www.czasopisma.pan.pl P N www.journals.pan.pl
TN

archives
of thermodynamics

Vol. 41(2020), No. 2, 239-256
DOI: 10.24425 /ather.2020.133631

Innovative method for heat transfer enhancement
through shell and coil side fluid flow in shell and
helical coil heat exchanger

RAJESH KUMAR**
PRAKASH CHANDRA®
PRABHANSU*

“ Mechanical Engineering Department, Sandip University, Sijoul-847235,
Madhubani, India

® Mechanical Engineering Department, National Institute of Technology,
Patna 800005, India

¢ Mechanical Engineering Department, S. V. National Institute of
Technology Surat, Gujarat-395007, India

Abstract The effect of shell side and coil side volume flow rate on overall
heat transfer coefficient, effectiveness, pressure drop and exergy loss of shell
and helical coil heat exchanger were studied experimentally under steady
state conditions. The working fluid, i.e., water was allowed to flow at three
different flow rates of 1, 2, and 3 1/min on shell side (cold water) and at 1,
1.5, 2, 2.5, and 3 1/min on coil side (hot water) for each shell side flow rate
at the temperatures of 298+0.4 K and 32340.4 K, respectively. The results
found that the overall heat transfer coefficient increased with increasing
both shell side and coil side volume flow rates. The inner Nusselt number
significantly increased with the coil side Dean number.
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Nomenclature

A — surface area, m?
C' — constant
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specific heat, J/kgK

helical coil diameter, m

Dean number,

tube diameter, m

height of helical coil, m

heat transfer coefficient, W/m?K
thermal conductivity, W/mK
length of tube, m

exponent

number of helical coil turn
Nusselt number

pitch of helical coil, m
pressure drop, kPa

heat transfer rate, W
Reynolds number, = 4pV/mud;
temperature, K

overall heat transfer coefficient, W/m?K

volume flow rate of water, 1/min
coil tube side fluid velocity m/s

Greek symbols

p — density, kg/m?

w — viscosity, Ns/m?
e — effectiveness

0 — bulk mean temperature, K
Subscripts

avg  — average

c — cold

h — hot

in/i — inlet/inner
min  — minimum
out/o — outlet/outside
t — tube

w — water
Abbreviations

SHCHE — shell and helical coil heat exchanger

1 Introduction

In process industries, heat exchangers are widely used for heating and cool-
ing applications, including heat recovery system, food processing, steam
power plant, medical equipment, refrigeration, and air conditioning units.
The passive method, beside active method, is one that enhances the heat
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transfer by design modifications [1-3].

Andrzejezyk and Muszynski [4] executed an experiment to analyze the
performance of helical coil tube with surface modification for laminar and
turbulent fluid flow. The findings showed that the overall heat transfer
coefficient increased with surface modification of helical coil tube for both
parallel and counter flow arrangement. Bohdal et al. [5,6] studied the
pressure drop and heat transfer of refrigerants during condensation in pipe
minichannels. The experimental results observed that the pressure drop in
a two-phase flow depends on the type of refrigerants and process parame-
ters. It was also developed a correlation to estimate the local heat transfer
coefficient. Xin and Ebadian [7] performed experiments on helical pipes
with three fluids; namely air, water and ethylene glycol and correlations
were developed to estimate the Nusselt number. It was also observed that
when the curvature ratio was ranged from 0.0267 to 0.0884, no significant
change in Nusselt number was obtained. Yildiz et al. [8] observed that the
pressure drop and heat transfer increases due to rotation of helical pipes
and also indicated that the heat transfer increases by decreasing the cur-
vature ratio of helical pipe.

Prabhanjan et al. [9] conducted experiments on vertical helical coiled
tube to obtain outside Nusselt number and proposed a correlation based on
different characteristics length of tube. Rennie and Raghavan [10] exper-
imented on double-pipe helical tube heat exchanger to calculate the heat
transfer coefficient by Wilson plot method. The experimental data fitted
well with that of the numerically obtained one for larger helical tube while
it deviates for smaller helical tube. Dabas et al. [11] generated a computer
based mathematical model to express the performance of shell and helical
coil tube condenser. The predicted results deviate by 7% to 8.05% from the
experimental results. Neshat et al. [12] studied experimentally and numer-
ically four helical coils with different curvature ratios, under unsteady nat-
ural convection heat transfer. The results showed that the Nusselt number
on the outer surface of helical coils is the function of geometrical parame-
ters and operational parameters of the helical coil. Alimoradi numerically
developed a correlation to evaluate the thermal effectiveness of shell and
coil tube heat exchanger. The results found that the effectiveness increases
with coil diameter, height and pitch of the coil [13].

Moawed conducted experiments on horizontal and vertical helical pipes
for heating and cooling applications and studied the effect of the pitch to
tube diameter ratio, length to tube diameter ratio and coil diameter ratio
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on the performance [14]. Similar work has been performed on helical coil
tube considering different parameters. The Nusselt number increased with
increase in diameter ratio and it decreased by decreasing the value of pitch
to diameter ratio [15]. Ali [16] studied natural convection heat transfer
from four different coil diameter to tube diameter ratios of vertical helical
coil tube. It was found that the heat transfer coefficient increases with the
coil length for tube diameter 0.008 m while decreases with coil length for
tube diameter 0.012 m. Overall heat transfer coefficient was calculated for
shell and helical coil heat exchanger (SHCHE) by Shokoumand et al. [17]
using the Wilson plots method. It was found that the overall heat transfer
coefficient for counter flow is 40% higher as compared to parallel flow. Cor-
relations were developed for three different curvature ratios and Reynolds
number ranging from 3166 to 9658 to estimate the heat transfer coefficient
under steady state conditions [18]. The overall heat transfer coefficients
and Nusselt number increased by increasing the curvature ratio of helical
coil tube as reported by Salem et al. [19]. Ghias et al. [20] experimentally
and numerically reported that the heat transfer rate increases by increasing
the inlet temperature of hot water, i.e., shell and tube side flow rate of coil
in the shell heat exchanger. Alimoradi and Veysi [21] numerically studied
the effect of geometrical parameters of shell and coil tube heat exchanger.
It was found from the results that the heat transfer rate decreases with
increase in the shell diameter and the entropy generation rate increases by
increasing the helical tube diameter.

According to comprehensive literature survey conducted, significant
amount of studies have been performed on the shell helical coil tube heat
exchanger using a larger tube diameter. The present work is focused on
smaller tube diameter in shell and helical coil heat exchanger. The aim
of the present work is to assess the overall heat transfer coefficient, inner
Nusselt number, temperature drop between inlet and outlet of helical coil
tube, pressure drop, and exergy loss of SHCHE. The effect of cold flow rate
(shell side), lower than or equal to hot flow rate (coil side), on the effective-
ness of SHCHE has been also discussed. In most of the studies available in
literature, the effect of cold flow rate equal to or higher than hot flow rate
on SHCHE can be found. In this way this work is novel and new.
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2 Material and methods

Figure 1 shows the SHCHE used in the present work. The helical coil was
constructed from the straight soft copper tube with the help of wooden
pattern. Initially the tube was filled with fine sand and flushed with com-
pressed air after coiling to preserve the smoothness of inner tube surface.

Figure 1: Shell and helical coil heat exchanger.

The helical coil was placed inside the shell of 0.13 m inner diameter and
0.38 m height to form SHCHE. The test section was coated with 0.003 m
thick foam to minimize the heat losses to the ambient. The dimensions
of heat exchangers are shown in Tab. 1. The length of helical coil tube is

calculated as [22]
L=NvVm2D?+ P2. (1)

3 Experimental set-up and procedure

Figure 2 depicts the schematic diagram of experimental set-up. It con-
sists of two galvanized iron storage tanks, insulated with foam of 0.003 m
thickness. A 3 kW electrical heater was fixed at the bottom of the tank
(hot water). Hot water at the temperatures 323+0.4 K was pumped to the
helical coil side and returns back to the hot water storage tank.
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Table 1: Geometrical parameters of heat exchangers.

indicator

Value Value
Parameters Unit (present (Jamshidi
work) et al. [32])
Inner tube diameter m 0.00579 0.009
Helical coil diameter m 0.08 0.116
Pitch m 0.0254 0.013
Number of helical turns - 10.5 10
Helical coil length m 2.65 3.64
Inner diameter of shell m 0.13 0.14
Height of shellm m 0.38 0.25
Shell volume m?3 0.005 0.004
~
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Figure 2: Schematic view of experimental set-up.

Two analog pressure gauges (Wika, range 0-207 kPa) are fixed at the inlet
and outlet of helical coil to measure the pressure drop. As the hot water
was cooled by the cold water (298+0.4 K) flow through shell side in counter
clockwise direction, the hot water temperature got reduced but its temper-
ature was maintained by using thermostat. The volume flow rate of hot
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water (coil side) Vj, and cold water (shell side) V. were measured by two
rotameter (Flow Point) ranging from 0.5 1/min to 5 1/min with an accuracy
of £ 2% of full scale . Dizaji et al. [23], Purandare et al. [24], and Naik
[25] also used rotameters to measure flow rates up to temperature 353 K.
Four K-type thermocouples were attached to each inlet and outlet of the
test section. Two four channels digital temperature indicators were used to
store the temperature as shown in Fig. 3. In all 15 tests were conducted for
five different flow rates (1-3 1/min) of coil side for each 1 1/min, 2 1/min,
and 3 1/min shell side flow rate. The set-up was allowed to come under
steady state condition within +0.4 K accuracy.
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i
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Figure 3: Pictorial view of experimental set-up.
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4 Data analysis

To ensure accuracy in the result, the properties of water were calculated
from the following equations at bulk mean temperature (average of inlet
and outlet of fluid) 6, for both shell and coil side fluid:

e density of water is calculated from [26]

puw = —3.570 x 107362 + 1.880 + 753.2, (2)

e viscosity of water is defined by [26]
pw = 2.591 x 1070 x 1071552 3)

e thermal conductivity of water is defined by [26]

Ky = —8.354 x 10790% 4 6.530 — 0.5981, (4)

e specific heat of water is calculated from [27]

Cpw = 1.1105 x 107°0% — 0.003107862 — 1.4780 + 4631.9.  (5)

Heat gained by cold water in the heat exchanger was calculated as

Qc = Pchpr (Tc,o - Tc,z') ; (6)
while heat loss by hot water in the heat exchanger was calculated as follows:
Qn = prViCpuw(Tho — Thi) , (7)

hence the average heat transfer rate was calculated as

g = L. ®)

The energy balance is performed in the data analysis section. The heat
losses were found to be within 2.1% (|Q. — Qn//Qavg). This criterion is
within the range in accordance with [28-30]. The overall heat transfer was
then calculated as

Qn

U= A,LMTD’ (9)
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The heat exchanger operated with the counter-current flow arrangement,
logarithmic mean temperature difference was calculated from

(Th,i - Tc,o) - (Th,o - Tc,z')
Th,i_Tc,o :
ln (Th,o_Tc,i)

The inner heat transfer coefficient was calculated using Wilson plots
[17]. In this method heat transfer coefficients are calculated without the
requirement of helical coil tube wall temperature. In the present work, the
shell side flow was kept constant while the coil side flow was varied for five

different flow rates. The overall heat transfer coefficient can be related to
the inner and outer heat transfer coefficients as follows [17]:

LMTD = (10)

1 1 Aln%
1_1 P 11
0" ot iy (11)

The shell side flow rate has constant value; it can be assumed that the outer
heat transfer coefficient (shell side) is constant. The inner heat transfer
coefficient (coil side) is assumed to behave in the following manner with
the coil tube side fluid velocity, v;

hi = C’vlm . (12)

Substituting Eq. (12) into Eq. (11), hence constant C and exponent m
were obtained through the curve fitting of experimental data. The inner
heat transfer coefficient can be then calculated from Eq. (12) and finally,
inner Nusselt number can be determined from

hid;

Nu = . 1
u= (13)
Effectiveness of the heat exchanger was calculated as

c Qactual (14)

- Qmax = (pvcp)min(Th,i - Tc,z') ‘

The total exergy loss for hot and cold fluid was calculated as [23]

T; T,
Eloss = Tenvironment lpthCp,h In (%) + pchCp,c In <zf,—out>‘| . (15)

hyin c,in
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5 Uncertainty analysis

The uncertainties in the results were obtained from the errors in the mea-
surement of the volume flow rate, temperature, pressure drop and helical
coil inner tube diameter. All these parameters were measured with ap-
propriate instruments and correct method to ensure the accuracy in the
results. The uncertainty in the measurement was carried out based on the
Holman method. The uncertainties in the result due to some independent
variables were evaluated by the following equation [31]:

1
OR \? [OR \? OR  \?|®
Wr=||=— ——wy | F o — 16
. KaXlwl) +(ampus) et (grm) | 009
where R is the calculated result of experiments. The result R is a given
function of the independent variables X7, Xo,..., X,, and the uncertainties
in the independent variables are wy, ws,. .., wy.
For example Reynolds number uncertainties can be calculated as fol-
lows:
Substituting
4pV
Re = 17
= i, (17)

into Eq. (16) yields

1
JRe 2 ORe 2 ORe 2 ORe 212
Wie = [(a—v“”) +(Gawa) + (Frw) + () |09
where
ORe  p ORe  pV OJRe pV  ORe 1%

= = — = — = 1
oV wud;’ dd; mud?’ O mpld;’ Op  wpd;’ (19)

thus after substituting

1
2 2 2 2|2
P pV pV ) ( 14 >
Whe = —Lwy, - — .
f |:<7T,Udiwv> +< wd?w@) +( ;) T

If divide both sides of the Eq. (20) by 4pV /mud;

]
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Uncertainties in the results are estimated and summarized in Tab. 2.
Uncertainty estimation presented maximum value of 3.47% for overall heat
transfer coefficient, 4.93% for effectiveness, 6.22% for Reynolds number and
5.37% for pressure drop, respectively.

Table 2: Uncertainties in the measurements.

Parameter | Unit | Uncertainty
Water volume flow rates 1/min + 0.06
Cold water inlet temperature K + 0.40
Hot water inlet temperature K + 0.40
Cold water temperature out K + 0.40
Hot water outlet temperature K + 0.40
Overall heat transfer coefficient | % + 3.47
Effectiveness % + 4.93
Reynolds number % + 6.22
Pressure drop % + 5.37
Properties of water % + 0.10

6 Results and discussion

Figure 4 shows the effect of coil side (hot water) and shell side (cold water)
volumetric flow rates on overall heat transfer coefficient, which was calcu-
lated on the basis of average heat transfer rate of shell side and coil side.
Progressively the overall heat transfer coefficient increases by increasing
the coil side volume flow rate as well as shell side volumetric flow rates.
The present study revealed the maximum overall heat transfer coefficient
of 1444.2 W/m?K at Vj,= 3 1/min and V.= 3 1/min which is higher when
compared with the previous works available in the literature. Jamshidi
et al. [32] observed the value approximately equal to 1120 W/m?K as an
optimum overall heat transfer coefficient for the condition of P = 0.013 m,
D = 0.116 m, V} = 3 1/min and V., = 2 1/min, but in the present work
the overall heat transfer coefficient was found to be 1298.66 W/m?K at the
same flow rates and under similar conditions. This difference is due to the
design modifications, i.e., strongly influenced by smaller tube diameter and
helical coil diameter. The smaller tube diameter and helical coil diameter
pertains the higher centrifugal effect, which plays a significant role to en-
hance heat transfer.
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Figure 4: The variation of coil side and shell side volume flow rates on U.

Figure 5 shows the temperature difference between inlet and outlet of
the helical coil tube and it decreases by increasing the coil side volumetric
flow rate while it increases by increasing the shell side volumetric flow rate.
Figure 6 depicts the behavior of the effectiveness which can be increasing
or decreasing or a combination of both. Indeed, the effectiveness increases
with increase in hot flow rate for constant cold flow rate of 1 1/min. This in-
creasing nature is due to the minimum heat capacity (p VCp)min in Eq. (14)
which is replaced by the heat capacity of cold flow rate. For cold flow
rate of 2 1/min, the (p VCy)min is replaced by the heat capacity of hot flow
rate up to three initial points and thereafter (p VCp,)min is replaced by the
heat capacity of cold flow rate for final two points. Hence the effectiveness
fluctuates by increasing hot fluid flow rate. The effectiveness decreased by
increasing hot flow rate at constant cold flow rate of 3 1/min. This decreas-
ing behavior is due to (p VCp)min in Eq. (14) which is replaced by the heat
capacity of hot flow rate only. This figure also shows the effectiveness of
the present work at the cold flow rate 3 1/min and it follows the similar
trend as available in [33].

Figure 7 represents the variation of inner Nusselt number with the coil
side Dean number. The results observed that the inner Nusselt number
(inner heat transfer coefficient) increases with increase in the coil side Dean
number.
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Figure 5: The variation of coil side volume flow rate on temperature difference between
inlet and outlet of helical coil tube.
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Figure 6: The effect of coil side and shell side volume flow rates on effectiveness.
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Figure 7: The effect of Dean number on coil side Nusselt number.
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8: The effect of volume flow rate on pressure drop in coil side.
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Figure 9: Variation of volume flow rate on exergy loss.

Figure 8 represents the effect of pressure drop in helical coil with the vari-
ation of coil side volume flow rate. The pressure drop in helical coil was
increased with volumetric flow rate. Figure 9 shows the exergy loss in the
coil side volume flow rate at volumetric flow rate of 1, 2, and 3 1/min. It
can be clearly seen from the graph that with the increase in cold fluid vol-
umetric flow rate, exergy loss is increased, which also confirms that in the
present study, the 2nd law of thermodynamics is obeyed.

7 Conclusions

The experiments were conducted to analyse thermal characteristics and the
performance of a shell and helical coil heat exchanger under steady state
condition. The following findings of this study can be drawn.

1. The overall heat transfer coefficient increased with increasing both
shell side and coil side volume flow rates. It was also noticed that
heat transfer coefficient was enhanced than previously designed heat
exchanger available in literature. The enhancement of overall heat
transfer coefficient due to the higher centrifugal effect in helical tube,
caused by heat exchanger is designed with smaller tube and helical
coil diameter.
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2. The inner Nusselt number (coil side) increased with the inner Dean

number.

. The effectiveness of heat exchanger and temperature difference be-

tween inlet and outlet of helical coil leads to decreases with increase
in coil side volume flow rate.

. It was found that increasing the pressure drop results with increase

in the coil side volume flow rate. The shell side and coil side volume
flow rates significantly affect the exergy loss of heat exchanger.

Received 4 December 2018
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