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Abstract: Shell-and-tube heat exchangers are widely used in chemical and process engineering.
Assessing hydrodynamics of fluid flow in their shell-side is a highly complex task. This results
from the complex geometry of the shell-side itself, defined by such parameters as the tubesheet
layout, tube diameter, baffle spacing or baffle cut. Shell-and-tube heat exchangers are the subject
of many studies in which design and flow parameters are analysed. However, only a few studies
concentrate on issues strictly related to the identification of streams of the liquid flowing in the
shell-side of apparatus on an industrial scale. In this article, the authors present the results of an
experimental visualization study, utilizing Particle Image Velocimetry (PIV). The experiment
used a laser sheet technique along and across a tube bundle. The main results of the
measurements and analyses concentrate on identifying the flow pattern of streams in the shell-side
and assessing stagnation vortices and their consequences. Finally, detecting bypass streams and
leakage streams flowing through design gaps between the shell and the tube bundle as well as
between the baffles and the tubes in the bundle are presented.
Keywords: PIV, shell-and-tube, tube bundle, leakage stream, bypass stream

1. INTRODUCTION
Shell-and-tube heat exchangers are one of the
main types of equipment used in industry for heat
transfer. In order to increase their efficiency, design
modifications in the form of introducing baffles to the
shell-side are frequently employed [21, 24, 26].
Baffles are meant to increase the flow turbulence of
the liquid swilling the tube bundle and thereby
increase the heat transfer coefficient. There are several
types of baffles (segmental [5, 25], rod [1], disc and
doughnut [16], helical [15-17, 22, 23] and other [14])
differing in hydrodynamic characteristics, practical
considerations or manufacturing costs. Among the
mentioned baffle types, segmental baffles provide high
application flexibility combined with a large increase
in the heat transfer coefficient [1, 13, 24]. However,

large pressure drops generated by disrupted flow in the
shell-side constitute a downside to their use. This
directly results in increased operating costs of the heat
exchanger. Furthermore, choosing incorrect baffle
spacing or baffle cut may lead to high variations in
local liquid flow velocities. The vortex area which
then forms, generates additional local flow resistance
[2]. Unfavourable design and flow conditions may
cause a vortex area to develop into a permanent
stagnation zone characterized by an average flow
velocity much below the assumed design value.
Operating the shall-and-tube heat exchanger under
such conditions considerably lowers its efficiency [3].
Complete knowledge concerning the flow of the agent
in the shell-side, on which optimal baffle placement
may be based (a compromise between increased
pressure drops and expected high heat transfer

246

Ligus G., Zając D., Kołodziej S. | Journal of Mechanical and Energy Engineering, Vol. 2(42), No. 3, 2018, pp. 245-256

coefficient), is therefore of utmost importance. Particle
Image Velocimetry (PIV) is one of the methods which
allow to make such an assessment [3-6, 12, 18-20]. It
is a non-invasive optical measurement method
allowing for visualization of the actual movement of
the liquid in the shell-side.

and seeding particles, an agitator was installed in the
tank. The type and quantity of seeding particles were
decided on the basis of an overview of literature [7]
and the authors’ tests. Hydrodynamics of the heat
exchanger model was assessed for two volume of
liquid equal to 5 m3/h and 10 m3/h.

2. EXPERIMENTAL INVESTIGATIONS

a)

Using the PIV method, tests were carried out
whose aim was to determine liquid pattern in the shellside of the shell-and-tube heat exchanger. The spatial
imaging of the phenomena observed required research
for the same flow parameters in two imaging planes:
along a tube bundle and across a tube bundle. A model
of the heat exchanger was created with the maximum
transparency of the shell-side and the tube bundle.
These properties were achieved through the creation
a heat
exchanger
out
of
Poly(methyl
2methylpropenoate) (PMMA). Imaging along the tube
bundle required an optical system for minimizing
aberrations in the form of barrel distortions
(curvilinear distortions of straight segments of the
imaged measurement area) These distortions were
caused by the cylindrical surface of the shell of the
heat exchanger. Minimization of the aberrations was
ensured by a flat-surface optical attachment mounted
outside of the shell of the heat exchanger and filled
with the same fluid which flows in the shell side.
A similar solution was used in the study [6]. The
experimental heat exchanger consisted of a shell with
an internal diameter of 240 mm and the length of 2000
mm as well as a bundle of 37 tubes with a diameter of
20 mm. A square tube layout with a pitch of 30 mm
was chosen for the study. Such a geometric layout
allowed an introduction of a light sheet between the
tubes in the case of long tube imaging. Ten segmental
baffles with a cut of 25% were installed on the tube
bundle. In order to eliminate the gas phase from the
system, a ventilation valve was installed in front of the
base of the first baffle. The described model of the
heat exchanger was the main component of the
experimental stand. The configurations of the
experimental stand was dependent on the imaging
plane. Both sets are shown in Figure 1.
Water was the liquid circulating in the shell-side;
it was stored in a tank with a capacity of 200 dm3.
A multistage pump controlled via signals from an
electromagnetic flowmeter was responsible for the
circulation of the liquid through the exchanger. The
utilized experimental method required an addition of
a seeding particles to the circulating liquid. Seeding
particles have to reflect the light of the light sheet of
ten grams of Dialuminium trioxide (Al2O3), which is
characterized by high reflectivity and guarantees
a sufficient amount of reflected light for flow imaging,
was used as seeding particles in the presented study. In
order to maintain constant homogenization of water

b)

Fig. 1. Experimental stand: imaging along a tube bundle
(a), imaging across a tube bundle (b): shell-and-tube
heat exchanger model (1), flat-surface optical
attachment (2), laser (3), CCD camera (4), tank (5),
pump (6), flowmeter (7)

A Dantec Dynamics FlowSense EO-4M CCD
camera, enabling orthogonal imaging of the shell-side
in both plane. Studies along the tube bundle were
performed using single-image imaging. Studies across
the tube bundle required multi-position imaging.
Positions of the local points during the tests is shown
in Figure 2. Such a behaviour was caused by the
occurrence of the perspective effect (Fig. 3). Each
measurement series in multi-position imaging
consisted of nine sections for which PIV analysis was
performed. The geometrical combination of the
obtained results enabled gaining a full visualization of
the flow across the tube bundle. Recording was
performed at a resolution of 2048 x 2048 pixels in
double frame mode at a frequency of 10 Hz. Time
between pulses was 1500 µs for the volume of liquid
equal to 5 m3/h and 500 µs for volume of liquid equal
to 10m3/h. Each measurement series consisted of 250
double frame images.

Ligus G., Zając D., Kołodziej S. | Journal
rnal of Mechanical and Energy Engineering
Engineering, Vol. 2(42), No. 3, 2018, pp. 245-256

247

3. RESULTS AND DISCUSSION

Fig. 2. Positions of the focal point (marked as “x”) during
across a tube bundle imaging

and-tube heat
Fig. 3. Effect of the perspective in the shell-and
exchanger during across tube bundle imaging

The observed area of the shell-side
side was lit by light
from a Dantec Dynamics DualPower TR Nd:YAG
laser, utilizing the light sheet technique. The laser
generated a coherent light beam with a length of 532
nm and power of 1200 mJ. During the study
study, along
a tube bundle, the light sheet crossed the space
between the second and third tube in a row. For
a study across a tube bundle, the laser ssheet
illuminated the imaging plane in a distance of 1 cm
from the last baffle. Similar optical paths were used in
the following studies [6, 8, 9, 10, 11]. PIV analysis
was performed for each of 250 pairs of recorded
double frame images. Calculations were performed
using Dantec Dynamics Dynamic Studio software,
version 2015b. The phases
hases of methodology of
calculations and analyses are presented in Figure
igure 4.

3.1. Visualization along the tube bundle
Visualizations of a vector velocity field are
presented in Figure 5 and 6.. When the heat exchanger
was fed by volume of liquid equal to 5 m3/h, the area
of reduced flow velocity between
etween the baffles was as
high as 50% of its total surface area. Velocity
histogram for zone between the baffles (fig. 7)) shows
that the average velocity in this area is 0.074 m/s. This
should be considered unfavorable.. Considerably
reduced flow turbulence in this zone decreases heat
removal from the tube bundle. In specific heat
exchanger applications, e.g. in chemical industry, the
liquid may overheat (in the case of temperature
sensitive liquids, an uncontrolled change in its
properties may occur). A local
ocal decrease in flow
velocity also generates operating problems in the form
of intensified sediment accumulation. The top
op surfaces
of the tubes located directly behind segmental baffles
are particularly vulnerable to intensive accumulation
of sediment. Accumulation of vortices (fig. 8)
8 may
form a barrier to the full circulation of the agent in the
shell-side,
side, persisting for a long time (liquid captured in
a vortex changes its position only to a limited extent).
For the examined geometric layout
yout of the tube bundle,
increasing the flow velocity by increasing the volume
of liquid to 10 m3/h resulted in a visible reduction of
the stagnation area (Fig. 6).
Stagnation areas comprised only 20% of the area
between baffles; at the same time, the average
rage velocity
in that area increased to 0.29 m/s. Figure 9 shows that
the area behind the baffle whose base is located in the
bottom part of the exchanger (left baffle) is less
susceptible to the volume of liquid changes than the
area behind the baffle installed
talled in the upper part of the
exchanger (the right baffle). In the first case (the
the area
behind the left baffle) in both volume of liquid, similar
liquid velocity were noticed. Flow disturbances caused
by the stagnation pattern should be eliminated by
selecting
ecting other baffle spacing or flow parameters of
liquid.The
The above analyses indicate that complying
with the recommended design flow parameters is vital
for an efficient operation of heat exchangers with
baffles. Furthermore, a vortex analysis may constitute
constitu
a component of the hydrodynamic optimization of
shell-and-tube
tube heat exchangers. Similar findings were
presented in the study [3, 6].
The confirmation of the flow inequality behind
baffles is also visible in the shape of the velocity
profiles calculated in the symmetry axes of the tube
for hydrodynamically similar flow areas (fig. 10 and
11).
). The differences of the velocity value at the area
directly behind the baffle installed in the upper part of
the exchanger (tube 7) is approximately two times
higher compared to the analogical areas (tube 1)
behind the baffle installed in its bottom part. This
issue requires further study, as this phenomenon may
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Fig. 4. Applied PIV methodology

Fig. 5. Vector velocity field in the shell-side of the heat exchanger, volume of liquid equal to 5 m3/h, velocity in m/s

determine changes in parameters of heat exchanger
operation depending on vertical or horizontal positioning.
Reducing vortex disruptions via increasing liquid
flow velocity in the shell-side causes increased the
participation of bypass and leakage streams. The
visualization of bypass streams are streamlines
designated on the basis of the vector velocity field
(fig. 10). The intensified presence of bypass streams is
clearly confirmed by streamlines that occur in front of
the baffles, in the upper and lower part of the shell
(area A in Fig. 12). Because in the examined

geometric layout, the area between the shell and the
external tubes in the tube bundle generates less flow
resistance, the areas between each row of tubes,
bypass streamlines occur in an increased velocity area.
Another characteristic feature of these streamlines is
the fact that they are mostly located along 45°
direction lines (the resultant of horizontal and vertical
fluid movement in the tube bundle). For the examined
geometric layout of the heat exchanger, when the
volume of the liquid was equal to5 m3/h, bypass
streams were incidental.
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Fig. 6. Vector velocity field in the shell-side of the heat exchanger, volume of liquid equal to 10 m3/h, velocity in m/s

Fig. 7. Histogram of velocity between the baffles: volume of liquid equal to5m3/h (on the left), volume of liquid equal to 10
m3/h (on the right)

A visualization study along the tube bundle also
enabled an identification of leakage streams flowing
between the tubes and the baffles as well as between
the edges of the baffles and the shell. Leakage streams
may be identified by streamlines crossing the plane of
the baffles (area B in Fig. 10). In this area, there is no
sudden decrease in velocity to zero at the border
marked by the baffle. High local velocity enables
easier overcoming of local flow resistances in the

gaps, which also manifests on the scalar map by
contour lines crossing beyond the plane of the baffle.
A similar situation occurs in case of streams flowing
through gaps between the edges of the baffles and the
shell. Identifying leakage streams is particularly
important in the case of installations where high-purity
liquids are used (no sediment which would reduce
design gaps in time and therefore minimize the
participation of leakage streams).
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a)

b)

Fig. 8. Stagnation vortices for volume of liquid equal to 5 m3/h: left baffle (a), right baffle (b). Velocity in m/s
3.2. Visualization across the tube bundle
In the geometrical assemblies of the obtained
liquid, flow visualizations in the shell-and-tube heat
exchanger directly ahead the segmental baffle shown
in Figures 13 and 14, the stagnation zones can be
clearly determined. They occur in the area where the
liquid flows around the pipes, below all pipes in the
row (hydrodynamic shade of the pipes). In their areas,
the velocity decreases significantly to the minimum
values. The experiment confirms that as a result of an
increase of the flow velocity, the size of the stagnation
zones occurring in the hydrodynamic shade of the
pipes decreases. In the central part of the shell-side,
the stagnation zones have a distribution parallel to the
direction of the liquid flow. Moving in the direction of
the heat exchanger's shell, one can observe clear
oblique deviations, supplying bypass streams on both
sides of the heat exchanger. This phenomenon is
visibly symmetrical. Bypass streams are also
characterized by velocity clearly above the average for
a cross-section of the shell-side. The heat exchanger
being tested, due to the relative large distance between
a tube bundle and shell, tends to generate strong

bypass streams. These observations are also reflected
in the research along the tube bundle. In the baffle cut
zone, a typical turbulent area is formed.
A hydrodynamic nature of baffle cut zone, except
for geometrical parameters, is shaped by the flow
parameters of the main stream of the liquid and the
flow parameters of two bypass streams stirred in the
area of the baffle cut zone. As a result of the
interaction between the stirring bypass streams,
extensive vortex patterns appear in the baffle cut zone.
Their influence on the liquid distribution depends on
the velocity of the bypass streams. For the volume of
the liquid values presented in the study, the area of
vortex patterns in the baffle cut zone grew with an
increase os the velocity of bypass streams. In addition,
in the case of unsteady flow parameters, there may be
significant displacements of the cores of individual
vortices or entire vortex patterns. Consequently, the
symmetrical nature of bypass streams can be
disturbed. The interaction of numerous vortices also
adversely affects the formation of pressure drops in
the heat exchanger.
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b)

Fig. 9. Stagnation vortices for volume of liquid equal to10 m3/h: left baffle (a), right baffle (b). Velocity in m/s

Minimalizing of the maldistribution in baffle cut
zone can be an important factor in increasing the
performance of the shell-and-tube heat exchanger with
segmental baffles. A full investigation of the flow
pattern of streams across the tube bundle in this type
of the heat exchanger requires consideration of the
liquid movement towards the imaging plane. For this
reason, the StereoPIV technique should be used in the
following research.

4. CONCLUSIONS
A visualization study was conducted of the
hydrodynamics of liquid flow along and across the
tube bundle of a heat exchanger with segmental
baffles confirmed high effectiveness of PIV technique
in the diagnostics of this type of equipment.

The method of identifying stagnation vortices
based on a vector analysis may be an effective tool for
assessing the operating efficiency of heat exchangers.
In the equipment geometry examined, increasing the
volume of liquid by 50% resulted in a decreased
participation of stagnation zones by 30% and tripled
liquid average velocity in the shell side between
baffles. This change in flow parameters largely
overcomes the barrier to the full circulation of the
fluid along and across the tube bundle formed by
intensive stagnation vortices. The studies confirmed
that an increase of the liquid velocity affects
a decrease of the area size of stagnation zones. An
analysis of velocity profiles revealed an asymmetry of
flow conditions for hydrodynamically similar areas
behind the baffles installed in the upper and bottom
parts of the exchanger.
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Fig. 10. Velocity profile behind the baffle (volume of liquid equal to 5 m3/h)

Fig. 11. Velocity profile behind the baffle
fle (volume of liquid equal to 10 m3/h)
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Fig. 12. Identification of the bypass streams (area A) and leakage streams (area B) with a streamlines analysis.. Velocity in m/s

Fig. 13. Visualization of the liquid flow across the tube bundle, volume of liquid equal to 5 m3/h, velocity in m/s
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Fig. 14. Visualization of the liquid flow across the tube bundle, volume of liquid equal to 10 m3/h, velocity in m/s

Visual research enables an identification of bypass
and leakage streams in shell-and-tube
tube heat exchangers.
The intensity of bypass streams has a strong impact on
the nature of the flow in the baffle cut zone. Issues
discussed in the study should be confirmed in a wider
research program,
ram, especially with the use of the
StereoPIV method.

5.

6.

7.

Nomenclature
Acronyms
PIV
– Particle Image Velocimetry

8.
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