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Abstract.

Heat exchangers design is a major challenge problem in the process industryHedagxchanger
applies to all equipment used to transfer thermal energy between two streamsly ldgaipments in
which two process streams exchange heat with each other. One of these eggiponoss flow heat
exchanger-, used in numerous industry processes, uses as heat exchamgeal 8ow to arrays of cir-
cular tubes arranged in staggered or in-line formation. These configurations, for instantygical in
heat exchanger designs used in fossil-fuel and nuclear power plants ared],inder many other sectors
of thermal and process engineering. Cross flow heat exchangers are desigeddh experimental
correlations. Depending on which correlation is used -and on the Reynolds nrurhbesever, the heat
exchanger area can vary from 30 to 50 percentage. According to the turboededing technique and
other details of the simulation, numerical prediction can be a useful tool for imgralesigns accu-
racy, in addition to gives more information about the physics of temperature dodltydield. This
study presents the computational modeling of flow and thermal field in a cross floexuba@nger, with
staggered formation, and longitudinal and lateral pitch equal to 2, for Reynahdber about 40,000
and Prandtl number equal to 0,744. The simulation uses a non-periodic compaitaonain in the
longitudinal direction with periodic domains in transverse and along the tube directiariseiffoore, a
second computational domain periodic in X,y,z, is used for comparison. Fbuténce modeling tech-
niques are examined: Reynolds-averaged Navier-Stokes (RANS), unsteadd®egveraged Navier-
Stokes(URANS), Detached Eddy Simulation(DES), and a very Large Eddy Simulation(vLES) -in ad-
dition to simulations without any turbulence model(WTM)-. On the other hand, RANSUR®AINS
techniques are examined in 2D and 3D. Results from this study show that 3D RAN&eisosuo 2D
RANS, that VLES is the best simulation from a physical point of view, and DES preseriieshagree-
ment with experimental data.
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1 INTRODUCTION

As stated by technical and scientific literature the three major challenges irottesprindus-
try today are the heat exchanger design, the heat transport and the heat storagecliviewjer
applies to all equipment used to transfer thermal energy between two streams. @aseof t
equipment, called heat exchanger of tube bundle or tube banks, uses as heatexxahmamg
mal flow to arrays of circular tubes arranged in staggered or in-line formafloibe banks
heat exchangers are used in a great variety of industrial, thermal, commercial s&hoiol
applications. In some of these applications the efficiency of heat exchangers arabssent

For example, in recent years, utilizing low-grade waste heat for energy proainzs at-
tracted attention (waste heat being released into the environment, such as exhausbgeases
turbines and engines and waste heat from industrial plants) for its potentiatiucing the
fossil fuel consumption. However, although renewable energy sources suclaashsomal
and geothermal, and vast amounts of industrial waste heat, are potentiallisipgenergy
sources, the moderate temperature from these sources cannot be converted efticdsttyit
cal power; unless the different power generation processes be improved, espeeiaiynsfer
of heat from the source.

The design of industrial heat exchangers are based on experience and correlations, wh
are determined by experiments. These correlations are valuable tools in tie plesiess but
they have its limitations. Heat exchanger have multiple design andntliltgple parameters,
and correlations with many parameters are often not very accurate. A recent conepstrativ
on these correlations has revealed errors up to 50% in the mean Nusselt nuhibenmeans
differences in the design area also up to 5@ggmennyy et al2010.

Numerous experimental study (some purely thermal performance studiessiflow tube
banks) have been carried odiukauskas1972 Zukauskas and Ulinska$988 Tsunoda et a).
1996 Simonin and Barcoudd986), as also numerical studieBénhamadouche and Laurence
2003 West et al. 2015 Johnson 2008 Afgan, 2007, on heat transfer in cross tube banks.
Most experimental studies have examined the dependence of the mean Nusselt({@mber
from the geometric arrangement and the Reynolds(Re) and Prandtl(Pr) namdéberumerous
correlations has been propos&y$¢mennyy et a12010.

The following references are related with the present stddyanson(2008 presented the
2D numerical solution, using RANS and URANS simulations, of the staggeitss hundle
measurement abimonin and Barcoud@l986. His predictions are in reasonable agreement.
He claims that a 2D simulation is enough in comparison with 3D URANS and Lia@ations.

West et al(2015 have presented the results of a study on numerical simulation of cross flow
with heat transfer on an in-line configuration. They used a small clusterof tubes with
periodic boundary condition in the three directions. They used RANS,NiRand LES, being
the best result from LES, with results from URANS with close agreement with LES. dlke
investigates the influence of the number of tubes of the cluster in the flootstes.

Afgan (2007 found, in one of his LES of an in-line configuration of tube-bundléhwi5 x
1.5, "... a purely asymmetric pattern with the flow as a whole displaying araugwit ...". In
other words, one remain question is whether a small cluster of tubes actuallgigsibe same
flow structures as in a package of thousands of tubes like those used in practice.

Rollet et al(1999 in other numerical simulations suggested that for LES there is little dif-
ference between the results of Smagorinsky and dynamic Smagorinsky models.

Accurate flow and heat transfer modeling involves determining suitable mgdstiate-
gies, including the turbulence simulation technique (Reynolds avensgetr-Stokes equa-
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tions (RANS), large eddy simulation (LES), detached eddy simulation (DESptheh the
simulation should be unsteady, or steady is enough, whether the simulatigd sle 3D or 2D
is enough, the grid density and the wall treatment, and so on. As regatéiady or unsteadi-
ness, for the Reynolds number simulated in this study, the flow is mbulvhich is 3D and
unsteady-, but the mean flow is not steady. Although for engineering perfos necessary to
predict the mean values of the transport coefficient at the wall, a steady simuwlatiod not
take account of this mean flow unsteady effect.

The main goal of this study is aiming at to test different aspects of numericatposadof
heat transfer of cross-flow heat exchangers. Basically the importance of different aspects
numerical prediction, turbulence techniques, etc. of practical turbulent fltvheat transfer
are examined. Much of the previous studies has been oriented to investigatevaheas)
turbulence and structure of mean flow. Although it is of fundamental itapoe the prediction
of flow field to predict thermal field, this study present a comparison of differemtlation
techniques, with different grids, and computational domain, but focuse@airtiansfer.

2 NUMERICAL DETAILS
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Figure 1: Top view of the full computational domain with, = 51D, L, = 2D, andL, = 2D, with
periodic boundary conditions in y and z.

The tubes in a tube bundle are usually arranged in either in-line or staggesiedements. In
the present study results from a staggered configuration is presented withsl@f tolwes in the
stream-wise direction and two row in the transverse direct®®nhamadouche and Laurence
(2003 in a previous numerical study found that a width of two diameters wdiiguit in the
cross-stream direction to obtain correct vortex shedding characteristics such asifigdifiat
and drag forces and Strouhal number. Also results from a computational dentiin x 2
tubes, with periodic boundary conditions in x,y,z, are presented for ansgm (Figure2(b)).

The definition used by Zukauskas and co-workers is adopted to describes distances between
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Figure 2:(a)Details of the grid distribution near the wall for a very-coarse grid for the 3D full computa
tional domain; (b)Top view of the 3D computational domain used with periodiadiaty conditions in
X, Y, Z, with2 x 2 tubes.
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Table 1: Main features of the numerical grids.

Grid  NEX10° yumx100 BL REF Ny N, N,. Noyw Now N.

CG2D 53 0.050 18 124 76 38 120 66 400 -
MG2D 92 0.025 26 1,18 100 50 160 88 500 -
DG2D 130 0015 28 1,18 132 60 200 116 600 -
CG3D 905 0050 22 124 76 38 120 66 400 24
MG3D 2,650 0025 26 1,18 100 50 160 88 500 32
DG3D 6,520 0015 28 1,18 132 60 192 104 600 48
PER3D 3,157 0015 28 115 25 124 — 256 — 80

Table 2: Grids discretization in wall units.

Grid v (RAO)T Azt Azt

CG3D 4,00 139 280 100
MG3D 2.00 106 210 75
DG3D 1.00 80 140 64
PER3D 1.00 41 85 25

cylinders, and the domain is based on the experimental set-iepér (1994, with values
a=S51/D =2andb=S,/D = 2 for the longitudinal and transverse spacings between tubes,
respectively. The configuration of the twelfth-row of staggered tubes is shmokigure 1. And
Figure2(a)presents a near-wall detail of a very-coarse grid with similar parameters afidise g
used in the study. The full computational domain with the 12 row of thlae1D, 2D, and 2D,
in X, y and z-direction, respectively. The entrance region or distance betwegnethend the
center of the first tube has 6D, and the distance between the center of the lastttibe@ntput
section 23D, where the diametér of the tubes i$).05 meters. Also a computational domain
with dimension 2D x 2D x 2D) and periodic boundary condition in x,y,z, respectively, with
a = b = 2is used in order to do comparison with the results of the full computaltidomain,
Figure2(b).

u, v, and w are the instantaneous velocities in the stream-wise(x), transveaselgylinder-
direction(z), respectively. The plus symbol is used sometimes to denote damkissi values
using the wall parameters. andv, whereu, is evaluated at the maximum skin-friction point
around the fourth tube.

The Reynolds number examinele = U,,pD /v, is in the40,000 — 43,000 range, where
U, is the mean largest velocity between tubes (mean velocity in the cross section betiaesen t
where the mean velocity is largest). The temperature is considered to be a passivdlaes)|
the results are also valid for mass transfer. All results are based on a moleculét Ruarizer
Pr equal to 0.744, and the physical properties of the flyid, andk are considered constant.

Across the entrance of the computational domain the velocity and tempepatdites are
assumed to be uniform with a % of turbulence intensity. To account for {i@ppate velocity
and temperature profile and turbulence intensity at the entrance would necessitgdarate
simulation to generate boundary conditions. Some tests, however, wereskoneg that
solution was not sensitive to profiles and turbulence levels at the entrancsaifigehas been
tested and published hyang and Papadaki{007).
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Table 3: Turbulence techniques.

Name Simulation Dimensions Computational domain

k —e steady/unsteady 2D y periodic, x developing
k — e steady/unsteady 3D y,Z periodic, x developing
S-A steady/unsteady 2D y periodic, x developing
S-A  steady/unsteady 3D y,z periodic, x developing
WTM steady/unsteady 2D y periodic, x developing
WTM steady/unsteady 3D y,Z periodic, x developing
DES unsteady 3D y,Z periodic, x developing
VLES unsteady 3D y,Z periodic, x developing
WTM unsteady 3D y,Z,X periodic

DES unsteady 3D y,Z,Xx periodic

LES unsteady 3D y,Z,X periodic

In Table1 the main characteristics of the grids are presentgglare the nods around the
tubes, andV, and N, are nods in the span-wise and tubes axes direction, respectively, while
Nz, Nzw, Ny are nods at the entrance, between two tubes and at the output region, re-
spectively. BL is the number of elements in the boundary layer around the ®bd; is the
radial-expansion factor used from the wall to resolve the near-wall sublayy,an is the
distance between the center of the first volume and the wall.

Almost all elements of the grids are of hexahedral type. In Talikee grid discretization in
wall units are presented. The grids are coarse, medium or dense; e.g. CG2D is ggodarse
for a two dimensional simulation. The minimum distance at the wall iserréimge 0,000050-
0,000015, which means approximatety ~ 4 for coarse~ 2 for medium, and,™ ~ 1 for
dense grids (there are differences among the skin friction for differebtilence techniques,
therefore also exceptions are for those simulations WTM which presented higixénum
skin friction), evaluated with the friction velocity, evaluated witle thaximum shear stress at
the wall for the fourth tube row.

In the present study an old version of the commercial code Fluent from Ansysvazc,
used Ansys 2010. Table 3 shows the turbulence techniques used, where ¢ refers to
the RANS model known in the literature as the standard ¢ with enhanced wall treatment
(Launder and Spaldind972; S-Arefers to the RANS model proposed$®palart and Allmaras
(1992; WTM means a simulation without-turbulence-model; DES refers to the Detached
Eddy Simulation technique, the RANS-LES turbulence technique propose&tpalart et al.
(2006; VLES is a very-Large Eddy Simulation using the Smagorinsky’s model gexpby
Smagorinsky(1963, with a coarser grid than that required by LES; and LES is a Large Eddy
Simulation with a medium grids with the Smagorinsky’s model.

WTM deserves some comments. WTM is a simulation which uses the same numerical mesh
used by RANS, VLES, LES, etc., but without any modeling of turbulence (a psedi®)-D
However, since its grid is not enough in order to simulates the energyHhoxigh the dif-
ferent scales of turbulence, it is an imperfect simulation of turbulence. Fordehson part
of this energy remains trapped in the smaller scales of the grid, hindeengptivergence to
the stationary solution. For this reason all simulations WTM are unsteady ainesitlts are
mean time-averaged values(similar to Reynolds averaged values of a DNS)eghitecf this
shortcoming, WTM have been a very valuable tools to judge the qualitiiasfet numerical
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predictions with turbulence models.

Steady and unsteady simulations with the ¢ and S-A models, in 2D and 3D, did not pre-
sented differences. Therefore the- ¢ and S-A predictions in 2 and 3D presented here belong
to steady simulations. The only techniques that has presented a clear convergenoeshitk-
finement has been vLES(Figui®). All RANS models, included DES which is a RANS/LES
techniques, presented only small improvements with mesh refinement. These imprisvemen
were basically in the cylinder rear (at the separation bubble and posteri@cteagnt behind
the tubes). It is thought that such behavior is proper of RANS techniuéalso is the conse-
guence that transport of turbulent flow in tube banks is mainly due ttubigilent scales. Note,
however, that near-wall distance in the 3 grids used in the present study anmeatagsmnall. In
other words, it seems that for RANS techniques the minimum distance at thiemthe coarse
grid is enough for this flow.

3 RESULTS AND DISCUSSION

Figure 3:U/U,, atz/D = 1 downstream from the center of the 7th row, for different 3D simulations for
the full domain, in comparison with experimental data. Solid line, vLES; ——, DES;- — - —- , k —¢;
o 0.0, WITM; 0-0-0,S-A; % - x - %, Meyer(1994.

As it was stated in the abstract, the design of a heat exchanger is a multi-stefexomp
process which can result in area differencegs®f- 50% depending on which correlation is
used. It is expected, therefore, that numerical simulations can help in tlesgsto There
are, however, two aspects related with numerical prediction of cross flow heat egcliaag
deserves be mentioned in advance. First of all, in the last decades many improvevedrgdra
achieved in numerical prediction of turbulent fluid flow, but the turbuiheyatt transfer prediction
has not received the same research effort -although turbulence fluid flow modelg a
solved problem, the modeling of heat transfer is lagging behind-. And setoadurbulent
flow around tube bundle is a complex flow which presents many difficultiesecelatith the
turbulence modeling, as also many physical phenomena related with longitletieral pitch
between tubes, with in-line or staggered formation, and so on. For these rdaseRrpectation
should be reasonable.

In order to develop more knowledge on tube bundles, therefore, tloavioh results show
the level of precision and physical sound of 2D in comparison with 3D sinoustiof steady
with unsteady simulations, and comparisons between different turbulenceqeesni
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Figure 4: U/U,, comparison of 3D simulations with and without periodic boundary conditions. Solid
line, VLES;— — ——, DES;e -« .o, LES(x-periodic)g-0- 0, DES(x-periodic)x - % - %, Meyer(1994.
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Figure 5:U/U,,, comparison with experimental data for 2D simulations.- — - , K — €; o-e- o, WTM;

0-0-0,S-A; %+ % - %, Meyer(1994).

In the range fromke ~ 1000 and up to the criticaRe ~ 2 x 10° the flow regime around
a cylinder is called sub critical. Staggered tube banks in the sub critical eagiprobably the
most used flow configuration in heat exchanger. This kind of flow develop a boulagar in
the front of the cylinder which then separates, forms a separation bulableetiitaches to the
surface and then separates again.

Since turbulent fluid flow techniques are mature enough, only a few data wgétbcity field
are presented for comparison. FiguBzgl, and5, show the mean longitudinal dimensionless
velocity prediction in the middle of 7th and 8th row of tubes for samerteples together with
the experimental data dleyer(1994). Figure3 showsU /U, for the 3D full computational do-
main, for the different turbulence techniques. In this Figure DES predentsesst performance,
S-A the worst, while WTM prediction has a similar performance to vVLES and batert— e.
Also in this Figures is noted that the minimum velocity of WTM is slightilyed to the left
(mean flow is not symmetric). This behavior was noted/Mgst et al.(2019 in their simula-
tions for an in-line tube ban. None of the other techniques showed thainaeslyy. Figured
presents a comparison with experimental data of vLES and DES using the fudlirowith
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Figure 6: Nu for the 12 tube rows for vLES. Solid line, 1ft-rows — ——, 2nd-row;- — - — - 3th-row;
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Figure 7: N ug, for the different tubes of the 3D simulations. Solid lindegyer(1994, Re=34100; —- —-
, Meyer (1994, Re=41500;-.—, Baughn(1986, Re=34500 - x * x, VLES;e-e-¢, WTM; 0.0,
DES;+ +-+,k— € <-<-<, S-A.

LES and DES for the domain with periodic boundary conditions in x,y,khcugh all these
predictions are acceptable, DES using the full computational domain showshadreement.
Since a denser grid is used in the periodic domain, it is thought thabwer performance of
DES with this denser grid can be a consequence of the computational domain gia¢ its

LES modeling is not efficient enough (Note that a denser grid with DES meanfi¢hRtANS

region is thinner). If the computational domain size is the problembably a larger com-
putational domain in x should be used with periodic boundary conditotube bundle for
a = b = 2. This was not tested in the present study.

Figure5 shows a comparison for 2D prediction of longitudinal mean velocity wiieei-
mental data. WTM and S-A show a poor performance,sbute prediction is reasonable. As
discussed in the literature and verified in this study, tube-banks is a ¢attfidw where mo-
mentum and heat seem to be transported mainly by big scales in the x-y planeaf@i@xhe
numerical refinement of meshes away from the wall does not improve the poadithe mean
velocity or heat transfer for 2D or 3D RANS techniques. This seems to be the censegbtat
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Figure 8: N ug, for the different tubes of the 2D simulations. Solid lindgyer(1994, Re=34100; —- —-
, Meyer(1994, Re=41500:-.—, Baughn(1986, Re=34500p-e-¢, WTM; + . +.+, Kk —€; <-<- <, S-A.

momentum and heat transport are mainly due to big bi-dimensional scales. Tagheforthis
point of view seems that a 2D simulation can be enough for tube-banks. Bagealobk show
that in many ways a 2D is a deficient simulation. Below an explanation is givibnistapparent
good performance of 2D turbulence techniques for tube-banks.

The local Nusselt numbeNw is the dimensionless expression of the local advection heat
transfer coefficient), Nu = hD/k, wherek is the thermal conductivity of the fluidh is
evaluated from the wall heat transfer,J using a bulk temperaturdy) afar from the cylinder
surface, in regions where the temperature of the fluid is not perturbed

oT
wherey is the normal to the cylinder surfacg, is the temperature at the cylinder wall afgd
is the bulk temperature.

It is important to comment that the evaluation’Bf in a numerical simulation with many
tubes is critical, because small differences in its evaluation can represent inhjgortas in the
evaluation of theVu. In the present study, using many tubes, the mean temperature afar from
the tube walls is not constant along the computational domain, tidy$a every tube should
be evaluated. However a small error in the evaluatiofh,afould represent a large error in the
evaluation ofNu (e.g. a relative error in the order 6f2% in T, can generate a relative error
of 6% in Nu). An alternative is to make a separate simulation for every cylinder, wdrdye
one cylinder is heated at a time as it is done in experimental work. Bog usany turbulence
techniques these simulations would require an enormous amount of timgig-eason in the
present study only one simulation has been done for the 12 tubed;,asdvaluated in the
region upstream of every tube.

The mean Nusselt numbeN(.,,) is the mean value around the tube of the local value. The
following correlation for theVu,, published byZukauskas and Ulinskg4988) is used in this
study for comparison

Pre
Nitg, = 0.35 (%) Re%6 pr?30 (PL)O'ZE’ (2)
T
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Table 4: Mean Nusselt number for tube at the 4th row for air Vidth= 0.744 (The Er(%) is evaluated using the
mean of the first 5 values of the columN{,, / Re®-), which belong to experimental data and correlati@)sy
Zukauskas and Ulinskd4988), and correlation4)) by Incropera and DeWit{1985.

Re Technique Sim. Grid  Nug, Nug,/Re®® Er(%) Author
41000 eq.) 188.2 0.3213
41000 eq4) 188.4 0.3216
34100 exp. 168.5 0.3213 Meyer (1994
41500 exp. 190.7 0.3232 Meyer (1994
34500 exp. 170.9 0.3236 Baughn(1986
43700 Kk —€ steady DG2D 150.3 0.2469 23 present
41109 Kk —¢ steady DG3D 149.1 0.2542 21 present
43700 S-A steady DG2D 128.7 0.2272 29 present
41143 S-A steady DG3D 137.8 0.2347 27 present
41212 WTM unsteady DG2D  147.7 0.2506 22 present
41212 WTM unsteady DG3D  143.1 0.2435 24 present
41212 WTM unsteady DG3DP 171.7 0.2923 9 present
41040 DES unsteady DG3D 171.7 0.2929 9 present
41040 DES unsteady DG3DP 183.0 0.3122 3 present
41171 VLES unsteady DG3D  236.0 0.4019 24 present
41075 LES unsteady DG3DP 226.0 0.3854 19 present

which fora = b = 2, and usingPr,, = Pr, = 0.744 for air is

Nutg, = 0.3213 Re® (3)

Also the following correlation published bipncropera and DeWit€1989 is used for com-
parison

Ny, = 0.229 Re 632 4)

Figure6 shows theVu divided by Re% for the 12 tubes for VLES, with profile overlap from
the fourth tube onwards. With small differences all 3D simulations have/istalmost simi-
lar behavior to the VLES prediction, which means that thermal developmentsooasically
through tubes 1-4(DES presents a slight difference). Figarasd8 show theNw,, for the
12 rows of tubes for 3D and 2D, respectively, together with the experahealues ofMeyer
(1994 andBaughn(1989. Figure7 confirms for all 3D techniques the results presented by
Figure6 that, with a small difference in the DES predictia¥iy,, approaches an almost con-
stant value from the 4th tube onwards. In other words thermal develdpmoears through
tubes 1-4. For DES the thermal development seems to be slightly longaugthtubes 1-5.
After the thermal development all 3D simulations underestimaté\thg, with the exception
of the VLES, which overestimates it. FiguBeshows the equivalent results for the 2D simula-
tions. This Figure shows that for 2D simulations is not clear the thernvalolement as in 3D.

It seems that 3D turbulent transport play an important rule at least in theahdevelopment
through the first tubes.

Table 4 presents an overall resume of the comparisoné/af,, of all numerical predic-
tions for the fourth tube, with experimental data fravteyer (1994 and Baughn(1986 and
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correlations 8) and @). Since there is small differences in the Re of the numerical predic-
tions and experiments, alVu,,, included the experimental values and those predicted from
correlations (using d&e = 41000), are divided byRe’®. In order to compute thé&r(%) a
mean value of these experimental values, together with the values of the conelét used
(Nttg,/ Re®® = 0.3222).

Regarding the values in Tabfesome aspects should be commented. ®he, is an im-
portant parameter used in the design of heat exchangers, therefore the Er is iadgotb
judge the overall quality of a numerical prediction. However a low Ehefmean value not
always necessarily mean a greater physical sound of the flow and heat transfer of a particular
turbulence techniques. For example, the ¢ 2D prediction presents almost the same Er than
its counterpart in 3D, but it does not mean that for this model the 2D imligtalmost the same
predictions to 3D. Checking the localu and the velocity field of 2D and 3D for the — ¢
model one can see that that this Erof.,, seems to reflects that different errors are canceled,
not owing to the fact that the 2D is equivalent to 3D simulation. Hawagl that, the best
prediction from this Table is from DES for the periodic domain, anctlie full domain. But
one more things should be said about DES; since its thermal developmentalyaitom tube
1 to tube 5, its under prediction in the thermal development regiactigally larger. And, it
should be remarked also again, as in many part of this study, that WTM has presenlisd resu
with physical sound and good agreement with experimental data, similar to evergf the
best predictive techniques used here.

| | 1 1
0 20 40 60 80 100 120 140 160 180

)

Figure 9:Comparison ofVu for the 4th tube for LES, DES and WTM for the computational domain with
periodic boundary conditions in x,y,z, with experimental data. Solid line, DES;——, LES; e - e -,
WTM; o- 0.0, Meyer(1994), Re=34100p-0- 0, Meyer (1994, Re=41500% - x - %, Baughn(1986),
Re=34500.

Figure9 presents the comparison of the results for LES, DES and WTM for the computa-
tional domain with periodic boundary conditions in X, y, z, with emental data. First of all,
experimental data frorivleyer (1994 andBaughn(1986 present, between them, a good agree-
ment in most of the surface of the cylinder, showing two local minimuraesin the rear of the
cylinder and two local maximum at their stagnation points. They have, rewam important
difference in the location of the first minimum (more or les8&tfor Baughn(1986 and more
or less av5° for Meyer (1994). The first minimum ofNw is related with the boundary layer
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Figure 10:Comparison ofVu for the 4th tube for vVLES with different grids and LES, with experimental
data. o - o - o , Meyer (1994, Re=34100;0- 0. 0, Meyer (1994, Re=41500;x - * - %, Baughn
(1986, Re=34500; solid line, vVLES(DG3D); — ——, VLES(MG3D);- — - — - , VLES(CG3D);e - o - o,
LES(DG3DP).

separation. Looking now to the numerical prediction, LES and WTM present a firgnomimi
in good agreement with the experimental data of Meyer, but the wholegtimedof WTM is
remarkably good if it is thought that it does not use any turbulence m@te§, on the other
hand, presents only one minimum more or less3at in clear disagreement with experimental
data. Therefore, as previously commented, DES presents the best predictiogitfdioal
mean velocity (Figur&®) and the minimum Er ofVu,,, but the worst local value of Nusselt in
the rear of the tube. VLES, LES and WTM, which present greater Er, show a better distributi
of the local Nusselt from the boundary layer separation to the second stagratian p

Figure 10 shows a comparison of results from VLES using different grids and from LES.
And Figuresll1 and12 show the distribution of thév« for 3D and 2D simulations. In Figure
10is clear how the VvLES improves th€wu prediction with denser grids. This is a good news
since shows that better predictions can be achieved with a denser mesh, proper ofFednkS.
Figures10 and 11 a comparison of all 3D predictions of th€« around the 4th tube show
that DES presents a relative good agreement in the front of the tube, bor pgdormance
in the rear. In contrast, VLES presents a poor prediction in the boundaryitetres front of
the cylinder and a better prediction in the separation region in the battieafylinder. The
results from the: — € and the S-A models have similar characteristics to the DES result, with
lower precision. Note that — ¢, S-A, are RANS models, and DES is a URANS model in the
near-wall region. And all these models present a poor prediction in the Sepaesgion in the
back of the tube. This is the region, on the other hand, where VLES (or LE&d@eriodic
domain) shows a better prediction. In other words, it seems that an eddy wstaslel as a
function of the grid size, like as the Smagorinsky’s model, can better mioe@litbulence afar
from the cylinder wall in the detached region in the back of the cylindBrt, in contrast, it
seems that a RANS model can be the best option in the attached near wall reierfront of
the tube. This is actually the concept of the DES technique, but, surpyisingeems that its
performance is not so good in the detached region.

The WTM prediction deserves a separate comment. As it is explained above, WTM does not
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Figure 11:Comparison ofVu for the 4th tube for the 3D simulations in the full computational domain,
with experimental data. Solid line, DES; — ——, S-Aje-e-o, WTM; - — - — - , k — ¢, Meyer (1999,
Re=34100p- 0.0, Meyer (1994, Re=41500% - % - %, Baughn(1986, Re=34500.

use a turbulence model, but also it does not use a grid fine enough to sithelaeergy flux
through the different turbulence scales. But despite of all these shortcowfirlg have shown
a prediction level with the same precision to the other turbulence teamiqu

The 2D predictions of heat transfer, sometime more or less good, need also iadeskat
planation. There was not a clear better performance of 3D over 2D, althoubk theérmal
development is clear the deficient modeling of the 2D simulations. One reastrefeome-
times, good performance of 2D techniques can be the following. RANS tpobs)i for some
reason, under predicted the heat transfer in the present study (maybe a lowef vatushould
be used). On the other hand, as it is commented above, it seems that a tubedrarksega
turbulent flow with big bi-dimensional scales in the longitudinal-tramse plane. Therefore,
since it is expected that in a bi-dimensional turbulent flow there is an energiydin the small
to the larger scales, the deficiency of the 2D simulations end up being an im@owefrthe
heat transfer predictions. Note that tube-banks has big vortexes (thalAfdE Rre steady)
which are not strictly part of the turbulence.

4 CONCLUSIONS

The main goal of this study was to test different aspects of numerical predidtibead
transfer through cross-flow heat exchangers, in order to know the level of acdhedayan
bring to heat exchanger design. Basically the importance of different aspecéslikirbulence
techniques, computational domains, mesh refinement, etc. were tested. The folosvihg
main conclusions.

The DES prediction presented the lower differences with experiménital, but the distri-
bution of the local Nusselt shows that DES does not correctly model theléndsy and thus
the heat transfer, behind the tube.

VLES presented an improvements of prediction with mesh refinement, showing tteait bet
results can be achieved with denser grids; however more was expected froectiigjties
with the meshes used in the present study.

The experimental data used for comparison with the mean longitudinal weleas in the
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Figure 12:Comparison ofV« for the 4th tube for the 2D simulations in the full computational domain
with experimental data. Solid line, S-A— - — -, WTM; — — ——, k — ¢, Meyer (1994, Re=34100;
0-0-0,Meyer(1994), Re=41500% - % - %, Baughn(1986, Re=34500

middle of 7th and 8 th tube rows. However the use of a computationaautofor LES with

periodic boundary conditions with a denser grid does not presented hetdtsrthan vLES
in the full domain, showing that probably 2 rows of tubes are not emong-direction for

periodic domain.

2D techniques, mainly — ¢, have shown relative good performance. It is thought that this
is not actually based on its virtues but rather in its defects (since bi-dioraidlow increases
bi-dimensional big scales).

Simulations WTM has presented reasonable valugs:«qf,, in same cases with differences
in the order ofl0% with experimental data. But more important, the prediction of theieist
bution of the localNu has more physical sound than RANS and DES predictions. It is hard
to say whether this is a merit of this numerical technique without terimd model, or it is a
shortcoming of the turbulence techniques used in the present study.

Finally, based on the differences with experimental data this study showsuhsrical
predictions can bring improvements to heat exchanger design; but thisvietpent is only
reasonable and will depend on the quality of the numerical simulations.
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