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Abstract-A test method for collectors, essentially based on time-varying conditions has been developed. A 
finite Fourier transformation of the differential equations describing the collector, leads to relations for the 
collector characteristics. Because of errors, only a limited number of these equations defined by particular 
choices of both the time interval t, and the Fourier variable o, can be applied in the test method. The collector 
parameters can be determined by a least-square method using only one series of experimental measurements 
made by a fixed fluid inlet temperature. The results are comparable with those obtained from more series of 

measurements with different values of the fluid inlet temperatures. 

1. INTRODUCTION 

THE TESTING of solar collectors under stationary 
weather conditions according to the requirements of 
various outdoor or mixed outdoor/indoor test 
procedures, requires a long period of constant 
insolation. In moderate climates, the practical and 
efficient testing of collectors can be improved by 
methods based on transient weather conditions. A 
number of such methods are mentioned in literature 
(e.g. [ 1,2]). They are based on more or less complicated 
relations between the useful energy, the insolation and 
the heat losses integrated over the time of the 
experimental measurements, derived from a heat 
balance of the collector. 

The test method described in this paper, makes use of 
the well-known technique of the Fourier transform for 

solving time-dependent problems. A finite Fourier 
transform of the set of differential equations 
representing the mathematical model of the collector, 
results in a relation in the frequency domain. 

Particular choices ofthe Fourier variable lead to a set 
of algebraic equations between the useful energy, the 
insolation and the heat losses. The collector 
characteristics of interest such as the absorptance- 
transmittance product and the heat loss resistance, 
follow by a least-square method. At first sight, one series 
of experimental measurements with a fixed fluid inlet 
temperature should be sufficient to determine the 
collector characteristics by taking a sufficient number 
of different Fourier variables. In practice, the method 
only works with particular choices of both the time 
interval t, and the Fourier variable w. As a first reason, 
we mention, the sensitivity for numerical errors in the 
calculations and experimental errors in the data. 
Secondly, the actual solar radiation received at the 
collector absorber shows dominant relatively low 
frequencies with dominant intensity variations. As 
described at the end of Section 5, convenient time 
intervals are partly determined by the ratio oft, and the 
dominant period of the insolation. 

Additionally, the method will be applied using 

several series of experimental measurements, each with 
a different fixed fluid inlet temperature. In this case, it 
suffices to take a limited number of the Fourier variable 
w near zero for each series. 

2. THE THEORETICAL MODEL OF 
THE TEST METHOD 

The starting point is a mathematical model of the 
collector, consisting of a simple three-node model. The 
heat balance condition for the cover plate, the absorber 
and the circulating fluid, respectively, leads to the 
following set of differential equations : 

C,f&x,t) = T,(t) - T,(x, t) 
R 

+ T,(x? d - T,(x, t) 

-3 
R (1) 

PB 

C,%(x,t) = T,(x, t) - qx, t) 
- R 

PB 

+ T,(x, t) - T&G 0 
R + BW) (2) 

Pf 

{ 

G(x, t) c, $(X,t)+liyy I T,k t) - T,(X> t) 
=pmR-. 

(3) 

Pf 

Figure 1 shows the corresponding network. 
Several approximations are made in this model. The 

heat losses at the back side and the edges of the collector 
are neglected by the assumption of a perfect insulation. 
Also neglected is the radiation absorbed by the cover 
plate. The temperatures depend on one variable of 
space defined in the direction of the fluid flow. 

The capacities and the heat resistances as well as the 
fluid tlow v-locity, are assumed to be constant. If 
sufficient boundary and initial conditions are known, 
the collector temperatures can be solved from (l)-(3). In 
practical testing, only the fluid inlet and outlet 
temperature are easy to measure. These two conditions 
do not suffice to define completely the differential 
problem (l)-(3). 
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NOMENCLATURE 

A, B, M, K functions, used as abbreviations 
for various relations 

C specific heat of water [J kg ’ K ‘1 
C heat capacity per m2 [J K-’ mm’] 
E the insolation [W m “1 
E the Fourier transform of E 

[Wm-‘s] 

EO constant, defining the imaginary 
insolation (13) [W m ‘1 

L length of the collector in the flow 
direction Cm] 

ti mass flow rate per m* [kg s-l m-‘1 
R thermal resistance per m* 

[W-’ Km’] 

RI_ total heat loss resistance per m2 
[W-’ Km’] 

t coordinate of time [s] 

t, time interval of the measurements [s] 

to initial time of the measurements [s] 

t, period of the varying imaginary 
insolation (13) [s] 

T the temperature of a part of the 
collector [K] 

7 the Fourier transform of T [K s] 
ii velocity of the fluid flow [m s-‘1 
x space coordinate in the flow direction 

Cm] 
r?(ru) the Fourier transform of the 

insolation [J m-‘1 

xl0 x, real and imaginary part of the 
complex function z(w) [J m _ 2] 

P(w) the Fourier transform of the 
difference of the fluid inlet 

temperature and the ambient 
temperature [K s] 

YR, r; real and imaginary part of the 
complex function t(w) [K s] 

Z(w) generalized expression of the useful 
energy [J m - “1 

ZR, z, real and imaginary part of the 
complex function z(w) [J m-‘1. 

Greek symbols 

B absorptance-transmittance product 

6V coordinates of the Cartesian 
coordinate system defining the points 

( &/XR, zdxd or (5/X,, &/X1), 
Fig. 2 [W me2 K-l, -1 

A&I constant, defining the imaginary 
insolation (13) [W m - 2] 

At interval between two successive 
moments of measurement [s] 

w Fourier variable [s - ‘1. 

Subscripts 

f” 
ambient 
fluid 

g cover plate 

P absorber plate. 

the representative property that both the heat 
Fortunately, the type of collectors considered has 

resistances R,, and R,r are much smaller than R,,. 

Moreover, it is assumed that R,, can be approximated 
by the heat loss resistance R,. In the following, the 
ratios of RJR, and RpfjR, are neglected with respect 
to one. 

be obtained by studying the various temperatures in the 
frequency domain. They follow from the Fourier 

Insight in the dynamic behaviour of the collector can 

transform of the time dependent set of differential 
equations (l)-(3). 

Introducing the finite Fourier transform of the 
temperature, thus 

In this case it is possible to find an approximate 
solution of (l)-(3). Not only can the calculations be 
simplified, but the measurements of the fluid inlet and 

outlet temperatures are sufficient to find approxima- 
tions of the temperatures within the collector [3]. 

s 1s 

Qx, w) = e-‘“’ T(x, t) dt, (4) 
0 

and, analogously, for the other time-dependent 

Ta 
RP9 

T.0 T=O 

FIG. I. The heat resistance network of the collector model. 

T=O 
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quantities, the set of equations (l)-(3) can be 
transformed into the frequency domain. 

It is well-known (see [4]), the differential behaviour 

with respect to the time variable t transforming into an 
algebraic one with respect to the Fourier variable w, in 
these equations. 

Eliminating T&x, o) and ?r(x, o), the transformed set 
of (l)-(3) reduces to a first-order ordinary differential 
equation of ?r(x, o) with respect to the space variable x. 
Direct integration results in the approximate fluid 

temperature ?&x,o), expressed as functions of the 
measured weather variables, the insolation E(w) and 
the ambient temperature ?*(H(w) and the measurements 
of the fluid inlet and outlet temperatures, $(O, o) and 
$(L, w), respectively. Of course, this expression 

contains the heat resistances and heat capacities 
occurring in (l)-(3) as parameters (see Appendix). 

Analogous to the methods for steady conditions, the 
collector test method for transient weather conditions 
treated in this paper, compares the useful energy with 
the input parameters such as the solar radiation, the 
ambient temperature and the fluid inlet temperature. 

A relation between these quantities is found by 
writing out the difference of the fluid inlet and outlet 
temperature, $(L, w) - ?r(O, w), being a factor of the 
useful energy, using the approximate fluid temperature 

%(X> 0). 
Rearranging some terms, the basic relation ofour test 

method can be derived (see Appendix), yielding 

Z(0) = Brf(w)- B(w)/R,. (5) 

In two ways, (5) can be considered as a generalization 

of the classical Hottel-Whillier-Bliss equation for 
steady conditions. The functions r?(w), F(W)/& and 
z(o) have to be understood as generalized forms of, 
respectively, the insolation, the heat losses and the 

useful energy. Their main parts consist of the 
corresponding contributions in the frequency domain, 
computed with the aid of the direct measurements 
obtained during the time interval t,. Additional 
contributions follow from the effects of the thermal 
capacities during transient conditions. Secondly, with 
respect to the HWB equation, the meaning of relation 
(5) has been extended from w = 0 to any value of o in 
the frequency domain. This means that for instance an 
integral representing a simple integration in the time 
domain over the interval t,, has been replaced by a 
corresponding Fourier transform of the type (4). 

The functions 8(w), P(o) and z(w) are complex 
functions each having a real and an imaginary part. 
Therefore, (5) can equivalently be written as 

Z,(w) = BX,(w) - Y,(w)/& (6) 

Z,(w) = BX,(w)- I;(w)/&. (7) 

The collector test method is based on (6) and (7). At a 
given flow rate, tic, experimental measurements are 
made of the insolation, the ambient temperature and 
fluid inlet and outlet temperature, respectively. These 
measurements are necessary to compute the values of 

the real functions X,, X,, Y,, x, Z, and Z, for the time 
interval t, (cf. Appendix). As explained in the Appendix, 

the relations (6) and (7) have been arranged in such a 
way that X,, X,, Ya and Y; are independent of/3 and l/R, 
and the dependence of Z, and Z, on both parameters is 
very weak. Moreover, the most important capacity of 
Z, and Z, turns out to be C, + C,, while the influences of 

respectively C,R,, on YR and I; and C,Rpf on Z, and Z, 
are very small. Usually, reasonable estimates of the 
resistances and capacities can be obtained from the 
collector design. Using these estimates, numerical 
values of the functions in (6) and (7) can be computed for 
each choice of the Fourier variable w. 

Each value of w leads to two linear equations in the 
characteristic collector parameters p and l/R,. In 

principle, these parameters can be determined by a 
least-square method if a sufficient number of different 
equations can be obtained by particular choices of o. 

An alternative representation of (6) and (7) more 
convenient for a direct and clear illustration, is given by 

the equations 

Z,(w)lX,(w) = B - C W4IXd4IIR~~ (8) 

.%4/X,(4 = b- CSWlX,WllR~. (9) 

In this case the points ( YR/XR, ZJX,) and (YJX,, Z,/X,) 
can be plotted in a two dimensional Cartesian 

coordinate system (6,~). In the case of a sufficient 
number of different points, a straight line can be defined 
as a least-square approximation according to (8) and 
(9). The collector characteristics p and l/R, are defined 
by the intersection of the line with the q-axis and the 
slope ofthe line (see Fig. 2). Particularly, in the case of a 

fixed inlet temperature giving nearly constant heat 
losses, and a varying insolation, it can intuitively be 
expected that the functions t(w) and x(w) show a 
different behaviour as functions of w. Whether the 
corresponding points in the (6, q)-plane with abscissas 
6 = YR/Xa and 6 = YJX,, respectively, will show 
sufficiently different positions in the (6, q)-plane, partly 
depends on the choices of o with respect to the 
dominant frequencies of the insolation. 

A last remark concerns the transient weather 
characteristics of the insolation. Due to passing clouds 
the dominant periods of the insolation turn out to be 
relatively large. In our test method we allowed for 
realistic periods of say 6OG1200 s found from our own 
experiments as well as from literature [5]. 

4. EXPERIMENTAL APPARATUS AND 

PRACTICAL APPLICATION OF THE 

TEST METHOD 

As illustrated by the photograph in Fig. 3, the 
collector considered was tested on a movable frame 
work placed outdoors. The collector is a part of a closed 
loop, partly consisting of copper pipes. An ordinary 
central-heater pump (Grundfoss) circulates the water 
with a constant mass flow. The circulating fluid enters 
the collector with a constant inlet temperature. During 
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FIG. 2. The collector parameters fi and l/R, defined by a least-square approximation. 

its passage through the collector, the fluid is heated by 
the solar radiation. After the outlet temperature has 
been registered, the fluid is cooled to the inlet 
temperature. A heat exchanger connected with the tap 
water, causes a temperature drop to a value of approx. 
1 K below the inlet temperature. Next, a fine adjust- 
ment of the (constant) inlet temperature is obtained by 
means of electric heating. 

This test method requires a transient insolation. In 

the case of a (nearly) constant solar radiation, sufficient 
fluctuations can be artificially obtained by periodically 
covering the collector with a semi-transparent shield. 

During the experiments, the collector was kept 

manually oriented perpendicular to the direction of the 
sun. 

Data of the insolation, the inlet and the outlet 

FIG. 3. The collector to be tested outside. 
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temperature, the fluid mass flow and the ambient 

temperature are periodically measured at discrete time 
intervals of 10 s during the period of the experiment. A 

data logger records these data on tape to be used for 
computer calculations afterwards. Examples of the 
results of the recorded series of measurements are 
shown in the Figs. 4(a) and(b). Figure 4(a) illustrates a 
varying insolation caused by passing clouds. Figure 
4(b) shows, that during a stationary insolation the 
transient behaviour can be obtained by a periodical 
covering of the collector by a shield. 

In practice, the test method is applied to data 
obtained during a time interval (0, t,) being a part of the 

complete series of experimental measurements. 
These data are used for the numerical determination 

ofthe functions 2, y and 2, required for the application 
of the test method. 

5. A NUMERICAL EXPERIMENT FOR 
THE COLLECTOR TEST METHOD 

In order to verify its validity the test method has been 
applied to numerical data obtained from an imaginary 
flat plate collector operated under imaginary transient 

weather conditions. A model of a simple collector, of 
which the properties can be calculated analytically 
follows from (l)-(3) with the particular choices of R,, 

= 0 and R, = 0. In fact, this model represents an ideal 
collector with an excellent heat transfer between the 

absorber and the fluid, perfectly insulated at the 
backside, situated in a windy climate. 

In this case, the fluid temperature can be described by 
the one-node model 

(C,+C,)$ + C&z +; = PE(t)+TJR,. (10) 
L 

The solution of (10) satisfying a constant fluid inlet 
temperature, yields an analytic expression of the fluid 

outlet temperature, namely 

T,(L,t) = T,(O,r -y)exp[-(nicRL)-l] 

+ s G + cr)/dc exp [ - L/R,(C, + C,)] 

0 C,+C, 

, (11) 

in which 

rile = C&/L. (12) 

Furthermore, a constant ambient temperature and a 
periodically varying insolation, 

E(t) = E, + AE, sign (sin 2nt/t,), t > 0 (13) 

are assumed. For the imaginary collector, simulated 
numerical expressions corresponding with the required 
experimental measurements can be obtained from 
(11) and (13) at selected intervals after supplying 

representative numerical data of the insolation, the 
ambient temperature, the fluid inlet temperature and 

the known collector parameters. The following 

representative data are assumed : 

/I = 0.80 

C, = 3600 J K-’ me2 

tic = 150 W K-’ mm2 

E, = 600 W m-* 

t, = 1200 s 
(14) 

At = 10 s 

R,=O.l6KW-‘m2 

T,(O, t) = 40°C 

A& = 300 W mm2 

T, = 20°C. 

Particularly, it is noted that t, has been chosen in the 
range of the dominant periods of varying insolation. 
With the aid of these data, the simulated expressions 

can be computed. Our test method has been applied to 
several series of data obtained for various choices of the 
time interval t,. As a typical example, we show the 

results obtained for a time interval of t, = 2100 s, 
beginning at t, = 1200 s using the insolation (13). The 
numerical values of X,, YR and Z, as functions of the 
Fourier variable are shown in Fig. 5(a). They are 
influenced by numerical errors, since only the values of 
the integrand are available at discrete time intervals of 
10 s for the computation of the integrals by a standard 
integration procedure from a computer software 
library. 

The size of the errors can be obtained by comparing 
the values of X,, YR and Z, in Fig. S(a) with those of the 
corresponding analytic expressions. For instance, the 
values of X,(w) in Fig. 5(a) can be compared with the 
results of the analytic integration of the expression 

10+t. 

X,(w) = 
5 

cos wt {E, + A& 
10 

x sin [2n(t - Q/t,]} dt. (15) 

A plot of AX,,/X, in Fig. 5(a) shows an increasing 
relative error for values of w when X, becomes zero. 

The representation of the points ( YR/XR, Z,JX,) in 
the (6, q)-plane corresponding with (8) and (9) is given in 
Fig. 5(b). The same serial number is given to points with 
the same value of o in both Figs. 5(a) and (b). Also 
drawn in Fig. 5(b) is the line defined by fl = 0.80 and 
R, = 0.16. The theoretical least-square approxima- 
tion of the points has to coincide with this line. Analys- 
ing Figs. 5(a) and (b), the following can be noticed : 

(i) Points in Fig. 5(b) corresponding with values of o 
where X,, Y, and Z, have values near extrema in Fig. 
5(a), such as in the points with serial number l-7,12-14, 
18-23, are reasonably situated near the theoretical line. 
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I 
X,lte,Z,/t,,lWm~2) 

10xY&.lK1 

FIG. 5(a). The dependence of X,, Ys and Z, on the Fourier 
variable W. Also shown is the relative numerical error AXJXx. 

(ii) Points with a number near 9, 16 or 28, 
corresponding with values of o where Xs, Ys and Zs in 
Fig. S(a), are near zero, show more deviations from this 
line (16 and 28 are outside the frame of the figure). In 
these regions, both X,, Y, and Z, and its relative errors 
are fast varying with respect to o. 

(iii) Of particular importance for the application of 
the least square approximation are points in Fig. 5(b) 
situated near the q-axis with a small value of 6 = YR/XR. 
They follow for values of w, where Y,(o) is near zero in 

Fig. 5(a), such as the numbers 9, 16 and 26. 
Unfortunately they are situated in a region with a large 
sensitivity for errors, described in (ii). 

The properties of X,, x and Z, are represented in 
Figs. 6(a) and (b) analogously to those of X,, YR and Z, 
in Figs. 5(a) and (b). 

(iv) Similarly to note (i), points with numbers 2-13, 
22-29 in Fig. 6(b), resulting from values of w round 
extrema in Fig. 6(a) are near the theoretical line. 

(v) Points such as 14-16, 18-20 are sensitive of 
errors by reasons given in note (ii). 

(vi) Near u&/x x 2, the function yl(w) has a 
minimum value near zero in Fig. 6(a), which implies a 
stable behaviour of I; with respect to o. In the case that 
for the same value of o, X,(w) has a sufficiently large 
absolute value, a corresponding point near both the q- 
axis and the theoretical line of Fig. 6(b) can be obtained. 
The point with number 17 in Fig. 6(b) satisfies this 
condition. It has been found that the value of X,(o) at 
the minimum value of Y,(o) near cot&z zz 2, strongly 
depends on the time interval t,, or what is the same, in 
fact, on the ratio oft, and t,, the period of the varying 
insolation (13). The dependence is illustrated in Fig. 7, 
resulting from calculations with the imaginary 
collector model starting with t, = 1200 s and various 
values oft,. Relatively large values of X, are found near 
the extrema at to + t, = 3300 s and t, + t, = 3900 s. 
Hence, appropriate points near the theoretical line in 
Fig. 6(b) are found for the intervals 1200-3300 s and 
12W3900 s. On the other hand, the position of the 
point for 1200-3000 s, yielding a vanishing value of X1 
(Fig. 7), is unstable. 

I 1 I I I 1;” 
-0.03 -0.m -0.01 '-n.cn 

I I I I,, I I I I I I1 I I I I I I I 
0.01 0.02 0.03 0.01 0.05 0.06 0.07 0.08 0.09 0. IO 

DELTA. IW/ (KM21 I 

FIG. S(b). A plot of points ( Ys/X,, ZJX,J corresponding with discrete equidistant values of w from Fig. 5(a). 
Theoretically, the points have to coincide with the drawn line. 
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100 

FIG. 6(a). The dependence of X,, Y, and 2, on the Fourier 
variable o. Also shown is the relative numerical error AX JX,. 

6. APPLICATION OF THE TEST METHOD 

The test method has been applied to a commercially 
available conventional flat plate solar collector 
(RENOR, type MP, collector produced by EBS, Grave, 
The Netherlands). This collector can be represented by 
the mathematical model of Section 2. A sketch is given 
in Fig. 8. Placed on the test installation outside, the 
collector operates under actual weather conditions. If 
necessary, the transient behaviour of the insolation is 
intensified by a periodical shielding ofthecollector. The 

I 

0 1000 

-_---- 
1 

t,=12oos 

-100 

t 

FIG. 7. The values of X, and Z, for the Fourier variable o*, 
where & has an extremum near e&/n N 2 for a variable time 

interval, t,. 

fluid inlet temperature and the fluid flow rate are 
adjusted to fixed values. 

During periods of 7200-9000 s the insolation, the 
ambient temperature, the fluid inlet and outlet 
temperature and the fluid flow have been measured 
every 10 s. Parts of series of such measurements are 
already given in Figs. 4(a) and (b), respectively. The 
experimental data are used to test the method. After 
choosing an initial time T,,, a time interval t, and 
reasonable estimates of the heat capacities and heat 
resistances, the properties of XR, Y,, ZR and XI, I;, Z,, 
respectively, can be determined as functions of CO. 

0.2 L 

0.1 F 
I I I I I ,_“I I I I I I I I I I I,,,, 1, , I I / 

-0.03 -0.02 -0.01 “‘-n.m 0.01 0.02 0.03 O.u4 0.05 0.06 0.07 O.oB 0.09 0.10 
DELTA. Iid/ (KM21 I 

FIG. 6(b). A plot of points (YJX,, Z JXJ corresponding with discrete equidistant values of w from Fig. 6(a). 
Theoretically, the points have to coincide with the drawn line. 



Experiences of a solar collector test method using Fourier transfer functions 1401 

A-A’ 

FIG. 8. A sketch of the conventional collector. 

Because of the dominant low frequencies of the 
insolation shown in Figs. 4(a) and (b), a behaviour 
analogous to that of Figs. 5(a) and 6(a), respectively, is 
fdund. The representation of the corresponding points 
in the (6, q)-plane similar to Figs. 5(b) and 6(b), yields 
disappointing results. Because of very large variations 
in the positions of the points, a consistent least-square 
approximation is not possible, in many cases. Clearly, 
several kinds of error influence the results. Firstly, there 
are the numerical errors already mentioned in Section 5 
and the errors caused by the approximation of the 
collector by the simple mathematical model. The 
instruments of the testing apparatus, such as the 
solarimeter, cause a second type of error. 

In fact, reliable points are obtained only from values 
of w near the first extrema of X,, Ys, Z, defined by 
0 < wt,/n < 0.6 and the first extrema of X,, Y,, Z, 
defined by 0.25 < cot,/z < 1.25. In both cases, there 
results a small string of points in the (6, q)-plane, very 

-100 

near to that of w = 0 in the case of X,, Ys, Z,. Points 
corresponding with different values of w, generally 
showing an unpredictable and erroneous position, 
cannot be used for the application of a least-square 
approximation. There is only one exception, namely 
the case already mentioned in Section 5 (vi). Ifthe stable 
minimum value of Y,(o) near ~t,/z z 2, is combined 
with a sufficiently large absolute value of X,(w), for the 
same w, a well-defined point near the q-axis in the (6, q)- 
plane can be found. 

To this end, the values of X, for this particular value 
of w are determined by varying the time interval t, for a 
fixed initial time t,, similarly to Fig. 7. Well-defined 
points in the (a,~)-plane are obtained from time 
intervals defined by t, and values of t, selected at not too 
small extrema of X,. A typical example obtained from a 
series of experimental measurements is shown in Fig. 9. 
In this case, the time intervals of 2000-4700 s and 2000- 
6500 s yield points near the q-axis in the (6, q)-plane, 
which can be used for the least-square approximation. 

For each single time interval, the test method can be 
applied to a limited selection of values of w. Generally, 
this number is too small and there is too much spread in 
the position of some points to determine reliable values 
of the collector characteristics by a least-square 
method. Taking different time intervals from the same 
series of measurements, a superposition of convenient 
points in the (6, q)-plane can be derived. 

Firstly, a cluster of strings resulting from X,, Ys, Z, 
and X,, I;, Z,, respectively, near the point 
corresponding with o = 0, is found. In the case of 
experimental measurements with a fixed inlet 
temperature defining nearly constant heat losses of the 
collector, these strings constitute a cloud of points at a 
nearly fixed position in the (6, q)-plane. An extension of 
points situated near the q-axis in the (fi,t~)-plane is 
obtained by considering the functions X,, I;, Z, for 
selected time intervals t, and particular values of w, as 
described. Figure 10 shows the results for 27 time 
intervals taken from one series of experimental 
measurements with a fixed inlet temperature. For each 
time interval, the points with values of o = 0 for X,, YR, 

FIG. 9. The values of X,(0*) and Z,(o*) for a variable time interval, CO* determined by the stable x(0*) near 
wt,Jx a 2. 
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FIG. 10. A plot of points resulting from one series ofexperimental measurements with a fixed inlet temperature. 
The straight line defines the collector parameters. 

Z, and wtJlr = 0.75 for X,, Y;, Z, are expressed. R, = 7.39kO.70 K W- ’ m2. A verification of the 
(Compare the extrema in Figs. 5(a) and 6(a).) At the results of the collector characteristics can be obtained if 
same time are shown the points with a value ofw, where experimental measurements can be made for different 
Y,(o) has a minimum near cot& z 2. Also drawn is the fluid inlet temperatures. Corresponding clouds of 
straight line as a least-square approximation defining points, resulting for values of w near zero, are found at 
the collector characteristics of fl = 0.755 kO.017 and different positions in the (6, q)-plane. In the case of a 

OINLET-RMBIENT TEMP.=18C 

+INLET-AMBIENT TtMP.=25C 

AINLET-AMBIENT TEMP.=17C 

-~w~+%.m 
I, I I I I I, ,,I,1 I I I I % I 

0.01 0.02 0.03 cl.@4 0.05 0.m 0.07 0.m 0.09 0.10 

DELTR,IW/IKM211 

FIG. 11. A plot of points from series of experimental measurements with different fluid inlet temperatures. 
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sufficient spread, they can define a straight line as a 
least-square approximation. 

Figure 11 shows the clouds of points for six time 

intervals taken from three experimental measure- 
ments each with a different fluid inlet temperature. The 
points with w = 0 for X,, Y,, Z, and cot&t = 0.75 for 
Xr, &, Z, are taken for each time interval. The charac- 
teristics are found to be /3 = 0.7595-0.010 and R, = 

7.82 &- 0.34 K W - 1 m2, in this case. 
It will be clear that the best results can be obtained in 

the case that measurements with sufficiently different 
inlet temperatures are available. 

7. CONCLUSIONS 

This paper describes an outdoor collector test 
method appropriate for transient weather conditions. 

Instead of an expensive solar simulator, the actual 
sunlight supplies the radiation of the collector. 

The collector characteristics /I and R, are obtained 
by a least-square method from a set of algebraic 
equations, relating the generalized functions of the 
insolation, the heat losses and the useful energy, 
respectively. These equations are derived by applying 
the Fourier transformation with respect to a finite time 
interval t, to the time-dependent equations represent- 
ing the collector model. Because of various kinds of 

errors, a limited range of values of o leads to an 
appropriate equation. 

The results of the collector characteristics obtained 
from various separate time intervals t, show a relatively 
large spread. 

A superposition ofpoints obtained from several time 
intervals chosen from a series of experimental 
measurements with a fixed fluid inlet temperature 
yields better results. In this case, the least-square 
approximation is comparable with results obtained by 
other methods. 

The best results follow from the application of the 
method for values of w near zero to time intervals taken 
from experimental data measured with different inlet 
temperatures. 

1. 

2. 

3. 

4. 

5. 
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APPENDIX: THE DERIVATION OF THE 
GENERALIZED FUNCTIONS 

if(w), &II) AND &III) 

Using Fourier transforms of the type (4) applied to the 
differential equations (l)-(3), the ordinary differential 
equation for ?r(x, o) follows by straightforward calculation, 
namely 

a(o)T;(x,w)+B(w)~(~,o) = M(w)+K(x,o), 

in which 

A(w) = l/RL + ioCr [(C, + Cf )/Cf + ioC,R,] 

B(w) = C,C(l + ioC,R,r) 

M(o) = @(w) + ?&)/CR,(l + iwC,R,Jl 

K&o) = -C,(l +iwC,R,,) [e-im’o T,(x, t,)- T,(x,O)] 

(A21 

(A3) 

(A4) 

- CpCemimre T&. t3 - T,(x,O)l - R 
‘ 
(1 y::; R 

8 a 
3 

x [e-‘“‘e T,(x, t,)- T,(x, 0)l. (A5) 

The solution of L$(x,w) follows by direct integration of (Al) 
with respect to the space variable x. The resulting expression of 
3(x, o),notgiven here,isused todefine the basicrelationofthe 
test method, being the useful energy proportional with 

?&w)-Ff;(O,o) = (l-e-AL’B)[M/A-_(O,o)] 

+$ K(v, w) e- “G- “j/n dv. (A6) 

With some calculation and using the approximations 
R, << R, and R!p << R,, (A6) can be written in the alternative 
form of the basic equation (5). Defining 

X(w) = &G (A7) 

&I) = 
T;(O,w)+$(Lo) _ P 

2 *+ 
C,R,, 

1 + ioC,R,s 

x [t io+e-‘“” T&J- T.(O)], (A8) 

the generalized form of the useful energy can be written as 

a4= 

ACrIB 
+(A- l/R,)T;(O,o) + ___ 1 -,-AL/B 

L 
x C(C, + C&/G + ieGR,r 1 

s 

e-A(L-“,e 
0 

x {e-‘w. T(v, t,) - W, 0)) dv. (A9) 

The last integral of the RHS of (A9) represents the capacitive 
heat stored within the collector at t = 0 and t = t,, 
respectively. The fluid temperature Tf within the collector 
occurringintheintegrandofthisintegralcanbeapproximated 
using the measured fluid outlet temperature T&L., t) during a 
certain time interval [3]. 

Obviously, R and f are independent of S and l/R,. The 
dependence of Z(o) on both parameters can be shown to be 
very weak. For instance, l/R, is a term of A occurring in some 
factors of the terms of (A9). Series expansions of this factors 
show the higher order terms of l/RL to vanish, in most cases. 

The influence of the other unknown heat resistances and 
capacities will be shortly discussed. The last term of (A8) is 
equal to zero for a constant ambient temperature. In practice, 
the ambient temperature having only small variations during 
one period of experimental measurements, the influence of 
C,R,, can be neglected in P(w). 
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As discussed in Section 6 the values of w applied in the test and using series expansions of some exponentials of 2(o), C, 
method are limited and are small (o&/n < 2). The term +Ct is found to be the main capacity in (A9). Usually, 
iw C,R,, occurring in the expressions (C, + C,)/C, + icu C&r estimates of the heat capacities can be obtained from the 
and 1+ iw C,R,, is small with respect to (C, + C,)/C, and 1, collector design. 
respectively. These ex 

J 
ressions are present in T(o), partly in The real functions X,(w), X,(o), Ye, Y,(w), Z,(o), Z,(o) 

the factors A and B of (o), (A9). This implies that I hardly are defined as the real and the imaginary part of respectively 
depends onC,R,, for most values of(r). After some calculation the complex functions d(w), P(o) and p(o). 

METHODE D’EXPERIMENTATION DUN COLLECTEUR SOLAIRE AVEC UTILISATION 
DES FONCTIONS DE TRANSFERT DE FOURIER 

Rbume -- On developpe un methode d’essai des collecteurs essentiellement basee sur des conditions variables 
dam le temps. Une transformation de Fourier des equations differentielles decrivant le collecteur conduit rides 
relations pour les caractiristiques du collecteur. A cause des erreurs, seul un nombre limite de ces equations, 
dbfini par des choix particuliers a la fois de l’intervalle de temps t, et de la variable de Fourier o, peut &tre 
applique dans la mtthode d’essai. Les parametres du collecteur peuvent @tre determines par une mithode des 
moindres car&s qui utilise une sirie d’experiences faites avec une temperature de fluide fixQ a Tentree. Les 
resultats sent comparables avec ceux obtenus a partir d’un plus grand nombre de series de mesures avec 

differentes valeurs de la temperature d’entrte du fluide. 

ERFAHRUNGEN MIT EINER TESTMETHODE FUR SOLARKOLLEKTOREN, DIE FOURIER- 
TRANSFORMATIONEN ANWENDET 

Zusammenfassung-Es wurde eine Testmethode fiir Kollektoren entwickelt, die im wesentlichen auf zeithch 
veranderlichen Bedingungen basiert. Eine finite Fourier-Transformation der den Kollektor beschreibenden 
Differentialgleichungen fiihrt zu Beziehungen,die den Kollektorcharakterisieren. Wegen der Fehler kann nur 
eine begrenzte Anzahl dieser Gleichungen, welche durch eine besondere Auswahl von Zeitintervall te und 
Fourier Variabler o definiert sind, in der Testmethode angewandt werden. Die Kollektorparameter werden 
nach der Methode der kleinsten Fehlerquadrate bestimmt, wobei nur Serien van Messungen mit gleicher 
Fluideintrittstemperatur verwendet werden. Die Ergebnisse sind vergleichbar mit jenen, die aus mehreren 

Serien van Messungen bei unterschiedlichen Fluideintrittstemperaturen ermittelt werden. 

PE3YJIbTATbI 3KCllEPMMEHTAJIbHOFO METOGA MCCJIEflOBAHMR COJIHE’JHOI-0 
KOJIJIEKTOPA C MCHOJIb30BAHMEM @YHKJJHI? @YPbE-IIPEOSPA30BAHMR 

.kiHOTa~H~~~peLUIOxeH 3KCIIep~MeHTanbHbIti MeTOn uecrauuotiapuoro riccnenoaamia xonnezropos. 
KOHevHOe @ypbe-rIpeO6pa3OEiaHHe &~epeHWiaJIbHbIX YpaBHeHbiti, OIIHCbIBaIOlWiX KOnJIeKTOp, npaBO- 

DHT K BbIpa~eHHRM iUIR IIapaMeTpOB KOnneKTOpa. M3-3a nOrpeUIHOCTei%, B 3KCIIepHMeHTanbHOM 

MeTOile MOmeT 6bITb UCnOnb30BaHO OrpaHWIeHHoe sucno YpaBHeHHii, onpenenneMbrx OC06bIM 

BLI~OPOM kax spesrenuoro mrrepsana I,, rax M nepebrennoti Qypbe w. XapaKrepncrmoi Konnekropa 
MOxHO OnpQ,enHTb MeTOL,OM HaAMeHbIIIAX KBaL,paTOB, npOBOL,SI TOnbKO OnH,’ CeptrIG ti3MepeHHfi “pH 

3anaHHOfi TeMWE!paT)‘pe XGIIIKOCTM Ha BXOLle. Pe3ynbTaTbI COnOCTaB,leHbI C .LtaHHbIMII, “On)‘W”HbIMH 

“p&i “pOBelle”HA 6onbmoro KO,IM’IeCTBa CepAi? 83MepeHltii C pa3nH’IHbIMH 3Ha’EHBllMll TeMIIepaTypbI 

)KHnKOCTM Ha sxone. 


