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The effect of segmentation depth in a helical
fin tube bundle on the anisotropic turbulence state
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The large eddy simulation approach was used to perform a numerical simulation of a flow around a helical segmented-fin tube bundle.
This work focuses on the study of turbulence and the effect of segment depth on it. The simulation was conducted in an area away from the
boundaries of the tube bundle, where the flow is fully-developed, and the use of periodic boundary conditions is possible. The computer-aided
design of the helical segmented-fin tube geometry is incorporated into the computational grid from the immersed boundary technique. The
Reynolds stress tensor was used to analyze the anisotropic state of turbulence. This flow is characterized by an anisotropic state generat
by a flow with a preferential direction. A transfer of momentum in the inter-segment space and contiguous zones was observed. This inter-
segment flow generates a less anisotropic state of turbulence. This study aimed to understand a possible transformation of heat transfer wit
marginal geometrical changes and pressure drop increases.
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1. Introduction On the other hand, numerical simulations present detailed
information on the heat transfer performance of a single-

Helical segmented-fin or serrated-fin tubes are widely used iff"ed tube [9-13] or a small-finned tube bundle [1, 14-22].
heat exchangers because the heat transfer surface decread®@St numerical simulations focus on representing the flow
and consequently, the weight of the thermal equipment is re@round the finned tube and its connectlop to heat' transfer
duced. The heat transfer performance is not sacrificed bét:9-11,14,15,17,18,20,21]. For example, Ntagiz-Espinosa
cause the geometry of finned tubes promotes turbulence, &t @- [18] found intense temperature gradients near the ver-
though the pressure drop also increases. In the open [if€X Of segmented fins where heat transfer is intense. Other
erature, experiments and numerical simulations have studnvestigations included parametric studies of fin characteris-

ied the thermal-hydraulic behavior of helical segmented-firicS (Ségmented fin height, fin pitch, fin height, or fin thick-

(serrated-fin) tubes. Most experiments present global studid®€SS) on heat transfer [12,13,16, 19]. An@bpl. [12] found
of heat transfer and pressure drop on finned tube banks [f1at Segmented fin height has the same thermal performance

5]. Some works compare the thermal performance of differ2S plain fins, with less heat transfer area. Finally, few works

ent serrated-fin geometries, as developed by Ztal. [1]. have studied the turbulent structures in helical segmented-fin

Other studies analyze the effect of segmented-fin (serratedUes and their relation to energy transport. Kuetal. [19]

fin) characteristics, such as fin pitch, fin height, fin density,found vortices generated by fins and horseshoe vortices along

and segmented fin height on heat transfer and pressure drc}B.e tube surface that enhanced the heat transfer. These vor-

For instance, heat transfer and pressure drop increase as {iR€S Were identified through vector maps and streamlines
height and fin density increase, as reported by Naess [2] arld @ RANS) simulation (Reynold Average Navier Stokes).
Ma et al [3]. In contrast, the fin pitch has a reverse be-Salinas-\Azquezt al. [22] found relevant momentum trans-

havior because heat transfer and pressure drop decrease,/@ldn the inter-segment space, which increased the turbulence
found in Naess [2] and Kiatpachai [4]. Keawkamal. [5] and the formation of vortices between the fins at high spaces
found that segmented fin height significantly affects the NusPetween the segments.

selt number. Some experiments report detailed information State-of-the-art research reveals that few works have

as visualizations [6, 7] and velocity measurements [8]. Fowstudied turbulent structures in helical segmented-fin tubes

example, Pis’'mennyi [6, 7] identified experimentally intense[19, 22]. Studies of heat transfer performance reveal that

vortical structures in the front of the fins, which increasedheat transfer is intense in the vertex of segmented fins [5, 18]

the transfer of momentum and energy. Papa [8] measured ttend influenced by the presence of vortices in these zones [6].
velocity field and turbulence parameters in half of a finnedFew studies have been conducted on turbulence structures
tube. and their connection to heat transfer and pressure drop in he-
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lical segmented-fin tubes. Therefore, this study continues theirection. This forcing termf;(¢), is equivalent to the im-
turbulence study developed by Salinag2duezet al. [22] position of a mean streamwise pressure gradient (see the ap-
while considering studies on the vertex of segmented finpendix in Salinagt al. [22]). The forcing appears in the en-
conducted by Martinez-Espinosd al. [18] and Keawkam-  ergy equation multiplied by the mean bulk velocity Eq. (7).
rop et al. [5]. The primary objective is to propose a way to

increase the thermal performance of helical segmented fins Sp = (0, £5(t),0,0,Uy fs ()" . (6)
without an increase in pressure drop and heat transfer sur-

face. Then, a numerical study of the anisotropic state of the ) ]

turbulence is developed at different segmented fin heights3- Numerical solution

Simulations were conducted using the large eddy simulation )

(LES) approach and numerical tools, such as periodic bound-1-  Numerical scheme

ary conditions and the immersed boundary technique. Four , 1 2 in th lized di
cases were simulated at different segmented fin heights to ufrguations (1) to (4) in the generalized coordinates were

derstand the effect of the depth of the fin segmentation oﬁolved using the fully explicit McCormack scheme [24], sec-
thermal-hydraulic performance ond order in time, and fourth order in space.

2. Governing equations 3.2. Initial and boundary condtions

The compressible Navier-Stokes equations in a Cartesiaﬁhe '[_hermodyqa_rrjlﬁ_vacr;aé)les, temperaturel, and zressurle (or
frame of reference can be written as follows [23]: e"?s'ty) were initialized by a constant value and equa 0
their reference values df,.; and P,..; (atmospheric condi-
oU  OF;

o tions). The tube temperature is constant through the simula-

tion and equal td},,. = 1.475..¢. The streamwise velocity
whereU is the vector of conservative variables, defined as:

= SF, )

(xz—direction) was equal to its reference valuelgf = Uy,
which was the bulk flow velocity in the domain, defined as:

T

U= (,0, pu1, puz, pus, pe) ) 2 _ (pu)b(t) @)
where u; represents the velocity component in the P (o(t)
i—direction, andp is the density. In the results section, both
the velocity and space direction vectors were changed fro
(u1,ug,us3) to (u,v,w) and(xy, zs, x3) to (x,y, ), respec- 1
tively. The total energy, which is the sum of internal and  (9)s(t) = {———— /// (&, t) 0p(%) dzdydz, (8)
kinetic energies, is defined for an ideal gas as follows: FreeTotal

r;[he mean bulk value of a variable is given by:

whered, (¥) = 1 Free volumeg,(Z¥) = 0 blocked volume,

pe = pc, T + %p (ui +u3 +u3), (3)  solid body,VireeTotal = total volume of comp. domain.
Two spanwise velocity components = direction) were
F; is the fluxes in the three spatial directions. considered null; = 0 andW, = 0). Periodic boundary
pu; conditions were applied in the— andy—directions. Physi-
! cally, this implied that the lateral walls did not influence any
pu;uy + ﬁp&-l — 451 of the two directions. This condition consists of cloning the
1 " computation domain in the periodic directions, see Fig. 1a).
F; = puitz + a7zPdiz — . Sin » (4 This boundary condition allows the simulation of an infin-
puius + ﬁp@.g — £ Sis ity of tubes at_the fully develqped zone of the tube bundle
, (after four to five rows of the inlet and far from the lateral
(pe + P)u; + Vﬁi pSijui — ﬁ pT’“Re ng walls [25]) while saving computer resources. A forcing term

(Eq. ®6)) must be imposed to prevent the flow stop and the

creation of the pressure drop, a non-periodic condition (see
Appendix in Ref. [22]). Slip walls [26] were imposed in the

1 /u; Ou; 2 z-direction. The boundary condition is based on the method

Sij =5 (0:1:4 + alf —5(V-u) 5ij) : (5)  called Navier Stokes characteristic boundary conditions. The

J ! hyperbolic terms of equations are modified at the boundary

The vectorSg, corresponding to the source terms, is a func-by characteristic analysis in the form of waves normal to the
tion of time only and is necessary to counteract the frictionboundary. For slip wall, an invisid conditions is imposed at
losses in the principal direction. Force must be introducedhe wall: v, ,,,;; = 0. The tangential shear viscous stresses
to represent a fully-developed flow economically (Fig. 1a)parallel to the wall and the heat transfer normal to the wall
by imposing a constant mass flux in the periodic main floware null (viscous conditions). The momentum normal to the

wherek is thermal conductivityg;; is the Kronecker delta,
and.s;; is the deformation tensor, defined as:
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numerical domain and physical representation of periodic bound-
ary conditions and b) fin characteristics for the four studied cases.FIGURE 2. Immersed boundary conditions and grid independence.
a) Immersed boundary conditions based in the use of a level set
function ¢. Interpolation of the solid body variable values avoids
wall and energy are not computed on the boundary. The reshe stepping behavior. b) Fin representation in three different grid
of the variables are obtained from the conservation equation@solutions. Mean streamwise velocity comparison for three differ-
in function of the normal wave amplitudes associated withent grid resolutions.

the characteristic velocities of the system. o )
After a reinitialization process of the level set function

[30,31] to keepp(x) as a signed distance function. The solid
surface was obtained with good precision at the zero-level of

The turbulent effects were simulated with a LES model.this function (o(z) = 0). The solid body was created by im-
According to Metais and Lesieur [27, 28], small scalesPosing harsh conditions, such as null velocities and a constant
should be filtered, and their effects included in the preseniemperature, at the blocked nodes(£) < 0, see Fig. 2).
model through the classic eddy-viscosity assumptiog). ( The Velocity at the ghost points was interpolated (linear 2d
The subgrid-scale model used in this work is the selectivéind 3d interpolations) from the values of their nearest neigh-
structure-function model proposed by [29]. The local eddyPor nodes. This procedure avoided a stepping behavior of the

3.3. Turbulence model

viscosity, v (z, t), is then given by: velocity field close to the walls; the complete procedure can
be seen in [32]. The pressure was extrapolated from the fluid
ve(z,t) = CosfA(F?(x,1))'/2, (9) to the solid [33], which allowed for a null pressure gradient

at any wall surfacedp/dn|..; = 0. The extrapolation was
where C,,5 is expressed as a function of the Kolmogorov obtained from the following advection equation:
constantCy, Css¢ = 0.104. Local filter size,A, is taken p
equal to(AzAyAz)/3, whereAz, Ay, andAz are the lo- 5, T Vp=0, (10)
cal grid sizes in the three spatial directions*(x,t), the \yherey, is the normal to the wall unit at every grid point,
second-order velocity structure function constructed with th§yefined from the level set functiop, as:
instantaneous filtered field??(z, ¢) is calculated at a given v
. - - . _ Vp
point with a local statistical average of square (Favre-filtered) n=1oon
velocity differences between the given point and the six clos- . . | _ #l . .
est points surrounding the computational grid. wherer is not the phy'S|caI. time, but a functlon. of the grid
7 « min(AzAyAz). Five time steps were required to pop-

ulate the needed nodes. Advection equation &) (vas
solved using a third-order total variation diminishing (TVD)
Immersed boundaries allow solid bodies with complex ge-Runge-Kutta scheme for time discretization and a fifth-order
ometries to be introduced into the flow. The complex solidweighted essentially non-oscillatory (WENO) scheme for
body geometry of the fins was generated using computespace discretization [34]. The extrapolation procedure was
aided design software in STL format (Standard Triangle Landone for every time step of physical time,
guage) and transferred to the computational domain (own nu-
merical tool). 4. Validation

To identify the solid, we used a level set functigr(x),
which took the value of-« inside the solid and-« outside  The validation was conducted in two stages. In the first, the
the solid. « is proportional to the maximum grid size in the numerical and experimental results obtained by Simonin and
computational domain [22, 30, 31]. Ghost nodes were idenBarcouda [25] were compared in a smooth tube bundle [32].
tified as those nodes that are close to the solid body withoun the second stage [22], the mean streamwise velocity was
being part of it(see Fig. 2a). compared with the experimental results [8].

(11)

3.4. Immersed boundary conditions
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where (uiu) are the normal Reynolds stresses. The
Reynolds stress anisotropy tenggy, normalized with the

& - turbulence kinetic energik = (1/2) (uju})), is defined to
— quantify deviation from an isotropic stress field:
I Dr !
" (wiug) 1
FIGURE 3. Geometrical characteristics and resolution of the stud- bij = (u/ o > - §5ij- (13)
kU

ied numerical domain.

The second and third invariants of the tensor are defined

as [36]:
5. Simulation characteristics

IT = bybji /2,
The computational domain was the same as in a previous
. . IIT = b;;b1bgi/3. 14

study [22]. The reduced domain comprised a complete tube sbikbei/ (14)
this work, only the hydrodynamics of the fluid were stud- gefined as [36-38]:

ied. The Reynolds numbéiRRe = (UyDopref)/(1(Tref)))

used in this study was 16890 (equal to that used in Mar- n?=1I/3 (15)
tinez et al [18] and Salinas-¥izquezet al. [22]. The =111/

dimensionless computational domain lengths &fg = . . )

0.0508 m): 2.228Dy x 1.286D, x 0.22D,, for thez—, y— The anisotropic state of turbulence can be described by a

characteristic spheroid whose radii correspond to the eigen-
values [37]. The anisotropic state of turbulence parameter
[F] scales the degree of anisotropy from zero (one- or two-
y— andz—directions. component turbulence, anisotropy) to one (isotropic turbu-

This resolution was obtained after studying the indepen!€nce). and itis defined as [36-38]:
dence between the grid resolution and the results [35]. For
this flow, the main difficulty was correctly capturing the ge-
ometry of the fins. In Fig. 2b), we show the fin resolution for
three different cases (4,6.3, and 11.4 million computationap' Results
nodes). We found that for resolutiob8% lower than the one 6.1. Mean streamwise velocity

used here, significant chang@s- 3%) were not observed in - Figure 4 shows the mean streamwise velocity in a z-plan. The
the statistical results. Figure 2b) shows the comparison fiarker blue zones (negative velocity values) show recircula-

behavior was observed in mean and turbulence quantities. field shows a pair of symmetrical recirculations behind the
In engineering, the best solutions are the simplest. For

this reason, the present work intends to complement previous -
works [22] on the subject by changing the fin segmentation ==
depth,l,. Four different configurations [Fig. 1b)] were stud-
ied: I,/l; = 0.0 (smooth fin), 0.25, 0.5 (base case [22]), and
0.75, wherd is the total fin length and, is the segmenta-

tion depth [see Figs. 1b) and 2b)]. The flow characteristics, ®
computational domain length, and resolution were the same
for all cases (Fig. 3).

andz—directions, respectively. Due to the complexity of the
tubes, the grid was uniform in all three directions. The grid
resolution is371 x 213 x 80 computational nodes for the—,

[F] =1—27p% + 5263 (16)

)

5.1. Statistical variables

d)

We define the mean quantities as the average of the variable«)
across time. For any given instantaneous quantity, ¢),

the mean was written ag'(#). No spatial averaging in

the periodic directions was possible for this configuration.
The instantaneous fluctuatiofi(Z,¢) from the mean satis-

fies f'(7,t) = f(Z,t) — F(Z). The term “rms” indicates that FiGURE 4. Mean streamwise velocity in aplane,z/Do = 0.11
the fluctuating values are defined, as in the following: for a) Case 1, b) Case 2, c) Case 3, and d) Case 4.

U/,
050 05 1 15 2 25
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FIGURE 5. Instantaneous streamwise velocity contours and trajec- —

tory lines in they-plane,y/ Do = 0.44, a) Case 1, b) Case 4, and
c) flow from one interfin zone to another (Zoom Case 4).

FIGURE 6. Turbulence intensities..,..s, Uy, andw,.,,,,; and the
turbulence kinematic energy, in az-plane,z/ Do = 0.11. Maxi-

tubes (dark blue zones, A-square) and high-velocity bands '™ intensities changes are marked (squares).

away from the tubes (red zones, B-square). However, several

antisymmetric recirculations were observed in instantaneou.?he wall turbulence feeds on the velocity gradients gener-

fleld_s [22]. Recwculatlon_snze (C-Il_nes) and the m|n!m_al andated near the wall. When the flow touches the fins and the
maximal mean streamwise velocity values were similar for, .
tubes, the boundary layer develops generating turbulence. If

all cases studied. A comparable snuatuon was ob.served. f%e wall is discontinuous, case 4, the boundary layer devel-
the other components. Small changes in velocity fields bnn%pment is weak and the turbulence in the flow is lower. Fig-

with the‘?‘ minimal changes In pressure drop: A.great ad'U{;e 7 shows the.., .. andk contours in the interfin zone and
vantage in heat exchanger design is the marginal increase

. e mean streamwise velocity profiles for three different x-
0,
< 2% in the pressure drop observed between Cases 1 and positions. Note the differences in the gradients of the veloc-

ity profiles near the wall (profile (1)). Profile (3) does not
reach zero-value (wall no-slip condition is not met). These
ifferences generate the decrease in turbulence observed in

To understand better the turbulence decreases, see Fig. 7.

6.2. Interfin zone interactions

The main change in the flow for the different cases studie
; . . : . he contours between cases 1 and 4.

was found in the interfin zones. The interaction between ] ) ) )

these zones is shown from instantaneous velocity fields. Fig- D€SPite the previous changes observed in the magni-

ure 5 shows the trajectory lines in the y-plane. The flow goeé“de of the turbulence intensities outside the fin zones, the

from one zone to another through the spaces made by the fin

segmentation (Fig. 5¢). The instantaneous and mean magni

tude of the normal velocity component increases in this zone. ® ]_
==+

6.3. Turbulence intensities

Figure 6 shows the turbulence intensities (rms-values) and

the turbulence kinetic energyt = (1/2) < uju) >), in. kyu,* W T
a z-plane. Contours show a decrease from Case 1 to 4 in th¢ie= . =
ul..s andol, - intensities, as well as in the turbulence kinetic | ——

energy, k (less than 10%). Marked zones in Fig. 6 show the [T
zones with the maximum decrease. Figure 10b) confirms this —na

tendency. However, an increase in the intensityff, . (3- ?9 Wome/ My
4%) was observed (A-square, Fig. 6). All z-planes reflected wor (1 - & 2
similar behavior. The flow developed between the fins is sim- | & )
ilar to that obtained in a plane channel flow. However, the o >

2040608 1

1D,
3
2

normal componentw’. ), could not entirely develop due "o

rTms
to the narrowness of the space between fins. Here, turbu- wl T
lence was created by the wall boundary layers. In Case 4, the 55 % vs T %1 Gidstoisdedsda % ws wa a8
space between segments does not allow the full developmen. a W o

of these boundary layers. The result was a decrease in tn'-elGURE 7. Turbulence intensities.,,,, and the turbulence kine-

magnitude of the turbulence intensities,,, andv,.,,,,. ONly  maic energyk contours in a y-plane;/ Do = 0.44. Mean stream-
the component;,,,, was favored, by the flow between the wise velocity in three different lines. Circles shoe the profile dif-

rms

interfin zones, as seen in Sec. 6.2. In Fig. 6 the zones witkerence: (1) different slope and (3) Velocity profile does not reach
the greatest decrease are within a square. zero value (no-slip condition).

Rev. Mex. Fis69 060601
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FIGURE 8. The anisotropic state of turbulence paraméigrcon- ) 0.0 1 AB = c : .
tour in az-plane,z/ Dy = 0.1; a) Case 1, b) Case 2, ¢) Case 3, and -1.0 05 0.0 0.5 1.0
d) Case 4. Line contours shaws < [F] zones. _— T

———— K201
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anisotropic state of turbulence is also transformed. The tur-

bulence in this flow was highly anisotropic because it has a 0.30 1
preferential flow direction (streamwise direction). This flow o
changed direction around the tubes and transfer turbulence = 0.25
energy from the streamwise!(,,,), to the spanwise compo- %

nent ¢’ . )(e.g, boundary layers, solid bodies, and wakes). = 0.20 | N

However, the fins restrict the transfer of turbulence en- — :
ergy to the third directiomy’.,,, .. The impact of the fins on 0.15 | Q\ \UZze 'f"'\\,ﬁ
the anisotropic state of turbulence can be seen in Fig. 8. This N e /i
figure shows the contours of the paramét€} (Eq. (16)). 010 L. — , | —— ,
The fin segmentation promoted the transfer of turbulent en- 1.0 -0.5 0.0 0.5 1.0
ergy from the main dirgction componem‘,ms., to the normal b) x/D
componentw,.. . favoring a less anisotropic state of turbu-
lence. In Figs. 8c) and 8d), the increase in the magnitud€&icure 10. Streamwise mean profiles: By] parameter (A-, B-,
of [F|] is observed in front (red zone, A-square), behind (B-C-squares in Fig. 8), and b) turbulence kinetic enekgyU; bulk
square), and to the sides of the tubes (C-square). Similar b&ean values. In legend:, /U; Eq. 8))).
havior was observed in all-planes. [F] values closer to 1
indicated a state of turbulence that tended toward isotropyFig. 9¢)], where a mean recirculation flow was created [see
The line contours in Fig. 8 show the values < [F]. The  Fig. d)] (trajectory lines of the mean velocity fields). In Case
zones increased from Case 1 to Case 4, corroborating our hf- @ slight increase in k was observed (Fig. 9a), but outside
pothesis that fin segmentation promotes less anisotropic tufe interfin zone, its magnitude was lower than in Case 1.
bulence. For Case 4, the anisotropic state of the turbulence is closer to

Figure 9 shows the contours of the three turbulence variiSotropy, and contour values of the paraméfef are near 1
ables in they-plane. In this zone, an increase in the compo-(Fig. 9b). A more isotropic turbulence behavior, where the

nentw!,, . was observed, mainly in front of the fin segments ParametefF] is closer to unity, could transform the momen-
tum and the energy distribution (work is in progress). Pre-

vious works have not reported results on the influence of the
anisotropic state of turbulence on heat transfer in similar ge-

0

ometries.
Figure 10 shows the streamwise mean profiles of ffje
h parameter and the turbulence kinetic enekgyThe values

were obtained from a variation of E(@)( integrated only in
they — z planes:

1
D)y (t) = (&, 1)0p(Z)dydz, (17
(@) () A(Y — Z)FreeTotal // (7, 1)0()dy a7
Fa : -
~ d where A(Y — Z)rreeTotal @re the free yz-area of every x-
y y ry
FIGURE 9. Turbulent variables in @-plane,y/Do = 0.44, in- plane. The important thing to highlight is the areas where the

clude a) turbulence kinematic enerdy, b) the anisotropic state Vari&}b'es are the maximum. In Fhe case of paranétgrthe
of turbulence parametéF’], c) turbulence intensityy’.,.,, and d) ~ maximum value was observed in front of the tubes A-square

turbulence intensityw,...,;, magnified view of the interfin zone. (Figs. 8 and 10) behind the tubes (B-square) and on the sides

Rev. Mex. Fis69 060601
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of the tubes, generated mainly by the separation of the boundence generated is due primarily to the boundary layers and
ary layers C-square (Figs. 8 and 10). Figure 10a) shows the wakes behind the solid bodies. In the case of segmented
third peak at the beginning of the last zone mentioned abovdins, the discontinuity of fin walls does not allow the com-
The small peaks in Fig. 10a) (in the C- squares) are the effeqilete development of boundary layers, obtaining a reduced
of fin segmentation. The streamwise mean maximum valuesirbulence kinetic energy (Fig. 10) of up to 15% in Case 4
for Case 4 aréF| ~0.4, and for Case 1F] ~ 0.28. How-  compared to Case 1. Despite the decrease in the magnitude of
ever, locally, the value can reach close to 0.9 for all caseghe turbulence, the fin segmentation generated a state of tur-
See square A in front of the central tube in Fig. 8. For tur-bulence closer to isotropy, which would transform heat trans-
bulence kinetic energy, the distribution was more uniform.fer (this work is in progress). This assumption is based on
The variable decreased around the tube center. The higlthe turbulence transformation observed in the interfin zone,
est streamwise velocity was observed in this zone (Fig. 4where heat transfer was produced in this flow. Likewise, an
In this zone, the minimum values of the fluctuations of theintense flow interaction was observed between interfin zones.
principal components are found. However, an increase in the
third component, A-square (Fig. 6), was observed for Cases
3 and 4. Figure 10b) shows the bulk mean EB).v@alues for
each case. A maximum decrease of 16% was found betwee,
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