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OPTIMIZATION OF PARAMETERS OF HEAT EXCHANGERS VEHICLES

Summary. The relevance of the topic due to the decision of problems of the economy
of resources in heating systems of vehicles. To solve this problem we have developed an
integrated method of research, which allows to solve tasks on optimization of parameters
of heat exchangers vehicles. This method decides multicriteria optimization problem with
the program nonlinear optimization on the basis of software with the introduction of an
array of temperatures obtained using thermography. The authors have developed a math-
ematical model of process of heat exchange in heat exchange surfaces of apparatuses
with the solution of multicriteria optimization problem and check its adequacy to the ex-
perimental stand in the visualization of thermal fields, an optimal range of managed pa-
rameters influencing the process of heat exchange with minimal metal consumption and
the maximum heat output fin heat exchanger, the regularities of heat exchange process
with getting generalizing dependencies distribution of temperature on the heat-release
surface of the heat exchanger vehicles, defined convergence of the results of research in
the calculation on the basis of theoretical dependencies and solving mathematical model.

OIITUMU3ALIVA TAPAMETPOB TEIUVIOOBMEHHBIX AITIIAPATOB TPAHC-
[NOPTHBIX CPEACTB

AHHOTaNUs. AKTYaTbHOCTh TEMbI OOYCIIOBIICHA PEIICHUEM 3a/1a4 PEeCypCco3Heprocoe-
peKEHUS B cHCTeMax 000TpeBa TPaHCIIOPTHBIX CPEACTB. Jls penieHus gaHHOM mpoliie-
MBI pa3paboTaH KOMIUICKCHBI METO HCCICAOBAHMI KOTOPHIN MO3BOJISIET periaTh 3a1aqn
ONTHMH3ALMN TAapaMETPOB TEIIOOOMEHHBIX almnapaToB TPAHCHOPTHBIX cpeacTs. [laH-
HBII METOJ| pelIacT MHOTOKPUTEPUAIBHYIO 3aauy ONTUMHU3AIMHI C TOMOIIBIO MPOrpam-
MBI HEJIMHEWHOM ONTHMH3AIUY Ha 0a3e MpOrpaMMHOI0 KOMIUIEKCA C BBEJCHHEM MacCHBa
TEMIIEPATYP MOJYUYEHHBIX C IOMOIIBIO TEIJIOBU3HOHHOW CheMKU. ABTOpaMu pa3pabora-
Ha MaTeMaTH4ecKas MOJIeNb Mpolecca TEII000MeHa Ha TETUIOOOMEHHBIX MMOBEPXHOCTSIX
anmapaToB C PELUICHUEM MHOTOKPUTEPHUAILHON 3a/layd ONTHMU3AIMU U MPOBEPKOU ee
AICKBATHOCTU Ha JKCICPUMCHTAJILHOM CTCHAC MNPHU IMOMOIIW BHU3YyaJIM3allMU TEIIJIOBBIX
noJiei, cOpMUPOBAH ONTHMATBHBIA JHANIA30H YIPABISEMBIX MapaMeTpPOB, BIUSIIOIIUE
Ha TIPOIlecC TeIUI00OMEHA IPY MUHHMYME METaJUTIOEMKOCTH H MaKCHUMyM€ TETUTOTPOH3-
BOJMTEIHHOCTH pedpa TeTI0OOMEHHOTO armapara, OmnpeaelieHbl 3aKOHOMEPHOCTH TIPO-
ecca TeriooOMeHa ¢ ogy4eHueM 0000IaloNIMX 3aBUCUMOCTEH pacrpe/ie/ieHHs TeMITe-
paTypbl Ha TEIJIOOTHAIOMIEH MOBEPXHOCTH TEIUIOOOMEHHOTO aIllapara TPaHCIIOPTHBIX
CPEACTB, OMpEAETICHA CXOJUMOCTh PE3yJIbTATOB UCCICAOBAHUN MPU PacUeTe HA OCHOBAaHUU
TCOPETUICCKUX 3aBUCHMOCTEN U peUICHUA MaTeMaTHYeCKON MOACIIN.

1. INTRODUCTION
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Conducting applied scientific research for the optimization of the basic parameters of heat ex-
changers is urged by the requirements for energy saving in heating systems of vehicles.

The appearance of new technigques, namely a complex method of research, allows combining math-
ematic modeling with the visualization of thermal fields and obtaining the optimal parameters of heat
transfer elements of devices for given systems [1].

The aim of this research was to establish the optimal parameters of heat-exchange device and find
the correlation of design and technological elements in it. For this purpose, we conducted the present
study with the help of the complex method, which includes optimization of heat transfer parameters
based on multi- criteria and parameter mathematical models, and we carried out experimental research
using visualization techniques of thermal fields.

The main characteristics of heat exchangers, such as heat transfer, the heat exchange area, metal in-
tensity and the price depend on the size of the ribs, so the optimal height of the ribs determines largely
the perfection of the design [3].

2. PROBLEM STATEMENT

To find the minimum mass of the ribs of the heat-exchange apparatus at the maximum heat produc-
tivity we have developed mathematical model of multi-criteria parameter optimization of heat-giving
elements of the heat-exchange apparatus, which is solved by the method of nonlinear optimization [2,

5, 7] (Fig. 1).
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Fig. 1. The scheme of setting the mathematical model of the process of heat transfer on the ribs
Puc. 1. Cxema mocTaHOBKHM MaTeMaTHYECKOW MOJICIIU TpOIecca TeIIoo0MeHa Ha pedpe

Formulation of the mathematical model has been made for the outer surface of the rectangular pro-
file radial ribs (Fig. 2).

Given that the temperature on the ribs surface defines the heat output, and the height of the rib de-
fines the metal consumption of the heat-exchange apparatus, we have selected the optimality criterion
for the following mathematical model:

1) x - the temperature on the surface of the ribs (J1);
2) y - is the height of the ribs (J2).
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Fig. 2. Radial edge of a rectangular profile (rO - is the radius of the carrier pipes; r0’- is the radius of the pipe
with finning 80 - thickness of the ribs)

Puc. 2. PaguanbHoe pe6po npsMoyroiabHoro npoduiis (fo — paanyc Hecyluei Tpyosr; I — paanyc TpyObl ¢
opebpeHueM; oy — TOJIIKUHA pedpa)

We took the following parameters as unmanageable: the radius of the carrying pipe, the thickness
of ribs, the thermal conductivity of the ribs, the location of the beam in a heat exchanger, step ribs, the
number of ribs, the number of the Nusselt number for the air, the Reynolds number for the air, the co-
efficient of heat transfer from the wall to the air, etc. (x1 ... x21). We also tried to estimate influence of
these parameters on the heat exchange process.

The manageable parameters are ambient air temperature, and the temperature of the heat-carrier
(U1 ... U2). They have been selected as the most influential on the heat transfer process. There is a
heat exchange between the warm water and the environment, which depends on parameters of the
water and the air. The parameters that characterize these changes are within the permissible limits es-
tablished for the process.

The dependence of optimization criteria and process parameters can be represented in the following
form:

J, =3,(X,..%,,,U;,U,) > max,
J, =J3,(X;..Xy,U;,U,) > min.

Restrictions on the process parameters are within the following limits:
Ximin <x< Ximax,

Jimin SJi(Xi)SJimax

r=r; 9=9, r=r; z—? 8y, A =const.

The task of searching for the optimal height of the ribs is to find xe D in cases, when
J (X, %5,,U; ,U,) = max

3, (X, Xg,Up U, ) — min., ®3)

Thus, the problem can be formulated in the following way: it is necessary to find such manageable
parameters of the of heat exchanger element (the height of the ribs), which are optimal from the view-
point of chosen criteria within certain constraints.

The mathematical model is based on Bessel equation describing the distribution of temperature on
the outer surface of the ribs [6].

To make the mathematical model we have determined boundary conditions of the heat transfer pro-
cess in the work of heat exchangers vehicles, described in the dependencies (3).

The range of average monthly ambient air temperatures was set according to SNIP 2.04.05-91 for
the Ural region.

M)

)
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To create the most resource-efficient heat exchangers the article looks at the low temperature and
middle temperature heating systems of the buildings where the heat-carrier parameters were set from
+45 to +95 degrees. Under these parameters, the heat exchangers are the most metal consuming.

To identify the most critical conditions of heat exchanger on the surface of the ribs, we have stud-
ied the turbulent mode of movement of the heat-carrier, with ambient air temperature from -35 up to
10 degrees. We have analyzed the work of different fan brands in air heating systems of buildings. We
set the maximum speed of the air entering the heat exchanger - 7 kg/(m2 - degrees), which is typical
in selecting the data for heat exchangers. The problem solution is carried out with the help of the con-
jugate gradients method - iterative method for unconstrained optimization of the multidimensional
space, which is represented in the solution of a quadratic optimization problem for a finite number of
steps [4].

This method was implemented in the software complex Generalized Reduced Gradient (GRG2),
developed by the Leon Lasdon, University of Austin Texas and Allan Waren, Cleveland State Uni-
versity Prisma.

The mathematical model is designed for the following parameters of the process:
- the temperature at the bottom of the ribs from 45 to 95 degrees;

- the air temperature from -35 up to 10 degrees;

- radius of the pipe without fins adopted 0.03 m - const;

- radius of the pipe with ribs from 0.035 to 0.12 m;

- the thermal conductivity of the ribs from 25 to 40 W/(m - degrees) ;

- the thickness of the ribs adopted 0.002 m - const;

- coefficients for the calculation made on the basis of modified Bessel functions.

3. ANALYSIS OF THE OBTAINED RESULTS

When solving mathematical model we found a lot of optimal temperatures on the surface of the ribs
within limits of the process parameters. This allowed us to determine the optimal size of the rib de-
pending on the temperature of the ambient air.

We found the optimal range of the rib heights from 27 to 30 mm when the heat exchangers work at
below zero temperatures from -35 up to 10 degrees and the temperature of the heat-carrier is from 45
to 95 degrees, in such conditions optimum temperature on the surface of the ribs varies from 3.5 to 65
degrees. We established dependence of Nusselt number on Reynolds number when the rib height is
from 5 up to 90 mm and the optimum rib is from 27 to 30 mm (Fig. 3).

The drawn curves are described with the help of semi-empirical dependencies. So, we obtained the
following dependencies for a range of ribs from 5 up to 90 mm (formula 5), and a range of ribs from
27 to 30 mm (formula 4):

Nu = 41,396 - Re®% (4)
Nu = 44,349 . Re®%* (5)

To check the validity of the mathematical model and identify the experimental dependences of the
temperature distribution we have developed and installed an experimental stand (Fig. 4).

This stand [1] is certified by the Federal state institution «the Perm centre of standardization and
Metrology (certificate Ne 001 from 15.04.2009). It consists of aerodynamic installations and oil circuit,
its scheme is shown in Fig. 4. The design of the stand provides speed change of heat-transferring envi-
ronments movement, it also makes possible to measure the initial and final parameters (temperature,
pressure, flow rate) and to set the above-mentioned parameters. Stabilization of parameters is ensured
by managing the heat-generating capacity of the stand (caldrons), as well as by heat insulation of the
water and the aerodynamic contour. The stand equipment makes it possible to obtain data to determine
the heat performance. The alignment of velocity fields and temperatures is provided by the size of the
aerodynamic parts of the stand.
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Fig. 3. The dependence of Nusselt number on Reynolds number
Puc. 3. 3aBucumocts uncna HyccenbTa oT uncna PeliHonbaca
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Fig. 4. The basic scheme and the General view of the wind tunnel parts of the stand for investigation of heat-
releasing surface of the unit: 1 — the experimental model of the element of heat-exchange apparatus; 2 —
air line; 3 — detector «Terem-4»; 4 — controlling regulator «Miniterm 400.-21»; 5 — heat-meter «Logica
SPT 943.1»; 6 — enclosure; 7 — fan VC 14-46-5; 8 — fixing duct; 9 — insulation; 10 — grid with tempera
ture sensors; 11 — pressure receiver; 12— motor

Puc. 4. HpI/IHI.[I/IHI/IaJILHaSI cXeMa u 06H.[I/Iﬁ BUJ aSpO,Z[PIHaMPI‘-IeCKOﬁ 4YaCTu CTCHAA 1JIs UCCIICJOBAaHUsA
Termoomalomeﬁ TMOBEPXHOCTHU allraparta: 1- I/ICCJIeI[yeMHﬁ 3KCHCpHMeHTaJ’IBHHﬁ 06pa3eu JJICMCHTA
TEIUI00OMEHHOT0 ammapara; 2 — BO3IyXoBo; 3 — peructparop «Tepem-4»; 4 — KOHTpOJEP-PETyIATOP
«Munnrtepm 400.21%»; 5 — cuetunk termoBoit sHepruu «Jlornka CTI1943.1»; 6 — mutr ynpaBneHus; 7 —
Bentuistop Bl 14-46-5; 8 — kpenex Bo3ayxoBoaa; 9 — terousonsnus; 10 — cetka ¢
TEeMIepaTypHBIMU TaTYUKaMu; 11 — mpreMHUKH naBiIeHus; 12 — 3JeKTpoIBUTaTeNhb
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To measure the costs and temperatures we use instruments, general data and characteristics of
which are given below. All measuring devices are certified by the State register of measurements
means. The design of the test stand ensures the movement of the working environments (air, water),
the possibility of measuring the initial and final parameters (temperature, pressure and flow) of work-
ing environments and stabilization of these parameters when tested within the following limits:

- the air temperature from -35 up to +35 degrees (accuracy of retaining the received parameter is 0,5
degrees);

- the temperature of the water in the circuit - from 10 up to 100 C (With the accuracy of retaining 0,5
degrees );

- the air speed - from 0 to 10 m/s (accuracy of retaining the adopted parameter is 0.1 m/s);

- the water speed of - 0.5 m/s (the accuracy of retaining the received parameter £ 0.01 m/s).

Airflow is measured by the anemometer «Testo 450»; water - electromagnetic heat meter « Logica
STF-943». Air temperature is measured by thermocouples; «Terem-4» was used as a secondary de-
vice. A resistance thermometer connected to the heat-counter «Logica STF-943» measures the water
temperature. The temperature field on the surface of the rib is measured by the thermal imager «lrtis-
2000». This metrological equipment was checked at the time of the research and is regularly calibrat-
ed.

A distinctive feature of this stand is the presence of a thermal imaging camera, which allows the
FIC to fix the temperature field on the heat transfer surfaces of heat exchangers [2,4] (Fig. 5).
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Fig. 5. The basic scheme and the General appearance of the stand for the visualization of the temperature field on
the surface of the ribs: 1 — temperature detector; 2 — thermal imager; 3 — ventilator; 4 — the experimental
model of the element of heat-exchange apparatus; 5 — plate; 6 — air line; 7 — pump; 8 — electric boiler; 9 —
expansion tank; 10 — meter; 11 — the heat meter; 12 — thermocouple, 13 — pipeline; 14 — heat converter

Puc. 5. [lpuanmmnmansHas cxemMa u OOIIuil BU YaCTH CTEHIA [UIS BU3yaTH3allli TEMIICpaTypHBIX MOJiei Ha
MIOBEPXHOCTH pebpa: 1 — perucrparop TeMueparyp; 2 — TEINIOBU30p; 3 — BEHTWIATOP; 4 — ncciieayeMbli
3KCHepI/IMeHTaHI>HLIﬁ o6pa3eu 2JIEMEHTA TEIUI00OMEHHOIO arrapara, 5- IU1aCTUHA, 6-— BO3QYyX0BOI; 7-
Hacoc; 8 — aeKTpuUecKuii KoTel; 9 — pacumpurenbHbIid 6ak; 10 — pacxonomep;l1 — cueTumK TEIIOBOM
sHepruy; 12 — tepmonapa; 13 — Tpydonpoox; 14 — TepMudeckuii mpeoOpazoBareib
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e ? T T
Fig. 6. The experimental sample is an element of heat exchanger
Puc. 6. DxcriepruMeHTaIBHBII 00pa3el] — AJIEMEeHT TeIII000MEHHOTO anmapaTa

For research, we have designed and manufactured an experimental model of transferring element
with steel ribs (Fig. 6). The air temperature at the inlet of the heat exchanger changes due to natural
climatic factors of the region. Air speed is adjusted by the frequency converter installed on the fan mo-
tor.

The speed of water is regulated by frequency converters of electric pump motors; the temperature
of the water is regulated by the temperature setter connected to the electric boiler. We developed a cer-
tain scheme for examining the rib during the experiment.

We looked at the temperature field of the ribs on 230x230 axis with an interval of 1 mm. The stud-
ies were carried out at temperatures of ambient air from -35 from 10 degrees. In the course of the ex-
periment, we received more than 500 photos at ambient air temperatures during the year. Fig. 7 shows
one of the thermal imaging photos of the investigated surface fins.

Fig. 7. Thermal imaging photo of the heat exanger rib
Puc. 7. TeroBu3nonHoe GoTo pedpa TEII00OMEHHOTO ammnapaTa

We entered the temperature data in the specially developed mathematical mode of calculation. Fi-
nally, we constructed the graph showing dependence of temperature distribution on the rib surface
while operating the heating systems of vehicles.
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The data of the dependence allowed building a generalized function of temperature distribution on
the surface of the ribs at work throughout the year (Fig. 8):

y = 3E +06x* — 203759x + 3200,7,

R? =0,9987
where y is the heiaht of the ribs, m; x - the temperature on the surface of the ribs, degrees.

(6)
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Fig. 8. The graph of the dependence of the temperature distribution on the ribs surface at work during the heating
season

Puc. 8. I'paduk 3aBUCMMOCTH pacripenielieHuss TeMIepaTyp Ha HOBEPXHOCTH pedpa rpu paboTe B TCUCHUU
OTOIIUTECIBHOI'O I'oaa

We got the results of temperature field visualization on the ribs surface and compared the actual
temperatures with the theoretically calculated temperatures based on the dependencies (2-4).

We have compared the results of the solution of a mathematical model with Bessel dependencies,
as a result we managed to confirm theoretical dependences describing the temperature distribution on
the ribs surface.

When constructing the regression curves using the method of least squares (OLS) we obtained
the following dependencies (7, 8):
- based on the theoretical dependencies:

_ y =60,704 - 7% R2 =0,9985 ()
- based on the mathematical model:

y = 7436x* —1208,1x + 50,029, R* = 0,9987 8

where: R? is the coefficient of determination for the regression curves; y - the temperature on the
surface of the ribs, degrees; the x - height of the ribs, m
The calculations we conducted according to the mathematical model allowed us to develop optimal
size of the fins with regard to the influence of natural-climatic conditions of the region and the tech-
nical parameters of the heating systems vehicles. Given ribbed surface is of a round form and certain
size. To ensure full carrying capacity a beam of finned tubes can be installed. The optimum rib has an
idealized round shape.
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The dependences of temperature distribution that we received from the thermal imaging survey
prove the convergence of theoretical and experimental results of the distribution of temperature and
allow constructing optimal profiles of the ribs.

Using complex method for optimization of the elements of heat-exchange devices of heating sys-
tems of vehicles allowed us to find the optimal range of rib heights, which reduced metal consumption
in the optimization of heat engineering characteristics.

4. CONCLUSION

Studies of the heat exchange process on the finned surfaces of heat exchangers in heating systems
of vehicles enable us to draw the following conclusions:

1. We have designed the mathematical model of heat exchange process with the solution of the multi-
criterion optimization problem and verification of its adequacy to the experimental stand using vis-
ualization of thermal fields.

2. We have been able to find the optimal range of manageable parameters influencing the process of
heat exchange using the ribs of the minimum metal capacity and maximum productivity.

3. We have defined regularities of the heat transfer process and obtained generalized dependences of
the temperature distribution on the heat-releasing surface of heat-exchange apparatus in heating
systems of vehicles during the heating season.

4. We have discovered convergence of research findings in the calculation based on theoretical de-
pendences and the solution of mathematical model.
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