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Abstract

The prime mover of current-day auxiliary power units (APUs) onboard pas-
senger aircraft is a small single-shaft gas turbine. Given the low overall pres-
sure ratio and turbine inlet temperature of these engines, their thermal
efficiency is low and typically in the range of 15—20%. For a short-range
flight, the fuel consumption of the APU amounts to approximately 1.0-1.5%
of the mission fuel mass. Therefore, an improvement in APU efficiency is
desirable. This paper documents an investigation of the feasibility of adding
an organic Rankine cycle (ORC) waste heat recovery (WHR) system to the
APU. Furthermore, the simulations and resulting analysis of this simple con-
figuration provide a test case to verify a newly developed multidisciplinary
design method based on reduced-order models of the aircraft, the gas
turbine, and the ORC system in preparation for more complex studies on
so-called combined-cycle power units and engines. The simulation infra-
structure is implemented in Python and allows for the analysis of the
thermodynamic performance and the estimation of the system size and
mass. This method is coupled with an optimizer to identify the combined-
cycle APU (CC-APU) design leading to the lowest mission fuel mass, under
the assumption that the CC-APU is only used to provide power during
ground operation. The case study considers the replacement of the 250 kW
APU of an Airbus A320neo with the envisaged CC-APU and investigates its
impact on mission fuel burn for a 600 NM mission. Results indicate that the
fuel consumption of the CC-APU associated with the provision of ground
power can be 50% lower than the fuel consumption of the currently
installed APU. This corresponds to a reduction of overall mission fuel mass
of 0.7%. The thermal efficiency of the optimal CC-APU design is 34% and
the dry mass is 148 kg. The ORC WHR unit features an estimated mass-spe-
cific power of 1.7 kW/kg. The design of the ORC WHR unit is driven by
system size and mass constraints rather than achieving optimal thermo-
dynamic performance. This is in contrast to conventional applications of
such systems for stationary applications. In the future, the developed simu-
lation infrastructure will be extended to assess the feasibility of ORC WHR
systems for larger power-capacity aircraft engines.

Introduction

Efforts to make aviation environmentally more sustainable mostly focus
on fuel burn reduction during flight. While the main engines cause the
majority of ground-based emissions, extended operating times of auxil-
iary power units (APUs) combined with their poor thermal efficiency of
around 18% (Stohlgren, 1983; Stohlgren and Werner, 1986) contribute
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a non-negligible share to overall pollution. The purpose of APUs is to provide secondary power in the form of
compressed air to the environmental control system (ECS) or to the main engine starter, and electrical power to
other auxiliary systems. Normally, APUs are operated only on the ground. However, in emergency situations,
they can also provide a limited amount of power during flight. The availability of ground power often determines
whether the APU has to be used for extended times, and some airports impose restrictions on their use. Such
restrictions, for example, dictate maximum APU running times in case both electrical power and compressed air
can be provided at the parking stand. According to the database of the Boeing Company (2022), 137 out of 651
airports enforce regulations on the use of APUs.

To better quantify the impact of APU-induced emissions, Padhra (2018) conducted a field study tracking the
APU usage of 200 Airbus A320 aircraft in service in Europe on short-range routes between 125 airports. Data
related to more than 25,000 turnarounds were obtained from the flight data recorders of these aircraft. The ana-
lysis of these data specifically addressed APU-induced emissions during aircraft turnaround operations while in
the parking position. The study concludes that the use of electric grid power can lead to ground emission reduc-
tions of about 50%. Furthermore, time stamps of APU usage after arrival at the stand and before departing from
the stand show that only in 6% of the cases the time restrictions imposed by airport regulations are complied
with. It is highlighted that especially unforeseen delays in leaving the parking position cause unnecessarily long
APU running times.

APU-related emissions can be lowered by increasing the availability of ground power at airports and by
improving APU thermal efficiency. The thermal efficiency of gas turbines can be enhanced by increasing the
overall pressure ratio (OPR) and turbine inlet temperature (TIT) and/or by further optimizing turbomachinery
aerodynamics. However, some of these improvements are difficult to achieve if the power capacity is low.
Small-scale effects penalize turbomachinery efficiencies and make turbine blade cooling unfeasible, which, in
turn, limits the maximum TIT (Bentele and Laborde, 1972). One way of circumventing these inherent limita-
tions on the thermal efficiency of small gas turbine engines may be the addition of an organic Rankine cycle
(ORC) system to convert the thermal energy of the gas turbine exhaust into additional power. However, the
knowledge base on the design of such systems and their impact on aircraft emissions is still very limited and
inconclusive regarding the concept of waste heat recovery (WHR) onboard of aircraft.

Perullo et al. (2013) were the first to investigate the feasibility of the integration of an ORC WHR system
with a CFM56 turbofan engine. They considered a retrofit scenario by adopting an air-cooled subcritical recuper-
ated ORC configuration using R245fa as the working fluid. In their design, the condenser is integrated into the
engine air intake lip, while the evaporator is integrated into the walls of the engine core nozzle. The ORC pump
and turbogenerator are integrated into the nacelle and engine pylon, respectively. It is envisaged that the ORC
turbine is used to power the electrically driven air compressor of the ECS, which requires 200 kW of electrical
power. Component sizing is not included in the study, while, solely based on the thermodynamic cycle calcula-
tions for the engine design point and assuming a mass of the WHR system of 430 kg per engine, results lead to
estimating that fuel savings of 0.9% are possible for a typical short-range flight.

Zarati et al. (2017) investigated the integration of an ORC WHR system with a 2 MW-class turboprop
powering a regional aircraft. A retrofit scenario is studied. An air-cooled subcritical non-recuperated ORC
WHR unit using R245fa as the working fluid is modeled and simulated, including the sizing of both plate-fin
heat exchangers. The evaporator is located in the exhaust duct of the engine, and the condenser is housed in a
separate ram-air duct. The possibility of reducing ram-air duct drag by exploiting the Meredith effect is also
considered. It is concluded that the thermal energy transferred from the condensing working fluid to the air
generates sufficient thrust to overcome the drag caused by the air intake, duct, and heat exchanger core. On
and off-design simulations are carried out, and the system is optimized to provide maximum heat recovery
during cruise. No details regarding the optimization procedure are given. Furthermore, it is determined that
transferring the ORC turbine power directly to the low-pressure shaft of the engine yields the largest fuel
savings. The envisaged combined-cycle engine results in a reduction of mission fuel mass of 1.7% for a
300 NM trip in comparison with the benchmark engine. The exhaust gas temperature of the engine is 750 K,
and the ORC turbogenerator provides 100 kW of shaft power. The designed WHR unit has a mass-specific
power of 0.33 kW /kg. Additionally, based on the assumption of an ORC turbine mass-specific power of
0.5 kW /kg, the ORC turbine is identified as the major contribution to ORC system mass (70%) followed by
the condenser (20%).

Hughes and Olsen (2022) analyzed the addition of an ORC WHR unit to the internal combustion engine
(ICE) of a parallel-hybrid electric drive train for a small general-aviation aircraft. The performance of a fuel-
cooled subcritical non-recuperated ORC system is investigated by assuming five different hydrofluroolefins as the
working fluid. In contrast to the studies of Perullo et al. (2013) and Zarati et al. (2017), the prime mover is
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downsized so that the combined-cycle hybrid drive train fulfills the specified power requirement. Three different
aircraft with a power requirement of the combined-cycle engine ranging from 100—300 kW are investigated.
Component sizing is not performed, and the impact of added system weight is investigated using a parametric
study. Only the on-design performance of the system is analyzed. For three investigated aircraft types, an ORC
mass-specific power above 0.8 kW /kg leads to a fuel burn reduction of around 13%.

Similar work on the integration of a supercritical CO, WHR system with turbofan engines of long-range air-
craft was performed by De Servi et al. (2017) and Jacob et al. (2017). The large power of the engine, the pos-
sible advantage of a very dense working fluid on built volume, and the favorable thermodynamics of a
supercritical cycle configuration in the case of WHR are the foundation of the choice of CO, as the working
fluid. Both studies consider recuperated thermodynamic cycles of the WHR system with the heater located right
after the low-pressure turbine in the core duct and the cooler in the bypass duct of the turbofan engine. Heat
exchanger sizing is also carried out. De Servi et al. (2017) and Jacob et al. (2017) identified suitable WHR
system designs by means of parametric studies. Both designs result in a WHR system turbine power output of
around 1,000 kW. Downsizing of the gas turbines is not considered. The turbofan engines considered by Jacob
et al. (2017) and De Servi et al. (2017) have an exhaust gas temperature of 615 K and 780 K, respectively. The
latter value is considerably higher due to the lower assumed technology level and, therefore, a lower thermo-
dynamic efficiency of the turbofan engine. Despite the similar configurations between the two studies, i.c., a
high bypass ratio turbofan engine, an air-cooled recuperated WHR system architecture, CO, as the working
fluid, and the same condenser and evaporator placement, the estimation of the component weights is largely dif-
ferent. Therefore, the results regarding fuel mass-saving potential are opposing. Jacob et al. (2017) report a fuel
mass reduction of 1.9%, and De Servi et al. (2017) report that the efficiency increase of the combined-cycle
engine is insufficient to counter the added system weight.

The results presented in the reviewed literature on ORC WHR systems onboard aircraft suggest that there
may be a beneficial effect in terms of fuel consumption reduction. However, the work conducted on this topic
does differ in the level of modeling fidelity and considers component sizing and aspects such as airframe integra-
tion to a very limited extent. Taking system size and integration into account is of paramount importance if the
goal is assessing the feasibility of the concept on aircraft fuel consumption. Furthermore, a detailed analysis of
optimal ORC system design variables, especially in combination with the selection of an optimal organic
working fluid, is missing from the literature.

In order to provide more detailed information about the feasibility of combined-cycle engines onboard aircraft,
a multidisciplinary simulation framework is developed and documented here. This framework, named ARENA
(airborne thermal energy harvesting for aircraft), is implemented in Python and includes modules for gas turbine
and ORC system performance simulation as well as for the concurrent preliminary design of the ORC turbine
and heat exchangers (HEX). The system mass is estimated based on component sizing and empirical correlations.
The impact of system mass on fuel consumption for a given flight mission is estimated using the Breguet range
equation. An optimizer is used to identify combined-cycle design variables that result in minimum mission fuel
mass. As a first demonstrative case, the ARENA framework is used to investigate the possible benefit of employ-
ing an ORC WHR unit to recover thermal energy from the APU’s exhaust gas of an Airbus A320neo, which is
used to provide secondary power on ground only. The overall fuel mass for a 600 NM mission is calculated and
compared with that of the aircraft employing the conventional APU, namely the Garrett GTCP36-300 APU
(Stohlgren and Werner, 1986).

The paper is structured as follows. In Section METHODOLOGY, the methodology to design the CC-APU is
presented. Based on this methodology an optimization problem is formulated whereby the objective is the minimiza-
tion of mission fuel mass. In Section RESULTS, this method is applied to the design of an optimized CC-APU, and
the change in fuel consumption with respect to a nominal APU is computed together with other figures of merit.
Conclusions are drawn in Section CONCLUSIONS, and recommendations for further research are presented.

Methodology

Given the typical operational pattern of APUs, the ARENA framework is used to assess the performance of the
system at one operating condition, namely ground operation. The ARENA framework consists of four main
modules implementing models to determine (i) the APU on-design performance, (ii) the ORC system on-design
performance, (iii) the preliminary design of the ORC turbogenerator and its performance, and (iv) the prelimin-
ary design of the heat exchangers (HEX). Figure 1 provides a sketch of the aft of the aircraft housing the APU,
indicating major dimensions, and a possible placement of the ORC components. Figures 2 and 3 show the
process flow diagram (PFD) and the extended design structure matrix (XDSM) of the CC-APU system model.
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Figure 1. Sketch of the APU compartment based on Ref. (Stohlgren and Werner, 1986). The compartment dimen-
sions are as reported in Ref. (Airbus, 2020). The shaded boxes, which are not to scale, indicate possible locations of
the condenser, evaporator, and ORC turbogenerator (TG).
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Figure 3. Extended design structure matrix of the CC-APU system model.
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The XDSM diagram indicates dependencies between the computational components with the thick gray lines,
while the thin black lines show the computational flow. The grey boxes represent the interfaces between the
various components and report the data that is exchanged. The white boxes at the top row of the diagram indi-
cate, instead, the required user input data.

Optimization problem

Numerical optimization is used to determine the CC-APU design that minimizes the mission fuel mass (7).
Therefore, the constrained single-objective optimization problem that is solved can be written as

minimize F(x) = mpe(x),

subject to  Apcond.c < 600 Pa,
Xeond < 1.0 m, (1)
Zevap < 0.8 m,
xl.L <x < xlp.

This optimization problem comprises three constraints. The pressure drop between the inlet and the outlet of
the cold side of the condenser (Apcondc) is constrained to a realistic value, which is set according to common
practice. Similarly, the width of the condenser core (X.ond) and the depth of the evaporator core (Zeyp) are also
constrained to maximum values, which would allow them to fit within the available space. It is assumed that all
heat exchangers are placed within the tail cone of the aircraft, which also houses the APU. The values of the
maximum dimensions of the heat exchangers are determined by estimating lengths using the drawings of the
APU compartment provided by Stohlgren and Werner (1986) and by Airbus (2020) (see Figure 1). The design
vector (x) is composed of 15 variables characterizing either the thermodynamic cycle or the components of the
CC-APU system, namely the gas turbine, the ORC unit, the ORC turbogenerator, and the heat exchangers.
Table 1 lists the design variables (x;) together with their lower bounds (x*) and upper bounds (x"). The opti-
mization problem is solved using a genetic algorithm implemented in the Python library pymoo (Blank and Deb,
2020). A population size of ten times the number of design variables is adopted. The convergence criterion is as
follows: the relative change between the last and the Sth-to-last generation should be lower than 107¢,

Aircraft and mission settings

The Airbus A320neo has an operating empty mass (mog) of 43,520 kg, a lift-to-drag ratio (L/D) of 17.9, esti-
mated using a method proposed by Torenbeek (1987), and a thrust-specific fuel consumption (TSFC) at cruise
of 14.4 mg/Ns. The TSFC is calculated for the CFM LEAP-1A engine based on information reported by the
Jane’s Information Group (2022). The mog of the aircraft equipped with the CC-APU is computed considering
that the operating empty mass of the reference aircraft includes the dry mass of the conventional APU amounting
to 117 kg (Stohlgren and Werner, 1986). The analyzed mission is over a range of 600 NM, which corresponds
to the average distance flown in Europe in the year 2022 (Eurocontrol, 2024), at a cruise Mach number of 0.78
and a payload mass (mpr) of 19,280 kg. The mission is split up into a ground phase (parking, taxing) and a
flight phase (take-off, climb, cruise, descend, landing). The fuel consumption of the flight phase is estimated
using the Breguet range equation for a cruise at constant altitude and Mach number (Torenbeek, 1987). The
TSEC at cruise conditions and the fuel fractions for the non-fuel intensive flight phases (take-off, climb,
descend, and landing) used for the computation are those reported by Roskam (1997). The product of the fuel
fractions is 0.96. The fuel consumption of the ground phase is calculated by multiplying the fuel flow rate of the
APU and of the main engine with the corresponding operating times for short-range routes as listed in Table 2.
Single-engine taxiing is assumed, with an engine fuel flow rate of 5.8 kg/min (Airbus, 2004). During single-
engine taxiing, only one main engine is used to provide thrust for taxiing, while the APU provides secondary
power. A report of Airbus (2004) highlights the economic benefits of this procedure with respect to fuel burn
and maintenance cost if compared to using both the main engines. The summation of the fuel consumption of
the ground phase and the flight phase gives the overall mission fuel mass (72f1).

Furthermore, it is assumed that the APU covers the full secondary power demand during the ground phase.
Based on data provided by Stohlgren and Werner (1986), the secondary power demand under hot-day (ISA +
25) sea-level conditions is approximately 250 kW. This includes the power to drive the APU air compressor and
the APU generator. In case of the CC-APU, the power demand is supplied by the gas turbine which drives the
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Table 1. CC-APU: design variables and their bounds.

Model Variables (x;) Description (Unit) Bounds (x/xV)
APU OPR Overall pressure ratio (—) 4/10
ORC Tinin.ORC Minimum cycle temperature (K) 323/423
Tinax,ORC Maximum cycle temperature (K) 1.01T4ic/1.07T osc
Prnax.ORC Maximum cycle pressure (Pa) 1.05pit/1.50Dcsic
AT o cond Condenser pinch point temperature difference 10/50
(K)
AT o evap Evaporator pinch point temperature difference 10/50
(K)
ORC Wi Isentropic stage loading (—) 0.4/1.3
Turbogenerator
¢ Flow coefficient (=) 0.10/0.40
v Hub-to-tip ratio (-) 0.40/0.65
ORC HEX Zeond Condenser core depth (mm) 30/70
Fi Condenser fin height (mm) 7.0/12.0
Fo Condenser fin pitch (mm) 1.0/2.0
Xt Evaporator non-dimensional transversal pitch 1.25/3.00
(=)
X Evaporator non-dimensional longitudinal pitch 1.25/3.0
(=)
Mipass Evaporator number of passes (-) 8/20

air compressor (W gapapu), the electrical generator connected to the gas turbine (Wgenapu), and by the elec-
trical generator connected to the ORC turbine (Worcne)- The net power output of the CC-APU
(Wec—aApU.ne) is therefore

Wec-arune = WapUinee + WoRrCnee With  Wapunee = WihafapU + Ween apu- )

Table 2. Average APU operating times based on (1) APU operation after arrival and before
departure at parking position, assuming availability of ground power (Padhra, 2018), and (2)
average taxi times in the 100 busiest European airports (Eurocontrol, 2019a,b; Eurostat, 2022).

Arrival Departure Taxi-in Taxi-out Sum

6.1 min 17.3 min 5.4 min 12.0 min 40.8 min
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The combined-cycle efficiency (7cc_apy) is thus

W cc—APU, net
. 9
Mmeel,cc—apu - LHV

3)

Ncc—aru —

where 7g,e1,cc—apu is the CC-APU fuel flow rate and LHV the lower heating value of the fuel, which is assumed
to be 43 MJ /kg.

The performance of the aircraft utilizing the CC-APU system is compared with a reference case where the
GTCP36-300 APU (Stohlgren and Werner, 1986) is installed on board the Airbus A320neo. The reference fuel
mass (72l ef ) obtained for the given mission is 6,815 kg and the APU fuel mass for the provision of secondary
power on the ground (mf,eapu) amounts to 78 kg. Notice that the Airbus A320neo adopts the Honeywell
131-9 APU (acrospace-technology.com, 2017) and not the GTCP36-300 APU, which often equips the Airbus
A320 (Stohlgren and Werner, 1986; Padhra, 2018). However, data presented by Padhra (2018) suggest that the
fuel consumption of these gas turbines is similar. As more information is available for the GTCP36-300, this
type of gas turbine is considered in this study.

APU model

The APU considered in this work is a single-spool turboshaft engine without a free power turbine. It provides
shaft power to a generator and to an air compressor. The PFD of the APU is shown in Figure 2, on the left-hand
side. The APU model provides as output the performance of the turboshaft engine at the design point as well as
its mass. The thermodynamic cycle calculations are complemented with the computation of a turbine blade
cooling model to predict the required cooling air, and with a procedure to estimate the efficiency of the turboma-
chines, as detailed in the following sections.

Thermodynamic cycle calculation

The thermodynamic properties of the exhaust gas and of the air are modeled using the entropy function as
defined by Kurzke and Halliwell (2018, Part D) in combination with polynomials for the specific heat at con-
stant pressure given by Walsh and Fletcher (2004, Ch. 3). The fuel is assumed to be Jet-A. Turbomachinery effi-
ciencies are determined using correlations presented by Samuelsson et al. (2015), which are derived from the
method described in (Grieb, 2004, Ch. 5). Based on statistical data, this method provides an estimate of the effi-
ciency of turbomachinery as a function of the entry into service (EIS) date, stage loading, and scale effects based
on reduced mass flow rate (7z.q). Furthermore, the method accounts for different turbomachinery types (axial/
radial) and distinguishes between the turbomachinery of the low and high-pressure sections of the engine. In
general, the efficiency of a combined-cycle engine increases with TIT (Walsh and Fletcher, 2004, Ch. 6).
Therefore, the TIT of the CC-APU is set equal to TIT .. The procedure to determine TIT,,y is presented in
Section Maximum Turbine Inlet Temperature. A comparison of the results obtained with the developed gas
turbine performance code and with the commercial software GSP (Visser, 2015) shows a maximum discrepancy
in the estimated values of air and fuel mass flow rate lower than 0.5%.

Turbine cooling

Due to the small turbine blade size (height <15 mm) resulting from the low power capacity of the turboshaft
engine, blade cooling cannot be implemented with the exception of the nozzle guide vanes (NGVs) of the first
stage. For the NGVs, convective air cooling is assumed (Ripolles, 2017). The turbine cooling model of
Gauntner (1980) is adopted to estimate cooling air demand in the NGVs and turbine efficiency degradation due
to cooling. The required coolant mass flow rate of the NGVs is based on the maximum allowable blade bulk
metal temperature (T .max)- According to Gauntner (1980), T max of the stator blades can be set to a tempera-
ture that is 55 K higher than that of the rotor blades.

Maximum turbine inlet temperature

The maximum allowable blade bulk metal temperature (77 me) of the uncooled first stage rotor blades sets a
limit to the stator outlet temperature (SOT) and maximum TIT. SOT refers to the absolute gas temperature at
the exit of the NGVs. T’ ma is estimated assuming creep as the dominant failure mechanism of the rotor blades,
and it, therefore, depends on material characteristics, blade stress, and desired minimum lifetime for a certain
amount of creep strain. For a given material, the relation between these variables can be captured using the
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Larson-Miller Parameter (LMP). The LMP is a function of blade temperature (7},) at a given spanwise section
of the blade and lifetime (4, i) in hours for a given amount of creep strain: LMP = 7;[20 + log(#, jife)]. Creep
strain is determined by the combination of blade stress and temperature. Both vary along the blade span. While
the highest stress is experienced at the blade root, the highest blade temperatures are around mid-span. As a
result, the location of the highest creep strain is located around a quarter or one-third of the blade span (Sawyer,
1985, Ch. 9). In this work, creep stress is limited to 90% of the creep rupture stress (Sawyer, 1985, Ch. 9),
which corresponds to a creep strain of approximately 1% for single-crystal alloys according to Grieb (2004, Ch.
5). First-stage rotor blades experience the highest creep due to high centrifugal stress combined with very high
temperatures.

In the following, a procedure to determine Th.max for uncooled first stage rotor blades and the resulting
SOT jnay is presented. SOT,,x in combination with the turbine cooling model allows us to determine the value
of TIT . The main assumptions and steps of the procedure are:

1. The stress acting on the turbine rotor blade is determined. To simplify the blade stress calculation, it is
assumed that the blade root represents the most critical section of the blade with respect to creep life, accord-
ing to Sawyer (1985). Centrifugal blade root stress (o,) for a blade with a linear taper ratio (K) is calculated
according to (Saravanamuttoo et al., 2017, Ch. 8) with

1+4 v+d,
.= 17510 Kp,AN* with K = ‘ S 4
o= 175 P Wt EEYD) @
and the mechanical design parameter AN? is calculated according to (Grieb, 2004, Ch. 5) with
Abeg 11 —v*?
AN? = 02 S -~ ¥ 5)

¥ 71402

Here, p,, is the turbine blade material density, ; is the turbine blade tip-to-hub area ratio, v* is the hub-to-tip
ratio of the first stage turbine rotor, W is the turbine stage loading and A/, is the total enthalpy drop per stage,
which is determined assuming equal work per stage. Gas bending stress is neglected. A safety factor of 1.15 is
applied to o, to take account for cyclic loads (i.e., low and high cycle fatigue) (Grieb, 2004, Ch. 5).

2. The maximum allowable temperature at the blade root (7 oormax) is determined. Once o, is known, the
LMP value can be estimated based on charts derived from experiments for the selected blade material.
Figure 4 shows such a chart for the single-crystal alloy CMSX-10 and the directionally solidified (DS) nickel-
base alloy Rene 150. In combination with the specified blade lifetime, this results in 7} roor,max from the def-
inition of LMP. In the presented work, a blade lifetime of 15 - 10° hours is applied, which according to
Walsh and Fletcher (2004, Ch. 6) equals a typical value for the time between overhaul of civil aircraft

engines.

6 x 102 DS Rene 150 — rupture
--=- 90% rupture
. 4x 102
©
o
= 3x10?
1)
n
o
& 2x10?
N
\\\
102 | ' ' ' . .
24 25 26 27 28 29

LMP-1073

Figure 4. Creep rupture stress and 90% creep rupture stress over LMP for 3rd generation single crystal alloy
CMSX-10 and the directionally solidified (DS) nickel-base alloy Rene 150. The markers indicate experimental data
points taken from Refs. (DeBoer, 1981; Erickson, 1996). A logarithmic curve fit is applied to the experimental data
points of CMSX-10, which compares well with data provided in Ref. (Saravanamuttoo et al., 2017) and an exponen-
tial fit to the data of DS Rene 150.
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3. The maximum allowable blade bulk temperature (7' may) is determined. Equation 6 provided by Kurzke and
Halliwell (2018, Ch. 4) makes use of the radial temperature distribution factor (RTDF) to relate exhaust
gas temperature at the blade root (7irelro0c) to the averaged exhaust gas temperature at the rotor inlet
plane (Terel). The subscript “rel” indicates that these temperatures are in the relative reference frame of
the rotor blades. 7', is calculated according to the empirical relation provided by Kurzke and Halliwell

(2018, Ch. 4) as

7 Ttrelroot
T o] = ———. 6
v T 1 _RTDF ©)

Based on the simplifying assumption of a recovery factor of unity, gas and metal temperatures are equal.
Therefore, in Equation 6 Trel can be substituted with 7' max and 7 el rooc With T} root,max- Furthermore,
an RTDF of 0.08 (Grieb, 2004, Ch. 5) is applied.

4. The application of a thermal barrier coating (TBC) to the stator blades allows to increase SOT 4. In this
case, a temperature difference across the TBC (A 77pc) is added to T max- Based on data provided by Grieb
(2004, Ch. 5) a ATrpc of 100 K is applied to the stator blades.

5. The value of T,y that allows for an uncooled rotor blade is determined. Turbine cooling design is based on
a hotspot-temperature (7% el howspor)- This temperature is defined as

Tt,rel,hotspot — Tt,rel + RTDF (TIT - Tt,?a)’ (7)

where the term TIT — 7} 3 indicates the combustor temperature rise. For an uncooled rotor blade and assum-
ing again that gas and metal temperatures are equal, the following relation must hold: 7t el hotspor = Tbimax-
Substituting this relation into Equation 7 and rearranging the equation allows us to identify the value of 7
that fulfills the requirement of having no rotor blade cooling.

6. Finally, SOT . is determined by converting the average temperatures from the relative to the absolute refer-
ence frame according to

_ _ r—1
Tt,abs — Tt,rel +A T;,abs,st (OS - w >’ (8)

with a degree of reaction (7) of 0.5 (Grieb, 2004, Ch. 5). In this equation, 7' and A7, s are the aver-
aged total temperature in the absolute reference frame entering the rotor row and the total temperature

change over the turbine stage, respectively. 77, can be substituted with SOT,,x and 7', results from
Equation 7. The following equation gives the final expression to determine SOT .

Tbrootmax r—1
T = ——— — RTDE(TIT — T; AT bssc| 0.5 —
SO max 1 — RTDF R ( ,3) + ,abs, <0 5 p > (9)

In the case of an uncooled stator, the value of TIT . is directly evaluated by setting it equal to SOT .
However, in the case of a cooled stator, the procedure above is iterative. First, based on an initial value for
TIT and the value obtained for 7'y may the needed coolant mass fraction is calculated as explained in Section
Turbine Cooling. For this purpose, the stator cooling air temperature is taken equal to compressor discharge
temperature 7;3. Second, the value of TIT . is updated based on SOT . resulting from Equation 9 assum-
ing isentropic mixing of the main exhaust gas stream with stator cooling air. Third, the updated value of
TIT . is used to re-evaluate the thermodynamic cycle and SOT ., until convergence of the entire system
model is achieved.

The effectiveness of this method in estimating 77, e has been verified through a comparison with the
computations conducted by Halila et al. (1982) for the turbine of a gas generator test rig. This machine is a
two-stage high-pressure turbine characterized by film-cooled rotor blades made of directionally solidified Rene
150 superalloy. The first stage features a ¥ of 1.48 and a v of 0.88. The value of &, of the rotor blades is
not specified, while their life (#,5¢) is 250 h under hot-day take-off conditions. This data is used as input for
steps 1) to 3) of the procedure described above and vyields 7 me = 1,190 K for & = 1.0 and
Thmax = 1,200 K for o, = 0.8. These results are based on a limitation of creep stress to 90% of the rupture
stress (see Figure 4) and compare with a T, indicated by Halila et al. (1982) of 1,230 K for hot-day take-off
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conditions. The resulting discrepancy is below 4%, which is deemed acceptable for a conceptual design study
such as that of the present work.

APU mass

APU mass (mapy) is estimated, to a first approximation, with an empirical correlation whose sole input is the air
mass flow rate at the compressor entry (7). Data available in the database of the Jane’s Information Group
(2022) for 12 turboshaft engines in the power range of 300-3,000 kW are used to derive the following relation

maAPU — 21567}’1() + 85 (10)

with an R? value of 0.9. It must be acknowledged that such a correlation based on historical data can only give a
rough estimate of the engine mass. This is especially true for combined-cycle applications, where OPR and TIT
might vary with respect to conventional turboshaft engine configurations. Furthermore, the turboshaft engines
used to produce this correlation do not employ a dedicated air compressor such as APUs usually do. For this
reason, air compressor mass is neglected in the presented work. Despite this fact, inserting the mass flow rate of

the GTCP36-300 APU (Stohlgren, 1983) into Equation 10 yields a mass that is only 2% off of the actual mass.

APU design assumptions

The APU is sized for hot-day (ISA +25) sea level static (SLS) conditions. The upper part of Figure 5 depicts the
power transmission architecture of the APU, including the provision of shaft power (Wshaft,APU) to drive the air
compressor and electrical power at the exit of the generator (W/gmApU). An APU mechanical efficiency
(Mmech.apu) and gearbox efficiency (ngbx) of 99% (Walsh and Fletcher, 2004, Ch. 5) and a generator efficiency
(ngen,ApU) of 95% (Schmollgruber et al., 2020) is assumed. APU efficiency based on APU net power output
(W APU.net) is defined as

W APU.net

- 11
AP g AP LHV "

In the present work, an axial-radial compressor is employed with a varying number of stages depending on
OPR. For an OPR below or equal to 4, a single radial stage is assumed. For OPR above 4, a stage pressure ratio
of 3.2 is assumed for the radial component and a stage pressure ratio (Ileomp) of at most 1.5 for each axial stage
needed to reach the selected OPR value. The polytropic efficiency of the axial and radial compressors are deter-
mined independently based on the method of Grieb (2004, Ch. 5). The turbine is a two-stage axial turbine with

Wgen,APU

Wehatt,APU

A
>

thanet WORC,net

__)r__)

Wturb,gross

Tlmech,turb

Wpump,net Wpump,gross
et punnl—— o] - = = = = = = = = = = - :
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. . 1
Wfan,net Wfan,gross 1

------------ -

Figure 5. Flow chart of the CC-APU power transmission architecture indicating main components that are incurring
losses; black lines indicate mechanical power, dashed lines indicate electrical power.

J. Glob. Power Propuls. Soc. | 2025 | 9: 275-303 | https://doi.org/10.33737/jgpps/204721 __ 284


https://doi.org/10.33737/jgpps/204721
https://www.journalssystem.com/jgpps/,204721,0,2.html

Krempus et al. | Waste heat recovery from aircraft APUs https://www.journalssystem.com/jgpps/,204721,0,2.html

a stage loading of ¥ = 3.0. The stage loading is defined according to the definition of Grieb (2004) as

20

Y=

(12)

where Uy, is the circumferential blade speed at the meridional plane. An EIS of 2035 is assumed for turboma-
chinery efficiency estimation. The maximum value of OPR is limited by the requirement of a feasible blade
height at the exit of the compressor. The upper bound of OPR is determined based on geometrical relations for
axial-radial compressors provided by Grieb (2004, Ch. 5), knowledge of the expected air mass flow rate of the
gas turbine, and a minimum blade height at the exit of the radial compressor of 5 mm, which is similar to the
value reported by Ripolles (2017). A relative nozzle pressure ratio of 0.08% is applied, which is defined as:

P19 — Pamb
e, = =
Pro

’

where p.9 refers to the total pressure at the exit of the exhaust pipe. Note that the value of I, is outside the
range of typical values applied for turboshaft and turboprop engine design which is 2-10% according to Grieb
(2004, Ch. 6). Lowering Il results in a larger exhaust pipe diameter and lower exhaust gas velocities for the
same mass flow rate. While potentially increasing the cross-sectional area of the engine, this allows a reduction of
evaporator hot side pressure loss (Apeyap,r1) and, therefore, an improvement of engine performance. An increase
of Apevapi by 1% results in a reduction of APU efficiency of 0.2%. The single-crystal alloy CMSX-10
(Erickson, 1996) is considered as the turbine blade material. The hub-to-tip ratio (*) of the first stage turbine rotor
is set to 0.825, which represents an averaged value for multi-stage high-pressure turbines (Grieb, 2004, Ch. 5), while
the turbine blade tip-to-hub area ratio () is set to 0.8 (Sawyer, 1985, Ch. 9). Values for air intake pressure ratio
(Iinler) of 0.985 and combustor pressure ratio (Il.) of 0.965 for the GTCP36-300 APU are taken from
(Stohlgren and Werner, 1986). Furthermore, a combustion efficiency (17..) of 99.5% (Mattingly et al., 2002,
Ch. 4) is assumed.

ORC waste heat recovery system model

The simulation of the organic Rankine cycle system is conducted using an in-house tool for on-design point
thermodynamic cycle calculations named pycle. This program was verified by comparison with a commercial
program for thermodynamic modeling and optimization of energy conversion systems (Van der Stelt et al.,

Table 3. Main parameters and variables of the ORC waste heat recovery unit model.

Parameter Input Parameter Input Parameter Input
Tmax,ORC Design Apevap,H HEX model Mis pump 65%
variable
T min,ORC Design APeyap,C HEX model Mis.curb Turbogenerator
variable model
Pmax,ORC DESign ATpp,evap DeSign Mis fan 60%
variable variable
Tamb 313.15K APcond.H HEX model Mot pump: Mot fan 98%
Mevap,H APU model APcond.C HEX model Minech,pump- 99%
”mech,fan
Tevap.Hiin APU model ATpp cond Design
variable

Note: Subscripts H and C indicate heat exchanger hot and cold sides.
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1980). The Helmholtz equation of state implemented in CoolProp (Bell et al., 2014) is used for thermo-
dynamic fluid property modeling of the ORC working fluid, while the ideal gas model (Colonna and van der
Stelt, 2019) is used for the APU exhaust gas through the evaporator. For simplicity, a fixed mass-specific com-
position of the exhaust gases is assumed, containing 74% N,, 15.9% O,, 6.4% CO,, 2.5% H,0, 1.2% Ar.
This composition is representative of an engine burning Jet-A/Al at a fuel-to-air ratio of 0.02. Figure 2, on
the right-hand side, shows the PFD of the ORC system, which is of the non-recuperated type. Table 3 gives
the ORC thermodynamic cycle specifications and indicates the input derived from other sub-models. The
ORC unit is designed for the same environmental conditions as the APU, i.e., SLS ISA + 25. In the present
study, the hydrocarbon cyclopentane is considered as the working fluid. Cyclopentane has a critical tempera-
ture (i) of 512 K, a critical pressure (pui;) of 45.1 x 10° Pa and a normal boiling point temperature of
322 K (Lemmon et al., 2018). Due to its high thermal stability (7imaxfuid) of 573 K (Astolfi and Macchi,
2016) and high 7%, cyclopentane is especially suited for WHR applications of medium power-capacity gas
turbines (Krempus et al., 2023). However, it is possible that cyclopentane is not the optimal working fluid for
the low power-capacity application studied in this work. Future investigations will focus on the selection of the
optimum working fluid for airborne ORC WHR systems. With the upper optimization bound applied to
Tnax,0rC (see Table 1), it is ensured that a safety margin is maintained with respect t0 7inax fluid- A supercritical
cycle is adopted in this study to maximize thermodynamic efficiency resulting from high 7},.c orc. No benefits
in terms of system weight and HEX performance are expected for subcritical cycles for the following three
reasons:

* Evaporator mass highly depends on tube thickness which in turn is a function of the pressure difference
between the cold and hot sides of the tube. The design routine selects a tube thickness close to the minimum
value from a manufacturability standpoint for the chosen working fluid, supercritical operating conditions,
and HEX materials. Therefore, no significant mass savings are expected for the subcritical cycle.

* For a subcritical cycle, the majority of evaporator heat duty is exchanged during phase change at a constant
temperature. Therefore, the evaporator effectiveness is closed to that of a counterflow heat exchanger. This is
also true for any multipass counter-crossflow HEX with a large number of passes (Shah and Sekulic, 2003).
Since this is the chosen layout for the evaporator, the benefit of the effectiveness gain due to phase change in
a subcritical cycle is diminished.

e The thermal resistance of the evaporator is dominated by the low heat transfer coefficient that is encountered
on the hot gas side. Therefore, no advantage is gained from the increased heat transfer coefficient on the
working fluid side during isothermal phase change.

The ORC turbine gross power (W iub,gross) is converted into electrical power via a dedicated generator (see
Figure 5). The turbine mechanical efficiency (nech i) and ORC generator efficiency (e, 0rc) are an output
of the ORC turbogenerator preliminary design procedure explained in Section ORC Turbogenerator Preliminary
Design. An electrically driven fan provides the necessary air mass flow rate through the condenser during ground
operations. The fan power consumption (Wfan’net) is calculated with

: 7 ai A n
Wfan,net - Mhaic pCO dC 5 (13)

pairnis,fan

where 7, is the air mass flow rate, p,;, the air density and 7;,¢,, the fan isentropic efficiency. As depicted in
Figure 2 the fan is placed in front of the condenser. Placement of the fan behind the condenser results in higher
Wfan’net due to the reduced air density. Moreover, exposing the fan to a higher air temperature could complicate
its design. A 77;¢,, of 60% is selected based on experience with similar systems designed for stationary use. Note
that Apeondc only includes the pressure losses originating from the condenser and does not account for losses
induced by the ducting, which are not modeled. Preliminary design of the electrically driven pump is not per-
formed. Based on the pump selection guide provided in (Karrasik et al., 2008, Ch. 1) the expected pump head
and volumetric flow rate suggest the use of a positive displacement pump or centrifugal pump. Positive displace-
ment pumps are more suited for fluids with higher viscosity that can also provide lubrication. Due to the low vis-
cosity of the considered working fluid a centrifugal pump is adopted. Research on electrically driven centrifugal
pumps for small space launch vehicles conducted by Kwak et al. (2018) suggests a mass-specific power of around
4 kW /kg and an isentropic pump efficiency (#; pump) of around 65%. The efficiency of the pump and fan
MOTOT Mynor pump AN Mo fan> Tespectively, is assumed to be 98% as suggested by Schmollgruber et al. (2020) for
an EIS year of 2035. Furthermore, a pump and fan mechanical efficiency #,nech pump a0d Mimech fan> respectively, of
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99% is assumed. ORC efficiency based on ORC net power output (W ORC.ner) is defined as

WORC,n
NORC,net = : = ’ (14)

Qevap

where Q is the thermal power recovered by the evaporator. According to Figure 5 WORC,net is defined as

evap

Wpump,nct Wfan,net

WORC,net = Wturb,grossrlmech,turbngcn,ORC - (1 S)

”mcch,pump”mot, pump Mnech,fanmot,fan

Furthermore, the recovery factor (y) describes how much of the available thermal power (.Qexh’mﬂ) is recovered
by the WHR system and it is defined as

¥ = _QL‘*P_ (16)
Qexh,avail

Q xhavail 1 defined as the product of the exhaust gas mass flow rate, the specific capacity, and the temperature dif-
ference between the turbine exit and ambient conditions.

The ORC system mass is the sum of pump (#pump), turbogenerator (zg), condenser (#2conqd), evaporator
(#1evap)> working fluid (#2gu4), fan, and balance-of-plant mass. g is the sum of the turbine mass (72) and
the generator mass (#7250, 0rc). The heat exchanger and turbogenerator masses are an outcome of the respective
sub-models. The working fluid mass is estimated as the product of 1.2 times the evaporator cold side volume
and the density of the working fluid at one atmosphere and 25°C. The mass of the fan, including its motor and
balance-of-plant, is assumed to contribute 10% to the overall system mass. This value is similar to the assump-
tion made by Zarati et al. (2017). However, as the knowledge base on flying ORC systems is small, a large
amount of uncertainty is related to this value.

Heat exchanger preliminary design

The preliminary design of the heat exchangers for the CC-APU is carried out by means of a dedicated in-house
software developed in Python named HeXacode, which is integrated with the ARENA framework. The program
was verified by comparison with a commercial code for heat exchanger design and rating (GRETh, 2023). The
two heat exchangers of the ORC system under consideration are the supercritical evaporator and the condenser.
The sizing tools aim at finding the heat transfer area that satisfies the required heat duty given the inlet tempera-
tures, inlet pressures, and mass flow rates of the hot and cold streams. The core material and geometric para-
meters are also an input to the model. The preliminary design routine then returns the size, mass, and pressure
drops on both fluid sides of the heat exchanger. In the following, an overview of each heat exchanger model is
presented.

Evaporator

Figure 6 shows the chosen layout and topology for the evaporator, which is a multi-pass bare-tube-bundle HEX
placed right after the turbine diffuser in a counter-crossflow arrangement. This configuration, as shown by Sabau
et al. (2018) yields smaller exergy losses in a supercritical cycle because of a better thermal match between the
heat source and the working fluid. The Nickel-base alloy Hastelloy® X is chosen as the material for the evaporator
as suggested by Grieb (2004, Ch.5) based on mechanical considerations. Preliminary system design runs showed
that reducing the pressure drop on the hot side of the evaporator yields significant improvements in the overall
combined-cycle efficiency. Although in-line tube bundles are usually heavier than their staggered counterpart for
a given frontal area, the cycle efficiency improvement that can be achieved with a lower hot side pressure drop
outweighs the effect of the increased mass of the HEX. For this reason, the in-line tube arrangement is chosen
instead of the staggered one.

As fluid properties can change significantly for fluids in supercritical conditions, the sizing routine divides the
HEX into several subsections or cells in which fluid property variations are small. The total heat duty of the
HEX is then distributed over each cell following a logarithmic distribution. In the present study, the number of
cells is conveniently set equal to the number of passes, which is an input to the design problem. Initially, a
uniform pressure distribution across the cells in the two streams is assumed. This pressure distribution is updated
in a convergence loop with the pressure drop estimate until both the fluid properties and the calculated pressure
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drop in each cell do not change. As a result, the preliminary design problem can be split into a series of intercon-
nected individual HEX sizing problems, in which the heat transfer area A’ is unknown. The core height Y.,
and width X, of the evaporator, which determine the hot side frontal area, are input to the problem and
are estimated given the cross-sectional area of the gas turbine exhaust pipe, assuming a smooth transition to a
square-shaped frontal area. The core depth (Z.,p) is, instead, calculated to meet the design specifications as

X A2 Nedls Aé
cha - do ° — =1 1
p + Yo (,20: round 7 d X (17)

in which AiC is the working fluid side heat transfer area of the cell 7, x; and x are the transversal and longitudinal
pitch, respectively. d, and d; are the tube outer and inner diameters, respectively. The cell cold side heat transfer
area is calculated as

i
FIAT!,

where U’ is the local overall heat transfer coefficient that depends on the fluid velocity and properties, AT;II is
the local mean logarithmic temperature difference and F’ is its correction factor. In the case of heat transfer at
non-constant temperature, 7’ is lower than unity for any flow arrangement different from the pure counterflow
and depends on the local number of transfer units, effectiveness, and heat capacity ratio. The pressure drop
across the tube bundle is calculated by combining the laminar (Cfj,m) and turbulent (Cp ) friction coefficients
through a switch function (#) to estimate the non-dimensional pressure drop per tube row (VDI e. V., 2010,
Part L), while the heat transfer coefficient on the hot gas side is calculated from the dimensionless pressure drop
as shown by Martin (2002). For the working fluid side, the pressure drop inside the tubes is estimated using the
friction factor formulation of Brki¢ and Praks (2018) while the Nusselt number of the supercritical fluid is calcu-
lated using correlations developed by Pioro and Mokry (2011). The output of each sizing iteration is thus the
heat transfer area required in each cell. The sizing routine then stops when the calculated required number of
tubes remains constant between successive iterations. The model then returns the core mass and pressure drops
of the heat exchanger, together with the volume occupied by the working fluid and its corresponding mass
during nominal operating conditions.

Condenser

As depicted in Figure 7, the chosen condenser topology is a flat-tube microchannel heat exchanger with louvered
fins. The working fluid flows in small rectangular channels within the flat-tubes, while the air flows through fins of
the multi-louvered type. These fins allows for high levels of HEX compactness (over 1,100 m?/m? (Shah and
Sekulic, 2003)) and of heat transfer coefficient, at the expense of larger pressure drops due to the continuous
mixing of the flow passing through the louvers (Shah and Sekulic, 2003). The louvered fin-and-flat-tube HEX top-
ology promotes small and light designs and is often used in the automotive and aerospace sectors. The pitch
between two microchannels (wp,) is fixed equal to the flat-tube height (4, ), which is 2 mm. The louver fin angle
(Ly) is set to 27°. The flat-tube length is set equal to the condenser core depth (Z.,n4), which is used as an opti-
mization variable. The louver pitch (L) is taken equal to the fin pitch (£,), which is an optimization variable.
The louver length (Z)) is set to 80% of the fin height (#,), which is an optimization variable. The fin thickness
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(mc) is set to 0.11 mm while the flat-tube wall thickness (#yc) is 0.2 mm. These fixed geometry-specific para-
meters are chosen based on engineering judgment and manufacturability considerations. The height of the conden-
ser (Yeond) is fixed to 1.0 m. This value is selected based on the available space in the APU compartment, which is
approximated using drawings provided in Refs. (Stohlgren and Werner, 1986; Airbus, 2020). The chosen alumi-
num alloy for the condenser is the 3,000 series, as suggested in the document of the Kaltra GmbH (2020).

The condenser sizing tool implements a moving boundary method to capture the variation of the fluid phase
along the HEX. Notably, the model subdivides the condenser into three control volumes depending on the
working fluid phase: superheated vapor, condensing two-phase flow, and subcooled liquid. The heat transfer area
associated with each control volume varies in size depending on the specific enthalpy drop, which is initially esti-
mated assuming a uniform pressure distribution. The enthalpy drops are updated at each iteration with the calcu-
lated local pressure drop, till the routine converges to the required heat transfer area of each control volume
(AL-). As the core depth Z,g is fixed, the heat transfer area of each control volume is adjusted by changing its
width X’ .. The total core width then reads

3 3 i
. Al
)(con - X - c ’ 19
d ; Cond Z ]v)/ nmc (wmc + bmc - 2tmc) ( )

i=1

where N, is the number of flat-tubes, and 7, is the number of microchannels within a flat-tube. The sizing pro-
cedure keeps updating the HEX core width until the relative difference of the core width (X.,n4) between two
consecutive iterations is less than or equal to 1%. Once convergence is reached, the model returns the total core
width and calculates the overall pressure drops on both sides. Finally, the total dry core weight of the HEX is
added to the casing weight. The casing is comprised of two flat plates positioned at the top and bottom of the
HEX core, providing structural stability. The manifold weight, on the other hand, is not accounted for.

The adopted heat transfer and pressure drop correlations vary depending on the fluid phase. In particular, for
the de-superheating and subcooling zones inside the microchannels, the heat transfer coefficient is estimated
using the Whitaker (1972) correlation for turbulent flow with the correction for temperature dependant effects
by Sieder and Tate (1936). The pressure drop is calculated using laminar or turbulent flow friction factors as
shown in Ref. (VDI e. V., 2010, Chapter L1). For the condensing region, the local heat transfer coefficient is
estimated using correlations for internal condensation in horizontal tubes for annular film flow (Shah and
Sekulic, 2003, Table C.2), while the Miiller-Steinhagen & Heck (MSH) model (Miiller-Steinhagen and Heck,
1986) is used to estimate the pressure drop per unit length. On the cold air side, the heat transfer and friction
factor coefficients are estimated using correlations of Chang and Wang (1997) and Chang et al. (2000),
respectively.

ORC turbogenerator preliminary design

The turbogenerator consists of a radial-inflow turbine (RIT) driving a permanent-magnet (PM) generator. The
choice of using a RIT as the expander of the ORC system is based on its high efficiency and mass-specific
power, which result in a compact single-stage design (Bahamonde et al., 2017). Furthermore, PM generators are
attractive due to a power factor that is close to unity and therefore requires little or null excitation currents to
operate them, as well as their high mass-specific power, and high efficiency, which is usually in excess of 95%
(Binder and Schneider, 2005). Figure 8 depicts the components of the turbogenerator consisting of (i) a single-
stage RIT (section 1-4) comprising a prismatic radial stator (section 1-2) and a radial-axial impeller (section
3—4), (ii) a circular cross-section volute (section 0-1) to distribute the flow tangentially at the stator inlet, (iii) an
annular diffuser (section 4-5) to recover the turbine exit kinetic energy, and iv) a PM generator. In the follow-
ing, the modeling methodology for each of the above components is briefly described.

Radial-inflow turbine modeling

The thermodynamic performance and mechanical design of the RIT is modeled using the numerical framework
described in Ref. (Majer and Pini, 2025). This model takes the design variables y;, ¢, v, morc and the
problem boundary conditions pmax0RC> Zmax.ORC> Zmin,ORC as inputs and computes the thermodynamic condi-
tions and geometrical characteristics in sections 1, 2, 3 and 4 (see Figure 8).

The volute sizing and loss prediction is performed by solving the following system of equations consisting of
the angular momentum conservation equation, the mass conservation equation, the thermodynamic equation of
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Figure 8. ORC turbogenerator schematic (left) and volute cross-section plane A-A (right). The part of the turbogen-
erator assembly represented using dashed lines corresponds to the main casing containing the stator windings of
the PM generator and the power electronics, whose geometry has not been modeled in this work.

state (EoS), and the energy conservation equation across the volute

Vo Reo= Vo1 Ry,
PoVoAo = p1 Ve 27R, b1,

S0 = EOS(}]tlaPtl + APt,Ofl), (20)
VZ
/][() - 70 - ho(ﬂo,fo)‘

This system of equations is solved iteratively in the 4 unknowns: absolute velocity (V5), density (p,), entropy
(s0), and enthalpy (/) at the inlet of the turbine volute as a function of the volute centerline radius at the inlet
section R . The total pressure loss occurring between section 0 and 1, Ap.o_1, is computed using the empirical
model for centrifugal compressors proposed by Japikse (1996) and adapted to turbine volutes.

At the turbine exit (section 4 in Figure 8) an annular diffuser is used to recover part of the exit kinetic
energy and increase the overall turbine total-static efficiency. A one-dimensional physics-based model pro-
posed and validated by Agromayor et al. (2019) is implemented to design the diffuser and estimate its per-
formance. The diffuser model requires the turbine outlet geometry and flow state as input, as well as the
diffuser cant angle (¢gir), the wall semi-aperture angle (&), and the diffuser area ratio (ARgir) and solves the
continuity, energy, axial and tangential momentum equations in the diffuser. Viscous losses are computed
according to the model documented in (Agromayor et al., 2019), and applying a friction factor coefficient
equal to 0.1.

Once the size of the flow path is determined, the total mass of the radial-inflow turbine can be computed. A
number of approximations are made when evaluating the turbine mass. Due to the relatively small mass of the
impeller blades compared to the disk mass, its contribution is neglected. Similarly, the stator mass is assumed
equal to that of the base plate of the ring, neglecting the mass of the blades. The volute geometry is treated as a
simple hollow torus, whilst the inlet cone (section 0-0') is modeled as a hollow cylinder. The annular diffuser
mass is determined as the sum of the outer and inner wall mass, whereas the mass of the struts required to align
the two diffuser walls is neglected. The wall thickness of the components volute, stator base plate, diffuser, and
impeller shroud is set to 5 mm, based on manufacturing considerations. The open-source Python package
CadQuery (CadQuery, 2023) is used to perform the geometrical modeling of the turbine impeller, stator, volute,
and diffuser. Based on this three-dimensional model, the turbine mass (#24,) is calculated, considering a typical
steel grade as material for the turbine components.

J. Glob. Power Propuls. Soc. | 2025 | 9: 275-303 | https://doi.org/10.33737/jgpps/204721 20


https://doi.org/10.33737/jgpps/204721
https://www.journalssystem.com/jgpps/,204721,0,2.html

Krempus et al. | Waste heat recovery from aircraft APUs https://www.journalssystem.com/jgpps/,204721,0,2.html

The main output parameters of the RIT model include the turbine total-total isentropic efficiency, defined as

htO - htS

nis,turb = /7 ) (21)

t0 — /71?5,15
the turbine mechanical efficiency (7ccp curp)s and 72urp-

Generator modeling

The PM generator technology considered in this work is that of an iron-cobalt FeCo cylindrical permanent
magnet electric machine to maximize the magnetic flux saturation and minimize the losses (Geest et al., 2015).
The left side of Figure 8 shows a schematic of the PM generator. In this figure the stator windings of the gener-
ator are enclosed in the generator casing, represented with the dashed line. The geometrical details of the stator
were not part of this investigation and are therefore not shown in the picture. The rotor is geometrically defined
by means of the outer radius (R;) and the axial length (Z,), while the clearance between the stator and the rotor
is defined as 0. A forced-air flow is injected into the gap between the stator and rotor, providing the necessary
cooling to keep the generator temperature below 150°C in the stator windings and 80°C on the rotor retaining
sleeve (Geest et al., 2015).

The generator rotor radius (R;) is found by iteratively solving the power balance across the generator

defined as

Wgen . .
77— + AWW — Uyturb,net, (22)
el

where the electromagnetic power (Wgen) and windage loss (A W) are calculated according to James and Zahawi
(2013) as

W gen = ZBJ,(R: + 8)*L,Q cos ¢, (23)
and
AW, = 0.57p,, Q°RIL.C;(Res) (24)

respectively.

The values of the air gap inter-space (9), the magnetic flux density (B;), the linear current density (/;), and the
electrical efficiency (7)) are assumed according to data of optimized electric machines as a function of R, (Geest
et al., 2015). Cf is the friction factor, herein calculated for a rotating cylinder within a coaxial sleeve, expressed as
a function of the air gap Reynolds number (Res) (Saari, 1996). The generator rotor length (Z,) is calculated
assuming a typical value of the rotor aspect ratio L,/R, = 3, whereas a conservative value of the generator power
factor cos ¢p = 0.8 is chosen. The mass-specific power is selected according to data of optimized electric machines
(Geest et al., 2015) based on the resulting value of R,. Furthermore, state-of-art mass-specific power values for
the power electronics and AC-DC converter of 14.3 kW /kg and 62.0 kW /kg, respectively, are taken according
to Gesell et al. (2019). Estimates based on historical data (Hall et al., 2022) of AC-DC converter technology
show that similar mass-specific power values can realistically be obtained by 2030. Additionally, Granger et al.
(2021) show that AC-DC converters for aerospace power systems featuring mass-specific power values around
10 kW /kg can already be achieved with current technologies. The total mass of the PM assembly (725¢n,0rC) is
the sum of the electric machine, AC-DC converter, and power electronic masses. The individual component
masses are calculated as the product of their inverse mass-specific power values and Wgen. The main output para-
meters of the generator model that are utilized in the present work are 725, 0rRc and the generator overall efhi-
ciency (gen,0rc)> Which is defined as

14
gen
n en,ORC — <7 . (25)
8 Wturb,net
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Table 4. Design vector for the optimized CC-APU configuration.

Parameter OPR Tmin,ORC Tmax,ORC Pmax,ORC ATpp,cond ATpp,evap Yis ¢
Value 9.5 374K 548 K 59.5 bar 32K 47 K 0.843 0.400
Parameter v Zeond Fn Fp Xt X Npags
Value 0.457 41 mm 11 mm 1.5mm 29 1.25 13

Results

In this section, first results for the optimized CC-APU design are presented. Secondly, the performance of the
CC-APU in terms of mission fuel consumption is compared to the reference case which is a GTCP36-300 APU
(Stohlgren and Werner, 1986) on-board an Airbus A320neo. Thirdly, design variables and constraints that are
identified to be most critical for CC-APU performance are discussed. Lastly, the sensitivity of the final design to
perturbations of design variables is analyzed.

Optimized CC-APU design

Table 4 provides the value of the design variables for the optimized CC-APU system. The design is only con-
strained by the limitation on the condenser size. Figure 9 gives the corresponding temperature-entropy diagram
of the CC-APU. A large temperature difference between the hot-side inlet and the cold-side exit of the evapor-
ator can be observed. This large temperature difference is due to the low thermal efficiency of the prime mover.
As a result, the optimal ORC for the studied configuration is the one with the highest 7i,.x.0rc, thus the highest
thermal efficiency. This is in contrast to stationary combined-cycle power units, where the maximum power
output is obtained through a trade-off between bottoming cycle efficiency and the recovered thermal power.

The identified CC-APU design has a total mass (mcc-apy) of 148 kg and a combined-cycle efficiency
(ncc_apyu) (Equation 3) of 33.9%. The APU mass (mapy) is 104 kg and its efficiency (74py ) (Equation 11)
is 25.3%. The ORC mass (morc) is 44 kg and its efficiency (7orcne) (Equation 14) is 14.9%. Notably, the
ORC turbogenerator has a mass of 15 kg constituting about a third of the overall ORC unit mass. In this
regard, notice that the generator represents by far the heaviest component of the ORC assembly, with a mass of
12 kg. Figure 10 gives the mass breakdown of the CC-APU. The net power output (ch,Apu,net) of 250 kW
is split up into 187 kW provided by the APU and 63 kW provided by the ORC system (Wogc,net). Therefore,
the ORC turbogenerator provides 25% of the required power. This results in mass-specific power values of the

APU, the ORC, and the CC-APU of 1.8 kW /kg, 1.4 kW /kg and 1.7 kW /kg, respectively. The ORC
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Figure 9. Temperature-entropy diagram of the CC-APU Figure 10. CC-APU mass breakdown.
using a non-recuperated ORC.
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turbine has a gross power output (W urb.gross) of 84 kW which results in a mass-specific power of 5.6 kW /kg.
Notably, the ORC turbogenerator mass-specific power is one order larger than the value assumed by (Zarati
et al., 2017). The optimized ORC turbine design features a 7; 4, of 94% and speed of 160 krpm. The turbo-
generator features a Mech o, Of 99% and a fge, orc of 97%. The evaporator and condenser designs feature an
effectiveness (¢) of 89% and 51%, respectively. In the case of the evaporator, the high effectiveness suggests
that system performance profits from a maximization of heat transfer rate over a minimization of heat exchan-
ger mass. In the case of the condenser, the moderate effectiveness indicates that a minimization of air-side
pressure drop is favored over a maximization of heat transfer area. The exhaust duct diameter required to
house the evaporator with a square-shaped frontal area is 0.39 m. This is smaller than the dimension of the
tail cone where the exhaust gases exit, which is 0.4 m (see Figure 1). Table 5 lists additional data related to the
design of the ORC unit.

Performance comparison
Table 6 shows a comparison of the GTCP36-300 APU with the optimized CC-APU as well as a simple-cycle

APU using advanced technology. The latter case is based on the same design assumptions as the gas turbine of
the CC-APU and is presented to allow a fair comparison of the benefits an ORC WHR system can give for the
investigated application. The estimated fuel consumption of the CC-APU for the provision of secondary power
on the ground is 42 kg as opposed to 78 kg when using the GTCP36-300 APU. Therefore, fuel consumption
for the provision of secondary power on the ground is halved when using the CC-APU. Taking into account the
increase in flight phase fuel consumption of 2 kg due to the addition of 31 kg to mog, an overall fuel saving of
34 kg, i.e., a reduction of mission fuel mass by 0.6%, is possible using the CC-APU system. The application of
the advanced APU design reduces ground fuel consumption for the provision of secondary power by one-third
and reduces mission fuel mass by 0.5%.

Sensitivity of design variables: design guidelines

To gain a better understanding of the CC-APU design a discussion of the obtained design vector is presented.
This represents a first step towards developing design guidelines for airborne ORC WHR systems. Figure 11
indicates the relation of the optimized design variable values with their respective lower and upper bounds speci-
fied in Table 1. Especially those design variables that adopt their respective upper or lower bounds are of interest.

Table 5. Results of the optimized ORC WHR system.

Parameter Value Parameter Value Parameter Value
NORC.net 14.9% Qevap 426 kW Qeond 352 kW
X 81.0% X)Y | Z vy 0.28/0.28/0.23 m X/Y | Zeond 1.00/1.00/0.041 m
WORC net 63 kW Mevap 8.0 kg Meond 12.6 kg
W tnnee 6.7 kW Tevap Hin 865K Teond Cin 313K
MoRrc 44 kg T evapHoour 425K T cond,C.out 353K
Miuid 0.8 kg/s APesap i 2010 Pa AP cond.c 513 Pa
T minORC 374K Mesap.ti 0.9 kg/s Meond.C 8.8 kg/s
Timax ORC 548 K AT evap 47 K AT cond 32K
PrnaxORC 59.5 bar Eevap 89.0% Econd 51.0%

W pumpinec 9.9 kW N 160 krpm Miscurb 94.0%
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Table 6. Comparison of the GTCP36-300 APU (Stohlgren and
Werner, 1986) with an advanced APU design and the optimized

CC-APU.
Parameter GTCP36-300 Advanced APU CC-APU
NAPUnee (=) 18.3% 27.2% 33.9%
Mia (kg/s) 0.0317 0.0214 0.0172
Wigoss (KW) 258 258 274
Woee (KW) 250 250 250
M (kg/s) 1.60 1.10 0.88
TIT (K) 1,310 1,340 1,340
OPR (=) 6.1 10.0 95
Mis.comp 73.4%° 82.5% 82.7%

Mis carb 83.2%° 86.5% 85.6%
m (kg) 117 109 148
Mgl avu (KQ) 78 52 42
Miel (KQ) 5,505 5,479 5,471

“Value estimated based on data provided in Ref. (Stohlgren and Werner, 1986).

In the following, the values obtained for the individual design variables are discussed based on the underlying
physical phenomena.

OPR and TIT are the design variables having the largest impact on gas turbine efficiency. The value of
TIT . obtained for the CC-APU is only 30 K higher than the TIT of the GTCP36-300 APU which is
1,310 K (Stohlgren and Werner, 1986). The GTCP36-300 uses convectively cooled NGVs made of the material
Mar-M-247, which is an early nickel-base alloy, and an uncooled radial inflow turbine whose construction
material is not specified by Stohlgren and Werner (1986). The method described in Section Maximum Turbine
Inlet Temperature does not apply to radial inflow turbines and, therefore, cannot be verified with the data of
Stohlgren and Werner (1986). Figure 12 shows the sensitivity of TIT,, to a variation of the input parameters
used for the advanced APU design and provided in Section APU Design Assumptions. TIT . shows high sensi-
tivity to the value of v and low sensitivity to all other input parameters. Together with the thermodynamic con-
ditions, v determines the blade height, which affects the centrifugal stress along the blade span. Therefore,
knowledge of the engine geometry is important to obtain an optimum thermodynamic design. Using statistical
data based on engines with higher power capacity such as presented by Grieb (2004) may result in errors in the
prediction of small gas turbine engine performance. Incorporating engine gas path and mechanical design
methods can improve the accuracy of such analysis.

Nevertheless, further improvements in gas turbine efficiency by increasing TIT are limited as shown in
Figure 13, which gives the engine thermal efficiency as a function of TIT and OPR. The discontinuity of the
presented curves results from a change in the required compressor stage number as OPR varies. The number of
stages affects the stage loading which is an input for determining stage polytropic efficiency with the method
explained in Section APU Model. Under the assumption of no limitations regarding blade cooling and OPR, a
further increase of 7py ¢ Of less than 2% is possible when designing the engine with a TIT of 1,500 K and an
OPR of 18.

From a thermodynamic standpoint, ORC efficiency is maximized by maximizing 7in.0rc and pmaorc and
minimizing 7iin ORC: Tmax,0rc has a very dominant impact on 7cc_apy and many system parameters have a
large sensitivity to its value. The optimized solution adopts a value for 75, orc that is at the upper bound. This
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Figure 11. Bar charts showing the relation of the optimized design variables x; with respect to lower bound x- and
upper bound xV.

indicates that despite its large influence on system design the value of 7}, orc can be selected based on thermo-
dynamic considerations. Similarly, high sensitivity of system performance with respect to the value of 77, 0rc is
observed. Contrary to 7. 0rc, the optimal value of 7., 0rc is located approximately in the middle of the
range explored in the optimization for this design variable. It follows that the selection of 7in,orc cannot be
based solely on thermodynamic considerations but its optimal value is highly dependent on the system architec-
ture. For example, a reduction of 7i,n0rc by 1% from its optimized value increases 72cond,c by 20% which
causes a 30% higher Apcong.c. The combined effect leads to an increase of Wfan,nct by 60% (Equation 13). For
this reason, W{an’net is identified as the most limiting factor of CC-APU performance. To maximize system per-
formance it is therefore crucial to adopt an aerodynamically optimized fan. The maximum value of puaorc is
limited by the increasing pump power consumption which at one point counters the thermodynamic advantages
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Figure 12. Variation of gas turbine net efficiency with Figure 13. Variation of maximum turbine inlet tempera-

turbine inlet temperature (TIT) and overall pressure ratio ture (TITmsx) to a +5% change in turbine rotor

(OPR). hub-to-tip ratio (v), turbine stage loading (¥), turbine
rotor blade tip-to-hub area ratio (d;), and radial tem-
perature distribution factor (RTDF) with respect to the
values of the optimized advanced APU design.
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of a further pressure increase. Therefore, for the selection of pay orc pump power demand should be considered.
At the same time, for the analyzed supercritical cycle the sensitivity of 7cc_apy to variations in puayorc is low
which makes the selection of pmay orc less critical.

Size and pressure drop constraints limit the amount of heat that can be rejected by the condenser. In the present
study, only the limit on the condenser size is an active constraint, while the pressure drop is effectively limited by
the penalizing effect of V.Vfan,net. The optimization algorithm tends to drive the condenser design towards the
maximum available frontal area to reduce flow velocity and therefore pressure drop. As expected, it is more benefi-
cial to add heat transfer area by increasing the core width (Xond) and varying the core parameters instead of increas-
ing the core depth (Znd) which linearly increases the pressure drop. Similarly, the free flow to frontal area ratio of
the condenser is also minimized to reduce the channel flow acceleration and maximum velocities. This is done by
reducing the number of flat-tubes, effectively driving the variable 7,, which represents the fin height, towards the
imposed upper bound. Conversely, the fin pitch F, adopts a value that seems to fall right in the middle of the
imposed bounds. This is the result of a non-trivial trade-off between more heat transfer area, higher heat transfer
coefficient, and less pressure drop. The pinch point temperature difference in the condenser (A7} cond) impacts
the required heat transfer area as well as the cold side pressure drop. On one hand, larger values of A7, cong imply
larger temperature differences between the hot and cold side, which effectively reduces the required heat transfer
area and thus the size of the heat exchanger. On the other hand, larger values of A7, cond correspond to higher air
mass flow rates. This results in higher flow velocities, thus negatively affecting Apcond.c. As a result, the optimizer
adopts a value of AT}, ond that provides a good trade-off between these opposing trends.

As stated in Section APU Design Assumptions, gas turbine efficiency is very sensitive to the pressure loss in the
exhaust duct. Therefore, the optimal evaporator design is that with the lowest possible hot side pressure drop and
that still satisfies the size constraint on the core depth (Zxp). This is achieved by minimizing the intensity and size
of the detached flow vortices behind each tube. The intensity of the recirculation zones is mainly affected by the
local flow velocity, which is then minimized as much as possible by driving the transversal pitch x, toward
the upper bound. On the other hand, the reduced vortex intensity lowers the heat transfer coefficient and increases
the required heat transfer area. Contrary to x;, larger values of longitudinal pitch (x) slightly increase both the heat
transfer coefficient and pressure drop due to the re-attachment of the separated flow before the next tube
(El-Shaboury and Ormiston, 2005). Since the heat transfer improvement is weaker than the pressure drop increase,
x1 is minimized. The number of passes (7.5 settles to a value that tends to limit the total number of streamwise
tubes, which linearly affects the pressure drop. On the one hand, increasing the number of passes tends to reduce
the number of streamwise tubes per pass, thus increasing the working fluid velocity in the tubes and slightly increas-
ing the overall heat transfer coefficient. On the other hand, this results in an increased pressure drop on the working
fluid side. As a result, the optimal number of passes is a trade-off value between these opposing trends. Finally, the
evaporator pinch point temperature difference (A7}p evap) adopts the upper bound value to reduce evaporator heat
load which in turn leads to lower required evaporator heat transfer area and therefore pressure drop.

To understand the selection of the optimum ORC turbine design, the impact of varying the design variables
Wi, and ¢ on turbine total-total efficiency (#; ) is investigated by performing a parametric study. Figure 14
shows a contour plot of 7; 4, With respect to y;; and ¢, where v, the turbine inflow conditions as well as the
pressure ratio are kept at their respective values identified for the optimized CC-APU design. The point DP in
Figure 14 indicates the optimized design point. This point also coincides with the highest mass-specific power of
the turbogenerator. Furthermore, the value of the stage efficiency around point DP has rather low sensitivity to
small variations in the design variables y;, and ¢. The analysis also shows that best turbine performance is
achieved with values of v in the lower ranges, leading to lower blade deflection in the impeller for a given set
of y;, and ¢, and thus lower blade loading losses. In this work, the flow kinetic energy at the exit of the turbine
diffuser is considered as being completely recovered. This is a reasonable assumption for a closed loop cycle, if
one neglects the friction losses in the piping system to convert this kinetic energy into total pressure.

In general, it is observed that pressure drops on the ORC working fluid sides of the heat exchangers have little
impact on overall system performance. Furthermore, due to the imposed HEX size and pressure drop constraints,
the optimal pinch point temperature differences are higher than commonly applied for ORC WHR systems of
stationary applications. For stationary applications, depending on the component, pinch point temperature differ-
ences in the range of 5—10°C are commonly adopted, as for example reported in Ref. (Krempus et al., 2023).

A summary of design aspects derived from the optimized CC-APU design, that can inform future work on
combined-cycle gas turbine engines employing ORC WHR systems, is given in the following list:

*  System performance benefits from selecting the highest possible value of 7. orc.
* System performance is less sensitive to pmayorc. Its value can be selected based on engineering judgement.
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Figure 14. ORC turbine total-total efficiency map as a function of duty coefficients y;. and ¢ for fixed inflow condi-
tions, pressure ratio and hub-to-tip ratio (v).

* ORC turbine maximum total-total efficiency coincides with maximum mass-specific power and design vari-
ables should be selected accordingly.

e To limit condenser cold side pressure drop, the condenser design should employ the largest possible frontal
area in combination with a minimized number of flat-tubes.

* To limit evaporator hot side pressure drop, an in-line bare-tube-bundle evaporator design should employ a
large transversal pitch and a low longitudinal pitch. The magnitude of the pitches may be dictated by the val-
idity range of the applied heat transfer and pressure drop correlations.

* Employing an acrodynamically optimized fan is crucial to achieve maximum performance.

Methodology limitations

Steps 1) to 3) of the method to estimate 7'h may (Section Maximum Turbine Inlet Temperature) is based on the
assumption that the turbine operates at a single operating point over its lifetime. In the case of an aircraft APU,
this assumption is reasonable. However, in the case of gas turbine engines with a wider operating range, blade
creep strain varies between operating points. An analysis considering the thermal conditions and operating times
encountered during the entire mission is required to determine blade lifetime for an allowable total strain.
However, the presented method can still be used if the equivalent blade life resulting in the allowable strain at a
given operating point is known. For example, Halila et al. (1982) state that the strain accumulated over the
entire mission life of 18 - 10> hours is equivalent to operating the turbine for 250 h at hot-day take-off condi-
tions. In this case, 250 h can be used as input to determine T max-

The estimation of system mass presents the largest factor of uncertainty. The current methodology is limited
to using an empirical correlation for gas turbine mass estimation. This aspect will be improved in a future
version of the ARENA framework by integrating a component-based engine mass estimation tool currently
under development (Boersma, 2022; Verweij, 2023). The mass of the ducting related to the ORC system, the
APU, and condenser air intakes is currently not modeled. Moreover, estimating the mass of the structural ele-
ments required to integrate the system with the aircraft is difficult to model at the conceptual level.

The impact of the CC-APU assembly on aircraft aecrodynamics is not modeled in the present analysis.
Considering the large size of the condenser its air intake must be closed off during flight using a hatch to
prevent additional drag during cruise. Similarly, the air intake of conventional APUs is closed during flight. For
example, Figure 1 depicts the APU air intake hatch in the bottom of the tail cone in the open position.

Conclusions

In this work the application of an organic Rankine cycle (ORC) waste heat recovery (WHR) system to an aircraft
auxiliary power unit (APU) is investigated using a multidisciplinary simulation framework. An optimal design for
the combined-cycle APU (CC-APU) system for the provision of secondary power during ground operations is
identified using a genetic algorithm. The objective is the minimization of mission fuel mass based on the
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variation of 15 design variables. It is shown that the CC-APU can attain an overall efficiency of 34%, 7% more
than an advanced simple-cycle APU design with an efficiency of 27%. However, this comes at the expense of a
relative increase in system mass of the CC-APU of 35% when compared to the advanced simple-cycle APU.
Compared to using a current-day APU, the use of the CC-APU system consumes half the fuel mass required to
provide secondary power on the ground. For a short-range aircraft, the optimal CC-APU leads to a mission fuel
mass reduction of 0.6% compared to a current-day APU and 0.1% compared to an advanced simple-cycle APU.
Fan power consumption in combination with condenser air-side pressure drop is identified as the main limiter of
CC-APU performance. In this regard, the minimum ORC working fluid temperature 77, 0rc is the most crit-
ical design variable of the system. Additionally, size constraints imposed on the condenser further constrain the
achievable thermodynamic efficiency. The large size of the condenser indicates that the integration of a CC-APU
would require substantial modifications to the airframe. The identified ORC WHR unit design is in contrast to
conventional designs used for stationary applications. Stationary combined-cycle power units are designed with
the objective of maximizing power output, while for the airborne ORC WHR unit of a low power-capacity gas
turbine, maximizing ORC thermodynamic efficiency is the optimal strategy. This is achieved with a supercritical
ORC configuration. Additionally, as a result of size and mass constraints, the values of minimum ORC operating
temperature and heat exchanger pinch point temperature differences optimal for airborne ORC WHR applica-
tions substantially differ from those conventionally adopted in stationary systems. Based on the analysis of the
obtained optimal solution, a first set of design guidelines for airborne ORC WHR systems is presented. These
findings will allow for a refined selection of design variables in future optimization studies.

While this work only considered the operation of the CC-APU to provide the secondary power demand of a
current-day aircraft, other use scenarios of such a system can be envisaged. For example, advantages could be
derived from operating a CC-APU during flight to provide secondary power. This way the main engines of the
aircraft can be relieved from the task of providing secondary power during some flight conditions. This could
result in a simplification of their design or operational advantages. Another ground-based application may be the
provision of electrical power for electric taxiing concepts that are in active development. A secondary advantage
not investigated in this work could be the reduction of jet noise resulting from decreased exhaust velocity and
temperatures.

Future studies will include the application of ORC WHR systems to large turboshaft engines of turboelectric
and hybrid-electric powertrains. Furthermore, a detailed investigation of the optimal ORC working fluid for the
application at hand is required. It is also worth investigating different alternatives for ORC turbine power utiliza-
tion, such as mechanically coupling the ORC turbine shaft with the shaft of the gas turbine. This could poten-

tially result in system simplification and weight reduction.

Nomenclature

Acronyms

APU Auxiliary power unit

ORC Organic Rankine cycle

WHR  Waste heat recovery

EIS Entry into service

CC-APU Combined cycle APU

HEX Heat exchanger

LMP Larson-Miller parameter

RTDF  Radial temperature distribution factor
TBC Thermal barrier coating

NGV  Nozzle guide vane

PFD Process flow diagram

RIT Radial-inflow turbine

PM Permanent Magnet

TSFC  Thrust specific fuel consumption (mg/Ns)
TIT Turbine inlet temperature (K)

OPR Overall pressure ratio (—)

LHV Lower heating value (M] /kg)

SOT Stator outlet temperature (K)
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Greek symbols

Density (kg/m?)

Hub-to-tip ratio APU turbine first stage (—)

Hub-to-tip ratio ORC turbine (see definition below) (—)
Blade root stress (MPa)

Efficiency (—)

Pressure ratio (—)

Stage loading APU turbine (see definition below) (—)

Isentropic stage loading ORC turbine (see definition below) (—)

Stator-rotor air gap size ORC generator (m)
Rotational speed ORC turbogenerator (rad/s)
Flow coefficient ORC turbine ()

Roman symbols

Mpass

1:s
Pes
Pro
myo
ms

K

area (m?)

Mass (kg)

Mass flow rate (kg/s)

Pressure (Pa)

Temperature (K)

Average temperature (K)

Specific enthalpy (J/kg)

entropy (J/kgK)

Heat flow (W)

Power (WW)

Reduced mass flow rate (kg/s)
Velocity (m/s)

HEX core width (m)

HEX core height (m)

HEX core depth (m)

Design variable (—)

Design variable upper bound (-)
Design variable lower bound (—)

Mean logarithmic temperature difference correction factor (—)

Tube diameter (m)

Number of flat tubes (—)

Number of microchannels within a flat-tube (—)
Condenser fin height (m)

Condenser fin pitch (m)

Condenser fin thickness (m)

Louver pitch (m)

Louver length (m)

Louver angle (rad)

Flat-tube microchannel pitch (m)

Flat-tube microchannel wall thickness (m)
Flat-tube height (m)

Evaporator non-dimensional transversal pitch (—)
Evaporator non-dimensional longitudinal pitch (-)
Evaporator number of passes (—)

Combustion chamber inlet temperature (K)
Engine exhaust total temperature (K)

Engine exhaust total pressure (Pa)

Nozzle exit total pressure (Pa)

Engine inlet air mass flow rate (kg/s)

Engine exhaust mass flow rate (kg/s)

Turbine blade linear taper ratio (—)
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d, Turbine blade tip to hub area ratio (—)
B life Turbine blade lifetime (h)

Taxfuid Thermal stability limit of fluid (K)
AN? Mechanical design parameter (m*/mm?)
Un Rotor circumferential speed at meridional plane (m/s)
Re Reynolds number (—)

AW power loss (W)

R Volute centerline radius at inlet section (see definition below) (=)
|74 Absolute velocity (m/s)

R Radius (m)

G Pressure recovery coefficient (—)

L, ORC generator rotor length (m)

R, ORC generator rotor outer radius (m)
B, Magnetic flux density (T)

JA Electric current density (A/mm?)

Cr Friction coefficient (—)

W Turbine windage loss (W)
Subscripts

0 ORC turbine volute inlet

1 ORC turbine stator inlet

2 ORC turbine stator outlet

3 ORC turbine impeller inlet

4 ORC turbine impeller outlet

5 ORC turbine diffuser diffuser outlet
C Cold side fluid

H Hot side fluid

OE Operating empty

PL Payload

amb Ambient

exh Exhaust

t Stagnation condition for thermodynamic properties
st Stage

pp Pinch point

b Turbine blade

evap Evaporator

cond Condenser

turb Turbine or turbulent low

mot Electric motor

th Thermal

ref Reference condition

min Minimum

max Maximum

abs Absolute reference system

rel Relative reference system

is Isentropic

cc Combustion chamber

comp  Compressor

crit Critical point

mech  Mechanical

gen Generator

0 Tangential

m Meridional

tt Total-total

ts Total-static
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el Electrical
root Turbine blade root
tg Turbo generator
i Inner
o Outer
lam Laminar flow
ml Mean logarithmic
Definitions
2Ah,
Y= Uzr, : Stage loading APU turbine (-)
Vi 04 Ab

Wi = 76: - IJUS = 732“ Isentropic stage loading ORC turbine (—)
¢ ="V,3/Us Flow coefficient ORC turbine (—)

n\/ Tin/ Tam
Med = m4/b Reduced mass flow rate (kg/s)

Pin / Pamb

- RQS
Res = Pair 220 Reynolds number based on gap size of the ORC generator (—)

,uair

Ao . . . .
Ro=R +4/— Volute centerline radius at inlet section (—)
P2
Rm4 . . .
V= 2 Hub-to-tip ratio ORC turbine (—)
3
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