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Experimental investigation of heat transfer
performance in a triangular pitch plain tubes

bundle

[ Shehryar Ishaque, Man-Hoe Kim ]

Abstract— In the present study Nu correlation of tube side
for triangular pitch plain tubes bundle is proposed. The
performance of the current heat exchanger is investigated
experimentally in a single phase. Ten different experiments
were conducted for different flow rates in order to study the
effect of different parameters on heat transfer coefficient
correlation. Hot inlet temperature was kept at 25°C whereas,
cold inlet temperature was kept at 15°C. Reynolds number was
varied from 2300-20,000. Matlab code for modified Wilson plot
method was also developed to overcome the assumption of
Reynolds exponent in Wilson plot method. All the required
parameters like temperature, flow rate and pressure were
calculated using calibrated instruments. The tube-side Nu
correlation was proposed and compared with existing
correlations. The maximum difference came out to be 3.8%
and 5.7% with Seider and Tate and Dittus-Boelter correlations
respectively whereas, difference with Gnielinski correlation in
turbulent region was less than 12% but for transition region it
was more than 20%.

Keywords— Plain tubes bundle, Wilson plot method, Nu
correlation, Modified Wilson plot method.

1. Introduction

A lot of work have been done in the past in order to study
the heat transfer characteristics and pressure drop
performance of different heat exchanger geometries. Several
data have been published for different types and
arrangement of tubes. The performance of heat exchanger
depends on heat transfer coefficient, pressure drop and flow
rate.

Many researchers used Wilson plot method or modified
Wilson plot method which are being excellent practical
methods for the development of shell side or tube side heat
transfer correlations. Most of them used water in both
streams.

Saera et al. [1] summarized some of the correlations
developed by Williams and Katz [2] using plain and finned
tube bundles. Water, oil, steam and glycerine were used as
fluids. Some researchers used enhanced titanium geometries,
some used flooded evaporators and some used tube-in-tube
heat exchangers for single and two phase flow. Young and
Wall [3] used it in finned and bare duplex tubes.
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Ribatski and Thome [4] used Wilson plot method to study
heat transfer performance for smooth and enhanced tubes.
Briggs and Young [5] used modified Wilson plot method in
such a way that three unknowns C;, C, and Re exponent
were calculated by the modification done to the Wilson plot.
They used single phase water as a fluid with turbulent flow
on both tube side as well as annulus side. De Vos [6]
utilized the same method for tube-in-tube heat exchanger
with fluted internal tube to find the heat transfer resistances.
Hasim et al. [7, 8] used Wilson plot technique and
investigated twisted tape inserts [7] and ribbed tubes with
wire [8]. Water was used as a cooling and heating fluid in
both cases. Zheng et al. [9] analysed heat transfer
characteristics using Wilson plot method in shell and
flooded evaporator. Ammonia was used as a refrigerant in
the following experiments. Experiments were conducted on
plain tubes bundle and empirical correlation was developed.
Young et al. [10-13] have investigated bimetal tubes [10],
finned tubes [11] and fouling in different geometries of shell
and tube heat exchangers [12, 13]. Condensation of R-22
was investigated by Cheng et al. [14]. They used Dittus -
Boelter correlation with water as a fluid in six different
enhanced tubes [15]. Wilson plot method was used in
calculating heat transfer coefficient. Similarly Kumar et al.
[16] have done analysis using Sieder—Tate correlation on
horizontal cooper tubes.

Most of the researchers used modified Wilson plot including
Coetzee et al. [17], Louw and Meyer [18], Da Veiga and
Willem [19], Rennie and Raghavan [20], Yang and Chiang
[21], Smit [22], Wang et al. [23], Webb and Zhang [24],
Yang and Webb [25] and Kim et al. [26] in high-fin, micro-
fin and twisted tape insert tubes.

It should be noted that all of the previously reported studies
provide heat transfer characteristics of different geometries,
flow conditions or experimental setup. If accurate and
reliable correlations for Nu and pressure drop for direct
expansion evaporators are available, only then the heat
transfer enhancement characteristics of such evaporators
could be used in the industrial applications. Primary aim of
the current research is to study the heat transfer performance
of triangular pitch plain tubes bundle. This evaporator is
basically designed by ISOTHERM.INC for ammonia. So
main focus of this investigation is on developing a single
phase heat transfer correlation on tube side which can be
used for further research on similar heat exchangers using
ammonia. Past studies have not investigated such type of
shell and tube heat exchanger which can be used as a direct
expansion evaporator using ammonia with the present plain
tubes bundle arrangement.
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TABLE 1 Dimensions of the different components

!1 = Material of the tube SA-179
= I o i i Tube Inner diameter 0.0169 m
—y_—ﬂ_l7 ' ] :ﬁ 1 Tube outer diameter 0.01905 m
- _.\_%_'.l - « J L{' ] Length of the single pass 0.6604 m
= % Number of passes 4
Tubes per bundle 3
Figure 1. Schematic of the experimental setup Material of the shell SA179
" Experimentation Leﬁgth of the shell 0.5969 m
Width of the shell 0.0508 m
A. Experimental setup Height of the shell 0.4572 m
Experiments were performed on a triangular pitch plain Thickness of the shell 0.0175m
tubes bundle with four passes. The two water streams were

arranged in a cross flow. Schematic of the current
experimental setup is shown in Fig. 1. The setup can be
divided into hot and cold water loops.

Hot water loop comprises of hot water tank and a pump. The
hot water circulates through heat exchanger with the help of
motor of 2.2kW capacity with maximum speed of 1,440rpm.
A bypass valve is connected to adjust the flow rate of the hot
water side. The hot water tank has 150US gallons storing
capacity with 8 electric heaters immersed in it. Power
inverter is installed on the pump motor to control the speed
with the help of which flow rate is adjusted besides supply
valve and bypass valve. The desired amount of hot water
passes through the tubes of the heat exchanger and the
excess hot water returned back to hot water tank through a
by-pass valve.

All the piping, hot water tank, heat exchanger and cold
water tank are well insulated by polyurethane foam with
aluminium foil in order to reduce the exchange of heat with
atmosphere.

The cold water tank has the capacity of 35US gallons. The
fresh water provided to the chiller is cold by 2Ton of
refrigeration chiller which uses R22 as a refrigerant. Sensors
are attached in the chiller through which cold water inlet
temperature is set. Cold water circulates with the help of
pump. Temperature data is recorded in the computer through
data logger.

B. Heat exchanger geometry

In the present study triangular pitch plain tubes bundle
with four passes is tested. Some of the geometric features
are given in Table 1. The Pro-E model is shown in Fig. 2.

e

u

Figure 2 Pro-E model of the heat exchanger

c. Instrumentation

(RTD’s) are installed at inlet and outlet of the shell and the
tubes to measure the temperature at different points as
shown in Fig.1. Type and specifications are given in Table
2. These are further linked with the data logger which has a
graphic representation and LCD display with 16 channel
inputs. Differential pressure transmitters (BCM sensors)
were installed at inlet and exit of the shell and the tubes for
both cold and hot water streams respectively. Type and
specifications of the BCM sensors are given in Table 3.

D. Experimental Procedure

The heaters, pump, chiller and data logger were turned on
such that both the hot and cold streams started circulation
and the data logger showed different values for temperatures
at different points. Some heaters were turned in order to get
hot inlet temperature of 25°C whereas, cold inlet
temperature was set in the chiller to 15°C. Volume flow rate
of cold fluid side was kept fixed whereas, volume flow rate
of hot water side was varied for each experiment. The cold
side flow rate was controlled by supply valve and a bypass
valve whereas, flow rate of hot water side was controlled by
power inverter and supply valve. Volume flow rates on both
sides were measured by calibrated cylinder and a stop watch
method. When the variation in temperature was within
+0.2°C, the data was recorded.

Once the flow rate and temperature were set the system was
given enough time to attain the steady state condition. The
best 20 minutes were noted out of the data recorded for
about one hour for each experiment. Outlet temperature and
pressure were also noted for each flow rate. The hot water
side flow rate was changed for each experiment and the
same procedure was repeated.

TABLE 2 Specifications of RTD’s

Type Three wires Pt-100

Insulated by Sheathed class “A” of
stainless steel

Manufactured by TC limited of UK
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Uncertainty +0.1°C

Diameter of the sheath of the RTD 6 mm

Length of the sheath of the RTD 100 mm
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TABLE 3 Specifications of BCM sensors

Type STK 131
Power 12-36 VDC
Range 0-69 k Pa
Output 4-20 mA
Accuracy 0.1%

m. Data Reduction

In order to find the heat transfer coefficient Wilson plot
method [27] is used, varying the hot water side flow rate and
keeping the cold water side flow rate constant. Temperature,
pressure and flow rate at different points for both streams
were measured by calibrated instruments. Properties were
determined at average temperatures from the standard tables
available. The correction factor ‘F’ in LMTD was taken
from the graph [28] for cross flow shell and tube heat
exchanger with ‘2,4, 6...n" passes.

As there were assumptions of the exponents of the Re and Pr
in Wilson plot method, so modification is done in the
method to overcome the assumptions. The iterative
procedure in Modified Wilson plot method is done using
Matlab code which deduce the value of the exponent ‘m’ of
the Re. As a result of this modification Nu correlation is
developed by only assuming the exponent of the Pr.

iv. Results and discussion

Data is obtained for single phase flow (water to water) for
triangular pitch tube bundle with four passes. Ten number of
experiments were conducted with hot inlet temperature of
about 25°C and cold inlet temperature of 15°C. Cold water
side flow rate was kept high in order to get high heat transfer
coefficient on shell side and the hot water side flow rate was
varied in each experiment. Re for hot water side was kept
above 2300 whereas, Pr ranges from 6.2-6.5.

Wilson plot method was used as shown in Fig. 3. This gives
the values of the constants C; and C,, which are the intercept
and the slope of Wilson plot. These values are further used
in finding the coefficient ‘C’ of Nu correlation.

The developed Nu correlation using modified Wilson plot
method is given by (1). From which heat transfer coefficient
correlation on hot water tube side can be predicted as given

by (2).

Nu= 0.024Re;, ®*pr®4 @
hi= 0.024 Re,*®Pr®4(k/d) @
> o
2 4
&
" ‘
Figure 3 Wilson Plot
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Figure 4 Effect of Re on Nu

Effect of Re on Nu in a triangular pitch plain tubes bundle is
shown in Fig. 4. The trend suggests that Nu increases
linearly with Re as reported in the literature for different
heat exchangers [29-31] but in each case the slopes varies
due to different geometric and flow conditions.

Hot inlet temperature in each experiment was kept constant
at about 25°C in all experiments but we also checked it for
some other values and the correlation developed was not
affected by changing its value. Hence, we concluded that the
input temperatures do not affect the correlation.

The experimental Nu data of the present study is also
compared with the existing correlations in the literature.
Dittus-Boelter and Seider and Tate correlations are valid for
Re greater than 10,000 and Pr ranges from 0.9 to 160 for
Dittus-Boelter and 0.7 to 16700 for Seider and Tate
correlation. Hence, comparison were made as shown in Fig.
5 with maximum difference observed were 5.7% for Dittus-
Boelter correlation and 3.8% for Seider-Tate correlation. On
the other hand, Gnielinski correlation is valid in the ranges
3000<Re<50,000 and 0.5<Pr<2000. Proposed correlation
was also compared with Gnielinski correlation in the same
ranges and the difference came out to be more than 20% for
transition range and less than 11% for turbulent region as
shown in Fig. 5.

In Fig. 6 we can see that as the Re increases pressure drop
increases. This is because of the fact that increasing Re will
increase the turbulence. Due to turbulence, the pressure
losses increases which results in more pressure drop. Similar
trends were reported in literature for different types of
geometries and flow conditions [33, 34]. Fig. 7 shows Darcy
friction factor for plain tubes which varies within 0.003-
0.005 as in [35].

Nu

Figure 5 Comparison with existing correlations
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Figure 6 Effect of Re on pressure drop
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Figure 7 Effect of Re on Darcy friction factor

v. Conclusions

Ten experiments have been performed in order to investigate
heat transfer characteristics of a triangular pitch plain tubes
bundle with four passes. The input conditions were kept
different in each experiment to investigate the effect of input
conditions on heat transfer coefficient correlation and it has
been concluded that heat transfer coefficient correlation is
not affected by input conditions. Nu correlations have been
proposed using Wilson plot and modified Wilson plot
method which was in good agreement with existing
correlations. The maximum difference came out to be 5.6%
and 7.6% for Seider-Tate and Dittus Boelter correlations,
respectively whereas, difference with Gnielinski correlation
was less than 11% for turbulent region and more than 20%
for transition region.
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Nomenclature

Diameter of the tube, (m)

Heat transfer coefficient, (W/ m®.K)
Thermal conductivity, (W/m.K)
Tube length, (m)

Mass flow rate, (kg/sec)

Nu Nusselt number,

zZ-rx~-So

Pr
Q

Prandtl number,

Heat load, (kW)

Reynolds number,

Temperature, (°C)

Tube thickness, (m)

Overall heat transfer coefficient, (W/m?.K)
Velocity, (m/sec)

LMTD Log mean temperature difference

Subscript
c cold water
h hot water
i inlet
0 outlet
t tube
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