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Computational fluid dynamics investigation of heat-exchangers
for various air-cooling systems in poultry houses

The increase in the productivity of poultry plants is connected with the necessity to create the optimal con-
trolled environment in poultry houses. This problem is of prime importance due to the decrease of poultry
plant productivity caused by the imperfection of the existing controlled environment systems. The paper pre-
sents the improved environment control system in a poultry house. The processes of heat- and mass-exchange
in the developed heat-exchangers for various ventilation systems have been investigated. Computational Fluid
Dynamics analysis of the heat-exchangers of two various designs for tunnel and side ventilation systems has
been carried out. The fields of velocities, temperatures and pressures in the channels under study have been
obtained. The conditions of a hydrodynamic flow in the channels have been analyzed. The intensity of heat-
transfer between a hot heat carrier and a cold one through their separating wall has been estimated. The most
efficient heat-exchanging apparatus has been determined and the application potential of such a design has
been substantiated. The aim of the research is the development and numerical modelling of a shell-and-tube
heat-exchanger of a new design as an element of environment control system used in various types of ventila-
tions systems in summer seasons.

Keywords: Heat-exchanger, Computational Fluid Dynamics, poultry house, tunnel ventilation system, side
ventilation system.

Introduction

The increase in the productivity of poultry plants is connected with the necessity to create the optimal
controlled environment in poultry houses. Here, an important task is the development of new approaches and
principles of solving the problem of incoming-air cooling and heating in poultry houses during summer and
winter periods. This problem is of prime importance due to the decrease of poultry plant productivity caused
by the imperfection of the existing controlled environment systems in summer seasons under high tempera-
tures and moisture of the outside air. It is worth mentioning that the existing power supply systems in poultry
houses require heavy energy expenditures and costs for providing a controlled environment in poultry build-
ings. Thus, the necessary prerequisite to resource conservation in this branch is conducting new investiga-
tions on the improvement of controlled environment systems at poultry plants.

Papers [1, 2] present Computational Fluid Dynamics (CFD) modelling of the flows of air and heat-mass
exchange in the poultry buildings equipped with a side ventilation system. The authors of [1, 2] suggest that
the method of side mechanical ventilation is more effective compared to other methods and is able to de-
crease heat stress and increase poultry operation productivity in summer seasons. As a result of the mathe-
matical modelling conducted in [1, 2], the distributions of air flow velocities, pressures and temperatures in
poultry houses with side ventilation systems have been obtained. The results of the conducted mathematical
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modelling have been compared to the experimental research data and the difference does not exceed 12 %.
According to the calculations presented by the authors of the research [1, 2], it has been concluded that insuf-
ficient air velocity as well as the absence of a cooling system increases poultry heat stress resulting in the
decrease of beeding productivity. This is promoted by non-uniform air flow in the area of bird location and
dead-air zones, that make the conditions for poultry thermoregulation worse.

The paper [3] presents the CFD solution of miscellaneously improved cases for the various flow and
shape configurations of the broiler house. Effects of the transversal and longitudinal ventilation are combined
with the changes of inlet air streams directions and also with the different cross-section shaping obtained us-
ing curtains.

The paper [4, 5] considers the system of outside air cooling by means of a heat-exchanger of a specific
design [6, 7], which uses subterranean well water as a cooling medium. Mathematical modelling of heat- and
mass-exchange processes in the course of air ventilation in the poultry buildings, where the arrangement of
ventilation equipment is high adjusted, has been conducted. As a result of the numerical modelling, the fields
of velocities, temperatures and pressures in a poultry house have been determined.

In the course of developing new types of heat-exchanger designs, such factors as their small-size char-
acteristics, the efficiency of heat transfer through the surface that separates heat carriers, pressure loss in the
circuits of every heat carrier and other parameters that characterize heat exchange units are of great im-
portance [8]. Another important analysis tool for determining the efficiency of the developed heat exchanger
design is a detailed mathematical modelling of mass and energy transfer processes in a heat exchanger [9—
17]. Such modelling allows for analyzing local hydraulic and thermal characteristics on heat exchange sur-
faces, determining their thermal efficiency and estimating hydraulic losses that determine the capacity of the
pumps used for bleeding heat carriers.

The most wide-spread designs of heat-exchangers, which are mainly used in heat-exchange equipment,
are recuperative heat-exchangers. As a rule, shell-and-tube heat-exchangers have staggered or in-line ar-
rangement of tube banks and their conditions of hydrodynamic flow and heat transfer have been investigated
in details in a number of scientific papers [18-21]. However, hydrodynamics and hear transfer in the case of
small-diameter tube banks have been under-investigated. It is worth mentioning that the use of such heat ex-
change surfaces in shell-and-tube heat-exchangers allows for improving their physical and cost performance
compared to the known designs.

The aim of the research is the development and numerical modelling of a shell-and-tube heat-exchanger
of a new design as an element of environment control system used in various types of ventilations systems in
summer seasons.

Material and method

Two types of ventilation systems were considered, namely, a tunnel one and a side one. Heat-
exchangers aimed at cooling the incoming air in a summer season were designed for those ventilation sys-
tems. A poultry house was of a traditional type for 50000 birds used for breeding floor meat birds. There
were automatic blinds arranged in the side walls with the total of 80 pieces 0.3x0.85 m in size (Fig. 1). In
addition, on the front end walls, there were wetted pads 5.3x1.1 m is size arranged. When considering those
two separate systems, heat-exchangers were mounted instead of wetted pads and automatic blinds.
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1 — poultry building; 2 — wetted pads; 3 — ventilating blinds; 4 — exhaust blowers
Figurel. Layout of an evaporating cooling system and side ventilating blinds in a poultry house

126 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Computational fluid dynamics investigation of heat-exchangers ...

Let us consider a heat-exchanger with a rectangular-section shell under transverse tube bank flow.
There is a distinctive arrangement geometry of tubes d = 10 mm in diameter (Fig. 2). It is different from tra-
ditional staggered and in-line tube banks. The heat-exchangers, which contain transverse tube bank flow, are
made of tube rows, where the adjacent tubes of every row are tangent to each other and the tubes of every
row are arranged with a sequential displacement about the row axis, here, the adjacent tubes are displaced by
1 mm apart from each other [22]. In both types of heat-exchangers (HE), the width between the tubes is
equal to 15 mm, the number of tubes in depth in one header is equal to 51 pcs.

25

Figure 2. Arrangement of tubes in a matrix, (view from above)

All the calculations were performed under the air-flow rate of 1036 thousand m’/h. The air being
+40 °C at the entry, which flows through the outside hot-air cooling channels in a poultry house in summer
seasons, was chosen to be a heat carrier. On the exit from a heat-exchanger, the air temperature decreased to
nearly +20 °C. Subterranean well water [4—5] was used as a coolant. In its turn, the temperature of the cold
water, which moved inside the tubes, was equal to +10 °C at the entry.

The system of heat carrier movement is of cross pattern. In order to obtain sufficient cooling of the in-
coming air from +40 to +20 °C, heat-exchangers were designed by the entry size of blinds and wetted pads.
Due to the requirement of such a substantial air exchange (1036 thousand m’/h) and heat transfer between
heat carriers, the number of headers in heat-exchanging units is different.

Table 1 presents the design data of both heat exchangers for various ventilation systems.

Table 1
Design data of heat-exchangers for various ventilation systems
_ | Adrcon- | Water | Aircon- . . Number of| Number of | Number | Total
Ventilation| sumption | consump- | sumption | Height of | Width of .
. headers, |tubesin one| of HE, | length of
system for all |tion for all| for one HE, m HE, m
HEs, m’/h | HEs, m*/h | HE, m*/h pes | HEpes | pes | tubes,m
Side 1036880 3824 12961 0.3 0.85 3 5202 80 124848
Tunnel 1036704 372.0 86392 1.0 2.65 2 5406 12 64872

CFD modelling of hydrodynamic processes and heat transfer processes in the channels with close-
together arrangement of tube banks was conducted. For this purpose, ANSYS Fluent software package was
used. The mathematical model is based on Navier-Stokes equation [23], energy-conservation equation ap-
plied for convective currents and the equation of continuity. The standard k-g turbulence model was used in

the calculations [24].
ou Jdu du op ’'u  du
pl —Hu—+v— =+ S +—
ot dx dy ox ox~ dy

Navier-Stokes equation:
Ju op Pu u)|
e o R e
ay ox~ dy

where p — medium density, kg/m’; i — medium dynamic viscosity, Pa-s; p — pressure, Pa; u, v — velocity
field of vectors; t — time, s.
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A continuity equation:

ou Jv
—+—=0.
ox dy

An energy-conservation equation:

oC (1.9 4y oT =i[xa—Tj+i 297,
PUT ox dy ) ox\_ ox) dyl dy

where T — point temperature, K; A — coefficient of medium heat transfer capacity, W/m'K; C, — specific
heat capacity of a medium, J/kg K.

Boundary Conditions

The boundary conditions are given in the following form (see Fig. 1).

At the inlet to the channel:

x=0W=W,;T=1I,.
At the outlet from the channel:
x=H;dW/[dx=0.
On the walls of the tubes:
T(X = X poinsia )V = Vauveinside) = Diatro -

On the walls of the casing:

aT;ube shall.

dy
Conditions for sticking the liquid on the tubes walls:
X = Xube ext.s V= Yube ext. *
Conditions for sticking on the walls of the casing:
y=H;W=0; y=0.
For a standard k—€ model, the equation of turbulence has the following form:

J d d ok
—(pk)+——(pku,) =—[(u+&]§}+@ +G, —pe=Y, +5;;

ot ox, ox, G, )ox,

y=0

d 0 d W, | oe € e’
—(pe)+—(pey,) =—| | u+—+ |=— |+ C,. — (G, + C,.,G, ) - C,.p—+ S,
2toe)+ o)~ e | 22 e 6 v,
where G, — the generation of turbulence kinetic energy due to the mean velocity gradients; G, — the gener-
ation of turbulence kinetic energy due to buoyancy; Y3, — the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate; Cy., C,., and C;; — constants; o, and 6, — the turbu-
lent Prandtl numbers for & and ¢, respectively; Sy and S, — user-defined source terms.
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a — complete channel; » — boundary layer

Figure 3. Grid generated in ANSYS Meshing
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Grid generation was performed in ANSYS Meshing generator based on Workbench framework. In the
course of grid generation for a heat-exchanger of all the designs, local grid control was applied. The mini-
mum bound size was 2.5-10* m. The generation of a quadrilateral grid was conducted with the use of
boundary layer construction with total thickness approach (Total Thickness). The thickness of the first layer
was 5-10” m, the number of layers was 6 (Fig. 3). Grid quality index, that is Orthogonal Quality, for both
types of heat-exchangers is within the limits from 0.561 to 0.564.

Numerical Results and Discussion

The results of the conducted numerical calculations are presented in Figures 2—6. The incoming hot air
enters a heat-exchanger on the right side. Figures 2, 3 show the change in temperatures for various ventila-
tion systems. In the case of a tunnel ventilation, the temperature in a heat-exchanger decreases from +40 to
+22.5 °C (Fig. 4), and in the case of a side one, it decreases from +40 to +19.7 °C (Fig. 5).
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Figure 4. Air temperature field in a heat exchanger for a tunnel ventilation system, °C
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Figure 5. Air temperature field in a heat exchanger for a side ventilation system, °C
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Figure 6. Pressure drop across a HE channel for a tunnel ventilation system, Pa
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When comparing heat-exchangers by pressure drop across a channel (see Fig. 6, 7), which were de-
signed for various system types, it is obvious that they differ in about 3.3 times. More detailed results can be

seen in Table 2.

Total Pressure

]
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Figure 7. Pressure drop across a HE channel for a side ventilation system, Pa

Figure 8 presents a velocity vector at the entry to a HE channel for various ventilation systems. The
process of air flowing about the tubes and boundary layer separation from its surface are shown. There are
dead-air spaces in the form of a vortex observed between the tubes, thus the heat transfer coefficient in these
spaces is decreased. In the case of a tunnel ventilation system (Fig. 8a, Fig. 9) the maximum air velocity at
certain points is equal to 17.6 m/s and the average velocity in the narrowest channel passage is 15.1 m/s. In
the case of a side ventilation system (Fig. 85, Fig. 10) the maximum velocity is 27.2 m/s and the average one
is equal to 23.5 m/s. Table 2 presents a more detailed review of the results of numerical modelling for vari-

ous ventilation systems.
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Figure 8. Air flow velocity vector on entering HE, m/s

Velocity Magnitude

COSSNNRARNNONNPPO
AL NPONEHNR RO RN ®
BBUGHBRBBITRBX

[m/s]

) 0.2 (m)

Figure 9. Air velocity in a channel for a tunnel ventilation system, m/s
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Figure 10. Air velocity in a channel for a side ventilation system, m/s

Table 2
Results of numerical modelling of various ventilation systems
o Air tempera- Water tem- Pressure drop Max1rpurp ar AYerage air velocity Heat power|Heat power
Ventilation . perature on | . velocity ina | in the narrowest
ture on exit . in a HE chan- . of one HE, | of all HEs,
system from HE. °C exit from HE, nel. Pa HE channel, section of a HE KW KW
’ °C ’ m/s channel, m/s
Side 19.66 23.95 3286 27.21 23.53 77.550 6204.00
Tunnel 22.55 23.16 991 17.60 15.10 474.72 5696.64

In the course of designing and manufacturing a heat-exchanger for an environment control system in
poultry houses, it is necessary to take into account numerous parameters. They include pressure drop in heat-
exchanger channels that influences the capacity and the productivity of ventilation systems; the temperature
on the exit from a HE, which enters a poultry house and cools down the inside air in the building and other.
The project has been based on the development of a HE for two ventilation systems. In the case of a tunnel
ventilation system, pressure drop is equal to 991 Pa, which is 3.3 times less compared to a side ventilation
system. The exit temperature is equal to +23 °C, which meets the requirements for project engineering. How-
ever, the disadvantage is financial costs for purchasing, tube cutting and HE welding. According to Table 1,
in order to make a HE for a tunnel ventilation system, it is necessary to use 64872 m of tubes, which is in
1.92 less compared to the second option. Both a tunnel and a side ventilation system are effective enough. In
order to provide normalized environment conditions in a poultry house, taking into account all the aspects of
technical and economic analysis, it is offered to choose a HE for a tunnel ventilation system. Such expendi-
tures are justified due to the increase of bird mass in summer periods. However, not all the poultry plants can
afford to install such a system.

Conclusions

1. A new design of a shell-and-tube heat exchanger with close-together tube arrangement in tube banks
has been suggested and developed.

2. CFD modelling of the processes of heat- and mass-exchange in tube banks of various geometry under
close-together tube arrangement has been conducted with the help of ANSYS Fluent software package. The
fields of velocities, temperatures and pressures in the channels under study have been obtained. The condi-
tions of the hydrodynamic flow in the channels have been analyzed and the intensity of heat transfer between
a hot and a cold heat carrier through a separating wall has been estimated.

3. The most efficient and the most cost-effective HE has been determined to be for a tunnel ventilation
system due to the decrease of the number of tubes in 1.92 times and the decrease in pressure drop in 3.3
times.
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B.U. Tpoxansk, N.JI. Porosckuii, JI.JI. Tutosa, I1.I'. JIy3an, I1.C. [Tonsik, O.O. banueri

Kyc acbIpaiiThbIH OpBIHIAFbI AyaHbI CATKBIHIAATYAbIH
IPTYPJII KyiileJiepi yUIiH ecenTey ruAPOJANHAMUKACHIHA
Heri3/e/IreH Kby AJIMACTBIPFBIII ANNAPATTAPBIH 3ePTTEY

Kyc ¢dabpukanapslHblH OHIMIUIINIH apTTBIPy OJAapAbl acklpay OpPHBIHIA OHTAWIBI MUKPOKIMMAT KYpY
KaXeTTutiriMen OaitmanbicTel.  Byn  Mocene kyc ¢QabpukanapblHbIH — OHIMIUIITIHIH — TOMEHASYiMEH,
KOJIIAaHBICTaFbl MHKPOKJIMMAT JKYHeNepiHiH JKeTiniMereHmiriMeH OaiinaneicTbl. Makanaia FUMapaTTarbl
MHUKPOKJIUMATTHI CaKTayAblH XETUINIPUITeH jkyleci YCHIHBUIFaH. OpTYpIl JKeNAeTy XKyHenepiHe apHanraH
JKBUTY aJMacThIPFBILITAPIaFhl JKBUTY JKOHE Macca ajMacy Hpolectepi 3eprrenret. byilipiik sxoHe TyHHeIbI
JKENETy JKYHeJepiHe apHalFaH €Ki TYpJli KOHCTPYKLMSUIAPIBIH JKbUIY aJMaCTBIPFBILITAPBIHBIH CCeNTey
THAPOIMHAMHKACHI XKYPri3UIreH. 3epTTelreH KaHauapaaH KbULIaMABIKTBIH, TEMIEPaTypaHbIH JKOHE KbICHIM
epicTepi aiblHFaH. ApHanapIarbl THAPOIVMHAMUKAJIBIK aFbIHOAPABIH >KaFdaidnapsl TanpaHrad. Omapasl
KaObIpFa apKplIbl OeJlill TYpFaH BICTHIK JKOHE CAaJIKbIH CAaJIKBIHIATKBILI apachIHIArbl JKbULY OepymiH
KapKbIHABUIBIFBI OarananraH. HerypiibIM THIMAI JKbUTYy aJIMACTBIPFBIII OPHATY KOHE YCHIHBUIFAH JU3aHHMBI
KOJIJIaHy TepCHEeKTHBaIapbl KOPCETUIreH. 3epTTEyAiH MakcaThl — JKa3Fbl MayChIMJa OpTYpJ JKeIaeTy
KyllenepiHe apHaJIFaH MHUKPOKIMMATTBHI KOJZAy JKYHECIHIH DJIeMEHTI peTiHAe KaHa Iu3alHIarbl KaOBIK-
KYOBIPJIBI XKbLTY aJIMACTHIPFBILITHI JAMBITY JKOHE CaH[IbIK MOJICIIBACY.

Kinm coe30ep: Xblly alMacTBIPFBINI, CYHBIKTBIKTBIH €CENTIK JUHAMHKACHI, KYC YHi, TYHHEIbIl XeIIeTry
xKyleci, OyHipIIik xennery xyiteci.

B.1. Tpoxansk, WU.JI. Porosckuii, JI.JI. Tutosa, ILI". Jly3an, I1.C. [Tonbik, O.O. bannbiit

HccaenoBanue TEeNnJI000MeHHBIX almapaToB Ha OCHOBE BbIYMCJIUTEIbHOM
TMAPOANMHAMUKHA AJIA PA3JINYIHBIX CUCTEM OXJVIAKICHHUSA BO3AyXa B ITHYHUKAX

[ToBbllIeHHE TPOM3BOAUTENIBLHOCTH NTULE(AOPUK CBA3aHO C HEOOXOAMMOCTBIO CO3/aHHUS ONTHMAJIbHOTO
MHUKpOKJIMMAaTa B MOMEIIEHHUSX NITHYHUKOB. JTa MpodiIeMa 0COOCHHO BaKHA B CBSI3H CO CHIDKCHHEM ITIPOH3-
BOJUTEILHOCTH paboThl nTHIedepM, YTO 0OYCIOBICHO HECOBEPUIEHCTBOM CYIIECTBYIOIIUX CHCTEM MHKPO-
KiIMMara. B craree mpescraBiieHa yCOBEPIICHCTBOBAaHHAA CUCTEMa MOIACPKAHUA MUKPOKIMMATa B NTHYHU-
ke. MccneoBaHbl TEMI0-MacCOOOMEHHBIE TIPOIECCH B Pa3pabOTaHHBIX TEITIOOOMEHHBIX ammaparax ;s pas-
JUYHBIX cUCTeM BeHTWALMH. IIpoBeneHa BbMMCIUTENbHAS THAPOJMHAMHUKA TEINIOOOMEHHUKOB JBYX pa3-
JIMYHBIX KOHCTPYKIMH 111 OOKOBON M TYHHEIBHOW CHCTEMBI BEHTWIALUH. [10ydeHbl o CKOPOCTeH, TeM-
neparyp, IaBleHuil B Uccle yeMbIX KaHanax. IIpoaHani3upoBaHsl yClnoBUs THAPOANHAMUYIECKUX T€UeHUH B
kaHanax. IIpoBeeHa oOIEHKa MHTEHCHBHOCTHM TEILUIONEPEHOCA MEXAY TOpPAYMM M XOJIOJHBIM
TEIJIOHOCUTEISIMH 4epe3 CTEHKY, pa3/elIIoNIyIo HX. Y cTaHOBIeH 0oiee 3()(heKTUBHEIN TEINIO0OOMEHHBIH arl-
napaT, ¥ II0Ka3aHa IIepCIIEKTUBHOCTb NIPUMEHEHUS MPEAIoKEeHHON KoHeTpyKiuu. Llenblo uccnenoBanus ss-
JSTIOTCS Pa3paboTKa U YHCICHHOE MOJIEINPOBAaHHE KOXKYXOTPYOHOTO TeII00OMEHHHKA HOBOH KOHCTPYKIUN
KaK 3JIEMEHTa CUCTEMBbl IOAJCP KaHUS MUKPOKIMMATa AJIs Pa3IMUHbIX TUIIOB CUCTEM BEHTHJIALMU B JICTHUN
Hepuoj roja.

Kniouesvie cnosa: TeriooOMEHHBIN anmnapar, BeIYUCIUTEIbHAaA T'HAPOJUHAMUKA, ITUYHUK, TYHHEJIbHAas CUC-
TEMA BEHTHJIALUH, 0OOKOBasi cUCTEMa BCHTUIIALINH.
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