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NUMERICAL DETERMINATION OF THE
GAS-SIDE AVERAGE HEAT TRANSFER
COEFFICIENTS IN THE FIN-AND-TUBE HEAT
EXCHANGER

Abstract: This paper presents the numerical method for #terghination of the
average heat transfer coefficient in fin-and-tubatfexchanger. The air side Nus-
selt number formulas are determined via the CFD lIsitimn based method. The
path of the gas flow across the inter-tubular spedbis heat exchanger is com-
plex, therefore the CFD simulations are used tordeéte the velocity distribu-
tions and the temperature field of air. The resaftshe numerical computations
are compared with the Nusselt number formula basethe experimental data,
which were obtained during the test of the caratmli Good agreement between
the numerical results and the results based oméasurements is achieved.

Keywords: heat transfer coefficient, fin-and-tube heat exgean CFD simula-
tions, oval tubes.

1. Introduction

Plate fin-and-tube heat exchangers are widely usé@ttustrial plants and
installations, as air-coolers, convectors for hdreating and waste heat recov-
ery for gas turbines, due to their large therméitiehcy. Such efficiency is
achieved by the extended heat exchange surfacestingsof the plate fins,
which are assembled on the oval tubes of a hedtaeger. These heat ex-
changers operate in the cross-flow arrangementk, liguid (e.g. water or oil)
flowing through the tubular space of the heat ergkea and gas (e.g. air, flue
gas) flowing across the inter-tubular space ofttbat exchanger. The large heat
transfer area of the fins increases the heat wamafe of gas flow. Moreover,
the application of the oval tubes reduces presdgume and improves heat trans-
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fer conditions by increasing the contact area betwbe gas and the tube sur-
face, when compared with the circular tubes [1-4].

The performance of the fin-and-tube heat exchangedstheir components
has been widely studied in the literature [5-1%}eTissues undertaken during
the design procedure for these devices are: thaesfty analysis of heat trans-
fer process, the determination of the average tnaasfer coefficients for the
fluids flowing in the tubular and the inter-tubulgpaces of the heat exchangers,
the analysis of flow distribution inside the tulbudand inter-tubular space of the
heat exchanger, the determination of the thermatlacd resistance between the
fin and the tube and the structural analysis afefgevices.

In order to determine the overall heat transfefffadent, it is hecessary to
determine the average values of the heat transifficient for the fluids, be-
tween which the heat transfer occurs. It is diffido predict properly these
values, especially for the gas flow through thertibular space of the heat
exchanger, because the flow regime at the inl¢ihdcheat exchanger is turbu-
lent and changes to the laminar one at the inléthéonarrow passage, formed
between the fins. Moreover, the large vortex zasir below the oval profile,
when the gas flows in the perpendicular directiorthe tubes, what must be
considered during the computations.

This paper presents both the experimental and ncahenethods for the de-
termination of the average heat transfer coeffisid¢or air flow across the nar-
row passage formed between the plate fins of arfihtube heat exchanger.
The experimental tests are performed on the auteenoar radiator, where the
cold air flows through the inter-tubular space bé theat exchanger and is
heated by water flowing inside the oval tubes welte the sieve plate of the
heat exchanger.

2. Tested fin-and-tube heat exchanger

The determination of the formulas for the heat dfancoefficient of gas-
side is performed for the narrow flow passage Egel) formed between two
consecutive fins, with fin spacing= 1 mm and fin thicknes& = 0.08 mm.
These fins are fixed to the oval tubes of the adrator, presented in Fig 2. The
tube and fin are made of aluminuiq £ k; = 207 W/(m K)). The pitches of the
tube arrangement in the perpendicular and londittidections arg;=18.5 mm
andp,=17 mm, respectively. The minor and major axeshefdval section are
Omin = 6.35 mm andl,,x= 11.82 mm, and the tube wall thickness is equal
0.4 mm. The heat transfer coefficient for watemflis denoted a;,, and the
bulk temperature of water flowing inside the tuge.,,.

Water, which is cooled down by the air flowing ihet perpendicular
direction to two rows of the oval tubes, flows aesithe tubular space of the
heat exchanger, which consists of: the inlet headar rows of the tubes, the
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intermediate header and the ouheader, is subdivided into two passes.
inlet, the intermediate and the outlet temperatofesater are denoted T,
T'wand T, respectively. The air, with inlet velociwy, is heated whe
flowing through the intetubular space of the heat alvanger. The inle
intermediate and outlet temperatures of the air T, T", and T ,,
respectively.The car radiator consists of 38 tubes arrangewanpasses. TF
upper pass contains two rows of 10 tubes eachlantbiver one contains tv
rows of 9 tubes each. The radiator is 520 mm wide, 359 mgh and 34 mr
thick.
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Fig. 1. Scheme of the narrow air flow passage aca  Fig. 2. Flow scheme of a t-pass two-
car radiator row car radiator: 1 eutlet header, —

intermediate header, 3inlet header, —
oval tube (first row), 5 -eval tube
(second row), 6 plate fin.

3. CFD simulation basecmethod for determination of air-side
heat transfer coefficient

The heat transfer formulas for the air flow in theerow passage, form
betweentwo consecutive fins (s Fig.1) can be determined using the C
simulations [16,1] The CFD commercial code ANSYS CFX release 16]
enables the numerical solution of the differentielss, momentum and ene!
transport equations to obtain the fields of depandariables in the fluid (ai
and solid domains (tube, fin). In the fluid domahme equations to be solved .
the continity, Naviel-Stokes and energy transport equations. Althougt
Reynolds number (the definition of which is givensiection 4) is low (appro
between 150 400), the resulting flow structure with vorticesthre wakes o
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the tubes imply that the flow m have a turbulent, or transitional character.
coping best with this circumstances, the SST temceé model with th
transitional Gammd&heta turbulence formulation [L8is applied. Thus
Reynoldsaveraged governing equations are solved, whichckmed by the
aforementioned turbulence model. In the solid domtie single differentie
equation to be solved is the energy equation, dbsgrthe conduction he
transfer. For the solid regions, the material prope are assumed to
temperature indendent. However, the temperature dependence ofaitt
properties is taken into account. Tabulated tentperadependence of dens
p, viscosity 4 and the isobaric heat capacc, was incorporated via the CE
(CFX expression language). The differengoverning equations are discreti:
by finite element based finite volume method. Themmeantum and continuit
equations are solved in a coupled manner. -located grid definition is use
applying the Rhi€&how interpolation scheme for pressure. The ective
terms are discretized by the-called “high resolution” schemel6]. The
numerical model and boundary conditions, appliedh® computations, a
presented in Fig. 3.

Three heat transfer domains ae-
fined: the fluid domain, a~ 1and solid
domains: fin =2 and tube— 3. The inlet
boundary condition, with the givenI-
ues of air velocityvyg = 1 m/s — 2.5 m/s
and temperaturd’, =14.98 °C is de-
noted as I. At the defined outlet of 1
domain (Figure 3, symbol Il), a revel
flow may occur since the we behind
the tube can even reach the fin edg
the air outlet.For being able to cog
with this situation and to prescribe t
values of pressure and temperature
the recirculating flow, the «-called Fig. 3. The discrete model of flow acros
“opening” boundary of ANSYS CFX i single narrow passage betwetm fins: 1-
applied. For tts type of boundary n- fluid QOmain (air), 2 -solid domain (fin.)1
dition the initial value of the area ar- I__s?::?efcl’lmf"gp(éﬂ?fg)j ﬁf"i‘gﬁ%c‘imdgf
aged static pressure and mass aver face, Iv — symmetry.
static temperature in the next iterat
are equal to the corresponding values from theiqusviteration. It leads to
converged and physically reasble solution even in the case of recirculatio
the outlet boundary. This approach ensures obtaioimrect results. The n-
vective surface boundary conditi— Il is applied to the inner surface of 1
tube wall to model the convective heat sfer fom water. During the CFl
computations, the heat transfer correlations fosigie are determined, thus
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water flow the values of the heat transfer coedfith;, = 4795 W/(rﬁ K) and
bulk temperaturers = 65 °C andr. = 30 °C, are held constant. Only the inlet
velocity of the airwg is varying during the consecutive computationadesa
The symmetry boundary condition is applied at limcatV.

The results of the CFD simulation are presente®ign 4. The discrete
model used in the CFD simulation, is refined in lear wall regions in order to
improve the prediction of the heat flux at the dksiolid interface. The further
refinement of the discrete model presented in Fidoes not change the values
of temperature and velocity, and heat flux by mben 0.01%.

Fig. 4a presents velocity distribution of the dowing through a narrow
passage formed between two consecutive fins. Tagnation zones occur
beneath the tube in the first row and beneathube in the second one. These
zones expand with the increase of inlet velocityhaf airw, (compare Fig. 4,
W = 1 m/s andvp = 2.5 m/s), reducing significantly the heat transibility.

The distributions of: the air temperature (evaldattthe middle of the flow
passage) and the fin and tube temperature arenpeesim Fig. 4b and Fig. 4c
respectively. In Fig. 4c, one can observe thatrétte of temperature changes
along the flow direction is larger for the tubeile first row than the tube in the
second one. This occurs due to the presence atdlgaation zones beneath and
above the second row of tubes, that reduce theflo@eadcross the outer surface
of the tube wall.

The average heat transfer coefficients were deterthi based on the
following relationship:

havg,CFD =Q/ ( At(-T—waII -L ))1 (1)
where the heat transfer rate, referenced to aespigth, is defined as:

Q= m( B,outet_ iO,inIet)v (2)
where m denotes the mass flow rate of the &jfuer @andipjner are the static
enthalpy of the air at the outlet and inlet of tharrow flow passage,
respectively. The total heat transfer area is @efias:

A=A +A, (3)

where A; is the surface area of the fin aAd is the area of a tube external
surface. The area averaged wall temperature i diye

fwall = (1/ At) J. Twall dA (4)
A
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The bulk temperatureof ailT., can be calculated based on the inlet
outlet air temperatur@ssumed as the arithmetic mean temperature:

T.=T,=05T+T). (5)
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Fig. 4. The results of the test CFD simulation: ia)valocity distribution, b) air temperaturea-
luated in the middle of flow passage, c) wall terapee (tube and fin) obtained for differe
values of air inlet velocitwy. The bulk temperature of water,= 65°C.
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The values of the average heat transfer coeffigibgt,ceo are listed in
Table 1. The computations were carried out fomtiean water temperatures
= 65 °C (case no 1-9) and = 30 °C (case no 10-18) to demonstrate that the
influence of the tube wall temperature on the deiteed air side heat transfer
coefficients is insignificant. The maximum relatid#ference between the heat
transfer coefficients for. = 30 °C andr. = 65 °C does not exceed 2.9 %.

Table 1. The values of the heat transfer @treferenced to a single pitch, the area averagedd wal
temperatureg,,, , the bulk temperature of the &jr dred dverage heat transfer coefficient

h for the air flow, obtained for the performed cortgiional cases.

avg, CFD

Caseno.| wom/s QW Toar - °C | T,=T,,°C | haygcrp. WINPK)
1 1 0.8609 59.049 37.014 39.385
2 1.2 1.0089 58.059 36.521 47.121
3 14 1.1445 57.152 36.066 54.155
4 1.6 1.2678 56.321 35.651 60.347
5 1.8 1.3804 55.569 35.275 65.849
6 2 1.4806 54.865 34.922 70.589
7 22 1575 54.247 34.614 74.774
8 2.4 1.6608 53.672 34.326 78.506
9 25 1.7007 53.403 34.191 80.204
10 1 0.2570 28.228 21.604 38.913
11 1.2 0.3010 27.938 21.459 46.399
12 14 0.3405 27.661 21.321 53.069
13 1.6 0.3765 27.416 21.198 58.935
14 1.8 0.4091 27.186 21.083 64.106
15 2 0.4392 26.989 20.985 68.628
16 2.2 0.4662 26.798 20.889 72.563
17 2.4 0.4913 26.625 20.803 76.083
18 25 0.5039 26.551 20.765 77.804
The values oh, crpobtained whenrt,, = 30 °C (case no 1-9) and = 65

°C (case no 10-18) do not differ significantly tbe same velocity of the air
flow. In order to assess if the presented methodHe determination of the
average heat transfer coefficient is correct, thfgpmance tests of the heat
exchanger, presented in Fig. 2 are carried outedas them the correlations
for the air side Nusselt number Nare obtained.

4. Comparison of the Nusselt number correlations dermined
experimentally and via the CFD simulations

The experimental-numerical method for determinimg taverage heat
transfer coefficient for the air flod, was described in details in refferences [7,
10]. Moreover, in reference [10], the detailed b§tmeasurement points, used
in this work, is given. The experimental-numericaéthod is based on the
performance tests of a car radiator (e 1 and Fig. 2) and allows to obtain
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the correlations for the Nusselt number for theaail water flows, based on the
mathermatical model of fin-and-tube heat exchandmreloped in [5]. The
following parameters of the cross-flow heat exclergre measured: the inlet
and outlet air temperaturesl=,, T ,; the inlet and outlet water temperatures -
Tw T w, the volumetric mass flow rate of waté] and the inlet velocity of
the airw,. During the measurements the following range¥ @f 7" 4, V,,, T'ws

T w andwg are examinedT’, = 12.5 °C — 15 °CT"" , = 38.51 °C — 57.66 °C,
V,, = 865.8 dnYh — 2186.40 drith, T’,, = 61.0 °C — 71.08 °Q;” ,, = 49.58 °C —
63.83°Cwy=1m/s —2.2 m/s.

The Nusselt number correlations for the air flovetedmined upon the
experimental-numerical method, are listed in TahleThese correlations are
paired with the heat transfer formulas for watewfl presented in literature [19-
21], which were used in the mathematical model i fin-and-tube heat

exchanger [11] to determine the outlet temperatfiveaterT,,.

Table 2.Nusselt number formulas for the air flow MNabtained from the measurements.

No. Correlation - experiment [I)E;’gnr;zttee?s
Nu, = x, Re? Pt® (experiment) Snin=0.6678 R
o5 §=0.1102 K
1 (¢/8)(Re,- 1000 Ry d, % = 0.11120.0024
N 14127 (GEILASS! o L 9] X, = 0.646&0.0045
Nu, = x, Re2 PE® (experiment) ¢
Sin = 1.2799
) Ny =_(€78)(Re,-1009 Ry | (d " 5= 0.1540 K
" ok+12zf(9(Per- 0 L x; = 0.1302:0.00418
900 063 X, = 0.610%0.0559
k, =LOT+p = op ) [20]
&, X
Nu, = x, Re2 PE® (experiment) Snin= 1.4034 R
3 (€19) o3 & =0.1569 K
8)Re, Py, d % = 0.1212:0.0398
NU = ey 3 (P- i“[:‘j } [21] % = 0.62580.0595

The air-side Nusselt number formulas obtained basethe values of the
average heat transfer coefficienis .., (see Table ¥),garen in Table 3.

These correlations involves the criteria numbeinitésn (Nu,, Re, Pr, and
Nuy, Rey, and Py;) given in [10].
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Table 3. Nusselt number formulas for the air flow, obtained from the CFD simulations ba:
on the mean arithmetic temperatures of the T, =65°C and T, =30°C .

No. Correlation — CFD simulations Estimated
parameters
1 Nu, (T, = 65°C)= x, R&¢ P’ %, = 0.06740.0062:
150 < Re< 400, Py=0.7 X, = 0.71520.0612
2 Nu, (T, =30°C)= x, R& p’f’ X, = 0.06230.0057-

Due to the slight differences in the computed heansfer coefficient
(Table 1), also the heat transfer correlations shown inld @bdiffer slightly
from each other (Ficba).The estimated parametegsandx, were determine
using a Curve Fitting toolbox of the MATLAB R2018fsvare [22] using the
least square method.

The Nusselt number correlations obtained for theflawv using the CFL
simulations (see Table 4) are compared with theégxgntal correlatics listed
in Table 3. In Fig.5a, one can observe, that the correlations for theshli
number for the air flow, based on the CFD simutaijopredicts slightly lowe
values than the one obtained via the measuremEmsmaximum percentag
differences carbe observed for F, = 150, where the values of the Nus
number, obtained using the CFD simulations are fi@ % to 13.7% lowe
than the ones obtained from the measurementshEdatgest value of I, (Re,
= 400) these differences are smaller: 1 0.5 % to 8.4 %.
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Fig. 5. The values of the Nusselt number of théNa, - a) obtained for the Reynolds numb
Re, = 150 400 and the Prandtl number, = 0.7, using the correlations listed in Table 2pe-
rimental correlations €or. 1—- Cor. 3) andn Table 3 (correlations based on CFD simulat—
Cor. CFD 1, Cor. CFD 2); The values of the Nussethlper of water N,, - b) obtained for th:
Reynolds numbers Re= 4000—- 12000 and the Prandtl numbey, Br2.75 using the correlatiol
given in Table 2.
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The values of the Prandtl numbers for the air aatew P =0.7 and Py =
2.75 are typical for air temperatures, from 10 &C40 °C and for water
temperaturet, = 65 °C. Comparing Fig. 5a and Fig.oBk can observe that
the experimental correlation 1 (see Table 3) ptedice largest values of the
Nusselt number for the air flow if Re 150 and for water flow if Re> 10364.
Experimental correlation 2 predicts the lowest ealof the Nusselt number for
the air flow if Rg > 150 and for water flow if Re> 4000. Experimental
correlation 3 predicts slightly larger values of ,NluRe, > 150 and the largest
values of Ny if Re, < 10364.

During the CFD simulations the idealistic heat $fen conditions were
assumed: the constant inlet velocity and the pedewtact between the fin and
the outer surface of tube wall. In a real device lon uniform distribution of
air flow at the inflow to the narrow passage fornbedween the fins as well as
the thermal contact resistance between the fin tabeé [11] can strongly
influence the heat and momentum transfer procesaethermore, the non
uniform distribution of water flow to the tubeslugat exchanger exists for these
devices [14, 15].The above mentioned circumstaegpsain why the Nusselt
number correlations obtained using CFD simmulatidiffer slightly from the
experimental.

5. Conclusions

The paper presents the determination of the aveaaggde heat transfer
coefficient for a fin-and-tube heat exchanger, dase the CFD simulations.
The determined correlations for the Nusselt numdrer compared with the
experimental results. The CFD simulations wereiearout using the SST
(Shear Stress Transport) turbulence model withGhenma-Theta transitional
turbulence formulation, proposed by Lengthry andndde The computations
assume that the bulk temperature of air is equathto mean arithmetic
temperature of the inlet and outlet air temperature

The studied range of Reynolds number is; R€50-400 and the Prandtl
number Pyis equal 0.7. Comparing the air-side Nusselt numbletermined
based on CFD simulations and by the experiment, ltngest obtained
differences are up to 13.7 %. For the analysed gdhaange of Rethe CFD
based method predicts lower values of the Nussatnber than these
determined experimentally. This situation can bdluégnced by flow
maldistributions of the fluids (air, and water)t@sted heat exchanger as well as
the existence of thermal contact resistance betweefin and the tube, which
strongly reduces the heat transfer rate.
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NUMERYCZNE WYZNACZANIE SREDNICH WSPOLCZYNNIKOW
WYMIANY CIEPLA W WYMIENNIKU ~ ZEBROWO-RUROWYM

Streszczenie

Artykut prezentuje metagnumeryczn okreslania sredniego wspoétczynnika wymiany cie-
pta. Formuty do obliczania liczby Nusselta c#omo za pomoca metody opartej na symulacji
CFD. Trajektoria wyptywu gazu w poprzek westnznej przestrzeni rurowej wymiennika ciepta
jest zlaona, dlatego wykorzystano symulacje CFD do ékrea rozktadow pdkosci i pola
temperatury powietrza. Wyniki oblicaenumerycznych poréwnano z formubkreslajaca liczbe
Nusselta na podstawie danych eksperymentalnychie lkdizymano podczas badahtodnicy
samochodowej. Ogjnicto wysoka zgodn& pomidzy wynikami numerycznymi oraz ekspery-
mentalnymi.

Stowa kluczowe:wspotczynnik przejmowania cieptzgbrowo-rurowy wymiennik
ciepta, symulacje CFD, rury owalne
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