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Abstract

Commercial grade motor radiator coolant is a mixture of glycol, corrosion inhibitors, inorganic compounds, and water.
These radiator coolant formulations enhance the thermal efficiency and lifespan of combustion engines. In this study
we added a radiator coolant solution in a distilled water to investigate potential improvements in the heat transfer
rate. Thus, the heat dissipation from a coiled Nichrome wire (electrically operated) was analyzed in open air, pure
water, and various concentrations of aqueous coolant solutions. The boiling of coolant aqueous solution at
concentrations of 5% wt./wt., 10% wt./wt., 15% wt./wt., and 20% wt./wt. were compared with pure water. In general,
a heat transfer coefficient values increases with coolant concentration. For example, at 5% wt./wt., the heat transfer
coefficient is 40 W/m2-K, whereas at 20% wt./wt. concentration, it rises to 140 W/mz2-K. Moreover, qualitatively the
bubble size in pure water is significantly larger than that of bubbles of the coolant solutions. Turbidity and total
dissolved solids increase with coolant concentrations, whereas at a 20% wt./wt. concentration, the surface tension
decreases to 68.8 mN/m. This study suggests that adding an engine coolant solution into standard boiler feed water
or similar cooling system devices will improve the heat transfer rate and therefore reduces fuel cost for producing
steam.
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and heating system is critical for the normal operation of
all advance scientific and analytical instrumentations.
For example, a magnetic resonance imaging (MRI)
machine used for generating human organ images
contains a complex cooling system that utilizes the
principle of boiling and condensation in order to keep
the temperature of the main circular magnet in safe
operational range [9,10]. As a whole, the fundamentals
of a heat transfer are same for all engineering
applications, that is a heat will flow from a high to low
temperature sink [11-13,14]. The fluids or the solid
surfaces can be heated or be cooled when a contact is
established with a separate fluid or solid substance at a
different temperature [13]. For example, in order to
takeaway a heat from a hot surface, one may utilize air
fans or blowers or a liquid is managed to flow over the

1 Introduction:

Chemical process industries consist of an integrated
system of heat exchange equipments [1-3]. In principle,
there is always a need to elevate the temperature of a
substance or fluid to a desired value for further
processing [4,5]. Similarly, in some cases the heat
generated from exothermic systems must be dispersed
to a nearby heat sink in order to maintain the normal
functioning of the equipment [6]. The term “autothermal
management system” is relatively new concept referring
to heating one fluid with the help of associated
exothermic inventory system [7]. Sometimes chemical
process intensification may require readjustments along
with the piping network to attain an enhanced heat
transfer rates [8]. Moreover, a well-equipped cooling
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heated surface in order to absorb heat [15-17]. This
absorption of heat energy will eventually increase the
fluid temperature. The rise of the temperature in most of
the cases isin a sensible range [18,19]. However, during
boiling an addition to sensible heat, a latent heat is also
absorbed by a boiling liquid. In brief, the principles of
boiling and condensation can be applied to heated
surfaces that emit significant heat [20,21]. From an
engineering point of view, the high temperature surfaces
can be broadly categorized as high flux (102 - 108 Wcm-
2) and ultra- high flux (102 - 105 Wcm2) heat releasing
surfaces [22].

Each liquid boils at a specific temperature at a given
pressure. [23]. The temperatures and pressures at
which a boiling system is in equilibrium are referred to
as saturation temperature and saturation pressure.
Under atmospheric pressure, water, ethanol, and
pentane boil at 100 °C, 78 °C, and 36 °C, respectively
[24]. Solid surfaces that can initiate boiling dissipates
heat at temperatures higher than the liquid saturation
temperature [25]. Super computer electrical circuits
which are operated at a temperature of 30 °C are placed
in dielectric liquids to maintain the temperature below 30
°C [26-28]. Dielectric liquid boils at around 30 °C [27].
Similarly, water is employed where the operated surface
temperature is maintained at or around 100 °C [29].
Water has a high specific heat capacity than the other
liquids, making it useful in a variety of engineering
applications [30]. During boiling, numerous vapor
bubbles originate from a heated solid surface [31-34].
Due to low density and buoyancy force, these vapors
rise towards the liquid surface and then departs from a
liquid phase [35,36]. These vapors eventually come into
contact with the water containing condenser tubes,
where the latent heat is collected from the vapors,
resulting a phase change from vapor to liquid [37,38].
This overall process is at equilibrium, where the rates of
vaporization and condensation being equal.

The number of vapor bubble nucleation sites on a heat-
emitting surface rises with an increase in the
temperature differential between the heated surface and
the liquid saturation temperature [39,40]. Moreover, a
vapor bubble will grow in size when the temperature of
the liquid around the vapor is a bit higher [41]. In
contrast, the bubbles will collapse into the liquid bulk if
the bubble temperature is less than the surrounding
liquid. [41,42]. These conditions are referred to as
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saturated and subcooled boiling regimes [43]. Most of
the engineering application are in the nucleate boiling
regime where bubbles are continuously leaving the
heated solid surface [43]. Heat transfer coefficient
values are high in the nucleate boiling regime when
compared to convective and film boiling regimes [44].
Furthermore, a liquid can be boiled in a container like a
pool, while in flow boiling, the liquid change phase as it
flows over a heated surface [27,45, 46]. In comparison,
flow boiling has high heat coefficient values, therefore it
can efficiently absorb more heat than pool boiling [47].
As per literature, modifying the morphology/elemental
structure of a heating surface or liquid composition may
enhance heat transfer rates during boiling [47-49]. The
heated surface can be altered by alloying, adding
cavities, sintering to provide more nucleation sites,
metal/ceramic coating, and changing the shape of the
surface [49-53]. Till now, various correlations have been
proposed for the calculation of the heat transfer rates
[54-56]. These correlations include different coefficients
ratios [57-59]. In most practical applications, the ability
to change the heating surface is extremely limited, if not
impossible [60,61]. Consequently, this could be the
reason that the effect of change in fluid
chemistry/composition is usually the focus of scientific
research discussing pool boiling [49,62-64]. The role of
additives including nanofluid and surfactants has been
studied in numerous recent studies [64]. Moreover, the
magnetic field has also been used to increase the heat
transfer coefficient [65-68].

In Pakistan, industries use boilers to produce steam,
which is then used for heating and, in some cases, for
electricity generation [69-71]. Every effort is being made
to limit the concentration of hardness causing salts,
such as calcium and magnesium carbonates and
sulphates, which forms scaling when water boils [72-74].
That is the basic reason why indigenous boilers
encounter difficulties with prolonged operational hours
[75]. Similarly, a number of technical issues regarding
the cooling of the X-ray machines has been reported
while using the water for the cooling of energized X-ray
tubes [76-78].

Fortunately, auto industry uses different types of radiator
coolants to not only limit corrosion inside the internal
combustion engine, but also to improve water cooling
performance [79-81].
additives, corrosion inhibitors, and glycol to improve the

These coolants contained
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heat absorbing capacities of the cooling fluid [82-84].
This work proposes using coolant
indigenous boilers to improve the number of working
hours of boiling systems. Therefore, a boiling heat
transfer via aqueous coolant solutions was studied and
compared with pure water. A spiral heating coil element
was employed to replicate a situation where the heating
surfaces has complex shapes that could affect the
heating rate, while a heating element was set up to
operate on a standard 220 volt alternating current (AC).

solutions in

2 Methodology:

Thermodynamically, during boiling, the temperature of
the liquid is elevated to the saturation temperature at a
specified pressure, where the change in phase becomes
visible. This study is mainly an inclusion of submerging
a heated surface (about slightly lower to mid-position in
a pool of liquid), which essentially induced boiling, in a
bulk liquid. The specifics of the experimental
configuration are outlined as follows.

2.1 Experimental unit:

An indigenously designed experimental setup was used
to study the boiling heat transfer via a pure water and
varied aqueous solutions of radiator coolant as shown in
Figure 1. The experimental setup consists of a pool of
water in a glass container, heating element, condenser
piping, thermocouples, and series circuit electrical
wiring. Electric current dissipated heat as it passed
through a Nichrome element. The temperature of the
water flowing inside a condenser at the inlet and outlet
was measured with the help of thermocouples
(thermometer 1, and thermometer 2 and shown in Figure
1). The temperature of the bulk liquid inside the glass
container was measured with a mercury thermometer
(thermometer 3). Voltage (V), current (1), resistance (R),
and temperature of the Nichrome heating element was
noted for the power dissipation calculations.

2.2 Electrical circuitry:

The Nichrome heating element is the main component
of the carried-out pool boiling study. Nickel-Chrome
alloy, a heating element made of 80% nickel and 20%
chromium, with a melting temperature of 1200 °C, was
installed in a series circuit. A household alternating
current having a voltage of 220 volts was employed to
produce heat. Overall, the circuit consisted a voltage
regulator, ammeter, resister 1 (light bulb), and resister 2
(Nichrome heating element) as shown in Figure 2. Both
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Metsl Board Holding equipment

Figure 1: A home built experimental pool boiling setup

of these resisters are connected in a series circuit. The
resister 2 is a heating element and installed to produce
heat. The amount of current was varied with the voltage
regulator and light bulb of different power rating, such as
500 W, 1000 W, and 5000 W. The energy released from
a heating element (resister 2, Nichrome element) will
eventually generate the temperature. The bulb power
rating determines the amperes flow through the heating
element (resister 2).

Light bulb AC source electrical energy

AC
Q)

Heating element

N

Circuit breaker

Figure 2: Electrical circuit in a boiling heat transfer
experimental unit

The power formula (power = voltage x current) was
applied to find out the heat energy released by a heating
element wire. The power value was then divided by the
surface area of a heating element to determine the
energy emitted per unit area (watts m-?). To calculate the
surface area of the heating wire, the coiled wire was
stretched to make it straight. The geometrical formula
equation of the surface area (2r2 + 2IrL), where I, r,
his 3.141, radius, and length, respectively) was used to
determine the external surface area. The cross-sectional
area of the wire was measured with a screw gauge, and
the length was measured with a ruler.

2.3 Prepared coolant solutions:

An aqueous solution of engine radiator coolant with
different concentrations was used to evaluate its heat
carrying ability. While the exact chemistry of the radiator
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coolant employed in the present study was unidentified,
In any case engine cooling systems typically has a
coolant formulation comprising organic acids, inorganic
acids, corrosion inhibitors, water and glycol [85,86].
These coolants also contain chemicals that prevent the
production of rust particles within the vehicle engine [87].
These coolant solutions transfer the heat produced in
the combustion cylinder to the open air. The inside wall
temperature is approximately 250 °C, whereas the
external wall of the combustion piston chamber, which is
in contact with the coolant, is reduced to around 130 °C
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[88-91]. Normal untreated water when used as a coolant
in combustion engines causes corrosion and that is why
radiator coolant solutions are preferred over the distilled
water [92]. A percent weight by weight of coolant
composition (coolant/aqueous solution), that is 5 wt./wt.,
10 wt./wt., 15 wt./wt., and 20 wt./wt. as shown in Figure
3 were prepared to examine the vapor bubbles and heat
transfer coefficient of the boiling system.

Figure 3: Different concentration of the coolant solution used in the pool boing experiments

2.4 Equation of the coefficient of heat transfer:

The overall heat transfer coefficient was determined by
calculating the heat transferred from the heating element
(Nichrome wire) to the water circulating inside the
condenser. The heat absorbed by the condenser water
increased its temperature by a few degrees. i.e. there
was a difference of temperature at the condenser inlet
and outlet points. Although heat transfer from a heating
element is three-dimensional, however for simplicity
heat losses to the surroundings (container walls) were
ignored, and just heat transfer to the condenser was
recorded for the calculations. The mass flow rate of
water in the condenser was maintained to about 0.01
kg/s. The input temperature of the water was 29°C * 1.
While when heat was being absorbed, the condenser
outlet temperature increased up to some high degrees.
The saturation temperature (ts) of all aqueous solution
remained at 100 °C for all conducted experiments. The
exponential increase in the water temperature flowing
inside the condenser was calculated by a log mean
temperature difference (¢m) equation.

dm = (b1 — $2)/(In $1/¢,) equation 1

where ¢1 is the temperature difference between the
saturation temperature and the inlet temperature while
the ¢2 is the saturation temperature minus condenser

outlet temperature. Equation 1 is a dimensionless
number.

The overall heat absorbed (Q°) in the condenser was
calculated by a heat absorption equation.

Q° = m'C,(T, — T;) equation 2

where m* (0.01 kg/s), Cp (4184 J/kg-°C), To (°C), Ti (°C),
is condenser water mass flow rate, specific heat capacity
of water, To is the water outlet temperature, and Ti is the
water inlet temperature, respectively.

An overall heat transfer coefficient (U) was calculated by
dividing heat absorbed in the condenser (Q°) with log
mean temperature difference (¢m) and with the surface
area of the condenser. The surface area of the
condenser was 0.032 m2. Mathematically overall heat
transfer coefficient for different aqueous solution of
coolants was calculated as

_ Q
U= $m x0.032

equation 3

2.5 Analytical equipment:

The turbidity of the coolant aqueous solution was
measured using a micro TPW portable turbidity meter.
This meter is manufactured by HF Scientific USA. This
apparatus uses light scattering to measure the
suspended additives and organic homogeneous
compounds in the coolant solution. The PH of the
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solution was determined using the usual paper strips.
Density is a measure of mass per unit volume of the
aqueous solutions. The concentration of total dissolved
solids as assessed by corresponding current
conductance was determined using a SENSOREX
spectrum meter. Finally, the stalagmometer was used to
for the estimation of the surface tension of the solutions
by comparing their masses and the number of drops.

3 Results and discussion:

In steam boilers, the operating conditions where the
temperature difference between the heated surface and
the bulk liquid is too large result in the entire heated
surface being covered with water vapors rather than the
liquid water. This phenomenon, known as film boiling,
occurs when a film of steam resists the flow of heat from
the heated surface to the bulk liquid, eventually elevating
the temperature of the heating element to the point
where the heat emitting component melts. The reduction
in heat flux is due to the low heat transfer coefficient of
steam. Similar to steam, the air heat transfer coefficient
is also lower in comparison to that of liquid water. The
present study qualitatively examined the heat emitted by
a heated element in air and in liquid water.

3.1 Thermal dissipation of
element in air:

Nichrome heating

A Nichrome element was installed in a series circuit
under a standard 220-volt potential difference to
qualitatively compare the thermal conductivity of air and
aqueous solutions. This means that the Nichrome
element was not submerged in a water solution and was
instead exposed to the outside air as shown in Figure 4.
The current flow within the close series circuit was
controlled by resistor 1, which is a light bulb. The values
of the voltage across resister 1 and resister 2 varies
depending on the power rating of the bulb (resister 1).
The resistance and voltage are high (resistance =
voltage / current) across low power rating light bulbs.
Whereas increasing the power (watt) rating of the light
bulb (resister 1) allows more current to flow within the
circuit. This essentially indicates that a light bulb with a
low power rating has high resistance and voltage.

As the voltage across the light bulb decreases, the
voltage across the heating element (resistance 2)
increases, resulting in increased power dissipation
(power = voltage x current). With this rise in the heat
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dissipation, the temperature of the heating element
increases enormously as shown in Figure 4. For
example, with 500 W (resister 1) bulb, the temperature
near the heating element (resister 2) increases to 150
°C. While when a 500 W bulb is replaced with a 5000 W
bulb, heat emission increases, and the temperature of
the nearby heater 69 element rises to 330 °C. This large
increase in temperature softens the wire, causing the
coil to become straighter or extended, as seen in Figure
4. Thus, at high heat flux levels, the air cannot efficiently
transfer heat, as seen by the heating element
continuous deformation along its length.

/

a
Thermocouple

Figure 4: Heating element with a varied heat dissipation
rate; temperature rise in image a is 150 °C, whereas
image b is 330 °C.

The measurements of the voltage, current, and heating
element temperature are shown in Table 1. In general,
with the increase in voltage across the heating element
increases the rate of heat dissipation. The main power
supply was kept at 220 volts for all readings. The
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temperature of the heating wire rises as the voltage
rises, and the wire resistance emits heat. The highest
temperature surrounding the heating element that it
reached was approximately 330 °C, resulting in a
permanent deformation of the heating element as shown
in Figure 4. Increasing the power rating could ultimately
lead to the melting of the heating element, a
phenomenon commonly described in literature as a
burnout condition [93,94]. The experiments conducted in
current work did not determine the melting temperature
or burnout of the nichrome resistance wire.

Solid materials emitting high heat flux dissipation can be
maintained within an operational range when immersed
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in a suitable liquid. If the temperature is not maintained,
the heat-emitting material will eventually melt. A liquid
pool can absorb generated heat, which may be utilized
for various engineering applications. For example, one
of the most important applications of pool boiling is in the
nuclear power industry, where pressurized steam is
produced at temperatures of around 400 °C [95]. In
general, the chemistry of the liquid and its boiling
temperature play critical roles in heat absorption during
any phase change process. Supercomputers,
example, must keep their temperatures below 30 °C,
which can be achieved by immersing them in dielectric
liquids.

for

Table 1: Power setting of the heating element with obtained temperatures in open air.

S. No | Voltage (volts) | Current Power = Heating element
(Amperes) = | (voltage x current) watts | temperature
0.3

1 55 1.8 100 150 °C

2 88 1.8 158 200 °C

3 145 2.1 305 270 °C

4 162 2.2 356 330 °C

3.2 Thermal dissipation of heated nichrome element
in liquids:
A radiator coolant with various aqueous compositions
was studied for heat transfer operation. As shown in
Table 2, with the increase in the coolant amount, the
total dissolved solids and turbidity values increases.
Explicitly, the increase of the coolant concentration from
5% wt./wt. to 20% wt./wt. increase the turbidity and total
dissolved solids (TDS) to 20% and 60%, respectively. In
general, the coefficient of the heat transfer of water

increases with lowering the surface tension values [96-
98].

Table 2 shows that adding coolants to water decreases
overall surface tension levels. Because ethylene glycol
and water comprise the majority of the radiator coolant
composition, the overall drop in surface tension from 5%
wt./wt. to 20% wt./wt. is just about 8%. Finally, the PH of
the solution does not change much at the studied
coolant concentrations.

Table 2: Chemical properties of the coolant aqueous solutions.

S.No | PH TDS (mg/L) | Turbidity Surface Concentration of
(NTU) tension the solution
(mN/m)
1 8.39 | 436 3.8 74.4 5 % wit./wit.
2 8.56 | 684 3.7 72 10 % wt./wt.
3 8.68 | 836 4.2 70 15 % wit./wt.
4 8.72 | 1029 4.8 68.6 20 % wt./wt.

In process industries, nucleate boiling is the operational
regime that exhibits the highest heat transfer rates
compared to convective and film boiling. Figure 5 shows
that when a heating element with a power rating of 356
watts (values given in Table 1) is placed in a pool of
radiator coolant aqueous solution, its temperature drops

to roughly 116 °C from 330 °C (as was determined in air,
Figure 4). During the boiling process, the temperature of
a pool of aqueous solution and pure water stayed at
100 °C. Figure 5 depicts a comparison of a nucleate
boiling of a 20% wt./wt. solution and pure water. A
heating element with a complex spiral configuration was
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Figure 5: Heat dissipation from Nichrome coiled
wire in (a) 20% wt./wt. coolant solution and (b) pure
water.

employed, and the boiling processes exhibited notable
differences between the aqueous solution and pure
water. Firstly, the wire length did not enlarge as
compared to Figure 4, suggesting that heat can be
effectively dissipated via the boiling process. More
importantly, with the addition of coolant solution in water
the boiling becomes much smoother as compared to
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pure water. The formation of large bubbles during the
boiling of pure water creates an explosive impact,
resulting in repeated vibrational shocks to the vessels,
hence posing a significant operational risk in
engineering applications. The boiling of a 20% wt./wt.
aqueous solution produced extremely small bubbles that
ascended to the surface as shown in Figure 5 a.

Heat transfer from a heating source occurs in three
dimensions. To simplify, the observed heat transfer value
in this study is aligned with the direction of bubble
movement, indicating that the temperature increases of
the water flowing within the condenser was determined
to compare the heat transfer rates in pure water and
aqueous solution. In short, the inflow of water to the
condenser absorbs energy and raises its temperature to
a higher value. The increase in temperature of the
condenser water under identical conditions varies based
on the composition of the pool boiling water following the
addition of the coolant. According to the literature, water
surface tension affects the heat transfer ability [97,98].
In general, the addition of the coolant in water lowers the
surface tension values [99]. As shown in Table 3, when
utilizing a 20 wt./wt. coolant solution, the heating
element with a rating of 356 watts loses significantly less
heat to the surroundings. This reduction in loss is due to
tiny bubbling states that occur on the heating element
surface. As shown in Figure 5, the bubbles are
significantly smaller and thus rise up through the pool of
water, eventually reaching the condenser. The water
mass flow rate (m") and specific heat (Cp) of the water is
0.01 kg/s and 4200 j/kgK respectively.

Table 3: Rate of heat absorption by a condenser containing water, power rating, and approximate heat loss.

S.No. Concentration of | Heat absorption in | Power Heat losses | Percent
the coolant in the | condenser (Q°, watts) rating of | (Heating heat lost
water. (m?) « | (To - | Q" = mxCpx | the power — | (heat
(Cp) Ti) (To - T | heating condenser losses/
(watts) element heat heating
(watts) absorption) element
power)
1 5% wt./wt. 42 31 -| 84 356 272.4 76%
29

2 10% wt./wt. 42 33 -| 126 356 230.4 65%
30

3 15% wt./wt. 42 34 -| 252 356 104.4 29%
29

4 20% wt./wt. 42 36 -| 294 356 62.40 18%
29

In any case, the overall heat transfer coefficient (U)

values increase as coolant concentrations increase
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(Figure 6). The upper limit values of the coefficient trend
were not calculated because observing the bubbles
became more difficult as coolant concentration
increased. In general, adding coolant to water improves
the heat transfer coefficient. The saturation temperature
of the water was almost same 100 °C as because major
portion of the coolant solution is water. In short, the trend
indicates that increasing the coolant volume will improve
the heat transfer coefficient values.

160

140 +

= P
o N}
S o
L L

80

60 -

40 -

Heat transfer coefficient (W/mZK)

20

5 10 15 20

Concentration ( wt./wt.)
Figure 6: Overall heat transfer coefficient at coolant
concentration of 5% wt./wt., 10% wt./wt., 15% wt./wt./
and 20% wt./wt.

Conclusions:

The boiling heat transfer rate is primarily determined by
the fluid properties and the heat emitting surfaces. When
boiling, heat emission surfaces was wholly submerged
in a pool of liquid. In this study, the physicochemical
properties of pure water were altered by mixing a
commercial grade radiator coolant into pure water to
evaluate heat transfer rate during the vaporization and
condensation processes. A 220 volts AC current was
managed to emit heat from a Nichrome wire. Heat
dissipation was regulated by changing the current flow,
resistor, and voltage in a series electric circuit. At higher
heat dissipation rates, air cannot efficiently transfer heat
to a low temperature surrounding atmosphere, hence
the length of the coiled wire expands substantially due
to excessive temperature accumulation. When placed in
pure water or an agueous coolant solution, the same
Nichrome wire conducts heat far more efficiently than
the air. Similarly, by increasing the volume of coolant in
pure water, the surface tension decreases and the
overall heat transfer coefficient increases.
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Nomenclature:

Voltage \%

Current |

Alternating current AC

Resistance R

Temperature T

Radius R

Length L

Log mean temperature difference om

Power unit W

Overall heat absorbed Q

Water mass flow rate m*

Specific heat capacity Cp

Water outlet temperature To

Water inlet temperature Ti

Overall heat transfer coefficient U

Total dissolved solids TDS
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