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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. Based 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 [1] 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 condensor.
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, az, the heat
loss resistance, R;, 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 condensor in the heat pipe, R,
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 [ 1]. 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 of R, 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.
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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 [1].
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 condensor and the fluid satisfy,
respectively, the time-dependent differential equations
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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 R, are very small, R, is nearly
equaltotheheatlossresistance Ry . In the mathematical
derivations, the ratios R,,/R, and R /R, are neglected
withrespect to 1. Asindicated 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,./R, 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 m?[J K~ ! m~2] % Y real and imaginary part of the
E the insolation [W m ™~ 2] complex function ¥(w) [K s]
E the Fourier transform of E Z(w), U(w) parts of the generalized expression

[Wm™25s] of the useful energy [J m~2]
R thermal resistance per m? Zr, Z, real and imaginary part of the

(W1 Km%] complex function Z(w) [J m~2].
Ry total heat loss resistance per m>

(W 1Km%]
t coordinate of time [s] Greek symbols
te time interval of the measurements [s] ot absorptance-transmittance product
to initial time of the measurements [s] o,n kK coordinates of the Cartesian
T the temperature of a part of the coordinate system defining the
R collector [K] points (Yo/Xg, Zz/Xg, Up/Xy) or
T the Fourier transform of T [K s] (Y/X,, ZyX,, UyXyp, Fig. 2[Wm™?2
i velocity of the fluid flow [m s~ 1] K™Y — —]
Ug, Uy real and imaginary part of the w Fourier variable [s™!]

complex function U(w) [T m™?] w* Fourier variable, defining the
X space coordinate in the flow minimum value of Yj(w) near wt,/n
~ direction [m] =2[s"1.
X(w) the Fourier transform of the

insolation [J m™2]
Xr» X real and imaginary part of the Subscripts

complex function X(w), [J m ™3] a ambient
Y(w) the Fourier transform of the c condensor

difference of the fluid inlet f fluid

temperature and the ambient g cover plate

temperature {K s] p absorber plate.

Elt)
T, T T
: Rag : Rog : Rpc . Ret >
. S i .
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FiG. 1. The heat resistance analogue representing the collector.

dependent quantities, such as the temperature as

te
T (x,0) = j e T(x, 1) dt, (5)
0
the set (1){4) can be transformed into the Fourier
frequency domain.
Byareasoning very similar to the one for the flat plate
collector {1, Appendix], the basic equation can be
formulated as

Z(w)—R, /Ry U(w) = Far- X(w)—F/Ry* Y(w), (6)
the efficiency factor being defined as

F = R /(RL+R,,). ™

Thefunctions X (w)and Y(w)/R, can be understood asa
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 R, /R,. The relation (6) contains the functions
X, Y, Z and U 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

Zu/Xy = Fat—F/Ry* Ye/Xg+R,/Ry - Up/Xz  (8)
ZyX, = Fat—F/R.- Y/X;+R, /R, - UyX;. (9)

Defining a three-dimensional Cartesian coordinate
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F1G. 2. The (4, 5, x)-space showing the selected points of the types A, B and C. The least-square approximation
of the flat plane defines F'az, F'/Ry and R,./R,.

system (J,#,«), the points of, respectively, (J,7n,k) =
(Yo/X&, Zg/Xg, Ug/Xy) corresponding to (8) and
0,n,x) = (Y/X,,Z,/X,,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=Fat—F/Ry*6+R,/Ry k. (10)

The least-square approximation consists of a flat plane
inthe(d, 1, x)-space,shownin Fig. 2. The intersection of
the #-axis with this plane defines the value of F'at. The
values of F'/R; and R,./R, are determined by the slopes
of the intersection of the plane with the (4, n)-plane and
the (1, x)-plane, respectively.

As a last remark it is mentioned that, analogously to
the flat plate collectors, the functions of Xy, Yz, Zg, Ug
and X,, ¥, Z,, U; 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
bothsides, receives the solar radiation. A heat pipe fixed
at the absorber, transports the generated heat to its

condensor. 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 condensor
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 (1)}(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 of ¢, beginning at the initial time ¢,
are defined in the series of experimental measurements.
In practice, periods of t, equal to 2000-3000 s have 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 + INSOLATION, (W/M2)
b ®USEFUL ENERGY, (W/M2)
C X 20xINLET TEMP., (©)
d 4 20xAMBIENT TEMP., ()
e ©30xFLUID FLOW, (ML/S)
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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 (¢) 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 X, ¥, Z and U of (6). The computation of the
real and the imaginary parts of these functions yield the
required functions of Xy, Y3, Zg, Ug and X, ¥}, Z,, U,
occurring in equations (8) and (9), respectively.

Analogously to the case of the flat plate collector and
explained in great detail in [1], 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
. Insight can be obtained from the behaviour of,
respectively, the functions Xy, Yz, Zg, Ugand X, Y, Z;,
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 [1],
leading to the final selection of values of w, will not be
repeated. We limit ourselves to a short review of the
conclusions:

(i) Ineach time interval, in the case of the functions
X Yoo Zg, Uy (Fig. 4), only the value of w equal to
zero is selected. The corresponding point defined by
0 = Yo/Xy, 1 = Zp/Xg, k = Ug/Xj, can be plotted in
the (9, n, x)-space and has been denoted as a point of
type A, Fig. 2. As the values of both Uy and the -
coordinate are nearly equal to zero, the positions of the
points of type A are situated very near to the (3, n)-
plane.

(i) Considering the functions X, Y, Z;, U,(Fig. 5),a
range of values of w around wt./n = 0.75, the last
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units
a X XR/TE, W/ (M2))
b 4 10%YR/TE, (K)
€ +ZR/TE, B/ (M)
d S UR/TE, (W/ (M2))

wl

FiG. 4. The behaviour of the functions Xy, Yz, Zg and Uy 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 @ = 0.

one defining extrema for X,, Y; and Z,, respectively
is appropriate to use in the test method. In order to
maximize the influence of R, in our calculations
the value of w, defined by wt,/m = 0.375, yielding a
maximum value of U, has been selected. The cor-
responding point in the (4,7, k)-space has been
denoted as a point of type B, Fig. 2. The point B is found
a small distance outside the (6, n)-plane with the
projection on the (6, n)-plane very near to that of
point A,

(ili) A third value of w follows by considering the
minimum value of ¥} near wt./n = 2 in the case of the
functions X, Y;, Z,, Uy, Fig. 5.

This stable value of Y{w) obtained for the value of the
Fourier variable w*, is nearly equal to zero (Fig. 5). As
explained in [1], only an appropriate equation of the
type (9) results for w*, if the corresponding X (w*) is
sufficiently large. As X{w*) depends on the time
interval z., for the given initial time ¢, the behaviour of
X{w*) with respect to a variable time interval ¢, has
been determined (not shown in this paper).

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

these time intervals defines for the corresponding
Fourier variable w* a point of the type Cin the (4, n, k)-
space, Fig. 2. The d-coordinate of the point C given by
d = Y{w*)/X{w*) is nearly equal to zero. Hence, the
position of the point C is found in or very near to the
(n, x)-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.

Asindicated in Fig. 2, a cluster of points of the type A
has been found near the (6, n)-plane. These points
nearly coincide, because the heat losses defined by
Y/Ry, 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 (3, #)-plane. The projections of the
points B on the (J, n7)-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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500 — units

a XX1/TE. (W/ (M)
b & 10=Y]I/TE, (K

| ¢ +ZI/TE, W/ M)
d ®UI/TE, W/ (M)
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Fi6. 5. The behaviour of the functions X, ¥, Z, and U, with respect to the Fourier variable is shown in the
curves (a), (b), () and (d), respectively. The points of the type B and C are found for the indicated values of w.
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F1G. 6. The projections on the (4, n)-plane of the selected points A, Band C. Shown are the results of two series of
experimental measurements with a fluid inlet temperature of 25 and 40°C, respectively. (The ambient
temperature was about 20°C.)
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F1G. 7. The projections on the (1, x)-plane of the same selected points considered in Fig. 6.

they are very near to the (5, x)-plane and that the
n-coordinate is approximately equal to F'az. At the
other hand the size of the x-coordinate seems to be
unpredictable. An illustration of the various positions
of the points C in the (4, #, k)-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 2000-3000 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
of data 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 (3, n)-plane. In fact these clusters of the points of
type A mainly determine the line of intersection of the
least-square plane with the (8, n)-plane, defining the
collector characteristics F'at and F’/R,. Next, the
iterative solution of R,./R, 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 (4, #)-plane and
the (1, k)-plane, obtained from 14 time intervals chosen

from two series of data with a fluid inlet temperature of
25° and 40°C, respectively. The least-square approxim-
ation leads to the values of F'at = 0.621+0.013, F'/R,
=1.661+047 WK™ * m~? and R, /R, = 0.1910.03.
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'at = 0.616+0.008, F'/R, = 1.67+025 WK ! m™?
and R,/R, =0.16+0.02 are found. Characteristic
collector parameters are derived to be ar = 0.71,
R, =052W 'Km?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

Résumé— On étudie un collecteur tubulaire muni d’un caloduc avec uneisolation thermique variable. Basé sur

un bilan de chaleur défini dans un domaine de fréquence de Fourier, un systéme d’équations peut étre formule,

correspondant aux valeurs sélectives de la variable de Fourier. Les paramétres principaux du collecteur tels

que le produit absorptance-transmittance, la résistance de fuite de chaleur et le facteur d’efficacité, résultent

d’une approximation de moindre carré. Enfin deux séries de mesures avec des températures d’entrée de fluide
différentes sont utilisées.

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

Zusammenfassung —Beschrieben wird eine ‘Outdoor’-Methode zum Test eines evakuierten ‘Heat-Pipe’-

Kollektors bei wechselnder Einstrahlung. Aufbauend auf der Wirmebilanz des Kollektors, beschrieben im

Fourier’schen Frequenzbereich, wird entsprechend den ausgewihlten Werten der Fourier-Variablen ein

System von Gleichungen formuliert. Die wichtigsten Kollektorparameter, wie das Absorptions—

Transmissions-Produkt, die Glite der Warmedimmung und der Wirkungsgrad folgen aus einer Berechnung

der kleinsten Fehlerquadrate. Schlieflich sind noch zwei Serien experimenteller Messungen mit
verschiedenen EinlaBtemperaturen des Fluids erforderlich.

UCTIBITAHUE TEPMETHYHOT'O TPYBYATOI'O KOJUIEKTOPA C TEILJIOBOH
TPYBON C MOMOIBIO YACTOTHOI'O METOAA

AunpoTauus—OIMKHCaH METOA HCTIBITAHMR BHE MOMEUIEHHUS TePMETHYHOro TpyGYaTOro KoJLIeKTopa ¢ Ten-
JI0BO# Tpy6oit ¥ pa3nH4HO# Ternosoit n3onsauueil. Ba3upysch Ha 4aCTOTHOM NPEACTABJICHHH TEMIOBOTO
6ananca B KOJUIEKTOPE, NOMy4eHa CHCTEMA YPABHEHHIH, B KOTOPBIX COOTBETCTBYIONMM 0Gpa3oM noaod-
pannl k03pdummenTH Pypbe-npeobpazosanns. U3 cpesHexpaapaTHYHbIX aNNPOKCHMAlLHA MOTYT OBIThL
onpeesieHbl OCHOBHbIE TApaMETPBI KOJUIEKTOPA, TaKMe KaK MOIIOWATEIbHO-MPONYCKHasA COcOGHOCTD,
COTIPOTHBJIEHHE TEILIOBLIX NOTeph ¥ ko3ddunueHT nosesHoro aekcteus. s sroro HeobxoauMo mpo-
BellcHHE N0 KpaiiHell Mepe ABYX CepMil IKCIEPHMEHTOB C PA3JIMYHBIMH TEMNEPATYypPaMM >KHIAKOCTH Ha
BXOZE.



