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ABSTRACT

The heat storage unit is an important factor in
determining the technical performance specific to
asolar installation used in warm water producing
on in space heating. The practical solutions used
at present are economically based on short-time
storage unit. Most install ations have water sensible
heat storage. For most small and meaninstallations,
the calculus is based on two operational
hypotheses of the heat storage unit: with perfect
temperature stratification and with water uniform
temperature. Both calculusmodelsarelimit cases,
so they are not realistic. This paper introduces a
calculus method based on the thermal response of
the heat storage unit at impulsional excitations.
Starting from the heat storage unit thermal
response, the installation overall performance for
long periods of time may be studied. This method
proves valid for large central installations (Sp 3
2,00 m?) and requires computer calculus. The
solution described in the paper is part of an
INCERC research computer program.
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|. Introduction

Common warm water producing solar
installations (used either for dwelling space heating
inactiveheating installations or to supply domestic
or technologica requirements) generdly include heat
storage units. Such installations are presently
equipped with short-time storage units (STSU),
becauseof their high pricewhichimpaoseseconomic
restrictions. The heat storage unit isconsiderably
important for theinstallation energy balance: solar
radiation collecting efficiency dependson storage
unit temperature level. Two simplified calculus
mode sareused in solar ingallation dimension-ing
practical calculus. One of them [1] implies
a perfect stratification of the STSU water
temperature, so that during the heat accumulation

REZUMAT

Unitatea de stocg) termic este un element cu rol
important in performanta tehnica specificd a unei
instalatii solare utilizata pentru producerea de apa
caldad menajerd sau pentru incalzirea spatiilor.
Solutiile practice din punct de vedere economic
utilizate in prezent sunt de tipul unitatilor de stocaj
pe intervale scurte de timp. Majoritatea instalatiilor
au unitati de stocaj in regim sensibil, utilizand ca
agent de lucru apa. Pentru majoritatea instalatiilor
de dimensiuni mici §i medii, calculul se bazeaza pe
douad ipoteze de functionare a unitatii de stocaj
termic: cu stratificare perfecta a apei in functie de
temperatura, respectiv cu temperaturd uniforma a
mediului de stocaj. Ambele model e de calcul sunt
cazuri extreme, deci nu sunt realiste. Prezentul
articol introduce o metoda de calcul bazata pe
raspunsul termic al unitatii de stocaj termic la
excitatii de tip impulsional. Pornind de la raspunsul
unitatii de stocaj termic, poate fi studiata
performanta globala a instalatiei pe intervale lungi
de timp. Aceastd metoda este validatd pe instalatii
centrale de mari dimensiuni (S, = 2,00 n?) si
necesita calcul computerizat. Solutia descrisd in
prezentul articol este parte a unui program de
cercetareINCERC.

Cuvinte cheie: instalatii solare, stocaj termic,
energie regenerabila

period, the temperature value of the water
introduced inthecollectingloopiscongtant andequd
to the cold water temperature value. The other
modé [2] impliesauniform temperaturefor each
moment in STSU mass. This model also has an
improved variant with the analysis performed on
uniform temperature sections, using threecaculus
nodes[2]. Both modelsareparticular casesof solar
ingdlationsarvice:

—thedtratification modd correspondsto heet
carrier low flow-ratevalues (the STSU water
is circulated once a day through
the solar collectors or through the solar
ingtdlation heat exchangers);

— the uniform temperature model
corresponds to heat carrier high flow-rate
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values (the STSU masswater isrecal culated
within less than an hour through the solar
collectorsor through the solar installation heat
exchangers).

Any complete analysis of solar installations
considered in cal culusdifferent heat carrier flow-
rate values, without using different mathematical
models. The heat carrier flow-rate represents a
decisontaken accordingtotheanaysisof theeffect
ontheingtalation overd| performance.

This paper introduces an analysis method of
solar installation service based on STSU thermal
response. The STSU heat balanceisdescribed by
themathematical model of the unisothermal flow
through cylindrical pipes with uniform velocity
profile.

Thefirst part describestheanaytical solution
of theproblem, usingimpulsiond functionsastherma
excitaionfunction.

Thesecond part briefly describesthe way of
using the method in the system overall analysis
required by solar ingd lation dimensioning. Wehave
to mentionthat theanalytica solutionisvaid only
for large seasonal domestic warm water producing
installations (S, # 2,00 m?) with the cold water
temperature value close to the environment

temperatureor for heatingingtalationswith sorage
tanks placed in heated spaces(t . >t_ ).

[1. STSU unitary ther mal response

For practical reasons, the STSU will be
cylindrical and the heat carrier will flow along the
generatrix. Asthe section of commonly used storage
tanks is rather large, the heat carrier velocity is
congdered constant and with uniform profile. The
thermophysical propertiesof thehest carrier do not
vary according to temperature.

The equation describing the STSU thermal
behaviour isthe Khirchoff-Fourier equation for
transient conditions, written within cylindrical
coordinates and without heat sources(fig. 1). This
equation may beintegrated only if theinitial and
boundary conditionsare stated.

Asthe SY SU haslimited functionality in
time (generally @ 24 h), theinitial temperature
may be considered to coincide with the lowest
temperature in the system (e.g. for warm water
producing installations, with the cold water
temperature). As concerns the boundary
conditions, they describe the heat |osses from
the storage tank water to environment, through
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Figure 1. Calculus diagram
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thelateral and bottom surfaces of the STSU. For
smplification, theenvironment temperature value
may be considered equal to theinitial temperature
vaueof the STSU water.

For the upper part of the STSU, the heating
heat carrier issupposed to be uniformly distributed
on x = 0 coordinate surface. The mathematical
function describingitstemperaturevariationintime
isthe STSU actual excitation function. In order to
obtain the STSU unitary thermal response, an
impulsional function f (t) will be used. Triangular
impulsefunctionsareto beused[3].

Themathematica expresson of theproblemis
thereforethefollowing:

1J 19 13 913 11913
—twWr—=ar——+ar——+ar—x— (1)

1t 1x 12 Mr2 roqr

Theinitid condition
J(O,xr) =t @)
Boundary condiitions:
13
-1— =KJ-t)| _
ﬂr . |r—R (31)
13
-h—|  =K@-t)],_, ()
Tx Xx=H
J
-1 xﬂ_ =0 (33)
ﬂr r=0
J(t,0,r)=f(t)+t, 3)

wheref (t) istheimpulsond excitation function.

At STSU outlet, thewater temperatureisthe
averagetemperaturevaluein section x= H:

2 R
ty =—%g, rI(H,r, t)dr (4)
RZ

A new variableisused instated of function J
(t, %, r):

Q(t,x,r)=J(t, x,r) - tg (5)

Using Laplacetransformation and consider-
ing theinitia condition, equation (1) becomes:

1 _ Q@ TQ 11Q
WYX ——+ pQ:ax + ax +ax—x——
qx %2 qr? roqr
(6)

where

Q(p. %, 1) =L{Q(t, x,1)} (7)

Inorder to integrate equation (6), thevariable
separation method isused and thefollowing solution

issuggested:
Q = X(X)*R(r) ®)

By replacing (8) in equation (6) and by
separating variables X (x) and R(r), two ordinary

differentia equationsareobtained:
d’X  dX )
ax —WX——(p+|j)XX:0 9)
dx? dx
R 1dR
ax tax—r—+15xR=0  (9)
dr? rodr

where Iz} represents eigenval ues.
Theboundary conditions(3,), (3,) become:

1Q _
9 KxQ| _, (10)
ﬂl’ r=R
1Q _
-1 JQ| KxQ| _., (10,)
ﬂX x=H
-1 JQ =0 (10,
ﬂl’ r=0
Q(p.0,r)=j(p) (10)

Equation (9,) isreduced to aBessel equation
whosesolutionis:

Rae jer—CJa“jxr9+CYae jxrg
=M= Udog—= M LT Lo Ypgg—="*T 1
AR R WAl S Wl

(11)

By using boundary conditions (10,) and (10,),
theeingenva ueequation isobtained:
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(12)

whereBi isBiot’sdimens onlessnumber determined
for water soil overall heet transfer. The solutions of
equation (12) are obtained for each particular case
to beandysed. For example, consdering STSU with
250 m? capacity and 2m height, for severd Bi vaues,
thefollowingfirst fivee genvaluesresults:

Bi |{d[m]| Vi Vs Vs Va Vs
233 0.2 |160|4.36|7.40 | 10.40 | 13.44
117 | 04 |1.26|4.10| 7.20 | 10.25 | 13.44
082 | 06 |1.12|4.00| 7.20 | 10.25 | 13.44
058 | 0.8 |1.00|395|7.20|10.25 | 13.44
047 1.0 | 092|390 |7.20| 10.25 | 13.44
039| 1.2 | 085|390 |7.20|10.25 | 13.44
034 | 14 |0.80|390| 7.20 | 10.25 | 13.44

where
I
V) = —1 R
Ja
d—STSU hest insulation thickness[m].
Thesolution of equation (9,) is

X (x) = C,xexp (mXx) + C, » exp (mX)
(13)

where m, and m, are the characteristic equation
olutions

141 2l o R i

m = —x—rPe+ §—XPGZ +—1(p+ 1)
R §4 4 g a ,

6 o

(13)

141 2l o0 R i

m, = —xx—xPe- g—xPez +—x(p+I5);
R &4 4 5 a u

6 o

(13)

where: PeisPedlé’sdimens onlessnumber. Thetwo
solutions X (X) and R(r) aregrouped under theform
of solution (8) and

- | Im, +K
Q(p, x 1) =aC; xjexp(myx) - X
j 1 Im, +K
expl(m, = my) H]xexp(my)} s Jofrir
pLim -m, plm, 0§\/5 5
14

isobtained, where:
C —eigenfunctions

Using boundary condition (10,) and con-
sidering the orthogona aty of Bessdl’sfunctions,

_ 1 ..
C :ZXJ(p)X_XJll(Vj) (19)
Vi
isobtained.
Thetransformed solution of equation (1) will
ultimately havethefollowing expresson:

Q(p, % £) = &{exp[C (¥) + D, (%) x/A+ Bp] -
J

E+. /A+B "
_ +—mxexp[C(ﬁ() - Dz(&)XJATBP]EX
E-./A-Bp b

SO

vi o dilvy)

(16)

where

.2
3 N
A=§—XPe1 tvj
4 g

C(&):Ex(%&)xpe
4

D, (%) = X
D, (%) = (X -2)«H

1 :
E=—xPe+BI
4

X
¥=—
H
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Theorigina solutionwill beobtained either by
using thetheorem of residuesor by using Laplace
transformation conversiontables:.

Q(t & £) = 8Q,(t & B+ 3Q,(t & )+ AQu(t, & )
I I J

17)
where:
Jo(vi#)
Qu(t, %, §) = ‘-Z‘XIDC(]&)X—X
v du(vp)
I 1D i o6 0
i O* § (ﬁlxexp!' Er\m (ﬁ)ﬂwy
£t ¥ e et gy
(17)
Qult, ) = ~expC ()~ 2,
v Ji(v))
I e il
x:' ()* .'DZ(&z exp!’—%ﬂxt+ 2(&)33&/
¥ T \/_ T € 4t beb
(17)
( &)
Qs(t, &, &) = 2E\/_xexpC(ﬁ()x
V| Jl(vj)
ISR N &) RSNLE A
aJ () xexpr-eArt+
N 4t g

: EomM ol
+Fexp(Lt+ M) xerfcs———-E —.yy

§2EVt/B VB g
(17,

where
* —convolution product

D, (%) = -D,(X)v/B
A=A/B

D,(%) = -D,()V/B
F=E/V/B

L=F2-A
M = F D, (k)

Thetemperature pattern profileinside STSU
at eech moment tisobtained usingrelation (17).

Congderingrdation(5), the STSU water outlet
temperatureisdetermined using (4).

Wenote:

2
r(t):—szoRrXJ(H,r,t) dr (18)
R

STSU therma response.

If the actual excitation of STSU is repre-
sented by atimefunction F (t), the STSU thermal
response at thistype of excitation is determined
usingrelation:

R(t) =r (t)* F(t) (19)

Theexcitation functionisrepresented by the
temperature variation of the heat carrier introduced
inthe STSU; the heet carrier isheated by the solar
collectors.

[11.STSU transient analysis

In order to determine the efficiency of a
STSU, the temperature pattern at any moment
should be know, mainly at the end of the heat
accumulation period. Supposing that the solar
installation is equipped with a solar radiation
collecting area Sp, according to the heat carrier
specificflow-rate, to the geometrica and physical
characteristics of the STSU and to theradiative
climate determined by the equivalent temperature
t_ (t), the heat quantity introduced inthe STSU
iscaculated using relation

=hxl xS, (20)

The solar radiation collecting efficiency
isdetermined usingthesolar collector characteristic
equation, according to the heat carrier average
temperatureor tothe hest carrier temperaturewhen
introduced inthe solar collector.
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h=FerKs [te(t) -tr(O1/1  (21)

For short or well insulated pipes, thefollowing
approximation may be accepted:
tr(t) =t (1)

The STSU thermal excitation functionist,

(t). Considering (19) and the solar collector

characteristic equation, the STSU actual thermal
responseresults:

r(0)
1-r(0)x(1- FrxKg/dxc,)

tr(t) =

éFRXKs it .
x€ rte(t) + AQr (j)t(t-j)u (22)
8 &xcp =1 H

wherer (j) —STSU unit thermal response.

Theheat quantity accumulated duringtheservice
periodisdetermined using relation

Qac =PRExHxrxgrc X (f-t)  (23)
where:
t —averagetemperature va ue of the storage

tank water when the heat accumul ation
periodisover.

STSU efficiency isca culated usingreation
o= e (24)
Qs

Function e is defined according to the
independent va ues conditioning the STSU thermal
performance. Decisions on the technical and
economicoptimization of STSU solar heatingsystem
may therefore betaken.

V. Conclusions

STSU thermal response and accordingly
season serviceefficiency may bedetermined using
the method described above. Solar installation
dimensi oning representstheresult of long-period
dynamic analyses. The mathematical model, the
analytical solution and the practical method are

valid for the analysis of large central solar
ingdlations.

Incaseof amdl ingdlations, suchanandysisis
complicated and not efficient considering the
computer operationa time.

The solutionintroduced inthispaper is part of
an INCERC calculus program, to be used in
analyzing urban planning solutionsfor townswith
seasonal warm water producing solar installations
(serviceperiod: May-October).

Nomenclature
t,. —environment temperature[°C]
t —storage tank water initial temperature [°C]

tz (t) —sol-air temperature[°C]

t, (t) —water temperature at solar collector inlet [°C]

t_(t) —water temperature at solar collector outlet [°C]

J  —temperature function

Q,. —heat quantity supplied and stored [KWh]

Q. —heat quantity admitted in storage tank [KWh]

W  —sgtorage tank water flow velocity [m/ g]

K —water — environment heat loss overall coefficient
[W/nmK]

K, —solar collector heat |oss overall coefficient
[W/nmK]

I —solar radiation intensity [W / m?]

& —water specific flow ratein solar collectors

[kg/ms]

—water heat diffusivity [m?/ g

—water thermal conductibility [W / mK]

—water specific heat [J/ kgK]

—water density [kg/ m?]

— storage tank radius [m]

— storage tank height [m]

—solar radiation collecting area[m?]

—solar collector heat removal factor

— eigenvalues

—solar radiation collecting efficiency

—complex variable

i —Biottsdimensionless number

Pe — Pecletts dimensionless number

a
Cc
P
S
P
R

1

r
R
H
F
1

h
p
B
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