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Abstract A shell-and-tube heat exchanger with new type
of baffles, is designed, fabricated and tested. The experi-
mental investigation for the proposed model and the ori-
ginal segmental baffle heat exchanger are conducted. The
operation performances of the two heat exchangers are also
compared. The results suggest that, under the same con-
ditions, the overall performance of the new model is
20-30% more efficient than that of the segmental baffle
heat exchanger.

1 Introduction

Heat exchanger is a very important apparatus in many
fields, such as petroleum refining, power generation,
chemical engineering, process industry, food industry, etc.
Among the different types of heat exchangers, shell-and-
tube heat exchanger (STHX) has many advantages such as
reliable structure, mature techniques and wide applicabil-
ity, which make it widely utilized in various industries [1].
The baffle element plays very important roles in STHX,
such as supporting the tube bundles and disturbing the fluid
of shell side. According the direction of fluid flow of shell
side, the STHX can be divided into three groups: transverse
flow, longitudinal flow and helical flow. The characteristics
of pressure drop and heat transfer in shell side of the STHX
vary under different flow states, which have a heavy impact
on the performance of the heat exchangers.
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The traditional shell-and-tube heat exchanger with seg-
mental baffles (SB-STHX) have many disadvantages, such
as high pressure drop, low heat transfer efficiency, harmful
vibration caused by the shell-side flow which is normal to
tube bundles. When the traditional segmental baffles are
used in STHX, higher pumping power is often required to
offset the higher pressure drop under the same heat load.
Therefore, a new type of STHX using different types of
baffles might achieve higher heat transfer efficiency and
lower pressure drop. Pressure drop and heat transfer are
two interdependent factors influencing the capital and
operating costs of the heat exchange systems. In order to
improve the performance, heat exchangers with different
types of baffles are developed, which have relatively higher
heat transfer efficiency and relatively lower pressure drop,
such as rod baffles and helical baffle exchangers [2—11].

Therefore, the main objectives of this study are to
develop an STHX with new type of baffles to overcome
the deficiencies mentioned above and to experimentally
investigate its performance. Moreover, performance of the
new STHX is also compared with that of SB-STHX in this
study.

2 Configuration and fabrication of the STHX
with new type of baffles

The helical type of fluid flow in shell side of the STHX
with helical baffles has led to some advantages such as high
heat transfer efficiency and low flow resistance [5, 6, 8].
Nevertheless, it is difficult to manufacture the continuous
helical baffles. In order to address this problem, flower
baffles STHX (FB-STHX), a new type of STHX based on
the traditional segmented baffle, is proposed in this paper
and shown schematically as in Fig. 1. As seen in Fig. 1, a
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Fig. 1 Schema of the flower baffles arrangement

Fig. 2 Stream line for fluid flow over segmental baffles

Fig. 3 Stream line for fluid flow over flower baffles

round baffle can be divided into four quadrants, and among
the four quadrants, at least one quadrant is hollow for fluid
flowing, and the remaining quadrants are used to support
the heat tube. As the flower baffles are installed alternately,
the phase angles (the angles for hollow parts of the two
adjacent baffles) can be 30°, 60°, or 90°. Under different
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application situations, the phase angles may vary. From
Fig. 1 it can also be observed that the configuration of all
baffles in FB-STHX is the same; only the phase angles are
different. As a result, the manufacturing process for the
flower baffles is considerably simplified. The fabricating
process of the flower baffles is the same as that of segment
baffle, and the flower baffles are fixed by tension rods. In
the present FB-STHX, there are four tension rods to fix the
baffles. Figures 2 and 3 schematically show the stream line
for the fluid flow over the segmental baffles and the flower
baffles respectively. From the figures, it can be observed
that the fluid flow in shell side for SB-STHX is zigzag and
the fluid flow in shell side for FB-STHX is longitudinal
with some swirling which will lead to some difference of
heat transfer and flow resistance about these two type of
STHXs. In this paper, the shell-side local heat transfer
coefficients of FB-STHX were obtained experimentally
and compared with that of SB-STHX.

The dimension of the heat exchanger is @159 mm x
5 mm. The detailed parameters of heat exchangers are
shown in Tables 1 and 2.

Table 1 Structure parameter for FB-STHX

Shell side: @159 mm x 5 mm Effective length of

heat tube: 1,473 mm
Tube ID: 14.4 mm
Total number of tube: 24

Tube pass number: 2
Tube OD: 16 mm

Tube spacing: 20 mm Diameter of tension rod:

12 mm

Number of tension rod: 4 Arranging style of tube:

rectangle
Heat transfer area
of tube outside: 1.777 m?

Flower baffle spacing:
170 mm

Flow area of tube side:
0.0001953 m?

Conductance for tube:
14.7 W/(m K)

Minimum flow area for
shell side: 0.0061 m>

Table 2 Structure parameter of SB-STHX

Shell side: @159 mm x 5 mm

Effective length of tube: 1,473 mm Tube pass number: 2

Tube OD: 16 mm
Tube spacing: 20 mm
Number of tension rod: 4

Arranging style for tubes:
triangle

Flow area in tube side:
0.0001953 m?>

Conductance of tube wall:

14.7 Wim K)

Minimum flow area
in shell side: 0.0098 m?>

Tube ID: 14.4 mm
Tube total number: 24

Diameter of tension rod:
12 mm

Heat transfer area
of tube outside: 1.777 m?

Baffle spacing: 148 mm
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Fig. 4 Schema of experimental system. /, 2, 3, 4 Thermal couple; 5
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3 Experimental devices and approaches

The experimental system for studying the heat transfer and
pressure drop for STHX is schematically shown in Fig. 4.
The experiment setup consists of two loops: hot water loop
and cold water loop. The detailed descriptions of the two
loops are given below.

(1) Hot water loop In this loop, water is heated by an
electrical heater with a temperature controlling
device. The hot water flows from a water tank via a
tube into the tube side of the STHX. After transferring
the heat to fluid of shell side, the water flows from the
STHX to a volumetric flowmeter (6) and finally
returns to the water tank. The inlet and outlet
temperatures of the heated water flowing through
the STHX are measured by thermocouples (1) and
(2), respectively. The hot water is cycled by a pump
(8). The valves (12) and (13) are used to regulate the
flow rates.

(2) Cold water loop In this loop, water is cooled by a
cooling tower. The cold water flows from a water tank
via a tube into the shell side of the STHX. After
absorbing the heat from the fluid of the tube side, the
water flows from the STHX into a volumetric
flowmeter (7) and finally returns to the water tank.
The inlet and outlet temperatures of the cold water
flowing through the STHX are measured by thermo-
couples (3) and (4) respectively. The cold water is
recycled by a pump (9). The valves (10) and (11) are
used to regulate the flow rate.

A water replenishing device is utilized to supplement the
water loss for both the hot water side and the cold water
side.

4 Data acquisitions

In the experiments, the flow rate, temperature, and pressure
drop were measured. The energy imbalance between the
shell side and the tube side was calculated from the data on
the flow rates, and the inlet and the outlet temperatures
both in shell and tube sides. The heat balance was con-
sidered to be achieved when the energy imbalance is less
than 5%. Based on the energy balance between the shell
and tube side, the overall heat transfer coefficient of the
STHX can be calculated. The tube side heat transfer
coefficient can be calculated using the classical correlation,
so the shell side heat transfer coefficient can be obtained
using the overall heat transfer calculation correlation. The
overall pressure drop can be directly measured. So the
correlation between the friction factor f, Nusselt number Nu
and Reynolds Re can be obtained. The detailed procedures
are presented as follows.

The overall heat transfer coefficient for heat exchangers
can be computed using Eq. 1 [12]

1

‘ Ad L Ri+ R+ R+ M

where h;, heat transfer coefficient for tube side, W/(m2 K);
h,, heat transfer coefficient for shell side, W/(m2 K); R,
fouling coefficient for tube side, (m2 K)/W; R,, fouling
coefficient for shell side, (m2 K)/W; R,,, thermal resistance
for tube wall, (m2 K)/W.

Since the heat exchangers in our experiments are newly
fabricated, the effects of the two fouling resistance are neg-
ligible. Therefore, the above equation can be expressed as

1
¢ ALt R, +1 @

Based on the transfer correlation, the overall heat

transfer coefficient can be achieved as

0
k:
A - Aty

(3)

where Q, the average heat flux between the cold and the hot
fluid, W; A, heat transfer area based on the tube out
diameter, m2, which can be calculated using Eq. 4.

A = nnd,L (4)

N, tube number; d,, tube out diameter, m; L, effective
length of tube, m; At,,, logarithm averaged temperature for
the cold and the hot fluid, °C

The heat exchanger is double tube passes and one shell
pass, and the logarithm averaged temperature difference
can be stated as [12]

Ar _(B-p)VR 41 5)
" |n Z=PUHR—VR 4 T)
2—P(1+R+VR>+1)
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where R = %,P = ?:Z, , t{, in and out temperature
for tube side fluid, oC]; t5, 15, in and out temperature for
shell side fluid, °C.

Heat transfer between cold and hot fluid can be achieved

according to following equation
Q=m-c, At (6)

m, fluid mass flowrate, kg/s; ¢, specific heat under constant
pressure, J/(kg K).

According to Egs. 2-5, the overall heat transfer coeffi-
cient can be obtained.

Heat transfer performance on the tube side can be
obtained by the following equation [13]

0.14
Nu = 0.027Re)pr}/? (Z—f> (7)

Subscript f indicates the fluid temperature, and w
indicates the wall temperature.

The thermal resistance of tube wall can be obtained by

d() d()
R, = 2 lnE (8)

The tube material is chrome nickel steel and the its
conductance A is 14.7 W/(m K).

After computing the heat transfer coefficient in tube side
and thermal resistance for tube wall according Egs. 6 and
7, and substituting them and the total heat transfer coeffi-
cient k into Eq. 1, we can get the heat transfer coefficient 4,
of shell side.

The Nu, f, and Re are defined as follows:

Nu = % (9)
1
Ap, d,

_ do 1
f (1/2)pu? 1 (10)
Re = P1do (11)

17

where Ap, is the overall pressure drop on the shell side of
the STHX, / is the effective length of tubes, d,, is the outer
diameter of the tube.

5 Experimental results and analysis

The experiments were conducted for the two types of STHXs
described in Sect. 2, in which hot water flowed on the tube
side and cold water flowed on the shell side of the STHXs. In
order to verify the reliability of the experiment results, the
heat transfer and fluid flow characteristics under three dif-
ferent tube inlet velocities (0.70, 0.94 and 1.2 m/s) for SB-
STHX and FB-STHX are investigated. And performances

@ Springer

: 120 -

©
S

4 '
g

6 8 10 12 14
Re x 10°

16 18 20 22 24

Fig. 5 Heat transfer correlation for FB-STHX

60
50
40
[ ]
30 i
§ 20 : 1
=
Q,
<
(]
10
9
8
7
A
5 + + + + + + + + +
6 8 10 12 14 16 18 20 22 24
Re x 10°

Fig. 6 Flow resistance correlation for FB-STHX

between the above two exchanger are compared.
Proper evaluation is important for comparing the compre-
hensive performance of different heat exchangers. Both
heat transfer coefficient and pressure drop are important
parameters for performance evaluation of heat exchangers.
It is desirable to obtain the highest heat transfer rate at the
lowest pressure drop, so the ratio of Nusselt number Nu to
pressure drop is used as a comparison criterion in the present
study.

Figures 5 and 6 show the heat transfer correlation and
flow resistance correlation for FB-STHX under the above
three tube side inlet velocities. In the figures, the lines
shown in these figures were fitted by the method of least
squares, and the heat transfer correlation in the range of
7,000 < Re < 23,000 can be expressed as Eq. 12 and the
correlation coefficient is r = 0.9645.
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Fig. 7 Heat transfer correlation for SB-STHX

0.14

Nu = 0.0548Re2™*pr;? ("f) (12)
’ My

The flow resistance correlation in the ranger of

7,000 < Re < 23,000 can be expressed as Eqs. 13—14 and

the correlation coefficient for above equation is r = 0.9957.

Ap =1.1523 x 107" Re; (13)
[ =0.1613Re; % (14)

It can be seen from Figs. 5 and 6, that the Nusselt
number Nu and pressure drop will increase with the
increase of Re number, and under the same shell side
velocity and with different tube velocities for FB-STHX
the heat transfer and flow resistance characteristic in shell
side are almost the same, which prove the good repetition
of the experiments.

Figures 7 and 8 show the heat transfer and flow resis-
tance characteristics for SB-STHX. The lines shown
in these figures were fitted by the method of least squares,
and the heat transfer correlation in the range of
4,000 < Re < 15,000 can be expressed as Eq. 15 and the
correlation coefficient for above equation is » = 0.9929.

n 0.14
Nu = 0.1328Re%7880 pyl/3 (2 (15)
f f N

The flow resistance correlation in the ranger of
4,000 < Re < 15,000 can be expressed as Eqgs. 16-17
and the correlation coefficients are r = 0.9983, r = 0.9988
respectively.

Ap = 47475 x 107" Re; ™ (16)
f = 0.7850Re; 0> (17)

As shown in Figs. 7 and 8, the Nusselt number Nu and
pressure drop will increase with the increase of Re number.

Re x 10°

Fig. 8 Flow resistance correlation for SB-STHX
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Fig. 9 Comparison of Nu number between FB-STHX and SB-STHX

Under the same shell side velocity and with different tube
velocity for SB-STHX the heat transfer and flow resistance
characteristic are almost same, which prove the good
repetition of the experiments.

The comparison of Nu number and pressure drop Ap in
shell side between FB-STHX and SB-STHX can be seen in
Figs. 9 and 10. Nusselt number Nu increases with the
increase of Reynolds number Re for the two heat
exchangers, and the pressure drop increases with the
increase of the Reynolds number Re for both heat
exchangers. From the figures it can be observed that, with
same Re number, the Nu number of FB-STHX is about
50% of that of SB-STHX, but the pressure drop Ap of the
former is only 30% of that of the latter. This is because the
fluid flow in shell side of flower baffle heat exchanger is
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Fig. 11 Comparison of the comprehensive performance drop Nu/Ap
between FB-STHX and SB-STHX

longitudinal, but the fluid flow in shell side of segmental
baffle heat exchanger is transverse. As a result, the heat
transfer of the flower baffle heat exchanger is less than that
of the segmental baffle heat exchanger. Because of this, the
pressure drop in shell side of flower baffle is also less than
that of the segmental baffle heat exchanger.

Figure 11 shows the comprehensive comparison of per-
formance Nu/Ap between FB-STHX and SB-STHX. With
same Re number, the comprehensive performance Nu/Ap of
FB-STHX is about 60% higher than that of SB-STHX.

To sum up, in the same shell side Re, the shell side Nu of
FB-STHX is less than that of the SB-STHX, and the
pressure drop of the former is also less than that of the

@ Springer

latter, but the decreasing amplitude of the flow resistance is
larger than that of the heat transfer. As a result, the com-
prehensive performance Nu/Ap of FB-STHX is higher than
that of the SB-STHX. Therefore, it could be concluded that
with same pressure drop, the Nu number of the FB-STHX
is higher than that of the SB-STHX.

6 Experimental uncertainty analysis

The experimental uncertainty of the present work is
determined by using the method presented by Ref. [14].
The uncertainty calculation method involves calculating
derivatives of the desired variable with respect to individ-
ual experimental quantities and applying known uncer-
tainties. According to Ref. [14], the experimental
uncertainty is defined as follow:

oR \° (OR_ \° oR 1\’
WR = _Wx1 + _WX2 +--- 4+ Wx
Ox1 Ox, ox, "

(18)
where R = f(x,x2,...,%,), X1,X2,...,X, are the variables
that affect the results of R, wy,,wy,, ..., w,, are the absolute
uncertainties of xy,x;, ..., X,.

The uncertainties involved in the friction factors for FB-
STHX and SB-STHX are +3.6 and £4.2%, respectively,
and the uncertainties involved in the Nu number for FB-
STHX and SB-STHX are within £7.8 and =+8.1%,
respectively.

7 Conclusion

The characteristics of heat transfer and flow resistance for
the FB-STHX and the SB-STHX have been experimentally
investigated. And performance comparisons between the
FB-STHX and the SB-STHX are conducted. The heat
transfer and flow resistance correlation for SB-STHX and
FB-STHX were developed based on the experiment results.
The experimental results showed that under circumstance
of the same Re number both in shell and tube side, the
Nusselt number Nu for FB-STHX is about 50% of that of
SB-STHX while the pressure drop of the former is about
30% of the latter. But the comprehensive performance Nu/
Ap of the former is 60% higher than that of the latter. For
the sake of energy saving in designing heat exchangers,
both heat transfer enhancement and flow resistance
increase should be taken into consideration. By properly
designing FB-STHX the heat transfer and pressure drop
performance can be improved relative to the traditional
SG-STHX.
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