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In this present study, attempts were made to investigate the impacts of
various baffle inclination angles on fluid flow and the heat transfer
characterigtics of a shell-and-tube heat exchanger for three different baffle
inclination angles namely 0°,10° and 20°. The simulation results for various
shell and tube heat exchangers, one with segmental baffles perpendicular to
fluid flow and two with segmental baffles inclined to the direction of fluid
flow are compared for their performance. The shell side design has been
investigated numerically by modeling a small shell-and-tube heat exchanger.
The study is concerned with a single shell and single side pass parallel flow
heat exchanger. The flow and temperature fields inside the shell are studied
using non-commercial CFD software tool ANSYS CFX 12.1. For a given
baffle cut of 36 %, the heat exchanger performance is investigated by
varying mass flow rate and baffle inclination angle. From the CFD
simulation results, the shell side outlet temperature, pressure drop,
recirculation near the baffles, optimal mass flow rate and the optimum baffle
inclination angle for the given heat exchanger geometry are determined.

Keywords: Shell-and-tube heat exchanger, CFD, Conjugate Heat Transfer,
Pressure drop, Baffle inclination angle.

1. Introduction

Heat exchangers have always been an importahtgéne lifecycle and operation of many
systems. A heat exchanger is a device built faciefit heat transfer from one medium to another in
order to carry and process energy. Typically ondium is cooled while the other is heated. They are
widely used in petroleum refineries, chemical pdapetrochemical plants, natural gas processing, ai
conditioning, refrigeration and automotive applicas. One common example of a heat exchanger is
the radiator in a car, in which it transfers heatrf the water (hot engine-cooling fluid) in theieddr
to the air passing through the radiator.

There are two main types of heat exchangers.
= Direct contact heat exchanger, where both mediavd®at which heat is exchanged are in
direct contact with each other.
» Indirect contact heat exchanger, where both medéiseparated by a wall through which heat
is transferred so that they never mix.

A typical heat exchanger, usually for higher pressapplications up to 552 bars, is the shell
and tube heat exchangeshell and tube type heat exchanger is an indireatact type heat
exchanger as it consists of a series of tubesugfravhich one of the fluids runs. The shell is a
container for the shell fluid. Usually, it is cytiical in shape with a circular cross section, aitih
shells of different shapes are used in specificlieggpns. For this particular study E shell is
considered, which is generally a one pass shelhdll is the most commonly used due to its low cost
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and simplicity, and has the highest log-mean teatpeg-difference (LMTD) correction factor.
Although the tubes may have single or multiple pasthere is one pass on the shell side, while the
other fluid flows within the shell over the tubeslie heated or cooled. The tube side and shell side
fluids are separated by a tube sheet, Gaddis fHjluSder [2], Mukherjee [3]. The heat exchanger
model used in this study is a small sized oneocagpared to the main stream, all of the leakage and
bypass streams do not exist or are negligible, E@dden and llker Tari [4] , Uday Kapale and Satish
Chand [5], Thirumarimurugan et al. [6]. Baffles arged to support the tubes for structural rigidity,
preventing tube vibration and sagging and to dittegtflow across the bundle to obtain a higher heat
transfer coefficient. Baffle spacing (B) is the tenline distance between two adjacent baffles,
Sparrow and Reifschneider [7], Li and Kottke [8]y Thet Mon Than et al. [9]. Baffle is provided
with a cut (B) which is expressed as the percentage of the segmegght to shell inside diameter.
Baffle cut can vary between 15% and 45% of thel $hglde diameter, Kakac and Liu [10], Gay et al.
[11], Emerson [12]. In the present study 36% bafile (B) is considered. In general, conventional
shell and tube heat exchangers result in high -sig#l pressure drop and formation of recirculation
zones near the baffles. Most of the researchesaoay are carried on helical baffles, which give
better performance then single segmental baffleshiey involve high manufacturing cost, installatio
cost and maintenance cost. The effectiveness astcho® two important parameters in heat exchanger
design. So, In order to improve the thermal perforoe at a reasonable cost of the Shell and tulie hea
exchanger, baffles in the present study are prdvidigh some inclination in order to maintain a
reasonable pressure drop across the exchangerGang-lei et al. [13].

The complexity with experimental techniques iwesl quantitative description of flow
phenomena using measurements dealing with oneityuahé time for a limited range of problem and
operating conditions. Computational Fluid Dynamissnow an established industrial design tool,
offering obvious advantages Versteeg and Malalaadld]. In this study, a full 360CFD model of
shell and tube heat exchanger is considered. Byehmgpthe geometry as accurately as possible, the
flow structure and the temperature distributiondaghe shell are obtained.

2. COMPUTATIONAL MODELING AND SIMULATION

In this study six baffles are placed along the Isinehlternating orientations with cut facing
up, cut facing down, cut facing up again etc, ideorto create flow paths across the tube bundle. Th
geometric model is optimized by varying the bafftelination anglei.e,, 0°,10° and 20. The
computational modeling involves pre-processing,viegl and post- processing. The geometry
modeling of shell and tube heat exchanger is expthbelow.

2.1. Geometry Modeling

The model is designed according to TEMA (Tub®achanger Manufacturers Association)
Standards Gaddis (2007), using Pro/E Wildfire-Sveafe as shown in Fig. 1. Design parameters and
fixed geometric parameters have been taken sitgil&nder Ozden and llker Tari (2010), as indicated
in Tab. 1.




Figure 1. Isometric view of arrangement of baffles and tubes of shell and tube heat exchanger with 20°

baffle inclination.

Table 1. Geometric dimensions of shell and tube heat exchanger.

Heat exchanger length, 600 mm
Shell inner diameteD); 90 mm
Tube outer diameted, 20 mm
Tube bundle geometry and pitch 30 mm
Triangular,

Number of tubed; 7
Number of bafflesN, 6
Central baffle spacind® 86 mm
Baffle inclination angle§ 0°,10° and 20

2.2. Grid Generation

The three-dimensional model is then discretizettCEM CFD. In order to capture both the
thermal and velocity boundary layers the entire ehasl discretized using hexahedral mesh elements
which are accurate and involve less computatiooriefFine control on the hexahedral mesh near the
wall surface allows capturing the boundary layexdiggnt accurately. The entire geometry is divided
into three fluid domains Fluid_Inlet, Fluid_Sheld Fluid_Outlet and six solid domains namely
Solid_Bafflel to Solid_Baffle6 for six baffles resgiively. The heat exchanger is discretized intm so
and fluid domains in order to have better contk@radhe number of nodes.

The fluid mesh is made finer then solid mesh fanwating conjugate heat transfer
phenomenon. The three fluid domains are as showgin2. The first cell height in the fluid domain
from the tube surface is maintained at 100 micrmngapture the velocity and thermal boundary
layers. The discretised model is checked for guailitd is found to have a minimum angle of 4&8d
min determinant of 4.12. Once the meshes are cHefikefree of errors and minimum required
quality it is exported to ANSYS CFX pre-processor.

2.3 Governing equations

The three-dimensional flow through the shell-angetihheat exchanger has been simulated by
solving the appropriate governing equations, ejjtdleq. (5).viz. conservation of mass, momentum
and energy using ANSYS CFX code. Turbulence isrtalare by Shear Stress Transport (S&T)
model of closure which has a blending function thgiports Standatd-o near the wall and Standard
K-¢ elsewhere.

Conservation of mass: V. [:pf’) =0 (1)

dp 01y, 01y, 01
£+ dx + dy + dz

x-momentum : V. [:pui?] =—

-(2)
= dp 9ty dt,, 0d1,

y-momentum: V. l:puV) = _d_y E + Ay + 37 + pg @)
dp Ot 0dt,, 01,

zZ-momentum : V. l:pull_’j =~3 + ax Ty 3z @



Energy: V.(peV ) = —pV.V + V.(KVT) + g + ¢ . (5)

First cell height
is 100 Microns

Figure 2. Discretised fluid domain with non uniform mesh for capturing boundary layer

2.4 Boundary condition setup

In ANSYS CFX pre-processor, the various fluid aoetld domains are defined. The details of
thedomains created with the corresponding fluid-sé&liluid-fluid interfaces are provided in Tab. 2
respectively. The flow in this study is turbulehénce Shear Stress Transport (SB3) turbulence
model is chosen. The boundary conditions are dpdcii ANSYS CFX pre-processor and then the
file is exported to the ANSYS CFX. The same proceds adopted for the other two models.
Boundary conditions:

The working fluid of the shell side is water,

The shell inlet temperature is set to 300 K,

The constant wall temperature of 450 K is assigondte tube walls,

Zero gauge pressure is assigned to the outleteozzl

The inlet velocity profile is assumed to be uniform

No slip condition is assigned to all surfaces,

The zero heat flux boundary condition is assigmetthé shell outer wall (excluding the baffle-
shell interfaces), assuming the shell is perfaatylated.

NoohsMwNE

3. Results and Discussion

3.1 Validation

Simulation results are obtained for different miew rates of shell side fluid ranging from
0.5 kg/s, 1 kg/s and 2 kg/s. The simulated redait.5 kg/s fluid flow rate for model with’affle
inclination angle are validated with the data aa# in the literature Ender Ozden and llker Tari
(2010). It is found that the exit temperature atshell outlet is matching with the literature fesand
the deviation between the two is less than 1 %.
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Table 2. Various domains and interfaces creatédNB8YS CFX pre-processor.

Domain location Domain type Domain Interface Interface Type

FLUID_INLET Fluid FLFL_INLET_SHELL Fluid Fluid
FLUID_OUTLET Fluid FLFL_OUTLET_SHELL Fluid Fluid

FLFL_INLET_SHELL Fluid Fluid

FLUID_SHELL Fluid FLFL_OUTLET SHELL Fluid Fluid

FLSL_SHELL_BAFFLE1 Fluid Solid

FLSL _SHELL_BAFFLE2 Fluid Solid

FLSL _SHELL_BAFFLE3 Fluid Solid

FLSL _SHELL_BAFFLE4 Fluid Solid

FLSL _SHELL_BAFFLES Fluid Solid

FLSL_SHELL_BAFFLEG6 Fluid Solid
SOLID_BAFFLE1 Solid FLSL_SHELL_BAFFLE1 Fluid Solid
SOLID_BAFFLE2 Solid FLSL _SHELL_BAFFLE2 Fluid Solid
SOLID_BAFFLES3 Solid FLSL _SHELL_BAFFLE3 Fluid Solid
SOLID_BAFFLE4 Solid FLSL _SHELL_BAFFLE4 Fluid Solid
SOLID_BAFFLES Solid FLSL _SHELL_BAFFLES5 Fluid Solid
SOLID_BAFFLE6 Solid FLSL_SHELL_BAFFLE6 Fluid Solid

The simulation results for 0.5 kg/s mass flow rite models with 0, 10 and 20 baffle
inclination are obtained. It is seen that the terajpee gradually increases from 300 K at the itdet
340 K at the outlet of the shell side. The averageperature at the outlet surface is nearly 328K f
all the three models. There is no much variatiotenfperature for all the three cases considered.
The maximum pressure for models with 00 and 20 baffle inclinations are 94 .43, 91.05 and 79.19
Pascal respectively. The pressure drop is lesg@taffle inclination compared to other two models
due to smoother guidance of the flow. The maximw@ioaity is nearly equal to 0.302 m/s for all the
three models at the inlet and exit surface andvédecity magnitude reduces to zero at the baffles
surface. It can be seen that compared tmaffle inclination angle, I0& 20° baffle inclination angles,
provide a smoother flow with the inclined bafflasdjng the fluid flow.

From the stream line contour of Fig. 3-5, itasifid that recirculation near the baffles induces
turbulence eddies which would result in more pressdrop for model withd = 0° where as
recirculations are lesser for model with= 10" and the recirculations formed for model with= 20°

are much less in comparison to the other two modeish indicates the resulting pressure drop is
optimum as shown in Fig. 6.

Table 3.0utlet temperature & Shell-side pressure drop valuesfor various baffle inclinations and mass
flow rates.

Baffle Mass flow rate= 0.5 kg/s Mass flow rate= 1 kg/s Miew rate= 2 kg/s
mczlilrr:gltéon Outlet Pressure Outlet Pressure Outlet Pressure
d temperature| difference | temperature| difference temperature| difference
(degrees)| (Pascal ) (K) (Pascal ) (K) (Pascal )
0° 323.30 94.43 322.28 377.14 321.37 1507.64
10° 323.62 91.05 322.62 362.12 321.70 1459.89
20° 323.05 79.19 322.49 317.73 321.09 1262.07
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From the CFD simulation results, for fixed tube vaaid shell inlet temperatures, shell side
outlet temperature and pressure drop values fgingfluid flow rates are provided in Tab. 3 andsit
found that the shell outlet temperature decreastbsincreasing mass flow rates as expected even the
variation is minimal as shown in Fig. 6. It is falthat for three mass flow rates 0.5 kg/s, 1 kg/2 &
kg/s there is no much effect on outlet temperatiréhe shell even though the baffle inclination is

increased from 0Vto 20. However the shell-side pressure drop is decreastdincrease in baffle
inclination angle i.e., as the inclination angleinsreased from Vto 20. The pressure drop is
decreased by 4 %, for heat exchanger withbaffle inclinatiorangle and by 16 % for heat exchanger
with 20° baffle inclinationcompared to Obaffle inclination heat exchanger as shown in Figdence

it can be observed that shell and tube heat exenanigh 20 baffle inclination angle results in a
reasonable pressure drop. Hence it can be conchktueltland tube heat exchanger with Béffle
inclination angle results in better performance pared to 10and 0 inclination angles.
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Figure 3. Variation of streamlines along the shell for 0° baffle inclination angle
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Figure 4. Variation of streamlines along the shell for 10° baffle inclination angle
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Figure5. Variation of streamlines along the shell for 20° baffle inclination angle
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Figure 6. Variation of temperature with baffle inclination angle (for various mass flow rates)
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Figure7. Variation of pressuredrop with baffleinclination angle (for 0.5 kg/s, 1 kg/s, 2 kg/s mass flow
rates)



4, Conclusion

The shell side of a small shell-and-tube heat exgbrais modeled with sufficient detail to
resolve the flow and temperature fields.

1. The shell side of a small shell-and-tube heat exgbrais modeled with sufficient detail to
resolve the flow and temperature fields.

2. For the given geometry the mass flow rate mustddevb 2 kg/s, if it is increased beyond 2
kg/s the pressure drop increases rapidly wittelitriation in outlet temperature.

3. The pressure drop is decreased by 4 %, for hedlaeger with 10 baffle inclination angle
and by 16 %, for heat exchanger with Baffle inclinationangle.

4. The maximum baffle inclination angle can bé&,20the angle is beyond 20the centre row of
tubes are not supported. Hence the baffle careased effectively.

5. Hence it can be concluded shell and tube heat egemnawith 20 baffle inclination angle
results in better performance compared tbd@ 0 inclination angles.

Nomenclature

XY, Z position coordinates, [-]

u,v,w velocity components, [M3

do tube outer diameter, [mm]

q heat flux as a source term, [fm

0 baffle inclination angle, [degrees]

B central baffle spacing, [mm]

B. baffle cut, [%]

D shell inner diameter, [mm]

L heat exchanger length, [mm]

Np number of baffles, [-]

[\ number of tubes, [-]

T temperature, [K]

V velocity vector, [-]

Greek symbols

p density, [kgri)

: shear stress, [N

) dissipation function, [-]
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