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ABSTRACT

Simulation of fluid-flow topology and thermal behavior in a round tube heat exchanger (RTHX) installed by three
V-rib sets is reported. The expected phenomena for the rib installation are the generated vortex flow, impinging
flow, greater fluid blending and thermal boundary layer disturbance (TBLD). These phenomena are key causes
of the augmentation of heat transfer potentiality and thermal efficiency of the RTHX. Effects of rib height (b,
= 0.05D — 0.25D and b, = 0.05D — 0.25D), rib pitch or rib spacing (P = D, 1.5D and 2D) and fluid directions
(positive x (+x flow direction) and negative x (—x flow direction)) on fluid-flow behavior and thermo-hydraulic
characteristic are considered. The laminar air flow under Reynolds numbers between 100 to 2000 calculated by
the inlet condition is focused. The current numerical problem of the RTHX fitted with V-ribs can be solved by
a commercial code/program (the finite volume analysis). Firstly, the tested-tube model is carefully validated. The
preliminary results of the validation show that the numerical model has great consistency for fluid flow and thermal
structure prediction. The simulated outcomes are plotted in features of streamlines flow, local Nusselt number
contours and temperature contours which explain the mechanism within the RTHX. The thermal assessments
within the RTHX are performed with dimensionless variables, which include the Nusselt number, the friction factor
and the thermal enhancement factor. The important mechanisms: vortex flow, impinging flow, better fluid blending
and TBLD, are observed when the RTHX are installed with ribs. The maximum heat transfer potentiality is 19 times
upper than that of the RTHX without ribs and the optimum thermal enhancement factor is around 4.10.
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Nomenclature

b Baffle height, m

D Tube diameter, m

f Friction factor

h Convective heat transfer coefficient, W m=> K-!
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k Thermal conductivity, W m~' K~

L Numerical model length/periodic length
Nu Nusselt number (=hD/k)

p Static pressure, Pa

P Pitch distance, m

Re Reynolds number

T Temperature, K

u Mean velocity in tube, m s~

) Density, kg m™

TEF Thermal enhancement factor (=(Nu/Nu,)/(f/f;)"?)
Subscript

0 Smooth circular tube

pp Pumping power

1 Introduction

“Energy conservation and management” is an important topic for many industries due to the
increase of the energy consumption in the world. Many engineering and R&D teams have been
engaging in various initiatives to achieve energy conservation and management. Greater thermal
performance or efficiency for many engineering devices such as boilers, thermal systems, and especially
heat exchanges, is key to energy conservation and management. Heat exchangers are important
devices used in various processes. Shell-and-tube heat exchangers, plate-fin heat exchangers, fin-and-
tube heat exchangers, etc., are types of heat exchangers. Nowadays, the improvement of thermal
performance in various heat exchangers and thermal systems had been conducted by both passive
and active methods/techniques. In general, the passive method is commonly employed to increase the
heat exchanger performance because it does not need additional force to increase the heat-exchanger
performance. The passive method involves a placement of the turbulators/vortex generators/vortex
turbulators into the thermal system to produce the vortex flows/vortex streams which change the
configuration of the thermal boundary layer or TBL over the heat transfer surfaces. The change of
the TBL increases the convective heat transfer coefficient which leads to the augmentation of the heat
transfer ability and the thermo-hydraulic efficiency. Ribs [1,2], baffles [3,4], winglets [5], wings [0],
wavy surface [7], etc., are types of turbulators. The selection of turbulators depends on the application
of heat exchangers and thermal systems.

Many laboratories have employed the passive methods for the improvement of heat exchangers
through experimental and numerical investigations. They observed that the type, parameter, place-
ment, size, etc., of the turbulator are significant factors that contribute to the change of the thermal
and flow structures which impact heat transfer ability, thus rising heat exchanger performance. For
example, Singh et al. [8] evaluated perforated multi-V rib turbulators to augment heat transfer ability
of double pass solar air heater. Their results revealed that the perforation of the multi-V ribs resulted
in greater Nusselt number and thermo-hydraulic performance than that of the normal multi-V ribs.
Zhao et al. [9] enhanced the heat transfer coefficient of supercritical n-decane inside a cooling channel
by using triangular ribs for regenerative cooling. The impact of turbulator position, turbulator size
and pitch/spacing on thermal potentiality were examined. As the results, they found that heat transfer
ability was enhanced when the rib had high inclination. Jiang et al. [1 0] examined the thermal efficiency
of mist-steam coolant within a straight channel with 45°, 60°, 75° V-shaped ribs and 45°, 60°, 75°, 90°
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paralleled ribs. They concluded that the 45° V-pattern ribbed channel resulted in the greatest cooling
improvement. The average Nusselt number ratio of the 45° V-shaped ribbed passage was better than
that of the 90° paralleled ribbed section. Zhang et al. [1 1] presented the increased thermal potentiality
and augmented heat transfer ability within a solar air heater by applied modified transverse ribs as
vortex turbulators. The improved heat transfer through the tested section with the novel ribs was
around 1.9 times greater than that of the smooth section. The best thermo-hydraulic performance
observed in this study was 1.51. Zhang et al. [12] reported the turbulent flow topology and thermal
profile within a tested channel installed with micro V-profile rib and dimple turbulators. They observed
that the hybrid turbulator (micro V-profile rib-dimple) promoted even more pronounced heat transfer
augmentation. Krishnaswamy et al. [13] enhanced the thermal potentiality for a gas turbine by
installing continuous V and W-profile ribs as a passive method. They observed that the best heat
transfer was 3.9 and 3.8 above the reference case with the V-ribs and W-ribs, respectively. They also
showed that the tested sections installed with the V-rib and W-rib turbulators resulted in the best
thermal-hydraulic performance of 3.3 and 3, respectively. Jiang et al. [14] presented the increased
convective heat transfer coefficient of a liquid cold plate by using mini V-profile ribs for battery thermal
management. The fluid-flow topology and thermal mechanism by various-rib shapes were discussed.
They observed that the triangular cross-section could reach similar thermal performance with lower
pumping force. Zhu et al. [15] considered the fluid-flow characteristics and the thermal structure
inside a U-shaped channel heat exchanger with side-wall column ribs. Lori et al. [16] numerically
simulated fluid flows and thermal behaviors within a microchannel heat exchanger installed with
vertical solid and porous rib turbulators. The various rib shapes: elliptical, rectangular, backward
triangular, isosceles triangular, and forward triangular, were considered. The heat transfer ability
inside the microchannel attached with the porous-rib averaged was 1.3-2.16 times upper than that
of the solid case and 2.505-4.01 times better than that of the plain microchannel. The improved-
thermal efficiency of an indoor designed jet impingement solar thermal collector using discrete multi-
arc ribs was reported by Kumar et al. [17]. They showed that the best Nusselt number and friction
loss of their study were 7.61 and 6.48 times greater than that of the plain section without turbulator,
respectively, while the optimal thermo-hydraulic performance was 4.1. Bhuvad et al. [18] selected
discrete arc ribs with apex-up to improve solar-air-heater performance. The angles of attacks for
the ribs: 30°, 45° and 60°, were compared at the Reynolds number of 3,000-14,000. Their results
showed that the best angle of attack is 30°. It provided the best Nusselt number which is 2.92 times
higher than that of the general channel without ribs (reference case). Sujoy et al. [19] investigated
the hydro-thermal characteristics of the laminar stream within a tested-square duct fitted with helical
screw-tapes and transverse ribs. Their outcomes revealed that enhancing the Reynolds number and
rib height increased the forced convection, while increasing in the rib spacing and the screw tape
parameter value reduced it. Zhao et al. [20] selected combined vortex generators (combined structures
between ribs with delta winglets) to increase solar-air-heater performance. The thermal performance
of various rib configurations: 90° truncated ribs, 90° continuous ribs, 60° V-profile truncated ribs and
60° V-profile continuous ribs, was investigated. Their results revealed that the optimal combination
of the vortex generators was the 60° V-profile continuous ribs with delta winglets which provided
the improved heat transfer rate of 39.4% as compared to the single turbulator (delta winglet alone).
Chang et al. [21] reported the effects of angled ribs and pin fins on acrothermal potentiality in a three-
pass channel. They concluded that the endwall-average Nusselt number of the pin-fin pass inside the
effusion channel was 1.68-1.44 times higher than that of the non-effusion channel, while the friction
factor was 0.25-0.33 times lesser than that of the non-effusion channel. The effects of staggered-rib
diameters on flow boiling heat transfer in a heat sink were investigated by Qi et al. [22]. Their results
revealed that the average heat transfer coefficient augmented and the wall temperature declined with an
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increase in the rib diameter. The best configuration of the rib was presented. A CFD assessment within
a solar-air-heater by applying polygonal and trapezoidal ribs as a passive method was introduced by
Kumar et al. [23]. The best thermo-hydraulic performance was 1.89, which was found in the case of
the backward trapezoidal rib, Re = 15,000. Aerothermal dynamics within a channel equipped with
micro ribs was introduced by Zhao et al. [24]. They found that the micro rib was a potential cooling
method to achieve great heat transfer with smaller friction loss that led to an increase in the overall-
thermal efficiency of the gas turbine. Tanda et al. [25] conducted the experimental and numerical
investigations of pressure loss and heat transfer ability through a high AR rectangular duct fitted
by angled and intersecting rib turbulators. They concluded that the thermal efficiency (at similar
pumping force) augmented with the addition of one intersecting rib, but the two intersecting ribs did
not result in significant performance improvement. Thermo-hydraulic assessments of a novel hybrid
nanofluid in a microchannel heat sink with sinusoidal cavities and rectangular ribs were studied by
Jamshidmofid et al. [26]. The maximum augmented heat transfer coefficient was 14% higher compared
with the reference. Gill et al. [27] improved hybrid ribs (broken arc and staggered ribs) to enhance
heat transfer potentiality through thermal system (solar air heater). They reported that the proposed
new configuration provided an increase in pressure loss and heat transfer coefficient by 2.57 and
3.16 times, respectively, when compared with a general system. Dong et al. [28] enhanced the energy
performance of a PEM fuel cell by introducing discontinuous S-shaped and crescent ribs into flowing
channels. Their results showed that the pressure loss was reduced, and the electrochemical efficiency
was increased by up to 23.61% in the high current density condition, as compared with those of
the baseline sinusoidal ribbed flow field. Experimental and numerical studies on flow and thermal
patterns through a rectangular channel equipped with perforated rib turbulators were conducted by
Liu et al. [29]. They observed that the local heat transfer coefficient could be enhanced by 12%-24%,
and 4%— 8% for the overall heat transfer. They also concluded that the overall thermal performance
of the ribbed channel enhanced with a slight pressure drop.

As published in earlier works, the V-ribs are highly effective in increasing the convective heat
transfer coefficient. They were typically placed on the tube/duct wall, added at the center of the circular
tube (along tube diameter)/duct or inserted diagonally within the square duct. The V-rib installation
on both positions (tube wall and tube core) has not been reported. In this study, three sets of the V-
profiles ribs located on the tube surface and inserted in the middle of the tube are used as vortex-flow
producers in a round tube heat exchanger (RTHX). The three sets of the V-ribs are expected to increase
the vortex strength, impinging-flow force and turbulent blending efficiency. Moreover, the optimum
parameters, placements and fluid-flow directions of the V-ribs for increasing thermal efficiency are
investigated. The numerical method or numerical investigation based on a commercial code/program
is used to answer the current-numerical question. The numerical investigation is a suitable method
as it can offer insights about the mechanism within the RTHX, which is crucial for improving the
heat-exchanger performance.

2 Description of Numerical Model, Assumption and Boundary Conditions

The system of interest is a RTHX equipped with three sets of V-profile ribs (see Fig. 1). Two sets
of the ribs are placed on the tube wall in an opposite arrangement (in-line arrangement), while the
other set of the rib is added at the middle of the RTHX (see Fig. 2). The tube diameter, D, is 50 mm.
The flow attack angle of 30° is assigned for all simulation cases. The rib height is presented as “b”.
b, refers to the rib height of the ribs which are placed over the tube surface, while b, refers to the rib
height of the ribs inserted in the middle of the RTHX (along tube diameter). The distance between ribs
is presented by P. The ratios of rib height to tube diameter, both b,/D and b,/D, are varied within the
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range of 0.05-0.25. The relations of pitch spacing to tube diameter, P/D, of 1, 1.5 and 2, are studied.
The laminar air flow within the Reynolds number ranging from 100-2000 at the entrance conditions
is focused. The fluid-flow directions of the RTHX, +x and —x are investigated.

Flow directions ¥
— X
X

Figure 1: RTHX model and parameters

Upper ribs

— .
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”:’6]\ of the tube
;/-h /)‘

.—‘ii". iﬁ | i

Lower ribs/ I Rib positions

Figure 2: Rib positions

The boundary conditions of the numerical domain for the RTHX fitted with three rib sets are
illustrated in Fig. 3. The ribs are set to be an insulator. Entry and exit regions for the numerical model
are set with periodic boundary. The periodic boundary means that the flow and thermal profiles repeat
itself from one to another module. Uniform temperature of 310 K is set at the tube wall.

‘Wall >> uniform
temperature 310 K

/
|

Ribs >> Insulator

/Outlet >> Periodic Inlet >> Periodic \

| Boundary conditions |

Figure 3: Periodic module of the RTHX inserted with three sets of the V-ribs and boundary conditions
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The no-slip wall condition is adopted for all tested tube surfaces. The working fluid within the
RTHX is air with a preliminary temperature of 300 K (Prandtl number of 0.707). As the maximum
temperature difference of the present work is 10 K, the air properties are considered constant values.
3D steady flow and thermal profiles are set for the present numerical model. The flow is assumed
to be laminar and incompressible flow. Effect of body force and viscous dissipation on the flow and
thermal behaviors are not considered. Convective heat transfer in the RTHX is discussed, while the
other heat transfer modes (radiation heat transfer and free convection) are not accounted.

3 Mathematical Foundation

With the above assumptions and initial conditions, the governing equations are the continuity
equation, the momentum equation and the energy equation in tensor form are presented in Eqs. (1—
3), respectively.

Continuity equation:

ad
Ix (pu;) =0 ey
Xi
Momentum equation:
d (,ou,-uj) ap a du; Oy
9 ) 2
dx; x; " 9x; |:M (33?/ " 8x,—) @
Energy equation:
0 0 oT
— (pu;,T) = — (I'— 3
0x; (puT) 0x; ( 8xj) ©)

where, T is the thermal diffusivity and is written as
“m
r=_4 4
Pr “4)
A commercial code based on the finite volume method is employed. As for the numerical settings,
the continuity equation and the momentum equation are discretized by the power law numerical-
scheme, while the energy equation is discretized by the QUICK numerical scheme. For the momentum
and continuity equations, the primary results pointed out that the numerical data are consistent with
varied numerical schemes (i.e., first order upwind, second order upwind and power law numerical-
schemes). Convergence of the computational data is achieved when the normalized residual values are
lesser than 10~° for the continuty and mometum equations and are not more than 10~ for the energy
equation.

In the present study, important variables are shown in features of dimensionless variables. The
air velocity at the entry condition of the RTHX is offered in features of Reynolds number (Re). The
Reynolds number can be determined by Eq. (5).

Reynolds number:
puD
=2 5)
“w

The pressure drop or pressure loss across the V-rib in the RTHX is calculated in terms of by the
friction factor (f) as shown in Eq. (0).

Re
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Friction factor:

_(Ap/L)D
/= 1/2pu ©

Forced convective heat transfer within the ribbed tube can be computed by local Nusselt number
(Nu,) and averaged Nusselt number (Nu) which are shown in Eqs. (7) and (8), respectively.

Local Nusselt number:

h.D
Nu, = — 7
U= (M
Averaged Nusselt number:
1
Nu= / Nu,o A (8)

The rib installation within the RTHX rises both heat transfer and friction loss. The advantages of
rib placement can be analyzed by considering the augmentation of heat transfer ability and friction
loss at an identical pumping force. The variable which is selected to describe the rib benefit is thermal
enhancement factor (TEF). The TEF of the ribbed tube can be calculated by Eq. (9).

Thermal enhancement factor:
TEF - Nu B (Nu/Nuy)

ho )74 B Nuo pp B (f/f(‘))lﬁ
Subscript “0” means the RTHX without rib (reference value) variables.

(©)

4 Numerical Validation

A significant process for a numerical study or simulation is numerical-model validation. The
validated results can be used to assess the accuracy and the precision of the results. For laminar-air
flow, the numerical validation needed are the plain tube validation and the grid independence/optimum
grid check. For the plain tube validation, the predictions of heat transfer and pressure loss are
compared with the correlation data Cengel et al. [30]. The heat transfer rate can be shown in features
of Nusselt number, while the pressure loss can be presented by friction factor value. The results from
the validation showed that the deviations of Nusselt number and friction factor values are not higher
than £5%, and are therefore acceptable (see Fig. 4).

0.7 5.0
@ Smooth tube validation
06+ | 145
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_ 140
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- \ - 135 .=
03t % +~— f, correlation [30] z
f;, present prediction | 3.0
02 r \'\d —s— Nuy, correlation |30]
01 -—, @ - Nug, present prediction 1 2.5
5 = ..|..____‘______ o
0.0 . . . i . 2.0
0 400 800 1200 1600 2000

Re

Figure 4: Smooth tube validation
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As for the grid independence, the computational domain for the RTHX installed with the V-profile
ribs (P = D, +x and —x flow directions, b,/D = b,/D = 0.10) at various grid elements: 80000, 120000,
180000, 240000, 360000, are compared (see Fig. 5). The results reveal that the numerical model with the
grid element 180000—360000 results in similar data of both Nusselt number and friction factor values.
When considering the investigated time and computer resource, the present computational model is
produced with the grid element of 180000.

12 14
by/D =b,/D = 0.1, P =D, +x b,/D=b/D=0.1,P=D, x
12 | -
10 J:ﬁ e
‘ 4 10 }
s 5 gl
Z s : <
= = 6L
Z —-®— 80000 elements Z —-@— 80000 elements
4r —-8-— 120000 elements sl --8-— 120000 elements
—2— 180000 elements ; —=2— 180000 clements
2t ~-@- 240000 elements 2l @ 240000 elements
B 360000 elements | 000 L~ e 8- 360000 elements
b,/D=b,/D=0.1,P=D, x
20 20
13 F 15+
= =
= =
10 10 ¢ —-@— 80000 clements
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e 360000 elements -8 360000 elements
0 : : - : | 0 - : : : :
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Figure 5: Grid independence or optimum grid selection of b,/D = b,/D = 0.10, and P = D for (a) +x
flow path and (b) —x flow path

Based on the numerical validation results, it can be summarized that the computational domain
of the RTHX installed with the V-ribs is reliable for predicting of thermal and flow behaviors.

5 Numerical Results
5.1 Fluid Flow Topology and Thermal Behavior

The flow topology within the RTHX is described using streamlines in cross-sectional planes (y-z
plane) as depicted in Figs. 6a and 6b for +x and —x fluid-flow directions, respectively, at Re = 800 with
various rib height ratios. The rib installation effects the generated vortex flows through the RTHX in
all cases. 4-8 main vortex cores are found on each plane depending on the x/D position, b,/D and b,/D.
The vortex flows are an important mechanism induced by the ribs. The vortex flow can help with fluid
mixing and some segments of the vortex flows may bounce over the tube wall, thus causing thermal
boundary layer disturbance (TBLD). The TBLD can increase the convective heat transfer coefficient
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over the tube wall as well as the heat transfer rate within the RTHX. Both TBLD and better fluid
blending are expected when installing ribs in the RTHX.

¥ i 4

| by/D = 0.05 by/D | byD=0.05 byD=0.10 by/D=0.15 by/D=0.20 hyD =025
z LB = z g ST, PP i ST

by/D = 0.05 ;ﬁi& iR
‘ge’

o Ml

by/D =0.20 334»--

Figure 6: Streamlines in y-z planes at various rib heights of P = D and Re = 800 for (a) +x flow path
and (b) —x flow path

Figs. 7a and 7b plot the streamlines on the y-z plane at x/D = 1, 2.25, 3.5, 4.75 and 6 for +x and
—x fluid-flow paths, respectively. As revealed in the figures, the vortex flows can be observed through
the ribbed tube for both fluid-flow directions, but the structure and the rotation of the flows are not
the same.

Vortex cores >> VF,

(@)
Figure 7: (Continued)
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Figure 7: Streamlines in y-z planes of b,/D = 0.15 and b,/D = 0.10, P = D and Re = 600 for (a) +x
flow path and (b) —x flow path

As shown in Fig. 8, there are two groups of vortex flows based on their locations. The vortex
flows near the upper-lower sections of the y-z planes are called “VF,”, while the vortex flows within
the central zone of the planes are called “VF,”. The VF, are produced by the upper-lower ribs, while
the VF, are created by the middle ribs. Some parts of both VF, and VF, close to the tube surface
directly disturbs the thermal boundary layer (see Fig. 9). The impinging flows on the tube wall and
TBLD can be observed from both +x and —x cases. Focusing on the cross-sectional planes, when the
flow direction changes, not only the reverse flow rotation is observed, but different thermal behaviors
are also observed due to the difference in the fluid flow structure.

Vortex cores
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\-11'1 : =T o 2
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Figure 8: Flow description
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Impinging flow on
the tube wall

Flow direction (+x)

(a)

Impinging flow on
the tube wall : s
¢ Flow direction (-x)

Figure 9: Impinging flow on the tube wall of b,/D = 0.15 and b,/D = 0.10, P = D and Re = 600 for
(a) +x flow path and (b) —x flow path

The TBLD in the RTHX can be observed from the temperature contour in y-z planes. The
temperature contours in y-z planes are depicted in Figs. 10a and 10b for +x and —x fluid paths,
respectively, with various b,/D and b,/D at P = D. In similar conditions of fluid flow and temperature,
the blue contours are found at the tube core, while the red contours are observed close to the tube wall
in the case of the plain tube with no ribs. With installed ribs inside the RTHX, the vortex flows created
by the ribs effectively promote the fluid temperature blending, and the general thermal structure
changes. Another observation worth noting is that the red layer close to the tube wall decreases. The
decreasing red layer is the TBLD. The change of thermal structure and TBLD are found in all cases.
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However, the locations of TBLD for various flow directions are varied due to the dissimilar flow
structure. The locations in which TBLD are found for both flow directions are presented in Fig. 11.
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Figure 10: Fluid temperature distributions in y-z planes at various rib heights of P = D and Re = 800
for (a) +x flow path and (b) —x flow path
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(b)

Figure 11: Fluid temperature distributions in y-z planes of b,/D = 0.15 and b,/D = 0.10, P = D and
Re = 600 for (a) +x flow path and (b) —x flow path

The local Nusselt number distributions over the tube surface are another plot which indicates the
presence of TBLD and impinging stream over the tube wall. Figs. 12a and 12b present local Nusselt
number diffusions over the tube surface for +x and —x flow directions, respectively, when P = D with
different b,/D and b,/D. In general, it is observed that the installation of ribs leads to the augmented
Nusselt number. The red contours of the local Nusselt number mean high heat transfer rate, while the
blue contours mean low heat transfer rate. Considering the red contours, the Nusselt number increases
when b,/D and b,/D increases for both fluid-flow directions. The reason is that the increasing rib
height directly increases the vortex strength. The vortex strength augmentation provides the strength
of impinging flow over the tube surface and also results in the same way of the fluid blending. The
maximum of the local Nusselt number distributions depends on the position of impinging flow as
shown in Fig. 13. For P/D = 1.5 and 2, the air flow configuration and heat transfer mechanism through
the ribbed tube are similar to that of P = D.

5.2 Performance Assessment

The thermal assessments in the ribbed tube are performed by the relative between Nu/Nu,, f/f;
and TEF vs. Re. The relations between Nu/Nu, and Re with various b,/D and b,/D are plotted in
Figs. 14a—14c, respectively, for P = D, 1.5D and 2D. As shown in the figures, the Nu/Nu, increases
with Re for all pitch ratios and also augments with b,/D and b,/D, except for b,/D = 0.25 of P = 1.5D
and 2D. The augmentation of Nu/Nu, is caused by the increase in vortex strength. The ribs installation
provides higher heat transfer than that of the general tube without rib for all studied conditions. The
Nu/Nuy, of the present work is 1-19, 1-17 and 1-15.5 times greater than the plain-round tube without
ribs for P = D, 1.5D and 2D, respectively. The increase in the rib spacing ratio results in a reduction
of heat transfer because of the decrease in vortex strength.
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Figure 12: Nu, contours in y-z planes at various rib heights of P = D and Re = 800 for (a) +x flow
path and (b) —x flow path
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Figure 13: Nu, contours in y-z planes of b;,/D = 0.15 and b,/D = 0.10, P = D and Re = 600 for (a) +x
flow path and (b) —x flow path

The rib installation not only leads to higher heat transfer, but also gives higher pressure loss/drop
or friction loss when compared with the general tube. Figs. 15a—15c¢ report the relatives of the f/f; vs.
Re at different b,/D and b,/D for P = D, 1.5D and 2D, respectively. As revealed in the figures, the f/f,
rises when Re, b,/D and b,/D increases for all pitch ratios. The +x flow direction results in similar
values of the f/f; as the —x flow direction. The rib spacing ratio of 1 provides the maximum pressure
loss, while the rib spacing ratio of 2 provides the opposite. This means that the augmentation of rib
spacing is benefit for the pressure loss reduction of the heat transfer system.
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Figure 15: Performance assessment in the RTHX installed with three V-rib sets: f/f; vs. Re for (a) P =
D, (b)P=1.5D and (c) P =2D

Ribs bring both higher heat transfer ability and pressure drop. Therefore, the thermal enhance-
ment factor or TEF is selected to describe their advantages. The rib installation in the RTHX provided
greater TEF than the general RTHX without ribs for almost all cases. This is revealed in Fig. 16 which
plots the relation of the Nu/Nu, and f/f;'?. The plots are distributed at the upper triangular section. In
other words, these plots show the advantages of the rib installation. Figs. 17a—17c plot the TEF vs. Re
at dissimilar b,/D and b,/D for P = D, 1.5D and 2D, respectively. In general, the TEF tends to increase
when Re increases. The maximum TEF is 4.06, 4.10 and 4.01 for P = D, 1.5D and 2D, respectively, at
b, = 0.15D, b, = 0.05D and —x fluid direction.
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Fig. 18 shows the TEF plot at different b,/D and b,/D for P = D, 1.5D and 2D of both flow
directions. The figures reveal that the maximum TEF of +x flow direction is found in all pitch distances
when b, is between 0.05-0.10D and 0.05-0.15D for b,. The optimum TEF of —x flow direction for all
pitch distances is found in the same condition for both b, and b, that is b, = 0.15D and b, = 0.05D.
The TEF plot can help to design and select the parameters (b,, b,, P and flow direction) of the rib for

industrial heating/cooling systems.
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Figure 18: TEF contours in the RTHX installed with three V-rib sets at different b,/D, b,/D, P/D and
flow paths

The current numerical outcomes are compared with our earlier publications (Jedsadaratanachai
et al. [31], Jedsadaratanachai and Jayranaiwachira [32]). The V-rib turbulators were placed on the
tube wall with in-line arrangement (See reference (Jedsadaratanachai et al. [31])) and V-profile ribs
were added at the central of the tested tube (along the diameter) (See reference (Jedsadaratanachai
and Jayranaiwachira [32])). The comparison of the maximum Nu/Nu, between the present results and
the previous work is shown in Fig. 19. The maximum Nu/Nu, of the present work is 6.36%— 12.83%
and 6.62%— 20.57% for +x and —x fluid-flow ways, respectively, higher than that of the previous work
(Jedsadaratanachai et al. [31]). Likewise, it is also 13.62%— 43.14% times higher than that of the other
study (Jedsadaratanachai and Jayranaiwachira [32]).

The comparison between the present numerical prediction and our previous works
(Jedsadaratanachai et al. [31], Jedsadaratanachai and Jayranaiwachira [32]) is also plotted in terms of
TEF in Fig. 20. The maximum TEF for all works is selected for the plot. As shown in the figure, the



FHMT, 2023, vol.21 103

TEF values for all cases follow a similar trend. The best TEF for all cases is observed at the highest
Reynolds number (Re = 2000). In almost all cases, the TEF is much higher than the general tube
without ribs (or TEF > 1). The present work provides greater TEF than that observed in reference
(Jedsadaratanachai and Jayranaiwachira [32]) for all Reynolds numbers. It also provides greater TEF
than that observed in reference (Jedsadaratanachai et al. [31]) when Re > 400. The TEF of the present
work is found to be better than the TEF of reference (Jedsadaratanachai et al. [31], Jedsadaratanachai
and Jayranaiwachira [32]) by 21.89% and 31.60%, respectively, Re = 2000.
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Figure 19: Comparing heat transfer of the present prediction and the published works
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It can be concluded that the three V-rib sets results in greater heat transfer potentiality and thermo-
hydraulic performance than the placement of ribs at the tube surface (Jedsadaratanachai et al. [31])
as well as the addition of ribs along the tube diameter (Jedsadaratanachai and Jayranaiwachira [32]).
The optimum rib height is a significant point for enhancing heat transfer potency as well as thermo-
hydraulic efficiency. The best rib height value may bring the greatest heat-exchanger performance.
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However, it is important to take into consideration that while enhancing heat transfer, the greater rib
height may cause the higher-pressure loss

6 Conclusion

Simulation of flow topology and thermal behavior within a RTHX equipped with three sets of
V-profile ribs is performed in the current research. The two sets of the V-profile ribs are located over
the tube surface in the opposite direction (in-line arrangement). Another set of the V-ribs are located
at the tube center along the tube diameter. The impacts of rib height (b,/D = 0.05 — 0.25 and b,/D
= 0.05 — 0.25) and rib distance (P = D, 1.5D and 2D) on air flow and thermal characteristic are
numerically examined under a laminar condition (Re = 100-2000). The fluid-flow directions: +x and
—x, are compared. The important consequences of our investigations are concluded as follows.

The rib placement performs expected the following phenomena: higher efficient fluid blending,
vortex flow generation, flow impingement and TBLD are important mechanisms which help to
increase the forced convective heat transfer, thus leading to an increase in heat transfer. These
mechanisms depend on the vortex strength. The strength of the vortex flow and impinging flow
increases when augmenting rib height, Reynolds number and decreasing the rib spacing ratio.

The highest heat transfer 19 times greater than that observed in the general tube with no ribs. The
optimum TEF for all rib pitch ratios is not much different. The optimum TEF observed for the —x
fluid-flow direction is 4.06, 4.10 and 4.01 for P = D, 1.5D and 2D, respectively, at b, = 0.15D and b,
=0.05D.

Here are suggested values for each factor. The optimum rib height for this turbulator is b, of 0.15D
and b, of 0.05D for —x fluid-flow direction and is b;/D = 0.05 — 0.10 and b,/D = 0.05 - 0.15 for +x
fluid direction. The suggested rib spacing ratio is P/D = 1 which provides the best Nusselt number.
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