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Abstract-An outdoor method for the testing of an evacuated tubular collector with a heat pipe under a 
variable insolation has been described. Baaed on a heat balance of the collector defined in the Fourier 
frequency domain, a set of equations corresponding to selective values of the Fourier variable can be 
formulated. The main collector parameters such as the absorptance-transmittance product, the heat loss 
resistance and the efficiency factor, follow from a least-square approximation. At least two series of 

experimental measurements with a different fluid inlet temperature are required. 

1. INTRODUCTION 

IN A PREVIOUS paper [l] the author treated a test 
method for the conventional flat plate solar collector 
under variable weather conditions. The collector 
characteristics were simultaneously solved from a set of 
algebraic equations by a least-square method. These 
equations defined in the Fourier frequency domain, 
followed from a heat balance of the collector, relating 
generalized expressions of the useful energy, the 
insolation and the heat losses. 

A similar approach will be applied to evacuated 
tubular collectors, in which a heat pipe transports the 
heat between the absorber and the condenser. 
Particularly, for this type of collector, the method can 
be a valuable addition of existing collector test 
methods. Because of the specific property of a different 
heat resistance for the two opposite directions of the 
heat flow within the heat pipe (diode-effect), the heat 
loss resistance cannot be determined by the well-known 
zero-insolation test, in this case. The main collector 
characteristics of the heat pipe collector are found to be 
the absorptance-transmittance product, GIZ, the heat 
loss resistance, RL, and the efficiency factor, F’. In 
comparison with the flat plate collector having for F’ a 
value of approx. 1, the last mentioned factor is of 
importance in the case of a heat pipe collector. As a 
result of the non-negligible value of the heat resistance 
of the fluid layer of the condenser in the heat pipe, Rpc, 
the efficiency factor considerably differs from 1, in this 
case. 

In practice, the test method is very similar to the case 
of the flat plate collectors, described in Cl]. Because of 
its sensitivity to errors only a small series of selected 
values of the Fourier variable is appropriate to derive 
reliable equations. In order to deal with optimum 
effects ofR,,, the selection has to be extended with some 
different values of the Fourier variable. 

The test method will be illustrated by the application 
to the Philips ETC-VTR 141 collector. It will be shown 
that two series of experimental measurements made 
by different fluid inlet temperatures are sufficient to 
determine the collector characteristics. 

2. THE TEST METHOD FOR A 
HEAT PIPE COLLECTOR 

A detailed description of the theoretical model and 
the practical application of the test method to the 
conventional flat plate collector has been given in [ 11. 
In the case of an evacuated tubular collector with a heat 
pipe, the model can be derived by the same reasonings 
and the collectors are tested on exactly the same 
installation. For this reason, only the essential parts 
describing the test method with a special emphasis on 
the application to the heat pipe collector will be treated 
in this chapter. 

Representing the collector by a four-node model 
(see Fig. 1) the temperatures of the glass envelope, 
the absorber, the condenser and the fluid satisfy, 
respectively, the time-dependent differential equations 

,aT,_T,--T,:T,--T, 
’ at Rag R,, 

(1) 

CPx=R 
aT, T,-T,+T,-T, 

- + azE(t) 
R PO PC 

caT,= T,--T,+T*-T, - _ 
’ at R,, R,, 

(2) 

(3) 

(4) 

All approximations of this model are not repeated. 
We only mention that the capacities and the heat 
resistances are assumed to be constant. Both heat 
resistances R,, and RCf are very small, R,, is nearly 
equal to theheat lossresistanceR,.In themathematical 
derivations, the ratios R,$R, and R,,/R, are neglected 
with respect to 1. As indicated in e.g. [2], and confirmed 
by our own measurements with a dismountable Philips 
ETC-VTF collector, R,, is relatively large and the ratio 
R,JR, cannot be neglected with respect to 1. The same 
measurements show a nearly constant value of R,, for 
various values of the useful energy. In our approxi- 
mations R,, has been taken as a constant. 

Introducing the Fourier transform of the time- 
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NOMENCLATURE 

C heat capacity per mz [J K-’ m-*1 r,, x real and imaginary part of the 
E the insolation [W me21 
B 

complex function P(w) [K s] 
the Fourier transform of E z(o), o(o) parts of the generalized expression 
[Wm-2s] of the useful energy [J mm21 

R thermal resistance per m2 ZR~ZI real and imaginary part of the 
[W-’ K m2] complex function 2(o) [J m-“1. 

RL total heat loss resistance per m2 
[W-’ K m2] 

t coordinate of time [s] Greek symbols 
t, time interval of the measurements [s] ~(r absorptance-transmittance product 
to initial time of the measurements [s] 6, ?9 h: coordinates of the Cartesian 
T the temperature of a part of the coordinate system defining the 

collector [K] 
? 

points (YR/XR, ZJX,, UdX,) or 
the Fourier transform of T [K s] (YJX,, ZJX,, UdX,), Fig. 2 [W mm2 

u velocity of the fluid flow [m s- ‘1 K- ‘, -, -1 
UR, u, real and imaginary part of the w 

complex function @II) [J m- 2] 
Fourier variable [s - ‘1 

w* Fourier variable, defining the 
X space coordinate in the flow minimum value of Ydo) near 6X,/n 

direction [m] 

R(w) 
= 2 [s-‘-J. 

the Fourier transform of the 
insolation [J me21 

X,7 XI real and imaginary part of the 
complex function s(o), [J md2] 

Subscripts 
a ambient 

B(o) the Fourier transform of the 
; 

condenser 
difference of the fluid inlet fluid 
temperature and the ambient g cover plate 
temperature [K s] P absorber plate. 

/ 
E(t) 

FIG. 1. The heat resistance analogue representing the collector. 

dependent quantities, such as the temperature as 

s 

fc 
T^(x,o) = ewiWfT(x, t) dt, (5) 

0 

the set (lH4) can be transformed into the Fourier 
frequency domain. 

By a reasoning very similar to the one for the flat plate 
collector [l, Appendix], the basic equation can be 
formulated as 

.&+R,,/R,~ 8(w) = F’~~*&~o)-F’/R,. &TO), (6) 

the efficiency factor being defined as 

ThefunctionsX(o)and y(w)/R, can be understood as a 
generalization of the insolation and the heat losses, 
respectively. The terms of the LHS of (6) represent the 
useful energy, showing a series expansion with respect 
to RJR,. The relation (6) contains the functions 
2, f: 2 and 0 as complex functions. Taking the real 
and the imaginary parts, respectively, of (6), the 
algebraic equations suited for the test method can be 
derived as 

ZJX, = F’az - F/R,. YdX, + R,,/RL * UR/XR (8) 

ZJX, = F’az-F’/R,. YJXI+R,,fRL*UJX,. (9) 

F’ = RJR,_ + Rpc). (7) Defining a three-dimensional Cartesian coordinate 
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FIG. 2. The (6, I, +space showing the selected points of the types A, B and C. The least-square approximation 
of the flat plane defines F’ar, F/R,_ and RJR,. 

system (6, t], K), the points of, respectively, (6,~rc) = 
(YR/XR, ZlJX,, Us/X,) corresponding to (8) and 
(6, u, K) = (x/X,, Z,/Xr, U,/X,) corresponding to (9), 
can be plotted. The collector parameters have to 
be derived from this set of points according to the 
relation 

n= F'uT-F'~R,~~+R,,~R,~K. (10) 

The least-square approximation consists of a flat plane 
in the (6, n, K)-space, shown in Fig. 2. The intersection of 
the q-axis with this plane defines the value of F’CK The 
values of F'jR, and R,,IR, are determined by the slopes 
of the intersection of the plane with the (6, n)-plane and 
the (n, K)-plane, respectively. 

As a last remark it is mentioned that, analogously to 
the flat plate collectors, the functions of X,, Ya, Za, Ua 
and X,, E;, Zr, Ur very weakly depend on the heat 
capacities and the heat resistances of the collector 
model. Usually, they can be estimated from the 
collector design. The only exception forms the 
dependence on R,,. The final value of the resistance R,, 
follows iteratively by a repeated application of the test 
procedure described above. 

3. THE TESTING OF THE 
PHILIPS ETC-VTR 141 COLLECTOR 

The test method has been applied to a module of 19 
Philips ETC-VTR 141 tubes. They were mounted with 
an interspace of 0.006 m above a white-painted 
background. Each collector tube consists of a 
cylindrical evacuated space, enveloped by a glass cover. 
Within this space a flat absorber, spectrally selective on 
both sides,receives the solar radiation. A heat pipe fixed 
at the absorber, transports the generated heat to its 

condenser. Via a special clamping block the heat is 
collected by the circulating fluid. More details of the 
Philips tube may be found in ref. [3]. 

In each tube, the temperatures of the various parts, 
such as the glass envelope, the absorber, the condenser 
and the fluid are assumed to be constant. 

Introducing a space coordinate along the header of 
the circulating fluid in the direction of an increasing 
serial number of the tubes, the behaviour of the 
temperatures can be approximated by continuous 
functions of this space variable. In this approximation 
the collector can be represented by the set of differential 
equations (l)-(4). 

The model has been tested outside. In each 
experiment both the fluid rate and the fluid inlet 
temperature have been chosen equal to a constant 
value. Every 10 s the insolation, the ambient 
temperature, the fluid inlet and outlet temperature are 
experimentally measured and recorded on tape. Several 
series of experimental measurements during periods of 
about 2 h are made under varying weather circum- 
stances. In the case of a stationary insolation, a 
time-dependent covering of the collector by a semi- 
transparent shield can supply the required transient 
conditions. Figure 3 illustrates a part of a series of 
measured data. It shows the special case of an insolation 
of a nearly perfect square-wave function, resulted from 
a periodic shielding on a bright day. 

In order to apply the Fourier transformation, time 
intervals of a length oft, beginning at the initial time to 
are defined in the series of experimental measurements. 
In practice, periods oft, equal to 2000-3000 shave been 
chosen. The Fourier transforms of the insolation 
and the various temperatures, respectively, can be 
computed for every value of the Fourier variable w. 
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units 
a + INSOLRTICIN. WM21 

b 0 USEFUL ENERGY, Wt421 

_ C X 20nINLET TEMP., (Cl 

d A 2OxAHBIENT TENP., ICI 

e 030rFLUIO FLOU. (ML/S1 

,I.. .._.. 
C INLET TEMP. 

a INSOLRTIBN 

b USEFUL ENERGY 

OO 
I I I 

500 lac Em 

TIME, (S) 

FIG. 3. Plots of the experimental measurements of, respectively, (a) the insolation,(b) the useful energy,(c) the 
inlet temperature,(d) the ambient temperature and(e) the fluid flow. A periodic shielding supplies the varying 

insolation. 

Together with the heat capacities and reasonable 
estimates of the heat resistances, they determine the 
functions of%, k; $! and 8 of (6). The computation of the 
real and the imaginary parts of these functions yield the 
required functions of X,, YR, Z,, U, and X,, & Zr, U, 
occurring in equations (8) and (9), respectively. 

Analogously to the case of the flat plate collector and 
explained in great detail in [ 11, the test method is very 
sensitive for errors. Similar errors occurring in 
calculations in the frequency domain, are mentioned in 
literature, [4]. In fact, suitable equations of the type (8) 
or (9) are defined by a very selective choice of values of 
w. Insight can be obtained from the behaviour of, 
respectively, the functions Xro Y,, Za, Ua and Xr, Yr, ZI, 
U, with respect to w. For a typical example, they are 
shown in Figs. 4 and 5. 

In this paper the extensive reasoning given in [l], 
leading to the final selection of values of o, will not be 
repeated. We limit ourselves to a short review of the 
conclusions : 

(i) In each time interval, in the case of the functions 
XR, YR, Z,, U, (Fig 4), only the value of o equal to 
zero is selected. The corresponding point defined by 
6 = YR/XR, ‘1 = ZR/Xa, K = VJX,, can be plotted in 
the (6, q, rc)-space and has been denoted as a point of 
type A, Fig. 2. As the values of both Ua and the K- 
coordinate are nearly equal to zero, the positions of the 
points of type A are situated very near to the (6, r~)- 
plane. 

(ii) Considering the functions X,, x, Zr, U,(Fig. 5) a 
range of values of o around u&/n z 0.75, the last 
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units 

M xXR/TE. IN/ m21 I 
AlO*YR/TE, IKI 

+ZR/TE, IN/ [M211 
QUWTE. tWlt421, 

FIG. 4. The behaviour of the functions Xs, Y,, 2, and Ua with respect to the Fourier variable is shown in the 
curves (a), (b), (c) and (d) respectively. The points of type A are found for w = 0. 

one defining extrema for Xi, E; and Zr, respectively 
is appropriate to use in the test method. In order to 
maximize the influence of R,, in our calculations 
the value of UI, defined by u&/z = 0.375, yielding a 
maximum value of U, has been selected. The cor- 
responding point in the (6, q, rc)-space has been 
denoted as a point of type B, Fig. 2. The point B is found 
a small distance outside the (6, q)-plane with the 
projection on the (b,t,i)-plane very near to that of 
point A. 

(iii) A third value of o follows by considering the 
minimum value of I; near wt,/n x 2 in the case of the 
functions Xr, 5, Z,, Ur, Fig. 5. 

This stable value of YAW) obtained for the value of the 
Fourier variable w*, is nearly equal to zero (Fig. 5). As 
explained in Cl], only an appropriate equation of the 
type (9) results for w*, if the corresponding X&U*) is 
sufficiently large. As Xi@*) depends on the time 
interval t,, for the given initial time to the behaviour of 
X,(0*) with respect to a variable time interval t, has 
been determined (not shown in this paper). 

The appropriate time intervals t, are defined by 
sufficiently large extrema of this behaviour. Each of 

these time intervals defines for the corresponding 
Fourier variable o* a point of the type C in the (6, q. K)- 
space, Fig. 2. The B-coordinate of the point C given by 
6 = Y~o*)/X,(o*) is nearly equal to zero. Hence, the 
position of the point C is found in or very near to the 

(rl, &plane. 

Now we are able to consider one series of 
experimental data measured at a fixed fluid inlet 
temperature. Various time intervals can be chosen. In 
principle, each interval yields points of the types of A, B 
and C. 

As indicated in Fig. 2, a cluster of points of the type A 
has been found near the (6, q)-plane. These points 
nearly coincide, because the heat losses defined by 
YJRL, are proportional to the nearly constant differ- 
ence of the fixed fluid inlet temperature and the ambient 
temperature for each interval. 

A cluster of points of the type B is found at a small 
distance outside the (6, +plane. The projections of the 
points B on the (6, q)-plane appear to coincide with the 
positions of the points A. 

The points of the type C have in common that 
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FIG. 5. The behaviour of the functions X,, k-i, Z, and U, with respect to the Fourier variable is shown in the 
curves (a),(b), (c) and (d), respectively. The points of the type B and C are found for the indicated values of U. 
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FIG. 6. The projections on the@, r&plane ofthe selected points A, B and C. Shown are the results oftwo series of 
experimental measurements with a fluid inlet temperature of 25 and 4O”C, respectively. (The ambient 

temperature was about 20°C.) 
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FIG. 7. The projections on the (q, rc)-plane of the same selected points considered in Fig. 6. 

they are very near to the (Q K-)-plane and that the 
q-coordinate is approximately equal to F’ut. At the 
other hand the size of the rc-coordinate seems to be 
unpredictable. An illustration of the various positions 
of the points C in the (6,~ rc)-space has been given in 
Fig. 2. 

In order to obtain appropriate points of the type C 
experimental measurements having an insolation of 
slowly varying dominant periods of say 1200 s, are 
recommended. In that case the extremal values of 
X,(w*) are found to be sufficiently large for time 
intervals of 200&3000 s. 

Generally, the points of the types A, Band C obtained 
from one series of experimental data with a fixed fluid 
inlet temperature are not sufficient to determine an 
accurate least-square approximation of the collector 
characteristics of the heat pipe collector. A much better 
approximation has been obtained when a second series 
ofdata with a different fluid inlet temperature has been 
considered. In that case two clusters of points A nearly 
independent of R,, are found at different positions near 
the (6, q)-plane. In fact these clusters of the points of 
type A mainly determine the line of intersection of the 
least-square plane with the (6, q)-plane, defining the 
collector characteristics F’CCT and F'/R,. Next, the 
iterative solution of RJR, is straightforward. 

Various series of experiments with a different fluid 
inlet temperature have been made with the Philips 
module. Figures 6 and 7 show the projection of the 
points A, B and C on respectively the (6, q)-plane and 
the (n, rc)-plane, obtained from 14 time intervals chosen 

from two series of data with a fluid inlet temperature of 
25” and 4OC, respectively. The least-square approxim- 
ation leads to the values of F’at = 0.621 f 0.013, F‘/RL 
= 1.66kO.47 W K-i rnwz and R,,/RL = 0.19+0.03. 
The approximation has been refined by the extension to 
31 time intervals taken from five series with different 
fluid inlet temperatures. In that case the values of 
F'az = 0.616~0.008, F'/RL = 1.67kO.25 W K-’ me2 
and R,JRr = 0.16 + 0.02 are found. Characteristic 
collector parameters are derived to be a7 = 0.71, 
R, = 0.52 W-r K mz and F’ = 0.87. 

4. CONCLUSIONS 

The testing of the evacuated tubular collector with a 
heat pipe using the method described in this paper, 
yields accurate approximations of the absorptance- 
transmittance product, the heat loss resistance and the 
efficiency factor ; caused by errors, the method can be 
applied for very selected choices of the Fourier variable. 

Experimental measurements with a different fixed 
fluid inlet temperature have to be made. Both a value 
near the ambient temperature and a value much higher 
than the ambient temperature appear to be favourable 
choices of the fluid inlet temperature. 
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ESSAI D’UN COLLECTEUR TUBULAIRE D’EVACUATION MUNI D’UN CALODUC, 
A PARTIR DU DOMAINE DE FREQUENCE DE FOURIER 

R&sum-On 6tudie un collecteur tubulaire muni d'un caloduc avec une isolation thermique variable. Bast sur 
un bilan de chaleur dtfini dans un domaine de fr+uence de Fourier, un systime d’&uations peut ttre form&+ 
correspondant au.x caleurs s&lectives de la variable de Fourier. Les paramQres principaux du collecteur tels 
que le produit absorptance-transmittance, la rtsistance de fuite de chaleur et le facteur d’efficacitt, rtsultent 
d’une approximation de moindre carrt. Enfin deux s&es de mesures avec des temp&ratures d’entrk de fluide 

diffbrentes sont utilisbs. 

EIN TEST-VERFAHREN FUR EINEN VAKUUM-‘HEAT-PIPE’-KOLLEKTOR UNTER 
VERWENDUNG DES FOURIER’SCHEN FREQUENZ-BEREICHES 

Zasanunenfassung-Beschrieben wird eine ‘Outdoor’-Methode zum Test eines evakuierten ‘Heat-Pipe’- 
Kollektors bei wechselnder Einstrahlung. Aufbauend auf der Wiirmebilanz des Kollektors, beschrieben im 
Fourier&hen Frequenzbereich, wird entsprechend den ausgewtihlten Werten der Fourier-Variablen ein 
System von Gleichungen formuliert. Die wichtigsten Kollektorparameter, wie das Absorptions- 
Transmissions-Produkt, die Giite der WiirmedBmmung und der Wirkungsgrad folgen aus einer Berechnung 
der kleinsten Fehlerquadrate. SchlieDlich sind noch zwei Serien experimenteller Messungen mit 

verschiedenen EinlaDtemperaturen des Fluids erforderlich. 

HCl-IbITAHkiE 1-EPMETHYHOTO TPYE’.IATOrO KOJIJIEKTOPA C TEl-IJIOBOfi 
TPYPOfi C l-IOMO~bIO gACTOTHOr0 METOAA 

A~TaqnIt-&IiCatI MeTonacnbITaHufi Bae noMemeHaa repMeTwqHor0 Tpy6YaTOrO KonnetcTopa c~en- 
no~oir~py60~~pa3n~~~oii~enno~o~n3onnuaeii.6a3upyacb~a~ac~o~~o~npenc~a~ne~~~~ennoeoro 
Banaaca B KonnexTope,nonyrleHa CncTeMa ypaeHeHIiii,~ KOTOP~IX CooTBeTcTByEomHM o6pa3oM nonoB 

paHbI KO+&iWi’2HTbl @ypbe-IIpeo6pa30BaHIIa. MS CpCnHeKBaApaTHYHbIX aIlIlpOKCHMaIWfi MOI-yT 6biTb 
onpeneneHbI ocaoaHble napahfelpar KonnexTopa, Tax&ie xaK nornomaTenbao-nponycroiaa cnoco6aocrb, 
COIlpOTHBJIeHHe TeWIOBbIX IlOTepb Ii K03@$WIJEieHT IlOJIe3HOrO neiiCTBEiK.&Ia 3TOI-0 HeO6XOAHMO IIpO- 

BeLleHIie II0 KpaZiHeii Mepe AByX CepHii 3KCIIepIiMeHTOB C pa3JIIiYHbIMH TeMIlepaTypaMB )KBAKOCTIi Ha 

BXOAe. 


