outer glass tube radius
[m3] I Absorber radius
S Solar vector
[m] Ta Ambient temperature
[J/(kg-K)] Ttm Fluid mean temperature
[kJ/K/Tube)] Tinhot Hot inlet temperature
Tout,cold Cold outlet temperature
[-] T Help parameter
[-1 UL Heat loss coefficient based
on absorber area
[-] v Collector volume flow rate
X1 x coordinate for P4
[-] Xn Help length
[Wim?] X x coordinate for P+
[Wim?] V1 y coordinate for P4
y+ y coordinate for P«
[Wim?] Z1 z coordinate for Py
Zn Help length
[Wim?K] z z coordinate for P-
[] GREEK SYMBOLS:
[-] Bs Collector panel tilt
[-] Vs Solar azimuth
[-] P Collector fluid density
[l 8 Incident angle
0, Solar zenith
[-] TOle Effective transmittance-
absorptance product
[-] 3 Integration variable
Yo Integration border
[-] Vi Integration border
[-] \Z Collector panel azimuth
[m] Yactual Actual absorber azimuth
W]
W]
W]
W]
W]
[kWh]
[kWh]

-]

[m]

[m]

[-]

[°C]

[°C]

[°C]

[°C]

[-]
[W/(m2K)]

[m3/s]
[(m]
[m]
[m]
[m]
[(m]
[(m]
[m]
[m]

[rad]
[rad]
[kg/m?]
[rad]
[rad]
[-]

[rad]
[rad]
[rad]
[rad]
[rad]
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Abstract

A prototype collector with parallel-connected evacuated double glass tubes is investigated
theoretically and experimentally. The collector has a tubular absorber and can utilize solar
radiation coming from all directions. The collector performance is measured in an outdoor
test facility. Further, a theoretical model for calculating the thermal performance is devel-
oped. In the model, flat-plate collector’s performance equations are integrated over the whole
absorber circumference and the model determines the shading on the tubes as a function of
the solar azimuth. Results from calculations with the model are compared with measured
results and there is a good degree of similarity between the measured and calculated results.
The model is used for theoretical investigations on vertically-placed pipes at a location in
Denmark (Copenhagen, lat. 56°N) and at a location in Greenland (Uummannaq, lat. 71°N).
For both locations, the results show that to achieve the highest thermal performance, the tube
centre distance must be about 0.2 m and the collector azimuth must be about 45-60° towards
the west. Further, the thermal performance of the evacuated solar-collector is compared to the
thermal performance of the Arcon HT flat-plate solar-collector with an optimum tilt and
orientation. The Arcon collector is the best performing collector under Copenhagen con-
ditions, whereas the performance of the evacuated tubular collector is highest under the
Uummannaq conditions. The reason is that the tubular collector is not optimally tilted
in Copenhagen but also that there is much more solar radiation “from all directions’ in
Uummannaq and this radiation can be utilized with the tubular collector. It is concluded
that the collector design is very promising—especially for high latitudes.
© 2003 Elsevier Ltd. All rights reserved.
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Nomenclature

a Incident angle modifier constant [ ]

A Absorber perimeter length [m]

A, Absorber area [m?]

Ay Absorber area exposed to beam radiation [m?]

Aossmbe  Tube’s cross-section area [m?]

Ag Absorber area exposed to diffuse radiation [m?)

Ag Absorber area exposed to ground reflected radiation [m?)

C Cylinder centre distance [m)]

G Collector-fluid’s heat-capacity [J/(kg K]

Cpeal Collector-panel’s heat-capacity [J/K]

Fi; View factor from tube 1 to tube 2 [ ]

Fo, View factor from tube to ground [ ]

F.. View factor from tube to sky [ ]

P Collector’s efficiency-factor [ ]

F:_g View factor from tube to ground without adjacent tubes [ ]

F. . View factor from tube to sky without adjacent tubes [ ]

Gy, Beam radiation on horizontal [W/m?]

Ga Diffuse radiation on horizontal [W/m?]

Gaoba Global radiation [W/m?]

G Ground reflected radiation on horizontal [W/m?]

Ghotal Total radiation on collector plane [W/m?]

he Solar altitude [rad]

ko Collector’s heat-loss coefficient [W/m2K]

K, Incident angle modifier for beam radiation [ ]

Ks.a Incident angle modifier for diffuse radiation [ ]

Ko o Incident angle modifier for ground reflected radiation [ ]

L Pipe length [m]

N Number of pipes [ ]

O Help length [m]

0, Help length [m]

Py Power from beam radiation on collector/tube [W)]

Pa Power from diffuse radiation on collector/tube [W]

P Power from ground-reflected radiation on collector/tube [W]

| ST Heat loss from collector/tube [W]

P, Useful power from collector/tube [W]

Qys Angle determining the area exposed to beam radiation as a
function of v, [rad]

Ry Geometric factor; irradiance on a tilted surface divided by
irradiance on a horizontal surface [ ]

Te Outer glass tube radius [m]

Ip Absorber radius [m]
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t Time [s]

T, Ambient temperature [*C]

Ten Fluid’s mean temperature [°C]
Tinco1a Cold-inlet temperature [°C]
Touthot Hot-outlet temperature [°C]

U Heat-loss coefficient based on absorber area [W/(m?K)]
v Collector volume flow rate [m?/s]
X1 Help angle [rad]

Xz Help angle [rad]

X3 Help angle [rad]

z Help length [m]

Greek symbols:

p Collector’s tilt [rad]

a Declination [rad]

At Time step [s]

mn Solar-collector’s efficiency [ ]

] Incident angle [rad]

Ve Collector’s azimuth [rad]

Vs Solar azimuth [rad]

£ Absorber surface azimuth [rad]
Ectant Integration border [rad]

Estop Integration border [rad]

p Collector’s fluid-density [kg/m?]
TO, Effective transmittance-absorptance product [ ]
& Latitude [rad]

® Solar time [rad]

1. Introduction

A mew collector design, based on evacuated tubular collectors, is investigated
theoretically and experimentally. The collector is based on a number of parallel-
connected double glass tubes, which are open at both ends. The tubes are annuli
with closed ends and the outside of the inner glass wall is treated with an absorbing
selective coating. The collector fluid is floating from bottom to top of the inside of
the inner tube where also another closed tube is inserted with the purpose of filling a
part of the tube volume so that less collector fluid is needed. Further, it ensures a
high heat-transfer coefficient from the inner glass tube to the collector fluid. Fig. 1
shows the design of the evacuated tubes and Fig. 2 shows the principle of the tube
connecton.

For the theoretical investigation of this collector principle, traditional collector
theory cannot be applied directly, as the absorbers are tubular. Therefore, to
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Outer glass fube Elemaut

Evacuated
Inner glass tube
with absorbing
selective coating —
on the outside
Fluid————

Inner tube (spacer

i
Flow in
Fig. 1. Design of the evacuated tubes. (Top view: Left. Front view: Right).

[ - i —— Oufflow

|

Fig. 2. The tubes connected in a solar-collector panel.

Inflow >

theoretically determine the collector performance a number of conditions must be
taken into account, including:

e That solar radiation from all directions can be utilized (also from the “back”
of the collector).
Shadow effects from adjacent tubes.
Special incident-angle modifiers.

Thermal modelling of evacuated tubular collectors has previously been addressed.
Barrett et al. [1] developed an evacuated tubular collector model that included two
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incidence-angle modifiers for the longitudinal and the transverse directioms. This
model has widely been used, among others, by Qin and Furbo [?] who investigated
the performance of differently designed evacuated solarcollectors. Based on the
tube geometry and panel design, the model cannot be used to find the efficiency
expression and the incadence angle modifiers since the model does not take into
account directly shadow effects from adjacent tubes or solar radiation received from
the back of the collector.

Perez et al. [3] developed a radiation model for evacuated tubular collectors with
tubular absorbers. The model was based on the theory of a single-axis tracking solar
collector and did take inte account solar radiation received from the back of the
collector. Further, the model gave an estimation of the size of the shadowed area of
the total collector panel. However, the model did not determine the position of the
shadows on each tube.

Lart [4] developed a geometrical method to determine the size and position of the
shadowed area on each tube. This information was used to modify the transverse
incidence-angle modifier so that the effective absorber area was taken into account.

In the present work, a collector theory for the collector’s performance is devel-
oped. In the model, flat-plate collector performance equations are mtegrated over
the absorber circumference and the model determines the shading on the tubes as a
function of the solar azimuth. In this way, the determination of the transverse inci-
dent-angle modifier is not necessary.

Further, the collector is investigated in an outdoor test facility in order to
determine the collector’s performance experimentally. The theory is compared with
the results from experiments. Based on the theory, the following points are
imvestigated:

e Distance between tubes.
e Optimal collector-azimuth.
e Expected yearly thermal performances for different climates.

Finally, a comparison between the thermal performance of a flat-plate collector
and of the investigated collector is made.

2. Collector design

The solar collector panel consists of 14 evacuated-tubes placed with a centre dis-
tance of 0.067 m. The tubes are connected to two manifold pipes, which are placed
m an insulated box. The tubes are 1.6 m long, however, 2x0.065 m is placed inside
the manifold boxes. Thus only 1.47 m is exposed to the Sun. The outer diameter of
the outer tube is 0.047 m and the outer diameter of the inner tube is 0.037 m. The
collector panel is vertically placed on the ground and faces south. The solar collector
arcas arc described in Table 1 and Fig. 3 shows a photo of the collector.
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Fig. 3. The evacuated tubular-collector.

Table 1
Solar collector panel’s areas

Gross area (m?)  Outer glass tube cross arsa (m?)  Absorber cross area (m?) Total absorber area (m?)

18 0.97 0.76 2.39

3. Collector performance theory

Generally, for a solar collector without reflectors and without parts of the col-
lector reflecting solar radiation to other parts of the collector, the performance
equation can be written as:

P, =Py +Pyg+ Pgr — Plogs (1)

or in more detail described by Shah et al. [5]:
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Pu :AICI F!(Ta)eKB Rbi + AaF!(T&)eKE,d F{:—sGd

; @
+AF (Tu)cKE,ngc—gGgr — A Ur(Tgy —Ta)
where Kgis the incident angle modifier defined as:
e a
Ke=1- tan(i) (3

The incident-angle modifiers for diffuse radiation, Kps, and ground reflected
radiation, K, are evaluated by Eq. (3) using 8==x/3.

For tubular collectors, there are several conditions, which make Eq. (2) more dif-
ficult to evaluate. Amongst others, the following can be mentioned:

e In flat-plate collector theory, the areas A, and A, are typically equal and close
to the transparent area. For tubular collectors, however, this is not the case
as, depending on the solar azimuth and altitude, only parts of the absorber
arca arc exposed to the beam radiation.

e Inflat-plate collector theory the incident angle modifier, Kg, is independent of
the longitudinal and transverse component of the incident angle. The
cylindrical geometry in tubular collectors makes it necessary to consider both
components.

e In the investigated tubular collector, where the absorber covers the whole
inner-tube circumference, also radiation coming from the “back™ of the
collector must be evaluated.

To calculate the thermal performance of the evacuated tubes, the general perfor-
mance Eqs. (1) and (2) have been integrated over the whole absorber circumference.
This means that the tube is divided into small “*slices”, and each slice is treated as if
it was a flat-plate collector. In this way, the transverse incident-angle modifier is
eliminated. For describing the solar radiation on a tubular geometry, this method
has previously been used by Pyrko [6].

Integrating over the absorber area, the performance equation can be described as:

Py, = (Pb +Pq+ Pgr - Ploss)dg (4)

In the following, each part of Eq. (4) will be investigated. The investigation is
based on a theoretical analysis of a single tube.

3.1. Heat loss, P,

The heat loss can be described as:
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Ploss = AaUL(Tfm - Ta)dg

—T

5
- f Lr, U(Tgm — TodE ©)
— 2rLr, Up(Tgy — Ta)

3.2. Power from diffuse radiation on collector{tube, Py

The evaluation of the power contribution from the diffuse radiation is based on an
1sotropic diffuse model. Thus, the drocumsolar diffuse and horizontal brightening
contributions are not taken into consideration in this model.

The power contribution from the diffuse radiation can be written as (Shah et al.

[5]):

P, = J AL F (1) Kg oFe_oGadé

- (6)
= 2ar, LF (1)Ko 4 Gdr F._.dE

™

Assuming that there are no adjacent tubes, the view factor from the tube to the
sky can be described as:

F' = r 1+00sB) _ s (7

=& 2

—T

In reality, there will be adjacent tubes, which will reduce the view factors to the
ground and the sky respectively. This reduction must be taken into consideration.

Fig. 4 shows two adjacent tubes. The view factor Fi_; between the absorber of
tube 1 and tube 2 can be described as:

1
Ay Fio = 3 Z(]ength of the crossing curves)

1
—3 Z length of the non crossing curves

= (01 + z+ Oz) — Cain(xs) (8)

Here A, is the absorber perimeter of tube 1. The curves O, and O; between the
points P; P; and P; Py respectively can be described by:
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Fig. 4. Determination of view factors between the two tubes.

_ (/2 — %) + (/2 — X3)

O = 2nr, 9
and
2—-x1)—(m/2 —
0, = (n/2—x1) — (/2 — %) 2mr, (10)
2n
Here the angles x; and x5 are defined by:
X1 = acos(%) (11)
X; = acos (rc (—:rp) (12)

If the centre of tube 1 has the coordinates (0,0), the coordinates of the points P,
and Pj3 and thus the distance, z, between the two points can be found as:

P; = [ryc0os(x1), rpsin(x)]

13
P; = [C + recos(m + x1), resin(T + x1)] (13)

zZ= \/(C + recos(m + X])'fpcos(xl))2+(rcsin(ﬁ +x)— 1rpsin(xl))2 (14)
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By inserting Eqs. (9}, (10} and (14) into Eq. (8), the view factor from tube 1 to tube

2 can be written as:

1
Fi» = m I:(TE — X1 — Xa)Ty

—I—\/(C + reCos(r + %1)-Tpc08(xq ))2+(rcsirl(f£ + X1)-Tpsin(x ))2 (15)

+(xa — xgre — CSiTl(Xa)]

The final view factor from tube to sky, including shading adjacent tubes can thus
be described as:

Foe=F', —Fip (16)

3.3. Power from ground-reflected radiation on collector tube, Pg,.:

The power contribution from the ground reflected radiation is described by (Shah
et al. [5])

P :J A F (1) Kp Py Gerdf (an

= anpLF’(Tot)ng,g,Ggrr F..dE
with
Gy = Py(Go + Go) (%)

In a similar way as for the diffuse radiation, the view factor from the tube to the
ground, assuming that there are no neighbouring tubes, can be described as:

o _ [ Lcos(®) _
F%_J ——— =105 (19)

Including the adjacent shading tubes, the view factor from tube to ground becomes:

Fc—g = F:_g - Fiz (20)

38



L.J. Shah, S. Furbo | Applied Energy 78 (2004) 371-395 381
3.4. Power from beam radiation on the collector tube, Py:

The power contribution from the beam radiation can be written as (Shah et al. [5]):

Eﬂﬁ
P, = J pF’(‘EOC)EGbAbKeRde.,
stop
= F’(TO{)eGerpJ KgRbdg

SLart

Notice that there is now integration over only a part of the circumference. This is
because only part of the absorber surface is exposed to the beam radiation.

Assuming that the tubes are placed vertically and that the collector panel azimuth
is 0°, Fig. 5 shows the three critical angles, when the solar azimuth, v,, is between 0
and 7/2 (Lart [4]). When the solar azimuth is smaller than the angle xq, there is no
shading of the tubes. If the sclar azimuth is larger than x4, the tubes are fully shaded
and if the solar azimuth is between x; and x3 the tubes are partly shaded. If the solar
azimuth is equal x,, the tubes are half shaded.

For the analysis of the critical angles as well as the area that is exposed to beam
radiation when the collector azimuth is not 0°, the tubes are divided into six parts.
These parts are illustrated in Fig. 6 for a collector-panel orientation towards the east
(v, <07} and towards the west (y. =0°) and in Table 2 the critical angles are defined
for all six parts of the circle.

Fig. 5. An illustration of the critical angles determining the exposed area, when the pipes are placed ver-
tically and when the collector panel azimuth is 0°.
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Table 2
Critical angles determining the exposed area, when the pipes are placed vertically
Part of the tube <0 Y00
x * x x * X
1 acos (= ETP) —x acos@ - acos(= ETP) —x asos( ETP) —x acos(ré) - acos(= Erl’) —
2 acas (T_ETE) —x ams@ -z acos (’_ETP.) —x ﬂcos(r“_zra) 7&(}98(%) 7&COS(TC—ETP-)
; CaoooEH) aoe(®)  cao(H) caos(E®) —aes(®)  —aees(BD)
4 acos (= ETP) acos(5) acos( ) acos( = ETP) acos(E) acos{~—=2)
5 acos (“Tr") acos@ acos (T° Erp) 7acos(rc Er") +r ﬂcos(%) r 7acos(‘rc;crp) +r
3

7ams(rc EIP) + 7&303(%‘:) + 7acms(r° Erp) + 7&(;@5(1‘5 Erp) + 7&3@3(%:) +

3 frp)
= +
EICDS(T Idl T

Collector panel oriented
towards EAST, 7.<0°

o
Collector panel oriented
towards WEST, ».>0°

Fig. 6. For analysis purposes, the tubes are divided into six parts.
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For a collector panel orientation towards the east, Figs. 7 12 show the angle *q..,
which represents the tube area exposed to beam radiation, for different solar azi-
muths. Further, the angles £ and £y.p used in Eq. (21) are shown.

As a function of the solar azimuth, the angle, q.,, and the integration borders,
Estart A0 £y, p, are described in Table 3 for a collector-panel orientation towards the
east (v, = 0°)and towards the west (v, =0°).

3.5. The incident angle, 8, and the geometric factor, Ry:

In Eq. (21}, the incident angle, 0, and the geometric factor, Ry, still need to be
addressed. As mentioned earlier, when integrating over the absorber area, both the
surface tilt and the surface azimuth change will have an impact on both Ky and Ry,

The incident angle, 8, can be described as (Duffie and Beckman [7]):

cos(0) = sin(d)sin(dcos(P)
— sin(d)cos(dlisin(Preos(s)
+ cos{dycos{dicos(micos(f) (22)
+ cos(d)sin(dcos(micos(E)sin(f)
+ cos(d)sin(msin(£)sni( )

The geometric factor, Ry, can be described as (Duffie and Beckman [7]):

_ cos(0)
® COS(ehorizoma.l)I
cos(0)

= Cos@Bos(@cos(®) + Sn@)sn(d)

(23)

All information needed to calculate the thermal performance is given in the above
equations and the collector’s outlet temperature Toy ey can finally be caleulated
from:

b Con(Thy ~Tig™)
v At
VpCp

Tout,hot = + Tin,colcl (24)

3.6. Solving the performance equation:

All the parameters involved in the performance Eqs. (1) and (2) have been descri-
bed in Eqs. (3) (23). In order to evaluate the performance of the tubular collector on
a yearly basis, the above theory was implemented into a numerical program. All the
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Fig. 7. Relationship between the solar azimuth, v,, the beam exposure angle, q.,, and the integration
borders Eg.re and Egop, when y, is in part 1 and when the pipes are placed vertically.

Fig. 8. Relationship between the solar azimuth, v,, the beam exposure angle, q.,, and the integration
borders Egax: and Esop, when vy, s in part 2 and when the pipes are placed vertically.
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Fig. 9. Relationship between the solar azimuth, vy, the beam exposure angle, g, and the integration
borders Eg,p and Egyop, when v, is in part 3 and when the pipes are placed vertically.

Fig. 10. Relationship between the solar azimuth, v, the beam exposure angle, q.s, and the integration
borders &g,y and Eyop, when v, is in part 4 and when the pipes are placed vertically.

44



L.J. Shah, S. Furbo [ Applied Energy 78 (2004) 371-335 387

Fig. 11. Relationship between the solar azimuth, v,, the beam exposure angle, q.,, and the integration
borders Estars and Egsop, when 5 18 in part 5 and when the pipes are placed vertically.

Fig. 12. Relationship between the solar azimuth, 7y, the beam exposure angle, q.,, and the integration
borders Eears and Egiap, when s 18 in part 6 and when the pipes are placed vertically.
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integrals could be solved analytically, except the integral in Eq. (21), which was
solved by using the trapezoidal formula for solving integrals mumerically. Three
hundred and sixty integration steps were used in the numerical integration.

The program is based on weather data with hourly data for global radiation, dif-
fuse radiation on horizontal and outdoor temperature. However, the incident angle
and thus the collector performance were calcwlated every half hour.

4, Measurements

The performance of the collector was measured in an outdoor test facility where
the inlet temperature, the outlet temperature and the volume flow-rate were mea-
sured. The temperatures were measured with copperconstantan thermocouples
(Type TT) and the volume flow rate was measured with a HGQ1 flow meter. A
31% glycolfwater mixture was used in the solar-collector loop. Further, the global
radiation and the diffuse radiation on the horizontal were measured with two
Kipp&Zonen CM11 pyranometers.

The power from the solar collector was determined from the measurements by:

e (TL _ it

P, = VPCp (Tout,hot - Tfn,cold) +

5. Comparing the model predictions with measurements

Two periods of 6 days (25/7 30/7 2003 and 12/8 7/8 2003) have been selected for
validating the computer model of the collector. In Fig. 13, the global irradiance, the
ambient temperature, the inlet temperature to the collector and the volume-flow rate
in the collector are shown. These values are used as input data to the model.

The necessary data for describing the collector are shown in Table 4. The heat loss
coefficient, ky, was determined from efficiency measurements and split into two parts
for the evacuated tubes and the manifold pipes respectively (Shah et al. [5]). F was
calculated from theory (Duffie and Beckman [7], Incropera and de Witt [8]) and 7o,
and a were calculated with a simulation program for determining optical propertics
(Svendsen and Jensen [9]). The collector’s heat-capadty was calculated from the
geometrical information.

Table 4
Data describing the collector in the model

No.of pipes  L(m) to(m) 2p(m) Clm) ke (Wi'K) F () () Cpa(JK) a()
14 1.47 0.0235  0.0185% (0087 2.09 0.9% [.256 7614 R
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Fig. 13. Total solar irradiance on the collector plane, ambient temperature, collector’s inlet temperature
and collector’s volurne flow rate during the test pericds.

In Fig. 14 the measured and calculated collector outlet temperatures are com-

pared. It can be seen that there is a good degree of similarity between the measured
and calculated temperatures.

6. Theoretical investigations

In this section, the model will be used for theoretical investigations. Only vertically-
placed pipes will be analysed, as the model 18 yet unfit to calculate for tilted pipes.
The collector’s performance is investigated for two locations:

e Copenhagen, Denmark, lat. 56°N, yearly average ambient-temperature:
7.8 °C. Weather data: DRY (Lund [10T}.

e Uummannaq, Greenland, lat. 71°N, yearly average ambient-temperature:
—4.2 °C. Weather data: TRY (Kragh [11]).

Fig. 15 shows the sum of the solar radiation on the front and the back of vertical
planes with different orientations. For Copenhagen, there is symmetry around 0°
(south) whereas for Uummannaq the minimum solar radiaton on the plane is
around —30° (towards the east). The reason for this asymmetrical behaviour is that
there is a mountain east of Uummannaq, which reduces the radiation coming from
the east.

As a function of the collector’s azimuth, Fig. 16 shows the utilized solar energy
per tube in a panel assuming a tube centre distance of 0.067 m and a constant solar-
collector’s fluid temperature throughout the year of 50 °C. For both Uummannaq
and Copenhagen, there is an optimum at a collector azimuth of about 45° 60°. The
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Fig. 14. Measured and calculated outlet temperatures for the test periods.
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Fig. 15. Solar radiations on the front and the back of vertical planes with different orientations.

results are caused both by the distribution of solar radiation and by the higher
afternoon temperatures.

Fig. 17 shows the utilized solar-energy per tube as a function of the tube centre
distance for a collector fluid temperature of 50 “C. For both locations, the utilized
energy increases for tube centre distances up to 0.2 m, which is due to the reduced
shaded areas. For larger distances, the utilized energy decreases again, due to the
increasing heat loss from the manifold pipes.

For the two locations, Figs. 18 and 19 show the utilized solar-energy per tube as a
function of the collector azimuth and the tube centre distance for a collector fluid
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Fig. 16. Utilized solar-energy per tube as a function of the collector’s azimuth. Tube centre distance =0.067 m.
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Fig. 17. Utilized solar-energy per tube as a function of the tube centre distance for a collector fluid mean-
temperature of 50 °C.

mean temperature of 50 °C. Here it can be seen that the tendencies in Fig. 16 are
true for tube distances in the range of 0.047 0.3 m.

Finally Figs. 20 and 21 show the utilized solar-energy per m? as a function of the
collector-fluid’s mean temperature assuming a tube centre distance of 0.047 m and a
collector azimuth of 50°. Further, the thermal performance of the newest (Vejen et
al. [12]) Arcon HT flat-plate collector is shown. This collector represents the state of
the art of collectors for solar-heating plants. The Arcon HT flat-plate collector is
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Fig. 18. Uummannaq: Utilized solar-energy per tube as a function of the collector’s azimuth and the tube
centre distance. Collector’s fluid mean-temperature: 50 °C.
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facing south and tilted at 45° in Copenhagen. In Uummannaq the Arcon HT flat-
plate collector is facing south and tilted at 60°.

It can be difficudt to compare the thermal performances of flat-plate collectors and
tubular collectors as the effective arca of a flat plate collector typically is defined as
the transparent area of the glass cover and the effective area of a tubular collector
can be defined in many ways. In the present comparison, having a tube centre dis-
tance of 0.047 m eliminates this problem. This means that there is no air-gap
between the tubes and the outer tube cross-section area (=L-2.1,-N} directly corres-
ponds to the transparent arca of a flat-plate collector.

In Figs. 20 and 21, it 1s interesting that the Arcon collector is the best performing
collector under Copenhagen conditions, whereas the thermal performance of the
evacuated tubular collector based on the outer tube cross-section area, is the highest
under the Uummannaq conditions. The reason for the change in the ranking of the

§ 900
-2‘ o
T 800  ~—— ‘ & Tubular collector
= 700 = <
HS — ‘ ~ ARCON HT
=, 600 —
S
g 500 e
c TN
g 400 —
£ —————
-;f: 300 B
g 200
'_E" 100 e centre distance=0.047 m
@ 0 T T T
E o0 10 20 30 40 50 60 70 80 g0 100

Collector fluid mean temperature [°C]

Fig. 20. Copenhagen: Utilized solar-energy per m® as a function of the collector’s fluid mean-temperature.
For the ARCON HT flat-plate collector, the area in consideration is defined as the transparent area of the
cover plate and, for the tubwlar collector, the considered area is the cuter-fube’s cross section arsa
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Fig. 21. Uummannaq: Utilized solar-energy per m® as a function of the collector’s fluid mean-temperature.
For the ARCON HT flat-plate colleetor, the area in consideration is defined as the transparent area of the
cover plate and, for the tubular collector, the considered area is the outer-tube’s cross section area
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collectors is that the tubwlar collector is not optimally tilted in Copenhagen but also
that there is much more solar radiation “from all directons™ in Unmmannaq and
this radiation can be utilized with the tubular collector.

7. Discussion and conclusion

A prototype collector with parallel-connected evacuated double glass tubes is
investigated theoretically and experimentally. The collector has a tubular absorber
and can thus utilize solar radiation coming from all directions. The collector per-
formance is measured in an outdoor test facility.

Further, a theoretical model for calculating the thermal performance is developed.
In the model, the flat-plate collector performance equations have been integrated
over the whole absorber circumference. In this way, the transverse incident-angle
modifier is eliminated. Also, the model determines the shading of the tubes as a
function of the solar azimuth in order to calculate the energy from the beam radia-
tion correctly. The calculation of the energy from the diffuse and ground-reflected
radiation is based on an isotropic diffuse sky model.

The calculations with the model are compared with measured results and there is a
good degree of similarity between the measured and calculated results.

The model is used for theoretical investigations on vertically-placed pipes placed
in Copenhagen, Denmark and in Unmmannaq, Greenland. For both locations, the
results show that to achieve the highest thermal performance the tube distance
should be about 0.2 m and the collector azimuth should be about 45 60° towards
the west. The thermal performance of the evacuated solar collector is also compared
to the thermal performance of the Arcon HT flat-plate solar collector. These results
show that the Arcon collector is the best performing collector under Copenhagen
conditons, whereas the performance of the evacuated tubular collector 1s the highest
under the Uummannaq conditions. The reason is that the tubular collector is not
optimally tilted in Copenhagen but also that there is much more solar radiation “from
all directions” in Uummannaq and this radiation can be utilized with the tubular col-
lector. It is therefore concluded that the collector design is very promising  especially
for high latitudes.

The theorstical results presented in this paper are based on a collector model,
which needs to be further developed. First of all, the model must be able to calculate
for tilted pipes. The reflections between the pipes must be included in the model and
also an anisotropic diffuse-sky model showld be included. This extended model must
of course be thoroughly validated with measurements.

Finally, though the collector design seems very promising the collector reliability
and durability must be examined before any final conclusions can be drawn.
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Solvarme i Gronland

Stort potentiale for udnyttelse af solvarme i Grenland

Solenergi er den reneste og naturligste
energiform, vi overhovedet har. Solindfal-
det er 54 stort pd kloden — og i Grenland
— at der er mulighed for at udnytte sol-
energi i stort omfang.

Solenergi kan udnyttes til at reducere
brugen af fossile brazndsler, f. eks. ved at
anvende solvarmeanlag til boliger.
Solvarmeanlaeg kan for eksempel benyt-
tes til brugsvandsopvarmning eller til
kombineret rumopvarmning og brugs-
vandsopvarmning.

Det arlige antal timer med mulighed for
solskin er stort set det samme, uanset
hvor pa kloden vi befinder os.

Fordelingen af solstrilingen over irets
méneder athaenger sterkt af breddegra-
den: Jo hajere mod nord vi befinder os,
des storre del af solindfaldet finder sted i
sommerminederne. Solens bane over
himlen er ogsi staerkt afhaengig af bred-
degraden. Jo hajere mod nord vi befinder
03, des lavere stir solen pa himlen, og
des sterre er dagsvariationen af retning-
en til solen. Nord for polarcirklen er
solen siledes om sommeren pi himlen
24 timer i degnet, og retningen til solen
gennemlaber i lobet af 24 timer alle
kompassets retninger.

Solindfaldet pé en flade afthanger
staerkt af fladens lokalitet, orientering og
haldning. I Kshenhavn (breddegrad 567
er solindfaldet storst pi en sydvendt 40°
haldende flade, mens solindfaldet i
Sisimiut i Gremland (breddegrad 67*) er
sterst pi en sydvendt 60" hxzldende
flade. Solindfaldet i Kasbenhavn og i
Sisimiut er stort set ens pd de optimalt
haldende flader, ca. 1160 KWh/m?/ar.

Solvarmeanla:g

Anvendelsen af solvarmeanlaeg varierer
staerkt fra land til land. I Europa er
Gstrig og Grakenland, efterfulgt af
Danmark, Tyskland og Schweiz, de lande
hvor der er installeret flest kvadratmeter
solfangere pr. indbygger. Der er ingen
entydig sammenhang mellem disse lan-
des (relative) succes inden for solvarme-
omridet, solindfald og energiprisniveau.
Der er eller har vaeret en aktiv solvar-
meindustri og politisk opbakning til
solvarmeanlag i form af stette til
forskning, udvikling og demonstrations-
projekter i alle de naevnte lande.
Derudover er der, eller har der vaeret,
akonomisk stotte til opferelse af solvar-
meanlag.

Sletten 7-2003

Jordens bane i forhoid til solem.
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Soiindfeid (k\Wh/m®) pd optimait heidende
flader I Sisimiut (gren) og i Kebenhavn
{rod) januar - december.

a B B i

Et vakunmror bestdende af et dobbeltglasror

Testsolfanger baseret pd vakuumglasrer.

Solvarmeanla:gs rentabilitet athanger
staerkt af energiprisniveauet og energi-
prisudviklingen. I Danmark har typiske
solvarmeanlag ekonomiske tilbagebeta-
lingstider pé ca. 10 ir og energimassige
tilbagebetalingstider pa ca. et r, og der
er inden for en forholdsvis kort tidshori-
sont mulighed for teknologisk udvikling
34 den wkonomiske tilbagebetalingstid
nér ned pi ca. fem 4r.

Solvarme 1 Grgnland

Der er et antal barrierer for udnyttelse
af solvarme i Grenland. Blandt andet kan
det naevnes at:
e energipriserne for fossilt brandsel er
lavere i Grenland end i Danmark.
e der ikke er en solvarmeindustri i
Grenland.
e der ikke er solvarmeuddannede VVS-
installaterer i Grenland (eller kun f4).
e der ikke er udviklet solvarmeanlag,
som er specielt velegnede til Grenland.

Der er dog ogsd en raekke forhold, som
gor, at solvarmeanleg er mere velegnede
i Gremland end i Danmark Blandt andet
kan navnes at:

e sne reflekterer en meget stor del af
solstrilingen. Derfor er solindfaldet pa
tagflader i perioder med sne pa jorden
meget stort i Gremland.

e der er rumopvarmningsbehov i som-
merperioden med meget sol i Grenland.
e temperaturen af det kolde brugsvand,
der tilfores boligerne, er lavere i
Gremland end i Danmark.

e den optimale solfangerhaldning fra
vandret er storre i Grenland end i
Danmark Det bevirker, at solfangereffek-
tiviteten for den samme solfanger er hgj-
ere i Grenland end i Danmark.

e der er mere solindstréling fra "alle
retninger” i Grenland end i Danmark I
denne forbindelse kan det navnes, at de
forholdsvis billige kinesiske masseprodu-
cerede vakuumglasrer sandsynligvis er
specielt velegnede til gremlandske for-
hold, da de kan udnytte solstriling fra
alle retninger, dvs. de kan udnytte sol-
strilingen i alle degnets lyse timer, hvis
blot rerene placeres lodret med frit
udsyn til alle sider.

Vakuumrersolfangere
Vakuunmrersolfangere har i mange ir
varet markedsfort i Buropa og i USA. Da
der er vakuum i glasrarene, er varmeta-
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lufthavnen

Instituttet for Fremtidsforskning.

DTU udstiller i

Fra 1. april - 5. maj deltager DTU i udstillingen Future
& Technology i Kebenhavns Lufthavn. Fra DTU vil man
bla. kunne blive klogere pd den seneste forskning inden
for laserteknologi og micromanufacturing pé IPL, tele-
kommunikation pa COM, ansigtsmodellering og ansigts-
genkendelse pa IMM og satellitnavigation, solfangere mv.
pa Center for Arktisk Teknologi/BYG/@rsted.

Ud over DTU deltager bla. Intel, Center for Avanceret
Teknologi (CAT), Symbion, Alexandra Instituttet og

Udstillingen er delt op i tre zoner, og DTU kan opleves i
Zone 1 over for den store Tax Free butik mellem Finger B
og C - ogsé kaldet Nytorv. 83 for at se udstillingen kraeves
det altsi, at man skal ud at flyve i lebet af den naste
méineds tid. Ca. 40.000 passagerer rejser hver dag igen-
nem lufthavnen, s4 der er tale om en ganske pan ekspo-
nering af nogle af DTU's forskningsomrider.

Studerende fra DTU bemander udstillingen, som er
dben hver dag fra kl. 6.50 - 19.00. Len til de studerende
samt evrige udgifter til plancher osv. betales af lufthav-
nen og Intel, som sponserer udstillingen.

amd

Udvildingen af solvarme er en af de temmaer, der er si interessante, at det
biev fundet vaerdigt til at repraesentere DTU pd udstillingen Futfure &
Technology { lufthavnen. Her forteller centerleder Arne Villumsen om et
afde andre projekter, som Center for Arktisk Teknologi samarbejder med
Orstede DT om, nermiig at levere information om havisen til skibe, der sej-
ler i de nordiige farvande. Nina Holmboe er en af de 25 studerende, der
bemander standene. {Foto: Tine Kortenbach)

bet fra absorberne pd grund af konvek-
tion og varmeledning meget lille.
YVarmetabskoef-

ficienten for vakuumraersolfangere er der-
for meget mindre end varmetabskoeffici-
enten for almindelige plane solfangere.

I modsatning til almindelige plane sol-
fangere kan valaumrersolfangere udnytte
solstriling specielt godt, nir indfaldsvink-
len er stor. Arsagen til dette forhald er
dels refleksionsforholdene mellem glasra-
rene, dels glasrerenes cylinderformede
overflade, som tillader, at solstriler trans-
mitteres gennem glasset selv ved store
indfaldsvinkler p tvaers af glasrorene.

Valuumrersolfangere udnytter solens
striler specielt godt ved heje solfanger-
vasketemperaturer, ved lave udelufttem-
peraturer, ved smé bestrilingsstyrker og
ved store indfaldsvinkler.

Billige solfangere fra @sten

For nylig har en rakke kinesiske firmaer
startet masseproduktion af forholdsvis
billige vakuumrersolfangere. I Asien har
vakuumrarsolfangere derfor niet s4 lavt
et prisniveau og s haj en effektivitet, at
det er blevet attraktivt at benytte disse
hajeffektive solfangere i stedet for
almindelige plane solfangere.

De mest anvendte kinesiske solfangere
er baseret pa dobbeltglasrar med vakuum
i mellemmimmet mellem glassene. De
udvendige overflader af de inderste glas-
rer har en hej absorptans og en lav emit-

tans. Nir solen skinner pd glasroret, bli-
ver det indvendige glasrer derfor meget
varmt. Varmen fra det indvendige glasrer
kan overferes til solfangervaesken pa for-
skellige mider: Enten kan solfangervaes-
ken stremme igennem det indvendige
glasror i direkte kontakt med glasvaggen,
eller solfangervaesken kan stromme igen-
nem et metalrer, som er i god termisk
kontakt med det indvendige glas. Der er
forskellige muligheder for at sammenkob-
le sidanne vakuumrer til et solfangerpa-
nel og dermed ogsa forskellige mulighe-
der for solfangervaskens passage gennem
solfangerpanelet.

Studenterprojekter

I forbindelse med kurset Arktisk
Teknologi (Kursus nr. 11422) begyndte
undersggelserne vedrarende solvarme i
Grenland. T 1999 tog et hold studerende
op til Sisimiut og opferte et solvarmean-
laeg med plane solfangere ved Bygge- og
Anlagsskolen, og allerede éret efter, ogsd
i forbindelse med Arktisk Teknologi, blev
endnu et solvarmeanlag opfert. Man kan
laese om anlaggene pd hjemmesiden
http://www.byg. dtudk/greenland/. Her
ligger der ogsi informationer og praesen-
tationer fra Arktisk Solenergi Symposium,
som blev atholdt i efterdret 2001.

For nylig er et eksamensprojekt ved
BYG-DTU med titlen Design and Analysis
of an Evacuated Tubular Collector afslut-
tet, hvor en farste forsegssolfanger hase-

ret pa de kinesiske valimmrear blev
opbygget (se foto), og i et igangvaerende
eksamensprojekt, “Vakuumrersolfangere
til Grenland”, underseges gronlandske
solstrilingsforhold samt forventede
ydelser for vakuumrersolfangere under
grenlandske forhold.

Yderligere er tre studerende i gang med
et midtvejsprojekt, “Vakuumrarsolfangere
og Sxsonvarmelagring under Arktiske
Forhold”, som de har kombineret med
kurset Arktisk Teknologi. Under deres
feltstudier i Gremland til sommer skal de
tre midtvejsstuderende bla. undersage
installationsforhold med fokus pé optimal
haldning og orientering af vakiunmresol
fangerne.

Vakuumrarskonceptet er ikke kun inter-
essant for arktiske forhold. Det er interes-
sant for alle klimaforhold og for de fleste
typer af solvarmeanlag. Det er bla, fordi
der med optimalt designede vakuumrer-
solfangere er mulighed for at forbedre
solvarmeanlags rentabilitet maerkbart.
Det krever grundig forskning, for det er
muligt at udforme solfangerne pi denne
méde.

Der er mange andre muligheder for
teknologiske forbedringer af solvarmean-
lzg, og vi hiber derfor pi at kunne fort-
sxtte de mange studenterprojekter og
viderefere forskningen vedrerende vaku-
umrersolfangere og solvarmeanlag.

Louise Jivan Shah, forskningsadiunkt og
Simon Furbo, lekior BYG=DTU

Sletten 7-2003
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Bilag 5: Overheads til foredraget “Thermal Performance of
Evacuated Tubular Collectors utilizing Solar Radiation from all
Directions”.

ISES Solar World Congress, June 14-19, 2003.
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Department of Civil Engineering

Thermal Performance of
Evacuated Tubular Collectors utilizing
Solar Radiation from all directions

L. J. Shah, 5. Furbo & 5. Antvorskoy
Department of Civil Engineering
Technical University of Denmark

Building 118, DIK-2800 Kgs. Lyngby

DEMNMARK,
E-mall ljs@byg diu dk

The Evacuated Tubular Collector

Outer gloss tube

Evocucted
Inner gless tube
with absarbing
selective codtin
on the cutside
Fluic]

Inner tube fspacer

.47 m

Pratotype collector. Tilt: 45°

Tube cenfre distance: 0067 m
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Investigations

* Theoretical:
— Developed collector performance theory that include:

— Treatment of solar radiation from all directions {alse from the
“back” of the collector)

- Shadow effects from neighbouring tubes
- Treatment of tubular geometry and incident angle modifiers

* Experimental.

— Thermal performance
— Efficiency expression

Theory

The collector performance equation is integrated over the
pipe circumference:

u

P, = A, F'(ta), KR, G,

P,=A_ F(ta). K., F_,'Gy &J
P, =A F-(za). K Gy
Puss = A, UL (T, — T,)

P = ]E(Pb +P,+P, P Jd&

e,gr'FC—gr
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The Model //O\—
‘Wiew factor betieen tubes

- depending on tube geometry and
distance

Charutrrans o Enpmr ey
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+ View factors fo sky and ground %

— integrating ower the tube circumterence N /f r
- minug view factor to adjacent tubes

+  The energy from beam radiation k% &

- size and position of the non shaded

area as & function of solar azimuth
— integrating ower this area

The energy from diffuse radiation

- izotropic modsl

s ThasHsra o T All included in a simulation

- pregram that can calculate the
~ abedo | thermal performance of the
*  Healloss tubular collector on a yearly

- based on a heat loss coefficient for ——— hasis.

the total absorber ares

Measurements

Efficiency expression:

Gy > 800 Wim?

Incidence angle on collector aperture < 20°
Gy < 0.22° Gy,

- Stationary conditions during at least 15 min,
— Based on outer fube cross area (097 m?)

gt e 1 vt Esiimim

BYG DTU
|

Eta = 0.89-6.17-dT/G
R?= 093

i Dol 002 003 0OO4 005 006 007 008 003 01
dT {fluid-ambient)/G{total) [mK/W]




Comparison of measured and calculated results
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Copaartrram ul Crd

+ Model input: + Model output:

- Global iradiance, diffuse irradiance and ambient temperature - Ouflet temperature
- Inlettemperature and volume flow rate
- Geometry, F" and e,

7a

—T({outlet,calc.)
— T{outlet, meas)
--- dT {meas-cale’

]
g | Ay
YU VN W NAAA A

Time
{1715 - 30/5 2003)

o
=
1

e
=

Temperature [*C]
Temperature difference [K]
(5]
=

2
=
L

-
=

-1 .
Al Comparison of measured and calculated results
o
‘81 © Problem: i
- Systematic error in the mormingsfevenings ﬁ\‘\
+  Reason: a5 '
- Shadow maodel not developed for tilted pipes f M \i
SN )| e ¥
1 w
P gg i ~
—p
e85 20 P~
% T 5 — Tioutlet cale.) |
Yerfical: o g — Ti{outlet,meas.)
Collestor azimuth: E‘"&' 10 -~~~ dT {meas.calc.) —
South, 0 L ®
E- 5 -\\\ e
F g i
WEST e EagT gh}“ .
i '
Horizontal: =10
Collector azimuth: Tittie
South, 0°
R (2715 2003)

WEST




Investigations with the model
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 Vertical pipes

« Two locations: R
— Ummannag (GL, 71°N) ¥ |
— Copenhagen (DK, 56°N) i iee M e 57 -!

« Expected yearly thermal
performance:

— Optimal pipe distance e o
— Optimal collector azimuth | w0, |
— Yearly thermal performance ;&mﬂ B
— Comparison with Arcon HT

Pipe distance/Collector azimuth

Copenhagen: Ummannagq:

BYG DY

e 0 95-47 —£*® 0 53-54
Tnean=20° G Tinean=20°C
W 45-496 B 5253
B 4345 W 51-62
B 43-44 W A0-51
255 WAz - W 4050
e o442 L322 o 43-49
43 51 3
43 oo 0404 50 oo | O47-42
a2 37 ag 1
M T | mman £ Iz | mmar
0 ® 2 45 T F
28 o 0| B30 45 @30 | B45-45
Eic 2 i
26 3£ | Ozmas 42 £ | 0445
a0 352z %0 % 82
= | BIE-3T =7 | B43-449
z 5 a3 =
3= O:35-36 20 £ Daza3
# o 3435 3 A 4142
Collector an s o 5 Collzctor o o :
=zi muth & T oo B 033-24 =i muth 5 T oy © 0 40-41
Fl e 5 oG Fl 2 5 o5
= Tube centre Ozz2-33 = Tube c=rtre 0 z3-40
distance [m] B2 distance [m] B 3530
03031 B37-38

(Outer tube diameter=0.047 m)



2§
5 Yearly thermal performance
= based on the transparent area
EQDD Copenhegen
Tu_hl.]'lff cqlle::.nr: :E?gg &\ =& Tubular collector
%E;EB?“D” 507 west %ggg \K::‘\‘HH“‘EH R —
Arcon HT: ; N
Q:re%?atiu n: 0° south ‘Eggg W
e Efgg Tube centre digance=0.047 m
= i o 10w x4 s e 7 s e 4w

Collector fluid mean temperature [*C]

E Urmrmanmg
00
Tubular collector: E 00 rE) |
Orientation 50° west o e Flububranlbder ]
Tilt 0° iaun T - ARCOM HT I
u s
Arcon HT: 4 500 ey Weemm
Orientation: 0° south 400 ——
Tilt B0 %‘30'3
& 200
F 00 -
E 2 Tube certre distance=0.047 m
E 0 10 20 30 40 50 B 70 &0 a0 100

Collector fluid mean temperature [*C]

Conclusion

A prototype collector utilizing solar radiation from all directions has heen investigated

gt irlitard o Cot Exppminr sy

BYG DTU

WYertical placed tubes in Copenhagen and Ummannaq have the highest thermal performance with:
- atube distance of 0.2 m.
- acollector azimuth of 45°-60° towards west.
Calculated yearly thermal performance:
- Copenhagen: Arcon HT hest perfarming.
—  Ummannaq: Tubular collector hest perfarming.

-~ Reason: The tubular collector is not optimally tilted in Copenhagen and there is much more solar radiation "from
all directions” in Urnmannag .

The collector design is very promising — especially for high latitudes.

Further work:
— the model must be able to calculate an tilted pipes
- the reflections hetween the pipes must be included in the model
- an anisotropic diffuse sky madel should be included
- the model must he thoroughly validated with measurements.
- mare measurements
— durahility and reliahility tests




Bilag 6: Overheads til foredraget ’Vakuumrgrsolfangere”.

DANVAK mgde: "Solvarmeforskning pa DTU”, 18/9 2003.
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Vakuumrarsolfangere der udnytter
solstralingen fra alle retninger

L. J Shah
BYG DTU
Technical University of Denmark
Bygning 118, DIK-2800 Kgs. Lynghy
DANMARK
E-mail: l|z@byg. diu dk

Department of Civil Engineering
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Vakuumrgrsolfanger som kan udnytte
solstraling fra alle retninger

— . (uflos

BYG.DTY

Irfiow ——

—

Rerafstand: 67cm Frototype solfanger
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Rarets opbygning

Ydre glasrgr

Yakuum
Indre glasrar

med selekiv belaegning
pad ydersicen
47 ¢m
Solfangerv asske /)
Inderste rgr [spocer] )

Unders@gelser

» Teoretisk:
— Udvikling af en solfanger teori som kan behandle:
— Solstraling fra alle retninger {ogsa bag fra solfangeren)
— Skyggeeffekter fra naborgrene

— Cylindrisk geometri i ferbindelse med
indfaldsvinkelkorrektioner

« Eksperimentelt:
- Solfangerydelse
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Teorien inkluderer: = )

// | .
Winkelforhold mellem rerene

- somathaenger af rar diametre og rar.
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«  Udnyttet energi fra direkte straling

- somathaenger af skyggeme fra
naborgrens

| afstand o . P
+ Vinkelforhold til himmel og jord %
- som atheenger af rarafstanden | :

Udryttet energi fra diffus himmelstraling

- som afhenger af vinkelforholdet i
himlen

+  Udnytlet enerqi fra jordrefleklerst stréling

. . Al tecrien samles i et
- som afhznger af vinkelforholdet il ; : .

Jorden og af reﬂel»@ionskoefﬂcienter\ 5|mUIe”ngspmgram saledes at
+ Varmetab den arlige termiske ydelse af

- som afheenger afvarmetab fra _— uakuumrnrsolfangerne kan
glasrgrene, manifoldrarens m.m. bestemmes

= |4 . Qg
5 Ingen teori uden malinger ...
m: PR - T
L™
.GHF
*  Solfangerydelsen blev
bestemt | en udendgrs N
pravestand hvor fglgende "
blev mélt: W
e,
+ indlgbstemnperatur 7
* udigbstemperatur |
+ yvolumenstrgm
+ solstréling — .
* omgivelsestemperatur legem i i '? )
| e maler F""FI Iim!l!ﬂ
Bispansiont
5

A
) Csalfanger.('rrzﬁddel = Tri)iddtel)
At

T,

udvarm | ind kold

P =VpC

p,vaske-(




Malinger
 Forsagsbetingelser:
« 2 perioder (11 dage)
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g0

------ Globalstraling
+ “olumenstram
— T{ind kold)

1
1
1
1
1
& 1 —Tlomeoivelser]
1.2 = s = A r 48

=T —_
ot g
E8 2
B30 g
@2

Tid Tid
(26/7-20/7 2003) {12/8-17/8 2003)

Sammenligning mellem malinger og beregninger

BYG DTU

«  Model input:
- Globalstriling, diffus strdling og omgivelsestemperatur
- Indighstemperatur og volumenstrgm
- Geometr, F" and Te,

Antal rer L I; Iy C kg F* | 1 a
[m] | [em] [ [em] | [em] | [WeK]| [-] | [-] |[]
14 1.47 | 2.35 1.85 6.7 2.09 0.98 | 0.856 | 3.6

+ Model output:
- Udlghstemperatur
- Ydelse




Sammenligning mellem malinger og beregninger

+ Der er en god overensstemmelse mellern malt og beregnet udlgbstemperatur (og
dermed ogsé mellern mélte og beregnede ydelser — mindre end 2% afvigelse)
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— Tioutlet,calc.)
— T{outlet,meas.)
---- dT{malt-beregnet)

=
[}

Temperatur [*C]
Temperaturdifferens [K]
s

m

Time Time
2572017 2003) (1281718 2003)

ﬁ\rsberegninger med den nye teori

ol EnEnaren

=
=
O
Q
>
m

[

 Lodrette rer
— Teorien geelder kun for

lodrette rar
« To lokationer: _ |
- Uummannag (GL 71N~ [
— Kgbenhavn [DK, 56°N) N A

 Forventede arsydelser:
- Rar afstand
— Solfanger azimut

— Sammenligning med Arcon oo ,ﬂm
HT
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Farst lidt om solstraling
| Kebenhavn og i Uummannaq

Figuren wiser summen af

solstraling pa forsiden
og bagsiden af en lodret
flade for forskellige
orienteringer.

For kKebenhavn er der
(n=asten) symrmetri
omkring 0° (5yd).

| Uurmnmannad er der et
minimurm amkring —30°
(mod @st).

Arsagen er at derer et
hjerg ast for
Uummannag, som
reducerer solstralingen
som komrmer fra gst.

Solstralingsvesrdieme er
hgjst i Uummannag fordi
det er et solrigt sted,
fordi fladen er lodret og
fordi der er meget sne.

omkring 45°-60°.

Solefriling pa Tor- og bagside (VR Tar] |

1450

1400 1

14501

1400 1

13801

13001

1250

1200

Limmana:
16/ -1WE: Abe ol -01

156 - 154 Al oo =02

1M 312 Abece -02

B ummanadg
B Kahenhavn

a0 60

YEST

30

-30 -E0 -
Solfanger azimut [*] @5T

a0

Kebenhavn: Arlig middeltemperatur: 7.8°C
Uummannagq: Arlig middeltemperatur : -4.2°C

Solfangerazimut

Figuren viser yelelsen pr. rer i et solfangerpanel, hver rarafstanden er 6.7 cm
(~ 2 em luft mellem rerene) og solfangermiddelte mperaturen er 50°C.

| Uummannaqg og i Kebenhavn, er den optimale solfangerorientering {azimut)

Resultaterne skyldes bade solstralingsfordelingen (jf. forrige figur) og at

temperaturerne er hajst om eftermiddagen.

Fal
i

‘H_'_'—‘.—_’_‘__N\_. AL _.-'-"""A.
\____._\‘inﬁ_ﬁ_‘_ //
= e —
_E - —+Uurmmannag) |
= i = Kahenhavn
E 45
o
L] 43
[] —
¥ e . 4
| = e g —— "
= %1 =
"\.._ A0 Solfangervaaskens
e T' middeltermperatur=50°1
) a0 ¥O0 GO A0 40 30 20 10 0O -10 -20 -30 -40 -50 -GB0O -¥O -80 -40

WEST

Solfanger azimut [*]

Fst
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Rarafstand

+  Figuren viser ydelsen pr. rar i et solfangerpanel der vender mod syd, hvor rerafstanden
varieres og solfangermiddeltemperaturen er 50%C.

«  Ydelsen stiger nr centerafstanden @ges op til 0.2 m (= 15 cm uft mellem rgrene),
hvilket slkyldes at skyggerne fra naborgrens mindskes.

+  Forendnu starre afstande falder nettoydelsen igen hvilket skyldes et stigende

varmetab fra manifoldrerens .
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Konklusion

+  Undersogelserne drejer sig om vakuumrerselfangere som kan udnytte solstraling fra alle
retninger”
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+  Dertil har vi udviklet en teori for beregning af vakuumrarsolfangernes ydelse:
— r@rafstand =02 m

- salfangerazimut = 45°-60° mod west

+  Beregnede arsydelser viste:
—  Kobenhawn: Arcon HT hgjstydende
- Uummannag: YVakuumrgrsolfanger hgjstydende

- Arsag:»‘irsagen er at vakuumrgrsolfangeren ikke er optimalt hazldende | Kgbenhavn, og atder er meget mere
solstréling fra"alle retninger” | Uurnmannag og den strdling kan udnyttes af vakuumrarsalfangeren

+  Solfangerdesignet er lovende — isar for nordlige breddegrader
+  Fortsat arbejde:
- tearien skal udvides il at kunne tage ikke-lodrette réri heregning
- refleksioner mellem rgrenes skal inkluderes i teorien
- flere diffuse strilingsmadeller skal inkluderes i teatien
- flere design skal undersgaes (rartyper, kablingsprincipper, varmevekslingsprincipper m.m.)
— flere malinger (hade i Danmark og | Grenland)

— undersggelser af holdbarhed og palidelighed




