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Abstract. This current work mainly focuses
on the enhancement of the heat transfer and
fluid flow characteristics of shell-and-tube heat
exchangers by incorporating dimples on the
smooth or conventional tubes. With the aid
of the ANSYS (Fluent) commercial software
package, Computational Fluid Dynamics (CFD)
simulations under a steady-state condition were
conducted on heat exchanger having a single
shell and 12 tubes (with or without dimples),
50% baffle cut, 100mm baffle spacing and
turbulent flow. The temperature, velocity, and
pressure fields at the shell and tube zone in both
cases are analyzed. The computational fluid
dynamics results of the heat exchanger with
dimpled tubes are compared with conventional
(smooth) tubes. However, the results show that
a shell and tube heat exchanger with dimpled
tubes has a higher overall heat transfer coeffi-
cient than that of conventional (smooth) tubes.
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1. Introduction

Heat exchangers are thermal devices designed to
allow the exchange of heat between two fluids.
The fluid may be multiphase or single phase, de-
termined by the purpose the heat exchanger is
being used for. Heat exchangers find their ap-
plications in both domestic and commercial pur-
poses, such as nuclear plants, power plants, heat-
ing, ventilation, and air conditioning (HVAC),
and food processing plants [1]–[5]. Heat ex-
changers come in a variety of shapes and sizes,
but the most common types are shell-and-tube,
plate-and-frame, and scraped surface heat ex-
changers [6]–[8]. Shell and tube heat exchanger
(STHE) contains a shell and a bundle of tubes,
where one fluid medium flows through the shell
and the other runs via the tube bundle [9, 10].
Augmentation of the thermal performance of
SHTE depends on numerous factors, which in-
clude flow configuration (parallel, counter, and
cross-flow), geometry configuration of the shell,
tube layout pattern, tube shape, tube config-
uration (plain, corrugated, longitudinal finned,
dimple and protrusion), number of baffles, baf-
fle cut, type, shape, and spacing [11]–[15].

Several studies on the enhancement of the
thermal performance of STHEs have been
worked on by researchers and published in the
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literature. Vignesh et al. [16] explored the influ-
ence of spherical dimples on the thermal char-
acteristics of the heat exchanger through both
computational and experimental approaches.
From their CFD results, it was reported that
the dimpled tube has a greater temperature rise
and pressure drop than the smooth tube. Mean-
while, from their experimental results, it was
found that when a dimpled tube is used instead
of a smooth tube, the overall heat transfer co-
efficient improves by 54 percent to 56 percent.
Serrao et al. [17] used ANSYS (Fluent) to per-
form a comparative study on the smooth tube
and corrugated tube. They suggested that the
corrugated tube had a 54.7% increase in overall
heat transfer coefficient when compared to the
smooth tube. Xie et al. [18] numerically stud-
ied the improvement of heat transfer rate and
hydrodynamic structure in an ellipsoidal dim-
pled tube. They asserted that a dimpled tube
improves the thermal performance of STHE.
Banekar et al. [19] suggested that thermal per-
formance is improved in a dimpled tube when
compared to other tube geometrical configura-
tions. Matos et al. [20] conducted an optimiza-
tion study for heat transfer enhancement under
force convection for both elliptic tubes and stag-
gered finned circular tube at Reynolds number
ranging from 300 to 800. It was concluded that
elliptical tube has about a 20% increase in heat
transfer as compared to the staggered circular
tube. Jozaei et al. [21] investigated the impact
of the space or distance between the baffles on
the thermal and hydrodynamic performance of
heat exchangers. It was reported that shorter
baffle spacing increased the heat transfer coef-
ficient and pressure drop. Li et al. [22] numer-
ically investigated the heat transfer coefficient
and pressure drop in elliptical and circular pipes
at a constant wall temperature. The results in-
dicated that the elliptical tube showed better
thermal performance and a 30%-40% increase in
pressure drop than that of circular tubes. Shah-
dad et al. [23] carried out studies on the heat
transfer rate of plain and perforated plate-fin
heat exchangers. It was revealed that perforated
plate-fin has a higher heat transfer coefficient
and Nusselt number than plain fin. Sridharan
et al. [24] investigated the accuracy of the fuzzy
logic expert systems (Sugeno and Mamdani) in
predicting the outlet temperature of a double-

pipe heat exchanger. He compared the results
obtained from the respective fuzzy logic with the
outcomes from the experiment he conducted at
a mass flow rate ranging from 1 to 4kg/min. Ac-
cording to his findings, he indicated that the re-
sults of the Sugeno-based predictive values are
satisfactory with the experimental data as com-
pared to the Mamdani-based predictive values.

Many attempts to enhance the performance
of shell-and-tube heat exchangers by consider-
ing various factors such as the baffle plates and
shell side layout have been made by previous re-
searchers, with little attention paid to the tube
side of the heat exchangers. Therefore, this
novel design of the shell and tube heat exchanger
with dimpled tubes is proposed to increase the
performance of the conventional heat exchanger.
In this study, ANSYS commercial software codes
were adopted to conduct a three-dimensional nu-
merical simulation on both conventional STHE
and proposed STHE. The temperature, pres-
sure, velocity field, and overall heat transfer co-
efficient at the shell and tube side of the dimpled
STHE are investigated and compared with the
conventional shell and tube heat exchanger. The
benefits of this proposed STHE are not only re-
stricted to students and future researchers but
also extended to industries as a waste heat re-
covery system for pre-heating purposes.

2. Methodology

2.1. Geometry Description

ANSYS Design Modeler was used to design the
three-dimensional geometry of STHE. In this
study, we considered two different cases of shell-
and-tube heat exchangers. The first case is a
STHE having a single shell and a bundle of
smooth tubes, whereas the second case is the
STHE with a single shell and bundle of dimpled
tubes, as shown in Figs. 1 and 2. The details
of the geometry parameters for the two cases in-
vestigated are given in Tab. 1. The parameters
for the dimple are given in Tab. 2. The various
boundary conditions (inlets and outlets) used in
the CFD software for this study are shown in
Tab. 3.
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Fig. 1: Schematic representation of STHE.

Tab. 1: Geometry parameters.

Part Parameter Smooth
tube

Dimpled
tubes

Length of heat
Exchanger 815 mm 815 m

Shell Shell diameter
(SD) 150 mm 150 mm

Shell length
(SL)

600 mm 600 mm

Shell material Steel Steel

Tube Tube diameter
(tD) 20 mm 20 mm

Tube length
(tL)

620 mm 620 mm

Number of tubes
(Nt)

12 12

Tube material Steel Steel

Baffle Number of baffles
(NB)

5 5

Baffle cut
(Bc)

50% 50%

Baffle spacing
(Bs)

100 mm 100 mm

Baffle thickness
(Bt)

5 mm 5 mm

Tab. 2: Details of the Dimple Configuration.

Radius 3 mm
Depth 1.5 mm
Shape spherical

Dimple spacing 17.5 mm
Number of spheres 175

(a)

(b)

(c)

(d)

Fig. 2: (a) 3D view of STHE with plain/smooth tubes
(b) 3D view of STHE with dimpled tubes (c) 2D
view of the STHE with smooth/plain tubes (d)
2D view of the STHE with dimpled tubes.
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2.2. Mesh Generation

The size and shape of the grid must be taken into
consideration when aiming at the accuracy of
the computations. ANSYS Mesh was employed
to generate unstructured tetrahedral grids with
a size of 0.0001 for both the shell and the tubes.
The generated grid in Fig. 3 was about 1.1 mil-
lion.

Fig. 3: Unstructured tetrahedral mesh for the compu-
tational domain.

2.3. Problem Formulation

The governing equations, assumptions, and
boundary conditions employed in this investiga-
tion are explained in this section. The prob-
lem is solved by employing Reynolds averaged
Navier-Stokes equations [25]–[27] in the ANSYS
software. Equations for energy, momentum, and
continuity [25]–[27] are solved iteratively until
convergence is attained. The governing equa-
tions are presented in Eqs. (1)-(7). The govern-
ing equations are simplified much further with
the following assumptions:

(i) Steady-state, turbulent, 3D incompressible
flow and heat transfer;

(ii) Single-phase fluid;

(iii) The thermo-physical properties of the fluids
and solid are constant;

(iv) Thermal radiation and magnetic force are
ignored.

The boundary conditions used for the compu-
tations are in Tab. 3.

Continuity equation

∇ · (ρV ) = 0 (1)

Momentum equation
x-direction;

∇ · (ρuV ) = − δρ
δx

+
(δτxx
δx

+
δτyx
δy

+
δτzx
δz

)
(2)

y-direction;

∇ · (ρvV ) = −δρ
δy

+
(δτxy
δx

+
δτyy
δy

+
δτzy
δz

)
+ ρg

(3)
z-direction;

∇ · (ρwV ) = −δρ
δz

+
(δτxz
δx

+
δτyz
δy

+
δτzz
δz

)
(4)

Energy equation

∇ · (ρeV ) = −ρ∇ · V +∇ · (k∇T ) + q + ϕ (5)

For heat dissipation ϕ;

ϕ = µ

[
2
[(δu
δx

)2

+
(δv
δy

)2

+
(δw
δz

)2]]

+
[(δu
δy

+
δv

δx

)2

+
(δu
δz

+
δv

δx

)2

+
(δv
δz

+
δw

δy

)2]
+λ(∇ · V )2

(6)

Turbulence modeling
The k − ε realizable turbulence equation is ex-
pressed below with its coefficient and closure
functions [27, 28].

δ

δxj
(ρεuj) =

δ

δxj

((
µ+

µt

σε

) δε
δxj

)
+ ρC1Sε

+C1ε
ε

k
C2εGb − C2ρ

ε2

k +
√
εv

+ Sv

(7)

where C1ε = 1.43, C2ε = 1.91, σk = 1, and
σε = 1.25.

The temperature change ∆T1, between the
hot water in the shell inlet and the hot water
in the tube outlet was estimated as [29, 30]:

∆T1 = Tsi − Tto (8)

236 c© 2022 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 6 | ISSUE: 3 | 2022 | September

Tab. 3: Boundary Conditions.

Shell side
Inlet temperature of

hot water (Tsi)
65◦C

Mass flow rate (ṁhw) 0.5 kg/s

Shell outlet (Pso)
Guage pressure
equals 0 Pa

Shell wall adiabatic, No-slip condition,
and Stationary

Tube side
Inlet temperature of
cold water (Tti)

10◦C

Mass flow rate (ṁcw) 0.2 kg/s

Tube outlet (Pto)
Guage pressure equals

to 0 Pa
Shell/Tubes interface

Coupled
Thermal properties of water at
mean temperature (37.5◦C)

Thermal conductivity (k) 0.6Wm−1K−1

Specific heat capacity (cp) Hot water: 4186.5 Jkg−1K−1,
Cold water: 4180 Jkg−1K−1

Dynamic viscosity (µ) 0.001003 Kgm−1s−1

Density (ρ) 998 kgm−3

Thermal properties of solid material (Steel)
Thermal conductivity

(ks)
16.27 Wm−1K−1

Specific heat capacity
(cps)

502.48 Jkg−1K−1

Density (ρs) 8030 kgm−3

The temperature change ∆T2, between the
cold water at the shell outlet and the cold-water
at the tube inlet was expressed as [29, 30]:

∆T2 = Tso − Tti (9)

The mean fluid temperature ∆Tm, which is
the average of temperature change ∆T1 and tem-
perature change ∆T2 was expressed as [29, 30]:

∆Tm =
∆T1 + ∆T2

2
(10)

The logarithmic temperature difference be-
tween the temperature change ∆T1 and ∆T2 was
defined as [29, 30]:

∆Tlm =
∆T1 −∆T2

ln
(

∆T1

∆T2

) (11)

The heat transfer rate Q̇sh from the hot water
in the shell was defined as [30]–[32]:

Q̇sh = ṁsCp,s(Tsi − Tto) = UAs∆Tlm (12)

where U represents the overall heat transfer co-
efficient, Cp,s denotes the specific heat capac-
ity of the hot water, which is estimated at the
mean fluid temperature and ṁs is the mass flow
rate of the hot water flowing in the shell. Thus,
the overall heat transfer coefficient U is defined
as [30]:

U =
ṁs(Tsi − Tto)

As∆Tlm
(13)

2.4. Computation Procedures

ANSYS (Fluent) software code was used to solve
the continuity, momentum, and energy equa-
tions aforementioned in problem formulation.
The simulation was performed on an ASUS In-
tel Core i5-7200U CPU with a processor speed
up to 3.5GHz with 16GB of memory, under the
parallel version with double precision operating
condition of ANSYS software. A pressure-based
solver and a realizable k − ε turbulence model
were chosen for this computation. The SIMPLE
algorithm was selected for pressure-velocity cou-
pling, and a second-order upwind scheme was
used for both pressure and momentum. Under-
relaxation factors were left as default values, and
all equations were set at convergence criteria of
1× 10−7. Each run takes about 20hours to con-
verge.

Grid independence was checked by increasing
the grid significantly till no change was observed
in the enthalpy balance in the shell-side.

3. Results and Discussion

3.1. Grid Independence Test

The grid independence test is conducted for the
case of smooth tubes to ensure efficient com-
putation resources through the selection of an
appropriate number of grids. Table 4 reveals
the influence of the number of grids on the in-
let and outlet mass flow rate and enthalpy. As
shown in Tab. 4, all grids show a negligible er-
ror in mass balance, while in enthalpy balance,
the grid (1142016) has a reasonable computa-
tion time and insignificant error as compared to
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Tab. 4: Grid Independence test.

No.
of

grids

No.
of

iterations

Computation
time
(hrs.)

Shell side
Mass balance (kg/s) Enthalpy balance (W)

Inlet Outlet Error (%) Inlet Outlet Error (%)
661039 1211 8 0.5 0.5 0 26921 26679 0.9
1142016 2771 18 0.4 0.4 0 24193 24072 0.5
1912750 3217 22 0.3 0.3 0 22852 22395 2

others. Therefore, a grid (1142016) was chosen
for the computation.

3.2. Model Validation

In this section, the model is validated by con-
ducting simulations for a smooth and a dimpled
tube at a mass flow rate ranging from 0.2kg/s
to 0.5kg/s with a corresponding Reynolds num-
ber of 12689 to 31772. The boundary condi-
tions and geometric parameters of the smooth
tube and dimple tube used for the validation re-
mained unchanged with those adopted for this
study. The results (Nusselt number and friction
factor) obtained from the numerical simulations
for the smooth and dimpled tube are compared
with Wang et al. correlation [33]. As can be
seen in Fig. 4, the minimum and maximum de-
viation in the Nusselt number between the simu-
lation results and Wang et al. [33] for the smooth
tube are -10% and 6%, respectively. Whereas a
minimum and maximum deviation of -7% and
4% are reported in the case of dimpled tube
when compared with the correlation proposed by
Wang et al. [33] Fig. 5 presents the comparison
of the friction factor between the simulation re-
sults and the available correlation. It is revealed
in Fig. 5 that the minimum and maximum devi-
ation between the simulation data obtained for
the smooth tube and the Wang et al. correla-
tion [33] is -9% and 6%. Meanwhile, the mini-
mum and maximum deviation error between the
dimpled tube and that of Wang et al. [33] cor-
relation is -5% and 3%, respectively. Thus, it
can be concluded that the simulation data ob-
tained in this research has a substantial valid-
ity as a result of insignificant difference between
the simulation results and available correlations.
However, this has raised our confidence in this
research.

Heat transfer correlation for the smooth and
dimpled tube are expressed in Eq. (14) and Eq.
(15) below;

Wang et al. [33] correlation for smooth tube

Nus = 0.0184Re0.768 (14)

Wang et al. [33] correlation for dimpled tube

Nut = 0.098Re0.655Pr
1
3 (15)

where Nu, Re, f , and Pr denotes the Nusselt
number, Reynolds number and Prandtl number,
respectively.

Friction factor (f) for the smooth and dimpled
tube is predicted by using a correlation proposed
by Wang et al. [33] in Eq. (16) and Eq. (17),
respectively.

Wang et al. [33] correlation for smooth tube

f = (1.82log − 1.64)−2 (16)

Wang et al. [33] correlation for dimpled tube

f = 0.432Re−0.221 (17)

3.3. CFD Result and
Comparison of the
Performance of STHE with
Smooth Tubes and
Dimpled Tubes

Table 5 shows the results for STHE with smooth
tubes and dimpled tubes. The boundary condi-
tions and configurations of tubes and shell are
all the same for both cases. As presented in
Tab. 5, in the shell zone, the cooling and pres-
sure of the hot water decreased for both cases.

238 c© 2022 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 6 | ISSUE: 3 | 2022 | September

Tab. 5: CFD results for the STHE with smooth tubes and dimpled tubes.

Shell
side

Parameter Smooth tubes (conventional) Dimpled tubes (Modified) Remarks
Inlet temp(◦C) 65 65 -

Outlet temp (◦C) 61.6 61.2 Cooling of the
hot water increased

Temp drop (∆T ) 3.4 3.8
Inlet pressure (Pa) 65.86 54.602

Outlet pressure (Pa) 0 0 Pressure of the
hot water decreased

Pressure drop (∆P ) 65.86 54.60

Tube
side

Inlet temp(◦C) 10 10

Outlet temp (◦C) 20.6 22.2 Heating of the
cold water increased

Temp rise (∆T ) 10.6 12.2
Inlet pressure (Pa) 166.7 203.4

Outlet pressure (Pa) 0 0 Pressure of the
cold water reduced

Pressure drop (∆P ) 166.7 203.4
Overall heat transfer
coefficient (W/m2K) 1060.41 1210.6 Overall heat transfer

coefficient increased

Fig. 4: Nu vs Re for smooth tube and dimpled tube.

The STHE with dimpled tubes has a higher tem-
perature drop and pressure drop. The pressure
and temperature increased by 10.5% and 18.7%,
respectively, as compared to the heat exchanger
having smooth tubes. This increases the tem-
perature at the wall surface and hence increases
the temperature difference between the fluid and
the wall. Similarly, in the tube zone, the heat-
ing of the cold water increased and the pressure
of the cold water reduced. Temperature change
and pressure drop were seen to be higher in the
case of dimpled tubes as compared to smooth
tubes. The temperature change and pressure
drop increased by 15% and 22%, respectively,

Fig. 5: f vs Re for smooth tube and dimpled tube.

for the case of STHE with the dimpled tubes as
compared with smootCFD result and compari-
son of the performance of STHE with smooth
tubes and dimpled tubes. The reason for in-
creased temperature in dimpled STHE is that
turbulence is generated by the dimples. These
dimples cause disruption to the flow and then
facilitate the mixing of the fluid, while the aug-
mentation in the pressure drop is a result of
the frictional forces exerted on the flow by the
dimples in the tube-side coupled with the con-
striction in the flow area. However, the overall
heat transfer coefficient for the case of dimpled
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tubes is 14% more than that of smooth tubes.
The increase in overall heat transfer coefficient
in STHE with dimpled tubes is as a result of the
turbulence generated by the dimples.

3.4. Temperature distribution

Figures 6 and 7 show the variation of maximum
temperature along the z-axis at various sections
of the STHE in the shell-side and tube-side for
the case of conventional and dimpled tubes. A
similar trend of temperature degradation is ob-
served in the shell and tube side for both conven-
tional and dimpled tubes. The only noticeable
difference is that maximum temperature differ-
ence in the shell-side between the conventional
STHE and STHE with dimpled tubes is rela-
tively appreciable as compared to that of the
tube-side. Furthermore, for the shell side, there
is no significant difference in maximum tem-
perature between the two proposed designs at
z = 50 mm. For the tube side, reverse is the
case of tube side at z = 50 mm, whereas negli-
gible difference in maximum temperature is ob-
served at z = 550 mm. Figures 8 and 9 visual-
ize the temperature contour along the x-y plane
at various sections of the z-axis of the heat ex-
changer in the shell-side and tube-side, respec-
tively. Figure 8 reveals that the temperature
of the hot water in the shell zone gradually de-
clines from the inlet (left) to the outlet (right),
whereas the temperature of the cold water in
the tube zone (see Fig. 9) increases from the in-
let (down) to the outlet (up). This shows that
heat is being dissipated by the hot water flow-
ing across the shell as cold water subsequently
flows from the inlet to the outlet of the tube.
In the shell zone (see Figs. 8a and 8b), at ax-
ial location (z = 50 mm, which is proximal to
the inlet of the shell side), the same magnitude
of mass flow temperature (64.4◦C) is observed
in both STHEs. Meanwhile, at axial location
(z = 550 mm, which is distal to the inlet of the
shell side), the maximum mass flow temperature
of 59◦C and 58.2◦C is reported in conventional
STHE and STHE with dimpled tubes, respec-
tively. In the tube zone (see Figs. 9a and 9b),
at axial location (z = 50 mm, which is close
to the outlet of the tube-side), the maximum
mass flow temperature in the STHE with dim-

pled tubes is relatively higher than that of con-
ventional STHE by 2.3◦C. Figure 10 depicts the
temperature contour along the y-z plane at the
mid-section of the STHE.

Fig. 6: Tmax (◦C) along x-y plane vs z (mm) in the
shell-side.

Fig. 7: Tmax (◦C) along x-y plane vs z (mm) in the
tube-side.

3.5. Pressure contour

Figure 11 presents the pressure variation along
the y-z plane at the mid-section (x-axis) of the
heat exchanger. Pressure drop is evident from
the inlet to the outlet at the both shell and tube-
side. More so, the pressure drop in the shell
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(a)

(b)

Fig. 8: (a) Temperature (◦C) distribution along x-y section plane at various axial locations (z-axis) in shell-side
for STHE with smooth tubes (conventional). (b) Temperature (◦C) distribution along x-y section plane at
various axial locations (z-axis) in shell-side for STHE with dimpled tubes (modified).

side of the conventional STHE is gradually de-
creasing as compared to the pressure drop in the

STHE with dimpled tubes. whereas pressure de-
clines uniformly from the tube inlet to the exit
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(a)

(b)

Fig. 9: (a) Temperature (◦C) distribution along x-y sec-
tion plane at various axial locations (z-axis) in
tube-side for STHE with smooth tubes (con-
ventional). (b) Temperature (◦C) distribution
along x-y section plane at various axial loca-
tions (z-axis) in tube-side for STHE with dim-
pled tubes (modified).

in both cases. Negative pressure is observed at
the outlet of the shell-side and tube -side, which
is as a result of flow reversal.

(a)

(b)

Fig. 10: Temperature (◦C) distribution along y-z sec-
tion plane at the mid-section of heat exchanger
for (a) STHE with smooth tubes (b) STHE
with dimpled tubes.

(a)

(b)

Fig. 11: Pressure (Pa) distribution along y-z section
plane at the mid-section of heat exchanger for
(a) STHX-with smooth tubes (b) STHX-with
dimpled tubes.

3.6. Velocity contour

Figure 12 depicts the plot of average velocity
along the axial locations of the shell-side and
tube-side for both conventional and dimpled
STHEs. Continuous fluctuation of the velocity
is encountered in the shell-side as compared to
the tube-side, but the velocity in the tube-sides
is relatively higher than that of the shell side in
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Fig. 12: Average velocity vs z (axial location) for the
shell and tube-side of the conventional and
dimpled STHEs.

both cases. This is as a result of the obsruc-
tion impeded on the flow by the baffles in the
shell. Meanwhile, the higher velocity magnitude
is observed in the tube-side of the dimpled STHE
than in the tube-side of the conventional STHE.
This is due to the reduction in the flow area
by the dimples in the tube. Figure 13 presents
the velocity distribution along the x-y plane at
various axial locations (z-axis), and Fig. 14 vi-
sualizes the velocity vector along the y-z plane
at the mid-section of the heat exchanger. As re-
vealed in Fig. 13 and Fig. 14, the intensity of the
velocity decreases from the center of the tubes
towards the wall.

4. Conclusions

A Commercial CFD program, ANSYS (Flu-
ent) is used to perform a 3D numerical analysis
for STHE with dimpled tubes and conventional
STHE (smooth tubes). The thermal and flow
characteristics of conventional STHE was com-
pared with that of dimpled tubes STHE. How-
ever, the results show that the overall heat trans-
fer coefficient is improved by 14.2%, tempera-
ture change at the tube side increased by 15%,
and pressure drop is increased by 22% in a shell-
and-tube heat exchanger with dimpled tubes as
compared to conventional STHE.

(a)

(b)

Fig. 13: (a) Velocity (m/s) contour plot along x-y sec-
tion plane at various axial locations (z-axis) in
both shell side and tube side for STHX with
smooth tubes. (b) Velocity (m/s) contour plot
along x-y section plane at various axial loca-
tions (z-axis) in both shell side and tube side
for STHE with dimpled tubes.

(a)

(b)

Fig. 14: Velocity (m/s) vector plot along y-z section
plane at the mid-section of the STHE for (a)
STHE with smooth tubes (b) STHE with dim-
pled tubes.
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