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ANALYTICAL DETERMINATION OF AERODYNAMIC
RESISTANCE OF THE SKELETAL TELECOMMUNICATION
TOWERS

Abstract

Computational determination of aerodynamic resistance for high truss structures like telecommunications towers is the
subject of this study. Normalized procedures were presented with an example of an existing structure concerning the total
wind coefficient. The results of calculations along with their broad elaboration and interpretation have been presented.
Analyses and calculations were conducted for a tower of height equal to 84 metres and of a triangular cross section.
The structure is characterized by round full rods as the legs of the tower and hot-rolled angle bars as the bracing. Two
computational approaches were applied providing the results for each of them. The achieved results allow for stating
that selection of a computational standard procedure should be adequate to an analysed structure and its characteristic
features. The information included in the article is particularly useful in case of the determination of carrying capacity of

existing tower structures on the basis of Eurocode standards.

Keywords: aerodynamic resistance, total wind force coefficient, telecommunication towers, linear ancillary item

1. Introduction

Introduction of European standards in recent times
in the Polish regulations caused great changes in the
determination of carrying capacity of individual civil
structures. The analysis of carrying capacity with
respect to current provisions is still a challenging
problem for designers and building surveyors. This
results from the fact that not only did the concepts of
determination of the carrying capacity of individual
structural elements change but the way the load is
formulated changed as well. There are particular
situations where objects designed a dozen years
ago, based on completely different requirements
and standard procedures must be recalculated. Steel
structures of telecommunication towers are a typical
example of such a situation.

The rapidly growing market for telecommunication
services along with new hardware requirements and
social needs are the signs of our time. Therefore,
mobile telecommunication operators are constantly
modifying their infrastructure and electronic devices
due to this demanding situation. Considering
telecommunication equipment and hardware, we
can take devices like radio modules, panel antennas,

microwave dishes, etc. All such installations are
mounted on support structures like telecommunication
towers. Every modification of such equipment affects
main structure characteristic parameters such as
magnitude of loading, aerodynamic factors and etc.
It provides a necessity for recalculations of the tower
carrying capacity.

The study is devoted to the computational
determination of aerodynamic resistance of tower
telecommunication structures based on the formulae
included in the standards [1].

2. Problem description

In general sense the coefficient of aerodynamic
resistance (or the total wind force coefficient or wind
drag) depends on [2]: shape of a cross section of
bars of a lattice structure, their slenderness, shape of
a horizontal section of a tower and a direction of wind
relative to walls of an object. The definition of wind
drag given in [1] is as follows — resistance to the flow
of wind offered by elements of a tower or a guyed
mast and any ancillary items that it supports, given
by the product of a drag coefficient and a reference
projected area, including ice where relevant.
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As it is described in [3], the term “wind loading
resistance” is generally adopted to encompass the
combination of area, shielding effects and drag
coefficients. The simplest analytical explanation of
wind mean loading on a tower may be expressed as:

P:%pvchA (1)

where: p is the air density [kg/m?], V [m/s] is the
relevant wind velocity, C, is the drag coefficient
related to the area A [m?].

Considering wind resistance, which should be
expressed as the R = ¢, A, we have to realize that
the most difficult aspect to codify is the treatment
of ancillaries mounted on the structure. Additional
elements can take different forms, in terms of position
and of shapes, covering ladders, feeders, safety access
rails, antennas and dishes, etc. [3].

In case of telecommunication towers with higher
complexity (e.g. flat-sided and circular-section
members), calculation problem of aerodynamic
resistance seems more challenging. For towers
made from profiles of different kind, loaded with
cable and climbing ladders or other linear ancillaries
like antennas and their support structures, correct
estimation of the aerodynamic resistance is a
demanding task. We should include interactions of
structural elements and accessories, their mutual
shielding effect as well as different flow patterns of
elements of flat sided or circular edges.

The determination of the aerodynamic coefficient
according to standard [4], which is widely described
in publication [5], was a relatively simple procedure.
The solidity ratio of one (usually front) face of the
spatial truss is the main parameter in this approach. It
should be described as follows:

_F+F -0.6
b= S
where: F is the shadow area (area of the solid members
in the appropriate face) of every structural element of
the front face, on a plane normal to wind direction, FL
is the shadow area of the linear ancillaries of the tower,
S is the area of the considered contour (elevation).
For a tower with circular-section legs and flat-sided
braces, the coefficient of aerodynamic resistance is
described by the formula given in [4] as:

¢, =3.5-4.0-9, 0<<037 3)

2

Similar considerations can be carried out according
to standard [1]. However, we should emphasize that
the degree of their complexity is definitely greater.

Considering wind loading of steel skeletal
telecommunication towers, we should realize that
this particular kind of loading is the crucial one,
and it decides about the cross-sections of structural
members, the geometrical dimensions of a tower, the
total weight of a structure, etc. Taking this fact into
consideration, it is worth presenting the formulae
given in [1] that are describing the wind force in the
direction of the wind on the tower.

The mean wind load in the direction of the wind on
the tower is described as follows:

I:m,W (Z Z Aref (4)

where: J is the turbulence intensity, qp [kN/m?] is the
peak velocity pressure, A, [m?] is the reference area
of the structure (projected area), z [m] is the height
above ground level and c, is the total wind force
coefficient.

On the other hand, we have to take the equivalent
gust wind load in the direction of the wind into
consideration during the carrying capacity analysis
which is determined as follows:

1} (5)

Frw (2)=F.w (2)

1+7 J z,)|cc, —
1+ 1+02( j [ (2)]es,
h C(zy)
where: cscd is the structural factor, z [m] is the height
above the base at which a load effect is required,
c,(z,) is t.he orography factor and h [m] is the overall
tower height.

As we can find in Equation (4), the magnitude
of the mean wind load depends on four parameters
where the most difficult to determine via analytical
calculations, as it was mentioned above, is the total
wind force coefficient.

1+7J

3. Analyzed structure

Analysis has been performed on the basis of the
existing telecommunication tower illustrated in Fig.
1 of height equal to 84 meters. The construction is
divided into 14 sections with their height equal to
6.0 meters. The lowest section S-14 is presented in
Fig. 1 in axonometric view. The static scheme of such
a structure is a spatial truss fixed in ground by the
foundations.
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Fig. 1. The static scheme of the tower and the
axonometric view of the lowest section of the tower

The leg members of the tower (the main load-bearing
components) consist of circular full rods and primary
bracing members with hot-rolled angle bars. Feeders,
cables and climbing ladder (linear ancillary) is placed
centrally inside the tower. The ladder is made of two
vertically situated cold-formed C-bars connected by
circular rods at one end, and with brackets for feeders
and cables at the other end as it is presented in Figure
1 and Figure 2.

i
15

SIS
RS

2RO RO

Fig. 2. The cross section of the tower
and the cable-climbing ladder

In Figure 2 there is presented the cross section of
the tower above the service platform. We can also find
the cable-climbing ladder placed in the center of the
structure. Numbers 1, 2 and 3 on the drawing denote
particular faces of the tower. An arrow presents the wind
direction where @, is the angle of incidence of the wind
normal to face 1. As we can observe in the attached
picture taken on the existing tower, there are cables and
feeders on the rear side of the ladder and also on the
cantilevers mounted to the front-climbing part.

Table 1 presents individual elements for every
section of the structure such as leg members, primary
and secondary bracing. The most important part of
the data collected in Table 2 are: A, that is the total
projected area when viewed normal to the face of
the flat-sided section members in the face (1, 2 or
3) where A is the total projected area normal to
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the face of the circular-section members in the face
(1, 2 or 3) in sub critical regimes. Especially important
for further considerations is the division the projected
area of an individual section for circular and flat-
sided members. It results from the necessity of
consideration of different flow patterns around sharp
edges and circular members. For circular members
the flow is critically dependent on wind velocity, or in
aerodynamic terms, on the Reynolds number.

The collected areas of the analyzed structure are
specified for the angle of incidence of the wind ©,
equal to 0.

The total area projected normal to a face (e.g. 1) of
the structural components without ancillaries should
be expressed as:

As,l = A:,l + Af,l (6)

Table 2 presents the elements and their projected
areas of the cable-climbing ladder. As it can be found,

there is a division of the flat-sided elements A, and
the circular members A,  and we notice that for this
particular structure, the projected area of the ladder is
equal for all the tower sections.

It should be emphasized that the total area of the
cable-climbing ladder is equal to:

Ay =A + A (7)

4. Aerodynamic resistance calculations

All calculations of the total wind force coefficient are
based on one of the most important parameters in the
theory of aerodynamic resistance of skeletal structures,
the solidity ratio. Standard [5] describes it as follows:

Y

where: A [m?] is the sum of projected areas of the
members and A [m?] is the overall envelope area.

@®)

Table 1. Sections of the towers with their projected areas for ® = 0°

am | . e W | m | m | e | m | m
$-1 @80 L 90x60x8 €65 0.96 1.10 0.96 0.86 0.96 0.86
S-2 @80 L 90x60x8 C65 1.48 0.47 1.48 0.27 1.48 0.27
53 @90 L 90x60x8 €65 1.69 0.48 1.69 0.22 1.69 0.22
S-4 @90 L 90x60x8 C65 1.61 0.93 1.61 0.60 1.61 0.60
$-5 $100 L 90x60x8 €65 1.20 1.62 1.20 1.06 1.20 1.06
S-6 #9100 L 120x80x10 C65 1.20 1.92 1.20 1.27 1.20 1.27
S-7 0100 L 120x80x10 €65 1.20 2.47 1.20 1.52 1.20 1.52
S-8 0110 L 120x80x10 L 100x100x10 132 2.04 132 1.4 132 1.41
S9 @110 L 150x100x10 L 100x100x10 132 2.54 132 1.74 132 1.74
$-10 @110 L 150x100x10 L 120x120x10 132 2.85 132 1.88 132 1.88
SN 0120 L 150x100x10 L 120x120x10 1.44 3.01 1.44 1.94 1.44 1.94
S-12 0120 L 150x100x10 L 120x120x10 1.44 3.19 1.44 2.02 1.44 2.02
S-13 @120 L 200x100x10 L 150x150x12 1.44 3.61 1.44 2.23 1.44 2.23
S-14 0120 L 200x100x10 L 150x150x12 1.44 3.83 1.44 2.30 1.44 2.30

Table 2. The elements of the cable-climbing ladder

Flat-sided members Circular section members
Access rail Guide rails (able cantilevers Ay Feeders and cables Steps A,
[m’] [m’] [m’] [m’] [m’] [m’] [m’]
Section 0.30 0.72 0.13 1.15 1.54 0.123 1.66
Table 3. Envelope areas A [m?] for particular sections of the tower
S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9 S-10 S-1 S-12 S-13 S-14
15.0 16.8 20.4 24.0 27.6 31.2 34.8 384 42.0 45.6 49.2 52.8 56.4 60.0
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The envelope areas for the sections of the analyzed
structures are collected in Table 3.

It should be underlined that Equation (8) expresses
the structure shadow area only, and the formula
does not include ancillaries like a ladder, etc. It
should be noticed that the data collected in Table 1
indicates that for the individual faces of the tower (1,
2 or 3) we obtain different solidity ratios (¢,, ¢, Or ¢,
respectively).

According to standard [1] and the recommendations
given in [3, 6], calculations of the tower aerodynamic
resistance might be considered applying two
independent approaches. It depends on the systems of
the tower structures and that may be generally divided
into symmetrical structures with limited ancillaries
and structures containing ancillaries.

To present the algorithm of the calculations, detailed
expression, formulae, the results are going to be
shown on one chosen section of the tower — S-10. The
results for other sections take a tabular form. All the
calculations are provided for the angle of incidence of
the wind ®, =0°.

4.1. Total wind force coefficient - general method

According to [1], the total wind force coefficient
in direction of wind over a section of the structure
should be taken as:

Ci10=Cts10 TCs ano 9
where: C

ts.10 18 the wind force coefficient of bare
structure section S-10 determined using a solidity
ratio ¢, Ciato 18 the wind force coefficient of the
ancillaries in section S-10.
It is worth emphasizing that in this approach
only face 1 with the feeder-cable ladder should be
considered.

The solidity ratio for section S-10 is equal to:
¢ _ '%1410 + Af ,1.10 + AA,C + AA
10 —
A

The force coefficients for sections composed of flat
sided, sub critical circular members are given by:

L -0.153 (10

Cror0=176-C[1-C, g, +p, | =271
Cr o0 =C (1-C, ¢, ) +(C, +0.875)¢,,> =1.55

where: C, isequal to 1.9 and C, is 1,4 for the triangular
structures.
The value of the overall normal force coefficient

C;5 .1 that is applicable to the structural framework of

triangular section S-10 composed of both flat-sided
and circular sections should be calculated as:

c e (Af,1.10+AA,f)+
£.5.010 = Ct.0.1.10 —(A,uo N AA)
(12)
ie (Ah,uo AA,C)=221
el (As,uo + AA) .

The wind incidence factor K, = 1.0 for @, = 0°, thus
the wind force coefficient of structure section S-10 is
equal to:

Cisio= KGCf,S,O,IO =221

(13)

Let us focus now on the part of Equation (9) that
describes participation of the feeder-climbing ladder
in overall coefficient wind force. Reduction factor
that takes into account the shielding of the component
by the structure itself for the triangular cross section
of the tower and ancillaries placed internally to the
structure K, is equal to 0.8. Overall normal drag
coefficient appropriate for the item and its Reynolds
number for flat-sided sections given in [1] is

Ciao=2.0 (14)

It’s necessary to underline that in this codified
approach the ladder with all its elements such as
cables, feeders, steps, access rails, etc. is treated as
aonesolid component. Taking itinto our consideration,
an analyzed ancillary should be treated as a one, flat-
sided element as given above. In the analysis of the
aerodynamic resistance of the ladder, y denotes an
angle of wind incidence to the longitudinal axis of
a linear member. For the purpose of these calculations,
the angle y takes the most adverse value 90°.

The conclusions given above lead us to the
determination of the wind force coefficient of the
ancillaries in section S-10:

2
Cian= K, “Cy pp " SIN =106

(15)

During the calculation process, we obtained all the
parameters that allow us to determine the total wind
force coefficient in the direction of the wind over
section S-10:

Ct10 =Cts10 T Cpas0 =381

(16)

The results for other sections are collected in Table
4 that contains all the parameters described in the
previous considerations.
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Table 4. The results of the calculations for the general method

Section [} G G G & ¢
S-1 0.325 218 1.28 1.69 16 3.29
5-2 0.283 229 133 1.65 16 3.25
53 0.243 240 139 172 16 332
S-4 0.222 247 1.4 1.83 16 343
5-5 0.204 253 145 1.98 16 3.58
5-6 0.190 257 148 2,05 16 3.65
57 0.186 2.59 148 2.10 16 3.70
5-8 0.161 2.68 153 212 16 3N
5-9 0.159 2.68 153 217 16 377
5-10 0.153 N 155 221 16 3.81
5-11 0.148 273 1.56 223 16 3.83
512 0.141 275 157 2.26 16 3.86
5-13 0.139 276 157 2.29 16 3.89
S-14 0.135 2.77 1.58 232 1.6 3.92
4.2. Total wind force coefficient - method for special cases It should be explained that: c . is the force

The total wind force coefficient in this analytical
approach may be determined according to [1] from
expression as follows

30 .
Cy.o =Gy COS (le +C,,sin’ (

The main difference between the presented
methods (the general and one for special cases) is the
treatment of the sections as general. In 4.1., there is an
assessment that for obtaining aerodynamic resistance
we need to take into consideration only face 1 and
the feeder-climbing ladder behind. Here faces 1, 2
and 3 are included in calculations as well as the fact
that there are some shielding effects expressed in the
analysis by a shielding factor. According to standard
[1], for section S-10 it should be calculated as follows:

1.89
AS 1.10 + AAI 10
= 1-—>M0 AR 20,73
e ( 45.60

Mo =Mk 10 (AF,].IO +0.83- A;,l.lo +A, )/
J(A +A,)=0.71

To obtain the total force coefficient we should
calculate factors for every face, treated here as
a single frame. The results and formulae are collected
in Table 5.

1

30
2 j (17

(18)

10

coefficient appropriate for face 1 in section S-10,
Ciario 18 the wind force coefficient appropriate for
face 1 in section S-10 for the ancillary items are not
treated as structural members. For circular members
Ciario they are equal to 0.5 and for flat-sided 2.0
respectively. In Equation (17) there are ¢, , ¢,  factors
that denote effective wind force coefficients given for

triangular structures by following:

0.67 -7,
Cle,lO = (CI.IO L —

5 (C2.10 +C5 5 )) K@ =2.13
Creto = (Czjo +

(19)

0.67-1,
——=(C 0+ cm)j K =2.24

Finally, the total wind force coefficient given by
Equation (17) takes the value of

Cipo =2.13

Ct 10 = Cieo

(20)

In Table 6 the results of cf for other sections of the
analyzed tower are collected.

5. Comparison of the results

Comparison of the results obtained through two
independent standard methods is presented in the
graphical form in Figure 3.
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Table 5. The calculation parameters

Face Coefficient Formula Result
C t110 1.58+1.05(0.6—¢, )" 183
2
Ct ci0 (0-6+O-4¢1_10)Cf,f,1.10 1
Af,lAIO A,I.IO
Ct s Ce 1110 fe 10 A 1.60
1 A
AS 1.10
c ————r(C
f,S1.10 AS + AA f,AL10
c 1.40
1.10 AA’f AA'C
f + Cf ,AL.10,c
A +A, A+ A,
Cr ra10 1.58+1.05(0.6 -, )" 184
2
Cteot0 (0'6+0'4¢2410)Cf,f,2410 112
2(3) f,2.10 Ac,2410
Cts210 Ct 210 +Ct a0 A 1.54
AS 2.10
c - 1.54
2.10 f,52.10 AS + AA
Table 6. Total wind force coefficients obtained via method for special cases
S-1 S-2 S-3 S-4 S5 S-6 S-7 S-8 S-9 S-10 S-1 S-12 S-13 S-14
1.67 1.57 1.61 1.73 1.91 1.97 2.03 2.04 2.09 2.13 2.15 218 221 2.24
4 < ¢ on the value of the cf coefficient for individual
3,75 ry O * e sections of the analyzed tower structure;
2,50 * * — analyses of towers of high complexity with the
e i combination of flat-sided and circular-section
3 members, containing feeders and ladders,
G 27 antennas and their support structures, should be
222 based on the method for special cases;

. s 00 ®° s v ¢ — formulae adopted in this method have been
15 . b introduced into standard [1] to cover any
oo ® 0000000000000 combination of flat-sided or circular section

12 03 4 5 6 7 8 9 1011 12 13 14 members along with a shielding factor;

\ @ Results for special cases method 4 Results for general merhod|

Fig. 3. Comparison of the results

6. Conclusions

Performed calculations
conclusions:
— in Figure 3 we observe that the choice of the

presented method of calculations has a large impact

yield the following

determination of the wind drag coefficient with
respect to the incorrect calculation approach
can lead to the overestimation of the mean wind
value, which has crucial impact on the results of
analyses of the carrying capacities of existing
and new structures;

the results that have been obtained according to
the method for special cases correlate well with
the ones presented in publication [3];

11
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— considering aerodynamic behavior of tower
structures, it is worth underlining that the full-
scale measurements (given by Nielsen in [7])
showed that the wind resistance of lattice towers
should be significantly lower than the estimated
ones conducted according to standards [1, 4].
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Analityczne okreslenie oporu aerodynamicznego
kratowych wiez telekomunikacyjnych

1. Wstep

Wprowadzenie w ostatnim czasie do polskich unor-
mowan prawnych europejskich norm projektowych
spowodowato duze zmiany w okreslaniu no$nosci
poszczegblnych obiektow budowlanych. Analiza no-
$nosci obiektow istniejagcych w oparciu o aktualne
przepisy w dalszym ciggu nastrecza problemow pro-
jektantom i rzeczoznawcom budowlanym. Wynika to
z faktu, ze zmianie ulegly nie tylko koncepcje okre-
$lania no$nosci poszczegdlnych elementow konstruk-
cji, ale takze sposob formutowania ich obcigzenia.
W sposob szczegodlny dotyczy to analizy przydatno-
$ci do dalszego uzytkowania obiektow zaprojekto-
wanych kilka lub kilkanascie lat temu na podstawie
zupelie innych wymagan i procedur normowych.
Typowym przykladem takiej sytuacji moga by¢ stalo-
we konstrukcje wiez telekomunikacyjnych.

Niniejsze opracowanie w catos$ci poswiecone jest wy-
znaczaniu oporu aerodynamicznego konstrukcji wiezo-
wych na podstawie formut zawartych w normie [1].

2. Opis problemu

W sensie ogélnym wspotczynnik oporu aerodyna-
micznego (czy tez wspotczynnik oddziatywania wia-
tru) zalezy wg [2] od: ksztattu przekroju poprzecz-
nego pretow konstrukcji kratowej, ich smuktos$ci,

12

ksztaltu przekroju poziomego wiezy oraz kierunku
dziatania wiatru wzgledem $cian wiezy. W przypad-
ku wiez telekomunikacyjnych, dla ktorych konieczne
jest wyznaczenie oporu aerodynamicznego, problem
wydaje si¢ by¢ bardziej ztozony. Dla obiektow wie-
zowych wykonanych z réznego rodzaju profili, ob-
cigzonych drabinami kablowymi i wlazowymi, an-
tenami i ich konstrukcjami wsporczymi prawidtowe
oszacowanie oporu aerodynamicznego jest zadaniem
wymagajacym. Nalezy uwzgledni¢ interakcje ele-
mentoéw konstrukcyjnych i elementow wyposazenia,
ich wzajemne przeslanianie, a takze r6zne modele
optywu elementéw o krawedziach ostrych lub okra-
gtych [3]. Najprostsza formuta opisujaca opor aero-
dynamiczny jest (1).

Analityczne okre$lenie wspotczynnika oporu ae-
rodynamicznego wedtug normy [4], opisanego do-
ktadnie w pozycji [2], bylo stosunkowo tatwa pro-
cedurg obliczeniowa. Wspotczynnik wypetnienia byt
zdefiniowany, tak jak to zaprezentowano w rownaniu
(2). Dla stalowych wiez o okragtych kraweznikach
i elementach skratowania wykonanych z katownikow
wspotczynnik oporu aerodynamicznego jest zdefinio-
wany w (3) na podstawie normy [4].

Srednie obcigzenie wiatrem zdefiniowane we-
dlug normy europejskiej [4] opisuje zaleznos¢ (4).
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Obcigzenie odcinkowe na kierunku dziatajacego
wiatru okreslone jest natomiast jako (5). Jednym
z parametrow niezbednym do okreslenia wielko$ci
oddziatywania wiatrem jest wtasnie wspotczynnik
oporu aerodynamicznego, ktorego wartos¢ determi-
nuje wielkos¢ tego rodzaju obcigzenia.

3. Analizowana konstrukcja

Analiza zostata przeprowadzona na podstawie ist-
niejgcej wiezy telekomunikacyjnej o wysokosci 84
metrow zilustrowanej na rysunku 1. Konstrukcja
podzielona jest na 14 segmentéw. Schematem sta-
tycznym trzonu jest wspornik kratowy utwierdzony
w gruncie poprzez fundamenty. Pionowe elementy
nos$ne (krawezniki) zostaly wykonane z okragtych
pretow peinych, natomiast elementy skratowania
z goracowalcowanych katownikéw. Drabina kablo-
wo-wlazowa usytuowana jest centralnie wewnatrz
trzonu wiezy. Wykonana jest z ceownikéw zimno-
gietych potaczonych szczeblami z pretow okragtych
po jednej stronie i wspornikami drabiny kablowej po
stronie drugiej, tak jak zostato to zaprezentowane na
rysunku 2. W tabeli 1 przedstawiono zestawienie po-
szczegolnych elementow konstrukcji wraz z ich pola-
mi powierzchni nawietrznej dla kata natarcia wiatru
rownego 0° (powierzchnie ptaskie i okragte). Catko-
wita powierzchnia nawietrzna konstrukcji normalna do
Sciany 1 wiezy wyrazona jest przez zapis (6). Tabela 2
przedstawia zestawienie elementéw drabiny kablowo-
-wlazowej. Catkowita powierzchni¢ nawietrzng tego
ustroju konstrukcyjnego wyraza wzor (7).

4. Obliczenia oporu aerodynamicznego

Wszystkie kalkulacje oparte sg na jednym z naj-
bardziej istotnych parametrow w teorii oporu aero-
dynamicznego konstrukcji szkieletowych — wspot-
czynniku wypeknienia (8). Tabela 3 prezentuje pola
powierzchni catkowitych poszczegdlnych segmen-
tow wiezy. Wykorzystujac norme [1], a takze reko-
mendacje zawarte w [3], obliczenia zostaly wykona-
ne przy zastosowaniu dwoch niezaleznych podejse,
ktore zaleza od rodzaju konstrukcji: symetrycznej
z ograniczonymi elementami wyposazenia lub z pely-
mi elementami wyposazenia, tj. drabiny, pomosty itp.
W celu prezentacji wynikow, a przede wszystkim al-
gorytmu obliczeniowego wybrano segment 10 wiezy.

4.1. Catkowity wspétczynnik oporu aerodynamicznego -
metoda ogolna
Norma [1] okresla catkowity wspotczynnik oporu na
kierunku dzialajacego wiatru na poszczeg6lng sekcje

konstrukcji jako (9). Dla segmentu 10 wiezy wspot-
czynnik wypehienia zdefiniowany jest jako (10).
Wspodtczynniki sity oddziatywania dla elementow
ptaskich i okragtych opisuja zaleznosci (11). Wartosé
catkowitego wspotczynnika oporu dla sekcji S-10,
ztozonego z elementow ptaskich i okraghtych powinno
by¢ okreslone jako (12). Wspolczynnik natarcia wia-
tru K, = 1,0 dla kata natarcia ®, = 0°. W réwnaniu
(9) odnajdziemy udziat drabiny wlazowo-kablowej
w catkowitym wspotczynniku oporu aerodynamiczne-
g0. Wartos¢ tego parametru wskazuje wzor (14). Warto
w tym miejscu podkresli¢, ze w tym podej$ciu normo-
wym drabina wraz ze wszystkimi jej elementami tj.:
kablami, stopniami, szynami systemu bezpieczenstwa
itp. sg traktowane jako jeden komponent. Powyzsze
zatozenie prowadzi do okreslenia catkowitego wspot-
czynnika dla elementdw wyposazenia jako (15). Za-
tem dla segmentu S-10 rozpatrywanej konstrukcji
otrzymujemy wartos¢ wspotczynnika aerodynamicz-
nego jako (16). Rezultaty dla pozostatych sekcji wiezy
zostaty zebrane i przedstawione w tabeli 4.

4.2. Catkowity wspotczynnik oporu aerodynamicznego -
metoda dla przypadkow specjalnych

Zaleznos¢ opisujaca catkowity wspotczynnik oporu
aerodynamicznego zgodnie z [1] przedstawiona zo-
stata w (17). Gtéwna rdznicg pomiedzy prezentowa-
nymi w niniejszym opracowaniu metodami (ogo6lna
i dla przypadkéw specjalnych) jest traktowanie seg-
mentu konstrukcji wiezowej jako catosci bez podzia-
hu na konstrukcje i elementy wyposazenia w drugim
podejsciu obliczeniowym. W metodzie dla przypad-
koéw specjalnych bierzemy pod uwage oprocz Sciany
1 (metoda ogblna) rowniez $ciany 2 i 3 opisane na
rysunku 2. Uwzgledniamy poza tym efekt przesta-
niania elementow konstrukcji uzywajac w analizie
wspotczynnik przestaniania zdefiniowany w (18).
W tabeli 5 przedstawiono wszystkie parametry obli-
czeniowe niezbgdne do okreslenia oporu aerodyna-
micznego. Dla segmentu S-10 wartos¢ wspotczynni-
ka sity opisana jest w (20). W tabeli 6 zebrano wyniki
dla pozostatych segmentow wiezy.

5. Poréwnanie wynikoéw

Porownanie wynikéw uzyskanych na podstawie
dwoch niezaleznych procedur normowych zaprezen-
towano w formie graficznej na rysunku 3.
6. Wnioski

Przeprowadzone analizy pozwalajg na przedstawie-
nie nastepujacych wnioskow:

13
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na rysunku 3 mozemy zaobserwowaé, ze wybor
metody obliczenh w znacznym stopniu determi-
nuje uzyskane wyniki wspotczynnika c,,

analizy konstrukcji wiezowych o znacznym
stopniu ztozonosci, z elementami konstrukcyj-
nymi wykonanymi z elementéw okragtych i pta-
skich, wyposazonymi w kable, drabiny wtazowo
— kablowe, anteny i ich konstrukcje wsporcze
powinny zosta¢ przeprowadzone zgodnie z zato-
zeniami metody dla przypadkow specjalnych,
formuly obliczeniowe wyzej wymienionej meto-
dy wprowadzono w normie [1],

okreslenie wspotczynnika oporu aerodynamicz-
nego konstrukcji wiezowej na podstawie niepo-
prawnej metody obliczeniowej moze prowadzié
do przeszacowania wielkosci oddziatywania
wiatrem, co w przypadku analiz no$nosci istnie-
jacych konstrukcji moze prowadzi¢ do btednych
wnioskow 1 zalecen,

rezultaty w przedstawione w analizach otrzyma-
no stosujac metode dla przypadkéw specjalnych
1 korelujg z wynikami zaprezentowanymi w [3],
rozwazajac aerodynamike konstrukcji wiezo-
wych, warto podkresli¢, ze pomiary dla kon-
strukcji w skali naturalnej [7] udowodnity, ze
opor aerodynamiczny wiezowych konstrukcji
kratowych moze by¢ znaczaco mniejszy niz ten
okreslony na podstawie norm [1, 4].
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MULTIVARIATE ARCHITECTURE-&-CONSTRUCTIVE
SYSTEM ON THE BASIS OF BEAMLESS FRAMEWORK

Abstract

The article presents methodological principles for forming the multivariate architecture-&-construction system on the
basis of a new beamless framework. The idea of system's creation and application was briefly characterised. Some
advantages of its implementation to construction practice are presented.

Keywords: multivariate architecture and constructive system, beamless framework, urban environment, construction

1. Introduction

The solution of Sustainable Urban Development and
Housing problems is impossible without new approaches
and methods of designing, development, management,
and co-ordination of architectural, engineering,
technological and industrial decisions. Architecture-&-
construction systems (ACSs) play here the important
role and are directed at forming a friendly environment.
This term is used to refer to a system of coordinated
architectural, construction, and technological decisions,
which proceed from a universal methodology. Similar
systems are known in housing practice in Eastern Europe,
but they do not correspond always to modern social and
economic requirements [1]. All said above explains the
need to improve the existing systems and design new
ones, which will allow a variety of spatial solutions and
architectural structures implementing comprehensive
approaches and systematic decisions [2, 3].

Prefabricated large panel systems and its large-
scale structural elements lead to numerous repeated
of architectural and environmental decisions and
don’t allow to take into consideration various social,
typological, urban and other conditions [4].

Application of beamless framework provides the
possibilities of flexible lay out and enlargement of
spatial and environmental decisions and also reducing
material spenders. At the same time improvement
opportunities (perfection’s reserves) of this kind of
framework are not settled.

2. General IDEA of the System

Along with a longstanding scientific and practical
work of improvement and prospects for the

development of existing ACSs in Ukraine, the author
of this article invented and introduced in design and
construction practice new universal architectural-
construction system “POLIS” on the basis of beamless
framework. A patent of Ukraine Ne19 was received [5].

Beamless framework includes columns (set along
the perimeter cells formed by the intersection of the
stakeout of the axes of columns), flat overcolumn
slabs (plates) with square shape, and span slabs with
trapezium-shaped forms. Overcolumn slabs have holes
for passes columns with a rigid joint of their connection.

Framework‘s cells are located at 45* and/or 90*
one to each other and have the shape of a rectangle,
including square and/or an isosceles right triangle
(Fig. 1). Transition from one span to another is based
on the using of the diagonal of the previous cells like
the side of following cells.

The basic column grid for primary square cell is
6 x 6 m. Column grid for secondary cell is 8.5 x 8.5 m.
Next cell is 12 x 12 m, etc.

Adopted grid provides the possibility of creating
on the base of unified constructive module rational
parameters of rooms and a wide range of functional and
structural decisions of the civilian buildings (Fig. 2).
It assums the use of two main sizes of overlap’s plates
made in unified shuttering forms. For spans of 8.5 m
or more applying additional load-bearing structural
elements are provided that logically fit into the accepted
constructive scheme of the framework such as strutted
frame or other spatial load-bearing structures. Their
main supporting element is connected with the central
span plates by the “ties” that transmit the external
forces on supporting framework’s columns.
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In order to obtain a wide variety of spatial and
architectural decisions of buildings extra slabs (plates)
ofoverlap derived from forms of two major plates, using
their unified shuttering forms or additional monolithic
sections could be also applied. Application of extra
plates with width of 1.5 m allows to offload perimeter
columns, gives the opportunity to obtain diverse plastic
architectural structures, as well as constructive span of
size 3 m. It is also providing the possibility of variation
of parameters of the column grid.

Installation of the frame is done by the following
way: overcolumn slabs are set on the columns due
temporary telescopic balks or supporting adjusting
pins, which inserted into the holes in the columns.

Overcolumn slabs have rigid connection device with
columns. Between overcolumn slabs are placed span
slabs with trapezium-shaped forms that based on
appropriate installation elements (Fig. 3). For large
bays (8.5 m and more) in the centres of cells are used
as span plates the same overcolumn plates. After
completing the assembly joints gaps between slabs
are embedded (performed butt joint grouting) [6]. As
aresult hard disk beamless overlap has created (Fig. 4).

After conducting of research and design work the
testing was carried out, installation and perfection
of the system (Fig. 5). Multivariates testing of the
system have shown positive results and operational
reliability of the system (Fig. 6).

Fig. 1. Principle view of architecture-construction system
“POLIS” on the basis of beamless framework

Fig. 3. The scheme of framework’s assembly

16

Fig. 2. Design of multifunctional complex
on the basis of a System

Fig. 4. Structural joints: a) column with overcolumn slab,
b) span’s slabs
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Fig. 5. Installation of the system
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Fig. 6. Testing of the system: a) main system’s fragment, b) span’s slab

3. Application of the System

Architecture-construction system “POLIS” is
intended for the construction of various types
of residential, public and industrial buildings of
different height. This system is universal, not only
due it flexibility of architecture and constructive
conceptions, but also due to the possibilities of
its implementation in different construction’s
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technologies. For example, the framework can
be accomplished in both cast (monolithic) and
prefabricated concrete. External walls can be also
performed in concrete or in block materials and,
therefore, be determined as self-supporting or
load-bearing structures. In the latter case mixed
(incomplete) framework without the perimeter
columns has resulted (Fig. 7).

8490

Fig. 7. Conception variants of system’s external walls
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Due to the reduced number of prefabricated reinforced
concrete elements substantial economic effect has
occurred in comparison with the existing structures.

At the same time this system provides the
opportunity to obtain high aesthetic qualities of
architecture environment without using additional
monolithic sections (Fig. 8).

| g

Fig. 8. Urban diversity on the basis of the system

1T ||

The simplicity of the manufacturing technology
of structures and its small capital intensity, effective
solutions for external walls enable its implementation
by both big and small investors and construction
firms, as well as reducing the investment cycle, labour
costs and capital investments [1, 5].

4. Conclusions

The main advantage of this system is universality:
covering of spans and spaces of different sizes
and configurations on the base of limited range
of type-dimensions; providing the possibilities
of construction on the base of a unit technology
of various laying out, architectural and urban
decisions of civil and industrial buildings; rising of
architectural expressiveness of environment and
constructive density of residential area on account

of orthogonal and polygonal structural decisions;
carrying out of complex and efficient construction.
Particular significance has the qualitative aspect
and possibilities of improvement of architectural
and aesthetic qualities of the environment without
additional expenditures.

References

[1] Abyzov V.A.: Theory of Architecture-&-Construction
systems Development. Monograph. Kyiv: KNUKIiM,
2010.

[2] Building Design and Construction Systems. Handbook.
F. Merritt, editor, J. Ricketts, editor.- 6th ed. McGraw-
Hill, 2001.

[3] The Architecture Annual 1996-1997. Delft University
of Technology. 010 Publishers, Rotterdam 1998.

[4] Maksimenko V.A.: Industrial engineering and technical
systems of residential and public buildings. — Moscow.:
Higher School, 1987.

[5] Abyzov V.A.. New architectural and construction
system on the basis of Beamless Framework. Problems
of the theory of architecture and urban planning. —
Kiev: KievZNIIEP, 1990.

[6] Dorfman A.E.: Lewontin L.N. Constructive system
KUB. — Moscow: Goskomarhitektury, NPSO
“Monolith”, 1989.

19



structure

AGNIESZKA ROG
Kielce University of Technology
e-mail: arog@tu.kielce.pl
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Abstract

The primary objective of this study was to perform a laboratory testing to determine the moisture sensitivity of an asphalt
concrete produced in warm mix asphalt technology (WMA) with the addition of the synthetic zeolite. The usage of this
technology may cause potential difficulties like the insufficient mixture compaction or undesirable impact of some WMA
additives. One of the design assumptions was the potential adhesion problem. That is why the addition of hydrated lime was

also evaluated as anti-stripping agent to WMA with the zeolite.

Keywords: warm mix asphalt, moisture susceptibility, road pavements, synthetic zeolite

1. Introduction

Warm Mix Asphalt technology (WMA) stands for
environmental, economic and technological benefits,
as it enables to produce and place asphalt mixtures
at temperatures by as much as 50°C lower than the
conventional ones. Therefore, numerous advantages
can be selected: energy savings, decreased emission
of fumes and odors, improved working conditions,
extended paving season. Despite all the promising
benefits, temperature reduction is limited by the quality
of the resulting pavement. One of the fundamental
property that cannot be sacrificed is the moisture
susceptibility. The purpose of this study was to perform
a laboratory testing to determine the moisture sensitivity
of an asphalt concrete produced in WMA technology.
The reduction in mixing and compaction temperatures
was possible due to the mineral WMA additive — zeolite.

2. Moisture susceptibility problem in WMA

Moisture susceptibility, one of the main demanded
parameter, is a measure of asphalt mixture durability at
negative temperatures and in the presence of water. Water
and frost have an adverse impact on such phenomena
as cohesion of the mix and adhesion between the
binder and the aggregate. Water activity enhances the
stripping of the bitumen from the surface of aggregate
grains, resulting in detachment, peeling, loosening and,
consequently, deterioration of the mixture [1].

20

The parameter of moisture susceptibility is crucial
because of the connection with other vital mix properties.
Computational analysis of the asphalt pavement
construction have shown the significant effect of this
parameter on fatigue life of the structure [1].

The meaning of moisture susceptibility does not
depend on technology used to produce asphalt mix.
However, the usage of warm mix asphalt technology
may cause some difficulties, like the insufficient
mixture compaction or undesirable impact of some
WMA additives. The difficulty in obtaining an adequate
amount of air voids is a result of lowered compaction
temperature. Another matter is that WMA additives may
worsen adhesion of (modified or unmodified) asphalt to
the aggregate, as their main objective is to interact with
the binder: reduce its viscosity or create foaming effect.

The usage of the synthetic zeolite, which is a WMA
additive in form of a very fine powder, creates a danger
of mentioned adhesive failure due to its properties.
Zeolite is a sodium aluminum silicate with large
inter connected spaces, regular network of channels
and chambers in its crystal structure. Thanks to this
specific, diverse and loose internal “architecture”, it
can accommodate water (approx. 25%) and remove
it reversibly. The presence and amount of this zeolitic
water is the main property that determines the
usefulness of this additive, because as a result of zeolite
and hot asphalt contact, it turns into vapor, creating
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a microscopic foaming effect in the bitumen. This
process is gradual; that is why there is a possibility of
adhesive failure due to residual moisture contained in
the zeolite. In order to eliminate such phenomenon, it
is recommended to use anti-stripping agents.

3. Sample preparation and testing procedure

There are several tests to evaluate moisture sensitivity
of the asphalt mixes that can be divided into two groups.
The first one contains examination of selected fractions
of loose aggregate coated with binder. The main
objective is to visually assess the percentage of grains
that remained coated with the asphalt after the procedure
of submitting the samples to water saturation. The other
group include tests that are carried out on compacted
specimens produced in the laboratory or cut from the
existing pavement. Moisture susceptibility is evaluated
by the decrease in mechanical parameters like stiffness
or durability (resilient modulus or indirect tensile
strength) of the conditioned specimens in comparison
with unconditioned ones [1].

To evaluate moisture sensitivity of asphalt mixes
produced in WMA technology with the addition of the
synthetic zeolite, the decrease in indirect tensile strength
was evaluated in this study.

For the purpose of testing, asphalt concrete AC 16 W
35/50 KR 3-4 was designed in accordance with WT-2
2010. The output content of the zeolite was selected
at the level of 0.2% (from the amount of the whole
mixture) according to the literature sources [2] and
differentiate into: 0.1, 0.3 and 0.4% (diminishing the
amount of the filler respectively). One of the design
assumptions was the potential adhesion problem.
That is why one set of specimens with recommended
0.2% of the zeolite was produced with the addition of
anti-stripping agent-hydrated lime in amount of 1.5%
[3]. The confirmed effectiveness [4] and formation of
strong ionic bonds created by calcium cations from
the hydrated lime and silicon atoms from the zeolite,
were the main reasons why this particular anti-
stripping agent was chosen.

The reduction in temperature was achieved by
lowering the conventional production temperature by
20°C. The compaction process of cylindrical specimens
(compaction energy was 35 pestle blows) was carried
out at four different temperatures: from 115 to 145°C in
increment of 10°C, in order to find out the influence of
this factor on the measured parameter. Additionally, to
compare indirect tensile strength mixes with different
amounts of the zeolite, the designed mixture was
produced also without the addition of the zeolite in

traditional hot mix asphalt technology and compacted
in the entire temperature range.

The specimens conditioning process, simulating water
and frost impact on the asphalt concrete, was conducted
in accordance with WT-2 2010 Appendix 1, after
specimens were separated into two sets: wet and dry.
Dry specimens were stored on flat surface at ambient
temperature, while wet ones were saturated with
water, subjected to one freezing cycle and kept in high
temperature conditions before subjected to destructive
force. After conditioning process the test was conducted
on both wet and dry sets, and indirect tensile strength
was evaluated:

s =22 1)
DL

4., Test results and analysis

Indirect tensile strength results were presented in
Figure 1 and 2: of unconditioned specimens from the
dry set (ITSd) and conditioned ones from the wet set
(ITSw), respectively.
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Fig. 1. Indirect tensile strength results of unconditioned
specimens from the dry set
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Fig. 2. Indirect tensile strength results of conditioned
specimens from the wet set
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From the indirect tensile strength test results,
several conclusions were made. First of all,
visible downward trend was observed on both
graphs: increasing temperature increased the
testing parameter. Such finding was irrespective
of following factors: presence of additives in the
mixture, production technology (HMA or WMA)
and whether specimens were conditioned or not.

The presented results seemed to suggest the
lack of linear dependence between the addition of
the zeolite and the indirect tensile strength. The
lowest strength was obtained for the asphalt mixture
with 0.3% of the zeolite, for both conditioned and
unconditioned specimens. On the other hand, the
highest results were obtained for mixtures with 0.2%
zeolite (dry set) and 0.2% zeolite with the hydrated
lime (wet set). In both cases, the greatest parameter
did not depend on compaction temperature.

Another important observation was that HMA mix
was comparable to WMA mix with 0.2% zeolite
and 1.5% hydrated lime among unconditioned
specimens. Oppositely, the addition of zeolite
and hydrated lime resulted in significantly higher
strength in wet set. All conditioned WMA mixtures
only with the zeolite achieved worse results than
HMA mixture.

Indirect tensile strength ratio (ITSR) was evaluated
as a proportion of indirect tensile strength measured
on conditioned specimens to unconditioned ones
(2). The ITSR results were presented in Figure 3
where minimum required value of 80% (according
to [5]) was highlighted in grey.
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Fig. 3. Indirect tensile strength ratio
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The presented results indicated that mixtures with
the zeolite and hydrated lime achieved significantly
higher ITSR wvalues than minimum required,
irrespective of compaction temperature. Therefore, it
can be concluded that the amount of 1.5% of hydrated
lime can be reduced and will still meet the requirements
even at the lowest compaction temperature. Only
4 of other 20 mixture combinations (4 compaction
temperatures and 5 contents of the zeolite) met the
minimum requirements, 3 of them were compacted at
the highest temperature of 145°C.

It should be noted that the asphalt mixture with 0.2%
of the zeolite turned out to achieve the lowest ITSR
value despite the highest indirect tensile strength of
unconditioned mixture.

An Analysis of Variance (ANOVA) was performed
to determine which of two factors (compaction
temperature and additives) and interaction between
them, significantly affect the measured indirect tensile
strength ratio. The assumed null hypothesis was that the
source of variation did not differentiate the outcomes
at the significance level of a = 0.05. The results were
presented in the table.

Table 1. Two-way analysis of variance

ANOVA
IS/ZZZZ;’; ss | df | Ms F | Pvae | Fait
Additives | 815079 | 5 | 1630.158 | 538.4009 | 6.493E-41 | 2.4085
Temperature | 2519.6 | 3 | 839.8657 | 277.3869 | 2617E-30 | 27981
Interaction | 567.153 | 15 |37.81019 | 124878 | 8.288E-12 | 1.8802
Within | 145333 | 48 |3.027778

Total 1829 71

The ANOVA results clearly indicated that the
P-value was lower than the 0.05 significance level
in each case. It justified the rejection of the null
hypothesis in favor of finding that both explanatory
variables differentiate the results. In addition, the
interaction between compaction temperature and
additives significantly affected obtained results.

5. Conclusions

Based on the analysis of the test results of asphalt
concrete the following conclusions can be drawn:
— indirect tensile strength ratio does not linearly
depend on the amount of the zeolite in the asphalt
mixture;
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— the addition of the hydrated lime in the mixture
with the zeolite produced in WMA technology
significantly improves moisture resistance, even
after reduction in compaction temperature of 30°C
in comparison to conventional temperature;

— compaction temperature and the addition of the
zeolite statistically significantly affect ITSR value
of the asphalt mixture.
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Mrozoodpornos¢ betonu asfaltowego w technologii
na ciepto z dodatkiem syntetycznego zeolitu

1. Wstep

Produkcja  mieszanek  mineralno-asfaltowych
w technologii na ciepto (WMA) jest korzystna ze
wzgledoéw srodowiskowych, ekonomicznych i techno-
logicznych, gdyz mozliwa jest w temperaturach niz-
szych niz tradycyjne o ok. 50°C. Jako glowne zalety
nalezy wskaza¢ przede wszystkim mniejsze koszty
zuzycia paliw, redukcje emisji szkodliwych substan-
cji i potencjalnego narazenia na nig pracownikow,
wydtuzenie sezonu budowlanego itp. Obnizenie tem-
peratury mieszanki jest jednak ograniczone stawia-
nym jej wymaganiom, redukcja temperatury moze
odbywac¢ sie dopoki nie ulegaja pogorszeniu wyma-
gane parametry wytrzymalosciowe gwarantujace
trwato$¢ nawierzchni. Ze wzgledu na to, ze jednym
z gtéwnych wymagan stawianych mma jest mrozood-
pornos¢, za cel niniejszej pracy obrano zbadanie be-
tonu asfaltowego wyprodukowanego w technologii na
ciepto. Produkcje w tej technologii umozliwito zasto-
sowanie mineralnego dodatku do WMA — zeolitu.

2. Problem mrozoodpornosci w mieszankach WMA

Mrozoodpornos¢, jako jeden z normowo wyma-
ganych parametrow, jest miarg trwalo$ci mieszanki
w ujemnych temperaturach i w obecnosci wody.

Woda i mréz wptywaja bowiem niekorzystnie na takie
zjawiska, jak kohezja mieszanki i adhezja asfaltu do
kruszywa. Woda ma tendencj¢ do odmywania otoczki
asfaltu z powierzchni agregatu mineralnego, prowa-
dzac do odrywania si¢ ziaren kruszywa, tuszczenia
i rozluzniania si¢ mieszanki, a w konsekwencji obni-
zenia jej wytrzymatosci i degradacji nawierzchni [1].
Parametr odpornosci mieszanki na dziatanie wody
i mrozu jest istotny takze ze wzgledu na powigzanie
z innymi istotnymi wlasciwo$ciami mieszanki.
Analizy obliczeniowe konstrukcji nawierzchni asfal-
towej wykazaty, ze odporno$¢ mieszanki mineralno-
-asfaltowej na dziatanie wody i mrozu istotnie wpty-
wa na trwato$¢ zmeczeniowa konstrukcji [1].
Znaczenie parametru mrozoodpornosci jest nie-
zalezne od stosowanej technologii produkcji mma.
W technologii na ciepto jednak szczegodlne zagroze-
nie wystepuje z powodu mozliwosci niedogeszczenia
mieszanki lub dziatania dodatkow do WMA. Z trud-
noscig uzyskania odpowiedniego poziomu zawarto-
$ci wolnych przestrzeni mamy do czynienia w rezul-
tacie redukcji temperatury zageszczania. Natomiast
konsekwencja zastosowanych dodatkow do WMA,
ktorych gtéwnym celem jest obnizenie lepkosci asfal-
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tu lub jego spienienie, moze by¢ pogorszenie adhezji
lepiszcza (zmodyfikowanego lub nie) do kruszywa.
Zastosowany w niniejszej pracy dodatek do WMA
— zeolit syntetyczny w postaci proszku, ze wzgle-
du na swoje wlasciwosci stwarza niebezpieczenstwo
opisanego powyzej negatywnego wplywu na adhe-
zje asfaltu do kruszywa. Zeolit jest glinokrzemianem
o krystalicznej strukturze, w ktdérej wystepuja duze
puste przestrzenie oraz sieci regularnych kanalikow
1 komor. Dzieki tej specyficznej, zroznicowanej i luz-
nej ,architekturze” mozliwe jest pochlanianie (zdol-
nos$¢ absorpcji wody do 25% wag.) 1 odwracalne od-
dawanie wody. Obecnos¢ i ilos¢ tej tzw. wody zeoli-
tycznej decyduje o mozliwosci zastosowania tego do-
datku, gdyz w momencie kontaktu zeolitu z gorgcym
lepiszczem nastepuje uwolnienie wody z jego struktur
1 spowodowanie efektu spienienia asfaltu. Ze wzgle-
du na roztozony w czasie (a nie gwaltowny) przebieg
procesu spienienia i stopniowe oddawanie wody z ze-
olitu istnieje mozliwo$¢ uwiezienia jej w mieszance
1 pogorszenia adhezji. W celu eliminacji tego zjawiska,
zalecane jest zastosowanie srodkow adhezyjnych.

3. Przygotowanie probek i procedura badawcza

Badania umozliwiajgce ocen¢ odpornosci miesza-
nek na dziatanie wody 1 mrozu mozna podzieli¢ na
dwie grupy. Do pierwszej z nich naleza badania po-
legajace na badaniu wybranych frakcji kruszywa oto-
czonego asfaltem. Taka luzna mieszanka poddawana
jest ocenie wizualnej procentu ziaren otoczonych
asfaltem pozostatych po nasycaniu woda. W obrebie
drugiej grupy bada si¢ zaggszczone laboratoryjnie lub
wyciete z nawierzchni. Wrazliwos$¢ na oddzialywanie
wody i mrozu oceniana jest przez spadki parametrow
mechanicznych, takich jak sztywno$¢ czy wytrzyma-
fo$¢ (modut sztywnosci sprezystej przy posrednim
rozcigganiu, wytrzymatos$¢ przy posrednim rozcigga-
niu itp.) probek poddanych kondycjonowaniu w sto-
sunku do niekondycjonowanych [1].

W niniejszym opracowaniu do oceny mrozoodpor-
nosci mieszanek wyprodukowanych w technologii
WMA z dodatkiem zeolitu wykorzystano spadek wy-
trzymatosci na rozcigganie posrednie probek kondy-
cjonowanych wzgledem niekondycjonowanych.

Na potrzeby przeprowadzenia badan, zgodnie
z WT-2 2010 zaprojektowano beton asfaltowy AC 16
W 35/50 przeznaczony na drogi obcigzone ruchem
KR 3-4. Wyjsciowa ilos¢ dodatku zeolitu do mieszan-
ki ustalono na poziomie 0,2% (w stosunku do masy
mma) zgodnie z literaturg [2], wykonujac takze proby
dla zawartosci: 0,1, 0,3 1 0,4% (pomniejszajgc o dang
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ilos¢ wypelniacz wapienny). Jednym z zatozen pro-
jektowych byto wykonanie serii probek z dodatkiem
srodka adhezyjnego w celu eliminacji potencjalnego
problemu adhezji w WMA z zeolitem. Jako $rodek ten
zastosowano wapno hydratyzowane w ilosci 1,5% [3],
ktore dodano do mieszanki z zalecang ilo$cig zeolitu.
Za wyborem tego rodzaju $rodka stata przede wszyst-
kim jego potwierdzona skuteczno$¢ [4] i obecnosé
w nim kationow wapnia, ktére taczac sie z atomami
krzemu z zeolitu, tworzg silne wigzanie jonowe.

Zalozenie technologiczne produkcji w technologii
na ciepto i narzucajace redukcje temperatur produk-
cji mieszanki spowodowalo, ze zostaty one obnizo-
ne o ok. 20°C w stosunku do tradycyjnych. Proces
zageszczania cylindrycznych probek Marhalla (po
35 uderzen na stron¢) przeprowadzono w 4 roz-
nych temperaturach od 115 do 145°C ze skokiem
o 10°C, w celu stwierdzenia wptywu tego czynnika
na badany parametr. Dodatkowo w celu porownania
wytrzymato$ci na rozcigganie posrednie jakie moz-
liwe sg do uzyskania z r6znymi dodatkami zeolitu,
mieszanke te¢ wyprodukowano takze w tradycyjnej
technologii na goragco bez dodatku zeolitu i poddano
procesowi zageszczania w catym zatozonym prze-
dziale temperatur.

Kondycjonowanie prébek, symulujace wplyw
wody i mrozu, przeprowadzono zgodnie z zalaczni-
kiem nr 1 do WT-2 2010, po uprzednim ich podziale
na dwa zestawy: mokry i1 suchy. Probki z zestawu su-
chego przechowywane byly na plaskiej powierzchni
W temperaturze pokojowej, natomiast probki z ze-
stawu mokrego poddano nasycaniu woda, cyklowi
zamrazania i odmrazania oraz przedtuzonemu od-
dziatywaniu wody w podwyzszonej temperaturze. Po
zakonczeniu kondycjonowania badanie wykonano na
probkach z zestawu suchego i mokrego, a wytrzyma-
los¢ obliczona wedlug wzoru (1).

4. Wyniki badan i ich analiza

Na rysunku 1 i 2 przedstawiono wyniki badania
wytrzymalo$ci na rozcigganie posrednie odpowied-
nio probek zestawu suchego niepoddanych kondy-
cjonowaniu (ITSd) i zestawu mokrego poddanych
kondycjonowaniu (ITSw).

Analiza obu wykresow wytrzymalosci na rozciaga-
nie posrednie pozwala dostrzec trend spadku tego pa-
rametru wraz ze spadkiem temperatury zageszczania
niezaleznie od takich czynnikow, jak obecnos¢ dodat-
koéw w mieszance, zastosowana technologii produkcji
(HMA czy WMA) i tego, czy probki byty poddane
kondycjonowaniu czy nie.
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Kolejnym spostrzezeniem jest brak liniowej zalez-
nosci miedzy dodatkiem zeolitu a badanym parame-
trem. Zarowno dla probek z zestawu suchego, jak
1 mokrego najstabsze wyniki uzyskano dla dodat-
ku 0,3% zeolitu wzgledem masy mma. Najwyzsze
wytrzymato$ci natomiast pozwolito osiggnaé zasto-
sowanie zeolitu w ilosci 0,2% w zestawie probek
niekondycjonowanych oraz 0,2% zeolitu i wapna
w zestawie probek kondycjonowanych. W obu przy-
padkach osiagniecie najwyzszych wytrzymatosci dla
tych ilo$ci dodatkéw bylo niezalezne od temperatury
zageszcezania probek.

Na uwage zashuguje fakt, ze w obrebie wynikow
probek z zestawu suchego mieszanka wyproduko-
wana w technologii na gorgco bez zeolitu osiggne-
fa porownywalne wyniki jak mieszanka na ciepto
z dodatkiem 0,2% zeolitu i wapnem hydratyzowa-
nym. W obrebie probek z zestawu mokrego powyzsze
zjawisko nie wystapito jednak, gdyz dodatek zeolitu
1 wapna poskutkowal znacznie wyzszymi wynikami
wytrzymatos$ci. Zauwazono takze, ze w zestawie mo-
krym wszystkie mieszanki z zeolitem byly stabsze
niz mieszanka na goraco bez zeolitu.

Wskaznik mrozoodpornosci obliczono jako pro-
centowy stosunek wytrzymalosci na rozcigganie po-
srednie probek poddanych kondycjonowaniu do nie-
kondycjonowanych wedlug wzoru (2). Wyniki przed-
stawiono na rysunku 3.

Zgodnie z [5] dla zaprojektowanej mieszanki o da-
nym uziarnieniu i przeznaczeniu wskaznik ten powi-
nien wynosi¢ co najmniej 80%.

Na podstawie otrzymanych wynikow zaobserwo-
wano, ze niezaleznie od temperatury zaggszczania
probek, te z dodatkiem zeolitu 1 wapna osiggnely
wskaznik znaczaco wyzszy od wymaganego, prze-
wyzszajacy pozostate wyniki. Mozna zatem stwier-
dzi¢, ze redukcja iloSci wapna w mieszance nawet
W najnizszej temperaturze zageszczania moze przy-
nies¢ korzystne rezultaty i pozwoli spetnic¢ stawiane
wymagania wskaznika mrozoodpornosci. Sposréd
pozostatych 20 kombinacji mieszanek (4 temperatu-
ry zageszczania i 5 zawarto$ci zeolitu) tylko 4 z nich
spetity wymagania, 3 sposrod nich byly zaggszczo-
ne w najwyzszej temperaturze 145°C.

Nauwagge zastuguje fakt, ze mieszanka z dodatkiem
0,2% zeolitu mimo osiagniecia najlepszych wynikow
wytrzymatos$ci na rozcigganie posrednie na probkach
niekondycjonowanych i wynikow na s$rednim po-
ziomie probek kondycjonowanych, okazata si¢ miec
najnizszy sposréd wszystkich mieszanek wskaznik

mrozoodpornosci, nie spelniajac wymagan nawet
W najwyzszej temperaturze zagegszcezania.

W celu stwierdzenia istotno$ci wptywu czynnikow:
temperatury zageszczania i obecnos¢ dodatkow do
WMA oraz interakcji migdzy nimi na zmiennos¢ ce-
chy mierzalnej jaka byl wskaznik mrozoodpornosci
ITSR, postuzono si¢ dwuczynnikowa analizg warian-
cji. Postawiono hipoteze, ze zrédto zmiennos$ci nie
roznicuje wynikéw przy poziomie istotnos$ci rownym
o= 0,05. Wyniki tej analizy przedstawiono w tabeli 1.

Analizujac wyniki przedstawione w tabeli, mozna
zauwazy¢, ze odpowiednie wartosci prawdopodo-
bienstwa sg znacznie mniejsze od zatozonego pozio-
mu istotnosci 0,05. Tym samym nalezy odrzuci¢ hi-
poteze o braku wplywu zmiennych objasniajacych na
zmiennos$¢ cechy mierzalnej na korzy$c¢ stwierdzenia,
ze oba czynniki: temperatura zageszczania i dodatek
zeolitu réznicujg wyniki. Dodatkowo stwierdzono
rowniez wptyw interakcji tych dwoch czynnikow na
otrzymane wyniki.

5. Wnioski

Na podstawie przeprowadzonych badan sformuto-

wano nastepujace wnioski:

— wskaznik mrozoodpornos$ci nie zalezy liniowo
od iloSci zeolitu w mieszance;

— dodatek wapna hydratyzowanego do mieszan-
ki wyprodukowanej w technologii na ciepto
z 0,2% zeolitu istotnie przyczynia si¢ do popra-
wy jej mrozoodporno$ci, nawet po obnizeniu
temperatury zaggszczania o 30°C wzgledem
temperatury zageszczania na goraco;

— temperatura zageszczania i dodatek zeolitu do
mieszanki istotnie statystycznie wpltywaja na
warto$¢ wskaznika mrozoodpornosci mieszanki
ITSR.
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THE INFLUENCE OF PARTICULAR PARAMETERS
ON THETEMPERATURE DISTRIBUTION IN
THE IMPLETION OF REGENERATIVE HEAT EXCHANGER

Abstract

The article describes the process of unsteady heat transfer that occurs between the impletion of regenerative heat
exchanger and the surrounding air. A mathematical model of this phenomenon and its exemplary solution using the
method of elementary balances were presented. Numerical calculations using Mathcad were applied. As a result, the set
temperature field is formed in the heat exchanger wall. The influence of the geometrical dimensions (length of the filling)
and air velocity on the temperature distribution in the fill were analysed.

Keywords: regenerative heat exchanger, heat transfer, non-stationary state, the method of elementary balances

1. Introduction

Theuse ofregenerative heatexchanger for heat recovery
(cooling) in the ventilation system or air conditioning
generally helps to reduce not only the operating costs
of buildings by reducing energy demand for heating
and cooling of supply air, but also the investment costs
related to the potential use of heaters and air coolers with
much smaller heat exchange surface [1].

There are two types of regenerative heat exchangers
used in ventilation systems:

1. A rotary heat exchanger (with a rotating storage

mass).

2. A non-rotating heat exchanger with a mass

accumulation.

Regeneration is the process that occurs when
streams of supply and exhaust air interchangeably
flow the same area. Heat transfer in completing
the regenerative heat exchanger is a transient heat
conduction. Solving problems in the field of transient
heat flow with analytical methods often requires very
good mathematical background [2].

This paper presents the computational model that
allows the analysis of the temperature distribution in
the impletion of the regenerative heat exchanger for
non-stationary conditions. The model assumes one-
dimensional temperature field. As an initial condition
uniform fill temperature (all nodes) is assumed and

the boundary condition of the third kind are adopted.
The influence of the geometrical dimensions (length
of the filling), and air velocity on the temperature
distribution in the fill were analized.

2. A mathematical model of heat transfer
in the impletion of regenerative heat
exchanger (heating process)

Non-stationary one-dimensional heat conduction in
the layer of filling in the regenerative heat exchanger
was considered. As a filling thickness J was adopted.
Due to the fact that next to the both sides of the
element, air flow with identical parameters occurs,
analysis of temperature distribution was made in the
mid-filling element 6/2. The heating process of filling
was considered. Heat transfer model was developed
using one of the numerical methods for solving heat
conduction problems, namely the method of elementary
balances. The test area was divided into geometric
elements, for which the energy balance sheet based on
the following assumptions was prepared:

— the average air temperature Tpow,

— aone-dimensional temperature field:

T = f(x,7),
— precondition: temperature of the plate:
T(z=0) = const = 10°C,
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Toow = T,

h
v
Fig. 1. The division of the test area on the geometric elements
(physical model of heating process)
— boundary condition of the third type: The result is:

0, =c, G- (Tpow, —Tpow,)

dt
ﬂ(—j = oc[TpowSr —T(O,r)]
dX ) ,.q Tpow, —Tpow, T
— constant plate parameters (€ Py A) and air (Cp, List
p, o) are known,

— there are no internal heat sources,

O=a-F-

— each element is represented by a node that is 0=|T -T,.,)F i
located in the center of gravity of the element, o AX
— each element has temperature equal to the 4
node’s temperature, mT -T
— whole heat capacity of the element is focused in AQ =C,, - —=
the node, 2 Ar
— mnodes lying on the surface of the body are 0, = ( T o_T. ) A
regarded as without capacity. 2 2 3 3AX
Figure 1 illustrates the physical model created for 4 @)
the case to analyse the temperature distribution for T _T.
the heating process of the impletion. AQ, =C,, -m- SMAT =
In the non-stationary conditions, assuming isobaric 1
heat flow, the heat inflow to the relevant node or nodes 0, = (T3.i+1 ~Thin ) F Ax
from the adjacent or surface of the body will increase ro_T
enthalpy. Energy balance equation in the nodes in AQ, =c,, -m. 14
each intervals can be written as follows: Az 5
Qp =Q Q4_(T4Ai+1_Ts4i+1)'F'3T£
4
Q = Ql 7. —T.
_ AQ =C .m- S.i+l S.i
Q,=4Q,+Q, | ‘o At
Qz = AQz + Q3 ) where: a — thermal diffusion coefficient, W/m?’K,
Q, =AQ, +Q, C, — heat capacity of air, J/kgK; G — mass flow,
Q, =AQ, kg/s; Tj pow, — initial air temperature, °C, Tpow,
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— final air temperature, °C; F — surface, m?, 1 —
thermal conductivity coefficient, W/mK; 7', — node
temperature, °C; Dx — distance, m, C on specific heat
capacity of plate, J/kgK, m — mass, kg; At — time, s.

3. The influence of air velocity on the temperature
distribution in the impletion of regenerative heat
exchanger - the example of calculation

The numerical calculations by means of Mathcad
were presented. The following data were used: initial
air temperature 7] pow, = 20°C, thermal diffusion
coefficient o =40 W/m?K, specific heat capacity of air
C,= 1005 J/kgK, air density p = 1.205 kg/m?, thermal
conductivity coefficient A = 200 W/mK, specific heat
capacity of plate Con = 870 J/kgK, density of plate
material p = 2700 kg/m’, AXx = 0.002 m, Ay = 0.2 m,

Ay

h=0.5m, b=002m, 27 =7, At the initial time
a constant temperature in all nodes in the analyzed
area was assumed 7(z = 0) = const = 10°C.

The following air velocities were considered:

v, =2m/s,v,=1m/s.

The figure below shows fragmentary results of
made simulation. Figure 2 illustrates the temperature
changes for the heating process at the various nodes
of the model in the subsequent time intervals with
incorporation of two variants of the air flow rate.

8
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for v,

—— {or v,

Fig. 2. The temperature distribution for the heating
process at the various nodes of the model in the
subsequent time intervals (with incorporation of two
variants of the air flow rate)

4. The influence of the geometrical dimensions
on the temperature distribution in the impletion
of regenerative heat exchanger

For the same data as in section 3 computational
simulation was performed taking into account the
length of the impletion Ay = 0.2 m oraz Ay = 0.1 m.

The figure below shows fragmentary results of made
simulation. Figure 3 illustrates the temperature changes
for the heating process at the various nodes of the model
in the subsequent time intervals with incorporation of
two variants of the length of the impletion.
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Fig. 3. The temperature distribution, for heating process,

in the various nodes of the model in the subsequent time

intervals (with incorporation of two variants of the length
of the impletion)

5. Conclusions

Adopted mathematical model and the sample
solution allow to make a simplified calculation of the
temperature distribution in the filling on the regenerative
heat exchanger. It also allows to estimate the final
temperature of the air at a given initial temperature of
the air. With it one can better understand the processes
of heat exchange occurring in the device, which has
an impact on the determination of optimum operating
conditions of the heat exchanger. Through various
computational simulations it shows how significant
impact the individual parameters: geometric dimensions
and airflow have on the work of the regenerator.
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Wptyw wybranych parametréw na rozktad
temperatury dla okresu nagrzewania wypetnienia
regeneracyjnego wymiennika ciepta

1. Wprowadzenie

Zastosowanie regeneracyjnego wymiennika cie-
pta do odzysku ciepta (chtodu) w systemie wen-
tylacji czy klimatyzacji zasadniczo umozliwia ob-
nizenie nie tylko kosztow eksploatacji budynkdow,
poprzez zmniejszenie zapotrzebowania na ciepto
do ogrzania i ochtodzenia powietrza nawiewane-
go, lecz takze kosztow inwestycyjnych, zwigzanych
z mozliwos$cig wykorzystania nagrzewnic i chtodnic
powietrza o znacznie mniejszej powierzchni wymia-
ny ciepta [1].

Wyrézniamy dwa rodzaje regeneracyjnych wy-
miennikow ciepta stosowanych w systemach wen-
tylacji:

1. Rotacyjny wymiennik ciepta (z wirujacg masa

akumulacyjna),

2. Nieobrotowy wymiennik ciepta z masa

akumulacyjng.

Regeneracja jest to proces zachodzacy wowczas,
gdy strumienie powietrza nawiewanego 1 wywie-
wanego na zmiang¢ omywaja t¢ sama powierzchnie
wymiennika. Ruch ciepta w wypelnieniu regenera-
cyjnego wymiennika ciepta ma charakter nieustalo-
nego przewodzenia ciepta. Rozwigzywanie zadan
z dziedziny nieustalonego przeptywu ciepla meto-
dami analitycznymi czesto wymaga bardzo dobrego
przygotowania matematycznego [2].

W niniejszej publikacji przedstawiono model ob-
liczeniowy pozwalajacy na analize rozkladu tempe-
ratury w wypelnieniu regeneracyjnego wymiennika
ciepta dla warunkéw niestacjonarnych. W modelu
zatlozono jednowymiarowe pole temperatury. Jako
warunek poczatkowy przyjeto jednakowa tempe-
rature wypelienia (we wszystkich weztach) oraz
przyjeto warunek brzegowy trzeciego rodzaju. Prze-
analizowano wptyw wymiaré6w geometrycznych
(dlugosci wypekienia) oraz predkosci przeptywu
powietrza na rozktad temperatury w wypehieniu.
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2. Model matematyczny wymiany ciepta dla nagrzewania
wypetnienia regeneracyjnego wymiennika ciepta

Rozwazono niestacjonarne jednowymiarowe prze-
wodzenie ciepla w warstwie wypelnienia regenera-
cyjnego wymiennika ciepta. Jako wypehienie przy-
jeto plyte o grubosci 0. Ze wzgledu na fakt, iz z obu
stron elementu przeptywa powietrze o identycznych
parametrach dokonano analizy rozktadu temperatury
w potowie elementu wypehienia 6/2. Rozpatrzono
proces nagrzewania wypeinienia. Model wymiany
ciepla opracowano wykorzystujac jedna z nume-
rycznych metod rozwigzywania zagadnien przewo-
dzenia ciepta, a mianowicie metode bilanséw ele-
mentarnych. Badany obszar podzielono na elementy
geometryczne i sporzadzono dla nich bilanse energii
uwzgledniajac nastepujace zatozenia:

—uwzgledniono $rednia temperature powietrza

w otoczeniu elementu wypetnienia Tpow,,
— jednowymiarowe pole temperatury 7 = f(x,7),
— warunek poczatkowy: temperatura plyty

T(z = 0) = const = 10°C,

— warunek brzegowy III rodzaju:

ﬂ{ﬂj = a([Tpow,, —T(0,7)]
dx /),
— state parametry materialu wypelnienia (c -y A)
oraz parametry powietrza (C Y a),

— brak obecno$ci wewnetrznych zrddet ciepla,

— kazdy element reprezentowany jest przez wezet

lezacy w $rodku cigzkos$ci elementu,

— caly element ma temperature rowna temperaturze

wezla,

— w weztach lezagcych wewnatrz skupiona jest cata

pojemnos¢ cieplna elementow,

— wezly lezace na powierzchni ciala traktowane sg

jako bezpojemnosciowe.

Na rysunku 1 przedstawiono model fizyczny opra-
cowany w celu dokonania analizy rozkladu tempera-
tury dla okresu nagrzewania wypelnienia.
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Przy zalozeniu izobarycznego przeplywu ciepta,
w warunkach niestacjonarnego przewodzenia, ciepto
doplywajace do rozpatrywanego wezta z wezlow sa-
siednich lub z powierzchni ciata powoduje przyrost
entalpii elementu. Réwnania bilansu energii dla po-
szczegolnych weztéw mozna zapisa¢ w sposob przed-
stawiony we wzorze (1). W efekcie otrzymujemy (2).

3. Wplyw predkosci przeptywu powietrza na rozktad
temperatury w elemencie wypetnienia - przyktad
obliczeniowy

Przy uzyciu programu Mathcad wykonano ob-
liczenia numeryczne. Przyjeto nastepujace dane:
poczatkowa temperatura powietrza 7; pow, = 20°C,
wspolczynnik wnikania ciepta a = 40 W/m’K cie-
pto wiasciwe powietrza c, = 1005 J/kgK, gestos¢
powietrza p,= 1,205 kg/m?, wspotczynnik przewo-
dzenia ciepta 4 = 200 W/mK, ciepto wtasciwe mate-
riatu Con= 870 J/kgK, gestos¢ materiatu (aluminium)
p, = 2700 kg/m’, wymiary geometryczne wypetnie-
nia: AX=0,002m, Ay=0,2m,h=0,5m,b=0,02 m,

Ay
krok czasowy Az ZT. W chwili poczatkowej
przyjeto stata temperatur¢ we wszystkich weztach
analizowanego obszaru 7(z = 0) = const = 10°C. Roz-
patrzono nastepujace predkosci przeptywu powie-
trza: v, =2 m/s, v, = 1 m/s.

Rysynek 2 obrazuje rozktad temperatury, dla okre-
su nagrzewania, w elemencie wypetienia z uwzgled-
nieniem dwoch wariantow predkosci przeptywu po-
wietrza.

4. Wptyw wymiarow geometrycznych elementu
wypetnienia na rozktad temperatury

Dla identycznych danych jak w punkcie 3 wyko-
nano symulacj¢ obliczeniowa uwzgledniajac dwie
dlugosci elementu wypethienia Ay = 0,1 m oraz
Ay = 0,2 m. Rysunek 3 przedstawia fragmentaryczne
wyniki wykonanej symulacji — rozktad temperatury,
dla okresu nagrzewania, w elemencie wypeienia
z uwzglednieniem dwoch wariantow dhugosci ele-
mentu wypeltnienia.

5. Podsumowanie

Zaprezentowany model matematyczny 1 jego
przyktadowe rozwigzanie umozliwiaja wykona-
nie uproszczonej kalkulacji rozktadu temperatury
w wypelnieniu regeneracyjnego wymiennika ciepta.
Pozwala on takze oszacowac koncowa temperature
powietrza przy zadanej temperaturze poczatkowej
powietrza. Dzigki niemu mozna lepiej zrozumieé

procesy wymiany ciepta zachodzace w urzadzeniu,
co ma wplyw na okreslenie optymalnych warunkow
pracy wymiennika. Poprzez rozne symulacje oblicze-
niowe pokazuje jak znaczace oddzialywanie na prace
regeneratora majg poszczegolne parametry: wymiary
geometryczne oraz predkos¢ przeplywu powietrza.
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A FINITE DIFFERENCE SCHEME TO SOLVE
ONE-DIMENSIONAL PROBLEMS ASSOCIATED
WITH SOIL FREEZING AND THAWING

Abstract

A finite difference scheme, which can be easily used for PC-programming to solve one-dimensional problems associated
with soil freezing and thawing is presented. The method takes into account the real phase equilibria in the soil-water
system, thereby being better interpretable both physically and in terms of soil mechanics. Some special computational
procedures have been given, among them those relating to the crossing the freezing point and to determining the initial

temperature distribution.

Keywords: heat transfer, soil, phase changes, soil freezing point, unfrozen water content

Nomenclature
a — thermal diffusivity (m? K')
C - volumetric heat capacity (J m?K')

C, — specific heat ofice (J kg' K)

c,  —specific heat of dry soil (J kg"' K™')
¢, —specific heat of unfrozen water (J kg K')
erf  — Gauss error function

G - geothermal gradient (K m™)

L — latent heat of fusion of ice (J kg™')
Q —heat(J)

t — time (s)

T — temperature (K)

T, —air temperature (°C)

T —fictional value of temperature (°C)

1. Introduction

Knowledge about the possible depth of frost or thaw
in the subsoil is essential in a variety of problems in civil
and environmental engineering. However, the existing
analytical solutions are useful, as a rule, only in the cases
of homogeneous and isotropic ground conditions [1].
Though some such methods deal with multilayer subsoil
[1], they are still a little too flexible for most engineering
computations. Instead, the numerical techniques are
used for the calculation of the ground thermal regime.
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T, - equilibrium freezing point (°C)

T, —average annual temperature (°C)

w  —water content (% of dry mass)

w, —unfrozen water content (% of dry mass)
z - vertical coordinate (m)

W, —unfrozen water content (% of dry mass)

z  —vertical coordinate (m)
Greek symbols

o — convective heat transfer (W m? K')
p, —soil dry density (kg m~)
A —thermal conductivity (W/mK)

Az, —vertical size of an element i (m)

A number of such methods have been developed during
the last few decades. They cover solutions for one-
and two-dimensional problems solved by the finite
difference method (FDM) [2], [3] and in some cases by
the finite element method (FEM) [4], [5], [6]. However,
the characteristic features of the soil-water system,
particularly relating to the phase phenomena (e.g.
the freezing point depression and the unfrozen water
content) are usually not taken into account, although
the distribution of the latent heat of fusion plays a very
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significant role in the thermal balance. When a simplified
model, in which all water in the soil-water system freezes
at 0°C is assumed, the obtained values of the depth of
frost are under-predicted by up to 30% [7]. Moreover,
in a number of the models some soil parameters are
misapplied.In turn, the approximate analytic solutions
do not take the temperature dependence of the soil phase
composition into account.

The aim of the paper is to present a finite
difference scheme, which can be easily used for PC-
programming to solve one-dimensional problems
associated with soil freezing and thawing. The method
takes into account the real phase equilibriums in soil-
water system, thereby being better interpretable both
physically and in terms of soil mechanics.

2. Theory
2.1. The finite difference scheme

The case of transient, geometric one-dimensional
heat conduction will be discussed for a horizontally
stratified region representing the ground (Fig. 1).
Material properties within a given layer are uniform.
Each layer is subdivided into a number of Az, — sized
elements, thereby establishing a grid with nodes 1,
..., 1, ..., n 1in the centres of the elements. Thus the
primary assumption made is that the temperature (or
other properties) at nodal i represents the temperature
over the entire element. In the region in question,
the equation of transient, one-dimensional heat
conduction with an internal heat source

ST 4y 16T
+—==——
01> A1 aot

(1

is to be solved for time t > t, whilst considering the
boundary conditions at the top and the bottom. The initial
temperature distribution 7; | fori=1,2,..nis given.
The general energy balance for an element i can be
written, relating to the first law of thermodynamics, as

Qi +Qqi; Qi =Qsi; ()

where Q,,; is the heat entering the element from
the lower side, calculated in relation to the state
of the system in a time moment j (in the paper, the
subscripts i and j denote the space and time coordinate
respectively; in the case of time independent values,
the time subscripts j will be omitted), Qg“ is the heat
generated within the element, Q, , is the heat leaving
the element from the upper side and Q_;, is the heat
stored in the element, the latter being an equivalent of
the change of enthalpy.

a) b)
soil surface
time

1 >
5]
g — <

g‘ Tt
-1
'Y
i 5 T, Tijer
i 4
4
N i+1 =
% 2 sy
L <
3
k=] —
v

< n A
<
>
&

Fig. 1. Discretization of one-dimensional heat transfer in
stratified ground: a) division of the layers into final elements
numbered 1,... i,... N, b) temperature 7;,1+10f the element
i after a final time increment At asa function of current
temperatures of the element and of the adjacent elements

According to the widely known Fourier’s law of
heat conduction and making use of the concept of
thermal resistances, we can write

Q. = tmithy
Az Az (3)
2ﬂ“iJrl 221

and analogically

Q. . :MM_ .
Ay Az, Y )
24 24,

To formulate the expression for the heat generated
in an element i, the unfrozen water concept should
be introduced. It is widely known that an amount of
liquid water remains unfrozen in a soil water system
in a wide range of temperatures beneath the freezing
point T, [8-11]. Thus,the temperature called the
freezing point of soil water, in contrary to the freezing
point of normal water in bulk, is comprehended as the
temperature at which equilibrium freezing of liquid
soil water (i.e. its solidification) begins. Any lowering
of the temperature beneath the freezing point leads
to the production of an amount of ice, which at any
temperature 7' < 7, will remain in thermodynamic
equilibrium with the unfrozen water. Oppositely, any
increasing of the temperature melts an amount of ice,
creating a new balance between liquid water and ice.
A further increase in temperature will finally result in
the melting of the last crystals of ice at the freezing
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point 7. In other words, in the case of the soil-water
system, the freezing point is the highest temperature
at which ice is present in the system.

Hence, the unfrozen water content w , defined
analogically to the water content w as the ratio of
the mass of unfrozen water to the mass of dry soil, is
a function of temperature:

{W
W, =
W, (2 )

Now the heat generated in the element i can be
written as

T>T,

T <T, ®)

Qyij=—PaL W, (T ;) - W, (T ;,D]Az  (6)

for temperatures beneath the freezing point and,
a§cord1ng to (5), it is equal. to zero as T, and T, are
higher than the freezing point.

Finally, the heat stored in the element i can be
expressed as

Qs‘i,j = Ci,j (7—:] J+I )AZ (7)

where C, i is the volumetric heat capacity of the
element, J/m’K. It should be noted that C,. dependmg
on the phase composition, is a function of temperature
and can be written as

C C +C, W, ( ) + Cice (Wi —-W, (Ti,j )]pd (8)

Notice that two simplifications have been made in
relation to the temperature dependence of Ci’j. Firstly, it
is assumed that the specific heats of soil constituents, C
¢, and ¢, are temperature independent, although such
a dependence indeed occurs and could easily be taken
into account. However, thermal effects associated with
it are of two orders of magnitude less than those ones
connected with the release or absorbing of the latent
heat. For that reason the temperature dependence of
the unfrozen water function must always be taken
into consideration. On the other hand, the second
assumption consists in keeping the unfrozen water
content constant as the temperature changes from T,
to 7,;,,. Moreover, taking into account the definition
given by Equation (5), one can see that the volumetric
heat capacity Ci’j is temperature dependent only for
temperatures below the freezing point and becomes
constant as ice is absent in the system.

Substituting Equations (3), (4), (6) and (7) into (2)
and rearranging gives the searched temperature of the
element i at the moment j+1 as
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_ Ao +A
7;,j+1_7:,j(1 Cl AZ] i,j)_

ij

Al+1 I+1]+I4ITIJA (9)
C.;Az
L[M(T ) u(TJ+1)]
Ci,j
where
A= 1
TAz, A (10)
2/?’i+1 2/1I
and
1
A=
Az, N Az, (11)
24, 24,

Taking into account Equation (5), at temperatures
higher than the freezing point, the last term in the
Equation (9) equals zero and the volumetric heat Ci,j
is temperature independent, so the equation takes on
the form of a so-called explicit FDM scheme (Baehr
and Stephan [12]). The stability condition for such a
scheme is a consequence of the requirement that no
coefficient in such an equation is negative. Hence:

A
_MAE ;>0 (12)
C. Az, ’
which yields a restriction for time increment At :
C. Az A A
At | > m (13)
S 2AL AL

Below the freezing point, all the terms in Equation
(9) have non-zero values. Additionally, the volumetric
heat capacity Ci,j becomes temperature dependent.
The temperature Ti’j+1 cannot be obtained in an explicit
form and a special technique must be used to solve
Equation (9).

Another problem arises relating to the stability of
Equation (9). The limitation of the time step set by the
inequality (13) may now not guarantee the stability.
Smith [13] shows that such a stability condition remains
unaltered if the coefficient in the implicit FDM scheme
depends linearly on the temperature. However, in the
case of Equation (9), the temperature dependency
follows from the unfrozen water content w, being a
non-linear function of temperature. However, there
is no need to establish the stability theoretically in
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this case. According to Allen et al. [14], a possible
approach consists in conducting a series of numerical
experiments for a program based on the algorithm in
question. The behaviour of the method over a spectrum
of mesh geometries and coefficient values is examined
and certain conclusions regarding the stability can be
drawn. As will be shown below, the approach, often
referred to as the heuristic stability analysis, has been
applied in the case of the considered algorithm.

The upper boundary condition will be established
by assuming a fictional, additional node for which
I = 0 and rewriting Equation (4):

1, . T,

J- 0] Atl,j

Quij=42—
Az ]
Z, (14)

24 «
where: o is the convective heat transfer coefficient,
W/m’K, and T refers to the air temperature.
The lower boundary condition needs the introduction
of the temperature of a fictional element n+1 outside
the region in question:

1

n+l,j

:Tnyj+G Az, (15)

where: G is the geothermal gradient, K/m.

2.2. Solution of the FDM scheme

Basing on the FDM scheme presented in section

1, a PC-program Daisy 2.0 has been written enabling

a complex thermal analysis of freezing and thawing

ground. The applied step-by-step numerical procedure

will be presented below.

1. Collecting data about the ground profile in question
(thicknesses of layers, basic physical properties of
soils).

2. Introducing the grid down to 8 m (it has been
assumed that changes of temperature at this depth
are negligible).

3. Establishing the initial temperature profile. It can
be done by two alternate ways; the first one based
on linear distribution from point to point, according
to data provided by the user, and the second based
on the Gauss error function, assuming that at
the depth of 8 m the temperature is constant and
equalled to the average annual temperature 7 for
the region in question [15]:

T(z,t)=T,+(T,-T,)erf Zl (16)

2, =t
C

where: t is the length of a period, immediately
before the simulation, for which the mean air
temperature 7, is known. In Equation (16), the
uniformity of the thermal properties over the entire
profile is assumed. For the layered ground profile,
the following recurrent procedure is proposed to
establish the initial temperature distribution. The
temperature in the first soil layer is calculated by
use of the thermal parameters of this layer:

T(24)=T,+ (T, ~-T)erfl —2—| (7
2 [0t

1,0

Temperature in a layer i is calculated as a function
of the temperature 7' at the lower boundary of the
previous layer i-1, by use of the thermal properties
of the layer i:

k=i-1
2= 2 h
T(z,t) =T, +(T, - T, erf| —===1 (18)

2[R0t
Ci,O

The principle of the method is shown in Figure 2.
For the purpose of numerical computations, the
error function can be effectively approximated by
the Taylor series:

2 7
erf X:ﬁ(x_?+§.?_§.7+.-.j (19)

. Collecting data about the thicknesses and physical

properties of the insulating layers if any exist.

. Collecting data about the air temperature as

a number of pairs (7,,t,), where 7 is a constant
air temperature for the period of t,.

. Computing the temperature independent thermal

properties of soils in the profile: the freezing point
T and the thermal conductivity A.

. For the current temperature profile, computing the

temperature dependent thermal properties of soils
in every final element in the profile: the unfrozen
water content and the volumetric heat capacity
according to Equation (8).

. For every final element i, computing the allowed

time step with regard to the stability condition
given by Equation (13) and then computing the
minimal time increment for the stage j as
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At, =maxjAt, ;i =1..n}

9. For every final element i, computing the
temperature on the next stage j+1 as 7;,1+1'
i=1...n according to Equation (9) and taking the
constant value for the time step in accordance
with Equation(20). Because of the temperature
dependency of the unfrozen water content, the
Equation (9) is in fact an implicit function of 7. e
therefore a special procedure must be apphed
to obtain the solution. In this case, the Newton
method proved very useful. To be solved, the
Equation (9) had to be rearranged to the form

CD(Ti,jH): 0

" (20)

2

and next the iteration scheme was successfully
used giving a quick convergence.

10. Assigning the temperature distribution for
the next stage {7, ,, | = 1..n} to the current

B+l

temperature distribution {7, | = 1...n}and
going to the point (7).

0 Ts Ty T Ty ToaTw=T4 Temperature, °C
< N Cio Mo

V : Cio, Aio

hi

Cno, Ano

Depth, m

v

Fig. 2. Establishing the initial temperature profile
(see details in text)

A special attention should be paid on the case
when temperature crosses the freezing point. All
thermal effects associated with freezing or thawing
must be taken into account, especially in the vicinity
of the freezing point where the slope of the phase
composition curve is particularly steep. In the program
in question, the problem has been solved as follows.
Assume, for simplicity, three possible situations on
cooling (T”. > T

T,>Tand T, > T, (22)
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I,>T, and T, <T, (23)

T < TandT <T

i ij+1

24

In the case given by Equation (22), the heat
generated in the element i equals zero while in the
case given by Equation (24) the heat generated in
the element i is calculated according to Equation (6).
The situation given by Equation (23) refers to the
“crossing” of the freezing point and needs special
attention. It should be noted that on cooling the
appearance of the condition (23) always follows the
condition (22), thus the temperature 7, is calculated
supposing that phase changes have not been initiated
which is at variance with the fact that the freezing
point has been exceeded. The following procedure is
used in this case:

a) Until the condition (22) is satisfied, T in the next
time step is calculated by use of Equations (8) and
(9) with the unfrozen water content w (7) equal to
Zero.

b) If T calculated during a subsequent time step
satisfies the condition (23), the phase change is
assumed to begin. Actually, the calculated value
of7;,,, does not occur in the element so it is treated
asa ﬁctlonal value 7”. Now the loss of heat related
to the current time step can be expressed as

AQ = Ci,j(Ti,j -T )Azi (25)
which can be divided into two parts:
AQ = AQ1 + AQz (26)
where:
—Ci,j(Ti,j _Tf )Azi (27)

is the loss of heat needed to reach 7. during cooling
from T;; without phase change. The second part of AQ
refers to the latent heat of the freezing of a quantity of
water in the element i:

AQ, =—pyL [W, —w,(T;;,)] Az

Substituting Equations (27) and (28) into Equation
(25) via Equation (26) and using a function describing
the temperature dependence of the unfrozen water,
the real temperature 7, can be calculated.

(28)

3. Conclusions

The presented model is a relatively simple and
convenient tool for the calculation of frost or thaw
penetration in soils. Despite its straightforwardness,
the model takes into account the phase phenomena
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characteristic for real soil-water systems, i.e. the
existence of unfrozen water and the freezing point
depression.
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Metoda roznic skonczonych do rozwiazywania
jednowymiarowych problemow zwiazanych
Z zamarzaniem i rozmarzaniem gruntu

1. Wprowadzenie

Wiedza dotyczaca glebokosci przemarzania lub
odmarzania podioza gruntowego jest niezbedna
przy projektowaniu fundamentéw oraz innych kon-
strukcji w zimnych regionach. Istniejace rozwigza-
nia analityczne sa jednak uzyteczne tylko w przy-
padkach jednorodnych i izotropowych warunkow
gruntowych [1]. Pomimo iz niektére metody radza
sobie z wielowarstwowym podilozem [1], nadal sg
one niewystarczajaco precyzyjne dla wigkszosci ob-

liczen inzynierskich. Metody numeryczne z kolei sg
wykorzystywane do modelowania przeptywu ciepta
w podlozu gruntowym. W ciagu ostatnich kilku de-
kad opracowano wicle takich metod. Obejmuja one
rozwigzania metoda roznic skonczonych (MRS)
[2, 3], a w niektorych przypadkach metodg elemen-
tow skonczonych (MES) [4-6] dla zagadnien jedno-
i dwuwymiarowych. Jednakze cechy charakterystycz-
ne systemu wodno-gruntowego, zwlaszcza zwigzane
z przemianami fazowymi (np. obnizenie temperatury
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krzepnigcia i zawartosci wody niezamarzni¢tej), zwy-
kle nie sg brane pod uwagg, chociaz rozklad ciepta
utajonego lodu odgrywa znaczacg role w rownowa-
dze termicznej. W przypadku uproszczonego modelu,
w ktérym cala woda w systemie woda-grunt zama-
rza w temperaturze 0°C przyjmuje si¢, ze uzyskane
wartosci glebokosci przemarzania sg zanizone nawet
0 30% [7]. Niestety, pomimo uproszczen, modele nie
zawsze s3 tatwe do programowania komputerowego.
Ponadto w wielu modelach niektére parametry grun-
tu sg btednie zastosowane. Z kolei przyblizone roz-
wigzania analityczne nie biora pod uwage zaleznosci
temperatury od sktadu fazowego gruntu. Dodatkowo,
ich zastosowanie do warstwowego podtoza jest zwy-
kle ograniczone.

Celem pracy jest przedstawienie metody roznic
skonczonych, ktéra moze by¢ tatwo zastosowana do
komputerowego programowania rozwigzan jedno-
wymiarowych zagadnien zwigzanych z zamarzaniem
1 rozmarzaniem gruntu. Metoda ta uwzglednia rze-
czywiste rownowagi fazowe w systemie wodno-grun-
towym, co pozwala na lepszg interpretacje fizyczna,
rowniez z punktu widzenia mechaniki gruntéw.

2. Teoria
2.1. Metoda roznic skoniczonych

W tej czesci omoOwiony zostat przypadek nieusta-
lonego, geometrycznie jednowymiarowego przewo-
dzenia ciepta w poziomo warstwowym podtozu grun-
towym (rys. 1). Wlasciwosci materialu w danej war-
stwie sg jednorodne. Kazda warstwa jest podzielona
na szereg elementow o wielkosci AZ tym samym
ustanawiajgc siatke z weztow 1, , N znajduja-
cych sie w srodku elementow. Podstawowym zato-
zeniem jest, ze temperatura (lub inne wilasciwosci)
w wezle | oznacza temperaturg w catym elemencie.

W danym obszarze réwnanie nieustalonego, jedno-
wymiarowego przewodzenia ciepta z wewngtrznym
zrédlem ciepta (1) jest rozwigzywane dla czasu t >t ,
przy jednoczesnym uwzglednieniu warunkow brze-
gowych na gorze i na dole. Poczatkowy rozktad tem-
peratury 7, dlai=1,2,...n jest dany.

Ogo6lny bllans energii dla elementu i mozna zapisac,
odnoszac sie do pierwszej zasady termodynamiki, jako
(2), gdzie QMj jest cieptem dostarczanym do elemen-
tu od dotu, obliczanym w stosunku do stanu systemu
w chwili j (w artykule, indeksy i oraz j oznaczajg od-
powiednio wspotrzedne przestrzenne i czas, w przy-
padku wartosci niezaleznych od czasu, indeksy j beda
pominigte), Qg“ jest cieptem wytworzonym wewnatrz
elementu, Q, ,; jest cieptem opuszczajacym element od
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gory, natomiast Q_, ,to ciepto przechowywane w ele-
mencie, bedace odpow1edn1k1em zmiany entalpii.

Zgodnie z powszechnie znanym prawem przewodze-
nia ciepta Fouriera oraz w oparciu o pojecie oporow
cieplnych, mozemy zapisa¢ (3) oraz analogicznie (4).

Aby sformutowac¢ wyrazenie dla ciepta wytwa-
rzanego w elemencie i, nalezy wprowadzi¢ pojecie
wody niezamarznigtej. Wiadomo, ze pewna ilos¢
wody w stanie cieklym pozostaje niezamarznigta
w systemie woda-grunt w szerokim zakresie tem-
peratur ponizej punktu zamarzania 7T, [8-11]. Tak
wiec, temperatura nazywana temperaturg zamarza-
nia wody w gruncie, w przeciwienstwie do tempe-
ratury zamarzania normalnej wody w duzej masie,
jest rozumiana jako temperatura, w ktorej rozpo-
czyna si¢ zamarzanie cieklej wody gruntowej (tj. jej
krzepnigcie). Jakiekolwiek obnizenie temperatury
ponizej punktu zamarzania prowadzi do wytwarza-
nia takiej ilosci lodu, ktora w danej temperaturze
T < T, pozostanie w rOwnowadze termodynamicz-
nej z niezamarzni¢ta woda. Przeciwnie, jakiekol-
wiek zwickszenie temperatury powoduje topnienie
pewnej ilosci lodu, tworzac nowa rownowage mie-
dzy ciekla woda i lodem. Dalszy wzrost tempera-
tury doprowadza ostatecznie do stopienia ostatnich
krysztatkow lodu w temperaturze krzepnigcia 7.
Innymi stowy, w przypadku systemu woda-grunt
temperatura krzepnigcia jest najwyzsza temperatu-
ra, w ktorej 16d jest obecny w systemie.

Stad zawarto$¢ wody niezamarznigtej W,, okre-
slona analogicznie do zawarto$ci wody W jako sto-
sunek masy wody niezamarzni¢tej do masy suche-
go gruntu, jest funkcja temperatury (5). Doktadna
postac funkcji W, zostanie omowiona w dalszej czg-
sci artykutu.

Teraz cieplo wytwarzane w elemencie i mozna
zapisac jako (6) dla temperatur ponizej temperatury
krzepnigcia, natomiast dla TorazT wyzszych od
temperatury krzepnigcia jest rowne zero, zgodnie
ze wzorem (5). Wreszcie, ciepto przechowywane
w elemencie i moze by¢ wyrazone jako: (7), gdzie
Ci’j jest to objetosciowa pojemnos¢ cieplna ele-
mentu, J/m’K. Nalezy zauwazy¢, ze Ci‘j, w zalez-
nosci od sktadu fazowego, jest funkcjg temperatury
1 moze by¢ zapisana jako (8).

Nalezy zwroci¢ uwage, ze dokonano dwoch
uproszczen w zakresie zalezno$ci C od tempe-
ratury. Po pierwsze, zaktada sie, ze W procesie
ogrzewania skfadnikow gruntu C, C, oraz C._, s3
niezalezne od temperatury, ch001az taka zaleznos¢
W rzeczywistosci wystepuje i moze by¢ brana pod
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uwage. Jednakze zwigzane z tym efekty termicz-
ne sg o dwa rzedy wielko$ci mniejsze niz te zwig-
zane z uwalnianiem lub absorbcja ciepta utajonego.
Z tego powodu funkcja zalezno$ci wody niezamar-
znigtej od temperatury musi by¢ zawsze brana pod
uwage. Drugie zatozenie polega na utrzymaniu sta-
lej zawartosci wody niezamarznigtej podczas zmiany
temperatury od T do T, e Ponadto biorac pod uwa-
ge rownanie (5), mozna zauwazy¢, ze objetosciowa
pojemnos¢ cieplna Ci,j jest zalezna od temperatury,
wylacznie dla temperatur ponizej temperatury krzep-
nigcia i osigga statg wartos¢, gdy 16d jest nieobecny
W systemie.

Podstawiajac wyrazenia (3), (4), (6) 1 (7) do (2)
oraz przeksztatcajac je dostajemy szukang tempera-
ture elementu i, w chwili j+1 w postaci (9).

Na podstawie roéwnania (5) ostatnie wyrazenie
w réwnaniu (9) jest rowne zero w temperaturach wyz-
szych od temperatury krzepnigcia, a ciepto objgtoscio-
we Ci‘j jest temperaturowo niezalezne, zatem rownanie
przyjmuje postac tzw. jawnego schematu MRS (Baehr
Stephan [12]). Warunek stabilnosci takiego schematu
wynika z zalozenia, ze zaden wspotczynnik w rowna-
nia nie jest ujemny. Stad (12) czego efektem jest ogra-
niczenie dla przyrostu czasu At (13).

Ponizej temperatury zamarzania, wszystkie sktad-
niki rownania (9) przyjmuja wartosci niezerowe.
Dodatkowo objgtosciowa pojemnos¢ cieplna C;, sta-
je si¢ zalezna od temperatury. Temperatura T; i M
moze by¢ uzyskana w jednoznaczny sposob i dlatego
do rozwigzania (9) nalezy uzy¢ specjalnych technik.
Inny problem jest zwigzany ze stabilnos$cig réwnania
(9). Ograniczenie kroku czasowego wyznaczonego
przez nieréwnos¢ (13), nie gwarantuje stabilnosci.
Smith [13] wskazuje, ze taki stan stabilno$ci pozo-
staje niezmieniony, jezeli wspotczynnik w ukrytym
schemacie MRS jest liniowo zalezny od temperatu-
ry. Jednakze w przypadku réwnania (9), zaleznos$c
od temperatury wynika z zawarto$ci wody nieza-
marznigtej W, bedacej nieliniowg funkcjg tempera-
tury. Natomiast, nie ma potrzeby, w tym przypadku
okresla¢ teoretycznej stabilnosci. Wedtug Allen et al.
[14], mozliwe podejscie polega na przeprowadzeniu
serii eksperymentow numerycznych dla programu
opartego na omawianym algorytmie. Zachowanie
metody powyzej spektrum geometrii siatki i warto-
Sci wspotczynnika jest zbadane 1 mozna wyciagnad
pewne wnioski dotyczace stabilnosci. Przedstawione
ponizej podejscie, czgsto okreslane jako heurystycz-
na analiza stabilnosci, zostanie zastosowane dla roz-
wazanego algorytmu.

Gorny warunek brzegowy zostanie ustalony przez
przyjecie fikcyjnego dodatkowego wezta, dla ktorego
i = 0, i rownanie (4) przyjmuje posta¢ (14), gdzie o
jest wspotczynnikiem konwekcyjnej wymiany ciepla,
W/m’K oraz T, oznacza temperaturg otoczenia. Dol-
ny warunek brzegowy wymaga wprowadzenia tempe-
ratury fikcyjnego elementu n+1 na zewnatrz obszaru
(15), gdzie G jest gradientem geotermalnym, K/m.

2.2. Rozwiazanie programu FDM

W oparciu o MRS przedstawiong w pierwszej cze-
sci artykutu, zostat napisany program komputerowy
Daisy 2.0, aby umozliwi¢ kompleksowa analize ter-
miczng zamarzania i rozmarzania gruntu. Zastoso-
wana krok po kroku procedura numeryczna zostanie
omoOwiona ponize;j.

1. Zebranie danych o profilu gruntu (grubosci warstw,
podstawowe wiasciwosci fizyczne gruntow).

2. Wprowadzenie siatki az do glebokosci 8 m (przy-
jeto, ze zmiany temperatury na tej glebokosci sa
nieistotne).

3. Ustanowienie wstepnego rozktadu temperatury.
Mozna to zrobi¢ dwoma sposobami; pierwszy
opiera si¢ na rozkladzie liniowym od punktu do
punktu, w zaleznosci od danych dostarczonych
przez uzytkownika, natomiast drugi na funkcji
bledu Gaussa, przy zatozeniu, ze na glgbokosci
8 m temperatura jest stata i rowna $redniej rocz-
nej temperaturze 7' . dla danego regionu [15]: (16),
gdzie t jest dlugoscia okresu, bezposrednio przed
symulacjg, dla ktorego $rednia temperatura po-
wietrza T, jest znana. W rownaniu (16) zakfada
si¢ jednorodnos$¢ wtasciwosci cieplnych w catym
profilu. Dla uwarstwionego podloza zapropono-
wano procedure rekurencyjna do ustalenia po-
czatkowego rozkladu temperatury. Temperatura
W pierwszej warstwie gruntu jest obliczana w opar-
ciu o parametry cieplne tej warstwy (17).
Temperatura w warstwie i jest obliczana jako funk-
cja temperatury 7, w dolnej granicy warstwy po-
przedniej i-1, z wykorzystaniem parametréw ciepl-
nych warstwy i (18).

Zasadg tej metody przedstawiono na rysunku 2.
Do obliczen numerycznych, funkcje¢ btedu moz-
na skutecznie przybliza¢é za pomoca szeregu
Taylora (19).

4. Zebranie danych o grubosciach i wlasciwosciach fi-
zycznych warstw izolacyjnych, jesli takie istnieja.

5. Zebranie danych na temat temperatury powietrza
Jako par liczby (7,,t,), gdzie T jest stala tempe-
raturg powietrza dla okresu t,.
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6. Obliczenie wtasciwosci cieplnych gruntu nieza-
leznych od temperatury: temperatury zamarzania
T, 1 przewodnosci cieplnej A.

7. Dla biezacego profilu temperatury obliczenie
wilasciwosci termicznych gruntéw zaleznych
od temperatury w kazdym elemencie konco-
wym profilu: zawarto$§ci wody niezamarzni¢tej
oraz objetosciowej pojemnosci cieplnej zgodnie
z rbwnaniem (8).

8. Dla kazdego elementu koncowego i, obliczenie
dopuszczalnego kroku czasowego w odniesie-
niu do stanu stabilnosci danego rownaniem (13),
a nastepnie obliczenie minimalnego przyrostu
czasu dla etapu | jako (20).

9. Dla kazdego elementu koncowego i, obliczenie
temperatury T, , i = 1,..., N w nastepnym etapie
j+1, zgodnie z réwnaniem (9) i przy statej warto-
sci kroku czasowego zgodnej z rownaniem (20).
Ze wzgledu na zalezno$¢ temperaturowa zawar-
tosci wody niezamarznigtej, rownanie (9) jest
w rzeczywistosci funkcja ukryta Y R dlatego tez
w celu uzyskania rozwigzania nalezy zastosowac
specjalng procedure W tym przypadku bardzo
przydatna okazuje si¢ metoda Newtona. Aby roz-
wigzaé rownanie (9), nalezy je przeksztatci¢ do po-
staci (21) i1 nastepnie zastosowac schemat iteracji,
dajacy szybka zbieznos¢.

10. Przypisanie rozktadu temperatury dla nastep-

nego etapu {va i = 1...n} jako biezacego roz-
ktadu temperatury {Ti’j, i =1..n} i przejscie do
punktu (7).

Szczegbdlng uwage nalezy zwroci¢é w przypadku,
gdy temperatura przekracza temperaturg zamarzania.
W odniesieniu do rysunku 2, nalezy wzig¢ pod uwage
wszelkie efekty termiczne zwigzane z zamarzaniem
lub rozmarzaniem, zwlaszcza w otoczeniu temperatu-
ry zamarzania, gdzie nachylenie krzywej przemiany
fazowej jest szczeg6lnie duze. W programie problem
ten rozwigzano w nastepujacy sposob. Zalézmy, dla
uproszczenia, trzy mozliwe sytuacje podczas ochia-
dzania (T;; 2 T, ,,): (22), (23), (24).

W przypadku opisanym réwnaniem (22) ciepto
wytworzone w elemencie i rowna si¢ zero, podczas
gdy w przypadku danym roéwnaniem (24) ciepto
wytworzone w elemencie i jest obliczane zgodnie
z rownaniem (6). Sytuacja zadana réwnaniem (23) od-
nosi si¢ do ,,przej$cia” przez temperatur¢ zamarzania
1 wymaga szczegblnej uwagi. Nalezy zauwazy¢, ze
wystapienie podczas ochtadzania warunku (23) naste-
puje zawsze po warunku (22) w ten sposob, ze tempe-
ratura T, | jest obliczana przy zatozeniu, ze przemia-
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na fazowa nie zostala zainicjowana, co jest sprzeczne

z tym, ze temperatura zamarzania zostata przekroczo-

na. W takim przypadku stosuje si¢ ponizsza procedure:

a) Dopoki warunek (22) jest spetniony, temperature
T.;,, W nastepnym etapie oblicza si¢, wykorzystu-
jac réwnania (8) i (9), zaktadajac, ze zawarto$¢
wody niezamarznigtej W (7) jest rowna zero.

b) Jesli temperatura T obliczona w nastgpnym
kroku czasowym spetnia warunek (23), zaktada
sie, ze rozpoczeta si¢ przemiana fazowa. Faktycz-
nie obliczona wartos¢ T nie wystepuje w ele-
mencie, zatem jest ona traktowana jako warto$¢
fikcyjna 7. Teraz strata ciepla zwigzana z bieza-
cym krokiem czasowym moze by¢ wyrazona jako
(25), ktora mozna podzieli¢ na dwie czesci (26),
gdzie (27) jest utrata ciepla potrzebng do osig-
gnigcia T, podczas chtodzenia od T bez zmiany
fazy. Druga cz¢$¢ AQ oznacza ciepto utajone za-

marzania pewnej ilo$ci wody w elemencie i (28).

Podstawiajac rownania (27) i (28) do rownania (25)
za pomocg rownania (26) oraz uzywajac funkcji opi-
sujacej zalezno$¢ temperaturowa wody niezamarz-
nietej, mozna obliczy¢ temperature rzeczywista 7.

ij+1°
3. Wnioski

Przedstawiony model jest stosunkowo prostym
1 wygodnym narzgdziem do obliczania glebokosci
przemarzania lub odwilzy w gruntach. Mimo swojej
prostoty, model uwzglednia zjawiska przemian fazo-
wych charakterystyczne dla rzeczywistych systemow
wodno-gruntowych, np. istnienia wody niezamarz-
nigtej 1 obnizenia temperatury krzepnigcia.
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NEW WAYS OF RENEWABLE SOURCES UTILIZATION
FOR ELECTRICITY PRODUCTION

Abstract

Nowadays, different solutions for increasing energy production are investigated in the world. One of the ways is utilization
of renewable energy sources in cogeneration devices — combined production of electricity and heat in one device, with
a high overall efficiency. The article deals with principle of hot-air engine, its basic division and use in combined
production of heat and electricity from biomass. The basic principle of engine is conversion of heat into mechanical
energy, which is subsequently used for production of electricity. In the contribution is presented Stirling engine, which is

driven by thermal energy from a concentrating solar collector and from biomass boiler.

Keywords: Stirling engine, internal combustion engine, biomass, boiler, concentrating solar collector

1. Introduction

Nowadays, the word energy is still quite frequent
and inflected. The constant growth of prices of
primary raw materials such as oil, natural gas and coal
forces us to think about consumption and efficiency.
Is the consumption of primary sources with respect
to work performed proportional? Is the Energy used
efficiently? Electricity, universal form of energy has
become irreplaceable in our daily lives. In contrast,
the thermal energy will be an important until the cold
winter. Electricity and heat is influenced not only by
thermal efficiency, but with a number of other factors,
from which is the total efficiency directly related.
One of the ways, how to produce heat and electricity,
is the using of non-conventional devices with the
application of renewable energy sources.

Using of renewable energy is supported worldwide
and it also deals with environmental aspects of
energetics. The main effort is to research the
conditions of optimal performance and production
technology for applications in renewable energy,
to ensure the transfer of acquired knowledge into
practice and thereby contribute to increase of region
economic growth as well as all Slovakia.

Research of the new thermal cycles is oriented on
optimizing of energy facilities generally, particularly
with focusing on renewable energy sources (RES).
The current types of thermal cycles for medium
and low temperature gradients are technically and
economically disadvantageous. Research priority is
more efficient transformation of primary energy from
renewable energy sources into electrical energy.

What is the reason of this work is low utilization
of renewable energy sources and the absence of
effective ways of transforming heat into electricity,
thus efficient heat cycles in general. Currently there
is no cost-effective energy system for converting
heat of medium or low potential.

At this time we have an RES (not just for RES)
good hardware, ie energy harvesting device, but
is lacking good software, ie. good thermal cycle
(= thermal transformation process) that converts
the input energy on other form of energy without
large and unnecessary losses. In the heat engine
is for example the sequence of transformations
following: thermal energy (explosion) —
pressure energy — mechanical energy (rotational
movement). In this work is hardware the prototype
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power equipment and software will be new types
of regenerative thermal cycles.

Quality thermal cycle significantly affects the final
energy conversion efficiency, it is currently at ORC
(Organic Rankin Cycle) for example. about 17%,
which is about 35% compared to the efficiency in the
conventional Rankine cycle and a 44% efficiency in
a supercritical cycles on a large energy. It is too little.

The aim of the solution is the invention of thermal
cycle with heat recovery particularly suitable for
renewable energy sources (sun and biomass, ie
medium and low temperature gradients), with
a sufficiently high efficiency and with an eligible
economy in several variants.

Increasing of present power installations efficiency
for the production of electric energy is going towards
enhancing the heat resistance of materials, that are
in direct contact with the primary heat (flue gas) and
resist of the high pressure of the supercritical steam
(720°C and over 22 MPa).

People recently used primary sources apart from the
efficiency of their use, however, technical progress
and the depletion of resources forced people finding
alternative and efficient options for their use. One
such option is currently co-generation — the combined
production of electricity and heat in one device, with
a high overall efficiency [3].

2. Micro-cogeneration units with conventional motors

One option for the efficient use of primary energy
sources can be micro-generation — the combined
production of electric power and heat (CHP) with
output up to 50 kWe. For householders is interesting
power to 2 kWe.

As the main source of micro-cogeneration units are
currently used in most internal combustion engines
for natural gas, on which is explained the principle
of the device. To the engine is delivered fuel, where
during combustion we obtain mechanical work on the
output shaft and thermal energy is removed through
a cooling system consisting of a heat exchanger. These
heat exchangers are connected to the serial circuit in
which is working medium (most often water) heated
in several stages. Multiphase heat recovery increases
the overall efficiency of the cogeneration units and
reduces the total cost of the required on fuel.

Possible alternatives to internal combustion engines
areunconventional engines. They work onthe principle
of external combustion, so fuel combustion does not
take place in the working cylinder. This allows, in
contrast to conventional internal combustion engines,
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control the course of the combustion process, the
related quality, which is reflected in the composition
of pollutants released into the atmosphere. Among
the most famous hot air engine belongs Stirling
engine and Ericsson engine. Ericsson engine is also
the engine with external combustion, but the Stirling
engine may have two possible options — open and
closed [1].

The air is compressed in the compressor, it passes
through the heat exchanger under constant pressure
and take heat. Then the air expands adiabatically in the
cylinder and makes a work. Some of this work is used
to drive the compressor and the other part is converted
to mechanical work with the help of the generator
into electrical energy. On generating of heat energy
may be used a wide range of fuel, because this is the
external combustion engine. The fuel is combusted
in a separate combustion chamber, optionally by a
special device, and thermal energy is transformed
with the aid of the heat exchanger to the working fluid.
Working medium in an open cycle, usually dry air, at
the end of the cycle is vented to the atmosphere. In
closed system, the working medium after each cycle
are cooled in the heat exchanger where the supplied
heat energy is removed back into the cycle [2]. With
using of the closed system is possible improve the
efficiency of heating equipment. In Figure 1 we can
see a diagram of unconventional micro-cogeneration
units on base Ericsson-Brayton hot-air engine.

Heat exchanger r’
of hot gases Expander

Cooling heat
exchanger

-
>

g¢———Kompresor|

——
@ Heat source Generator

Fig. 1. Unconventional micro-cogeneration units on base
Ericsson-Brayton engine

The proposed micro-cogeneration unit consists of
two heat exchangers, one serves as a condenser and
the other as the heater. Both of them have different
requirements for operation. One of such requirements
is to ensure optimum heat transfer from the working
medium. The heat transfer is characterized by
a coefficient of heat transfer and it subsequent ly
characterizes the disposition of heat exchanger. The
coefficient depends on the medium, on the heat capacity,
from the structural arrangement and in some cases is
significantly affected by used material of exchanger.
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Additional requirements for the heat exchanger are the
size, pressure loss and maintenance possibilities.

The next representative of the hot-air engine is
a Stirling engine that converts heat into mechanical
work. Mechanical energy can be used to drive a power
generator. The engine, as well as Ericsson engine
obtains the energy from an external source, the work
cylinder is not burning any fuel. This allows using of
any fuel and controlling of the combustion process,
or it is also possible to use another source of heat,
such as waste heat, solar energy and others. It can also
be marked as combustion piston engine with external
combustion. Heat is supplied from an external source
instead of fuel combustion inside the cylinder, it

Heat source .

Regenerator

causes reduction of emissions compared with the
emissions produced, for example in the internal
combustion engine and there is no explosion. Stirling
engine works on the principle of gas expansion. When
the gas is heated, it expands, when cools, its volume
decreases and it is giving the pistons in motion.
From the design point of view can be divided any
structure Stirling engine into one of three modifications
of a, B, v (Fig. 2). They differ in design heater, cooler,
regenerator and placing the pistons in the cylinders.
A special alternative is a Stirling engine with a free
piston which operates without crank mechanism.
Operation of the system may be described in the
scheme in Figure 3. Micro-cogeneration unit uses

Piston

Piston

Gas mixer .
Gas mixer

Heat source
Heat source

Fig. 2. Types of a, f, y Stirling engine [4]

Secondary burner

Heat

Gas valve Gas valve

exchanger
all
Burner =
Flue gases
Stirling E.
Generator

OQOutput water 0 ﬁ Inlet water

Fig. 3. Working principle Stirling engine
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a four-cylinder double acting Stirling engine type
y, which runs on natural gas. The movement of the
pistons is ensured by expansion and compression of
the nitrogen (working gas), which is closed under
pressure in cylinders. The working gas expands when
heated fuel burnt in a combustion chamber located
above the rolls. Compression occurs when cooled
with the assistance of the inlet of the heating water
that flows through the water jacket inside the base
part of the engine. Moving the piston up and down
mechanically converts the rotational movement,
which is the single-phase four-pole generator, into
electric energy 230 V and 50 Hz.

3. Experimental device

As mentioned above, for drive of the Stirling
engine energy from the sun or from biomass can

Boiler

be used, and in this project is engine driven just by
these renewable energy sources. In terms of heat
gains is possible to connect to the Stirling engine
solar collector, the effectiveness of engine depends
on the difference of working fluid temperature in
the compression and expansion part. For biomass
burning has been designed and constructed a furnace
prototype that enables to burn pieces of wood or wood
pellets. Concentric solar collector is also developed
by researchers from the University of Zilina.

The compressor is connected into a closed circuit,
what allows using of other working medium than dry
air at higher pressure. The problem is the necessity
to observe the temperature of the working fluid
at the inlet to the compressor at a value prescribed
by the manufacturer. Because of this, was to the
system added a regenerator and a cooling exchanger.

Concentric solar
collector

i Compressor

Cooling heat
exchanger

Fig. 4. Scheme of experimental device
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Regenerator for hot-air engine is used for the recovery
of thermal energy from the medium behind the engine
to the medium, which flows out of the compressor.
The cooling heat exchanger, serves for cooling of the
operating medium before entering to the compressor
on required temperature. The source of heat is
concentric solar collector and prototype furnaces
for biomass burning. Transport of energy from the
combustion of biomass in to the working medium of
the engine provides a hot-air heat exchanger which
is part of the furnace. This device is connected to the
boiler, which uses the residual heat from the flue gas.

The project output will be a set of knowledge about
the optimal function of new advanced thermal cycles
in the prototype power equipment. From the research
issues will be proposed technical solutions, which
will be used mainly at renewable energy sources,
for increasing the efficiency of the conversion of
heat into electricity, shortening the payback period
and improve their functions. Starting of all device is
expected in the coming months.

The compressor is connected into a closed circuit,
what allows using of other working medium than dry
air at higher pressure. The problem is the necessity
to observe the temperature of the working fluid
at the inlet to the compressor at a value prescribed
by the manufacturer. Because of this, was to the
system added a regenerator and a cooling exchanger.
Regenerator for hot-air engine is used for the recovery
of thermal energy from the medium behind the engine
to the medium, which flows out of the compressor.
The cooling heat exchanger, serves for cooling of the
operating medium before entering to the compressor
on required temperature. The source of heat is
concentric solar collector and prototype furnaces
for biomass burning. Transport of energy from the
combustion of biomass in to the working medium of
the engine provides a hot-air heat exchanger which
is part of the furnace. This device is connected to the
boiler, which uses the residual heat from the flue gas.

The project output will be a set of knowledge about
the optimal function of new advanced thermal cycles
in the prototype power equipment. From the research
issues will be proposed technical solutions, which
will be used mainly at renewable energy sources,
for increasing the efficiency of the conversion of
heat into electricity, shortening the payback period
and improve their functions. Starting of all device is
expected in the coming months.

4. Conclusions

The issue of this project is consistent with the
long-term aim of the Slovak Republic in the field of
science and research of energetics. The necessity of
development and optimization of advanced thermal
cycles, particularly suitable for medium and low
temperature used in renewable energy sources is
very topical. Research in this area has to resolve
the questions, how to decrease import of primary
fuels (oil, gas) and with what equipment to produce
electrical energy by using of RES. The strategic aim
is by realization of the project is through transferring
of the latest results to the practice from new ways of
transformation of thermal energy into other forms of
energy, particularly electricity and new technologies
of production, respectively practical design solutions
for applications of alternative energy sources.
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