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ABSTRACT

For the computation of the gross heat output of solar collectors
by means of meteo data and characteristic collector parameters

two programs were developped:
- MURD for the determination of the "mean usable radiation densitvy”.

- ETA for the calculation of the collector efficiency i.e.
relative values of gross heat output.

In the first part of this report the main features of these
nrograms are described and detailed instructions for the use

of them are given. Results of some cases for the meteo-situation
of Zurich airport are given in the second part. The appendix
contains some additional remarks which are of interest to the

user.
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INTRODUCTION

In order to enable the members of IEA-Solar Fnergy, Task III
{(thermal performance tasting of solar collectors) to compute
on a common basis the "211 Day Performance of Collectors” for
the meteo-situations of different countries, a proqgram and
kiow-how transfer EIR-IEA was decided. For this purpose, the
original EIR programs NUENDI and ETAH developped by

A. Duppenthaler and P. Kesselring {1) were imvroved and
extended. According to tiae various conditions to be fulfilled,
numerous new options were built in. The new versions MURD and
ETA are now completed, a description of the main features as
well as detailed user instructions are aiven in chapter 1.
Results for the cases and parameter sets chosen at the Boras-

Meeting (June 10-13, 1980) are shown in chapter 2.

After havinag received the EIR-programs as well as the meteo
data of Kloten (Zurich airport) and the results for the para-
meter sets mentioned above, our nartners in differ~nt countr .es
can adapt the programs for their computer systems, check the
results and then apply to their own meteo data sets. Thus an
international evaluation of MURD-functions (mean usable
radiation density) and gross heat outnuts as well as a veri-
fication and validation of our method becomes possible.


http://countr.es

1. THE PROGRAMS MURD AND ETA

The basic principles of the programs MURD and ETA are described
ir: the "Atlanta-paper” of P. Kesselrina (2). Whereas MURD
computes values of the mean usable radiation density by means
of the meteo-data (G, D, T, for a given period and fixed
collector parameters (Tm, TA, GA, n, b) ETA serves for the
determination of the "mean collector gain” i.e. r=zlative values
of gross heat output refering to the integrated global radiation
power on a horizontal surface. The mean c¢nllector gain is a
function of the ootical efficiency No and the heat loss coeffi-
cient a, which are characteristic for a given snecial collector
{variable collector parameters).

1.1 The concent

The basic idea in treating the all day performance of collectors
has been to order the incoming radiation energy according to the
efficiencv, with which it can be used by the collector. This
leads to the choice of (Tm - Ta) /I as the ordering parameter.
However, a linear collector equation (in IEA-notation)
- —— - .
n No ~ 3 T (1)
= . -
with T UO (Tm Ta) /1

and U, - 10 W/m*K
is not sufficient to describe the collector efficiency accurately

enough for practical purposes. At least, two effects have to be
considered in addition, namely the influence of

- incident angle of radiation to collector surface

- yvariation of heat loas coefficlent with Tm and Ta'

1l _Basic_relations

These leads to the following eguation for the instantaneous
heat output (heat flux) of the collector in a steady state:



q =1, - ark(T ,T)-U_ - (T -T,) (2)

with the effective radiation Ie:

-

Ie = ffa(8.¢,nc)'nc'j(9.¢,t)°sin9d9d¢ (3)

Here we have defined the following parameters:

3(9.¢:t)'sin9d6d¢ radiation density per m2 collector surface
coming from tle angular element
ad = sinoded¢

a(9,¢,ﬁc) incident angle modifier as a function
of the polar coordinates of incoming
radiation 3 and of the collector position
giver by the normal unit vector ;c of the

colilector surface

k(Tm,Ta) variation of the thermal loss coefficient
a1 as a function of mean collector and
ambient temperature.

The following simple approximations were proposed and are used
in our programmes:

n > 2
ai{9) 1 - tan (8/2) with cosd = nc-J/|J[ (4)

k

1+ b (T _-T,) (5)

A whole class of collectors - e.g. single glass, selective or
double glass, non selective flat plate collectors - may usually
be characterized sufficiently well by a single pair of para-
meter values n and b in eq. {(4) and (5).

Integrating eq. (2) over a time period to gives
t
o k(Tm,Ta) Uo (Tm Ta)

= - (6)
q gf Ny = A T 1.4t

Here the main collector efficiency parameters Ny and a, are put
in evidence, whereas the correction factors for incident angle
and temperature variation ((4) and (5)) are included with the



meteo - and user orientzted parameters in the expression

x =k (Tm,'l‘a) -Uo- (Tm-Ta)/Ie (M

Equation (6) suggests the choice of x as a more refined ordering
parameter and hence the definition of the enerqy distribution

function as

dE dt
= - Ie'a? : MURD-function (8)

The corresponding transformation of the integral (6) yields

X
O

dE
q = no-oj (1-x/x,) *3=+dX = n_-F(x ) (9)
with Xy = “o/al’

Given the set of parameters ;C {collector orientation), Tm
{mean temperature of the produced hot water), n (incident
angle modifier class) and b {heat loass class), we can compute
the corresponding MURD-function dE/dx according to eq. (8)
from the meteo-time functions for radiation and ambient

temperature.

Yor any collector characterized by o and a., and belonging to
the {(n,b)-class, the gross heat output over the period to may
now simply be calculated accordina to (9}, 1.e. as if the linear
collector efficiency equation

n=mn, - apx {10}

were valid. If meteo-data of a certain climatic region are
available for a period of several years,monthlv averades of
dE/dx and tables of the intearal F(xo) can thus easily be
computed. The value of such a treatment, e.g. for selecting
a collector with an optimal gross heat output/price relation
for a given application, is evident.



1.1.2.1 The effective radiation Ie

Since the meteo data are given br a finite number of measurements
and furthermore the incoming radiation consists of a direct part
and a diffuse part, the integral term (3) has to be modified.

As it is usually the case, only values for global and diffuse
radiation on a horizontal surface are available from the meteo
stations. In order to get the effective radiation on tilted
planes {(collector surfaces), we used the following relations

which were verified by numerous measurements (3):

Global radiation on G, = D, + g-cosb (11)
a tilted plane

Diffuse radiation on DG = Do + decos: (12)
a tilted plane

Global radiation on Gh = Doo + gesin hs {13)
horiz. plane {(a=0)

Diffuse radiation on Dh = DOo + desin hs (14)

horiz. plane {(a=0)

Do and DOo are the non-directional parts of the diffuse radiation
and are treated as isotropic radiations. The directional part of
the diffuse radiation i.e. the part coming from the vicinity of
the sun is added to the direct radiation from the sun. The angle
of incidence & is measured between the normal to the collector
surface and the direction to the sun, For a horizontal suiface

cosf = sin hs’ hs being the elevation of the sun.

Theoretical considerations led to the assumptions

q-= fu'U'Iv (15)

D, = (a+b'fa)'Doo (16)
with u = Dh/Gh (17)
£, = +{1l4cosa) (18)

v = (G,-D,)/sin h_. (19}



In order to determine the coefficients a, b and fu numrerous
least-squares fits were carried out by means of radiation data
for which 0.15 € u £ 0.99. The best fits were obtained with
the values:

f
n

1

b = l-a =y

Thus the following relationships were found:

d = u+(G,-Dy)/sin h_ (20)
g = (1+u)-(Gh-Dh)/sin hs (21}
Dog = ¥°Dy, (22)
D, = (1- 5(1~cosa))-D_ (23)

and the global radiation on a tilted surface can now be calculated
according to (l1) by means of measured values for Gh and D, using
the equations (21), (22) and (23).

Inserting eq. (l11) into (3), we get the term for the effective
radiation which is *0 be used in MURD:

Ie = a(g6)+g-cost + a (24}

aiff'Po
The incident angle modifier for direct radiaticn which is
defined as

a{g) = n(B)/no

i.e. the optical efficiency ratio for sloping and perpendicular
incidence is given kv (4). For an isotropically distributed
diffuse radiation a mean value over all directions is to be

used. In the case of a horizontal surface {(o=0) a thus

diff
becomes
1/2

adiff,o = 2°£ a|f)cosbsindde (25)



For tilted surfaces a correction has to be apnlie3 because a
vart of the skv cannot be “seen™:

n/2 n/2
J al®)cosbsinsae - [ % a{0)cososinede
a .. O /2=
Aiff = 772 =73 (26)
/ costsinede - / ¥ cosesinede
0 n/2-a

where ¥ is given by
cosy = cotbe-cota

Using ea. (4), (25) and (26), we found by numerical analysis
the following expressions:

= « (] oy -q?2
agiff = adiff,o (li-cu a*{2.467-a°)) (27)
adiff.o = 0.51535+0.16668+n+(1-0.10217+n) (28)
with Cu = 0.05667-0.01517+n-(1-0.08660-n)

and « in radians.

Remark: If in addition to Gh and Dh the value of Ga is also known
(by an additional direct measurement), the accuracy of

(24) can be increased by replacing (23) by

Do = Ga-g*cose ' {29)

Finally, it should be noted that the formula (4) represents a
good avproximation for the incident angle modifier for flat-plate
collectors i.e. plane cover windows. The exponentn was deter-
mined by means of least-squares fits with measured values of
n(e)/r*.o for various collector types; the following averages

were found:

Table 1:
Incident angle

cover tyne

ley—
i |

single window 3.29

double window 2.49 modifier classes



For bent cover windows formula (4) is not valid.

— ol e Wy o S g e o

According to iils definition (7} the variable x contains the
variation of thermal losses with mean collector temperature and
amb.ent temperature in form of the factor

k(T ., T,; = 1+b=(T -T.) (5)

It should be pointed out that this is a rather rough approxi-
mation. As we could snow by various investigations, a much more

accurate expression is given by

€9 ¢

a,v b

k(Tm'Ta'vw) = 1+6°*
1o

- 2. - »
Ta (Tm Ta)+c v, (30)

where the dependence of the heat losses upon the velocity of
wind (vw) is also ircluded. € is the effective emittance of

the absorber surface anl o ti. Stefan-Boltzmann constant. Mean
values of the coefficients fb and ¢ are given in table 2. From
(30) it follows that b in (5} is not a constant, but varies with
the ambient temperature. In order to fulfill the IEA convention,
we have used mean values of b (b) for Ta = 288 K and put ¢ = 0

for the computations of the examples given in chapter 2.

cover type absorber type o b c

single window selective 0.853 0.0010 0.033
single window non selective 0.853 0.0036 0.033
double window selective 0.602 0.0010 0.017
double window non ue’ective 0.602 0.0038 0.017

Tablz 2: Heat loss classes



For each period considered {(days or months of a year), the
function dE/dx{x) is computed from x = 0.03 to x = 3.0 in

stens of Ax = U.03 i.,e. a table of 100 values is produced.
If there are negative values of x, which is the case when

Tm < Ta' 200 values are computed from £ = 0.03 to £ = 6,0,
where £ = x-3.0. The transformation x * £{ simplifies the

integration in (9) (¢f. 1.1...1).

Remark: In our program the original EIR-definition of x is
used. Therefore, all x-values are divided by 10
compared to the x-values according to (7). However,
this is of nc influence on the further computations
in ETA. The nutput of ETA as well as the graphs of
dE/dx are corrected for IEA-notatichn.

In computing dE/dx (x), it has to be taken into account, that

during one day, a fixed x-value may appear several times. Thus

the numerical expression for (8) has to be written

AE

3=1

The determination of AE/Ax(x) is done in several steps:

- Calculation of x, and I for each measuring point (t,, T
i e.l i’ "a,

Gh,i' Dh,i) according to (7) and (24}.

- Determination of the time functions x{t) and Ie(t). These
functions are defined stepwise in the following manner

cit), = a *t2+4b stt+e; (32)

i i

I, =h 1°4Cy

The coefficients a s bi' C v are determined by means of the

three points of support

E LS
Ax (x) Ax Ie,j ﬂtj (31)

A, et?+B, st+C (33)

il’



- 10 -

ti-bt/2, (xi_1+xi)/2

ti ' xi

ti+6t/2.(xi+xi+1)/2

and the coefficients Ai' B,, C, by

i i

t =At/2, (1

i )/2

+
e i-11Te,1

£, , I

i e,i

+
t1 At/2, (Ie,i+1e,i+1)/2

- Definition ¢f the x-interval: Beqginning with x =0 (£ = 0)
the next x-values are given Ly x = Ax, x = 2+AX, and so on
up to x = 3.0 (£ = 6.0). The limics of each intervall are
defined as x and x+Ax, so that AE/Ax is determined for
Xn = x+Ax/2.

.

-~ Determination of the intersections with the curve given by
(32):

x({t) = x with the solutions tj {j=1,n)
x{t) = x+Ax with the solutions t; {i=1,n)

If there is no intersection, then AE/Ax = 0.

- Determination of the I -values by means of (33):

e,)

I = Ie(t 'm} with t.’ = (t,+t*)/2

e,] 3 J.m 3 3

- Determination of AE/Ax according to (31):

g Eos

with btj = |t;-tj|
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1.1.3 Numerical relations_used _in_ ETA

The rrogram ETA computes values of the function P(xo} defined
in (9) for several values of xo = nolal. If the minimum value

x of x, which occurs during the periocd under investigation,

min
is greater than 0, the following equation holds

X X

o) Q
x . dE _ _ X, . dE
/ (1 "o} gt ax -/ (1 _"o} 35 ax (34)
xmin °

In the case of negative values of x . the range of integration

min
has to be extended according to
X g
(o) o E+X .
x, ,dE - - min ., dE,
/u-;—)-&; e A = S Tt (35)
0 o min
X o
min

with £ = x=-x and Eo = xo-xmin'

min
For this reason, dE/4f tables are produced by MURD from § = 0
(x = -3.0) to § = 6.0 (x = 3,0) in the case of negative x-values

i.e. when Tm-Ta<0 for any measuring ooint.

If, for low Tm’ some X-values are less than =-3.0, a correction
has to be avolied due to the tail of the dE/df function in this
ranga. F(xo) is then given by

c
= L —E )en A4
Fix,) = x_ j[ (£=E )" (E)aE + i fmin (36}
° i=1
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-f + B'{O)
and < Eo E (O./xo

0
n
"

(1-50/(100+xz))'2'(0)/xo

0
i

3 (1/(100+xz))°E‘(0)/xO

E* {£)

dE/dE (£)

The integrals in (34), (35) and (36) are computed by means of
Simpson's formula and the E'(x) resp. E'(Z) values provided by
MURD.

In addition to the tables of F(xo) for different values of Tm

(mean collector fluid temperature) ETA calculates averages of

the wind velocity and the integrated global radiation power on
a m?’ of horizontal surface and collector (tilted) surface.

1.2 User's gquide

1.2.1 Input of MURD

———————— i e —— ——— - -

The control parameters of the proqram, the local parameters of

the measuring station of the meteo data, the collector parameters
and the specifications of the periods have to be read by punched
cards. As can be seen from the listing (MURD36-46) there are seven

PROGRAM CONTROL PARAIMETERS (lst card/format: MURD 15):

-~ KMAX gives the number of periods for which the MURD-
function is wanted {for our examples given in
chapter 2: KMAX = 4)

= KPRINT({1) decides whether the specifications of the collector
parameters are printed (=1) or not {=0)(examples: 1)

- KPRINT (2} has the same function for the printing of the
dE/dx-values of a period (examples: 1}
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KPRINT (3) decides on the printing of the dE/dx-values of
each day of a period (examnmples: 0)

= KPRINT(4) decides on the printing of x(t), Ie(t) and
IAt, (x) of each day of a period (examples: 0)
J 4
- KPnINT(5) decides whether the diE/dx-values are written on

permanent file (=1) or not (=0) (examples: 1)

- IND this index has to be put = ¢ if the timing of
the meteo data is given in zonal time {(clock)
and = 1 for real lcocal time (examples: 0)}. The
exact definition of time is needed for the
SUBROUTINE WINKEL which serves for the calculation
of the position of the sun.

All the control parameters are punched on the first card. The
format is given by MURD 15. The second and the third card
(MURD 50-51) contain the

LOCAL PARAMETERS (2nd and 3rd card/format: MURD 16-17):

PHI = ¢ latitude of the meteo-station in degrees
(Zurich airport: 47.45)

-~ FLAM = ) longitude of the meteo-station in degrees
(Zurich airport: - 8.57)

- FLAZ = lz longitude of the time-zone in degrees
(Zuarich airport: - 15.0, in the case of
"summer~time”: « 30.0)

- TITLE denotation of the station in alphanumeric
symbols (Zurich airport: ZURICH AIRPORT)

- ZANF time of the first measurement of meteo datia in

the morning in hours (Zurich airport: 6.00)
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- ZEND time of the last measurement of meteo data in
the evening in hours {Zurich airport: 19.00)

- DELT time interveal between two succeeding measurements

in minutes (Zurich airport: 60.0)

- IA first vear for which meteo data are stored on the
magnetic tape (2urich airoort: 63, instead of
1963}

- 1B last year for which meteo data are stored on the
magnetic tape (2urich airport: 72).

On the fourth card (MURD 60) the fixed collector parameters are
gliven:

COLLECTOR PARAMETERS (4th card/format: MURD 18):

- TK = Tm mean collector fluid temperature in degrees Celsius

(for our examples: 30.0, 5G.0 and 70.0)

Remark: How to get results for fixed inlet
temperatures (Ti) see appendix I.

ALPH = o cellector tilt angle in deqrees (horizontal: 0.0,
vertical: 90,0, for our exampbles: 30.0 and 60,0}

- GAM = Y collector orientation in degrees (south facing:
0.0, west facing: 90.9, east facing: - 90.0)

- RKOL = n incident angle modifier according to table 1
(examples: 2.5 and 3.3)

- BK =D heat loss class according to table 2
(examples: 0.0040)

- CK = ¢ heat loss class (wind velocity) according to

table 2 (examples: 0.0)
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The next cards (MURD 74) define the veriods to be investigated
(number of cards = KMAX):

DEFINITION OF PERICD (card 5 - card (KMAX+4)/format:MURD 15):

- JAM number of the first year {(examples: 66)
~ JAE number of the last year (examples: 70)
- NA number of the first day of the period
~ NE number of the last day of the period

Table 3 gives the numbers of the monthly periods of the year,

in our examples the values for March (3), June (6), September (9)

Month N& NE Month NA& NE
1 1 31 7 183 213
2 32 60 8 214 244
3 61 91 9 245 274
4 92 121 10 275 305
5 122 152 11 306 335
6 153 182 12 336 366

Table 3: Monthly Periods

and December (l12) were used.

In the beginning of the main proaram, the loucal meteo data are
read from magnetic tape (MURD 123-124)., Of course, the form of
the READ order has to be changed, if the storage of the meteo

data is arranged otherwise. In c'1r case, conly integers are

used:
- JAI number of the year (two-figure)
= NI number of the day of the year {1 - 366)

- ITE({J} ambient temperatures in degrees Celsius



~ IWI(J)

- IGE(J)

- IDI(J)

- IGP(J)

Remarks:

- 16 -

wind velocities in knots (1 knot = 0.5144 m/sec),
the conversion from knots in m/sec is done by

the program)

global radiation power on a horizental plane in
kcal/h'm? (1 kcal/h-m? = 1.163 W/m?, this conversion
is also done by the program)

diffuse radiation power on a horizontal plane
in kcal/h-m?

global radiation power on the collector surface
{a, ¥) in kcal/h°n?; these values are not known
for the meteo station at Zurich airport, they
are computed in the already described manner
(l.1.2.1: IGP = Ga in (11) ).

- The data file of each year contains 366 days. If the year is

no leap-vear, then the data of the 60th day are replaced by the

following values:

ITE(J)
IGE(J)

iWNI{I) = 99 (37)
IDI (J) 9999

and these values are leapt over.

- Only complete data sets should be used i.e. the data of each

day of a period shruld be available completely from sunrise

to sunset. If during one year, the data of some davs are

missing, these data should be stored according to (37}, they

are then replaced by averages of the corresponding values ot

the preceding days.

~ If, for test purposes, only the data of a few days are used

to compute 4E/dx (x) and P(xo) and no other data are available,
the statement MURD 115 has to be reolaced by "DO 20 N = NA,NE"
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It is then IA = IE = JAA = JAE and for a single day in addition
NA = NE.

The outbut of MURD consists of tables for the MURD-functions of
the different periods, the parameters used for the computations
are also given. The values in the tables are given in Wh per
x-interval for the whole period (1 Wh = 3.6+10% Joule,

10° Wwh = 3.6 GJ). KP indicates the total number of positive
X-values, KN ‘he number of neqgativc x-values and KZ the number
of cases for which x = 0. All other symbols are explained in
1.2.1.

Tables of F(xo) for up to three different meteo stations may

be produced by ETA. The denotation (names) of the stations are
read by means of alphanumeric symbols on a punched card (ETA 27).
The needed input parameters are taken from the second data card
(ETA 28):

INPUT PARAMETERS (2nd card/format: ETA 17):

- NTL number of xo-values = number of columns per
table
- TLO initial (lowest} value of X
- DTL steps of X (DTL = &xo)
- MO number of periods = number of tables per station
- LM total number of lines to be printed for each period =

number of Tm-values times number of stations
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- LMA number of lines to be printed for each period
and the first station = number of Th—values
for the first station

- LMB LMA + number of Tm-values for the second station.

In our examples given in chapter 2, the following values were
used: NTL = 10, TLO = 0.75, DTL = 0.25 (the maximum value of
X, thus being 3.00}, MO = & (March, June, September, December},
IM = LMA = IMB = 3 (only one station, three Tm-values: 30, 50,
70° C).

1.2.4 OQutput_of ETA

The heading of the printed output consists of the name of the
meteo station, the date of the years, the meteo data of which

were used, the values of the parameters a, Y, n as

xol’ Pk’ ®k
well as the denotation for the type of collector concerned.

The columns of the tables are headed by the xo-values which
are the same for each period.

The first line of each table shows
- the numtz2r of the month (period)

- the monthly {(periodic) mean value of

t

G, dt = At+*L G {38)
J' h 4 h.d

the integrated global radiation power on a m? of horizontal
surface in kWh

- the monthly (periodic) mean value of

to

G = . 3
d a'Ydt At i Gm’_)(’1 (39)
the integrated global radiation power on a m? of collector
surface in kWh (tilt angle a, orientation v}
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- the monthly (periodic) mean value of the velocity of wind in

m/sec.

The first column of each table gives the values of Tm. the
mean collector fluid temperature.

In the following columns relative values of F (xo). the so-
called "mean collector gains®™ are given in percent (%). The

mean collector gain is defined as follows:
t
_ O
ny = Fix) /o/ G, at (40)

so that the gross heat output of a collector is determinead
by

to

q = ﬂo'ﬁh° / Gh de (41)
O

Note that the gross heat output g is completely determined
by eight collector parameters

no, a;, n, b, ¢, a, Y, Tm‘

The programmes MURD and ETA also allow the computati»>n of the
MURD-functions and the mean collector gains of concentrating,
east~west tracking collectors without cover window. For this
purpose, no modifications of the programmes are necessary. Only
the input value of the incident angle modifier has to be
changed: Instead of the values quoted in table 1, the value

(< 1!) has to be used. As we were able to prove,

°f Aaits
a good approximation for this type of collector is given by

a31fF 1/co (42)

co being the concentration factor.
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Unfortunately, no good values for b and ¢ and even for a,

(heat loss coefficients) are known up to the present. Here,
the influence of the wind velocity on the heat losses is
greater than that with flat-plate covered collectors.

In addition, the range of xo is extended to xo,max = 4.0

(Eo max - 8.0} hecause of the higher stagnation temperatures
’

which can bhe obtained by cuncentrating collectors.

1.3 Program listings

On the following pages, the listings of the programmes MURD
and ETA are represented.
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2. RESULTS FOR THE METEO SITUATION OF ZURICH AIRPORT

According to the decision at the preparatory May-meeting at
EIR, we have computed the following cases for the meteo-
situation of Zurich airport which is more or less significant
of the Swiss Midlands:

Collector orientation (y): South facing (0)
Collector class {(n, b): (3.3, 0,004 x'l)
(2.5, 0.004 K1)
Collector tilt angle TA {a): 309, 60°
Monthly tables for month MO: March, June, September,
December

Values for constant ccllector
temperature Tm: 30, 50, 70° ¢

(How to get results for constant inlet temperatures Ti' see
appendix I).

On the following pages, first an example for the MURD-tables
is given (the complete set of tables is available c.. magnetic
tape), then the graphs of the MURD-functions are represented
completely and finally, the complete tables of monthly mean
gain values are quoted.



34 -

2.1 MURD-functions
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3. CONCLUSIONS

As was already pvointed out, our method of computing the all day
performance of solar col .ectors provides a good basis for the
decision in selecting a collector with an optimal gross heat
output/price relation for a given application and a given

climate.

Improvements of the method are still possible e.g. by taking

into account the heat losses according to egquation (30) as well
as dynamic effects which may be described by one or two time
constants for each type of collector (investigations are in
progyess), but it should be mentioned that the influence of
natural variations of the meteo data is greater than that of those

(second-order) effects.

For the layout of solar heating systems or hot water preparation
systems, respectively, a cost-benefit optimization of heat-
storage capacity and collector-field size is necessary. To this
end an estimation of the net heat output is needed. A model

for a simple and efficient assessment of cost was proposed in
ref. (2). A more detailed description, including layout mono-
grams has heen published in ref. (4). Further investigations
concerning the verification and validation of this model are

in progress.
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APPENDIX I

Constant inlet tempecature

From the point of view of solar enerqgy utilization, the gross
heat output as a function of the collector-fluid inlet
temperature Ti instead of Tm' the mean collector—-fluid

temperature, is of more interest.

Starting from the expression for the heat flux per m’ collector

area
q=n,I, - a, kU (T ~T.) (2)

and the definition of Trrl

Tm = Ti+ﬂT/2 with AT = TO-Ti (43)
we obtain by inserting
q = cp-o-GoaT/n (44)
into (2) the following relationship
y-& = no-Ie - al'k-Uo°(Ti-Ta) (45)
' alkaA
with y =1+ ;;—33— (46)
p
where To = collector-fluid outlet temperature (©C)
A = collector area (m?)
cp = specific heat of collector fluid at constant

pressure (Wh/kq®C)
p = density of collector fluid (kg/l)

V = collector fluid flow rate (1/h).
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From eq. (45) and (46} the following procedure can be
derived immediately:

If you are interested in the gross heat output of a collector
as a function of the collector-fluid inlet temperature, replace

by a% =

* =
the values of Tm by that of Ti' no by ng nO/y and a 1

1
a,/y. Since for reasonable working conditions, the term
alkUOA/chpﬁ amounts to only a few percents, it is sufficient
t0o use the approximation
alUOA
2c pﬁ
P

y=1=+ . (47)

The conversion of the results given by ETA can thus easily be
done.
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APPENDIX II

Stagnation temmerature

For practical purposes, the relationship between Xy = no/a1

and the stagnation temperature Ts is of some interest.

According to eq. (2), the condition for stagnation & =0
{n = 0) leads to

k'(Ts-Ta) =

)
»”
»
I

Inserting (5}, we obtain

] — - 2 = L
(Ts Ta)+b(Ts Ta) xo Ie/Uo
with the solution
-1 - :
TS-Ta =35 (/1+4bx°Ie/Uo 1) {48)

Assuming I_ . = 1000 W/m?, which may be the case with
r

pervendicular incidence (8 = 0) and small fraction of diffuse

radiation (v + 0), we calculate the followinj table for our

examples (b = 0,004 K-l):

xo TS-Ta
1.0 77°C
105
2,0 131
2.5 155
3.0 176
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APPENDIX III

List of symbols

A collector area (m?)

adiff incident angle modifier for diffuse radiation (-)

adiff,o A3iff related to a horizontal surface (-)

a (6) incident angle modifier for direct radiation (-)

a, heat loss coefficient (Tm = const} (-)

ai modified heat loss coefficient (Ti = const) (=)

b heat loss class parameter (radiation) (K-l]

c heat loss class parameter (convection) (sec/m)

co concentrating factor of focusing collector (~)

cp specific heat of collector fluid at constant pressure
(Wh/kg®C)

d gradient of diffuse radiation (W/m?)

Dh diffuse radiation on horizontal plane (W/m?)

Do isotropic part of diffuse radiation on a tilted surface
(W/m?)

Doo isotropic part of diffuse radiation on a horizontal
surface (W/m?)

D, diffuse radiation on a tilted surface (W/m?)

E'(x) radiation energy distribution, mean usable radiation
density (Wh/m?)

£ radiation loss factor (-)



F(xO)

-

{
k \Tm’-Ta)
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gross heat output for a given period {o<t€to) normalized
to Ng = 1

gradient of global radiation (W/m?)

collector orientation (deg)
{S.E.: =45, S.: 0, S.W.: +45}

global radiation power on horizontal plane (W/m?}

global radiation on a south-facing, tilted surface
(TA = a) (W/m?)

giobal radiation on a tilted surface with TA = ¢
and Gh = v ‘W/m%)

elevation of the sun {deg)

incident radiation power per m?

collector area (W/m?)

effective radiation power per m’ collector afea
(incident upon absorber) (W/m?)

vertical component of direct radiation (W/m?)

radiation density per m’ collector surface coming
from the direction to the sun (W/m?sterad)

variation of the thermal loss coefficient a1 as a

function- of T and T (~)
| m a

parameter of incident angle modifier class, exponent
of Widder's formula for a(8) (-)

normal unit vector to the collector sufface

gross heat output 1p the time interval 0<t<to
(Wh/m?)
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*

q heat flux per m? collector area (W/m?)
t time (h)
to duration of period (h)

TA = a collector tilt angle (deqg)
T ambient temperature (°¢)
T collector fluid inlet temperature (°C)

T™M = T_ mean collector fluid temperature (°C)

m
T, collector fluid outlet temperature (°C)
T stagnation temperature (°C)
u, heat loss normalization factor = 10 W/m’K
Vy velocity of wind (m/sec)
v collector fluid flow rate (1l/h)
X ordering paraneter of the MURD-function | )
L x-value corresponding to stagnation point
(ni{x,) = 0)
Xain minimum value of x within the time interval
0 < t g to
X, zero of x-scale {(MURD-tables)
Y gross heat output conversion factor
(Tm = const + T, = const}) (=)
a collector tilt angle (deqg)
Y collector orientation (deq)

(SoEo: "45; So= 0' S.W.: +45}



At

Ax

- §]1 -

temperature difference T -T. (°C)
time interval (h)

x-interval

emittance of absorber surface (-)
collector efficiency (-)

"mean collector gain" (=)

maximum coll _ctor efficiency, optical efficiency

for normal incidence (-)
modified maximum efficiency ('ri = consi)
angle of incidence, defined by 5 and ;c (deq)

fraction of diffuse radiation on horizontal

plane (-)
transformed ordering parameter = x - X,
=% =X
o z
= xmin T %,
density of collector fluid (kg/l}) = (g/cm?)

Stefan-Boltzmann constant = 5.67'10_8H/m2K“

For the symbols of the program-input parameters see page

12 ff.



