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1. Introduction

Abstract. Domestic immersion heaters used for heating cold water are characterized by
an electrical resistance heating element, which is encased in a tube and directly placed
in it. The most common method for heating cold water is the use of portable immersion
rod water heater in an open bucket operating in operator control without a controller
unit (thermostat). This paper performs an experimental evaluation of portable modified
conventional buckets of 10 1 capacity. Out of ten portable modified storages, the best
three cases are discussed: non-insulated Open Plastic Bucket (OPB), non-insulated plastic
bucket top surface covered with a transparent cover (CPB), and insulated plastic bucket
closed with a transparent cover (ICPB). Maximum temperatures arising after two hours
during OPB, CPB, and ICPB are 29.82%, 47.36%, and 21.49%, respectively, compared
to the initial temperatures (22.8°C). At 14:45 hour, CPB temperature reaches 35.6°C,
which is 17.88% and 23.61% higher than OPB and ICPB units. Due to the application of
solar energy in CPB at 35-50°C, net saving increased by 12.34%, 25.76%, 40.73%, 57.93%,
76.45%, and 97.18% from 2017 to 2022 as compared to the saving in 2016.

(© 2020 Sharif University of Technology. All rights reserved.

was investigated by Natarajan and Sathish [2]. A
parametric study of domestic solar water heaters was

The demand for domestic electrical power consumption
is increasing day by day due to the population growth
in rural and urban areas of developing nations. A
significant portion of domestic power is consumed for
heating cold water in winter bathing. A detailed review
of several solar water heaters was doune by Raisul Islam
et al. [1]. Several portable and fixed types of solar
water heaters are currently available in the market at
different initial investment costs; however, their prices
are significantly higher than immersion rods. The
role of nano-fluid in the solar water heating system
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conducted by many researchers [3,4]. The utilization
of an electrical immersion rod in the bucket for the
heating of the cold water in the winter session is the
most common practice, especially within the rural and
urban areas due to the low initial investment cost of
the electric immersion rod. The techno-economic water
heating system in a bucket through the immersion rod
was evaluated by Sodha et al. [5]. They suggested three
different methods for the system improvement: (i) in-
sulating lateral and bottom surfaces, (ii) augmentation
with the floating cover over water surface, and (iii)
augmentation with both. An experimental evaluation
of heat flux and heat transfer coefficient using inverse
method was done by Farahani et al. [6]. The water-
heating system was designed and simulated by Zhang
et al. [7]. Jahangiri Mamouri and Bénard [8] performed
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a case study of a new design of an evacuated tubular
water heater performance in the climatic condition of
Michigan. The life cycle assessment of domestic water
hot water cycle was reported by Moore et al. [9]. An
evacuated tube collector water heater with a multi-
layer absorber was investigated by Sobhansarbandi et
al. [10]. The average economic performance of solar
water heater was studied by Ferrer [11].

As in most of the rural areas of different countries,
peoples are still using electric immersion rods for water
heating. In case of proper motivation for the partial
or full application of solar energy using the proposed
methodology, the domestic power consumption can be
reduced to a large extent.

2. Experimental setup

An real photograph and a schematic view of the
portable water heater augmented with the incident
solar radiations are shown in Figures 1(a) and 1(b),

Figure la. Actual photographs of OPB, CPB, and ICPB.

Power supply
(electrical wire)

Floating
disk

Bucket
handle
K-type
thermocouple N Plastic
bucket

Bajaj vacco 1000 W
Electric immersion
Water heater rod (copper)
Figure 1b. Schematic representation of CPB along with
the immersion rod and floating transparent cover.

respectively. The black-colored surface has a better
coefficient of absorption than other color surfaces.
Hence, the black-colored plastic bucket is characterized
by 10 1 capacities. Three sets of the portable water
heater are made of the following: (1) non-insulated,
Open Plastic Bucket (OPB), (2) non-insulated plastic
bucket, top surface covered with a transparent cover
(CPB), and (3) insulated plastic bucket closed with a
transparent cover (ICPB). The schematic arrangement
of the CPB along with the floating cover and the
immersion rod is that the floating cover gives credence
to the variation in volumetric mass water within the
bucket. OPB, CPB, and ICPB are fed with 10 [
tab water and have been kept exposed to the incident
solar radiation for four hours. K-type thermocouples
and MDTTI -027 temperature indicators are used for
measuring and recording the temperature rise. The
following observations are recorded as follows:

o Water temperature rising within OPB, CPB, and
ICPB at a 15-min interval;
e Ambient temperature;

e Potential difference (voltage) calculated using a
voltmeter;

o Current flowing through the immersion rod using an
ammeter.

3. Mathematical background

Three different configurations of the water heating in
a bucket by an electrical immersion rod are shown.
To perform a mathematical evaluation of the system,

the following assumptions are considered:

a. Electric power supply at a constant rate;
b. Cylindrical shape of the bucket;

Constant mass of water;

o

o

Uniform temperature of bucket water;
e. Neglecting evaporative losses, covered bucket with
transparent material.

The energy balance mathematical relation for the
bucket containing water is given as follows:

dT.
M,C,—2 =Er —Q,, 1
i T—Q (1)
where:
ET:Ee +E57

Qnet loss — Qc + Qe + Qr + Qs + QB~

Herein, Er is the total power supplied to the water
through solar radiation (E;) and electrical immersion
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rod (E.) in watts, whereas Quet 1055 18 the energy loss
through the conduction, evaporation, and radiation
through the top, lateral, and bottom surfaces [12].
Various losses may be given below:

Qe =heAr (T — 1), (2)
Q. = 0.013h A7 (P, — vP.), (3)
Qr = h,Ap (T = To), (4)
Qs = heA (T = T) (5)
Qp =hpAp (Tw —Ta). (6)

Heat transfer coeflicients are given below [13]:

he = 5.7+ 3.80, (7)

— 4 — 4
EeffO Te+273) — (T, +273
. [( )" >]7 .
T, —T,

where o (= 5.67 x 107 8W /m?K?) is Stefan’s constant,
and a bar represents the average (throughout the
heating process) of the quantity over it, whereas the
effective emissivity of the plate-glazing system can be
written as follows:

1 11 !
= { +—— 1] , (9)
Eeff Ew €a
—1
1 2 r; 1 -|
hy = { In [ )+ = 10
[hws Z I(]'T] . ( Ty + h()J ’ ( )
—1
hy = | +> L (11)
b hws L I(Ic '

where j and k denote the numbers of layers of side and
bottom of the bucket, respectively.

It has become clear that the evaporative heat
transfer coefficient (h.) has nonlinear dependency on
the temperature. The saturated vapor pressure in a
narrow range of temperature variations can be repre-
sented by linear temperature dependence.

P=R,T+ Ry, (12)

where R; and Rs are the constants evaluated using
least-squares curve fitting of saturation. The vapor
pressure in a longer range of interest can be evaluated
through the following relation:

5144 ) 7 (13)

Py =exp (25317 — ——
xp ( T, + 273

Q. =0.013h.[R (T, —7T.) — Ro (1 —7)],  (14)
and:
dT,
v T =1, 15
7 +a I3 (15)
where:

a = [(HOAT + hsAs + hBAB)/Mwa]

6 = ET + (HlAT + hsAs + hBAB)Ta

—0.013h . A7Ry (1 — ) 7chw7
Hy = (he + h, +0.013h.R;),

and:
Hyi = (he + hy +0.013h.vR2) .

From Eq. (15), in the initial condition, T}, = T,0 and
t = 0, one can get the following;:

T, = g + (Two _ g) exp (—at). (16)

In the cooling mode (F = 0) from Eq. (15), one
can get:

dT,
— = —a(Ty —Tery), 17
i a( 1) (17)
where:
.01 Ap (1 — T, .
Teff: Ta—OO 3}15 T( 7)(R1 a+Rz)

After solving Eq. (17), one can express water temper-
ature:

Tu/ — Leff +(Tu}0 _TEff)eXp (—Oét) (19)

It is analogous to Newton’s law of cooling; it can be
observed that 7. s reduces to 1, at zero heat loss. The
thermal performance of the system can be evaluated
using the value of « (loss coefficient) for the typical
dataset.

Other influencing parameters can be evaluated
through the expressions written below:

i) Time taken to rise the temperature of water from
Two to Tyyy can be obtained.

o 1 wa—ﬁ/oz

ii) The efficiency of utilizing solar and electrical energy
71 can be measured in the following.

_ chw (wa - TwO)

tha tpe
[ Eddt+ [ E.dt
0

thi

. (21)
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4. Cost analysis

The total annual cost of the system can be expressed
in response to the corresponding initial investment as
follows [14]:

1Year
Cra=Cpfi+Cufa+Cg Erdt, (22)
0

where f; and fo are the annuity factors that can be
obtained as follows:

_¢"B(g—1)

fl - qLBi_l? (23)
_¢"H(¢-1)

P= "0 oT 24

where ¢ = (1 + %).

Annual amount of useful energy (kWh) is obtained
below:

Q. = / MuClo (T — Towo) dt. (25)

Year

The cost of 1 kWh of useful energy can be determined
as follows:
Cr

Cu=——. 26
c (26)

5. Result and discussion

All the experiments were carried out in January 2017
at Jaypee University of Engineering and Technology,
Guna (24.4348° N, 77.1606° E). Maximum and mini-
mum incident solar radiations on the horizontal surface
were recorded as 890 and 640 W/m?, respectively,
during the experimentation. Variation in incident solar
radiation was recorded, as shown in Figure 2. At
the beginning of the experimentation, the incident
solar radiation was recorded at 792 W/m?, which
increased at 13:00 hour by 12.37%. After 13:00 hour, it
started to decline by 28.09% at 14:45 hour during the
experimentation.
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Figure 2. Variation of incident solar radiation with
respect to time.

At the beginning of the experimentation, OPC,
CPB, and ICPB were filled with the cold water (10
1 each) at a temperature of 22.8°C, and the results
of the experimentation and theoretical evaluation and
its variation due to the incident solar radiation as a
function of time are shown in Figure 3. Maximum
temperatures rising after a two-hour time interval
in OPB, CPB, and ICPB are 29.82%, 47.36%, and
21.49%, respectively, as compared to the initial tem-
peratures (22.8°C). Water temperature of OPB, CPB,
and ICPB was determined at its highest value at 14:45
hour during the experimentation, whereas the obtained
results of the theoretical models slightly decreased after
14:00 hour due to a reduction in the incident solar
radiation.

Water temperature rise in CPB has maintained
its lead throughout the experimentation as compared
with the OPB and ICPB, whereas ICPB lags behind
as compared with OPB and CPB due to the lateral
surface insulation. Temperature rise in OPB is more
moderate than that in CPB and ICPB.

Temperature increase by water within OPB and
CPB due to the Bajaj Vacco (Immersion Water Heater
Rod) of 1000 W capacity.

The temperature rise in both cases was recorded
at an interval of two minutes and is shown in Figure 4.
Water within the CPB retains more heat as it is
covered from the top surface, which is the reason why
the temperature rise recorded in CPB maintains its
lead as compared to the OPB throughout the heating
process. Due to the presence of the top cover during
water heating by means of the immersion rod, the time
required to rise unit degree temperature is shorter than
that in the OPB and power consumption has reduced
in CPB to a greater extent than that in OPB.

Eight sets (23-50°C, 24-50°C, 28-50°C, 30-50°C,
34-50°C, 36-50°C, 38-50°C, and 40-50°C) of the
experiment are considered for analyzing the electrical
power consumption in OPB and CPB during water
heating through an electrical heater. The obtained
results of the experimentation are shown in Figure 5.

Estimated cost saving on the basis of expected
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Figure 3. Variation of bucket water temperature due to
incident solar radiation with respect to time.
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Figure 4. Variation of water temperature in OPB and
CPB due to the immersion rod with respect to time.
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Figure 5. Variation of power consumption with respect
to the temperature range.

population growth by World Health Organization
(WHO) is shown in Figure 6 due to recorded and
expected growth rates in the population of rural and
urban areas.

Figure 7 shows the estimated saving from 2016
to 2022 on the basis of the estimated population and
10% price hike on electricity. Estimated population
growth has been recorded at rates of 2.13, 3.39, 5.74,
7.86, 9.63, and 11.4%, which are higher than the rates
recorded in 2017 to 2022, compared to the population
living in 2016. However, net saving resulting from the
utilization of solar energy in CPB in a temperature
range of 35-50°C increased by 12.34, 25.76, 40.73,
57.93, 76.45, and 97.18% from 2017 to 2022, compared
to saving in 2016.

6. Conclusions

Based on experimental theoretical investigations, the
following conclusions are drawn:
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Figure 6. Variation of energy saving and estimated cost
as per the domestic rate of Madhya Pradesh (MP) India
with respect to saved energy.
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Figure 7. Variation of estimated population growth of
urban area by World Health Organization (WHO) and
cost saving with respect to the associated year.

o Open bucket water heating using immersion rod is
an inefficient process;

e Use of transparent plastic cover mater helps reduce
the consumption of electrical power significantly;

o The transparent floating cover can also be a cost-
effective solution to cost reduction;

o For dry climatic conditions, the electrical heating
system operates more uneconomically;

e The application of solar energy for heating of water
reduces electric power consumption significantly;

e To reduce heat loss, an immersion rod of higher
power rating can be used.

Nomenclature

Ap Bottom surface area of the bucket, m?
Ap Top surface area of water, m?

Ags Area of sides, m?
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Initial investments in bucket,
insulation, and cover, INR

Electricity rate, INR/kWh

Initial investment cost of an immersion
rod, INR

Total system annual cost, INR

Overall cost of useful energy, INR/kWh
Specific heat of water, J/kg°C

Total annual cost of the system, INR

Electrical energy supplied through
immersion rod, W

Solar energy received, W

Total energy supplied to the bucket
through the solar and electrical
sources, W

Total heat transfer coefficient from
the water to the ground through the
bottom, W/m?2°C

Convective heat transfer coeflicient
from top surface /water to ambient air,
W/m2°C

Radiative heat transfer coefficient from
cover surface /water to ambient air,

W/m2°C

Total heat transfer coefficient from
water to the ambient air through sides,
W/m2°C

Mass of water, kg

Partial pressure of saturated water
vapor at ambient temperature, N/m?
Partial pressure of saturated water
vapor at water temperature, N/m2
Temperature of water, °C

Ambient temperature, °C

Convective heat loss from water/ top
surface to the surrounding, W

Evaporative heat loss from water/ top
surface to the surrounding, W

Radiative heat loss from water/ top
surface to the surrounding, W

Heat loss through lateral surface of
bucket, W

Annual useful energy, kWh
Percentage rate of interest

Effective emissivity of cover/ water
surface

Velocity of air, m/s
Stefan-Boltzmann coefficient (=
5.67 x 1078 W /m?K*)

Relative humidity
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