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� Staggered alignment is studied to raise performances of Rodbaffle heat exchangers.
� Effects of baffle distance, rod diameter, etc., are studied with numerical method.
� Combined parameters (hA) of heat exchangers rise by ~64% with current supports.
� Overall thermo-hydraulic performances lie in the range of 821e6243 W/(m K kPa).
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a b s t r a c t

To improve the shellside thermo-hydraulic performance of Rodbaffle heat exchangers, round rods with arc
cuts are used to support staggered tubes in the current investigation, and numerical computation on the
turbulent heat transfer enhancement is conducted. Comparisons between staggered and non-staggered
alignments are performed. Meanwhile, the influences of baffle distance (Lb), rod diameter (d) and
clamping method of tubes are investigated. Computation results demonstrate that convection heat transfer
coefficient (h) and combined parameter (hA) of staggered tubes clamped with the method of one tube
within two rods (OTWTR) are about 41.9% and 63.8% larger than the counterparts of non-staggered ones,
respectively, while the pressure loss is doubled. Moreover, it is observed that similar to the pressure drop
(b), h of staggered alignment, ranging between 2835 and 10,825 W/(m2 K), increases with a decreasing Lb
or a rising d. The overall thermo-hydraulic performance, h/b, varies from 821 to 6243 W/(m K kPa), and a
larger Lb, or a smaller d facilitates a larger h/b. In addition, the clamping method of one tube by one rod is
found to generate a much smaller b and thus a larger h/b compared with the counterparts of OTWTR or
non-staggered alignment. Finally, streamtraces and contours are presented for discussions.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction flow resistance and vibration level, as well as large-scale recir-
Shell-and-tube heat exchangers (STHXs) are widely applied in
various industrial fields such as petroleum refining, power gen-
eration and chemical process, etc. It is well known that the
traditional STHXs make use of segmented baffles to induce fluid
flowing across tube bundles to enhance the heat transfer rate on
the shellside. However, the shellside zigzag flow results in a large
ory and Metallurgy, Wuhan
oad, Wuhan 430081, China.
culation “dead” regions [1,2]. To solve these problems and
improve the overall performance of traditional STHXs, in addition
to developing a variety of high efficient tubes and tube inserts
[3e5], scholars and engineers have put forward and investigated
many new types of tube supports, such as orifice baffle [6,7],
helical baffle [8e10], ring support [11] and flower baffle [12,13],
etc. These tube supports induce fluid flowing longitudinally or
helically on the shellside, thus the pressure loss and vibration
level are substantially decreased. Meanwhile, the recirculation
region (and thus back mixing of working fluid) is small with such
baffles, which favors the reinforcement of shellside heat transfer
rates.
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Rodbaffle supports, initially put forward and developed by
Phillips Petroleum Company to eliminate flow-induced tube vi-
brations of segmental baffle STHXs, are another type of widely-
applied tube supports with longitudinal flow patterns [14e16].
These tube supports have small pressure drops and good overall
thermo-hydraulic performances, and thus are widely investigated
with both numerical and experimental methods. To name a few, X.
Deng and S. Deng [11] investigated the turbulent heat transfer
enhancement of roughened tube bundles supported by rods, and
analyzed the physical mechanism by measuring fluid velocity and
turbulence distributions with LDV. Dong et al. conducted the nu-
merical and experimental investigations in the shellside thermal
augmentation of Rodbaffle heat exchangers [17]. They built the
simplified model of unit channel, and computed with the software
of FLUENT. Their numerical results agree with experimental data
well. Ma et al. studied the influence of rod profiles on shellside
thermo-hydraulic performances with the commercial CFD software
[18]. It is found that elliptical rods generate the best overall per-
formances, while the square ones result in the largest Nu number.

As far as we know, Rodbaffle heat exchangers usually arrange
the tubes in the non-staggered alignment, and the above in-
vestigations of Rodbaffle are all based on the non-staggered tubes.
However, the non-staggered alignment is a loose arrangement, and
the heat transfer rate needs more enhancements. To crack the nut,
some solutions were put forward and investigated. Liu et al. [19]
proposed to arrange spoilers between every four adjacent tubes.
Dong et al. used two kinds of tubes with different diameters in the
same Rodbaffle heat exchanger to increase the heat transfer surface
[20]. However, the above improvements are limited.

As is well known, the staggered alignment of tubes facilitates a
better shellside thermal augmentation compared with the corre-
sponding non-staggered one, because it increases heat transfer area
and the fluid is more intensively disturbed. However, up to now, the
investigation in the thermal augmentation of staggered tubes sup-
ported by rods is relatively limited. Yan et al. used curved rods to
support staggered tubes and conducted the experimental investiga-
tion. Experimental data demonstrated that both theheat transfer rate
and flow resistance are superior to the counterparts of segmental
baffles [21]. It is noted that the shell diameter of heat exchanger is
small, and the effects of geometrical parameters are not investigated.

In the present paper, straight round rods with arc cuts are
proposed to be welded with rings as new tube supports, and they
are alternately arranged to fix tubes in the staggered alignment, as
depicted in Fig. 1. Numerical computations on the shellside turbu-
lent heat transfer are performed for the new type of tube supports,
and comparisons of thermo-hydraulic performances with those of
non-staggered alignment are conducted. Moreover, the influences
of several geometrical factors, i.e., baffle distance, rod diameter and
clamping methods of tubes, are investigated. In addition, the con-
tours of velocity, temperature and pressure, as well as the fluid
streamtraces, are presented for the discussions.

2. Geometrical models

Fig. 1 depicts the baffle rings welded with straight round rods for
the arrangement of tubes in the staggered alignment. The adjacent
baffle rings are installed with a phase difference of (þ/�) 60� and the
intersections with tubes are cut off. Tubes are fixed by rods with two
methods, i.e., one tubewithin two rods (OTWTR) andone tubebyone
rod (OTBOR) [15], which are depicted in Fig.1(a) and (b), respectively.

In the current investigation, the diameter of tube, characterized
by D, equals to 25 mm, and d stands for the rod diameter, taking the
values of 6, 7, 8 and 9mm. The tube pitch, s, is equal to 32mm, while
the Rodbaffle distance (Lb) varies from 120 to 240 mm with a con-
stant step of 30 mm.
3. Numerical model and computational scheme

3.1. Governing equations

Water is selected as the shellside working fluid. It is treated as a
Newtonian, incompressible fluid with constant physical properties,
since the temperature difference between fluid and tube wall is
limited in the current computation. Moreover, it is assumed that
the flow is stable and turbulent. The viscous heating and pressure
power are neglected due to the limited fluid velocity and incom-
pressible medium assumption.

Based on the above assumptions, the conservation equations of
continuity, momentum and energy for the turbulent heat transfer
of fluid flowing on the shellside are presented in the tensor form as
following [17,22,23]:

Continuity equation:
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where T and p stand for fluid temperature and pressure, respec-
tively; u is the fluid velocity; r and cp are fluid density and constant-
pressure specific heat, respectively. meff stands for effective dynamic
viscosity, equal to the sum of laminar and turbulent dynamic vis-
cosities, i.e., meff ¼ ml þ mt. The effective thermal conductivity, leff, is
calculated by leff ¼ ll þ mtcp/Prt, where ll and Prt are the laminar
conductivity and turbulent Prandtl number, respectively.

Standard keε turbulence model together with standard wall
function is adopted for the current computation [17,18]. The con-
servation equations of turbulent kinetic energy and its dissipation
rate are given below:

For turbulence kinetic energy k:
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For turbulence kinetic energy dissipation rate ε:
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where mt ¼ rCmk2=ε; Gk ¼ 2mtEijEij; Eij ¼ 1=2ððvui=vxjÞ þ ðvui=vxjÞÞ.
The constants for the current turbulent model are set as

below [24]:

Cm ¼ 0:09; C1ε ¼ 1:44; C2ε ¼ 1:92; sk ¼ 1:0; sε ¼ 1:3
3.2. Computation region, mesh and boundary conditions

For an STHX with hundred of tubes and dozens of baffles,
considerable computer resources are required to compute the
whole shellside flow field. On the other hand, the influence of shell
wall on the shellside thermo-hydraulic performance is limited in
such a heat exchanger, and it is economic and efficient to compute



Fig. 1. Assembly schematic of baffle rings welded with round rods for arranging staggered tubes, where hatched region is adopted as the unit channel. (a) For the clamping method
of one tube within two rods (OTWTR); (b) for the clamping method of one tube by one rod (OTBOR).
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one unit channel for the whole shellside performance [7,17e19]. In
the current numerical study, two unit channels, i.e., the shade
zones in Fig. 1(a) and (b), are made out based on the assumptions of
fully-developed flow and periodic flow patterns for the cases of one
tube within two rods (OTWTR) and one tube by one rod (OTBOR),
respectively. Two times and four times baffle distances are set as
the longitudinal length of computation domains of the two
clamping methods, respectively.

Gambit 2.4 is used for geometrical modeling and mesh gener-
ation. Hybrid meshes are adopted, i.e., tetrahedron grid in the re-
gion near rod and hexahedral cell for the rest, as showed in Fig. 2(a)
and (c) (for OTWTR and OTBOR, respectively). Momentum
boundaries of all solid walls are of no slip and no penetration, and
constant temperature and zero heat flux are specified for tube and
rod wall, respectively. The inlet and outlet, as well as the interface
planes with adjacent fluid, i.e., p1, p10 and p2, p20 in Fig. 2, are set as
periodic boundary conditions, and mass flow rate along the tube
axis is specified for the computation.

The shellside fluid velocity varies periodically in the fully-
developed region, while the pressure doesn't have such a feature.
For this purpose, a transform is conducted on pressure by introduce
an intermediate variable of pressure [24], i.e.,bp ¼ pðx; y; z ¼ 0Þ þ bz (6)

where b refers to the averaged longitudinal pressure gradient and
here z is the direction of bulk flow. As for the case of OTWTR,
b ¼ pðx; y; zÞ � pðx; y; zþ 2LbÞ=2Lb.
It is clear that similar to fluid velocity u, bp varies periodically in
the fully-developed region.

3.3. Computational scheme and validation

The computational scheme is similar to that applied in our
previous study [7]. One unit channel applied with periodic
boundary is computed, and the mass flow rate is set in accordance
with the desired Re number. The velocity and temperature distri-
butions at the periodic boundaries, as well as the pressure gradient,
are computed by iteration.

Three dimensional double-precision version of Fluent 14.0 is
adopted as the solver. All above-mentioned equations accompanied
by boundary conditions are discretized with finite volume formu-
lation. The pressure term is treated with standard scheme, while
the momentum, energy, turbulence kinetic energy and its dissi-
pation rate are treated with the second-order upwind scheme.
Numerical computations are conducted with pressure-based
solver. Pressure and velocity are coupled with the ‘SIMPLE’ algo-
rithm. All equations take the convergent criterions of relative re-
sidual of 1E-4 except energy taking 1E-8. In addition, thewall y plus
is evaluated after the convergence to guarantee the requirement of
standard wall function is met. In more details, wall yþ lies in the
range between ~20 and 100 in the current computation. The mesh
independence is checked on one typical case of OTWTR. Three sets
of grids (about 60 k, 120 k and 160 k) are computed, the relative
deviations of averaged convection heat transfer coefficient and



Fig. 3. Comparison of Nu number between current CFD computation and empirical
relation for a Rodbaffle heat exchanger with non-staggered tubes.

Fig. 2. Computation domain and mesh generation for fluid flowing longitudinally in staggered tubes supported with rods. (a) and (b) for the clamping method of one tube within
two rods (OTWTR), while (c) and (d) for the method of one tube by one rod (OTBOR).
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longitudinal pressure gradient between the last two sets of meshes
are within 3%. Thus the second set of mesh is adopted for the final
computation.

To validate the present numerical model, non-staggered tubes
with round rods are computed and compared with empirical data.
Different turbulent models of eddy viscosity are compared, and
standard keε is found to behave well from the viewpoints of pre-
cision and convergences, i.e., the computed Nu numbers conform to
the empirical relation of Eq. (7) [17] with the relative deviation
within 7.5%, as depicted in see Fig. 3.

Nu ¼ 0:0589Re0:815Pr1=3
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Dh

��0:303
 
mw

mf

!0:14

(7)

where Dh refers to the characteristic dimension, calculated by
Eq. (9).

It is noted that the correlation of Eq. (7) has been verified with a
good precision in the Re range between 2000 and 15,000 by the
comparison with that of Phillips Petroleum Corporation [17].

Moreover, the computed pressure loss by the unit channel
model is also compared with the empirical data of Phillips Petro-
leum Corporation [17]. Since the viscosity of water used in current
computation is different from that of [17] (1.004E-3e8.015E-4 kg/
(m s)), a multiplier of 1.058 (equal to the quarter power of viscosity
ratio) is used, and the maximum relative deviation is about 7%
based on same fluid velocities.
In addition, the full section model is constructed to compute the
shellside turbulent heat transfer for a Rodbaffle heat exchanger
with staggered tubes, and the computed velocity contour, together
with pressure loss and convection heat transfer rate, are compared
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with the counterparts obtained by unit channel model, as depicted
in Fig. 4(a)e(c). It is noted that because the shell diameter is limited
and tube number is small, the assumption of same averaged fluid
velocities between rods is made to determine the mass flow rate of
unit channel model, and the averaged convection heat transfer
Fig. 4. Comparisons of velocity contour and curves of pressure loss and convection
heat transfer coefficient between full section model and unit channel model for a
Rodbaffle shell-and-tube heat exchanger of rectangular section installed with stag-
gered tubes. (a) Contour of velocity magnitude on the shellside predicted by full sec-
tion model, in which the longitudinal length is magnified by 4 times for distinction; (b)
contour of velocity magnitude on the shellside predicted by unit channel model; (c)
comparison of pressure loss and convection heat transfer coefficient between full
section model and unit channel model.
coefficient of central seven tubes in full section model are used for
the comparison. From Fig. 4(a) and (b), it is seen that the velocity
contour of unit channel model has a large resemblance with the
counterpart of full section model, and their magnitudes of fluid
velocity are very close. The curves of pressure loss and convection
heat transfer coefficient (see Fig. 4(c)) obtained by the two types of
models have same variation trends, and the relative deviations are
equal to about 6.3% and 3.5%, respectively.

From the above comparisons, it can be said that the current
numerical computation is reliable and has a reasonable precision.
3.4. Calculation methods of thermo-hydraulic performances

3.4.1. Re number and characteristic dimension
Re number of longitudinal flow between tubes supported by

rods is defined as

Re ¼ rum;zDh=m1 (8)

where um,z stands for the averaged longitudinal velocity magnitude
at the section without baffles; Dh represents the characteristic
dimension, calculated by Eqs. (9) and (10) for the non-staggered
and staggered alignments [15,17], respectively.
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pD
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where D, s refer to the tube diameter and tube pitch, respectively.
3.4.2. Convection heat transfer coefficient and Nu number
The averaged convection heat transfer coefficient of tube walls,

h, is calculated with the Newton' s law of cooling [25], i.e.,

h ¼ qw
.�

Tw � Tf ;m
�

(11)

where qw and Tw stand for the area-weighted mean heat flux and
temperature of tube wall, respectively; while Tf,m represents the
mass-weighted mean temperature of fluid [4].

Nusselt number, Nu, is calculated by

Nu ¼ hDh

ll
(12)
3.4.3. Pressure drop and friction factor
Since the periodic boundary is adopted in the numerical

computation, the solver of Fluent computes the pressure gradient
(b) and intermediate variable of pressure ðbpÞ with the specified
mass flow rate, and the real pressure is obtained by Eq. (6).

The average friction factor, f, is calculated by

f ¼ 2bD
ru2m;z

(13)
3.4.4. Overall thermo-hydraulic performance
In the current investigation, the ratio between convection heat

transfer coefficient and pressure gradient [18], i.e., h/b, is adopted to
evaluate the overall performance of heat transfer enhancement.



Y. You et al. / Applied Thermal Engineering 76 (2015) 220e232 225
4. Results and discussions

4.1. Comparisons of thermo-hydraulic performances between non-
staggered and staggered tubes supported with round rods

Two baffle distances, i.e., Lb ¼ 150 and 210 mm, are adopted to
compare the thermo-hydraulic performances of staggered tubes
with the counterparts of non-staggered ones in the current inves-
tigation. It is noted that here staggered tubes are clamped with the
method of one tube within two rods.

4.1.1. Comparison of heat transfer rate
Fig. 5(a) and (b) depicts the variations of Nu number and con-

vection heat transfer coefficient (h) with Re number for non-
staggered and staggered alignments of tubes in the turbulent
flow regime, respectively. It can be seen that the two alignments
have a larger Nu and h at a smaller baffle distance (Lb) condition,
and the two parameters increase with the increment of Re number.
Moreover, one can observe from Fig. 5(a) and (b) that, compared
with non-staggered tubes supported by rods, the staggered align-
ment generates a larger Nu and h at the same Re. Inmore details, Nu
is increased by about 1.9%e6.05%, while h has the increments of
38.9%e44.8%. In addition, compared with non-stagger alignment,
staggered one accommodate more tubes, and thus more heat
transfer area in the same shell. Therefore, the comprehensive
parameter, i.e., hA, is put forward and compared between staggered
and non-staggered alignments in the current investigation, as
Fig. 5. Comparisons of thermo-hydraulic performances between non-staggered and staggere
within two rods (OTWTR). (a) Comparison of Nu number; (b) comparisons of convection hea
convection heat transfer coefficient and heat transfer area); (c) comparison of pressure lo
convection heat transfer coefficient and pressure gradient).
showed in Fig. 5(b) with the right vertical axis. With the compar-
ison, it is found that the staggered alignment can increase heat flow
by about 60.4%e67.2% with the same shell.
4.1.2. Comparison of pressure loss
The variations of pressure gradient (b) with Re number are

depicted in Fig. 5(c) for non-staggered and staggered tubes sup-
ported by rods. It is seen that the two alignments have a larger b at a
smaller baffle distance (Lb), and b increases with the increment of
Re number. Moreover, one can observe from Fig. 5(c) that, stag-
gered alignment generates a larger b than non-staggered alignment
at the same Re. In more details, the pressure loss of staggered
alignment is almost doubled.
4.1.3. Comparison of overall thermo-hydraulic performance
The variations of overall thermo-hydraulic performance (h/b)

with Re number are depicted in Fig. 5(d) for non-staggered and
staggered alignments. It can be seen that different with h or b, h/b
has a larger value at a larger baffle distance (Lb), and it decreases
with a rising Re number. The reason for the phenomena is that the
increase of pressure drop is always quicker than that of convection
heat transfer coefficient. Moreover, one can observe from Fig. 5(d)
that the staggered alignment generates a smaller overall thermo-
hydraulic performance than that of non-staggered alignment at
the same Re condition. In more details, h/b is decreased by
about 34%.
d tubes under different Re conditions. Tubes are clamped with the method of one tube
t transfer coefficients and comprehensive heat transfer performance (i.e., the product of
ss; (d) comparison of overall thermo-hydraulic performances (i.e., the ratio between
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The above comparisons indicate that compared with non-
staggered alignment, staggered alignment can considerably in-
crease heat flow at the same shell. Despite the fact that staggered
alignment can result in a substantial increment of pressure loss, it is
still worthwhile because some industrial users may tolerate the
increment of pumping power for a higher heat transfer coefficient.
Fig. 6. Variations of thermo-hydraulic performances with baffle distance under
different Re conditions. Tubes are clamped with the method of one tube within two
rods (OTWTR). (a) Variations of convection heat transfer coefficient and Nu number;
(b) variations of pressure loss and friction factor; (c) variation of overall thermo-
hydraulic performance.
Therefore, in the current investigated, the effects of geometrical
factors on thermo-hydraulic performances are studied for stag-
gered tubes supported by the proposed round rods.

4.2. Variations of thermo-hydraulic performance with geometrical
factors

4.2.1. Effects of baffle distance
Fig. 6(a) and (b) depicts the effects of baffle distance (Lb) on the

shellside performances of heat transfer and flow resistance for
staggered tubes clamped by current rods with the method of one
tube within two rods (OTWTR), respectively, where three different
Re numbers (i.e., Re ¼ 10,000, 20,000 and 30,000) are computed. It
is seen from Fig. 6(a) and (b) that the curves of different Re number
have similar variation tendencies, and both convection heat
transfer coefficient (h) and pressure gradient (b) increase with the
decrement of Lb under the condition of same Re. For an instance,
when Lb drops from 240 to 120 mm, the relative variations of the
two parameters equal to 17% and 82.5% at Re¼ 20,000, respectively.
In more details, h rises from 6092 to 7117 W/(m2 K), while b in-
creases from 3128 to 5705 Pa/m. Moreover, one can see in Fig. 6(a)
and (b) that h and b increase with Re. When Re is increased from
10,000 to 30,000, the relative variations of the two parameters are
about 167% and 732%, respectively. In addition, from the definitions
of Nu and f (see Eqs. (12) and (13)), one can see that Nu is in pro-
portion to h, and thus rises with an increasing Re or a decreasing Lb.
f, proportional to b and inversely proportional to the square of
velocity. For the quick reference, double vertical coordinate systems
are adopted in Fig. 6, and the data of Nu and f are presented by the
right vertical axes of Fig. 6(a) and (b), respectively.

The variation of overall thermo-hydraulic performance, i.e., h/b,
is presented in Fig. 6(c). It is clearly seen that h/b lies in the range
between 821 and 3991 W/(m2 K kPa), and it rises with the incre-
ment of Lb and the decrement of Re number. In more details, when
Lb is increased from 120 to 240 mm, the overall thermo-hydraulic
performance rises by about 56% at Re ¼ 20,000.

4.2.2. Effects of rod diameter
Fig. 7(a) and (b) presents the variations of convection heat

transfer coefficient (h) and pressure gradient (b) with rod diameter
(d) for staggered tubes supported by current rods, respectively,
where baffle distance keeps constant of 180mm and three different
Re numbers (i.e., Re ¼ 10,000, 20,000 and 30,000) are computed. It
is clearly seen from Fig. 7(a) and (b) that the curves of different Re
have similar variation tendencies, and both h and b increase with
the increment of d when Re keeps constant. For an instance, when
d is increased from 6 to 9 mm at Re ¼ 20,000, h and b rise by 20%
and 102%, respectively. In more details, h rises from 6096 to
7310 W/(m2 K), while b increases from 3160 to 6385 Pa/m. Similar
to Figs. 6 and 7(a) and (b) depict the variations of Nu and fwith d by
the right vertical axes, respectively.

The variation of overall thermo-hydraulic performance (h/b)
with rod diameter (d) is depicted in Fig. 7(c). It is observed from
Fig. 7(c) that h/b lies in the range between 755 and 3956 W/
(m K kPa) for the three Re numbers, and it rises with the decrement
of d and Re number. For an instance, when d is decreased from 9 to
6 mm, h/b rises by about 70% at the Re of 20,000.

4.2.3. Effects of clamping methods of tubes
The above investigations in the staggered alignment are all

based on the clamping method of one tube within two rods
(OTWTR), while the following is to study the clamping method of
one tube by one rod (OTBOR), and comparison between the two
methods is to be conducted.
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Fig. 8(a) presents the variations of convection heat transfer co-
efficient, h, with Re number for the clamping methods of OTWTR
and OTBOR, while their variations of pressure gradient (b) are
depicted in Fig. 8(b). Similar to the above treatment, the variations
of Nu and f with d are presented by the right vertical axes for quick
references, respectively. It is noted that rod diameters (d) keep
constant of 7 mm, while baffle distances (Lb) take two values of 150
Fig. 7. Variations of thermo-hydraulic performances with rod diameter under different
Re conditions. Tubes are clamped with the method of one tube within two rod
(OTWTR). (a) Variations of convection heat transfer coefficient and Nu number; (b)
variations of pressure loss and friction factor; (c) variation of overall thermo-hydraulic
performance.
and 210 mm. It is seen from Fig. 8(a) and (b) that the two types of
clampingmethods have similar variation tendencies of h (Nu) and b

(f), i.e., h (Nu) and b (f) both rise with the increment of Re and the
decrement of Lb. Moreover, it is found that compared with OTWTR,
OTBOR generates a smaller h and b under the identical Re number,
and the decrease of b is more remarkable. For an instance, when
Re¼ 20,000, OTBOR has an h about 82% times that of OTWTR, while
its b is decreased by about 57% compared with OTWTR.
Fig. 8. Comparisons of thermo-hydraulic performances of staggered tubes between
clamping methods of one tube by one rod (OTBOR) and one tube within two rods
(OTWTR). (a) Comparisons of convection heat transfer coefficient and Nu number; (b)
comparisons of pressure loss and friction factor; (c) comparison of overall thermo-
hydraulic performance.
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The comparison of overall thermo-hydraulic performance, h/b,
between OTWTR and OTBOR is presented in Fig. 8(c). One can
clearly see from Fig. 8(c) that OTBOR generates a better overall
thermo-hydraulic performance. In more details, h/b of OTBOR lies
in the range between 926 and 6245 W/(m K kPa), about 91% and
78% higher than the counterparts of OTWTR for the cases of
Lb ¼ 150 and 210 mm, respectively.

Compared with the counterparts of non-staggered alignment
(see Fig. 5), one can see that the convection heat transfer coefficient
generated by staggered alignment of OTBOR is increased by about
12% for the case of Lb¼ 150mm, while its pressure loss is decreased
by about 13.5%, resulting in an increment of 30% of overall thermo-
hydraulic performance. The relative increment of convection heat
transfer coefficient is relatively larger (about 17.8%) when baffle
distance Lb ¼ 210 mm, while its pressure loss is slightly increased
compared with that of non-staggered alignment, and h/b of OTBOR
is increased by about 14% for the case of Lb ¼ 210 mm.
Fig. 9. Fluid streamtraces and contours of velocity, temperature, pressure and convection
Lb ¼ 180 mm. Tubes are clamped with the method of one tube within two rods (OTWTR). (
velocity at slices with a constant distance of 1/6 times baffle distance; (c) contour of temp
pressure at slices with a constant distance of 1/6 times baffle distance; (e) contour of conv
It is clear that OTBOR has some advantage of overall thermo-
hydraulic performance. However, it is noted that staggered align-
ment of OTBOR has the span between corresponding clamping
points two times that of OTWTR, which implies that the alignment
of OTBOR could have a larger tube deformation, and thus not
facilitate a low vibration level.
5. Analyses and discussions

5.1. Physical mechanism of heat transfer enhancement

The current numerical results demonstrate that the staggered
tubes supported by the proposed round rods have a good heat
transfer performance. To analyze the physical mechanism, the fluid
streamtraces, together with the contours of velocity, temperature,
pressure and convection heat transfer coefficient at Re ¼ 20,000,
heat transfer coefficient at Re ¼ 20,000. Rod diameter d ¼ 7 mm; Baffle distance
a) Streamtraces of fluid flowing longitudinally between staggered tubes; (b) contour of
erature at slices with a constant distance of 1/6 times baffle distance; (d) contour of
ection heat transfer coefficient of tube walls.
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are respectively presented in Fig. 9(a)e(e) for discussion, where rod
diameter d ¼ 7 mm and baffle distance Lb ¼ 180 mm.

From Fig. 9(a) (fluid streamtrace) the acceleration and expan-
sion of working fluid are clearly seen when it flows cross rods, and
the flow direction varies periodically, which generates multi-
Fig. 10. Contours of velocity, temperature and pressure at Re ¼ 20000. Rod diameter
d ¼ 9 mm; baffle distance Lb ¼ 180 mm. Tubes are clamped with the method of one
tube within two rods (OTWTR). (a) Contour of velocity at slices with a constant dis-
tance of 1/6 times baffle distance; (b) contour of temperature at slices with a constant
distance of 1/6 times baffle distance; (c) contour of pressure at slices with a constant
distance of 1/6 times baffle distance.
direction jet and spiral flows. Fig. 9(b) presents the velocity con-
tour at different cross sections, where the jet flows induced by rods
are also observed. The multi-directional jet and spiral flow flushes
downstream tube walls, resulting in an effective heat transfer
enhancement, in accordance with the large red regions showed in
Fig. 9(e) (contour of convection heat transfer coefficient). Mean-
while, it is observed from Fig. 9(a) and (b) that the recirculation
zones induced by the round rods are relatively small, and thus the
heat transfer rate is enhanced relatively evenly, in accordance with
the shade pattern of Fig. 9(e).

Fig. 9(c) depicts the temperature contour of shellside fluid,
where inlet and tube wall temperature are equal to 293 and 313 K,
respectively. In Fig. 9(c), a remarkable temperature variation of
working fluid is seen between the inlet and outlet, indicating that
current Rodbaffles reinforce the heat transfer rate effectively.

Studying the pressure contour, i.e., Fig. 9(d), one can see that the
pressure loss of the current Rodbaffle heat exchanger is relatively
small, and the majority comes from the flow resistances across rods.

In brief, the staggered tubes supported by current rods have a
large convection heat transfer coefficient and a small pressure loss,
thus their overall thermo-hydraulic performance is good.

5.2. Influences of geometrical factors on thermo-hydraulic
performance

To interpret the variation tendencies of thermo-hydraulic per-
formances with rod diameter (see Fig. 7), the contours of velocity,
temperature and pressure of the case with rod diameter d ¼ 9 mm
and baffle distance Lb ¼ 180 mm are presented in Fig. 10(a)e(c),
respectively, and compared with the counterparts of the case of
d ¼ 7 mm and Lb ¼ 180 mm (see Fig. 9(b)e(d)). Meanwhile, the
contours of velocity, temperature and pressure of the case of
d ¼ 7 mm and Lb ¼ 150 mm are presented in Fig. 11(a)e(c),
respectively. They are compared with the counterparts in Fig. 9 to
discuss the influences of baffle distance (see Fig. 6). With the
comparison of velocity contours (see Figs. 9(b), 10(a) and 11(a)), it is
seen that the velocity magnitude of jet flow increases with a rising
rod diameter and a decreasing baffle distance. As the jet flow plays
a significant role in the heat transfer enhancement and flow
resistance, it can be predicted that better heat transfer rate and
larger pressure drop are to be obtained by using a larger rod and
small baffle distance.

Comparing the temperature contours (see Figs. 9(c), 10(b) and
11(b)), where inlet and tube wall temperatures keep constant
(i.e., 293 and 313 K, respectively), it is observed that both Figs. 10(b)
and 11(b) have a larger outlet temperature. It indicates that a larger
rod and a small baffle distance could generate a higher heat transfer
rate, in accordance with the curves in Figs. 7(a) and 6(a).

Studying the pressure contours (see Figs. 9(d), 10(c) and 11(c)),
where outlet pressures are equal to zero, one can see that both
larger rod diameter and smaller baffle distance lead to a larger
pressure loss from the shade at the inlet, in accordance with the
curves of Figs. 7(b) and 6(b) as well.

The above discussions are all based on the clamping method of
one tube within two rods (OTWTR). To discuss the influences of
clamping methods of tubes, the contours of velocity, temperature
and pressure of one tube by one rod (OTBOR) are presented in
Fig. 12(a)e(c), respectively, where rod diameter d, baffle distance Lb
and Re number are identical to the counterparts of OTWTR of
Fig. 11.

From the comparison of the velocity contours between OTWTR
and OTBOR (see Figs. 11(a) and 12(a)), it is seen that OTBOR has a jet
flow with a smaller velocity, and its intensity of spiral flow is
relatively weaker, which go against the heat transfer enhancement,
while facilitate a smaller flow resistance.



Fig. 11. Contours of velocity, temperature and pressure at Re ¼ 20000. Rod diameter d ¼ 7 mm; Baffle distance Lb ¼ 150 mm. Tubes are clamped with the method of one tube within
two rods (OTWTR). (a) Contour of velocity at slices with a constant distance of 1/6 times baffle distance; (b) contour of temperature at slices with a constant distance of 1/6 times
baffle distance; (c) contour of pressure at slices with a constant distance of 1/6 times baffle distance.



Fig. 12. Contours of velocity, temperature and pressure at Re ¼ 20000. Rod diameter
d ¼ 7 mm; Baffle distance Lb ¼ 150 mm. Tubes are clamped with the method of one
tube by one rod (OTBOR). (a) Contour of velocity at slices with a constant distance of 1/
4 times baffle distance; (b) contour of temperature at slices with a constant distance of
1/4 times baffle distance; (c) contour of temperature at slices with a constant distance
of 1/4 times baffle distance.
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Comparing the temperature contours of the two clamping
methods (see Figs. 11(b) and 12(b)), where the inlet and tube wall
temperature are identical, one can observe that the fluid temper-
ature variation of OTBOR is smaller over the same longitudinal
displacements, which indicates that the heat transfer rate is better
enhanced with OTWTR, in accordance with the curves in Fig. 8(a).

Studying the pressure contours (see Figs. 11(c) and 12(c)), it is
clearly seen that OTBOR can induces a much smaller pressure drop
over the same longitudinal displacements, and thus generates a
better overall thermo-hydraulic performance, in accordance with
the curves in Fig. 8(b) and (c).

6. Conclusions

To improve the thermo-hydraulic performance of Rodbaffle heat
exchangers, round rods with arc cuts are proposed to be welded
with rings to support staggered tubes in the current investigation,
and numerical computation is conducted for the turbulent heat
transfer enhancement with the current supports. Comparisons of
thermo-hydraulic performances between staggered and non-
staggered alignments are performed. Meanwhile, the influences
of baffle distance (Lb), rod diameter (d) and clamping method of
tubes are investigated.

Computation results demonstrate that the convection heat
transfer coefficient (h) and combined parameter (hA) of staggered
tubes clamped with the method of one tube within two rods
(OTWTR) are about 41.9% and 63.8% larger than the counterparts of
non-staggered ones, respectively, while the pressure loss is almost
doubled. Besides, it is found that h of staggered alignment, ranging
between 2835 and 10825 W/(m2 K), increases with the decrement
of Lb and the increment of d, and the pressure loss (b) has a similar
variation tendency. The overall thermo-hydraulic performance (h/
b) of staggered alignment lies in the range of 821e6243 W/
(m K kPa), and a larger Lb, or a smaller d or Re number facilitates a
larger h/b. Moreover, it is discovered that the clamping method of
one tube by one rod generates a much smaller b and thus a larger h/
b compared with the counterparts of OTWTR or non-staggered
alignment, however, the former might be unfavorable for a low
vibration level. In addition, analyses and discussions are performed
based on the fluid streamtraces and contours of velocity, pressure
and temperature. The round rods with arc cuts are easy to manu-
facture, therefore, the proposed tube supports are promising to be
used in industrial fields.
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