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Abstract

Disk and doughnut baffles configuration for shell tube heat exchangers
(STHXSs) is one of the solutions for compensating the higher pressure drop pe-
nalty induced by conventional segmental baffles. Furthermore, absently reliable
references for the optimum design of this type of STHXSs are our main purpose
to carry out this investigation. From modeling numerical simulation results,
with 7 baffles and 70% baffles ratio geometrical dimension is suggested the op-
timum configuration of this type of heat exchange. Additionally, the characte-
ristic of heat transfer performance is discussed by varying the flow velocity in
all different flow regimes of shell and tube side respectively through conducting
the experimental apparatus. Hopefully this result could provide validating in-
formation in optimum design of STHXs with disk and doughnut baffles.
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1. Introduction

Shell tube heat exchangers (STHXs) are quite widely applied in recent industry
process, such as power plant, chemical engineering, petroleum refining, and
food processing, etc. [1] [2]. Due to the merits of easy maintenance and possible
upgrade for their robust construction, it is mentioned that more than 35% - 40%
of heat exchangers are of shell-and-tube types in the industry engineering
process [3]. The most commonly utilized baffle in STHXs configuration is the
segmental baffle. It exhibits that this typically utilized baffle of heat exchanger
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has been well-developed in prior research work [4] [5] [6]. The former research
also validated that this conventional type of heat exchangers have higher heat
transfer coefficient with a large pressure drop penalty [7] [8] [9] [10]. However,
the dramatic zigzag flow pattern which is made by segmental baffles caused high
risk of vibration failure on tube bounder [11] [12] [13].

To overcome the above mentioned drawbacks of conventional segmental baf-
fles, one of the solutions is in regard to utilizing various types of baffles such as
deflector baffles, disk-and-doughnut baffles configuration, spacing optimized
baffles [14] [15] [16] [17]. Comparing with segmental baffles, some researches
demonstrate that disk-and-doughnut baffles have higher effectiveness of hate
transfer to pressure drop [4] [18]. Due to the radial flow formed between the
bundle centre and periphery, it can eliminate bundle bypass, and make much
lower cross-flow mass velocity than that of segmental baffles [19]. The disk and
doughnut baffles type of STHXs have not been achieved as similar popularity as
segmental baffle type, mainly due to manufacturing problems and the absence of
comparable information on heat transfer and pressure loss [20]. Thus, to inves-
tigate the heat transfer characteristics of STHXs with disk-and-doughnut baffles

becomes our main purpose in this research.

2. Experimental Apparatus and Method

A schematic diagram of the experimental apparatus process is shown in Figure
1. It is mainly composed of the experimental model with two closed-loop sys-
tems. The left loop of the experimental model is heating circularly system, which
is keeping the inlet of passing flow with shell side at constant temperature of
60°C, and the right loop of the experimental model is cooling circularly system,
which is also keeping the inlet of passing flow with tube side at constant
temperature of 10°C. The cooling and heating flow are arranged counter
flow through the vertical arrangement model. The core part arranged be-
tween two circularly system is the targeting experimental model, which has
been installed disk-and-doughnut baffles with thermocouple temperature sen-
sors as shown as Figure 2. Every 2 pieces thermocouples (T type, “W” models,
measurement range in the 200°C to 350°C) are inserted into the flow at inlet and
outlet of the shell-side and tube-side respectively for measuring the bulk tem-
perature of the counter passing flow. Additionally, 10 other same type thermo-
couples (No.0 - No.9) are equidistantly welded on the surface of copper tube re-
spectively along the whole test length for validating the wall temperature varia-
tion and measuring average wall temperature. The data acquisition system (data
logger, Yokogawa DA 100 with +0.1°C accuracy, 10 to 40 channels input and
200°C to 1100°C measurement temperature range) has a precision of 0.1°C and
all the thermocouples are calibrated before being attached to the testing section.
The detailed dimension of the model is shown in Table 1.

The typical experiments model is designed under guidance of the numerical

simulation (via CFD program) conducted in advance for verifying the numerical
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Figure 1. A schematic diagram of the experimental setup process.
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Figure 2. The diagram of experimental model.

Table 1. The detail dimensions of the model.

Copper tube shell
material C1220T plastic
Do/Di (mm) 12.7/11.1 100/94
Length (mm) 720 720
Length of baffles section (mm) 440
The parameters of baffle
material plastic
numbers 5 7 9
BCR (%) 60 70 80 60 70 80 60 70 80
Spacing (mm) 110 73.3 55
Thickness (mm) 3
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prediction. The numerical result simulated by varying the parameters of the baf-
fles numbers, baffle cutting ratio and mass flow rate respectively, which is illu-
strated as shown from Figures 4-7. The subsequent experiments are conducted
after numerical simulation for further discussion of the characteristics of heat
transfer performance of STHXs with disk and doughnut baffles. The experimen-
tal results are illustrated also as shown in Figures 8-11. The baffle cutting ratio is
defined in Figure 3.
The heat calculations are referred as the following correlations:

Heat exchange rate of shell-side fluid:
(I)s =Ms cht X(ts,out _ts,in) (1)
Heat exchange rate of tube-side fluid:
q)t :Mt XCpy X(tt,out _tt,in) ()
Due to unavoidable heat loss of testing section in practice, for calculation ac-
curacy, the average heat exchange rate is defined as
O +O,
q)average = T (3)
Overall heat transfer coefficient kis equal to:
()
— ave (4)
A4,-At,
A =N, -nd,|/
At — At
Atm — max min
ln (Atmax /Atmin )

At =t . —t

max s,in t,out

Baffle cutting ratio: BCR = A1/B = 1-A2/B

Figure 3. The diagram of baffle cutting ratio.
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3. Result and Discussion

3.1. Numerical Simulation Prediction

The computational fluid dynamic commercial code ANSYS Fluent 12 is em-
ployed to solve the present simulation. This set of nonlinear differential equa-
tions was solved by finite volume method. Finite volume method converts the
governing equations to a set of algebraic equations that can be solved numeri-
cally. The algebraic “discretize equations” resulting from spatial integration
process, sequentially solved throughout the physical domain considered. ANSYS
Fluent 12 solves the systems resulting from discretization schemes using a nu-
merical method. For the convective and diffusive terms, a second order upwind
method was used. Pressure and velocity were coupled using Semi Implicit Me-
thod for Pressure Linked Equations (SIMPLE). The converged solution was keep
maintained to achieve with very low level of these residual about 107°.

The experiment contents were simulated in advance via ANSYS Fluent 12
program by setting the initial conditions (Tap water flow, Tube-side inlet flow
rate LPM = 4, Inlet flow temperature 10°C, wall material: copper as etc.) in order
to guide the experimental process. The numerical result is showed as Figures
4-7.
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Figure 4. Baffle number.
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Figure 5. Baffle number.
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Figure 6. BCR. The best performance at BCR 70%.
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Figure 7. BCR. The best performance at BCR 70%.

As known that the criteria of best design for any STHXs should be getting op-
timal heat transfer coefficient with lowest pressure drop penalty, because the
pressure drop causes the increase of the operating cost of fluid moving device
such as pump and fun. Obviously, Figure 4 illustrates that the pressure drop is
decreased with increasing the BCR and it is increased with increasing the shell
side (hot water) mass flow rate. The heat transfer coefficient gets the maximum
at 7 baffle configuration as varying shell side mass flow rate as shown in Figure
5, the pressure drop increased as increasing the baffle quantity as shown in Fig-
ure 6. Figure 7, respectively, which illustrates that the heat transfer coefficient is
decreased as increasing the BCR, however the tendency is contrary remarkably
at 70% BCR configuration. In comprehensive consideration about approaching
the balance between the thermal design and pressure drop, the numerical simu-
lation datum shown that the STHXs at 7 baffles (from Figure 4 and Figure 5)
with 70% BCR (from Figure 6 and Figure 7) is the best design according to the
STHXs criteria. From foregoing the prediction of numerical simulation results,
the experiments were conducted as well at 9 baffles and BCR at 50% configura-
tion as typical model in order to further validate the heat transfer characteristics
of this type STHXs, which is discussed in Table 1.
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3.2. Experimental Results for Heat Transfer Performance

The typical experimental model is designed at 9 baffles and 50% BCR, the heat
transfer calculation base on above the basic correlations (1), (2), (3), (4), the flow
rate unit “l/min” is written as “LPM”. The experimental result is showed in Fig-
ure 8 and Figure 9.

From Figure 8 and Figure 9 we can get that the tendency of average heat
transfer rate Q and overall heat transfer coefficient k both increase as increasing
the tube part mass flow rate, especially both of Q and k increase considerably
when the mass flow rate reached to the turbulent flow regime (especially when
Tube part flow Re > 4000). Furthermore, from Figure 8 and Figure 9 can be
shown that to increase the mass flow rate of cold part is much more significant
on increasing the Q and k than that of hot part in the turbulent regime (about
4000 < Re < 11,000), thus to vary the mass flow rate of tube side is the efficient
way to influence the heat transfer coefficient in the STHXs, especially in the

turbulent flow regime.

Tube part heat transfer
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Figure 8. Q base on tube-side mass flow rate.
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Figure 9. K base on tube-side mass flow rate.
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3.3. Experimental Results for Temperature Distribution

As shown the experimental model in Figure 10, Figure 11. It is exhibited that
the temperature distribution along the tube-side when the cooling flow passing
through at different flow rate, respectively.

Figure 10 illustrates that the temperature distribution curves decline remark-
able as increasing the cold tube mass flow rate when the hot shell side mass flow
rate keeps constant in turbulent flow regime (hot shell side 2PM > Re 3780). In
contrast, Figure 11 shows that the temperature distribution curves are insensi-
tive by variation of the hot shell side mass flow rate when cold tube mass flow
rate keeps constant in the turbulent flow regime (cold tube side 3PM = Re 5670).

From the correlation (4) calculated, the temperature distribution results exhi-
bited in Figure 10 and Figure 11, it further demonstrates that increasing the
mass flow rate of tube side is much more effective on heat transfer coefficient in
this type of STHXSs than that of shell side in the turbulent flow regime.

The temperature distribution along tube-side at hot shell-side 2LPM

24
022
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Figure 10. The temperature distribution along tube-side at hot shell-side 2LPM.
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Figure 11. The temperature distribution along tube-side at cold tube-side 3LPM.
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4. Conclusions

From numerical simulation by CFD program, it suggested that STHXs with disk
and doughnut baffles model at the configuration of 7 baffles, and 70% BCR have
the best performance.

From the experimental investigation, the heat transfer coefficient is insignifi-
cant as varying the mass flow rate of both sides in the laminar flow regime. In
contrast, varying the mass flow rate of both sides induces higher effectiveness on
the heat transfer coefficient in turbulent flow regime. Furthermore, increasing
the mass flow rate of tube side is much more effective on heat transfer coefficient
in this type of STHXs than that of shell side in the turbulent flow regime. There-
fore, trying to increase the tube side flow velocity to improve heat transfer en-
hancement of this type of STHXs is one of the efficient ways suggested in the
actual design work.

The further investigation is allowed to improve the best deign configuration
and heat transfer performance for the STHXs with disk and doughnut baffles in
the future.
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