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ABSTRACT

The article presents a numerical investigation of the impact of heat exchanger (HE) location on the performance
of the geared turbofan engine (GTF). It discusses the development trend for acro engines, with a primary focus on
the modification of the turbofan engine cycle by the addition of the heat exchanger. This paper presents the current
state of research on heat exchangers and their application in acro engines. The paper focuses on the thermodynamic
model of the GTF engine, with particular emphasis on its modification to study the impact of heat exchangers on
engine performance. The assumptions and limitations of the model are also discussed. The study examines the
effects of various locations of the heat exchanger in the GTF engine, as well as its efficiency and pressure drop,
on the engine overall performance, as measured by thrust and specific fuel consumption (SFC). The study demon-
strates that the use of HE has a positive effect on engine thrust, but it also leads to an increase in SFC. According to
the results, the HE should be positioned in the core engine of the GTF to achieve maximum thrust. This is achieved
when the HE core flow inlet is located at approximately half the pressure ratio of the high-pressure compressor
(HPC). It was found that the cold side pressure losses of the HE have a significant impact on engine performance
for high bypass ratio turbofan engines. The conclusion can be drawn that when designing a heat exchanger, it is of
the utmost importance to take care to minimize its impact on pressure losses in the external channel of the engine.

Keywords: turbofan engine; turbofan with heat exchanger; modified turbofan engine.

INTRODUCTION reducing aircraft emissions, primarily through a
change in propulsion system concept [3, 4]. One
such option being offered to the aviation industry
is electric or hybrid propulsion system [5]. Stud-
ies [5, 6] have demonstrated that using hybrid
propulsion compared to conventional ones has

environmental benefits.

In response to regulations from international
organizations such as the European Union and
the International Civil Aviation Organization,
new requirements have been established for
aircraft engines with the objective of limiting

their detrimental impact on the environment [1].
Ongoing research is being conducted on con-
ventionally powered aircraft with the objective
of identifying issues with greenhouse gas emis-
sions as well as other pollutants emitted during
typical flight operations. These studies are based
on the findings presented in works [1] and [2].
Conversely, new solutions are being developed
with the aim of significantly or even completely

However, due to the current state of techno-
logical advancements in the field, it is improb-
able that batteries or other forms of electricity
will be able to efficiently power large passenger
and transportation aircrafts in the near future [3,
7]. Considerable effort is constantly put into im-
proving aircraft propulsion systems, particularly
with regard to efficiency and minimizing nega-
tive environmental effects by lowering noise and
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pollutant emissions [3, 7]. The goal of ongoing
efforts is to alter the thermodynamic cycle and
architecture of engines currently in use. One
strategy to increase engine efficiency is to look
for novel alternative fuels [7]. Simulation stud-
ies conducted in this area, as evidenced by works
[8, 9], in conjunction with real-world experiments
[10, 11], have yielded disparate results. In work
[9], the potential for a significant 40% reduction
in CO emissions in comparison to conventional
aviation fuel has been demonstrated. Neverthe-
less, tests conducted on a microturbine [11] dem-
onstrated that an increase in the content of bio-
components resulted in a discernible rise in CO
emissions and a slight elevation in certain other
gases (HC and NO ).

The strategy for utilizing the current turbine
engine is the modification of its cycle, which can
be implemented in a number of ways. For exam-
ple, adding a burner between the turbines to boost
efficiency, as mentioned in [12—15]. As demon-
strated in [12], the two-combustor engine exhibits
a reduced total pressure ratio (smaller compres-
sor) in order to achieve the same take-off thrust at
a comparable air flow as a conventional turbofan.
A diminished pressure ratio results in an elevated
specific fuel consumption during take-off opera-
tions. However, during flights at high speeds, the
performance of a two-combustor engine is more
advantageous than that of a conventional turbofan
engine. In works [13, 14], it is demonstrated that
the use of an engine with an additional combus-
tor reduces the turbine inlet temperature substan-
tially and the associated cooling requirements and
NO, emissions.

The next promising engine modification
method involves modifications to the cycle
through intercooling and reheating, as discussed
in [16—18]. The PW-1000 family of GTF, manu-
factured by Pratt and Whitney, is a highly success-
ful type of turbofan engine modification by gear
application between fan and low-pressure shaft. It
has significantly reduced fuel consumption, mini-
mized noise pollution, and increased engine ef-
ficiency [19, 20]. The concept of intercooling and
regeneration as a simple jet engine modification
is discussed in [16, 17, 21]. The articles cover the
use of reheating and intercooling techniques to
increase engine output power and thrust. Further-
more, the text discusses the use of a heat exchang-
er to transfer a portion of the energy from exhaust
gases to the combustion chamber, which results
in a reduction in fuel consumption. In reference
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[22], the thermodynamic cycle and technological
advancements required for the implementation
of an intercooler and exhaust gas recovery in a
three-shaft turbofan are analyzed. The engine has
been optimized for long-range flights. The weight
of the heat exchanger and engine emissions has
been estimated.

In [16], the performance characteristics of a
traditional turbofan engine with intercooling and
regeneration were examined. The analysis con-
firmed that the engine with only an intercooler
consumes more fuel and has a lower thermal
efficiency than the typical engine. On the other
hand, the engine that includes both a regenera-
tor and an intercooler has a higher thermal effi-
ciency and uses less fuel than the typical engine.
The engine that achieves the highest thermal ef-
ficiency and the lowest specific fuel consump-
tion is the one that solely employs regeneration,
even though it generates less thrust.

In [23], the authors analyze a turbofan with an
intercooler application for a typical mission. The
findings indicate that by increasing the overall pres-
sure ratio (OPR) while maintaining constant com-
bustor input and outlet temperatures, a turbofan en-
gine without intercoolers can burn 3.4% less fuel.

Oxford University and Rolls-Royce UK con-
ducted a study on intercooling and regeneration as
part of the EU Framework 6 New Aero Engine Core
Concepts (NEWAC) program [24, 25]. They de-
signed an annular zigzag configuration around the
core using corrugated heat exchangers, and the duct-
ing system was tested by Loughborough University.
Efforts were made to minimize the installation pen-
alty of the intercooler system [26, 27] and reduce
pressure loss in both the intercooler and its ducting
system [28, 29]. In order to optimize the bend of the
intercooled core, it is important to reduce pressure
loss and minimize installation penalties. The study
of pressure loss investigation in the heat exchanger
intended for aero engines is presented in [30, 31].
A heat exchanger made of elliptic cross-section
U-tubes stacked in a 4/3/4 pattern is tested in this
work. The study verifies that the sort of heat ex-
changer under examination may be fitted using a
quite straightforward quadratic pressure drop rule.
It is also stated that the modeling approach de-
scribed here cannot be applied to any random form
of heat exchanger used in an aero engine.

The intent of work done in [32] was to optimize
heat exchanger shapes for the recuperation process.
Two entirely new and cutting-edge heat exchanger
concepts were produced as a result of the geometry
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optimization procedure that was supplied through
CFD computing to maximize the recuperation ben-
efits of the intercooled recuperated aero engine. The
findings demonstrate that it is feasible to lower spe-
cific fuel consumption (SFC) by more than 10% by ad-
hering to the heat exchanger approach.

A 3D printed shell-and-tube heat exchanger fea-
turing an octahedral lattice structure was the subject
of a recent study presented in [33]. An inquiry into
experiments was conducted to validate the study’s
simplified description of the heat-flow process. The
outcomes demonstrated that as flow rate increases on
the tube side, so does the effectiveness of heat trans-
mission. Under the heat exchanger’s tested condi-
tions, the tested facility’s heat transfer effectiveness
ranges from 0.7 to nearly 0.85.

The utilization of heat exchangers in commer-
cial turbofan engines remains an unsolved topic. No
commercial engine has been put yet into operation,
but research in this field is underway. The two heat
exchanger positions in the core engine, one for recu-
peration after the high-pressure compressor (HPC) and
one for reheating between the low-pressure com-
pressor (LPC) and HPC, have been the subject of re-
search on aero engines. While there have been sug-
gestions for specific remedies for heat exchanger (HE)
in various areas, HE localization within the HPC
have not been investigated yet. The compressor with
heat exchanger requires redesigning, and its axial
size must be increased for HE inlet and_outlet loca-
tion. However, the development of such an engine
concept could be pursued if this redesign improves
the engine’s performance. This paper models and an-
alyzes the impact of the several positions of the heat
exchanger within the HPC on engine performance.

TURBOFAN ENGINE CONCEPT
WITH HEAT EXCHANGER AND
ITS NUMERICAL MODEL

The GTF engine was selected to investigate the
influence of the HE location on engine performance.
Previous studies have shown that the GTF has a
more favorable pressure distribution between com-
pressors due to its higher low-pressure compressor
pressure ratio (LPC PR) compared to the classical
turbofan (TF) [19, 20]. As a result, the gas tempera-
ture in the LPC outlet is higher, making the heat ex-
changer located after the LPC more efficient. This
study assumes a counter-flow heat exchanger due
to its higher efficiency in heat exchange [34]. Previ-
ous works have studied this type of heat exchanger

[16-18]. The study examines a GTF engine with a
heat exchanger, but the presented results can be gen-
eralized to other types of turbofan engines.

Figure 1 presents the cross-section numbering of
the tested engine schemes. The base engine (Fig. 1a)
is the GTF without HE. GTF with HE located before
HPC called HE (1) is shown in Figure 1b. GTF with
HE located in the middle of HPC — HE (2) is on Fig-
ure 1c and the GTF with HE in the exit of HPC —HE
(3) is in Figure 1d. The cross-section specification
of the engine presented in Figure 1 is used in the en-
gine model and analysis. The nomenclature of the
main cross-sections applied is typical for a bypass
engine and therefore will not be discussed in detail.
However, additional HE cross-sections are briefly
presented. Section 26 is located in the HE inlet of
the core engine, and section 28 is located in the HE
outlet of the core engine. In certain locations of the
heat exchanger, such as between the LPC and HPC
in the core engine, section 26 is identical to section
23 (LPC outlet), and section 28 is identical to section
25 (HPC inlet). In the bypass flow heat exchanger,
the inlet is labeled 13 and the outlet is labeled 16,
as shown in Figure 2. In section 26, the temperature
of the core flow entering the HE is higher than the
temperature of the bypass flow in section 13. As a
result, the temperature of the bypass flow (cold side
flow) increases in the HE, while the temperature of
the core flow (hot side flow) decreases. According
to [34], for steady-state analysis where heat accu-
mulation in the HE material can be neglected, the
energy balance is written as:

Qex = My3P1 (Teae — Teaz) = (1)
= My6CP2(Tr26 — Trag)
where: Q'EX [J/s] — heat flow rate through a heat ex-
changer, m , [kg/s] — heat exchanger cold
side air mass flow rate, m, [kg/s] — heat ex-
changer hot side air mass flow rate, cp, and
cp, [J/(kg'K)] — the specific heat values at
constant pressure of air in the temperature
range (T, T, ,) and (T,,-T,,) respectively, T,
[K] — total temperature of gas in the speci-
fied engine section.

To evaluate exchanger heat flow rate, its ef-
ficiency is defined as [34]:
Q

Mpx = 5 2)

Qpx_max

where: QEXmax is the maximum possible heat
flow rate. In counter-flow heat exchanger,
the maximum possible heat exchange is
defined as the smaller value of:
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Figure 1. Cross section of a) GTF, b) GTF with heat exchanger between LPC and HPC — HE (1),
¢) GTF with heat exchanger in HPC — HE (2), and d) GTF with heat exchanger after HPC — HE (3)
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Figure 2. Heat exchanger cross section.

'Q‘Ex_max =
{m13cp1 (Tr26 — Tr13) (3)
My6CP2 (Tez6 — Te13)

For a high bypass ratio (BPR) engine, the core
flow rate (rh,,) is significantly lower than the by-
pass flow rate (h,,). Additionally, the heat values
at constant pressure are at a similar level for both
streams. Therefore, minimum heat flow rate is:

QEx max = M23CPq (Te26 — Tt13) 4)

The pressure loss on the hot and cold side
of the heat exchanger is an important feature of
HE. Pressure loss modelling and evaluation for
different types of heat exchangers have been
examined in various studies [23, 26, 29-31,
33]. The results indicate that pressure loss fol-
lows HE construction and flow parameters,
such as mass flow rate, flow velocity, and
Reynolds number. According to the results in
[33], hot side pressure losses are significantly
higher than cold side losses. The hot side tube
is thinner and has a more complex flow chan-
nel, which increases flow resistance. In con-
trast, the cold side has lower flow resistance
due to its aligned tube arrangement. The re-
sults indicate that pressure losses range from
14-26% for the hot side flow and about 1% for
the cold side in the tested HE type.

This work presents a methodology for cal-
culating pressure losses in a heat exchanger,
utilizing coefficients for the hot and cold sides,
defined as follows:

Ptag

OEx h = Prze (%)
P,
OFEx c — ﬁ (6)

where: P, [Pa] represents the total pressure of the
gas flow in the heat exchanger sections as
specified by the subscript.

This study assumes a general counter-flow
HE, rather than any previously tested specified
type. The purpose of this study is to investigate
the location of the HE and its influence on the by-
pass engine performance. Detailed construction
of the HE is not a goal of this work, therefore the
engine mass growth due to HE application is not
analyzed. The authors are aware that HE applica-
tion increases engine mass and length, but a more
detailed engine definition is needed for analysis
in this case. The GTF thermodynamic model was
used in this study to analyze the overall impact
of HE on engine performance. The examined HE
efficiency ranged from 50% to 90%, with cold
side pressure losses of 3% and hot side losses of
8%. When examining HE pressure losses, HE ef-
ficiency of 70% was assumed.

The MATLAB preparation of the GTF en-
gine and the GTF with heat exchanger engine
model employs the 1D mean line model, which
considers the secondary air flow for turbine
cooling as presented in [19, 36]. Figure 3 illus-
trates the functional blocks model for the GTF
with heat exchanger between LPC and HPC.
For other HE locations engine model is similar
with the HE offset along the HPC.

The functional blocks represent the numerical
model of the engine components, including the
inlet, fan, compressor, burner, turbine, propelling
nozzle, and heat exchanger. These blocks cover
the typical equations describing energy, mass, and
momentum conversion found in literature (e.g.,
[21, 37]). The semi-perfect gas model presented
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Figure 3. Functional block model of the GTF with a heat exchanger

in work [38] is applied to the GTF engine inter-
nal flow modeling. Flow parameters, such as gas
mass flow, temperature, and pressure, are trans-
ferred among the blocks. The HPC, HPT, Fan,
LPC, and LPT are matched by energy balance.
The bleeds in the engine compressor section for
turbine cooling and customer purposes are mod-
eled according to references [21, 37]. The cooling
turbine model is adopted from reference [39]. Flow
continuity equations are fulfilled inside the engine.
Additional parameters, such as pressure loss and ef-
ficiencies of some engine components, are specified
according to contemporary high bypass GTF engine
data presented in references [17, 36].

The analysis presents the design point (DP)
which is defined by an altitude of 11 km, a
flight Mach number of 0.8, an air mass flow
of 240 kg/s, and ambient pressure and tem-
perature specified by The International Stan-
dard Atmosphere (ISA). Table 1 shows the
other main engine parameters. In the engine
analysis with HE, all parameters such as the
HPT turbine inlet temperature (TIT) and over-
all pressure ratio (OPR) and efficiencies of the
engine components are at the same level as for
the base GTF. Heat exchangers introduce ad-
ditional pressure and thermal losses, which are
discussed below. In all cases where the engine
is equipped with HE, the outlet temperature of
the HPC is expected to be lower than that of
the base engine. The HPT cooling bleed is lo-

coolant temperature in the HPT cooling pro-
cess, the coolant mass flow is reduced.

For the base GTF without HE, it is assumed that
there is HPC bleed after the 4-th stage of 3% core
flow for LPT cooling and additional bleed after HPC
of 8% core flow for HPT cooling. For the GTF with
HE, it is assumed that the air bleed for HPT cooling is
located in the same position as in the base GTF. The
amount of extracted coolant decreases to provide the
same amount of heat extracted from the main stream
of HPT as in the base GTF. This Equation is satisfied
for all studied engines:

Qupr_coot = M23 Beoor €P (Tea — Tez) = const  (7)

where: Q(HPT cool) [J/s] — heat exchanged between
the cooling flow and the HPT main flow,
m,, [kg/s] —engine core mass flow rate,
B... [-1 = HPT coolant mass flow to core
engine mass flow ratio,7,, T, [K] — total
temperatures at engine sections 3 (HPC
outlet) and 4 (HPT inlet). For GTF with
a heat exchanger, g decreases due to a

decrease in HPC outlet temperature T,.

The objective of this study is to analyze the
engine thrust and SFC of the studied engines.
The net thrust of the turbofan engine and is de-
fined as follows:

T=Th8u8+A8(P8—Pa)+ ]
+ mygug + A1g(Pig — Py) — mpug (®)

Specific fuel consumption is defined as:

m
cated in this area. To compensate for the lower SFC = % ©)
Table 1. GTF engine main parameters
Parameter Symbol Unit Value

Bypass ratio BPR - 12

Fan pressure ratio FPR — 1.42

Low pressure compressor pressure ratio LPC PR — 2.3
High-pressure compressor pressure ratio HPC PR — 13.9

Turbine inlet temperature TIT K 1680
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where: T [N] — net thrust, SFC [kg/(Ns)] — spe-
cific fuel consumption, m,, m,, m , [kg/s]
— mass flow rate at the engine inlet, inter-
nal nozzle exit and external nozzle exit,
m,  [kg/s] — fuel mass flow rate u, u,,
u., [m/s] — flight speed, flow velocity at
the internal nozzle exit and at the external
nozzle exit, P_[Pa] — static ambient pres-
sure, P, P . [Pa] — static pressure at the in-
ternal and external nozzle exit, 4, 4, [m’]
— area of internal and external nozzle exit.

RESULTS AND DISCUSSION

The impact of various HE locations for vari-
ous efficiencies on GTF engine performance is
presented in relation to the base GTF engine.
Therefore, Table 2 shows the data calculated for
the GTF without HE. The main performance pa-
rameters are similar to the data presented in [20],
where the PW1100 engine is analyzed.

Impact of heat exchanger efficiency and
its location on engine performance

Table 3 presents the results of engine perfor-
mance parameter calculations for three specified
locations of the HE in comparison with the GTF
without HE. The third column contains the results
for the GTF without HE, the fourth one for the
HE located between LPC and HPC, the fifth one

Table 2. Calculated GTF engine at design point

for the HE located inside HPC, and the last one
for the HE located after HPC. The presented re-
sults are for 70% HE efficiency. It appears that
the engine thrust increases with the application
of HE, with the greatest thrust being for the GTF
with HE located inside HPC.

The use of HE application has a negative im-
pact on fuel-consumption, as it causes a rise in
fuel mass flow that is not compensated by an in-
crease in thrust. This results in an observed rise in
SFC. The significant increase in fuel consumption
is caused by a decrease in burner inlet temperature
Tt31 in GTF with HE, which is more prominent
when the HE is located further inside the HPC.

Figure 4 presents the results for a wide range
of HE efficiency, from 50% to 90%. Relative
thrust is calculated by dividing the thrust by the
base GTF, and relative SFC is calculated by di-
viding the SFC by the base GTF SFC.

The optimal improvement in thrust is achieved
when the entrance to the HE from the internal duct
is positioned inside the HPC, as shown for HE(2)
in Figure 4a. A slightly lower increase in thrust is
achieved when the HE is located behind the HPC,
as shown for HE(3). Placing the HE between the
LPC and HPC results in only a slight increase in
thrust (HE(3)). In all cases studied, an increase in
HE efficiency positively influenced engine thrust.

It was found that the SFC increases in all
cases of HE locations (Fig. 4b), which is a nega-
tive effect of HE application. This phenomenon
has also been observed in recent studies [17,

Parameter Unit Value
Inlet air mass flow kgls 240
Core engine mass flow kg/s 18.46
Fuel mass flow kg/h 1484
Thrust kN 25.78
Specific fuel consumption kg/N/h 0.057565

Table 3. Chosen performance parameters for the GTF without HE and the GTF with HE located at three

locations in the HPC.

Parameter Unit No HE HE (1) HE (2) HE (3)
HE efficency % - 70 70 70
T K 811 682 539 435
B_HPTcool - 0.08 0.0696 0.0609 0.0541
Fuel mass flow kg/h 1484 1725 1992 2189
Thrust kN 25.78 26.90 28.66 28.43
SFC kg/N/h 0.057565 0.064138 0.069488 0.076995
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Figure 4. a) relative thrust of GTF with a heat exchanger, b) relative SFC of GTF with a heat exchanger

18, 21], in which the heat exchanger was situ-
ated between the low-pressure and high-pres-
sure compressors. The results demonstrate that
the location of HE has a significant impact on
SFC. However, if HE is located more towards
the front of the engine, the increase in SFC is
smaller. When HE is located closer to the burner
in the core engine, there is a significant increase
in SFC. The efficiency of HE has a smaller im-
pact on SFC, particularly for HE located at the
front of the engine. When the HE is located clos-
er to the combustion chamber, its efficiency has
a greater effect, resulting in a higher increase in
SFC. In general, it can be concluded that an in-
crease in HE efficiency has a positive impact on
thrust and a negative impact on SFC.

The results presented suggest that the lo-
cation of the HE relative to the HPC has a
significant impact on engine performance,
particularly on thrust growth. Therefore, it is
possible to optimize thrust by specifying the
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HE location in the core engine. Simulations
were conducted to test this hypothesis, with
HE efficiencies of 70% and 80%, while vary-
ing the position of the HE location in the HPC.
The results are presented in Figure 5, where
HE PR in HPC corresponds to the HPC PR.
In the case where HE PR in HPC = 1, this in-
dicates that HE is before HPC, while HE PR
in HPC = 14 signifies that HE is behind HPC.
All other intermediate values correspond to
the heat exchanger location at a specific value
of the HPC PR. The results indicate that the
maximum thrust is achieved when the HE is
located in HPC PR about 6-7, which is ap-
proximately half of HPC PR, regardless of the
HE efficiency. Higher HE efficiency leads to
a higher thrust increase, which is consistent
with previously presented results.

SFC continuously increases as the HE loca-
tion is moved along the HPC. Higher HE effi-
ciency enhances the effect of SFC growth.
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Impact of heat exchanger pressure losses
and its location on engine performance

This chapter discusses the impact of pres-
sure losses in the HE on engine performance.
The initial pressure loss was assumed to be 3%
for the cold side and 8% for the hot side of the
HE. Figure 6 shows the results for this case rep-
resented by the blue line. The other presented
lines are for decreased pressure losses of one
HE side of 10% and 20% respectively. Thus for
HE cold side pressure losses reduction of 10%
and 20% pressure losses coefficient is 0.986
and 0.984 while HE hot side loss coefficient is
kept constant and equal to 0.92. (lines purple
and green).For HE hot side pressure losses

reduction of 10% and 20% pressure losses co-
efficient is 0.928 and 0.836 while HE cold side
pressure loss coefficient is kept constant and
equal to 0.97 (lines red and orange).

The results demonstrate that reducing pres-
sure losses in the HE has a positive effect on
engine performance, resulting in increased
thrust (as shown by the blue line at the bottom
of Figure 6a) and decreased SFC (as shown by
the blue line at the top of Figure 6b). Notably,
reducing pressure losses on the cold side of the
HE has a greater impact on the analyzed pa-
rameters than reducing losses on the hot side.
Specifically, a 10% reduction in cold side pres-
sure losses yields better results than a 20% re-
duction in hot side losses. The higher bypass
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Figure 6. Results of HE location measured by HE PR at HPC for initial HE pressure loss
and pressure losses improved by 10% and 20% a) relative thrust, b) relative SFC

ratio (BPR) of the analyzed engine results in a
greater effectiveness of pressure loss reduction
on the cold side. This is due to the larger air-
flow in the bypass engine and its contribution
to engine thrust production.

To provide a more comprehensive illustra-
tion of the outcomes depicted in Figure 6, Figure
7 presents the results for HE situated at HPC PR
=7, which yielded the most pronounced thrust
enhancement. AT and ASFC are defined as:

T(red PR loss)—T(initial PR loss)

AT =
T(initial PR loss)

x 100%(10)
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SFC(red PR loss)—SFC(initial PR loss)
SFC(initial PR loss)

ASFC = x 100%(11)

where: red PR loss means reduced pressure loss
of HE, and initial PR loss means pressure
losses initially assumed: 3% for the cold
side and 8% for the hot side of HE.

Reducing pressure losses has a similar im-
pact on both engine thrust and SFC. Specifically,
a 10% reduction in hot side HE PR loss results in
a 0.2% increase in thrust and a corresponding de-
crease in SFC. Similarly, a 20% reduction in cold
side HE pressure losses leads to a 1% increase in
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Figure 7. a) Engine thrust increase and b) SFC decrease by HE pressure losses reduction

thrust and a corresponding 1% decrease in SFC. In
general, reducing HE pressure losses has a posi-
tive impact on engine performance. For the tested
high bypass ratio GTF, reducing pressure losses in
the cold HE side has a stronger effect than reduc-
ing pressure losses in the hot side HE. This sug-
gests that in GTF HE design, particular attention
should be paid to reducing pressure losses in the
cold side (bypass duct flow). However, achieving
this requires a compromise between HE efficiency

and pressure losses, as increasing HE efficiency
would necessitate a more complex HE design, re-
sulting in a higher pressure drop [34].

CONCLUSIONS

The geared turbofan engine with a heat ex-
changer is a prospective solution for improv-
ing the efficiency of large turbofan engines that
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power passenger and transport aircraft. Research
in this area focuses on developing the heat ex-
changer and analyzing the engine’s performance
with it. Previous studies have tested engines with
HE mounted between the low- and high-pressure
compressors. This study examines the effect of HE
located inside the HPC on engine performance.

The main conclusion of the work is that plac-
ing the HE inside the HPC allows for a larger
growth in engine thrust compared to when the
HE is placed before or behind the HPC. In the
analyzed cases, the forecasted increase in thrust
is up to 18% compared to the base engine with-
out HE. A detailed analysis of the location of the
HE along the HPC reveals that the greatest thrust
is achieved when the HE is positioned inside the
HPC, with the PR at approximately 0.5 times the
HPC PR. This suggests that the concept of plac-
ing the HE inside the HPC has great potential for
increasing thrust.

The use of HE in the GTF leads to an in-
crease in fuel consumption and additionally SFC
grow. This effect is not favorable, as the increase
in fuel consumption significantly exceeds the in-
crease in thrust.

Furthermore, increasing HE efficiency has
a positive impact on thrust but causes an unex-
pected increase in SFC. A positive effect is ob-
served when reducing HE pressure losses. This
results in increased thrust and reduced SFC.
These effects are more significant for HE cold
side pressure drop reduction.

However, this study only assesses the impact
of HE application on the engine’s performance,
without considering other factors such as the in-
creased weight and length of the engine or the
analysis of heat exchanger construction to meet
the strength requirements resulting from the
increased pressure difference between the core
flow and bypass flow. These aspects will be sub-
jected to further investigation in future studies
once the engine in question has been accepted
for use with the HE concept. Our efforts will
continue to focus primarily on seeking modifi-
cations to the engine with a HE that will result
in a reduction in SFC. We expect to achieve this
by, for example, increasing the engine pressure
ratio while considering all limitations, includ-
ing the minimum blade height as in [40]. The
next significant issue to consider will be the im-
pact of this solution on the change in engine ro-
tors dynamics and the resulting loads generated
on the engine bearings. The alteration of rotor
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dimensions and the positioning of supports can
present a significant challenge, particularly in
the context of operational loads on turbine en-
gines, as evidenced by the findings in [41, 42].
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