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Forskningsindhold 
 
 
I projektets første år har hovedvægten ligget på 
udvikling af teoretiske modeller til beregning af 
termiske ydelser for vakuumrørsolfangere, der 
udnytter solstrålingen fra alle retninger.  
 
Traditionelle solfangerteorier fra litteraturen er 
udviklet med henblik på almindelige plane 
solfangere med plane absorbere. Disse teorier 
har ikke direkte kunnet anvendes i forbindelse 
med vakuumrørsolfangerne, da absorberne er 
cylinderformede.  
 
Derfor er der udviklet en ny teoretisk 
solfangermodel til vakuumrørsolfangere med 
cylinderformede absorbere. Modellen tager 
udgangspunkt i den traditionelle plane 
solfangerteori, som integreres over den 
cylinderformede absorber. Derudover udmærker 
modellen sig ved, at den præcist bestemmer 
skyggeeffekterne fra rør til rør, ligesom den kan 
regne på hvordan solfangeren udnytter 
solstrålingen fra alle kompassets retninger.  
 
Den teoretiske solfangermodel er sammenholdt 
med målinger på en prototype solfanger, og det 
viser sig at modellen gengiver ”virkeligheden” 
med stor nøjagtighed. Modellen er herefter 
videreudviklet så den nu kan indgå i 
simuleringsprogrammet TRNSYS. Dette 
amerikanske simuleringsprogram er et kompo-
nent baseret program, som er det mest anvendte 
og anerkendte simuleringsprogram til 
solvarmeanlæg.  
 
Med modellen er der lavet indledende analyser 
af, hvilke solfangerydelser man kan forvente i 
hhv. Danmark og Grønland (Uummannaq). 
 
De foreløbige resultater viser, at vakuumrør-
solfangerne kan give en meget større ydelse i 
Grønland end i Danmark. 

 
Fig. 1. Prototype solfanger 
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NEW TRNSYS MODEL OF EVACUATED TUBULAR 
COLLECTOR WITH CYLINDRICAL ABSORBER 

Louise Jivan Shah & Simon Furbo 
Department of Civil Engineering, Technical University of Denmark 

Building 118 
DK-2800 Kgs. Lyngby 

Denmark 
E-mail: ljs@byg.dtu.dk 

Introduction 
A new collector design based on parallel-connected 
double glass evacuated tubes has previously been 
investigated theoretically and experimentally (Shah, L.J. 
& Furbo, S. (2004)). The tubes were annuluses with 
closed ends and the outside of the inner glass wall was 
treated with a selective coating. The collector fluid was 
floating inside the inner tube where also another closed 
tube was inserted so less collector fluid was needed. 
The collector design made utilization of solar radiations 
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 
each tube were precisely determined for all solar 
positions, including solar positions on the “back” of the 
collector. However, the model could be improved 
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. 
 
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 Uummannaq, 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. 
 
 
 

Inner glass tube 
with selective coating
on the outside

Evacuated

Outer glass tube

Fluid

Inner tube (spacer)

  Flow in

Flow out

Inflow

Outflow

 
Fig. 4: Design of the 
evacuated tubes (top) and 
the tubes connected to a 
solar panel (bottom). 
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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: 

u b d gr lossP P P P P= + + −       (1) 
 
or more detailed described: 

u b e b b a e ,d c s d a e ,gr c g gr a L fm aP A ·F '·( ) ·K ·R ·G A ·F'·( ) ·K ·F ·G A ·F'·( ) ·K ·F ·G A ·U ·(T T )θ θ − θ −= τα + τα + τα − −  (2) 
 
where Kθ is the incident angle modifier defined as: 

aK 1 tan
2θ

θ = −  
 

      (3) 

The incident angle modifiers for diffuse radiation, Kθ,d, and ground reflected radiation, Kθ,gr, 
are evaluated by equation 3 using θ=π/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: 

( )u b d gr lossP P P P P ·d
π

−π

= + + − ξ∫       (4) 

where,  

loss a L fm a p L fm a p L fm aP A ·U ·(T T )·d L·r ·U ·(T T )·d 2· ·L·r ·U ·(T T )          
π π

−π −π

= − ξ = − ξ = π −∫ ∫   (5) 

d a e ,d c s d p e ,d d c sP A ·F'·( ) ·K ·F ·G ·d 2· ·r ·L·F '·( ) ·K ·G · F ·d   
π π

θ − θ −
−π −π

= τα ξ = π τα ξ∫ ∫    (6) 

gr a e ,gr c g gr p e ,gr gr c gP A ·F '·( ) ·K ·F ·G ·d 2· ·r ·L·F '·( ) ·K ·G · F ·d     
π π

θ − θ −
−π −π

= τα ξ = π τα ξ∫ ∫    (7) 

gr gr b dG ·(G G )= ρ +       (8) 
c s 1 2F 0.5 F− −= −        (9) 
c g 1 2F 0.5 F− −= −        (10) 
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Power from beam radiation on collector/tube, Pb: 
The power contribution from the beam radiation can be written as: 

1 1

0 0

0 0

1 1

1 0 b e b b b e b p b

0 1 b e b b b e b p b

0 : P F'·( ) ·G ·A ·K ·R ·d F'·( ) ·G ·L·r · K ·R ·d

0 : P F'·( ) ·G ·A ·K ·R ·d F'·( ) ·G ·L·r · K ·R ·d

γ γ

θ θ
γ γ

γ γ

θ θ
γ γ

< γ − γ ≤ π = τα ξ = τα ξ

≤ γ − γ < π = τα ξ = τα ξ

∫ ∫

∫ ∫
  (11) 

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:  

z s

z s

z

sin ·cos
S sin ·sin

cos

θ γ 
 = θ γ 
 θ 

  (12) 

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

s 0

p t

s 0

cos ·cos
2

N r · sin

sin ·sin
2

 π  −β γ  
  

 = γ
 

π  −β γ    

  (13) 

 
Fig. 6 shows an example where a part of one 
tube is shaded and a part is exposed to beam 
radiation. In order to determine the size of the 
area exposed to beam radiation, the points P0 
and P1 must be determined. 
 
Since P0 is located where the solar vector and 
the tube vector are at right angles to each 
other, P0, described by the angle γ0, can be 
determined by the scalar product of the two 
vectors: 
 
 
 
 
 

z s s 0 z s 0 z s 0

z s s z s

0
z s

S·N S· N ·cos 0 sin ·cos ·cos ·cos sin ·sin ·sin cos ·sin ·sin 0
2 2 2

sin( )·cos( )·cos( ) cos( )·sin( )
2 2arctan

sin( )·sin( )

π π π     = = ⇒ θ γ −β γ + θ γ γ + θ −β γ = ⇒     
     

π π θ γ −β + θ −β 
γ = −  

θ γ  
 

 (14) 

S

N

 

Fig. 5: The solar vector, S , and the 

tube vector, N . 
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Fig. 6: Illustration of the shaded area 
and the area exposed to beam radiation. 
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Since the equation for γ0 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 P1, described by the angle γ1, 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. 
 

1 * z s

1 1 * z s

1 * z

x x sin ·cos
P y y sin ·sin ·T

z z cos

θ γ     
     = = + θ γ     
     θ     

  (15) 

s 1
1 n

1 1 p 1

1 n
s 1

cos ·cos
x x 2

P y 0 r · sin
z z

sin ·sin
2

 π  −β γ             = = + γ         π      −β γ    

  (16) 

n n sx z ·tan
2
π = − −β 

 
   (17) 

 
Equations(15) (16) and (17) together give four equations 
to the four unknowns: T, γ1, xn and zn. Solving for γ1 gives: 
 

( )
( )

( )
( )

0.52
1 1 2 42 2

0.52 3
1 1 2 42 2

3 2 3

0.52
1 1 2 42 2

0.52 3
1 1 2 42 2

3 2 3

KK 0.5· · 2·K ·K 2·K
K K 0.5arctan 2 , · 2·K ·K 2·K

K K K

or
KK 0.5· · 2·K ·K 2·K

K K 0.5arctan 2 , · 2·K ·K 2·K
K K K

 + − + + γ = − +
+ 

  

 + − − + γ = − −
+ 

  

  (18) 

where 

( ) ( ) ( )

( ) ( ) ( )

( ) ( )

* * *
1 *

z s f
s s s f

2
z s f

s s f

2
3 s

z s f

4 2 2 2 2
4 3 1 3 2 3

x y y
K z

tan ·sintan tan ·tan
2 2

C CK
tan ·sintan ·tan

2

1K C· cos
2 tan ·sin

K K K ·K K ·K

= − − +
π π θ γ − γ   −β −β γ − γ   

   

= +
π θ γ − γ −β γ − γ 

 
 π = −β +   θ γ − γ  

= − +

   (19) 

 
From equation (18) it appears that there are two solutions for γ1. Based on information on 
the position of γ0, the correct solution is found. 
 
 

x y

z

P*

P1

c
xn

zn

s

 
Fig. 7: Illustration of the 
shaded area and the area 
exposed to beam radiation. 
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The incident angle, θ, and the geometric factor, Rb: 
The incident angle, θ, can be described as: 

z s f s actual z s f actual z s actualcos( ) sin( )·cos( )·cos ·cos( ) sin( )·sin( )·sin( ) cos( )·sin ·cos( )
2 2
π π   θ = θ γ − γ −β γ + θ γ − γ γ + θ −β γ   

   

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

b
zl

cos( )R
cos( )

θ
=

θ
       (21) 

 
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: 
 

( )
t t t

p,col fm fm
u p out,hot in,cold

C ·(T T )
P V· ·C · T T

t

−∆−
= ρ − +

∆
    (22) 

 
Measurements and model validation 
The thermal performance of the collector 
described in Table 1 was measured in an 
outdoor test facility where the inlet 
temperature, the outlet temperature and the 
volume flow rate was measured. The 
temperatures were measured with copper-
constantan thermocouples (Type TT) and the 
volume flow rate was measured with a HGQ1 
flow meter. A 31% glycol/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 CM5 pyranometers. 
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, k0, 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 (τα)e and a were calculated with a simulation 
program for determining optical properties (Svendsen S. and Jensen F.F. (1994)). 
 

No. of pipes [-] 14 
L [m] 1.47 
rc [m] 0.0235 
rp [m] 0.0185 
C [m] 0.067 
k0 [W/m²K] 2.09 
F’ [-] 0.98 
(τα)e [-] 0.856 
a [-] 3.8 
Ccollector [kJ/K/tube] 1.9 

Table 1: Data describing the collector in 
the model. 
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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%. 
 

 
Simulation of solar heating plants 
 
Model description: 
A model of a solar heating plant is built in 
TRNSYS. The collector array consists of 100 
rows where the distance between the rows is 
assumed to be so large that the shadows 
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 
exchanger is above 80°C the temperature is 
mixed down to 80°C with at three-way valve. 
If the temperature from the solar heat 
exchanger is below 80°C, an auxiliary boiler 
plant heats up the district heating water to 
80°C.  
An illustration of the TRNSYS model can be 
seen in Fig. 10 and Fig. 11 shows the mass 
flow rate and a flow and return temperature 
through out the year for the district heating net 
of the town. The annual heat consumption of 
the town is about 32500 MWh. 
The collector performance is investigated for 
two locations:  
• Copenhagen, Denmark, lat. 56°N, yearly average ambient temperature: 7.8°C. 

Weather data: DRY (Lund H. (1995). ). 
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Fig. 8: Measured and calculated collector 
performance for the test periods. 
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Fig. 10: Schematic illustration of the 
TRNSYS model. 
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• 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 1mm – 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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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 Ummannaq 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·rc·N) directly 
corresponds to the transparent area 
of a flat-plate collector. 
Fig. 14 shows the thermal performance per m² 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: 

auxiliar

town

QSolar fraction 1 -
Q

                 (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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Fig. 13: The thermal performance per tube as a function of the tube centre distance, 
collector tilt and orientation (Uummannaq). 

0

100

200

300

400

500

600

700

800

0 0.03 0.06 0.09 0.12 0.15 0.18
Solar fraction  [-]

C
ol

le
ct

or
 p

er
fo

rm
an

ce
[k

W
h/

m
² t

ra
ns

pa
re

nt
 a

re
a]

ARCON HT (Uummannaq)
Vacuum tube  (Uummannaq)
ARCON HT (Copenhagen)
Vacuum tube (Copenhagen)
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rapidly with increasing solar fractions. This is due to the lower air temperature in 
Uummannaq.  
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 
Uummannaq. 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 Uummannaq. 
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:   
a Incident angle modifier 

constant 
[-] 

Aa Absorber area [m²] 
Ab Absorber area exposed to 

beam radiation 
[m²] 

C Tube centre distance [m] 
Cp Collector fluid heat capacity [J/(kg·K)] 
Ccollector Collector panel heat capacity 

incl. fluid 
[kJ/K/Tube)] 

F’ Collector efficiency factor [-] 
F1-2 View factor from tube 1 to 

tube 2 
[-] 

Fc-g View factor from tube to 
ground 

[-] 

Fc-s View factor from tube to sky [-] 
Gb Beam radiation on horizontal [W/m²] 
Gd Diffuse radiation on 

horizontal 
[W/m²] 

Ggr Ground reflected radiation on 
horizontal 

[W/m²] 

k0 Collector heat loss coefficient [W/m²K] 
K1 Help variable [-] 
K2 Help variable [-] 
K3 Help variable [-] 
K4 Help variable [-] 
Kθ Incident angle modifier for 

beam radiation 
[-] 

Kθ,d Incident angle modifier for 
diffuse radiation 

[-] 

Kθ,gr Incident angle modifier for 
ground reflected radiation 

[-] 

N Tube vector [-] 
N Number of tubes [-] 
L Pipe length [m] 
Pb Energy from beam radiation 

on collector/tube 
[W] 

Pd Energy from diffuse radiation 
on collector/tube 

[W] 

Pgr Energy from ground reflected 
radiation on collector/tube 

[W] 

Ploss Heat loss from collector/tube [W] 
Pu Useful energy from 

collector/tube 
[W] 

Qauxiliar Energy supplied from the 
boiler plant 

[kWh] 

Qtown Energy supplied to the town [kWh] 
Rb Geometric factor; irradiance [-] 

on a tilted surface divided by 
irradiance on a horizontal 
surface 

rc Outer glass tube radius [m] 
rp Absorber radius [m] 
S  Solar vector [-] 
Ta Ambient temperature [°C] 
Tfm Fluid mean temperature [°C] 
Tin,hot Hot inlet temperature [°C] 
Tout,cold Cold outlet temperature [°C] 
T Help parameter [-] 
UL Heat loss coefficient based 

on absorber area 
[W/(m²K)] 

V  Collector volume flow rate [m³/s] 
x1 x coordinate for P1  [m] 
xn Help length  [m] 
x* x coordinate for P*  [m] 
y1 y coordinate for P1  [m] 
y* y coordinate for P*  [m] 
z1 z coordinate for P1  [m] 
zn Help length  [m] 
z* z coordinate for P*  [m] 
GREEK SYMBOLS:   
βs Collector panel tilt [rad] 
γs Solar azimuth [rad] 
ρ Collector fluid density [kg/m³] 
θ Incident angle [rad] 
θz Solar zenith [rad] 
ταe Effective transmittance-

absorptance product 
[-] 

ξ Integration variable [rad] 
γ0 Integration border [rad] 
γ1 Integration border [rad] 
γf Collector panel azimuth [rad] 
γactual Actual absorber azimuth [rad] 
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Bilag 3: Artikel optaget i det videnskabelige tidsskrift APPLIED 
ENERGY. 
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Bilag 4: Artikel optaget i Sletten. Avisen ved DTU. Nr. 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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Bilag 6: Overheads til foredraget ”Vakuumrørsolfangere”. 
 
 
DANVAK møde: ”Solvarmeforskning på DTU”, 18/9 2003. 
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