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Coolants are a fundamental component in the performance of heat exchange systems.
Specifically, in a gas turbine power plant intercooler, coolants are used to cool the hot air
prior to the second compression stage. Advanced coolants such as nanofluids can improve
heat transfer performance in these systems. This study investigates the thermal
performance and pressure drop of an intercooler in a gas turbine power plant using
graphene oxide-based nanofluids as the working medium. This intercooler was proposed
based on two existing commercial technologies. Three cases were evaluated with different
compression ratios in each compression stage. The results, initially evaluating the base
fluid, showed that design parameters such as flow and temperature influence the heat
transfer performance and pressure drop of the system. The intercooler's thermal efficiency
is higher for cases with a higher compression ratio in the first stage of compression.
Furthermore, the temperature delta influences system sizing. Finally, the addition of
nanofluids showed an increase in the overall heat transfer coefficient and a reduction in the
total intercooler volume. This study demonstrates the potential for implementing new

commercial intercooler technologies in gas turbine plants.

1. INTRODUCTION

Gas turbine power plants are essential to modern energy
infrastructure, offering rapid start-up capabilities, high power
density, and fuel flexibility [1, 2]. Improving their
thermodynamic performance remains a priority in both
stationary applications, such as those mentioned above, as well
as mobile applications in the aeronautical and marine
industries [3]. A well-established strategy to improve thermal
efficiency is the incorporation of intercoolers between the
compression stages. Intercoolers reduce the temperature of the
compressed air before it enters the high-pressure compressor,
thus decreasing the compression work and increasing the net
production of the cycle [4-6]. Currently, there are commercial
solutions for gas turbine systems that have been fitted with an
intercooler, such as the LMS100 aeroderivative engine
manufactured by General Electric, and the WR-21 marine
engine manufactured by Westinghouse and Rolls-Royce [3].
However, the thermal performance of these systems is
inherently limited by the heat transfer properties of
conventional coolants, such as water or ethylene glycol, which
restricts the compactness and overall efficiency of the heat
exchanger [7].

Nanofluids, nanoscale colloidal solutions consisting of
nanoparticles (ranging in size from 1 to 100 nm) dispersed in
a base fluid, have attracted the interest of researchers in recent
decades [8]. When nanoparticles are uniformly dispersed in
base fluids, the resulting suspension shows remarkable
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improvement in thermal properties [9]. Several works in the
literature have applied nanofluids in thermosyphons,
electronic cooling modules, heat pipes, microchannel heat
sinks, heat exchangers, refrigeration systems, among others
[10]. For example, Panday and Singh [11] evaluated the
performance of a plate heat exchanger using CuO-water
nanofluids at various concentrations and flow conditions
through experiments and simulations. It identifies 3%
nanoparticle concentration as optimal and provides
correlations for key thermal and flow properties. Also,
Roshani et al. [12] studied the thermal and hydrodynamic
performance of a plate pin-finned heat sink using alumina—
water and titanium dioxide—water nanofluids at various
concentrations. While both nanofluids improve heat transfer
and reduce thermal resistance, they also increase pumping
power, with alumina—water showing slightly better overall
performance. Among nanofluids, those based on graphene
oxide (GO) offer distinctive advantages such as high thermal
conductivity, excellent dispersion stability, and favorable
rheological properties. The unique two-dimensional structure
and functionalized surfaces of graphene oxide nanoparticles
facilitate efficient thermal transport, making them especially
suitable for high-performance cooling applications [13]. For
example, Singh et al. [14] presented an experimental and
computational analysis of the performance of compact plate
heat exchangers (PHEs) using graphene oxide nanofluids at
different concentrations and flow rates. The results indicated
that the use of nanofluids increased the thermal conductivity
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by 13%, heat transfer rate by 14%, efficiency by 9%, and
overall heat transfer coefficient by 10% at the expense of
pressure drop and pumping power. On the other hand,
Ranjbarzadeh et al. [15] experimentally studied the effect of
using water/graphene oxide nanofluid as the working fluid on
heat transfer and pressure drop in a copper tube under air
crossflow. The results showed that by using nanofluid, the
Nusselt number was improved by up to 51.4% compared to
pure water. The friction factor increased by 21% compared to
pure water. The heat transfer coefficient of performance
increased to 42.2%, indicating improved heat transfer
compared to the undesirable pressure drop in the test.

In addition to the application of nanofluids in gas turbine
systems working with an intercooler, other innovative ideas
have been proposed in the literature such as the
implementation of a reheating stage before entering the
combustion chamber [16, 17], the coupling of a Rankine cycle
to the system [18, 19], or the use of hydrogen in gas turbines
[20, 21]. However, despite the growing interest in nanofluids
for heat exchanger applications, little attention has been paid
to their implementation in gas turbine intercooler systems [22].
Among the few studies that addressed the topic, Zhao et al.
[23] conducted a theoretical study on the use of Al,Os;—water
and Cu—water nanofluids as alternatives to conventional
coolants in a marine gas turbine intercooler system. Using the
NTU-effectiveness method, heat transfer and flow
performance were evaluated, considering nanofluid
concentrations between 1 and 5 vol.% and applying known
correlations for thermophysical properties. The effects of
nanoparticle concentration, inlet temperature, Reynolds
number, and gas-side parameters were examined. The findings
showed that nanofluids improved heat transfer and reduced
pumping power requirements compared to water under all
turbine operating conditions. Similarly, Almurtaji et al. [24]
examined the performance of a marine gas turbine intercooler
using MWCNT-water nanofluids, prepared by a two-step
method at 10-50°C with concentrations of 0.01-0.10 vol.% and
stabilized by SDS (1:1 weight ratio with MWCNTSs). The
results showed that the nanofluids were more effective the
longer their residence time in the intercooler, highlighting the
importance of heat exchanger design and working fluid
selection. Furthermore, higher gas inlet temperatures
improved the nanofluid’s effectiveness.

In the study of gas turbine power plants using intercoolers,
it is important to highlight that there is no ideal heat exchanger
solution. Commercial solutions, such as the LMSI100,
implement shell-and-tube heat exchangers cooled by a cooling
tower, or alternatively, a compact heat exchanger cooled by
forced ventilation [25]. Other studies propose the use of a
condenser [6]. It is also important to mention that in recent
years, compact water-cooled heat exchangers have gained
significant interest in industry. This is because compactness is
important in this type of gas turbine heat exchangers, and
significant optimization can be achieved through a detailed
analysis of exchanger performance [26].

Graphene oxide nanofluids frequently perform better than
conventional coolants and many other nanofluids because the
oxygen-containing functional groups enhance wetting and
dispersion (so the particles stay suspended and transfer heat
more uniformly) and the 2-D GO sheets provide a very high
specific surface area and strong phonon/electron pathways that
increase effective thermal conductivity at very low loadings
[13]. In many trials, this combination produces significant heat
transfer enhancement with a smaller volumetric viscosity
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penalty than for high-loading spherical particles. It tends to
increase convective heat transfer (higher Nusselt numbers)
without requiring huge particle concentrations. In contrast to
aggressive loadings of other nanoparticles, the practical
advantage lies in the ability to achieve useful conductivity/heat
transfer gains at very low concentrations and with good long-
term stability, which minimizes the pumping penalty. The
trade-off is that GO (and especially reduced GO) can increase
viscosity, and thus pressure drop at higher concentrations [27,
28].

Despite these developments, the majority of research on
nanofluids for heat exchangers has focused on carbon
nanotube-based fluids or metal oxide nanoparticles like CuO,
AlLO3, and TiO», mostly on laboratory-scale exchangers and
electrical or refrigeration systems. These fluids showed
significant gains in thermal performance, but they also had
problems with dispersion stability and increased viscosity,
which might penalize pumping power and pressure drop,
especially in gas turbine intercoolers that have high
temperatures and large flows. Therefore, there is still a need to
find nanofluid formulations that are appropriate for these
demanding conditions by combining low viscosity, good
thermal conductivity, and long-term suspension stability [13,
29].

While nanofluids have been extensively studied in heat
exchangers, their use in gas turbine intercoolers has not been
thoroughly explored. To the best of our knowledge, few
studies have been published on gas turbine intercoolers using
nanofluids as coolant. Therefore, this study seeks to address
heat transfer and pressure drop analysis of a gas turbine
intercooler using graphene oxide nanofluids. This intercooler
is a compact air-to-coolant heat exchanger that combines two
existing commercial technologies for these systems. Through
a parametric investigation, the effect of the compression ratio
at each stage of the system, the coolant-side temperature delta,
and the nanoparticle concentration on system performance are
evaluated. These results contribute to the broader goal of
improving gas turbine performance through advanced thermal
management, supporting cleaner and more efficient power
generation.

2. METHODOLOGY
2.1 System layout

In this study, a simple gas turbine cycle is considered,
consisting of two axial compressors (one low-pressure and one
high-pressure) with an air-cooler intercooler between them, a
combustion chamber, and an expansion turbine, as shown in
Figure 1. The performance of each component and,
consequently, the overall performance of the gas turbine cycle
will not be studied in this work [30]. However, some
operational parameters of the system are considered variables
for the intercooler analysis. After compression in the first
compressor, the compressed air enters the intermediate
intercooler, and after reducing the temperature of the
compressed air, it enters the second compressor.

This system will be used in a power generation plant. Since
there is currently only one commercial model, the General
Electric LMS100, operational parameters for this turbine will
be considered based on previous studies and other studies
considering the efficient operation of a gas turbine. Table 1
shows these parameters for three proposed cases with different



compression ratio configurations in the two compression
stages. The first case has compression ratios of 3.2 and 12.5,
the second 4 and 10, and the third 5 and 8, all for the first and
second compression stages, respectively. In all three cases, a
total compression ratio of 40 is obtained.
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Figure 1. Layout of the proposed gas turbine system with
intercooler [30]
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Table 1. Operating conditions at the gas turbine power

generation plant
Parameter Case  Case  Case Source
1 2 3
Intercooler air inlet
temperature (K) 421.3 4512 483.1 Eq. (1)
Intercooler air outlet
temperature (K) 3119 334.1 358.1 Eq. (2)
Air mass flow rate
(ke/s) 50 50 50 [24,31]
Intercooler coolant inlet Initial
temperature (K) 293 293 293 Condition
Intercooler coolant 298- 298- 298- [23, 25]
outlet temperature (K) 302 302 302 ’

Considering an ambient temperature of 293 K (inlet
temperature to the low-pressure compressor) for all cases, the
air inlet temperature to the intercooler can be determined, as
shown in Eq. (1), considering the compression ratio and an
isentropic compressor efficiency of 90%, and the specific heat
ratio of the air. Therefore, while the high-pressure compressor
inlet temperature is theoretically expected to be equivalent to
the low-pressure compressor inlet temperature, this is not
guaranteed in real-life environments. Furthermore, for the
purpose of properly comparing the three proposed cases, we
will assume that the combustion inlet air temperature is 700 K.
From this, we obtain the intercooler air outlet temperature
presented in Eq. (2).

Ya—1
T2=T1+—1[rCYa —1] (1)
Ne, [ 71
Ty
T3 = Ya—1
. Czya -1 (2)
nCZ
where, the compression ratios are:
Py
Ter =, 3)
Py
"= )
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2.2 Intercooler description and mathematical model

As previously mentioned, the intercooler to be studied and
sized will be a compact heat exchanger. Nowadays, there are
many alternatives and configurations for this type of heat
exchanger, generally modifying geometric details is the most
important [32]. The configuration to be used will be a plate-
fin for the air side and the coolant side, with the same structural
dimensions on both sides. This intercooler configuration is
widely used in the mobile heavy machinery industry, power
generation plants, chemical processing, automotive, and oil
and gas industries [33-35], and is similar to the one proposed
for the WR-21 marine engine [36]. A schematic of this
proposed configuration is shown in Figure 2, and its
dimensions are summarized in Table 2. The dimensions of this
configuration were used based on experimental data obtained
working with air-air and air-liquid systems [26].
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Figure 2. Schematic geometries of the configuration
(Reproduced from the studies [7, 37])

Table 2. Structural design configuration

Parameter Symbol Both Sides
Fin configuration - Plain
Fin thickness (mm) t 0.25
Fin height (mm) h 10.05
Plate spacing (mm) b 10.3
Fin spacing (mm) ] 3.8
Plate thickness (mm) a 0.8

The LMS100 gas turbine uses an external intercooler
located between its low- and high-pressure compressors—
typically a large tubular heat exchanger that cools the
compressed air with water or glycol before re-entering the
core—which improves efficiency but takes up considerable
space. In contrast, the WR-21 turbine integrates a highly
compact plate-and-fin intercooler and recuperator into its core
to achieve high thermal efficiency and reduced fuel
consumption in confined marine environments. A hybrid
design combining the LMS100's external location with the
WR-21's compact, finned geometry could outperform both by
providing higher heat transfer rates per volume, lower airside
temperatures at similar pressure drops, and lower duct losses,
achieving higher cycle efficiency and faster thermal response,
while maintaining accessibility and modularity for
maintenance.



Table 3. Equations of the geometric parameters

Parameter Formula Equation
Hydraulic radius (m?) _Dn_ 2sh Q)
Y T TSt
Total transf /volume bet lat Ym? _ 2t s) 6
otal transfer area/volume between plates (m?*/m?) 'B_b(s+t) 6)
Bb
2713 —
Total transfer area/ total exchanger volume (m?/m?) a b+ 0 @)
Free flow area/frontal area 0 =1a 8)

The following assumptions will be used for the analysis: (1) Re — DyG 1
The intercooler operates in a steady state. (2) The thickness of €= U an
all fins is assumed to be uniform and their thermal resistance
is negligible. (3) All parts are made of the same material, where,
aluminum. (4) The influences of dirt and corrosion are
ignored. Afrq = LH (12)

Steady-state analysis was considered because the turbine
under evaluation is considered for a power generation plant. Apr. = WH (13)

Then the plant operates most of the time at constant load, with
infrequent start-up and shutdown regime changes. The effects
of fouling and corrosion can be ignored in the intercooler
analysis, since the compressed air and coolant operate in clean,
controlled circuits with adequate filtration and treatment.
Furthermore, the intercooler is manufactured with corrosion-
resistant materials, and fouling or degradation processes occur
on much longer timescales than those in the operational
analysis, so their influence on thermal performance is
minimal. However, these assumptions may overestimate
thermal performance, since in practice transient variations and
deposits reduce the heat transfer coefficient and the
effectiveness of the intercooler.

For the analysis, some parameters of the geometries for the
air and coolant sides are required to analyze the radiator
performance. The equations for obtaining these parameters are
shown in Table 3 [26].

For the present heat transfer study, it is worth highlighting
again that we have defined the inlet parameters of temperature,
pressure, and mass flow of air to the intercooler. For the
coolant, we also consider a fixed ambient inlet temperature, a
pumping pressure sufficient to pass through the intercooler,
and a fixed coolant mass flow rate. Since we do not have the
dimensions, the intercooler is a compact heat exchanger, and
we can use Eq. (9) to examine the thermal equilibrium on both
the coolant and air sides [7]. With this, we can determine the
coolant mass flow rate required in the system.

Q= mccc(Tc,o - Tc,i) = maca(Ta,i - Ta,o) )

Egs. (10) and (11) evaluate the mass velocity and Reynolds
number on both sides. On both sides, the mass velocity is
considered by fin spacing. It is important to highlight that to
obtain the mass velocity, the frontal area on both sides of the
flow is required. This data is not known in principle, since we
are interested in determining the size of the heat exchanger.
Therefore, this analysis results in an iterative process with
more than one solution, for which we will determine and
evaluate several dimensions to understand the heat transfer
and pressure drop behavior in these cases. This process is
described after obtaining the overall heat transfer coefficient.

G = m 10
_O-Af‘r ( )

To obtain the intercooler dimension, the overall airside heat
transfer coefficient is required, which requires the convection
heat transfer coefficients and the surface efficiencies of the
coolant-side and air-side fins. The procedure for obtaining
these parameters is described below. First, taking into account
the friction factor for turbulent flow, which was defined by
Vajjha et al. [38] in Eq. (14), Gnielinski [39] developed an
equation for turbulent flow shown in Eq. (15).

0.797 0.108
f. = 0.3164Re 0?5 (pﬂ> (“ﬂ) (14)
Pbr Upr

(%) (Re, — 1000)Pr,
Nu, = ; (15)
1+12.7 %(Prf - 1)

Then, the heat transfer coefficient of the coolant side is
shown in Eq. (16).

Nu k.
he =—— 16
= (16)

Data from Kays and London [26] on a single plate fin
surface were curve fitted to create a correlation for the Colburn
factor, which is in good agreement with the structural
parameters listed in Table 3. Shown in Eqgs. (17) and (18) are
the Colburn factor and friction factor respectively for turbulent
air flow up to a Reynolds number of 12000 [7].

ja = —3.8%1078Re, + 0.00348 (17)
fo=—24%10"""Re2 — 5.9 % 10"7Re, + 0.0108  (18)

Then, the convective heat transfer coefficient of the air side
is shown in Eq. (19).

h — jaGaCa
“ pr/3

a

(19)

Thus, to obtain the overall heat transfer coefficient, shown
in Eq. (23), the surface effectiveness of the fins is part of the
balance of the heat transfer coefficient; it is calculated using



the fin efficiency (Eq. (21)) and the fin area divided by the total
area. In obtaining the overall heat transfer coefficient, the very
small wall resistance is neglected, and is considered, in this
case, equivalent since we use the same structural parameters
on both sides.

’2h ;
— fluid 20
mf kAlt ( )
tanh (ms(h +t
< 2 Oy + ) on
ms(h +t)
Af
no=1—A—(1—nf) (22)
t
! = ! + ! (23)
U 770,aha 770,chc

Then, using the e-NTU method, we will determine the heat
transfer area of the heat exchanger. Eq. (24) shows the
calculation of the effectiveness, and using Eq. (25), which is
for cross-flow heat exchangers with both fluids unmixed, we
obtain the NTU.

€ = q — Ca(Ta,in - Ta,out)

B Amax Cmin (Ta in Tc in)

' : 24
— Cc(Tc,in - Tc,out) ( )

Cmin (Ta,in - Tc,in)

exp(—NTU%78C) — 1
€e=1—exp NTU-022C (25)
where,

Ca =MqCq (26)
C, = mgc, 27)

Cmin

C= (28)

Cmax

Next, we evaluate the area using the relationship in Eq. (29).
As mentioned above, this result is compared to the proposed
initial heat transfer area shown in Eq. (30), resulting in a
process with more than one solution depending on the
proposed heat exchanger dimensions.

CinNTU
A= % (29)
A=aV (30)
where,
V =WLH (31)

Finally, Eq. (32) provides the following expression for a
relationship for the pressure drop of single-phase fluid. Then,
with the heat exchanger dimensions already known, we can
obtain the pressure drop on each side.

_ fLG?

AP =
2Dyp

(32)

2.3 Thermophysical properties of fluids

The analysis requires correlations for the density, specific
heat, dynamic viscosity, and thermal conductivity of the base
fluid, air, and nanofluids. By curve fitting within a suitable
temperature range, correlations were created from these data.
Table 4 shows the correlations for the thermodynamic and
transport properties of air with a coefficient of determination
very close to 1. The data were obtained from previous studies
considered as databases for air [40-42]. It can be observed in
this case that only the density depends on the static pressure;
that is, the specific volume of air changes with this parameter.
In the case of the other properties, although they also depend
on the change in static pressure, these are much less
influenced.

Table 4. Correlations of the thermophysical properties of air for 300 K < T <500 K (And for density: 100 kPa <P < 600 kPa)

Property Correlation Equation
P
Density (kg/m?3 = 33
ensity (kg/m”) P =5860T (33)
Specific Heat (J/kg-K) c=3.85%107*T% — 0.18T + 1025.73 (34)
Thermal conductivity (W/m-K) k=6.95x1075T +4.94 x 1073 (35)
Viscosity (Pa‘s) p=254x10"172 - 612+ 1078T + 249 % 10~° (36)

Table 5. Correlations of the thermophysical properties of water for 290 K <T <310 K

Property Correlation Equation
Density (kg/m?) p=—478+1073T2 + 2.56T + 653.58 (37
Specific Heat (J/kg'K) c=-219x1072T + 4189.6 (38)
Thermal conductivity (W/m-K) k = —9.73 % 10°T2 + 7.49 + 1073T — 0.77 (39)
Viscosity (Pa-s) u=348+10""T2 —2.28 * 107*T + 3.79 » 1072 (40)

According to the literature on the working fluid in
intercoolers, there is no consensus on the most appropriate
fluid; however, some details are considered depending on the
application. For example, in several applications, a
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combination of water and ethylene glycol is used due to the
environmental conditions, since the fluid’s boiling point is
higher and its freezing point is lower. Similarly, in the WR21
marine engine, seawater is used for intercooling. Therefore,



water will be used as the base fluid in this study, due to its
abundance and favorable thermophysical properties over
ethylene glycol and its combinations, in addition to the greater
number of studies on suspended nanoparticles in this fluid.
These properties are shown in Table 5 with a coefficient of
determination close to 1. The property data were obtained
from several sources considered as a database for water [43-
45] and a curve was fitted as a function of temperature, in a
range of 290 K to 310 K that the system will encounter.

Although nanofluids have been the subject of testing and
research, there is a lack of a comprehensive analysis of their
properties from some aspects, due for example to the different
syntheses of nanomaterials, as well as other physical-chemical
parameters [46, 47]. However, we can refer to some research
carried out to obtain these characteristics. The density and
specific heat of nanofluids at various temperatures and
concentrations have been predicted using the correlations
shown in Egs. (41) and (42), respectively [48, 49]. In the case
of graphene oxide nanosheets, their density has an estimated
value of 1000 kg/m*® [50], while their specific heat of 700
J/kg' K [51, 52].

Pnf = PPnp + (1 — P)ppy (41)

Py = P(PC)np + (1 — ) (PC) 1y (42)

According to the study conducted by Ranjbarzadeh et al.
[53], correlations were developed for the thermal conductivity
and viscosity of graphene oxide dispersed in water for a range
of temperatures (293 K < T < 353 K) and concentrations
(0.04% < ¢ <0.16%) shown in Egs. (43) and (44) respectively.
The correlation of thermal conductivity followed a model
proposed by previous research with graphene oxide [54, 55].
While the correlation of viscosity was evaluated with models
analogous to nanofluids [56].

k

k—:’; = 0.998 + 0.022(T — 273)°81¢101 (43)
Hny _ 1_89eT_—924713+3'71‘¢> (44)
Upr

It is important to mention that in the specific case of
graphene oxide, some physical and chemical parameters are
slightly more influential compared to conventional metallic
nanomaterials. For example, the level of oxidation, the average
number of layers after exfoliation, the surface area size, and
even defects within the nanosheet itself influence the
thermophysical properties and, consequently, its performance
as a working fluid.

3. RESULTS AND DISCUSSION

In this section, we will discuss the influence of three
relevant conditions on the design of these systems. First, we
will evaluate the three proposed cases, i.e., different
compression ratios in each stage, and how this influences the
intercooler’s  thermohydraulic  performance.  Another
important factor to consider is the cooling system that can be
proposed to cool the water passing through the intercooler.
This is related to the temperature delta or the water mass flow
rate; in this case, we will evaluate the former. Finally, we will
analyze the implementation of nanofluids in the system to
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evaluate the intercooler’s heat transfer performance and
pressure drop.

3.1 Influence of the compression ratio

Key intercooler design parameters will be examined, such
as the overall heat transfer coefficient, the heat exchanger
volume, and the pressure drops on the coolant and air sides.
Figure 3 shows the effect of each proposed case on the overall
heat transfer coefficient for different air Reynolds numbers.
This analysis was performed for the same coolant temperature
delta of 7 K at the intercooler. The airside temperature deltas
were 109.4 K, 117.1 K, and 125.0 K for each case,
respectively. Thus, the lower the compression ratio in the first
compressor, the lower the water mass flow rate required in the
intercooler, and consequently, the lower the coolant Reynolds
number. The different data were obtained for intercooler
widths ranging from 0.4 m to 0.9 m. It is possible to identify
that the trend for each case is the same: for the lowest air
Reynolds number evaluated, 4000, the overall heat transfer
coefficient is almost constant. While the air Reynolds number
increases, the overall heat transfer coefficient tends to increase
slightly as the coolant Reynolds number increases. On the one
hand, this behavior can be explained by the fact that turbulent
flows involve greater heat transfer on both sides of the
intercooler. On the other hand, these results, with an air
Reynolds number of 12,000, also show that as the coolant
Reynolds number increases, a nearly constant value of the
overall heat transfer coefficient is reached. Quantitatively,
there was an increase in the overall heat transfer coefficient
comparing the lowest and highest air Reynolds numbers
evaluated: 232.6%, 237.8%, and 239.5% for each case,
respectively.

As support for the results obtained previously, Figure 4
shows the effect of the compression ratio in each stage on the
overall heat exchanger volume for different air Reynolds
numbers. It can be seen that as the coolant Reynolds number
increases, the heat exchanger volume remains almost constant
for all cases and different air Reynolds numbers. It can be
observed that as the compression ratio in the first compressor
increases, a smaller heat exchanger volume is required for the
regimes studied. The need for a larger volume is a
consequence of requiring a larger heat transfer surface area.
These values do not have an inverse trend similar to that of the
overall heat transfer coefficient because for each defined air
Reynolds number, the coolant mass flows are consequently
different, ultimately influencing the NTU value and the
intercooler effectiveness. Additionally, it’s understandable
that higher Reynolds numbers on both sides result in an
intercooler with a significantly reduced volume. For example,
for the airside Reynolds number of 12,000, there was a 212%
reduction in volume between Case 1 and Case 3, while for the
airside Reynolds number of 4,000, there was a 206% reduction
between the two cases.

Then, analyzing the hydraulic performance of the
intercooler with both fluids, Figures 5 and 6 show the effect of
the compression ratio in each stage on the pressure drop on the
coolant and air sides, respectively, for different air Reynolds
numbers. The pressure drop results on the coolant side in
Figure 5 are shown on a logarithmic scale. It is possible to see
that, on the one hand, increasing the air Reynolds number
implies a drop in coolant pressure. This is because, as seen in
the previous figure, larger heat exchangers imply longer
coolant flow distances. On the other hand, increasing the



coolant Reynolds number also tends to increase, because increase in the compression ratio in the first compressor in the

although the friction factor may be slightly lower, the increase system, the pressure drop value is lower, requiring less
in coolant mass flow overcomes it. Additionally, with the pumping power.
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Figure 3. Effect of the compression ratio in each stage on the overall heat transfer coefficient for different air Reynolds numbers
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Figure 4. Effect of the compression ratio in each stage on the heat exchanger volume for different air Reynolds numbers
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Figure 6. Effect of the compression ratio in each stage on the airside pressure drop for different air Reynolds numbers

Figure 6 shows the opposite behavior of the air-side
pressure drop to that shown in Figure 5. For low air-side
Reynolds numbers, a practically constant pressure drop
behavior can be observed, while at high Reynolds numbers
and for the low compression ratio in the first compressor, there
is a slight decline with increasing coolant Reynolds number.
On the other hand, an increasing decline in the pressure drop
is also evident as the compression ratio in the first compressor
increases. This can be explained by the fact that the air
temperature is higher in the third case, and consequently, its
viscosity decreases much more. In general, for an air Reynolds
number of 12,000, the pressure drop represents only 0.13%,
0.06%, and 0.04% of the intercooler inlet pressure for each
case, respectively.

The combined effect of enhanced coolant-side convective
performance and increased heat duty is the main reason why
cases with a higher first-stage compression ratio need a smaller
intercooler volume. Higher temperatures cause more heat to be
extracted from the hot air entering the intercooler, increasing
the necessary coolant mass flow and, in turn, the coolant
Reynolds number for a fixed air mass flow. A greater air-
coolant temperature differential raises the driving LMTD,
while a higher coolant Reynolds number results in a bigger
coolant-side convective coefficient (via Nusselt number
dependence on Reynolds number). As a result, a smaller heat
transfer area is needed for the same heat duty, and the overall
heat transfer coefficient U rises. We see that the coolant mass-
flow strategy determines this outcome; if the coolant mass
flow were maintained constant, the area would have to expand
to fulfill the higher duty.

From the results presented above, it is evident that two-stage
gas turbine systems with different compression ratios
influence intercooler performance. Increasing the compression
ratio in the first compressor results in a higher overall heat
transfer coefficient and lower heat exchanger volume and
coolant-side pressure drop. However, increasing the
compression ratio too much in this compressor could raise the
temperature too much, requiring much more energy in the
second compression stage and affecting the overall cycle
efficiency.

3.2 Influence of the temperature delta on the intercooler

This section presents the evaluated parameters influenced
by the temperature delta in the intercooler. In the previous

2011

section, they were evaluated with a delta of 7 K. In this section,
the parameters with deltas of 5 K and 9 K will be analyzed.
Figure 7 shows the overall heat transfer coefficient evaluated
over a range of coolant Reynolds numbers for the three
proposed temperature deltas. It can be noted that the change in
this temperature delta does not significantly change the heat
transfer coefficient. Although the change in the delta implies a
variation in the coolant mass flow rate, for the temperature
delta values studied, it represents a progressive and inversely
proportional increase in the heat transfer area (to achieve the
same or very close values). Additionally, it is possible to
identify the growth of the overall heat transfer coefficient as
the coolant Reynolds number increases, since this increased
mass flow rate also encourages greater heat transfer. In
addition to the above discussion, Figure 8 shows the influence
of the three proposed temperature deltas on the heat exchanger
volume for a range of coolant Reynolds numbers. All three
curves show a decrease in heat exchanger volume as the
coolant Reynolds number increases. This is due to the
justification explained in the previous paragraph: a smaller
heat transfer area is required with a higher overall heat transfer
coefficient. Furthermore, it can be observed that as the
temperature delta increases, the volume decreases. This is
likely related to the increase in the coolant Reynolds number
and, consequently, to the heat transfer on this side, which leads
to a reduction in the heat transfer area.
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Figure 7. Overall heat transfer coefficient evaluated at
different coolant-side temperature deltas for Re, = 10000
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Figure 8. Heat exchanger volume evaluated at different
coolant side temperature deltas for Re, = 10000

Now, regarding the influence of the coolant-side
temperature delta on the pressure drop, in Figures 9 and 10, we
visualize this parameter for the coolant and air sides,
respectively. Initially, in Figure 9, we can observe, in relation
to the results from the previous section, that the trend for this
parameter will be similar, although with different values. We
can identify that the coolant pressure drop is greater as the
temperature delta increases. On the one hand, although the
coolant viscosity decreases slightly with a larger delta, the
coolant mass flow rate becomes more relevant in this analysis.
On the other hand, having a larger heat exchanger volume
means that the pressure drop is understandably greater. Figure
10 shows a similar trend to the previous one on the air side. As
the temperature increases, there is also a greater pressure drop
on the air side. In this case, having a constant temperature, this
parameter was influenced by the length of the air side of the
heat exchanger.

From the results obtained in this section, we can identify
that while the overall heat transfer coefficient is practically
unchanged depending on the temperature delta on the coolant
side, other design parameters become relevant. Therefore, by
reducing the temperature delta, we can reduce the design and
hydraulic parameters without affecting heat transfer.
However, even though the pressure drop is reduced with this
value, the mass flow rate of the coolant increases, and
consequently, greater pumping power is required, not because
of the pressure drop, but because of the coolant flow rate.

—

(=

o
.
i
4
-
4

—
(=]

—— AT=9K

|
(=
=
=
==}

T

Coolant Side Pressure Drop [kPa]

40007
6000}~
10000

Re,

Figure 9. Coolant-side pressure drop evaluated at different
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3.3 Influence of nanofluid concentration

In this third section of results, the previously analyzed
thermohydraulic parameters will be evaluated with the
addition of graphene oxide nanofluids. These results were
evaluated with a coolant temperature delta of 7 K. Figure 11
shows the influence of nanofluid concentration on the overall
heat transfer coefficient across a range of coolant Reynolds
numbers. The increase in this parameter is clear as the
concentration of the nanosheets increases. A noticeable
increase can be observed even at the lowest concentration, but
this increase is slightly reduced at higher concentrations.

Figure 12 shows the influence of nanofluids on the heat
exchanger volume. As discussed above, while this parameter
is influenced by the temperature delta and the overall heat
transfer coefficient, in this case, the thermophysical properties
of the fluid may also be more important. For example, the
thermal conductivity of the base fluid increases with
increasing temperature, and the increase in this property with
increasing temperature is greater in nanofluids. Even the
specific heat is slightly reduced in the case of nanofluids;
however, it is not as influential as thermal conductivity.
Therefore, the application of nanofluids makes it possible to
design smaller heat transfer equipment.
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Figure 11. Overall heat transfer coefficient evaluated at
different nanofluid concentrations for Re, = 10000

Now, regarding the pressure drop on both sides, Figures 13
and 14 show the influence of nanofluid concentration on the



coolant and air sides, respectively. First, Figure 13 clearly
shows the increase in pressure drop with increasing
concentration. The addition of nanosheets greatly increases
viscosity and, consequently, greater pumping resistance,
requiring greater power. Second, Figure 14 shows the decrease
in pressure drop on the air side due to the decrease in heat
exchanger volume. From these results, it is possible to identify
the potential of adding nanoparticles to base fluids for use in
heat transfer systems. Although greater pumping power is
required in the systems for proper operation, it is possible to
identify that even at small concentrations there is a notable
improvement in the total heat transfer coefficient, which is
reflected in the substantial reduction in the heat exchanger
volume.

By improving the coolant-side heat transfer coefficient and
coolant thermal conductivity at low concentrations, graphene
oxide nanofluids can allow for quantifiable intercooler volume
reductions or increased intercooler effectiveness for a fixed
package. Therefore, in practice a compact GO-cooled plate-fin
core can replace a larger shell-and-tube core for retrofits,
increasing power output or lowering inlet temperatures for the
HP compressor; designers should aim for low to moderate GO
concentrations and use pump-power minimization as the
optimization goal; and a smaller compact plate-fin core can
achieve the same intercooling duty, improving packaging and
reducing duct lengths and associated losses.
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Figure 12. Heat exchanger volume evaluated at different
nanofluid concentrations for Re, = 10000
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Finally, the reasons why compression ratio, cooling
temperature difference, and nanofluid concentration affect
intercooler performance: First, increasing the first
compressor's compression ratio raises the intercooler's air inlet
temperature, which enhances heat duty. This, in turn, tends to
raise the overall convective heat transfer coefficient and lower
the exchanger volume needed for the same duty through
greater coolant flow and Reynolds number. Then higher
coolant delta temperature usually requires higher coolant mass
flow (therefore higher pump power), but it also reduces the
required exchanger area since fewer coolant passes or less area
are needed to remove the same heat. Lastly, higher GO
concentrations allow for smaller cores by improving heat
conductivity and the overall convective heat transfer
coefficient, but they also increase viscosity and coolant-side
pressure drop. Consequently, there is an ideal concentration
that strikes a compromise between pumping penalties and
heat-transfer gains.

4. CONCLUSIONS

In this study, the heat transfer performance and pressure
drop of an intercooler in a gas turbine power plant were
analyzed using graphene oxide nanofluids. Initially, the
influence of different compression ratio pairs in both
compression stages was evaluated, working with the base
fluid. Next, the influence of the temperature delta on the
coolant side of the intercooler was analyzed, also with the base
fluid. Finally, the influence of the graphene oxide nanofluid
concentration on intercooler performance was evaluated.
Initially, the impact of the compression ratio on intercooler
sizing is evident. While the temperature increase due to
increased pressure at the air-side intercooler inlet increases the
heat transfer coefficient, high temperatures can affect the
overall efficiency of the cycle. Therefore, the coolant
temperature delta in the intercooler is also important in the
design of these heat exchangers. Reducing the temperature
delta can lead to a reduction in the exchanger volume and
pressure drop, but the pump flow rate requirement will be
greater, influencing pumping power. Finally, the addition of
nanoparticles to the base fluid showed improvements in the
intercooler’s thermal performance. An increase in the overall
heat transfer coefficient and a reduction in exchanger volume
were observed with increasing nanoparticle concentration.



However, an increase in the pressure drop on the coolant side
is reflected in the increased viscosity of the working fluid.

This study is limited by its one-dimensional and steady-state
modeling technique, which ignores transient operation,
detailed turbulence, and possible long-term impacts such as
fouling or nanoparticle aggregation. Additionally, corrosion
and material compatibility were not assessed. Long-term
stability testing of graphene oxide nanofluids, experimental
validation under realistic flow and temperature conditions, and
three-dimensional CFD simulations with turbulence models
should all be part of future research. Furthermore,
investigating functionalized or hybrid nanofluids may aid in
enhancing thermal performance and reducing viscosity-related
drawbacks. According to the findings, graphene oxide
nanofluids, as opposed to traditional coolants, can improve
intercooler efficiency or enable smaller, lighter heat
exchangers. Practically speaking, this could allow for smaller
plate-fin intercoolers for contemporary maritime or
aeroderivative gas turbines, which would save installation
volume and ducting losses. Moderate GO concentrations could
enhance cooling performance for retrofitting existing systems,
like LMS100 or WR-21 designs, without requiring significant
design changes. These results give manufacturers
recommendations on how to maximize coolant flow rate,
exchanger design, and nanofluid concentration in order to
increase thermal efficiency while minimizing pumping
penalties. This study demonstrates the application of
nanofluids in gas turbine plant cooling systems, as well as the
possibility of integrating new commercial intercooler
technologies into gas turbine plants.
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NOMENCLATURE

OFH7Cc0E<pIErtgR e —T5 "

AP

fin thickness, mm

fin height, mm

plate spacing, mm

fin length, mm

fin spacing, mm

plate thickness, mm

diameter, mm

radius, mm

length, mm

width, mm

height, mm

area, m?

volumetric flow, m3/s

mass flow, kg/s

heat transfer rate, W

specific heat, J/(kg-°C)

thermal conductivity, (W/m-°C)
temperature, °C

convective coefficient, W/(m?-°C)
mass air flow, kg/s-m?

Reynolds number
Prandtl number
Nusselt number
overall  heat
W/(m?-°C)
Friction factor
Colburn factor
pressure drop, Pa

transfer  coefficient,

Greek symbols

=]

N=<L€6 g3V ™

total transfer area/total exchanger volume,
m?/m3

total transfer area/volume between plates,
m?/m3

density, m*/kg

efficency, %

dynamic viscosity, Pa-s

free flow area/frontal area

fin surface area/Total transfer area
nanofluid concentration

heat capacity ratio

effectiveness

Subscripts

fr

nf
bf

np

2016

frontal

coolant side

air side

hydraulic parameter
nanofluid

basefluid
nanoparticle





