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ABSTRACT

The maximum attainable performance of small gas turbines represents a strong limitation
to the operating altitude and endurance of high-altitude unmanned aerial vehicles (UAVs).
Significant improvement of the cycle thermal efficiency can be achieved through the intro-
duction of heat exchangers, with the consequent increase of the overall engine weight. Since
semi-closed cycle engines can achieve a superior degree of compactness compared to their
open cycle counterparts, their use can offset the additional weight of the heat exchangers. This
paper applies semi-closed cycles to a high-altitude UAV propulsion system, with the objec-
tive of assessing the benefits introduced on the engine performance and weight. A detailed
model has been created to account for component performance and size variation as function
of thermodynamic parameters. The sizing has been coupled with a multi-objective optimisa-
tion algorithm for minimum specific fuel consumption and weight. Results of two different
semi-closed cycle configurations are compared with equivalent state-of-the-art open cycles,
represented by a recuperated and an intercooled-recuperated engine. The results show that,
for a fixed design power output, engine weight is approximately halved compared to state-of-
the-art open cycles, with slightly improved specific fuel consumption performance. Optimum
semi-closed cycles furthermore operate at higher overall pressure ratios than open cycles and
make use of recuperators with higher effectiveness as the mass penalty of the recuperator is
smaller due to the lower engine mass flow rates.
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NOMENCLATURE

C compressor absolute velocity
DR diffusion ratio
f Fanning friction factor
J Colburn heat transfer factor
J objective function

Ji2 first and second optimisation objectives
L, diffuser vane length

m mass flow rate

N rotational speed

P pressure

Q heat flux

r radius

Vv volume

Vr diffuser vane loading

w weight or compressor relative velocity
X design vector

X] design vector lower bound
Xy design vector upper bound
Zyp diffuser vane number
Subscripts

1 -2 compressor impeller inlet and exit
3-4 compressor diffuser inlet and exit
acc accessories

air inlet fresh air

B burner/combustor

c heat exchanger cold side

C compressor

des design

eng engine

gear gearbox

e intercooler

h heat exchanger hot side
mean arithmetic mean

Noz nozzle

ref reference data

RC recuperator

s impeller tip/shroud

tot total engine flow

T turbine

Greek Symbol

o flow angle

B

blade angle or HEX angle of wave pattern
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AP/P total pressure loss
effectiveness

efficiency

velocity tangential component
compressor work factor
pressure ratio

equivalence ratio

e q> T3 ®

1.0 INTRODUCTION

The overall cycle performance of small gas turbine engines has been enhanced over the
last decades through the detailed design of more efficient turbomachinery components!!=).
However, with the plateauing of compressor and turbine efficiency levels, further increases
in the cycle thermal efficiency can only be achieved with the addition of heat exchangers
(HEXs).

Moreover, due the important mutual interactions between the HEXs and the whole cycle
performance, competitive performance can only be obtained for a heat exchanger design that
is strongly integrated with the whole gas turbine system analysis®). Therefore, the consequent
increase in weight and engine complexity could partially offset the benefit in specific fuel
consumption (SFC).

Semi-closed cycles were originally introduced for marine applications as a promising alter-
native to conventional aero-derived open cycle arrangements ). A primary characteristic of
the semi-closed cycle arrangement is that a considerable amount of the total mass flow is
recirculated within the engine itself. As a consequence, a higher level of compactness has
been documented compared to intercooled-recuperated open cycle (ICR) solutions®.

More recent research on semi-closed cycles, performed under the HPRTE (High Pressure
Regenerative Turbine Engine) program(®7, has underlined the following main set of advan-
tages over a conventional ICR configuration:

(a) Lower inlet mass flow As a consequence of the recirculated gases, the amount of inlet
fresh air has to be sufficient only to ensure combustion. In this way, the ratio of fresh
air to fuel mass flow is almost stoichiometric, even though the reaction temperature is
reduced by the recirculated products.

(b) Engine compactness The optimal overall pressure ratio (OPR) is far higher in
semi-closed cycles than in equivalent open cycle solutions. Hence, the recuperator
volume is significantly reduced. Furthermore, as a result of the lower inlet mass flow
requirements, the size/weight of the low pressure components is also decreased.

(c) Flat SFC part-power curve From the studies conducted on the HPRTE engine config-
uration (Fig. 1), a much flatter part-power SFC curve has been observed with respect
to conventional ICR arrangements, even at really low power output demand. This has
been attributed to the high pressure recirculated loop, which allows the high pres-
sure components to operate near their peak efficiency across a wide range of power
output.

(d) Reduced emission A significant reduction in CO and NO, has been observed in semi-
closed cycle arrangements, primarily due to the reduced concentration of oxygen in
the mixture, as a consequence of the feedback loop®.
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Figure 1. Intercooled-recuperated semi-closed cycle engine schematic (HPRTE); LPC (Low Pressure
Compressor), IC (Intercooler), HPC (High Pressure Compressor), RC (Recuperator), B (Burner/
Combustor), HPT (High Pressure Turbine) and LPT (Low Pressure Turbine).

l—— [ 4]
SN (7-7) S 5 HPC |—a} - -

Figure 2. Intercooled-recuperated semi-closed cycle engine schematic (ERAST Coleman engine); LPC
(Low Pressure Compressor), IC (Intercooler), HPC (High Pressure Compressor), RC (Recuperator),
B (Burner/Combustor), HPT (High Pressure Turbine) and LPT (Low Pressure Turbine).

Considering the benefits just presented, semi-closed cycles could represent an interesting
solution for those aerospace applications that require the introduction of HEXs to improve the
cycle performance and that are strongly constrained in size and weight, as for the unmanned
aerial vehicle (UAV) case.

During the NASA ERAST (Environmental Research Aircraft and Sensor Technology) pro-
gram®, a preliminary study on different propulsion systems has been performed for the
development of a high-altitude UAV for research purposes. A particular type of semi-closed
cycle, called the Coleman engine (Fig. 2), has shown promising characteristics with respect
to more conventional engine configurations.

Although the ERAST document® provides an interesting insight on this novel cycle con-
figuration, a comprehensive optimisation study on semi-closed cycles is still missing for
high-altitude UAV applications. This paper presents such a detailed study focused on semi-
closed cycle performance and feasibility aspects. In particular, the development of a detailed
component performance and weight model, applicable to the analysis of semi-closed cycles
and open cycles, is briefly presented. The objective of the model is to be able to capture
the performance and weight variation of primary engine components (compressors, turbines,
combustor, heat exchangers, etc.) as function of main thermodynamic variables and flow
characteristics. The developed tool is subsequently used to compare design and part-power
performance of the Coleman cycle and the HPRTE arrangements with the state-of-the-art
open cycles, given by the recuperated and the intercooled-recuperated gas turbines. Each
engine arrangement is optimised with a multi-objective algorithm for minimum weight and
SFC, assuming the ERAST design case® as reference for flight data and engine power
requirements.

Note, this article focuses solely on UAV propulsion aspects and no consideration is made
on the aircraft design or engine integration aspects. Data on the aircraft itself are available in
Ref. (9).
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2.0 MODEL DEVELOPMENT

A comprehensive model has been developed to solve the cycle thermodynamics and to define
the performance and weight variation of primary engine components as function of primary
cycle variables. A complete description of the modelling approach is available in Refs (10,11),
while a short discussion is presented here.

2.1 Thermodynamic cycle calculations

The engine thermodynamic model has been realised with the support of NPSS (Numerical
Propulsion System Simulation), an object oriented environment built in C** that can be used
for the analysis of conventional and unconventional gas turbines. The program features stan-
dard component libraries and a modified Newton-Raphson solver to model the cycle design,
off-design and transient cycle performance.

A brief description of the thermodynamic model realised with NPSS is presented here with
particular focus on the semi-closed cycle implementation. More details on the thermodynamic
modelling approach are given in Refs (10,11) for the open cycles as well.

2.1.1 NPSS cycle model

For each cycle arrangement, a single shaft configuration has been chosen to reduce the engine
complexity and contain the overall weight. Moreover, the turbomachinery block has been
modelled using a double compressor and turbine arrangement, as shown in Figs 1 and 2.

Standard NPSS elements have been used to create the engine models, with the exception
of intake, intercooler, recuperator and combustor, which have been modified to include sim-
ple off-design performance models, as explained later on. The turbomachinery off-design
behaviour has been modelled through the conventional map scaling approach implemented
within the program, while the design performance is established by the external component
performance models subsequently discussed.

Figures 3 and 4 provide the complete cycle schematic as realised in NPSS for the ERAST
and the HPRTE semi-closed cycles, respectively. Standard NPSS ‘Fluid Links’ have been
employed to model the fluid connections between components, transferring fluid proprieties
such as mass flow, pressures, temperatures, etc., from each engine element to the follow-
ing one. ‘Start’ and ‘End’ elements are used to initialise and terminate a flow stream, while
the remaining blocks represent the main engine components used in the model. In this
way, the fluid dynamics within the engine are properly modelled. Furthermore, mechanical
connections between rotating elements are defined by means of ‘Shaft Links’.

Since the engine model is initialised from inlet to outlet, the flow characteristics at the
entrance of each component must be available to proceed with the cycle calculations %!V For
elements like the recuperator and the mixer, this is not possible as one of the inlet flow stream
proprieties depends on the performance of downstream cycle elements. Therefore, starting
from an initial guess, several iterations are necessary to ensure that the flow properties at the
inlet of these components are consistent with the output data of the preceding component 1%
This consistency is ensured by introducing ‘Solver Fluid Links’ and combining them with
appropriate fluid ‘Start’ and ‘End’ elements, linked together throughout the NPSS solver, as
shown in Figs 3 and 4. The NPSS solver uses these ‘Solver Fluid Links’ in internal iterations
to ensure consistency of the thermodynamic and flow characteristics between the various
components. As will be shown in the results sections, this required additional iteration can
hinder convergence leading to a more sparsely populated Pareto front.
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Figure 3. ERAST Coleman engine schematic as realised in NPSS.
H Splitter
Ambient : Start Ic —| End Element LPT Noz End
................ ;
Ambient InletStart Heat Exchanger FlowEnd b Split Turbine Nozzle FlowEnd
Element Element Element Element
_____ : W L —
I i 1
Mixer i - i : o~ fe— & start e e R .
Element| Mix s start r*==4-+% End 1 H H
: ] i I — SR !
_____ (S | FlowStart
FlowStart FlowEnd Heat Boclianger !
Element I
[
I——}-_,
I
I
Start Inlet LPC HPC Start Burn HPT i End :
R ;
InletStart Inlet Element Compressor Compressor FuelStart Combustor Turbine FlowEnd
Element Element Element Element
o——= Fluid Link: haft Link:
Start Prop End ufdlinks . ShafeLinks
o~ — & Solver Fluid Links =——— Bleeding Links
InletStart Propeller FlowEnd

Element

Figure 4. HPRTE engine schematic as realised in NPSS.

In addition, a simple bleed/cooling model has been constructed using the NPSS bleed flow
links to establish the amount of coolant that is required for a high pressure turbine (HPT)
temperature exceeding 1,250K, as explained in Refs (10,11). According to Ref. (12), turbine
cooling should be employed above this value to avoid a considerable reduction in the com-
ponent life. Consequently, the input HPT efficiency has been reduced to account for cooling
losses!¥, as discussed in Refs (10,11).

From a thermodynamic modelling perspective, dissimilarities between the ERAST and the
HPRTE engines are solely related to the different location of the splitter element (Figs 3
and 4), which affects the amount of mass flow rate entering the recuperator hot side. As a
result, the total heat transfer across the heat exchanger significantly differs between the two
semi-closed cycles. In particular, a much greater recuperator heat flux is achievable with the
HPRTE configuration, although the HEX weight impact is expected to be more severe than
for the ERAST engine.
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2.2 Component performance model

A detailed performance model has been created to characterise the design and off-design
behaviour of the primary gas turbine components as function of main thermodynamic vari-
ables and given flow conditions. This allows to better capture variations in component
efficiencies, dimensions and feasibility as function of overall cycle variables, such as overall
pressure ratio, engine mass flow, turbine inlet temperature, etc. Hence, making the performed
analysis more reliable and accurate.

The model has subsequently been integrated with the NPSS calculations to have an accurate
engine performance prediction within a feasible region. Moreover, a certain level of detail
has been necessary in the component modelling techniques to gain sufficient geometrical
information for the engine weight estimation.

2.2.1 Design performance modelling

A detailed model has been created for compressors, turbines and combustion chamber with
the objective of characterising geometry, feasibility and attainable performance. For this anal-
ysis, radial turbomachinery has been employed from considerations on specific speed, specific
diameter, pressure ratio and power involved. Preliminary geometrical data have been obtained
using the meanline technique presented by Whitfield and Baines'® for the estimation of
component efficiencies and weights.

Centrifugal compressor

The centrifugal compressor design efficiency has been calculated considering the indi-
vidual contribution of impeller, vaneless diffuser (VLD) and vaned diffuser (VD) losses. A
geometrical model built for impeller and diffuser, following Refs (14,15) and (16,17) respec-
tively, has been coupled with an empirical loss model to estimate the resultant compressor
design efficiency!%!D.

Galvas'»'® Oh et al.'”) and Aungier®®?" have proposed a set of equations to account
for individual impeller loss contributions and diffuser losses. Here, the Galvas loss model
has been selected due to the advantages discussed in Ref. (22): better efficiency predictions
around the compressor design point, reduced number of equations and geometrical data nec-
essary to estimate the compressor efficiency. The shock loss relation given in Refs (20,21)
has been added to improve the Galvas loss model prediction at high rotational speed. The
resultant performance model has been shown to result in acceptable efficiency predictions for
preliminary design calculations1%!D,

Aerodynamic feasibility of the resultant compressor design has additionally been ensured
by setting limitations on the maximum admissible diffusion ratio (Equation (1)) and vane
loading (Equation (2)),(!7-?3, as explained in Refs (10,11).

_Ws _ ris/72 <20 )

DR = — ; =2
Wy (1 =21+ A2/ sin” ap)!/2 sin By

and

27T(I”3C93 — I’4Cg4) 1
V= <=
ZypLy(C3 — Cy) 3

Q)

The addition of these aerodynamic feasibility constraints is critical to avoid the optimiser
driving designs to infeasible design regions.
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Radial turbine

Radial turbine losses have been defined considering stator and rotor contributions.
Preliminary geometrical data have been calculated following the design procedure presented
in Refs (14,24). Two main loss models have been implemented, as proposed by Rohlik ?3-29)
and Glassman®”-?®)_ The modified version of Glassman’s equations for passage and clearance
losses, presented by Baines>”, have been added to the model.

The Glassman loss model has been used in this analysis, as it led to a smaller error
in the turbine design efficiency prediction with respect to reference data compared to the
other models'®!". The compressor and turbine total-to-total efficiencies, calculated fol-
lowing the described methodology, have been used in NPSS to accurately model the cycle
thermodynamic behaviour.

Combustor

The combustor geometrical characterisation has been made following the consolidated pre-
liminary design methodology discussed in Ref. (30) and assuming a design burner efficiency.
A model to calculate the liner wall temperature and establish cooling requirements has been
implemented to identify possible unfeasible combustor designs and properly constrain the
optimisation search path(1%!D),

2.2.2 Off-design performance modelling

Simple off-design performance models have been built in NPSS for the intake, heat exchang-
ers and combustor. In particular, intake performance has been modelled using typical
component maps, which relate the pressure recovery factor to the flight Mach number©'-32).
The set of performance equations developed by Walsh and Fletcher®® has been used to char-
acterise the variation of HEXs pressure losses and effectiveness in off-design. Variations
in combustor efficiency and pressure losses have been modelled following Ref. (34). As
mentioned, the turbomachinery off-design analysis has been performed by scaling given per-
formance maps, taken from Refs (35,36) for compressors and turbines, respectively. More
details on the off-design performance model can be found in Refs (10,11).

2.3 Weight model

A component-based weight model has been linked to the performance/geometrical models to
establish the weight of primary gas turbine elements, such as turbomachinery, heat exchang-
ers, combustor, shaft, gearbox and accessories. Refs (37,38) present a detailed weight model,
which has been employed for the weight estimation of these components, with the exception
of HEXs and gearbox.

A detailed geometrical characterisation has not been made for the intercooler and recu-
perator. Instead, a weight model has been derived from proportionality relations, similar
to Equation (3)®, which correlates the volume of the HEX to primary component design

parameters and thermodynamic cycle data®*4%,
i e 1 1
e " X( —)x j;— ...0%3
VT 1 —¢/AP/P B
——— —
Power parameter Recuperator parameters

Surface geometry

As the HEX weight is related to the volume through the density of the employed materi-
als, weight relations have been derived by scaling from reference component data!%!". In
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particular, Equation (4) has been employed to estimate the recuperator contribution, assum-
ing that resultant weight is only function of cycle performance characteristics, as suggested
in Refs (39-41).

Woe = W. [ 1y, € 1 i| n"’h,ref Eref 1 4
rem e Jn_c(l—s¢—AP/P> / wﬁnm<1—erw*(AP/P)ref> @

Similarly, Equation (5) has been derived for the intercooler. Here, as suggested in
Refs (41,42), the overall cycle pressure ratio dependency has been replaced by the arithmetic
mean between the inlet hot and cold side pressures.

n'1h I 1 n'u,’ref Eref 1
Wic = W - =5 ) |/ TAPIPY .
vV Pmean I—e¢ AP/P Pmean,ref 1— Eref (AP/P)ref
... (5
Gearbox weight has been estimated applying the technique developed in Ref. (43). A
planetary gearbox has been assumed since this configuration leads to a significant weight
reduction for a given power capacity and it is commonly employed in turboprop and turboshaft
engines ¥
g .
The total engine weight can be calculated by means of Equation (6) as sum of the individual
component weight contributions. The complete set of equations and the reference data used
for the weight model can be found in Refs (10,11).

Wengzwc+ch+WRC+WB+WT+Wsh+Wgear+Wacc (6)

3.0 ENGINE OPTIMISATION

Each engine model has been optimised for minimum specific fuel consumption and mini-
mum weight using the MATLAB in-built multi-objective evolutionary algorithm 349, The
optimisation problem has been mathematically formulated according to Equation (7), with
no non-linear constraints directly applied to the optimiser, as the feasibility of the optimised
solutions is ensured by the previously discussed models %!

min[J(x)] = min |:2€3i| =min [Spl;jzg)} .. (7
subjected to
X=X =X,

The minimum specific fuel consumption objective SFC,, has been defined by averaging the
engine design and part-power SFC, given at 75%, 50% and 25% of the engine design power
output (Equation (8)).

SEC o5 + SFCr59, + SFCsgo, + SFCaso,
SFC,, = des T 75% tf 50% 1 25% . (@®)
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Figure 5. Optimisation modelling diagram.

The MATLAB algorithm named ‘gamultiobj’ has been linked to NPSS and the compo-
nent performance/weight model as shown in Fig. 5. The optimiser creates a new design
vector, selected between the lower and upper bounds, which is required to run the ther-
modynamic cycle model in NPSS, whose turbomachinery design efficiencies are initially
guessed.

Once NPSS has converged, the component inlet and outlet flow data have been defined, and
they can be used by the component performance/weight model to establish size, performance
and feasibility of the major engine elements considered. This process iteratively updates the
turbomachinery efficiency, leading to an accurate estimation of the attainable cycle design
performance. Once the design point has been fully characterised, the off-design part-power
analysis is performed in NPSS. Any unfeasible or unconverged solution is returned to the
optimisation algorithm with the worst rank possible, such that it will be discarded in the next
generation1%11)

Table 1 summarises the thermodynamic design variables used for the optimisation of the
semi-closed cycle. The optimiser can vary the values of these variables between the lower (x;)
and upper bounds (x,), indicated in Table 1, to find the optimum trade-off between engine
weight and average SFC. Similar tables are presented in Refs (10,11) for the simple recu-
perated and the intercooled-recuperated open cycle solutions. In addition to these variables,
some compressor and turbine geometrical parameters are directly controlled by the opti-
miser to ensure that the optimal turbomachinery efficiency is obtained for the given flow
conditions!%11.

The design vector lower and upper bounds have been set according to the common practices
reported in the references shown in Table 1 and after a preliminary sensitivity study performed
with NPSS. The initial population size has been set following the rule of thumb of using an
initial population of at least ten times the number of the design variables®?). This ensures a
smooth Pareto frontier.
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Table 1
Coleman/HPRTE optimisation design variables and relative bounds

X X Xu Reference
LPC pressure ratio (IT;5¢) 2.000 6.500 )
HPC pressure ratio (IT;»¢) 3.000 6.500 )
IC hot pressure loss ((AP/P)c.n) 0.020 0.050 —
IC effectiveness (&;¢) 0.650 0.950

RC cold pressure loss ((AP/P)gc.)  0.020 0.050 (9,47,48)
RC hot pressure loss ((AP/P)rc.p) 0.020 0.050 (9,47,48)

RC effectiveness (x¢) 0.650 0.950 (9,47)
Turbine inlet temperature (7IT) 1,200K 1,650K 9)
Equivalence ratio (¢) 0.850 0.950 %)
Nozzle pressure ratio (I1y,,) 1.050 1.250 (49)
Shaft rotational speed (N) 18,500 23,500 )
(@) (b)
3600 - 3600 |
3400 | . 3400 [ ®
—. 3200 _ 3200 | 8
£ 000 } £ 3000 | 3
E’ 2800 @ % 2800 | § g
2 2600 | -E 3 2600 | =
B 2400 25 2400 | 2
% 2200 8% 2200 | )
i 2 2000 | .
1800 © a0 | o ®
1600 | 1600 |
1400 3 . : : g : 1400 | . : : !
024 026 028 03 032 034 036 024 026 028 03 032 034 036
Specific fuel consumption [kg/kWh] Specific fuel consumption [kg/kWh]
Recuperated engine Recuperated engine

Figure 6. Open cycles Pareto optimal solutions.

4.0 RESULTS

Results have been obtained for the four engine cycles analysed, using the ERAST case study®
as reference for main design data. In particular, each engine model has been optimised for
minimum SFC and engine weight at a flight altitude of 90,000 ft, a flight Mach number of 0.4
and an engine design power output of 300 hp (~223.71 kW). Figures 6 and 7 illustrate the
optimisation results and the Pareto frontier, given by the last generation of each optimisation
(shown in yellow) for the open and the semi-closed cycles considered within this work. Note
the different scales used on each of the Figs 6 and 7.

As indicated previously, the optimisation of the semi-closed cycle arrangements is com-
plicated by numerical convergence issues due to the extra constraints and fluid solver links
required in the analysis. This is evidenced by the less dense point cloud and non-full Pareto
frontier and the higher number of generations needed to obtain convergence of the semi-
closed cycles (Fig. 7). Nonetheless, convergence is sufficient to identify trends and compare
the semi-closed and open cycle engines.
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Figure 7. Semi-closed cycles Pareto optimal solutions.

4.1 General considerations

Both the Coleman and the HPRTE configurations show a far more significant degree of com-
pactness compared to the open cycles for the same SFC,,, leading to a weight less than half
that of the open cycle engines. This can mostly be attributed to the considerably smaller
inlet mass flow required for a given engine power output due to the recirculation of gases in
the cycle. Part of the compactness benefit also comes from the significantly higher overall
cycle pressure ratio achievable with a semi-closed cycle configuration, leading to a signifi-
cant reduction of the low pressure components and the recuperator weight (Tables 2 and 3).
A higher overall pressure ratio is possible due to the significantly lower engine inlet mass flow
necessary, about three times less than for the ICR configuration. This allows for a significantly
higher low pressure compressor (LPC) pressure ratio with a greatly reduced compressor power
demand. For the open cycles a much larger LPC is required due to the higher mass flow rate.
This larger LPC is limited in pressure rise by the maximum admissible diffusion ratio (see
Equation (1)). As a consequence, semi-closed cycles display a slight improvement in the
minimum SFC,, achievable with respect to the conventional solutions.

Differences between the Coleman and the HPRTE cycle results (Fig. 7) come from the
different position of the splitter element (Figs 1 and 2). In the HPRTE configuration the whole
engine mass flow gets cooled down in the recuperator before entering the low pressure turbine
(LPT). Thus less power can be extracted from the LPT, which leads to a higher HPT loading.
This results in a stronger impact of the turbomachinery and recuperator on the overall engine
weight, as a greater mass flow is needed to ensure the required power output. In the Coleman
engine, only part of the mass flow gets cooled down in the recuperator which explains the
differences in engine weights in Fig. 7.

Furthermore, because the LPC and HPT pressure ratios are constrained by the mixer, the
recuperator effectiveness has to be adjusted to ensure a sufficiently high HEX hot-side exit
temperature for the enthalpy jump across the LPT. As a consequence, a slightly higher inlet
mass flow is observed in the HPRTE configuration, with a comparatively lower feedback flow
rate (FFR), defined as the ratio between the inlet fresh air to the recirculated gases. Since
only the fresh air is reacting with the fuel, a slightly higher SF'C,, is observed in the HPRTE
model, explaining the differences in the SFC behaviour between the Coleman and the HPRTE
engines.
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Table 2
Important design cycle parameters (min SFC,,)

i (kg/s) mye (kg/s) FFR - Mpe  Iyee N (RPM)

RC 0.850 0.850 N/A  3.163 3.984 10130

ICR 0.684 0.684 N/A  3.014 5.126 12177

Coleman 0.168 0.744 3.429 5.7790 4.677 22160

HPRTE 0.199 0.791 2975 6250 5.268 20226
Table 3

Important cycle parameters (min W,,,)

n,; (kg/s) My (kg/s) FFR - Ipc  Hype N (RPM)

RC 1.003 1.003 N/A 3235 4.013 12,809
ICR 0.843 0.843 N/A 3336 3.679 13,125
Coleman 0.200 0.758 2.790 5811 4.675 22,169
HPRTE 0.261 1.007 2.858 6.223 4.928 21,525

Tables 2 and 3 display main design cycle data associated with the minimum SFC and weight
solutions for the four engine architectures analysed within this work. As visible, because of the
recirculated flow, semi-closed cycles require a much smaller inlet fresh air than conventional
gas turbines for a given engine power output. This considerable boost in specific power allows
to strongly reduce the turbomachinery weight contribution. Furthermore, the higher OPR
achieved by the Coleman and the HPRTE engines, not only improves the cycle fuel efficiency,
but also helps to contain the intercooler and recuperator sizes, thus improving the overall
engine compactness.

4.2 Part-power behaviour

Ref. (7) has shown that the HPRTE arrangement presents a much flatter SFC curve at part-
power off-design operating points with respect to conventional configuration. This aspect has
been confirmed by this analysis as well. In particular, Fig. 8 has been generated by selecting a
common SFC,, between the four engines considered (~0.253 kg/kWh) and normalising the
part-power SFC points with respect to the design value.

As visible, the HPRTE model exhibits superior performance at low engine power demands
with respect to all the remaining engine models. The differences with the Coleman engine
are associated once again with the splitter location. As the engine power output is reduced,
the heat transfer across the recuperator is far more significant in the HPRTE configuration
than in Coleman cycle. The recirculation ratio of the first can be better adjusted to keep the
high pressure components close to their peak efficiency, as also shown in Ref. (7). This is
only partially achievable with the Coleman cycle arrangement as less feedback flow rate is
available and sufficient power has to be extracted from the LPT.

Table 4 shows the recuperator heat flux variation as a function of the engine power output
for the Coleman and the HPRTE engines. These data have been obtained from NPSS for
the Coleman and the HPRTE arrangement at the previously analysed SFC point, with almost
equivalent engine design specs. As visible, the HPRTE configuration allows for a greater heat
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Table 4
Recuperator part-power heat flux variation

Coleman HPRTE
Power QRC W) QRC,des/ QRC QRC W) QRC.des/ QRC

100%  4,72,312 1.000 5,78,838 1.000
75% 3,57,626 1.321 4,54,488 1.274
50% 2,52,106 1.874 3,32,925 1.739
25% 1,32,398 3.567 2,03,315 2.847

19

181

1.7

16

151

SFC/design SFC
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Figure 8. Engine part-power performance comparison.

flux across the recuperator in design (100% power), despite the more significant HEX hot-side
exit temperature constraints set by the LPT.

In off-design, the recirculation ratio is varied to ensure a highly effective heat flux across
the recuperator. However, as shown by the recuperator design to off-design heat flux ratio
('QRCdcs / QRC), the HPRTE configuration allows for a better control of the FFR, leading to a
much higher heat transfer across the recuperator even at low engine power output, which is
the main reason associated with the flatter SFC curve displayed in Fig. 8.

4.3 Semi-closed cycle results

The optimisation results for the Coleman and the HPRTE semi-closed cycle configurations are
reported below, discussing the influence of major thermodynamic design variables (Table 1)
on the average SFC and weight objectives.

4.3.1 Effects of OPR and rotational speed

Figure 9 displays the influence of overall pressure ratio and rotational speed on the Pareto
frontiers. In particular, an OPR of approximately 27.3 and 31.0 leads to the minimisation of
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Figure 9. Effect of pressure ratio and rotational speed.

both objectives for the Coleman and the HPRTE engines, respectively. The largest pressure
rise is located on the LPC, as low power is required by this component due to the reduced
inlet mass flow with respect to the open cycle cases. The simple recuperated and intercooled-
recuperated cycles have OPRs of approximately 13 and 16, respectively.

Minimum weight solutions are obtained at higher rotational speeds as high rotational
speeds reduce the size of the turbomachinery block, while approximately the same pressure
ratio is achieved through larger rotating components for minimum SFC. In fact, as the dimen-
sions of the turbomachinery reduce, losses due to the Reynolds effects and secondary flows
become more significant, decreasing the efficiency of compressors and turbines.

4.3.2 Effects of Turbine Inlet Temperature (TIT) and equivalence ratio

As for the open cycle, increasing the TIT leads to an improvement in both cycle thermal
efficiency and specific power. The maximum achievable turbine inlet temperature is limited
by turbine, combustor and recuperator materials. Since the first two aspects are considered
within the component model and the selection of the optimisation bounds, a condition on the
recuperator inlet temperature (RIT) has to be defined to deal with unfeasible HEX hot-side
temperatures.

In particular, a maximum RIT value of 900°C (1173.15K) has been defined for design
and off-design calculations, which represents the maximum limit for metal based alloys®.
Therefore, the optimiser maximises the TIT, respecting this limitation on the RIT. A TIT value
of approximately 1,560K and 1,565K has been selected by the optimiser for the ERAST and
the HPRTE engine, respectively (Fig. 10).

The equivalence ratio variable, given as the ratio between the actual and the stoichiometric
fuel to air ratio, has been used in design to directly control the FFR, as done in the ERAST
analysis®. In particular, a higher equivalence ratio corresponds to a larger recirculation ratio,
leading to lower inlet fresh air requirements and vice versa. Figure 10 shows the effects of the
equivalence ratio on the considered semi-closed cycles.

Minimum average SFC solutions are achieved for a ¢ value close to the optimisation upper
bound, approximately 0.95 and 0.91 for the Coleman and the HPRTE engines. The differences
between these cycle configurations are associated to the dissimilar splitter location previously
explained. In fact, as the HPRTE engine requires more fresh air, ¢ has to be adjusted to supply
sufficient mass flow to ensure the combustion.
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Figure 11. Effect of recuperator effectiveness and total pressure losses.

On the other hand, minimum weight solutions are obtained for a lower equivalence ratio of
about 0.88 for both engine models since a high feedback flow ratio has an important impact
on the high pressure component weights, as it directly influences the total mass flow amount
of the recirculated loop.

4.3.3 Effects of HEX variables

Figure 11 shows the impact of recuperator effectiveness and total pressure losses, defined as
the sum of hot and cold side pressure drops on the Pareto frontiers. As can be expected, high
effectiveness and reduced pressure losses result in minimal SFC solutions. Logically the oppo-
site trend is visible in minimum weight solutions. Figure 11 highlights the importance of the
recuperator for semi-closed cycle arrangements, as a relatively high value of ¢ is maintained
across the entire Pareto frontier in both the Coleman and the HPRTE configurations.

The need for a high recuperator effectiveness is a result of the high pressure recirculated
loop arrangement. As the OPR remains high in minimum weight solutions, the recuperator
volume still stays contained (see Equation (3)). As the recuperator effectiveness goes down,
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a greater total engine mass flow is required to maintain the required power output. Hence, the
optimiser reduces the recuperator weight contribution, by reducing ¢ and increasing AP/P,
until the turbomachinery impact starts to become more significant.

The intercooler parameters have different effects on the Pareto optimality of the Coleman
and the HPRTE arrangements. In particular, it has been observed that the intercooler
plays a far less important role than the recuperator in the Coleman engine configuration.
Consequently, the optimiser sets the effectiveness of this component to approximately 0.7 for
both objectives.

For a fixed engine power output and TIT, an improvement in &;c causes a reduction in
the HPC power demand, which increases the HPT exit temperature. As the maximum RIT
is limited by the recuperator material, this limits the allowed HPT exit temperature. Since in
semi-closed cycles the HPT exit pressure is additionally fixed by the mixer, the power split
between HPT and LPT is consequently constrained.

Because a lower mass flow rate passes through the recuperator hot side in the ERAST
Coleman engine, a high effectiveness has to be kept in this component to maximise the heat
transfer and improve the SFC, while the intercooler effectiveness has to be limited to ensure
a feasible RIT. In addition, as the recuperator effectiveness does not impact the LPT inlet
temperature, no strong limitation on the recuperator hot side exit temperature is present. This
enables a small temperature difference between the two inlet stream of the mixer, diminishing
the HPC power demand even for a lower ;¢ value.

In the HPRTE cycle, on the other hand, the recuperator exit temperature has to be suffi-
ciently high to allow for a sufficient LPT power extraction. As a consequence, the temperature
difference at the mixer inlet is far greater than the Coleman case. Therefore, the intercooler
effectiveness plays a more important role in reducing the HPC inlet temperature, as shown in
Fig. 12. For the Coleman engine, the intercooler effectiveness is approximately 0.7 across the
entire Pareto frontier.

4.3.4 Effects of turbomachinery efficiency

As previously discussed, the shaft rotational speed significantly affects peak efficiencies and
relative sizes of the turbomachinery. As high compressor and turbine efficiencies are required
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Table 5
Design turbomachinery efficiency (min SFC,,)

LPC HPC HPT LPT

RC 0.767 0.773 0.889 0.807
ICR 0.763 0.766 0.881 0.779
Coleman 0.738 0.768 0.872 0.849
HPRTE  0.738 0.760 0.878 0.842

Table 6
Design turbomachinery efficiency (min #,,,)

LPC HPC HPT LPT

RC 0.717 0.770 0.883 0.688
ICR 0.726 0.777 0.886 0.739
Coleman 0.733 0.764 0.877 0.856
HPRTE 0.723 0.740 0.872 0.813

to minimise both SFC and engine weight, by reducing the work load of these components,
the optimiser tries to maximise the turbomachinery performance for every given inlet flow
condition, as shown inU?.

Tables 5 and 6 show the turbomachinery design performance for the minimum average SFC
and weight conditions labelled in Tables 2 and 3. The effects of the higher specific power in
the two semi-closed cycles are particularly visible in the lower LPC efficiency of minimum
SFC solutions, which is between 2 and 3 points lower than for the equivalent open cycles,
while comparable values are achieved for minimum weight solutions.

An almost equivalent performance is obtained across the high pressure components of
semi-closed and open cycles as those components see the whole engine flow. However, com-
paratively poor performance has been obtained across the open cycles LPT, as a consequence
of the low workload on this component, which is translated in high exit velocity losses. Thus,
indicating that a different engine architecture (with single or axial turbines) could be more
optimal for open cycles than the selected one.

5.0 CONCLUSIONS

A preliminary study has been performed to identify the potential of semi-closed cycles for
high-altitude UAV propulsion. A multi-objective optimisation tool has been created to support
the preliminary cycle analysis, developing a sufficiently detailed performance and weight
model to determine attainable performance, dimensions and feasibility of main gas turbine
components as function of the cycle thermodynamics during the optimisation. Pareto frontiers
of two semi-closed cycles and two equivalent open cycles, obtained for minimum SFC and
weight as target, have been compared.

Several conclusions can be derived from this work on the possible implementation and
application of semi-closed cycles to UAV applications:
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A significant engine compactness can be achieved using semi-closed cycle configurations,
leading to an engine weight that is less than half that of conventional open cycles for the
same power output and SFC item. Both semi-closed cycles operate at higher overall pres-
sure ratios than their open cycle counterparts. This results in improved cycle efficiencies
and smaller engine mass.

This higher OPR and smaller mass flow requirement enable the use of high effectiveness
recuperators whose mass penalty would otherwise be prohibitive.

Better overall cycle performance can be expected in semi-closed cycles. In particular,
the Coleman engine is shown to be less affected by the employed feasibility constraints,
leading to a slightly better average SFC,, values than the HPRTE model.

Far superior off-design SFC has been observed for the HPRTE engine at reduced engine
power demands, making this configuration interesting for applications that see the engine
operating at low part-power demands.

On the contrary, the Coleman engine model exhibits greater performance in design mode
than the HPRTE, while at low engine power output, no remarkable differences can be
expected with respect to a conventional ICR engine.
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