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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 l/min on shell side (cold water) and at 1,
1.5, 2, 2.5, and 3 l/min on coil side (hot water) for each shell side ﬂow rate
at the temperatures of 298±0.4 K and 323±0.4 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.
Keywords: Overall heat transfer coeﬃcient; Eﬀectiveness; Helical coil; Pressure drop
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Cp
D
De
d
H
h
k
L
m
N
Nu
P
Pd
Q
Re
T
U
V
v

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

speciﬁc heat, J/kgK
helical coil diameter, m
Dean number,
tube diameter, m
height of helical coil, m
heat transfer coeﬃcient, W/m2 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, = 4ρV /πµdi
temperature, K
overall heat transfer coeﬃcient, W/m2 K
volume ﬂow rate of water, l/min
coil tube side ﬂuid velocity m/s

Greek symbols
ρ
µ
ε
θ

density, kg/m3
viscosity, Ns/m2
eﬀectiveness
bulk mean temperature, K

–
–
–
–

Subscripts
avg
c
h
in/i
min
out/o
t
w

–
–
–
–
–
–
–
–

average
cold
hot
inlet/inner
minimum
outlet/outside
tube
water

Abbreviations
SHCHE – shell and helical coil heat exchanger

1

Introduction

In process industries, heat exchangers are widely used for heating and cooling 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].
Andrzejczyk 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 parameters. 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 curvature 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] experimented 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 numerically four helical coils with diﬀerent curvature ratios, under unsteady natural convection heat transfer. The results showed that the Nusselt number
on the outer surface of helical coils is the function of geometrical parameters 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. Correlations 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 eﬀectiveness 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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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 compressed 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=N

3

p

π2 D2 + P 2 .

(1)

Experimental set-up and procedure

Figure 2 depicts the schematic diagram of experimental set-up. It consists 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.

Parameters
Inner tube diameter
Helical coil diameter
Pitch
Number of helical turns
Helical coil length
Inner diameter of shell
Height of shellm
Shell volume

Unit
m
m
m
–
m
m
m
m3

Value
(present
work)

Value
(Jamshidi
et al. [32])

0.00579
0.08
0.0254
10.5
2.65
0.13
0.38
0.005

0.009
0.116
0.013
10
3.64
0.14
0.25
0.004

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 temperature was maintained by using thermostat. The volume ﬂow rate of hot
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water (coil side) Vh and cold water (shell side) Vc were measured by two
rotameter (Flow Point) ranging from 0.5 l/min to 5 l/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 l/min) of coil side for each 1 l/min, 2 l/min,
and 3 l/min shell side ﬂow rate. The set-up was allowed to come under
steady state condition within ±0.4 K accuracy.

Figure 3: Pictorial view of experimental set-up.
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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) θ, for both shell and coil side ﬂuid:
• density of water is calculated from [26]
ρw = −3.570 × 10−3 θ 2 + 1.88θ + 753.2 ,

(2)

• viscosity of water is deﬁned by [26]
238.3

µW = 2.591 × 10−5 × 10 θ−143.2 ,

(3)

• thermal conductivity of water is deﬁned by [26]
kw = −8.354 × 10−6 θ 2 + 6.53θ − 0.5981,

(4)

• speciﬁc heat of water is calculated from [27]
Cpw = 1.1105 × 10−5 θ 3 − 0.0031078θ 2 − 1.478θ + 4631.9 .

(5)

Heat gained by cold water in the heat exchanger was calculated as
Qc = ρc Vc Cpw (Tc,o − Tc,i ) ,

(6)

while heat loss by hot water in the heat exchanger was calculated as follows:
Qh = ρh Vh Cpw (Th,o − Th,i ) ,

(7)

hence the average heat transfer rate was calculated as
Qavg =

Qc + Qh
.
2

(8)

The energy balance is performed in the data analysis section. The heat
losses were found to be within 2.1% (|Qc – Qh |/Qavg ). This criterion is
within the range in accordance with [28–30]. The overall heat transfer was
then calculated as
Qh
.
(9)
U=
Ai LMTD
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The heat exchanger operated with the counter-current ﬂow arrangement,
logarithmic mean temperature diﬀerence was calculated from
LMTD =

(Th,i − Tc,o ) − (Th,o − Tc,i )
ln



Th,i −Tc,o
Th,o −Tc,i



.

(10)

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]:
Ai ln ddoi
1
1
1
=
+
+
.
U
hi
2πkt L
ho

(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, vi
hi = Cvim .

(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
Nu =

hi di
.
k

(13)

Eﬀectiveness of the heat exchanger was calculated as
ε=

Qmax

Qactual
.
= (ρV Cp )min (Th,i − Tc,i )

(14)

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

Eloss = Tenvironment ρh Vh Cp,h ln

Th,out
Th,in

!

+ ρc Vc Cp,c ln

Tc,out
Tc,in

!#

. (15)
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Uncertainty analysis

The uncertainties in the results were obtained from the errors in the measurement of the volume ﬂow rate, temperature, pressure drop and helical
coil inner tube diameter. All these parameters were measured with appropriate 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]:
"

WR =

∂R
w1
∂X1

2

+



∂R
w2
∂X2

2

+ ........ +



∂R
wn
∂Xn

2 # 12

,

(16)

where R is the calculated result of experiments. The result R is a given
function of the independent variables X1 , X2 ,. . . , Xn and the uncertainties
in the independent variables are w1 , w2 ,. . . , wn .
For example Reynolds number uncertainties can be calculated as follows:
Substituting
4ρV
(17)
Re =
πµdi
into Eq. (16) yields
WRe =

"

∂Re
wV
∂V

2

+



∂Re
wd
∂di i

2

+



∂Re
wµ
∂µ

2

+



∂Re
wρ
∂ρ

2 # 21

, (18)

where
∂Re
ρ ∂Re
ρV ∂Re
ρV ∂Re
V
=
,
=−
=− 2 ,
=
,
,
∂V
πµdi ∂di
πµ di ∂ρ
πµdi
πµd2i ∂µ

(19)

thus after substituting
WRe


2

ρ

+
wV
=

πµdi

ρV
−
wd
πµd2i i

!2

ρV
+ − 2 wµ
πµ di


2

+



V
wρ
πµdi

2

1

2



(20)

If divide both sides of the Eq. (20) by 4ρV /πµdi
WRe
=
Re

"

wV
V

2

+



wdi
di

2

+



wµ
µ

2

+



wρ
ρ

2 # 12

.

(21)

.
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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

Water volume flow rates
l/min
Cold water inlet temperature
K
Hot water inlet temperature
K
Cold water temperature out
K
Hot water outlet temperature
K
Overall heat transfer coefficient
%
Effectiveness
%
Reynolds number
%
Pressure drop
%
Properties of water
%

6

Uncertainty
±
±
±
±
±
±
±
±
±
±

0.06
0.40
0.40
0.40
0.40
3.47
4.93
6.22
5.37
0.10

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 calculated 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/m2 K at Vh = 3 l/min and Vc = 3 l/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/m2 K as an
optimum overall heat transfer coeﬃcient for the condition of P = 0.013 m,
D = 0.116 m, Vh = 3 l/min and Vc = 2 l/min, but in the present work
the overall heat transfer coeﬃcient was found to be 1298.66 W/m2 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 enhance 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 l/min. This increasing nature is due to the minimum heat capacity (ρVCp )min in Eq. (14)
which is replaced by the heat capacity of cold ﬂow rate. For cold ﬂow
rate of 2 l/min, the (ρVCp )min is replaced by the heat capacity of hot ﬂow
rate up to three initial points and thereafter (ρVCp )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 l/min. This decreasing behavior is due to (ρVCp )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 l/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.

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.

Figure 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 variation 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 l/min. It
can be clearly seen from the graph that with the increase in cold ﬂuid volumetric 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.
3. The eﬀectiveness of heat exchanger and temperature diﬀerence between inlet and outlet of helical coil leads to decreases with increase
in coil side volume ﬂow rate.
4. 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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