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PIV measurement of tube-side in a shell and tube heat exchanger
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In order to improve the performance of the shell and tube heat exchanger, a porous baffl e and a split-
ter bar are employed in this research. Through the arrangement of the porous baffl e in the tube-side 
inlet and the splitter bar in the tube, the fl ow distribution of liquid in the heat exchanger is improved. 
PIV technology is used to investigate the unsteady fl ow in the tube-side inlet and the outlet of different 
models. The porous baffl e signifi cantly improves the fl ow of fl uid in the shell and tube heat exchanger, 
especially by eliminating/minimizing the maldistribution of fl uid fl ow in the tube-side inlet. The perfor-
mance of the arc baffl e is better than that of the straight baffl e. The splitter bar has a minimal effect on 
the fl ow fi eld of the tube-side inlet, but it effectively improves the fl ow in the tube bundle and restrains 
the vortex generation in the tube-side outlet.
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INTRODUCTION

        The heat exchanger is a device that transfers part of 
the heat of the hot fl uid to the cold fl uid. Especially in 
the chemical industry, the heat exchanger can be used 
as a heater, cooler, condenser, evaporator, reboiler, 
and so on. In the modern chemical industry, the in-
vestment in heat exchangers accounts for about 30% 
of the total equipment investment and about 40% of 
the total processing equipment investment of refi neries. 
Furthermore, the sea water desalination device is almost 
entirely composed of heat exchangers. As the demand 
for heat exchangers in several large industries such as 
the chemical, shipbuilding, food, and pharmaceutical 
industry continuously grows, the heat exchanger industry 
will maintain steady development in the future. The shell 
and tube heat exchanger still occupies a major market 
share because of its robustness and economical price. 

In order to improve the thermal performance, many 
scholars have studied the design of shell and tube heat 
exchangers. Pan et al.1 focused on the progress of the 
traditional heat intensifi cation technology, including tu-
be-side enhancements and shell-side enhancements, and 
compared the infl uence of these technologies on the heat 
transfer performance and available substantial economic 
benefi ts. Research results show that the high effi ciency 
heat exchangers with combining intensifi cation techni-
ques are able to achieve signifi cant economic benefi t 
of exchanger design. Sanaye et al.2 chose the maximum 
effectiveness and the minimum cost of heat transfer as 
objective functions of a genetic algorithm to optimize the 
heat exchanger and obtained the Pareto optimal solution 
of the tube arrangement, tube diameter, tube pitch ra-
tio, tube length, tube number, baffl e spacing ratio, and 
baffl e cut ratio. The results revealed the level of confl ict 
between two objective functions. Tube pitch ratio, tube 
length, and tube number as well as baffl e spacing ratio 
are important design parameters that caused a confl ict 
between the effectiveness and total cost. Ozden et al.3 
numerically studied the infl uence of baffl e spacing, baffl e 

cut, and shell diameter on the heat transfer coeffi cient 
and the pressure drop with numerical simulations. They 
observed that the simulation results are in accordance 
with the Bell-Delaware results. Hosseini et al.4 compared 
the performance of three tube bundles with different 
inner surface (smooth, corrugated, and with micro-fi ns). 
They found that corrugated and micro-fi n tubes showed 
degraded performance at a Reynolds number below 
a certain value (Re<400) and the performance of the 
heat exchanger greatly improved for micro-fi nned tubes 
at a higher Reynolds number. Pacio et al.5 found that 
the parallel tube bundle fl ow nonuniformity will seriously 
affect the performance of the heat exchanger, especially 
the two-phase fl ow, such as the fl ow in the evaporator. 
Mohr et al.6 presented the design equations for the inlet 
section of heat exchangers with variations of a broad 
range of geometrical parameters, e.g., tube pitch, shell 
diameter, nozzle diameter, span width, distance between 
nozzle exit, and tube bundle. Kim et al.7 studied the 
uniform distribution of gas phase fl ow in a shell and 
tube heat exchanger by numerical simulation and found 
that uniformity of the fl ow distribution would increase 
with the header length, whereas it decreases with the gas 
fl ow rate. Wang et al.8–9 used a numerical optimization 
method to fi nd the   optimized porous baffl e in the tube 
side inlet of a shell and tube heat exchanger with a mini-
mum average absolute error of the fl ow rate and carried 
out an experimental validation study of the optimized 
baffl e. The results showed that the fl ow uniformity was 
improved using the optimized model.

Research on the shell and tube heat exchanger is now 
being concentrated on the shell-side design. Although 
a numerical simulation can predict the performance and 
pressure drop of the heat transfer, experimental measu-
rement is very important10–12. Due to the complex fl ow 
path in the tube side, it will cause many kinds of fl uid 
vortex, vibration, and acoustic resonance. Therefore, the 
purpose of this study is to explore the fl ow distribution 
of the inlet and outlet of the tube side.



  Pol. J. Chem. Tech., Vol. 20, No. 1, 2018 61

 EXPERIMENT PLATFORM AND MEASUREMENT 
METHODS 

Test bench 
Figure 1 shows the test bench of the shell and tube 

heat exchanger. It mainly includes the shell and tube 
heat exchanger, fl ow meter, pump, and water tank. The 
shell and tube heat exchanger in this experiment is a 1/3 
scaled-down model of the LNG evaporator. The inlet 
diameter and outlet diameter of the shell and tube heat 
exchanger are 80 mm. The fl ow rate in the   experiment 
is 100 litres per min (lpm).

of circular holes in the arc baffl e are 3.7 mm, 4.9 mm, 
4.2 mm, 4.9 mm, 4.3 mm, 8 mm, 9.1 mm, 7.6 mm, 
11.3 mm, 8.2 mm, and 9.1 mm along the radial direction. 
Numbers of the circular holes are 1, 8, 12, 16, 24, 28, 
36, 44, 44, 52, and 60, respectively.

The diameter of 148 tubes is 10 mm and the distance 
between two adjacent tubes is 22 mm, as shown in Fi-
gure 3(c). In Figure 3(d), the width of the splitter bar 
is 3mm and the bar is located in the middle position of 
the tubes. This model has a reduced number of tube 
bundles compared with the proto-type shell and tube 
heat exchanger, while the width of the splitter bar is 
1/3 scaled-down compared to the proto-type shell and 
tube heat exchanger. 

Figure 1. Test bench

Figure 2. Research models

Figure 3. Sketch of baffl e cuts and tube cuts

Research model
Figure 2 shows three-dimensional diagrams of all the 

models, including three sets of the tube-side inlet and 
two sets of the tube bundle and the tube-side outlet. 
   Figure 3(a) shows the diameters and the positions of 
the holes on the straight baffl e.   The straight baffl e was 
designed based on plain design knowledge. The porosity 
of the baffl e was chosen as 30% to avoid the separation 
bubble behind the baffl e location.   Diameters of circular 
holes in the straight baffl e are 5 mm, 8 mm and 10 
mm along the radial direction.   The numbers of these 
three circular holes are 52, 108, and 156, respectively. 
The parameters of holes in the arc baffl e are shown in 
Figure 3(b). The arc baffl e was designed based on the 
CFD optimization method8. The porosity of the baffl e 
was chosen to improve the fl ow distribution. Diameters 

PIV processing method 
A CCD camera with 1.6 k × 1.2 k pixel resolution was 

used to measure the instantaneous velocity fi elds around 
the tube-side of the shell and tube heat exchanger. In 
total, 400 instantaneous velocity vector fi elds were adop-
ted to obtain their mean properties with the ensemble 
averaging method. The cross-correlation based PIV 
method with window offsetting was used to increase the 
spatial resolution of the instantaneous velocity vectors. 
The image processing and PIV calculation were conduc-
ted by using Insight 3G software. The cross-correlation 
method was applied and the interrogation window size 
was 16×16 pixels with 50% overlap. In this experiment, 
we applied silver coated hollow glass spheres as seeding 
particles. Their density is 1.65 g/cm3. A Nd:YAG laser 
sheet with a wavelength of 532 nm illuminated the fl ow 
fi eld at a specifi c cross section. The sampling frequency 
of the PIV system is 15 Hz.

In this PIV experiment, we measured the inlet velocity 
of the tube-side in the shell and tube heat exchanger and 
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calculated the fl ow rate of the inlet,  which has a value of 
101.26 lpm. However, the average fl ow rate in the fl ow 
meter is 100.11 lpm. The relative difference between 
the fl ow rate from the PIV and the fl ow meter is 1.15% 
and thus the uncertainty of mean velocity data is 1.15%. 

MEASUREMENT RESULTS AND ANALYSIS

Mean velocity vector fi eld
Figure 4 is the mean velocity vector fi eld of the tube-

-side inlet of the shell and tube heat exchanger without 
a porous baffl e. Because laser light illumination is 
blocked, information for this blocked region was not 
obtained. Figures 4(a) and 4(b) demonstrate the fl ow 
pattern of the vertical and horizontal planes of the 
model without a splitter bar. It can clearly be seen that 
the fl ow streamlines changed after impacting the tube 
sheet. The vector direction of velocity deviates from the 
center line, and is shifted to the outside of the radial 
direction. The inertial force of the fl uid is greater than 
the sticking force, resulting in a relatively large reverse 
vortex. Since the distribution of the tube bundle is not 
completely symmetrical, the shape and the position of 
the vortex on the vertical and horizontal planes are not 
the same. Comparison of their location shows that the 
distances between the vortex cores and central axis are 
roughly the same. However, in the axial position, the 
vortex core in the vertical plane is closer to the tube 
sheet than in the horizontal plane. Due to the mutual 
impact of the fl uid and the vortex, the reverse fl ow and 
the stationary fl ow can be easily found near the wall. 
The  non-uniform fl ow will affect the fl ow rate and ve-
locity of the fl uid through the tube bundle, which will 
lead to a change of the heat transfer effi ciency of the 
heat exchanger.

Figures 4(c) and 4(d) present the mean velocity fi eld 
of the vertical and horizontal planes of the model with 
a splitter bar. It can be seen that the addition of the 
splitter bar has no obvious infl uence on the shape and 
size of the vortex. However, compared with Figures 4(a) 
and 4(b), some changes have taken place in the position 
of the vortex. It is obvious that the center of the vortex 
is moving away from the tube sheet. The center of the 
vortex is blocked in the horizontal plane. It can be in-
ferred that the radial position of the center is the same 
as that of the vertical plane, which is also the same as 
the model without a splitter bar.

Figure 5 gives the mean velocity vector fi eld of the 
tube-side inlet with a straight baffl e. The relatively large 
reverse vortex in Figure 4 is divided into some small 
vortices due to the addition of the straight baffl e. The 
vortex on the left side of the baffl e is larger and the 
fl ow distribution is uneven. After fl owing through the 
baffl e, the velocity of fl uid decreases, and the stream-
line on the right side of the straight baffl e tends to be 
axial plane. The fl uid passes through the baffl e hole, 
resulting in the formation of small vortices, which have 
very little effect on the velocity direction. In addition, in 
the corner between the tube sheet and the wall, a large 
vortex is formed due to the impact of the fl uid on the 
tube sheet, which affects the fl ow pattern around the 
vortex. However, compared with the vortex formed in 
the model without the baffl e, it becomes smaller. The-
refore, we found that the porous baffl e can effectively 
suppress the vortex and reduce the resulting head loss. 
In addition, it can be found from Figure 5 that at the 
corner of the vertical and horizontal planes, the positions 
of these vortices are basically the same.

Figure 4. Velocity fl ow fi elds of tube-side inlet without baffl e 
(Unit: m/s)

Figure 5. Velocity fl ow fi elds of tube-side inlet with straight 
baffl e (Unit: m/s)

The mean velocity fi elds of the model with the arc 
baffl e are shown in Figure 6. It can be found that the 
vortex in the corner between the tube sheet and the wall 
becomes smaller, and the core of the vortex deviates 
from the side of the tube sheet. The fl ow on the right 
side of the vortex tends to be uniform and the overall 
streamlines are parallel to the central axis. Because of 
the blocking of laser light illumination, some informa-
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tion behind the arc baffl e did not appear. From the 
part that can be observed, the arc baffl e has the best 
inhibition effect on the vortex and can make the fl uid 
enter the tube bundle uniformly, and thus effectively 
enhances the even fl ow distribution and increases the 
heat transfer effi ciency.

In order to further verify and analyze the infl uence 
of the arc baffl e, straight baffl e, and bar on the fl ow 
distribution in the tube bundle, we obtained the mean 
velocity vector fi eld of the tube-side outlet with PIV. 
Figure 7 shows the fl ow pattern at the tube-side outlet 
without a porous baffl e. The number of tubes on the 
horizontal plane is more than that on the vertical plane, 
and the difference   in the velocity distribution on the two 
planes is hence also very large. The vortices on the two 

planes basically occur in the corner between the tube 
sheet and the wall.

The fl ow behind each pipe is very uniform. Due to 
the distribution of the tube bundle, the vortex on the 
horizontal plane is also relatively much larger as well. 
From the vertical plane, in addition to the region near 
the tube sheet, the other fl ow fi eld is very messy and 
there are many smaller vortices and a large amount of 
reverse fl ow. It can also be found that the fl uid velocity 
of the horizontal plane is much larger than that of the 
vertical plane and the difference between the central 
velocities is more obvious. The impingement region of 
the vertical plane at the tube-side inlet is larger than 
that of the horizontal plane. Therefore, the infl uence 
of the vortex on the fl ow velocity is larger. The fl ow 
near the axis of the vertical plane with higher velocity 
will lead to lower pressure. This phenomenon is more 
obvious after adding a splitter bar, which is shown in 
Figures 7(c) and 7(d). It can be seen that the velocity 
of the fl uid is reduced and the inertial force of the fl uid 
decreases when the bars are added. The fl ow pattern of 
the vertical plane is further disordered and some small 
vortices are formed. The phenomenon that fl uid on 
the horizontal plane gathers toward the center is more 
obvious. As observed from this phenomenon, before 
adding the splitter bar, the distribution of velocity in 
the tube bundle is uneven. The fl ow near center is very 
fast, which will affect the overall heat transfer effi ciency.

Figure 8 is the mean velocity vector fi eld of the tu-
be-side outlet with a straight baffl e. Compared with 
Figure 7, an obvious change is found that the overall 
velocity of the fl uid decreases. The uneven distribution 
of velocity has been improved, and the velocity difference 
with different radiuses is reduced. When the fl uid fl ows 
out of the heat exchanger through the tube bundle, the 
fl ow streamlines are basically parallel to each other. 
Nonetheless, the large decrease of fl ow velocity will 
affect the heat transfer effi ciency of the heat exchanger. 

Figure 6. Velocity fl ow fi elds of tube-side inlet with arc baffl e 
(Unit: m/s)

Figure 7. Velocity fl ow fi elds of tube-side outlet without baffl e 
(Unit: m/s)

Figure 8. Velocity fl ow fi elds of tube-side outlet with straight 
baffl e (Unit: m/s)
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fl uctuation of the axial velocity curve decreases obviously. 
The performance of the arc baffl e is better and the fl ow 
velocity (r>0.04 m) is closer to the theoretical curve. The 
velocity of the model with the straight baffl e is less than 
that with the arc baffl e in the central area. The main 
reason is that there is no hole in the area (r<0.02 m) 
in the straight baffl e, while the speed is obviously small. 
In the comparison of negative area on the left of Figure 
10(a), the absolute value of negative velocity of the arc 
baffl e is the smallest. It can be seen that the fl ow rate 
curve with the arc baffl e is closest to the theoretical 
curve. Furthermore, there is a considerable degree of 
wave crest, and the maximum value of the wave is 1.6–2 
times larger than the theoretical fl ow rate. Comparing 
Figure 10, it can be found that the infl uence of distance 
away from the baffl e and bar in the tube bundle on the 
axial velocity distribution of the tube-side inlet is small 
in both cases.

Figure 9 is the mean velocity vector fi eld of the tube-
-side outlet with an arc baffl e. Compared with Figure 7, 
the fl ow distribution on the vertical plane is improved, 
and the fl uid velocity near the center is consistent with 
other positions. Compared with Figure 8, after adding 
the splitter bar, the vortex in the corner between the 
tube sheet and the wall is reduced and the fl ow velocity 
near the tube sheet is larger. It can be inferred that the 
fl ow velocity in the tube bundle of the model with the 
arc baffl e is larger than that with the straight baffl e.

Velocity curves and cumulative fl ow rate curves
In order to further analyze the infl uence of porous baf-

fl e and splitter bar on the fl ow distribution, we extracted 
the data at locations 311 mm, 331 mm, 705 mm, and 
725 mm away from the left boundary of the tube-side 
inlet (shown in Figure 1). The curves show the fl ow 
distribution along the radius of vertical and horizontal 
planes. Figure 10 shows the axial velocity and fl ow rate 
of fl uid in the tube-side inlet. The purple solid lines 
represent the axial velocity of the ideal uniform fl ow 
and the theoretical cumulative fl ow rate. Figures 10(a) 
and 10(b) are   the axial velocity and cumulative fl ow 
rate of the section at 311 mm. The profi les of the three 
models with/without a bar on the vertical and horizontal 
planes is similar, while the effect of the porous baffl e 
on the fl ow is very obvious. The straight baffl e and arc 
baffl e are helpful in reducing the velocity difference and 
improving the fl ow fi eld of the tube-side inlet.

The velocity difference between fl ow in the axis and 
the near wall is very large and the velocity in the axis 
is 0.35 m/s, which is much larger than the theoretical 
velocity. The fl ow velocity near the wall (r>0.1 m) is not 
only smaller than the other two models, there are some 
differences with the theoretical velocity. This leads to 
a great decrease of the heat transfer performance of the 
tubes near the wall. After adding the porous baffl e, the 

Figure 9. Velocity fl ow fi elds of tube-side outlet with arc baffl e 
(Unit: m/s)

Figure 10. Velocity curves and fl ow rate curves of tube-side inlet
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Figure 11 shows the axial velocity of fl uid in the tube-
-side outlet. Two sections at 705 mm and 725 mm were 
selected. Comparing the three models in Figure 11(a) 
reveals that the fl uctuation of the axial velocity curve of 
the model with the porous baffl e is much less than that 
without the baffl e. Due to the location of 705 mm being 
very near to the outlet of the tube, many vortices are 
generated and the fl ow is very complex, and therefore 
the effect of the different baffl es, straight and arc, is not 
apparent. The infl uence of the porous baffl e and the 
bar can clearly be seen from Figure 11(b). Comparing 
the horizontal plane, the maximum velocity value of the 
model without the porous baffl e is 0.4 m/s. After adding 
the straight baffl e, this value dropped to 0.25 m/s. The 
value of the model with the arc baffl e is 0.21 m/s. After 
adding the bar, this value is further reduced to 0.15 m/s. It 
can be found that the effect of the porous baffl e and the 
splitter bar on improving the fl ow distribution is obvious.

CONCLUSIONS 

 In this paper, the velocity fi elds of the tube-side inlet 
and outlet with three models in the shell and tube heat 
exchanger were measured with PIV technology. 

Porous baffl es can signifi cantly improve the fl ow di-
stribution, especially the maldistribution of fl uid fl ow in 
the tube-side inlet. The baffl es cause the liquid to fl ow 
smoothly into the tube bundle and reduce the impact 
loss at the tube sheet. 

The velocity fl uctuation of the model with an arc baffl e 
is less than that with a straight baffl e and the velocity 
curve of the model with the arc baffl e is closer to the 
theoretical velocity curve. The arc baffl e thus provides 
the best rectifying performance.

The splitter bar effectively improves the fl ow distribu-
tion in the tube bundle, and restrains the vortex gene-
ration on the tube-side outlet. By reducing the area of 
the fl ow dead zone of the outlet, the thermal effi ciency 
of the shell and tube heat exchanger will be improved.
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