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Abstract — The objective of the present study was to improve the thermal efficiency of a Brayton cycle benefiting from the
multiphase concepts of phase change in thermodynamics and incorporating it with a phase change material (PCM) melting
system. This system could be alternatively used to decrease the temperature of intake air into the gas turbine and improve
gas turbine efficiency. The present study investigated the presence of phase-change refrigeration storage. The complex
system was modelled by a straightforward configuration of a rectangular cavity, which contained the phase change material
with intermediate fluid. Reducing the temperature of the inlet air had a considerable impact on improving the thermal
efficiency of the gas turbine cycles. In this study, a new cooling approach was proposed in which the intake air was cooled
using a PCM-based heat exchanger along with an intake line. During the daylight hours, air moved over the phase change
material, whose melting point was lower than the maximum temperature of the surrounding air. The melting process caused
a decrease in surrounding air temperature before entering the compressor. Upon completion of the PCM melting, the
necessary ambient air was taken from the surroundings utilizing conventional air inlet configurations. During the night-time,
the ambient air was cooler, and the liquid PCM solidified. The temperature of the chosen PCM was lower than the maximum
value of surrounding temperature. The numerical modelling of the PCM indicated that it was possible to reduce the
temperature of the inlet air. The thermodynamic investigation of the results demonstrated that both the thermal efficiency
and the power output increased at a specific surrounding temperature.

Keywords: Brayton cycle, Intake air cooling, Phase change material (PCM), Thermal efficiency, Melting process.
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Greek Symbols

o void fraction

B thermal expansion (1/K)
r mass flux (kg/m?.s)

Y liquid fraction

n efficiency

u dynamic viscosity (kg/m.s)
P density (kg/m?)
Subscripts

C compressor

k phase indicator

m melting point

N net

PCM phase change material

T turbine

1. Introduction

Power plant gas turbines operating with open cycles are engines with sensitivity to ambient temperature variations.
Increasing the inlet air temperature, particularly noticeable in summer, significantly reduces the gas turbine output
power. The inlet air temperature can be lowered using air cooling via water atomization or by mounting a chiller in the
inlet ducting. Installing a cooler or chiller for intake air before entering the compressor to achieve a higher efficiency, is
not economically reasonable. Moreover, they may be incompatible with weather conditions. A variety of air coolers
were previously employed to examine the possible improvement of the electric output with chilling the turbine inlet air
[1-3].

The customary solution is to directly apply mechanical refrigeration with a compression cooling device for cooling
the air. This system offers the main drawback for electricity consumption at times of lesser turbine capacity, that is,
during the warmest daytime when the activity, and therefore the electric demands, usually approach their maximum
value (on-peak hours), considered as a parasitic power. A solution can be to employ chilling storage as the energy supply,
and electricity consumption will be variable regardless of the time [4].

A study by Kakaras [5] indicated that the gas turbine output and effectiveness strongly depended on the ambient air
temperature. According to the gas turbine type, power output was reduced by a proportion between 5% and 10% of the
ISO-rated power output (15°C) for every 10 K rise of ambient air temperature.

Mohanty [6] observed that increasing the inlet air temperature from the ISO-rated condition to 30°C could reduce
the net power output by 10%. Such a drop in the power output could be even higher for gas turbines with lower capacities.
Besides, increasing the ambient temperature by 1°C led to a 1% reduction of the gas turbine rated capacity.

According to Ameri [7], decreasing the ambient temperature from 34.2°C to ISO-rated condition in a 16.6 MW gas
turbine, could cause a 11.3% increase in the mean power output. It was further found that the power output would reduce
by 0.74% for every 1°C rise of ambient air temperature.

A study on gas turbine plants at two locations in Oman, by Dawoud [8], reported the association of fogging cooling
with 11.4% greater electrical energy compared with evaporative cooling in both zones. However, absorption cooling
provided 40% and 55% higher energy than fogging cooling.

Alhazmy [1] presented evidence of a 0.57% mean power output elevation per 1°C reduction in inlet temperature.
The power output rose by 10% during cold moist conditions, and by 18% during hot moist conditions.

A combined cycle power plant operating in Bangkok was investigated by Boonnasa [9], and the results revealed
improved annual power output of the gas turbine by 10.6% and the combined cycle power plant by 6.24% as a result of
falling temperature from 35°C to ISO-rated condition. The rating of the gas turbine was 110.76 MW.
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In the present study, the rectangular storage represented the phase change material (PCM), and water was heated from
the side wall imposing a constant heat flux boundary condition. The water was on top of the PCM. Hence, when the melting
process started, the displacement of water and melted PCM during melting (water was denser than PCM), improved the
melting process. Using PCM-water combination system at the compressor entrance in the Brayton cycle to reduce inlet air
temperature has not been reported in previous studies.

2. Physical Model

The physical configuration was a 2D melting process of a solid PCM from the vertical wall of a rectangular enclosure.
Figure 1 shows a schematic view of the configuration. When PCM was melted, the air that was in contact with PCM through
the cavity, entered the compressor through a lower temperature cavity. The air entered the compressor from the cavity that
ambient air crossed.

Water Water

10 cm
Oleic Acid Oleic Acid

1]

Fig. 1: Schematic configuration of system.

Ambient Air

3. Thermodynamic Analysis of Brayton Cycle
The following equations define the net power output and thermal efficiency of the Brayton cycle [10]:

Wy =Wr + We — Wpem (1)
Wy =n(mg + 1) Cp mix(Ty — Ts) 2)
Wr =11, Cpair (Ts — T2) 3)
Qneat exchanger = MaCp air(T1 — T2) (&)
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4. Numerical Modeling
In this section, the governing equations will be discussed, the physical properties of the PCM and the numerical solution
method.

4.1 Mathematical Formulation

The liquid PCM was assumed to be Newtonian and incompressible. Boussinesq approximation with constant
thermo-physical features for each solid and liquid state (Table 1), was used to model volumetric changes during melting,.
The enthalpy-porosity method was employed to model the melting procedure [11]. This approach considered the entire
computational dominion as a porous site, where the value of liquid fraction (y, in the range of 0-1) represented the
porosity. Taking the previous presumptions into consideration, the governing equations involving continuity,
momentum, and energy equations include the following [12].

Continuity:
d(axpr) | 0(arprir)  0(akpPyVi)
= 5
ot ox T dy i ©)
where,
Vi
Ay = (6)
k Vtotal
and,
2
> hi=0 )
k=1
X-momentum:
d(pu) Jd(puuw) J(puv) aP 6( 6u> 6( 6u>
__ L e, 8
at T ax oy ax Tox\Fax) Tay\Hagy) T 4% ®
y-momentum:
d(pv) Ad(puv) 0d(pvv) doP 6( 617) 6( 61])
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ot T ox ' oy 3y Tax\Hax) Tay\Hay) T AV PIBT = Tn) 2
energy:
d(pCpT) 0(puCpT) OJ(pvCpT d ( 0T d ( 0T
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G Jd(pAH) N d(pulH) N d(pvAH)

ot dx dy (n
__ca- ¥)?
=0 sre (12)

where ¢ is a small constant used to avoid division by zero and C is a constant, which reflects the morphology of the
melting front. In this study, the values of € and C were set equal to 10 and 103, respectively.

Table 1: Thermo-physical properties of oleic acid (OA) and water [13-16].

Parameter Value (OA) Value (Water)
Specific heat (kJ/kg.K) 2.15 4.182

Melting temperature range (°C) 13-14 -—-

Latent heat of fusion (kJ/kg) 80.6 -—-

Thermal conductivity (W/m.K) 0.24 0.6

Density (kg/m3) 850 998.2

4.2 Numerical Validation

The validation was performed by comparing the melting fraction from the model to those of the numerical simulation
of [17].

4.3 Boundary Conditions
The no-slip boundary condition was enforced on the walls. Also, the inner vertical wall had constant heat flux, and the
other walls were insulated.

4.4 Numerical Simulation

The governing equations subject to the boundary and initial conditions were solved numerically by a control volume
approach employing a uniform mesh. The spatial discretization of the differential equations necessarily included the second-
order central difference approximation for the whole diffusion terms and the first order upwind approximation for the
convective terms. The coupling between pressure and velocity was conducted by PISO algorithm. The energy balance
equation was incorporated for explicit calculation of the moving melting front location. At each interval, the buoyant
convection in the melted liquid site and the conduction in the solid area were solved implicitly by a line-iteration scheme.
Continuous reiterative computations were maintained to satisfy a relative convergence criterion of 10 for the whole field
variables of the problem. The computational domain was discretized by 107600 quadrilateral 2D elements in which an
element size was 3.75x10° m?. A time step of 0.01 second was found to keep the required solution accuracy at a relatively
low run time.
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Fig. 2: Comparison between Fadl and Eames [17] as well as current simulation.

5. Results and Discussion

Due to the difference in density and heat diffusion, the amount of melting of OA in various times can be observed
in Fig. 3 that it illustrates the melting fraction contours of this scenario at different times.

When OA volume ratio was 50%, first, the temperature of regions near the constant-heat flux wall started to
increase. After melting of OA near the hot wall, there was a displacement between these materials due to higher density
of water with respect to OA. Then, as the contact of water and solid OA near the hot wall started, the upper water
continued warming and solid OA experienced slow melting, because of the lower temperature of water than the melting
temperature of OA at this moment and the temperature gradients existing in the enclosure. After a large portion of the
water was warmed, OA melted more quickly due to the water temperature rise and the rotational flows in water resulting
from the buoyancy force. The results of melting process for OA in presence of water with the boundary condition of a
constant-heat flux wall (Fig. 3) had the same melting process with the numerical results of OA in presence of water with
a two-dimensional rectangular enclosure with constant temperature boundary condition obtained by Khademi et al. [18-
20].

The amount of thermal flux entering the enclosure was calculated based on the temperature drop of the air as high
as 1 degree of centigrade through the cavity. In this method, the amount of energy was stored faster in PCM in presence
of an auxiliary fluid compared to the state that the same amount of PCM was employed without an auxiliary fluid. Also,
because the heavier material was placed on top of the lighter material, their density difference caused the displacement
of the two materials during the melting process, which was an extension of the acceleration of the PCM melting process.
Therefore, by reducing the temperature of the intake air to the compressor, the Brayton cycle efficiency and amount of
energy storage increased. Since the materials employed in this system were not soluble in each other, both materials
separated at the end of the charging process, and they could be used in repeatable cycles. The materials were completely
replaced by each other at the end of the melting process. Therefore, to use the system again after de-charging, it must
have the ability to rotate around the horizontal axis. Also, temperature distribution of 2 specified points are shown in
Fig. 4.
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Fig. 3: Volume fractions of melting process of OA in various times.
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Fig. 4: (a) Schematic of 2D enclosure, and (b) temperature variation versus time at 2 points.
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6. Conclusion

The present study addresses the thermodynamic efficiency improvement of a Brayton cycle power plant with a PCM
based heat exchanger to cool the intake air for improving the net power output and thermal effectiveness of the plant. Further
discussions include outcomes of the numerical modeling of PCM melting because of air rejecting heat to the PCM. According
to PCM melting, the geometry with intake air conducted with enclosure is superior among the examined geometries in terms
of heat transfer for rejection of the hotness of intake air. Around 90% of the melting occurs within almost 2.4 hours. If the
intake air temperature is lowered by PCM enclosure, lowering the temperature of intake air to the compressor causes
the efficiency of the Brayton cycle to increase. This valuable increase in the thermal efficiency and net power output of
the Brayton cycle demonstrates the high potential of a simple PCM system. Additional detailed analyses are necessary
with regard to PCM heat exchanger design, economics, and investigation for implementation of this new system in the
Brayton cycle in future studies.
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