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Abstract

Plate fin-and-tube heat exchangers are made bytiing oval tubes through sheet metal strips wimped holes
and then expanding the tubes slightly to causespresat the tube-to-strip contacts. The gap betwezfin base
and the outer tube surface may be filled with aicarrosion products causing a decline in the @hilf plate fins
to transfer heat. The contact resistance mustbeuated for in the design and performance calicuiatof heat
exchangers. In this paper, the thermal contacsteesie of the fin-to-tube attachment is estimatedhfthe

condition that the dimensionless correlations ffier Colburn j-factors obtained from two differentthus are in
good agreement. The first method is based on therewrental data, while the second one on the CRidlsition

of the flow and heat transfer in the heat exchanger
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1. Introduction

Externally finned tubes, or plate-and-tube elemeats used in economizers of steam power boilers,
air-conditioning heat exchangers, convectors famédeating, induced-draft cooling towers, and whstt
recovery systems for gas turbinPsate-and-tube extended surfaces are also useusasdhy in air-fin coolers, in
which a hot fluid flows within the tubes, and atmpbsric air, serving as the cooling fluid, is cirigd over the fins
by fans. The plate fin-and-tube heat exchangersma@e by inserting the oval tubes through sheealnsériips
with stamped holes and then expanding the tubgistislito cause pressure at the tube-to-strip cesitéche tubes
are only expanded into the plates to produce “tarfierence fit” some contact resistance must bewated for. In
the design of plate fin-and-tube heat exchangenstact resistance has been included in air-sidstagse as a
consequence of the data reduction methods usedth&€hmal contact resistance between fins and thhesot
been studied deeply owing to the complexity of heansfer through rough metallic interfaces. Thataot
resistance in a fin-and-tube heat exchanger has d¢tedied by Dart [1]. In his method, hot watemff through
one tube row and cold water through an adjacemt toty. The estimated thermal contact resistanceompared
to that in soldered fins. The Dart method was egfiby Sheffield et. al.[2]. Convective heat diasipn on the fin
surface and convective heat transfer between robtcatd tubes were eliminated by testing plate fchheat
exchangers in a vacuum chamber. The heat is traedfeadially from the hot water tubes to the oshter tubes
only by conduction through the fins. Two-dimensicleanperature distribution in the fin was deterndinising an
electrically conducting paper model of the fin. $amntechniques were used by Jeong at al.[3,4]oAtke
investigated fin-and-tube heat exchanger was platexh insulated vacuum chamber, thereby improvirey
accuracy of the numerical procedure for determbmadif the thermal contact resistance. On the dihad, heat
transfer conditions on the fin surface and in thp lgetween fin and tube in vacuum differ from thiossctual heat
exchangers. In this study, a new experimental-nigaletechnique is developed for the estimatiorhef thermal
contact resistance of plate finned tubes. Theidérlseat transfer coefficient is determined from ¢bndition that
the air temperature differences across the heatamger obtained from the CFD simulation and from th
analytical model of the heat exchanger are equakeB on the calculated heat transfer coefficiethts,
dimensionless correlations for the Colburn j-fa@era function of the Reynolds number and the takoontact
resistance are found. The thermal contact resistahthe fin-to-tube attachment is estimated from¢ondition
that the dimensionless correlations for the Collpdattors obtained from the first and second métaie in good
agreement.

2. Thermal design of fin-and-tube heat exchanger
The basic equation for the total rate of heat fien® in a cross-flow tube heat exchanger is

Q=FAUAT, (1)
where F is the correction factor based on logarithmic mésmperature differencaT,, for a counterflow
arrangement and, is the total external surface area of the tubékawi fins (Fig. 1) on which the overall heat



transfer coefficient, is based.
The overall heat transfer coefficient referredhie surface ares, is given by
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whereR. is the contact thermal resistance between theafidstube, which is calculated from
2
R __2A 9 3)
A+ Ak
The symbols); andk; denote the thickness and thermal conductivityhef tube, respectively arfg, the heat
transfer coefficient on the tube inner surface. &geivalent, enhanced air-side heat transfer aefii h, based
on the outer surface ar@gof the plain tube is defined as:
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Figure 1: Nomenclature for the analysis of theromaitact resistance between the tube and fin; {egtal fin
extruded from tube (muff-type attachment), (b) lotled attachment

where A; is the external area of the fing, is the external surface of the tube between firksgnis the fin
efficiency [5-8]. Equation (4) is valid for variodim-to-tube attachments: tension-wound, L-footax integral
fin extruded from tube. The air-side heat transfeefficienth, is calculated from experimental correlations for
finned or plate-finned tube arrangements. Thisfadeht can be also calculated from correlationsdohon the
CFD simulation of the flow and heat transfer in theat exchanger. The procedure for determiningraaco
thermal resistanci; (Eq. (3)) is presented in the following.

3. Characteristics of the tested heat exchanger

The tested automotive radiator is used for codligspark ignition engine with cubic capacity &80 cni. The
cooling liquid warmed up by the engine is subsetiyeooled down by air in the radiator. The radiatonsists of
38 tubes of an oval cross-section, 20 of them &mtat the upper pass and 10 tubes per row (Fidn 2he lower
pass, there are 18 tubes with 9 tubes per rowrddiator is 520 mm wide, 359 mm high and 34 mmkthithe
outer diameters of the oval tubes dgg = 6.35 mm and,,.x= 11.82 mm. The thickness of the tube walkis 0.4
mm. The total number of plate fins equals 520. dingensions of the single tube plate are as folldarggth - 359
mm, height - 34 mm and thicknesg = 0.08 mm. The plate fins and the tubes are madkriminum. The path of
the coolant flow is U-shaped. The two rows of tubeghe first (upper) pass are fed simultaneoustynf one
header. The water streams from the first and seommcire mixed in the intermediate header. Follgptimat, the
water is uniformly distributed between the tubeghef first and second row in the second (lowers&sy. 3).
The inlet, intermediate and outlet headers are magtastic. The pitches of the tube arrangememaarfollows:
perpendicular to the air flow directiom=18.5 mm and longitudinghb=17 mm. A smooth plate fin is divided into
equivalent rectangular fins. The efficiency of flrewas calculated by means of the Finite Volumettvde. The
hydraulic diameter of an oval tube is calculateithgishe formulad, = 4 A, /P;, whereA,, is the area of the tube
cross section an, is the inside tube perimeter.
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Figure 2: Diagram of two-row cross-flowrigure 3: Flow diagram of two row cross-flow heat

heat exchanger (automotive radiator) wigéxchanger (automotive radiator) with two passes; 1

two passes; front view (a) and horizontal first tube row in upper pass—&econd tube row

section of the upper pass (b), — water in upper pass, 3 — first tube row in lower pass, 4
temperatureT, — air temperature second tube row in lower pass

4. Prediction of correlations for the air-side Collurn j-factor

A new experimental-numerical technique, based andifferent methods for determining air-side heahsfer
coefficienth, , is developed for the estimation of the thermaidtaot resistance between the tube and fins. Two
methods for determining the correlations for Cotbjsfactor are presented. The first experimental-nicaér
method requires the experimental data. The sespased on the CFD simulation of flow and heatsterin the
heat exchanger.

4.1. Experimental-numerical method
The heat transfer coefficieh, on the water-side is known, while the heat transéefficient on the air-side, is

to be found. The following parameters are knownmfrihe measurements: liquid volumetric flow rate, air
velocity wy, inlet liquid temperatur8,,, inlet air temperaturg,, outlet liquid temperatur® ,,. The construction of

the heat exchanger and the materials of whichritade are also known. The average heat transéfficient h;,
on the inner surface of the tube was calculatedgusie Gnielinski correlation [10] for turbulenb¥

o, = 5/8( qu—li/l.z()OO) Py 1+[ﬂj2/3 o
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whereNu, = hj,di/k, , Re, = Wy, 0 /v, and Pr,, = 14 Cow/ Ky are the water-side Nusselt, Reynolds and Prandtl
numbers, respectively, aifdis the friction factor given by
1 1
§= = (6)
(1.82logRg- 1.64) (0.79InRe 1.62
The value of the air-side heat transfer coefficieht is determined from the condition that the caladatvater

outlet temperatur&” ,,i(h%,). must be equal to the measured temperdtysg wherei=1,...n denotes the data set
number. The following non-linear algebraic equatias to be solved for each data set to deterhfine

foi =T (P21 )=0, i=1..n 7

wheren denotes the number of data sets. In order to ledécthe water outlet temperatdré,,; as a function of the
heat transfer coefficieft, ;, the analytical mathematical model of the heaharger developed in [11] was used.
The heat transfer coefficient on the air-shfg; was determined by searching the preset intervahab the
measured outlet temperature of the wdtgr; and the computed outlet temperatiitg,; are equal. The outlet
water temperatur@” ,j(h%,) is calculated at every searching step. Next, exifip form was adopted for the
correlation formula for the Colburn factfej,(Re) on the air-side, containingn unknown coefficients. The
coefficientsxy, %,...,Xmn, M< n are determined using the least squares methodtfrermondition
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where

j. =Nu,/(Re, PC"®) (9)
denotes the Colburn factor aRd, = (4, Gya/ ka is the Prandtl number. The dimensionless quastitig = h,d,/ ky
andRe, = W th /1, Stand for the air-side Nusselt and Reynolds numlvespectively. The velocityais the air
velocity in the narrowest free flow cross-sectidg,. The symboif®,; denotes the experimentally determined
value of the factor, angd; the calculated factor value which results fromddepted approximating function for
the set value of the Reynolds numBeg;. The Colburn factoj,was approximated by the power-law function

j. =X, Rey (10)
The unknown coefficients; andx, are determined by the Levenberg-Marquardt metSeté¢r and Wild, 1989)
using the Table-Curve program [13]. Combining Eopret (9) and (10), one obtains

Nu,=x Re') pg/? (11)
All the air properties that appear in the dimenk&es numbers are evaluated at the average temgetaiten from
the inlet temperatureé ., and outlet air temperatufe 5,

4.2. Determination of the Colbuj#factor on the air-side based on the CFD simulation
In order to determine the heat transfer coeffidgemtd then Colbumafactors, the air temperature differences must
be calculated first using the CFD simulation ofifland heat transfer on the air side.

4.2.1 Numerical simulation

In order to determine the 3D flow and heat transfeéhe air and heat conduction through the fing @ibes, the
problem will be studied numerically. In this papthie air and heat flow in the tested two-row auttweoradiator
was simulated numerically by using the CFD progFRUWENT [14].

The three-dimensional (3D) flow is treated as tight) since the air-side Reynolds humBeg, before the heat
exchanger is greater than 10000. Owing to the cicateld construction of the radiator, the numerstatly of the
whole radiator is very difficult to perform (Fig).3rherefore, due to the symmetry, the 3D flow tigio the single
narrow passage between the fins was simulatedtérhperature distribution in the adjacent plate &ind tube
walls was also calculated. In this way, the effeichon-uniform heat transfer coefficient on theduland fin
surfaces is taken into account, as well as thetkdfiethe tube-to-tube heat conduction througHfitieon the heat
transferred from the water to the air. Fig. 4 shttvesmeasurement data set No.7 from Table 1 takéimeainput
data. The thermal contact resistance between beednd fins was modelled by inserting a thin layfematerial
with known thickness of 0.01 mm (Fig. 5).Thermahductivity of the layer was varied to adjust ti@dtion
j(Re,) obtained from the CFD simulation to the functj{iRe;) based on experiments.

The computations were conducted for the 10 data $&e uniform frontal velocitw, and uniform temperature
T, in front of the radiator were assumed. The boundandition of the third kind (convection surfaandition)
is specified at the inside surfa§g of the oval tubes (Fig. 4)
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Figure 4. Single narrow passage between theifimslated using CFD code — repeatable segmenhefwio-row
plate fin and tube heat exchanger configuratioa;dimensions are given in millimeters



& (@n/on), =h(Ts-T) (12)

The symboh denotes normal direction to the inside tube serfatie water-side heat transfer coefficieptvas
calculated from Equation (5). The inlet temperatfrithe wateiT,, was taken as the bulk water temperatures at the
first and second row of tubes. whégés the tube’s thermal conductivity, andT,, are the temperatures of the tube
and water, respectively.
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Figure 5: Longitudinal section of the fin-to-tubsaahment - thin layer with thickness of 0.01 mnd &nown
thermal conductivity simulates the thermal contaesistance between the tube and fin

The flow passage between the fins is divided inenty layers of finite volumes, while only two lageconstitute
half of the thickness of the fin. Only the quaréthe passage shown in Fig.4 was simulated. Thehroéfinite
volumes with 578 864 nodes is shown in Fig.6.

Figure 6: Mesh of finite control volumes

The simulation reveals high values of the heat faxhe fin's leading edge due to the developimdlaiv. Near
the fin surface, the temperature of the air inaeas the flow direction and causes a correspondgction in
the heat flux. Stagnation flow on the front of thbe in the first row produces high heat transtarrthe base of
the fin and at the frontal part of the tube circarehice. Behind the tubes, low-velocity wake regiexist. In the
downstream regions of the tubes, low air velociied very low heat fluxes can be observed in tisedind second
row. Relatively low heat fluxes are encounteredhanportions of the fin that lie downstream of thi@imum flow
cross sections. The heat transfer rates are efipémiain the recirculation regions behind the éisbIn the regions
with small air velocities, the air temperatureslarge. The larger part of the total heat transdés is transferred in
the first tube row. The key to heat transfer enbament on the fin associated with the first tube r®w major
contribution of the developing flow region, whilleet portion of the fin adjacent to the second tube has no
developing flow contribution and only a weak vortmatribution.

4.2.2 Determination of the Colburn j-factor

The second method is based on the CFD simulatifinidfflow and heat transfer in the heat exchangéhough
the temperature and heat flux distributions onttitse and fin surfaces are known from this simurgttbe local
and average heat transfer coefficients are difficulietermine because it is unclear what air teatpee should be
assumed as the bulk air temperature. The presamttbd circumvents this problem and allows for deiaing
the mean air-side heat transfer coefficient. Thet bnsfer coefficiertt, is determined from the condition that
temperature increase of the 4, over two rows of tubes (over the heat exchangacutated using the analytical
model of the heat exchanger is equal to the terhreréncrease obtained from the numerical simufatising
FLUENT. Since the temperature distribution at thietiand outlet of the modelled passage is two-dsimal,

then the mass average air temperature differéicecomputed by Fluent should be equal to the air tatpre
differencedT; calculated using an analytical model of the haahanger

AT, (h,)-AT, =0, i=1..n (13)
The temperature differencT is given by the expression:



AT, =T, -T,=AT +AT, (14)
wheredT = T, - T, anddT, = T, - T. represent the air temperature increase overristeafid second tube row,
respectively (Fig. 7).

The mean value of the heat transfer coefficlgntover two tube rows is determined by solving Equai(13).
Determining the heat transfer coefficients dansignificantly simplified if we take into accouthiat the water
temperature has no large influence on the searbkatl transfer coefficients because air propertiesnat
influenced substantially by temperature. Thus etpgal water temperatuiig, (Fig. 7) at the first and second row
of tubes may be assumed. If the temperature ofitier flowing inside the two tube rows is constéimén the air
temperaturd, in the first and second tube rows can be obtafreed the solution of the differential equations:

dT, (Y
#w;[m—n(w)] (15)
dy,
Tlyo= T (16)
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Figure 7: Cross-flow heat exchanger with two roftibes

dT. (v
IR UE) -7 ()] an
dy,
T, y =O=T; (18)
Solution of the initial-boundary problems (15-18dg17-18) simplifies to:
T.(y)=T+(n-1)e"" (19)

Ny NI v

T.(%)=T,+(T-T1) ¢ (20)

where
N'a =U'5 Al 1, Cpa), N'a =UI'y AJ( 11, Cpa).
The air temperatureBy(y,") and T,(y,*) at the first and second tube rows, respectivddynot depend on the

coordinate, since the fluid temperattiygin both tube rows is constant. The differencethefair temperature over
the first and second tube rows are given by:

AT =TT L= (T - T (- e (21)
At =T | -T L =(T - T) e (- ) (22)

If the air-side heat transfer coefficients at tistfand second rows are assumed to be equaINai.g.Na' =N,",
then the total temperature differengd; over two rows simplifies to

AT =AT +4T, =(T, - T)(1- &™) (23)
The air temperature increade, is the function of the unknown heat transfer cagdfith, .

5. Test facility

The measurements were carried out in an open assody tunnel. The experimental setup was designetitain
heat transfer and pressure drop data from comnligraieailable automotive radiators. The test fagiliFig. 8)
follows the general guidelines presented in ASHRt&ndards 33-798 and 84-1991. Air is forced thraigh
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Figure 8: Open-loop wind tunnel for experimentaidstigations of the tube-and-fin heat exchangerr@diator);

(a) front view, (b) top view; A — car radiator, Brariable speed centrifugal fan, C — chamber wathradiator, D

— pipe with outer diameter of 315 mm and wall thiegs of 1 mm, E — water outlet pipe, F — watett ipiee,1 —

measurement of the mean and maximum air velocitygus Pitot-static pressure probe, 2 — measureofahe

mean and maximum air velocity using a turbine vigjometer with head diameter of 11 mm, 3 — measerdrof

the mean and maximum air velocity using turbin@giy meter with head diameter of 80 mm, 4 — aingerature
measurement before the car radiator, 5 — measuatevhpressure drop over the car radiator, 6 —wate

temperature at radiator inlet, 7 — measurementadémtemperature at radiator outlet, 8 — air te@upee
measurement after the car radiator

open-loop wind tunnel by a variable speed centaféign. The air flow passed the whole front crosstisn of the
radiator. A computer-based data-acquisition systasiused to measure, store and interpret the Tagarelative
difference between the air-side and liquid-sidet leasfer rate was less than 3%. Heat transfeisanements
under steady-state conditions were conducted tbtfia correlation for the air-side Colbujtfactor number.

6. Results

The temperature difference over the radiator obthifrom the CFD simulation without the thermal embt
resistance between the tube and fins is largertti@trobtained from the analytical heat exchangzatet in which
the experimental correlations for heat transferffaents are used. The lower values of the airgerature
difference across the radiator obtained from thalygical model of the heat exchanger, may resunfrthe
contact resistance between the fins and the tuibesder to show the influence of the thermal cohtasistance
on the temperature differencesl, 4T, and4T,, CFD simulations using FLUENT were conducted farious
values of the gap effective thermal conductifyFig. 9).

The velocity and temperature of the air beforertigiator was 2.12 m/s and 286.96 K, respectivehe Water
temperature in both tube rows was 351.25 K. The GFulation was performed using the commercial CFD
software FLUENT forh,, = 3549 W/(niK). An inspection of the results shown in Fig. @igates that for the
thermal conductivitgk, > 1 W/(mK) @/ ky = 0.00001/1 = 0.00001%/W) the temperature differences are almost
independent on the gap thermal resistaytdg, . In addition, it has been found from the numer@&D simulation
that the fins and tubes in the second row ared#sstive than those in the first row. The temperatdifference
over the first tube row is almost three times éarthan the second tube row (Fig. e key to heat transfer
enhancement on the fin associated with the fitst tow is a major contribution of the developingibdary layer
on the inlet part of the fins, while the portiontbg fin adjacent to the second tube row has nadeny layer
contribution and only a small vortex contributidrhe heat transfer at the forward stagnation pantshe first
tube row isalso intensive. The regions behind the tubes dmrttivery little to the performance of the heat
exchanger. The thermal measurements results fautoenotive radiator are shown in Table 1.
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Figure 9: Effect of effective thermal conductivifthe gap between the tube and fins on air tentpera
differences over the firsAT,, secondAT, , and over the entire car radiator;

Correlations for the air-side Colbujrfactors for an automotive radiator were determinsthg the method
described above. The comparisons of correlafiggR®)) for the entire heat exchanger are shown in FigThe

black dots in Fig. 10 represent valueg.gfRe,;), in which the air-side heat transfer coefficierssaetermined
based on the measured temperatures of water autted of the heat exchanger (Table 1). The watkr-beat
transfer coefficientk;, were calculated using the Gnielinski correlatibh (

Table 1.Measurement data for the automotive radiator

No- | wlmsl | v wm | T,ral | T,rcl | T, rc Re  |Re,
1 0.96 551.5 0.73 85.44 65.11 155 2956
2 1.21 735.2 10.54 83.97 67.78 187 3970
3 1.45 736.4 10.49 87.64 68.67 223 4088
4 1.61 736.9 10.47 82.63 63.98 250 3855
5 1.77 1257 12.41 79.72 67.35 271 6592
6 1.76 736.3 10.41 83.36 63.57 273 3859
7 2.12 1272 13.81 78.15 65.17 323 6516
8 2.12 1269 12.63 78.92 65.49 325 6545
9 211 734.9 11.04 85.10 63.00 328 3880
10 2.13 734.1 11.04 83.09 61.64 331 3795
The solid line in Fig. 10 represents the least szgiapproximation based on the 10 data series:
j, =0.1386 RE**”’ (24)
from which the correlation for the air-side Nusseltnber results
Nu, =0.1386 R&*'*® PY? (25)

In the correlation (25) contact resistance betwkeriube and fin is implicitly included in the a@iide heat transfer
coefficient, which was determined using the firstthod. The other plots in Fig. 10 are based onGR®
simulation using FLUENT. The same 10 data seriesnahe method |, were used in the CFD simulatidme
correlations were obtained under the assumptionthigaair flow was laminar. Only the air-side hé&ainsfer
coefficienth, is determined from the condition that the air tenaypure increase across the heat exchanger obtained
from the CFD simulation is equal to the temperatnceease calculated using Equation (23). The wgithr heat
transfer coefficienty, is calculated using the Gnielinski correlation. (bhe results presented in Fig. 10 show
significant influence of the thermal contact resmmte on the determinggRe) curve. The lower is the effective
thermal conductivityk; of the gap the smaller is the Colburn facjgr The best agreement between the
experimental curvg(Re) and the curve based on the CFD simulation waaimdd fork, = 0.12 W/(mK) (Fig.
10). Thus, it can be concluded that the effectiegrnal conductivity of the gap is about 0.12 W/(naiky thermal
contact resistance g/k 0.00001/0.12 =8.33 -TOn°K/W.



1@ ® @ Experiment A
jo =0.1386 Re, %7

— — — j,=0.1233 Re, %' ; Fluent, g =0

O O O kg =0.13 W/(mK); Fluent

————— j, = 0.6533 Re, 097, k; = 0.13 W/(mK)
0.005 —{|1 [ [ k, = 0.12 W/(mK); Fluent _|
— - — ],=0.6644 Re, 0%k =0.12 W/(mK)

A A A Ky=0.11 W/(mK); Fluent -
— — - - },=0.6999 Re, %2k, =0.11 W/(mK)
0 T : ‘ 7 T

150 200 250 300 350
Re,

Figure 10: Colburij, - factor for the investigated car radiator

Having determined the heat transfer coefficiefits i = 1,...n, from the solution of the non-linear algebraic
equation (13), the heat transfer correlations améved in the same way as in the method I. Fitst,j§; are
calculated foii = 1,...,n using equation (9), and then the obtairesdlts are approximated by the function (10),
using the least-squares method.

7. Conclusions

Two different methods were used to determine catiais for the air-side Colbujrfactors. The first method is
based on the experimental data while the secdpasisd on the CFD simulation of the flow and heatgfer in the
heat exchanger. In the first method, the air-se lransfer coefficient was determined from thedéton that the
calculated and measured liquid outlet temperataresequal. The heat transfer coefficient on the-ide was
calculated using the Gnielinski correlation. An lgtieal model of the heat exchanger was used toutate the
water and air outlet temperatures as the functidheosearched heat transfer coefficients.

The second method for determining air-side heaisfea correlations, based on the CFD simulatiofioef and
heat transfer and on the simplified analytical madd&eat transfer in the heat exchanger, was wepoBased on
the calculated heat transfer coefficients, the distanless correlation for the Colbyrfactor as a function of the
Reynolds number can be found. The thermal conesistance between the tube and fins was estimated b
comparing the experimental and CFD bag€de,) plots. The CFD programs can also be used for lzding
mean heat transfer coefficients over a specifibe tow.

Nomenclature

area, M

specific heat at constant pressure, J/kgK
diameter, m

inner and outer tube diameter, m

measured temperature, °C or K

correction factor, dimensionless

thickness of the gap between the tube and fin, m
heat transfer coefficient, W

enhanced heat transfer coefficient based oruthe duter surface AW/n’K
Colburn j-factor, Nu/Re P, dimensionless

thermal conductivity, W/mK

tube length in the car radiator, m

number of unknown coefficients, dimensionless

mass flow rate, kg/s

data set number, dimensionless

number of transfer unitd] =U,A/( M c,), dimensionless

Nusselt number, dimensionless

fin pitch, m
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p1 pitch of tubes in plane perpendicular to flow, m

P2 pitch of tubes in direction of flow, m
P perimeter, m

Pr Prandtl number, dimensionless

R contact thermal resistance between tube andnfi/w
Re Reynolds number, dimensionless

T temperature, °C or K

U overall heat transfer coefficient, Wi
Vv volume flow rate, riis

w velocity, m/s

X, Y Cartesian coordinates, m

Xi unknown coefficient, dimensionless
yi",yu"  dimensionless coordinate; ¥ yi/p., yi" = Yi/p2
) thickness, m

AT temperature difference, K

n fin efficiency, dimensionless

M dynamic viscosity, Ns/m

v kinematic viscosity, Afs

& Darcy-Weisbach friction factor, dimensionless
Subscript

a air

f  fin

g gap

in inner

m logarithmic mean temperature difference
0  outer

t tube

w  wall

I, Il first and second tube row, respectively
Superscript

e  experimental

' inlet

" outlet
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