ISSN 2076-2429 (print) S . o . 47
ISSN 2223-3814 (online) Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 3(47), 2015

UDC 697.329+662.997+697.7

V.V. Wysochin, PhD, Assoc.Prof.,

A.S. Golovatyuk, PhD, Assoc.Prof.
Odessa National Polytechnic University, 1 Shevchenko Ave., 65044 Odessa, Ukraine; e-mail: ostapenko.ieksu@mail.ru

STRUCTURAL FACTORS OF SOLAR SYSTEM CLUSTER
GROUND COUPLED STORAGE RATIONALIZATION

B.B. Bucouun, A.C. I'onosamiox. CTpyKTYpHi pakTopu panioHanizauii KymoBoro rpyHToBoro akymy./isitopa rejgiocucremu. IIpose-
JICHO YMCEIIbHI JIOCIIPKEHHSI HECTAlliOHAPHOTO TEINIOOOMIHY B CE30HHOMY aKyMYJIATOpI TeIlla reJioCUCTEMH 3 JIEB SIThMa IPYHTOBUMH TEILIOO-
OMIHHUKaMH B IIPOIIeCi NepioidHoO, 3 JOOOBUM IMKIJIOM, 3apsIKH B JITHIK Hepiod. TemiooOMiHHUK NPECTaBICHO Y BUTILIl BEPTHKAILHOTO
30HJa 3 KOaKClaJIbHUM PO3TallyBaHHIM TpyO. Mema: MeToro poOOTH € BU3HAUESHHS PallioHAJEHUX [apaMeTpiB CTPYKTYPH KYIIIOBOIO IPYHTOBO-
r'0 aKyMyJIATOpa — KUIBKOCTI 30HIIB y KYIIi, iX JOBXHHH 1 KPOKY MK HIMH — Ha OCHOBI MaTeMaTHYHOI MOJieNi BUCOKOI TouHOCTI. Mamepianu
i memoou: MateMaTH4Ha MOJIEIb CIIOIYYEHOT POOOTH IelTIOCHCTEMH 1 IPYHTOBOTO aKyMyJISITOpa BKJIIOYa€e AuepeHLiaabHi PIBHSIHHS, [0 OIH-
CYIOTh YMOBH IOTJIMHAHHS 1 TIEPETBOPEHHS COHSYHOI €HEPril B TeJIIOKOJIEKTOPI, & TAKOXX TEIUIOOOMIH B IPYHTOBHX TEIUIOOOMIHHMKAX i TPUBUMI-
pHOMY MacuBi IpyHTY. Pe3ynemamu: TToxazaHo HEOOXiHICTh BpaXyBaHHs B3a€MHOT'O BILIMBY PO3MIpIB I'eJIIOKOJIEKTOPIB i IPyHTOBOIO TEILIOO-
OMiHHHKA, 8 TAKOXK MOMIMUBICTh MiJABUILECHHS €()EKTHBHOCTI aKyMyJIITOpa LULIXOM BHOOpPY PalliOHAIBHOTO KPOKY KYIIa i KUTBKOCTI aKTHBHUX
TEIUIO0OOMIHHUKIB B 3aJiaHii cTpyKTypi. Bucnoeku: 3anponoHOBaHO peKOMEHIALIii 1[0/10 opraHizauii poOOTH TEINIOOOMIHHHKIB aKyMyJIsATOpA.
IIpu kymoBoMy crioco0i oprasi3alii Ce30HHOTO aKyMyJIATOpa HAHOUIBII epEeKTHBHOIO CTPYKTYPOIO € II'ITH30HI0Ba. Kpok Mik 30HZaMH peKo-
MEHIY€EThCs OpaTH TaKUM, IO JOPIBHIOE 4 M.

Kniouosi cnosa: TpyHTOBUI TETUI00OMIHHHK, CE30HHHUI aKyMYJISITOP, 30H], TeIi0CUCTEMA.

V.V. Wysochin, A.S. Golovatyuk. Structural factors of solar system cluster ground coupled storage rationalization. The computa-
tional investigations of unsteady heat transfer in seasonal solar heat storage system were conducted. This storage system consists of nine
ground heat exchangers. The investigations were made for periodical diurnal cycle charging during summer season. The heat exchanger is
presented as vertical probe with concentric tubes arrangement. Aim: The aim of the work is to optimize the cluster ground coupled storage —
the probes quantity in cluster, their lengths and interval — using high precision mathematical model. Materials and Methods: The mathemati-
cal model of conjugate solar system functioning and ground coupled storage involves differential equations describing the incoming and
conversion of solar energy in solar collector. Also it includes the heat exchange in ground heat exchangers and three-dimensional soil mass.
Results: The need of mutual influence accounting of the solar collector and the ground heat exchanger size ranges is shown. One more thing —
capability of effectiveness improvement of the collector based on reasonable step size selection for cluster and selection of active heat ex-
changers quantity in requisite construction. Conclusions: The recommendations for organization of heat exchangers of the collector work are
offered. The five-probe structure is the most effective one for cluster arrangement of seasonal heat storage. The recommended interval be-
tween probes is 4 meters.

Keywords: ground heat exchangers, seasonal heat storage, probe, solar system.

Introduction. The seasonal solar heat storage system are an essential element of solar systems
designed for heating. Often this objective considering, namely ground coupled storage [1, 2] are
selected. Among them the stand vertical multiprobe (cluster) design is characterized with best perfor-
mances. The heat exchanger is presented as vertical probe with concentric tubes arrangement in the
wells. Sectional structure of the batteries varies by spatial distribution, probes number and heat
exchangers size. These structural factors are determined by the conditions of heat storage operation in
the soil, as well — as conditions of its dual operation with solar system. Significant transiency of solar
systems operation does complicate practical research, due to which fact we still are in an acute need
for reliable recommendations on the choice of cluster structures rational parameters, particularly, the
well configuration: interval between probes and heat exchangers’ length.

A typical recommendation as to the ground coupled storage structure refers to arranging a rectan-
gular cluster at regular intervals between the probes [2...5]. Such clusters differ in the number of
probes, their length and positioning distance. Structural design parameters are usually set arbitrarily.
Research [4] exposes the heat exchangers number selected with respect to the area under the building
foundation, and an arbitrarily chosen step of 3 m. At study [5] the interval between probes was chosen
to be 5 m, and the source [6] reveals the 6 m step length. Assessment of the heat exchanger length as
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determined with the solar collectors’ area, and therefore, their thermal capacity estimation, were
effected only for single-probe ground storage [7]. And as to the cluster structure, none similar data
found at the references. Thus, studies with unfounded-chosen storage size, are rather empirical and can
never be used for practical purposes. Another scarcity of well-known studies limiting their applica-
bility consists in the simplified processes modeling [3], in particular, mono-parametric studies of heat
transfer in soil and the real solar system work environment substitution replacing the soil coupled
accumulator with conventionally definable laws of heat accumulation. However, for practical
purposes, it is important to establish the reliable operating parameters that implies the need to resolve
tasks of the ground coupled storage structural parameters rationalization based on mathematical
models of higher informational content.

The aim of this study is to optimize the cluster ground coupled storage — the probes quantity in
cluster, their lengths and interval — using high precision mathematical model.

Materials and Methods. The storage cluster consists of 9 coaxial ground heat exchangers of
length & vertically positioned with interval between probes S. The problem was solved as conjugated
with this one of the radiant energy absorption by solar collectors (SC) and considering the heat transfer
process in the heat exchanger and the ground. The heat transfer in the ground coupled heat exchanger
is described with a system of energy balance [1] differential equations: for the inner (supply) tube heat
carrier; for the inner tube wall; for outer (return) tube heat carrier; for the outer wall. The soil heat
transfer is described with the equation of unsteady heat conductivity in Cartesian coordinates, three-
dimensional problem statement.

The equations system was solved by finite difference method. Material used for heat exchanger
tubes: plastic, wall thermal conductivity A,,= 0,28 W/(m-K). Heat exchanger outer tubes’ diameter, in
accordance with [1], was assumed to be 180 mm. Heat carrier is water. The ground heat exchanger
was coupled with SC through introduction to calculated mathematical model of an equations’ system
describing the conditions of solar energy getting and conversion at solar collectors [1]. The solar
system operation conditions were specified with Odessa region coordinates for the period that began
on April 15" (the heating season closure) and ended 6 months (180 days) elapsed. Equipment selected
for study: modern flat solar collectors with the characteristics as above

Y 4,4 W/(m’K),
(Ta)
where U — heat losses coefficient;
(ta) — solar collector optic characteristics.

At the issue of mathematical model solution assessed were the heat exchanger’s and ground
array’s temperature fields, the ground array heat content, temperature and velocity of the heat carrier
circulating in the solar system as unfolds along seasonal operation. The iterative calculation of heat
pumping process served to determine the total area of SC, whose thermal performance meet the
criteria of maximum specified heat carrier velocity (2 m/s) in ground heat exchangers at a fixed heat
carrier temperature at the heat exchanger inlet.

Analysis of data obtained shows that the cluster probes’ spacing has a significant impact on the
amount of heat accumulated in the ground Q,,, (Fig. 1). The increased step involves an increase in
ground array heat content. The data represented at Fig. 1 were obtained for probes of 10 m length in the
ground, morphologically corresponding to the clay. Similar results were obtained also for other soils.

At the end of the six-month heat accumulation cycle period under the said conditions, increasing
the step from 2 to 6 meters involved the 2,7-folds growth of the peak heat O, greatest amount. This
phenomenon is explained by the heat transfer intensification when increasing the temperature dif-
ference between the probe heat carrier and the ground, as the step growth reduces the soil array
temperature at inter-probe space. However, the peak heat quantity dependence of the interval between
probes is nonlinear. Step increased, the Q.. growth decreases asymptotically approaching a certain
level (Fig. 2). These conditions threshold can be considered as the value S = (5...6) m, beyond which
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the Q.. function is low-sensitive to the step value. However, the step increasing leads to changes in
the soil temperature, taking ¢, as an indicator of temperature on the mean of interval between probes
for a depth equal to half the length of the probe, we obtain (soil type: clay), the result for 180" day of
the cluster charging (step 2 m: ¢,=47°C, 4 m: ¢,=37,3°C, 6 m: t,=25,9°C). Given the two
mentioned factors, as a compromise can be selected the step of 4 m, as corresponding to a desired
storage thermal accumulation level and a sufficiently high temperature.
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Fig. 1. Rate of changes in soil-accumulated heat ~ Fig. 2. Dependence between the heat peak amounts and
amounts over 6-months heat accumulation period the cluster probes step at different soils:
considering varied interval between probes: 1 — 2 m; 1 —sand; 2 — clay
2—3m;3—4m4—06m

Another factor influencing the efficiency of heat accumulation is the number of active probes in
the cluster (Fig.3). The design scheme was formed by sequentially excluding the heat exchangers
making part to 9-probes cluster. Basic diagram represents case of all heat exchangers operative, this
one with five active coils was obtained upon disconnecting the lateral four probes lying on the cross-
sectional diagonal; the diagram of one heat exchanger was obtained upon disconnecting the lateral
eight coils. Interval between probes is 4 m. The data obtained shows that a single probe is significantly
inferior to the cluster storage (Fig.3). However, a further increase in the number of cluster heat
exchangers has little effect on the storage thermal characteristics improvement. This is due to the
restructuring of the temperature field thus reducing the temperature gradient that affects the heat
transfer between probes and the ground. Thus, despite an increase in the cluster heat transfer area, sep-
arate heat exchangers at 9-elements cluster are less productive that at 5-elements one.

More informative results can be obtained using the criterion of the solar collectors’ total area
ratio to peak heat quantity accumulated in the soil 4, / O, - This figure represents a specific SC

area required for charging the ground coupled storage up to a predetermined limit. Analysis of this
parameter dependence on the number of cluster probes shows that an increase in the probes number is
concurrent to the A4, / O, increase (Fig. 4). The dependency growth rate is related to the interval

between probes. The highest growth rate is observed for interval of 2 m, while the interval of 4 to 6 m
does insignificantly influence this rate. The cluster of five probes with interval of 4 m, previously de-
fined as a rational one, has the least necessary specific area of solar collectors.

Fig. 5 shows the dependence of probe length /# from the related solar collectors area A required
for one heat exchanger operation at sectional structure. The data suggests that an increased SC area
requires increasing the probe length. The dependence is close to linear, and its parameter is the soil
thermal conductivity «,. With the growth of «a,, the degree of SC area influence onto probe

length decreases.
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hm Results. A summary of the researched data gives
. 3 / 5 / X / grounds to elaborate recommendations on the organization
7 Y/ of the solar system cluster ground coupled storage structure.
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/ mal accumulation at sufficiently high temperature. A more
30 / / informed choices as to the arrangement step should be based
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rational structure is a 5-probes one.

Fig. 5. Requires probe length dependence The obtained data for determining the probe length at

onto the solar collectors’ area. Soil thermal ~ solar systems with different values of the absorbing

conductivity a,, x10’: surfaces’ area and for different soils can be approximated

1—961;2—553—278 with an error of no more than 3 % by the following
expression:

h=51-A-exp(—1,8-10 -a,)+ 1,133 —(0,365-1,92-10° - @, )2.

The generalizing expression is obtained for solar systems with flat SC within the definition area:

(L)=4,4 W/(m’K); the SC area calculated per one probe 4 =(2.,9...28) m?; for soils with thermal
o

conductivity coefficients a, = (2,78...9,61)-10" m%s.

Conclusions. The recommendations for organization of heat exchangers of the collector work are
offered. The five-probe structure is the most effective one for cluster arrangement of seasonal heat
storage. The recommended interval between probes is 4 m. A generalized dependence suggested,
allows determining the solar probe length at the cluster structure for the condition of rational operation
modes, depending on the solar collectors’ area and thermal properties of the soil.
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