i} - 3/ i Wi cpl -
iranpaper 1=} Downloaded from https://iranpaper.ir hitps:/Avww.tarjomano.com olgaazsdezy | L%DJJ

e 0lnl ol oy90

Heat and Mass Transfer
https://doi.org/10.1007/500231-023-03367-7

ORIGINAL ARTICLE q

Check for
updates

Effect of elliptical dimples on heat transfer performance in a shell
and tube heat exchanger

Seyed Ali Abtahi Mehrjardi' - Alireza Khademi?>3® . Zafar Said*>® - Svetlana Ushak’ - Ali J. Chamkha?®

Received: 8 February 2023 / Accepted: 18 April 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

The numerical simulation of a shell-and-tube heat exchanger (STHE) depends on a large number of computational cells.
The number of computational cells increases dramatically with increasing heat transfer surfaces in heat exchangers, such as
increasing the number of tubes or using dimples as modified surfaces. Computational cost is one of the critical parameters
in many industrial applications for heat exchanger analysis. The present study uses the P-NTU thermal analysis method,
proposes correlations to predict heat transfer inside and outside the tubes, and then analyzes the STHE with elliptical dim-
ples. The analytical approach shows 0.8% and 9% errors for two STHEs with specified heat performance, which is entirely
acceptable. Also, for the STHE with elliptical dimples, the results indicate a 40.6% increase in the heat capacity of STHE.
Increasing the heat capacity of STHE by using modified surfaces such as dimples significantly reduces the dimensions and
weight of STHE in industrial applications. Furthermore, the analytical method can be used for different types of dimples
with different geometries and arrangements.

Keywords Shell-and-tube heat exchanger (STHE) - P-NTU analysis method - Elliptical dimples - Thermal capacity - Heat
transfer performance
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generation of ®

depth (m)

heat transfer coefficient (W/m?.K)
conductivity (W/m.K)

Log Mean Temperature Difference
inlet baffle spacing (m)

outlet baffle spacing (m)

tube pitch (m)

Baffles number

number of tube passes

number of tubes
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P dimple longitudinal pitch (m)

q” heat flux (W/m?)

R, The ratio of tube side to shell side heat capacity
S distance

T Temperature (K)

t Time (s)

U Overall heat transfer coefficient (W/m? K)

u Velocity (m/s)

Y, Dissipation of k

Y, Dissipation of ®

Greek symbols

r Production of turbulent kinetic energy
6 Kronecker delta

£ Turbulent dissipation rate (m?/s%)
u Velocity (m/s)

v Kinematic viscosity (m?/s)

p Dynamic viscosity (kg/m.s)

T Stress tensor (kg/m.s?)

@ Specific rate of dissipation (1/s)
o, constant

oy constant

Subscripts

e equivalent

i inlet

0 outlet

s shell

t tube

tu turbulence

1 Introduction

The use of heat exchangers is prevalent today in a wide vari-
ety of industries, including aerospace [1], air-conditioning
[2], food [3], chemical plants [4], and automobiles [5]. Shell-
and-tube heat exchangers (STHE), which are widely used
because they are versatile, easy to maintain, and capable
of withstanding high pressure and high temperatures [6],
represent about 30 percent of heat exchangers employed [7].
It is, therefore, necessary to concentrate on this device to
improve its performance.

The performance of heat exchangers has been improved
through numerous experimental studies. El-Said and Al-
Sood [8] experimentally investigated an STHE with four baf-
fle layouts to improve its thermal performance. Shirvan et al.
[9] proposed a new wavy tube structure in an STHE to study
the effects of wavy surface specifications on heat transfer
improvement. Rahimi et al. [10] experimentally investigated
STHE with spiral tubes filled with phase change material.
Although some research on STHEs is performed experimen-
tally, studies are often conducted with CFD, which provides
convenience, low costs, and time savings. A numerical study
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by Xie et al. [11] evaluated the thermo-fluid character of
teardrop-shaped dimples compared to other types. Wang
et al. [12] simulated an STHE with staggered baffles to
compare the performance of its shell side with two STHE:s.
Also, an analysis of the parametric relationships between the
baffle cut and staggered angle was presented for the STHE
with staggered baffles.

In STHES, baffles are crucial in enhancing the heat trans-
fer coefficient. The baffles cause increasing turbulence
intensity and mixing locally by changing fluid movement
patterns, which results in a greater heat transfer coefficient.
Abbeasi et al. [13] employed porous baffles with a special
design in STHE, enhancing heat transfer by 11.15%. Arani
and Uosofvand [14] examined a new configuration of baf-
fles within an STHE to optimize fluid flow in the shell
side accompanied by heat transfer. Meanwhile, the need to
improve the thermal performance of heat exchangers has led
to the use of nanoparticles [15, 16] and modified surfaces
[17,18].

The use of dimples or fins on the tubes’ surface signifi-
cantly increasestheir thermal performance [19, 20]. Perwez
and Kumar [21] experimentally examined the thermal per-
formance of a spheroidal dimple plate compared to a flat
plate in a solar application. There is a significant differ-
ence in heat transfer between the spherical dimple plate and
the flat plate, as the spherical dimple plate is about 1.51-
1.64 times faster than the flat plate. It is estimated that the
spherical dimple plate has a thermal efficiency of 23.45%
to 35.50% greater than its related flat plate. Manoram et al.
[22] studied a heater's thermal efficiency about different
dimples parameters. The Nusselt number increased by 2.5
times with the dimpled tube. The dimple is superior as a heat
transfer enhancer because it improves thermal efficiency
with less friction. Xie et al. [23] numerically investigated the
effect of helical dimples in a tube on turbulent heat transfer.
The thermal performance of the tube with helical dimples
significantly outperformed the plain tube by 120 to 270%.

Several kinds of research with the HTRI, a commercial
design program, have been performed to optimize and ana-
lyze the performance of STHEs [24, 25]. However, there
may be better solutions to use commercial software tools
when designing STHE:s. In particular applications of STHES,
it is sometimes vital to use the developed surfaces due to
weight and volume limitations. The use of dimpled tubes
in a compact STHE with many tubes due to the countless
heat transfer surfaces makes numerical simulation of this
type of exchanger almost impossible. On the other hand, it
is necessary to know the thermal performance to design and
optimize such STHEs.

This paper aims to provide an alternative method for ana-
lyzing the performance of heat exchangers with elliptical
dimples. First, relations are provided to predict the Nusselt
number (Nu) in terms of Reynolds (Re) and Prandtl (Pr)
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Fig.1 The schematic a cross-sectional and b inner side view of the
elliptical dimpled tube

numbers for the flow inside the tubes and the shell. Then,
the STHE is evaluated using thermal performance analysis
methods (P-NTU) [26, 27], an alternative method to heat
performance analysis, which is faster and much less expen-
sive than a full-scale numerical simulation of STHEs with
the modified surface. The present work simulates the flow
inside and across the tube bank with a specific arrangement.
Finally, this process is repeated by considering the elliptical
dimples on the surface of the tube.

2 Physical model
2.1 Simple tube

The tube used in the simulation has a diameter of 1.6 cm for
flow inside the tube and 2 cm for flow across the tube bank
when the tubes are in a staggered arrangement. The ratio of
tubes transverse distance to the diameter of tubes and the
ratio of tubes' longitudinal distance to the diameter are 2.5
and 2.165, respectively, and the tube angle is 30 degrees.

2.2 Dimpled tube

For the dimpled tube, the diameter of the tube and the trans-
verse and longitudinal distances of the tubes are similar
to the simple tube. Also, the dimples shown in Fig. 1 are
prominent inside the tube, with the geometric characteristics
given in Table 1.

Moreover, to examine the effect of longitudinal and trans-
verse distance on heat transfer, which have been selected
from Jamil et al. [28] STHE for validation, additional lon-
gitudinal and transverse distances are considered according
to Table 2.

Table 1 The geometric parameters of the elliptical dimple

Depth (H /D,) Radius 1 (A /D,) Radius2 (B /D,) Pitch (P /D,)

0.2105 0.421 0.526 0.842

Table 2 Different tube layouts S, s,
Do Do
1.25 1.25
1.33 1.5
1.75 1.75
2 2

2.3 Materials and properties

Water, methanol, and ethanol are selected as working fluids in
the STHE because chosen materials cover an extensive range
of Pr. Also, the thermophysical properties of water, methanol,
and ethanol are listed in Table 3.

Based on the Vogel equation [32], the viscosity of flu-
ids for water, methanol, and ethanol follow Egs. (1) to (3),
respectively.

kg 578.919

M<ﬁ> = 0.001 x exp(-3.7188 + m) )
kg 2337.24

M<ﬁ> = 0.001 x exp(~6.7542 + m) ®)
kg 2770.25
28 ) = 0.001 (—7.37 —)

”<m.s> X exp T T 7468 )

2.4 Datareduction

In the current research, dimensionless numbers are used to
reduce the number of data. In addition, numerical solutions
can be simplified by using dimensionless parameters, reducing
the number of times needed to solve equations. These dimen-
sionless numbers are defined according to Egs. (4) to (6).

plu

Re = — 4
u )
uC,

Pr=—— 5

r=— (%)

Table 3 The thermophysical properties of selected fluids

Material kJ w kg References
o(nz)  *(%) (%)

Methanol 2.84 0.19 750 [29]

Ethanol 3.177 0.18 809.9 [30]

Water 4.182 0.6 998.2 [31]
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Table 4 The turbulence models used in numerical simulations

Case Case Turbulence model

1 Flow inside the simple tube Standard k-w

2 Flow inside the dimpled tube k-e Realizable

3 Flow across the simple tube bank k-& Realizable

4 Flow across the dimpled tube bank Shear Stress
Transport (SST)
k-w

hD
Nu=— ©6)

K

In Eq. (4), [ is the inner diameter for flow inside the tube,
the outside diameter for flow across the tube bank, and the
equivalent diameter for flow on the shell side in the STHE,
which is introduced in Eq. (33).

The heat transfer coefficient for the flow inside the tube and
the flow across the tube bank is calculated according to Eqs.
(7) and (8), respectively.

h= )
Tbulk - Tsurface
g
h=
TLMTD (8)

T, yirp» the log mean temperature difference, in Eq. (8) is
defined based on Eq. (9),

To B Tt
Tuaimo = (1 ©
Twall - To

Periodic

T = constant

()

eriodic inlet

3 Numerical method
3.1 Turbulence model

The selected turbulence models for each mode are listed
in Table 4. The basis for their selection for cases 1 to 3
complies with existing experimental and numerical data.
The turbulence model for case 4 is selected based on the
model's accuracy in predicting heat transfer for the dimple
case.

For cases 2 and 3, functions used near the wall are
enhanced wall treatment.

3.2 Boundary conditions

For flow inside a simple and dimpled tube, the boundary
condition for the inlet and outlet of the tube is periodic,
and a constant temperature boundary condition is set for
the tube wall. The boundary conditions assumed for flow
across the tube bank are shown in Fig. 2.

The boundary conditions are the same for a simple tube
(without dimples). In the numerical simulations, the wall
temperature varied between 290 and 350 K. The fluid
inlet temperature ranged from 280 to 340 K. Existence
of periodic boundary conditions in the inlet and outlet of
geometries causes complete thermal development for the
flow inside the tube, and considering a large number of
tubes for flow across tube bank and eliminates the effects
related to the number of tubes in heat transfer.

Periodic

Periodic
1 outlet

inlet

Symmetry

T = constant

(b)

Fig.2 Boundary conditions for a flow inside the tube and b flow across the tube bank
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Table 5 The grid independence validation of flow inside the dimpled
tube

Grid Number of Nu Different %
computational cells

(€)) 201,627 208 13.4

?2) 302,823 226.3 5.8

3) 404,707 238.1 0.9

“) 801,425 240.2 0

4 Governing equations and assumption

As mentioned earlier, k-e realizable is chosen to predict heat

transfer inside the dimpled tube and flow across the simple

tube bank. The associated governing equations are as follows.
The continuity equation [11]:

0
o () =0 (10)
The momentum equation [11]:
9 p 9 du; O
o (puas) = =5 o (i + o) < ot o (11)
The energy equation [11]:
0 0 H My \ 0T
ox; (17) ox; [(Pr Prm> ()xi] a2

And transport equations for the k- realizable turbulence
model described in Egs. (13) to (16) [11],

0 0 M\ Ok
2 (pha) = 2|+ B ) 2| 40—
ox; (pkas) 8x~[<# o-k>8x] pe

7 7 7

13)

9 9 [( um> ae] e
—(peuj)) = —|pu+— | —| +CTe-C,———
dxj( i) ox; o, ) ox; k+ +/ve
14
ou; ou. Ou:\ ou.
FI—TMj—l:ﬁ _’+_J _t (15)
ou; p \0x; 0x; ) ox;

Table 6 The grid independence validation of flow across the dimpled
tube bank

Grid Number of Nu Different %
computational cells

(€)) 425211 35.7 11.5

?2) 817,416 38.1 5.7

3) 1,203,352 40.1 0.7

“) 1,617,127 40.4 0

160

- — - — Petukhov [35]
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60 ~
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f((OOO 10000 15000 20000

Fig.3 Comparison of Nusselt number in the present study with
Petukhov [37]

H k2
C, = max [0.43%;5],02 =10,0,=1.0,0, = 1.2, 44, = pC,,—
(16)

For predicting heat transfer for flow inside the simple
tube, k- Standard is chosen for turbulence modeling. The
related transport Equation for this turbulence model is as
follows in Egs. (17) to (20) [33]:

Dpk ou, « 0 ok
— =1,— — fTpwk + — | (1 + o Yy ) + — 17
Dt Y ox; ox; ( M ’”) ox; a7
55F
5 :_ — -& — Present Study
@ [ ——&—— Xieetal [11]
= B
E 45F
= 5
s -
S 4
E 5
= B
= B
= 335F
< -
2 =
a 3r
E -
= -
= 25F
= B
= i
= -
4 2 -
15F
L I 1 | 1 1 l 1 L 1 1 I | 1 1 1 I | | 1 1 l L 1 1 1 l
5000 10000 15000 20000 25000 30000
Re

Fig. 4. Comparison of Nusselt number in the present study with Xie
etal. [11]
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Fig.5. Comparison of Nusselt number in the present study with
Zukauskas [36]

Dpw vy Oy > 0 ow
— = +—|(u+ + =
Dr = 0, a pypw o (#+ 001 ) o (19
o, iz P _ K 19
T, T e (19)
ou; Ou; D Ju, 2
T = ( dx;  0x; 3 0x; ”) 3 ROy (20)

And, for heat transfer simulation for flow across tube
bank, k- Shear Stress Transport (SST) is chosen for turbu-
lence modeling; the transport Equations for this turbulence
model follow in Egs. (21) to (27) [34]:

a a Mu ak jpnong
o (oku;) = $<<M+ —’>$> +G - Y +S. (1)

i i Ok i

d 9 AN

L (powku) == 2)V2) 4G, -v, +D,+S
(22)

G, = min(Gy, 105*kw) (23)
G — (0

= —pulu1<a—xj> (24)
Y, = pfka (25)
Y, = ppo’ (26)

@ Springer
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Thermal effectiveness is defined as P, the temperature
effectiveness. An exchanger with two fluids has a differ-
ent exchange rate for each fluid. Regardless of whether it
is a hot or cold fluid, P is the ratio of the rise or drop of
the fluid temperature to the difference between their inlet
temperatures:

Tta - Tti
P = : (28)
' Ts,i - Tt,i
where R,, the heat capacity rate ratios, are:
C T..—T.
R — ~r — S,1 8,0 (29)
' Cs Tt,o - Tt,i

NTU is also provided for each fluid by the following,

NTU, = %

t

(30)

In this method, to analyze a heat exchanger, it is divided
into a number of blocks. The parameter P for each block is
calculated based on the orientation of fluids 1 (tube side)
and 2 (shell side) (counter/parallel/crossflow). In the follow-
ing, the method of calculating P based on the arrangement
of fluids 1 (unmixed) and 2 (mixed) relatives to each other
is presented for crossflow.

1 —exp(—KR
Rl
K =1-exp(NTU,) (32)

Table 7 The specification of Jamil et al. [28] STHE

Parameter Value

Mass flow rate (shell/tube), kg/s
Shell side temperature (inlet, 7; /outlet, T',), K

> Lsi > Ls0

27.8/68.9
368.15/313.15

Tube side temperature (inlet, T, /outlet, 7,,), K 298.15/313.15

Fluid (shell/tube) Methanol/Water
Tube layout, degree 30°

Number of tube passes,Np 2

Tube inner diameter, D,;, m 0.016

Tube outer diameter,D,, , m 0.02

Baffles number,N,, 13

Baffle spacing,L,=L,.=L,,, m 0.356

Tube pitch, L,I,, m 0.025

Shell diameter, D, m 0.894

Number of tubes,N, 918

o
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Fig.6 The schematic of Jamil

et al. [28] STHE for validation ‘

in the current study n D
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The hydraulic diameter of the shell in a staggered
arrangement is equal to:

3p? wd?
4 -
D =—2% 8 (33)
¢ ”dﬂlﬂli‘
2

Also, the cross-sectional area of fluid flow in a shell is
obtained from the following equation:

D.,C.B
A = f2 (34)
t
puD, mD,
Re, = = (35)

SToou A

Clearance, the distance between outer surface of two
adjacent tubes, is calculated in this way:

C.=P,—d, (36)

Finally, the overall heat transfer coefficient is as follows,

d,
d' ln( outer. )
1 dinner tnner Dinper 1

= 37
U, nd T % *

inner outer“outer wall

inner

5 Heat transfer prediction

The general form of Nusselt number behavior based on Re
and Pr, dimensionless numbers, follows Eq. (38) trend for
flow inside the tube. The reason for choosing this trend is
that regression is close to 1, which shows that the simulation
data strongly follows this trend and can be used confidently
to predict heat transfer for data other than the simulation
data.

Nu = a X Re” x Pr¢ (38)

Coefficients a, b, and ¢ are unknown constants in Eq.
(38) according to the general form of Dittus-Boelter [35]

correlation and are obtained by minimizing the squared error
for each case.

In the case of flow across tube banks, the heat transfer
can be expressed through Eq. (39) according to the general
form of the Zukauskas [36] correlation. This equation is
particularly suitable for predicting heat transfer as it exhibits
a regression close to 1, in line with the Nu number trend
for flow across tube banks. The coefficients a, b, c, e, and f
in Eq. (39) must be determined by minimizing the squared
error for each case to predict the heat transfer accurately.

Nu = b of St ‘ St /
u=aXxRe’ X Pr o X D 39)

Dimensionless heat transfer for the flow inside the simple
tube and flow across the simple tube bank is according to
Egs. (40) and (41).

Nu = 0.02379 x Re®310% x p 03756 (40)

S 0.4 S -0.1
Nu = 0.2617 x Re®%3 x Pr0‘3568><<D—L> X<17T>

o o
41)
And, dimensionless heat transfer for the flow inside the
dimpled tube and flow across the dimpled tube bank is
according to Egs. (42) and (43).

Nu = 0.162 x R x pyO3117 (42)
S 0.35 S —0.12
Nu = 0.527 x Re*S33 x P33 L) x( =L
DO DO
(43)
Shell inlet Shell outlet

Fig.7 The schematic of Jamil et al. [28] STHE divided into several
blocks
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Fig.8 The arrangement of
adjacent blocks for Jamil et al.
[28] STHE

Shell outlet

Forty data from numerical simulation have been used to
propose Egs. (40) to (43) for Nu number in terms of Re and
Pr for different cases.

6 Validation
6.1 Grid independence verification

To ensure grid independency, four types of grids with differ-
ent numbers of computational cells are considered for each
simulation mode case, shown in Table 5, and the differences
are compared with the denser ones. In order to investigate grid
independence for flow inside the tube, a specific set of boundary
conditions was established. For this study, Re was set to 8000,
and Pr was set to 6.98. On the other hand, for flow across the tube
bank, Re and Pr were considered as 1000 and 6.98, respectively.
These values were chosen for the purpose of examining the level
of grid independence in the simulated flow. In the study of grid
independence for flow inside tubes and across tube banks, the
results are presented in Table 5 and Table 6, respectively.
According to the results of Tables 5 and 6, the number
of computational cells for the grid (3) can be trusted for the
flow inside the tube and the flow across the tube bank.

6.2 Model validation

In this section, the results of numerical solutions to predict
heat transfer of flow for different modes consisting of flow
inside a simple tube, the flow inside a dimpled tube, and
crossflow over a tube bank are validated by the results of
previous studies. The operating fluid and Pr are chosen water
and 6.98, respectively.

Table 8 Comparison of the results of the present study and Jamil
et al. [28] STHE

T,,(K) T,,(K) Heat capac- Different (%)
ity (kW)
Present study 318.3 311.8 3933.1 9%
Jamil et al. [28] 313.15 313.15 4322.1 --

Tube inlet

Shell inlet

First, to study the flow inside a simple tube shown in Fig. 3,
the Re range is chosen from 5000 to 20000, which compares
the results of the numerical simulations in the present study
with the results of the Petukhov [37] research. The compari-
son between the results obtained from the present numerical
simulation and Petukhov's [37] findings, as shown in Fig. 3,
reveals a maximum difference of 12%, which is considered
acceptable. Additionally, Fig. 3 illustrates that the calculated
Nu number tends to underestimate lower Re numbers and
overestimate higher Re numbers. This trend highlights the
sensitivity of the Nu number with respect to the Re number
because of the implemented turbulence model.

The study compared the Nu number ratio of a dimpled
tube to a simple tube, as depicted in Fig. 4, within the range
of Re from 5000 to 30000. The results were compared with
the research conducted by Xie et al. [11], and slight differ-
ences were noted (maximum of about 14%). Nonetheless,
this level of variation is considered acceptable. Moreover,
these findings suggest that the k-e¢ Realizable turbulence
model employed in this configuration has been demonstrated
earlier is appropriate since the acceptable error in the entire
range of simulation.

Table 9 The specification of Leoni et al. [25] STHE

Parameter Value

3.5/1.59
363.15/380.18
463.15/443.15

Mass flow rate (shell/tube), kg/s
Shell side temperature (inlet, 7; /outlet, T',), K

> TSt > T so

Tube side temperature (inlet, T, /outlet, 7,,), K

Fluid (shell/tube) Crude oil/Water
Tube layout, degree 30°
Number of tube passes, Np 1

Tube inner diameter, D,;, m 0.01575
Tube outer diameter, D,,, m 0.019
Baffles number, N, 4
Baffle spacing, L,,., m 0.160
Inlet and outlet spacing L,; =L,,, m 0.290
Tube pitch, L,I,, m 0.025
Shell diameter, D, m 0.205
Number of tubes, N, 43

@ Springer
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Fig.9 The schematic of Leoni et al. [25] STHE for validation in the
current study

Figure 5 compares the results obtained in this study with
those reported in a previous work by Zukauskas [36], con-
sidering a Reynolds number (Re) range of 1000 to 5000.
The maximum observed error is 6.6%, with a significantly
lower average error. These findings indicate a good agree-
ment between the results of our study and those obtained by
Zukauskas [36], as further supported by Table 4. The results
also suggest that the k-omega SST model is appropriate for
simulating flow across a tube bank. Notably, the difference
in percentage error between our study and that of Zukauskas
[36] did not vary significantly with increases in the Re num-
ber range considered in the simulation, and it hasn’t resulted
in more or less error in the range of simulation.

Therefore, the results obtained in the present study can be
used in the simulated range because comparing the results of
the present study with the results of the reference research
[11, 36, 37] to examine accuracy shows a good fit.

7 Analytical approach
In this section, first, the reliability of the P-NTU algorithm

is evaluated by the analytical solution of Jamil et al. [28]
STHE, which is the validation reference of many studies,

(@)

Tube inlet

Table 10 Comparison of the results of the present study and Leoni
et al. [25] STHE

Cases T,,(K) T,,(K) Heat
capacity
&W)
Leoni et al. [25] 380.18 443.15 125.46
Present study without dimple 379.31 444.44 124.41
Present study with dimple 387.43 435.03 176.4

including [38—40]. Then the effect of using the elliptical
dimple on the Xie et al. [11] in increasing the thermal capac-
ity of the STHE is evaluated. The specifications of Jamil
et al. [28] STHE is given in Table 7, and its schematic is in
Fig. 6.

To derive an analytical solution for the STHE, it is neces-
sary to treat the point of contact between the tubes and the
shell fluid in each section as a discrete block. The arrange-
ment of these blocks is determined based on the point of
contact between the shell side flow and the tubes. Figure 7,
adapted from Jamil et al. [28], illustrates how the STHE is
divided into multiple blocks.

Depending on the arrangement of the adjacent block,
the equivalent temperature effectiveness coefficient should
be calculated for the whole STHE, where more details are
shown in Fig. 8.

Based on the Equation required for heat exchanger analy-
sis by the P-NTU method and equivalent temperature effec-
tiveness coefficient to the results of heat exchanger perfor-
mance analysis and the existing results of Jamil et al. [28]
research is given in Table 8.

According to Table 8, the methods used in the present
study and Jamil et al. [28] results are 9% different. There-
fore, the results of this study's method (P-NTU) can be
trusted. The origin of this error can be attributed to using
the P-NTU method in the current study, which utilizes an
empirical correlation that differs from the one used in the
Bell-Delaware method employed by Jamil et al. [28] in their
STHE solution. Additionally, the assumption made by the

Shell inlet

Tube outlet

Shell outlet
(b)

Fig. 10 The schematic of Leoni et al. [25] STHE, (a) divided into several blocks (b) arrangement of the adjacent block
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Fig. 11 Comparison between Leoni et al. [25] STHE and present
study and evaluation dimple effect

P-NTU method that the flow direction over the tube is com-
pletely perpendicular may not hold in reality, contributing
to the error in the solution.

In the following, the STHE of Leoni et al. [25] is inves-
tigated in terms of thermal performance by the P-NTU
method with and without the elliptical dimpled tube. The
specifications Leoni et al. [25] STHE is given in Table 9,
and its schematic is in Fig. 9.

Figure 10 shows how the Leoni et al. [25] STHE is
divided into several blocks and the arrangement of the
blocks together.

In their research, Leoni et al. [25] analyzed the thermal
performance of the STHE using ANSYS and HTRI software.
The results of Leoni et al. [25], in their research consid-
ering simple tubes and the consequences of Leoni STHE
heat capacity in the present study assessing simple tube
and dimpled tube introduced in Table 1, are presented in
Table 10. According to Fig. 11, dimples on the tube surface
have increased the STHE heat capacity by 40.6% without
increasing its dimensions and weight.

8 Conclusions

The present study analytically evaluates the effect of ellip-
tical dimples on increasing the heat capacity of STHE by
the P-NTU method and proposes the correlations for pre-
dicting heat transfer according to Re and Pr. At first, the
turbulence models, including k-¢ realizable, k-® standard,
and k-o SST, are used to validate the heat transfer inside
and outside the tube, which is compared with the results of
previous references to ensure the accuracy of the proposed
correlations. Then, the thermal performance of the STHE

@ Springer

is verified using the provided correlations and the P-NTU
solution method. Accordingly, the effect of the specified
dimple on thermal performance is examined. The primary
findings of the current study are as follows:

1. Implementing the analytical method has led to a marked
decrease in computational expenses by avoiding using a
vast number of computational cells. A study conducted by
Leoni et al. [25] revealed that while the STHE with proces-
sor Intel Core i7 3.4 GHz and 8 GB RAM took approxi-
mately 3-5 days, the P-NTU method solved in just a few
seconds. Notably, when dealing with modified surfaces,
the computational domain requires even more computa-
tional cells, increasing the time needed for convergence.
As a result, the CFD approach may only be feasible for
some industrial applications.

2. The analytical method has an error of up to 9% for
STHE:S studied in the present study, which is acceptable.

3. The elliptical dimple configuration described in the pre-
sent study increases STHE heat capacity by 40.6%.

4. Mitigating the size and weight of STHE by using dim-
ples is essential in industrial applications.

5. The method used here is reliable for investigating the
effect of other dimple configurations.

Funding This work has been funded by ANID/FONDAP 15110019
SERC-Chile project.
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