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Development of a Multi-Objective Optimization Tool for
Intercooled/Recuperated Turboprop Engines for Minimum

SFC and Engine Weight

Jacopo Tacconi∗ and Wilfried Visser†
Technical University Delft, Delft, 2628CD, The Netherlands

Rens MacNeill‡ and Dries Verstraete§
The University of Sydney, Sydney, NSW, 2006, Australia

The introduction of heat exchangers (HEXs) into turboprop engines can enable higher
cycle thermal efficiencies. However, the extra weight associated to the addition of intercooler
and/or recuperator could off-set the reduction in specific fuel consumption (SFC). Accurate
selection of the effectiveness and pressure losses of the heat exchanger is thus needed tominimize
combined engine and fuel weight and to maximize the overall performance. In addition, the
choice of other fundamental cycle parameters also influences the heat exchanger behavior.
During preliminary design, it thus becomes difficult to quickly evaluate the required trade-
off between fuel consumption and weight. The scope of this work is to introduce a multi-
objective optimization environment that allows an initial selection and trade-off of optimal
cycle parameters for turboprops employing HEXs. Tool demonstration has been given on two
different cases of study: a 300hp gas turbine, designed for high altitude UAV applications, and
a 100hp turboprop, designed for medium altitudes. Results indicate the effectiveness of the
developed environment.

I. Nomenclature

Alt = flight altitude V = heat exchanger volume
b = passage width or burner constant VB = combustor volume
C = compressor absolute velocity VL = diffuser vane loading
DR = diffusion ratio W = Weight or compressor relative velocity
j = Colburn heat transfer factor ÛW = power
J = Objective function x = design vector
K = generic constant ZVD = diffuser vane number
Lax = impeller axial length α = flow angle
Lv = diffuser vane length β = blade angle or HEX angle of wave pattern
Ûm = mass flow ∆P/P = total pressure loss
M = Mach number %∆ = percentage of relative error
N = rotational speed ε = effectiveness
P0 = total pressure η = efficiency
%P04 = percentage of compressor exit pressure θc = compressor diffuser angle
r = radius λ = compressor work factor
r0/r1 = turbine nozzle radius ratio ν = impeller/rotor hub to tip radius ratio
R = gas constant ξ = cooling flow fraction
t = blade thickness Π = pressure ratio
T = temperature ρ = density
T0 = total temperature Ω = burner loading
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†Part-time Lecturer, School of Aerospace Engineering, Propulsion and Power.
‡Ph.D. Student, School of Aerospace, Mechanical and Mechatronic Engineering, AIAA Student Member.
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Subscripts IC = intercooler
h = heat exchanger hot side

1 - 2 = impeller or heat exchanger inlet and exit N = turbine nozzle
3 - 4 = diffuser or combustor inlet and exit re f = reference
acc = accessories RC = recuperator
B = burner/combustor s = impeller tip/shroud
c = heat exchanger cold side sh = engine shaft
C = compressor S = compressor or turbine stage
des = design ts = total to static
gear = gearbox T = turbine
I = compressor impeller θ = tangential component

II. Introduction
Engine specific fuel consumption (SFC) has reduced drastically over the last decades, partially due to increases in

turbomachinery efficiency and improvements in material capabilities [1–3]. However, this trend is currently leveling-off,
and the introduction of heat exchangers (HEXs) is an attractive pathway to further appreciable overall efficiency
increments. Nevertheless adding intercoolers and recuperators involves a careful balance to ensure that engine weight
and parasitic drag do not off-set any gains in SFC.

Adding heat exchangers is further complicated by the interplay between thermodynamic cycle parameters and heat
exchanger performance. Equation (1) [2], for instance, shows that the recuperator matrix volume (and weight) not only
depends on heat exchanger design parameters like effectiveness and pressure drop, but is also influenced by the overall
cycle pressure ratio.

V ∝ Ûm
√
ΠC

(Power Parameter)

×
(

ε

1 − ε
1√
∆P/P

)
(Recuperator Parameters)

×
(√

f
j3

1
β

)
(Surface Geometry)

(1)

On the other hand, choices made on the heat exchanger effectiveness and pressure losses generally affect the engine
thermodynamics. To this extent, Stevens et al. [4] have shown that for a given effectiveness the maximum admissible
pressure loss is function of the compressor pressure ratio. In particular, to obtain an acceptable thermal efficiency the
HEX total pressure drop needs to be kept small at low compressor pressure ratios. Moreover, the highest pressure loss
should be located in the cold side, since this affects the overall cycle performance less [4].

Due to these significant mutual interactions, the thermodynamic study requires more extensive trade-offs to find
optimal engine settings. The present work demonstrates a multi-objective optimization environment for intercooled
and/or recuperated turboprop engines to support this preliminary engine development phase.

The environment consists of an engine cycle solver combined with a routine to define main component geometries
and associated weights for different turboprop architectures. A multi-objective optimization algorithm has been coupled
with the presented tool for minimum SFC and overall engine weight.

The created model has been employed for the preliminary study reported in reference [5]. For this case study the
design and part power characterization of a 300hp (∼223.71kW) simple recuperated (RC) and intercooled-recuperated
(ICR) gas turbine has been performed for an unconventional high altitude UAV mission. For the second case study
reported here, the design environment has been applied to a more conventional 100hp (∼74.57kW) UAV engine to
demonstrate its flexibility.

III. Modeling and Optimization Environment
The developed model is divided into three main operational sections:
1) thermodynamic cycle analysis,
2) detailed component geometrical and design point performance model,
3) detailed component weight model
Each of these sections is briefly described next, followed by a description of the optimization setup. A more detailed

explanation of the developed models can be found in reference [5].
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A. Thermodynamic Cycle Analysis
For the thermodynamic analysis of the engine, the Numerical Propulsion System Simulation (NPSS) code has

been used [6]. NPSS is built around a set of standard component libraries that can be used to define the engine cycle.
Furthermore, it uses a built-in modified Newton-Raphson solver to solve for the design point, off-design and transient
engine behavior. Each component library is accessible and can be modified by the user.

1. Intercooled-Recuperated Cycle Architecture
For the current work, a conventional single shaft intercooled-recuperated architecture has been modeled in NPSS

(Fig. 1). The recuperated engine is simulated using the same model with a zero heat input for the intercooler. Only
design point and off-design steady state modes have been considered in the optimization tool reported here.

Fig. 1 Single shaft intercooled/recuperated gas turbine model

Standard NPSS elements have been used for off-design performance with exception of intake, heat exchangers
and combustor. As described later, these components have been modified to include simple performance equations to
better characterize their off-design behavior. While the standard scaled maps have been used for the turbomachinery
components, NPSS is coupled with detailed design point performance models so that the turbomachinery efficiencies
reflect size and pressure ratios of the components.

The updated NPSS elements are used to build the thermodynamic model from the component libraries available
within the program. Figure 2 demonstrates the intercooled/recuperated cycle model as implemented in NPSS. A
single shaft arrangement connecting two compressors and two turbines has been assumed for the case studies under
examination here. However alternative engine configurations can easily be explored.

Fig. 2 RC/ICR engine schematic as realized in NPSS

As shown, standard NPSS flow and shaft linking ports have been used to ensure the flow continuity and the
turbomachinery mechanical coupling with the propeller element. Because NPSS initializes the engine model from inlet
to outlet, it requires knowledge of the inlet flow condition of each element to proceed with the calculations. In non
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recuperated engines, this condition is automatically satisfied since the inlet flow conditions of the subsequent element
are known once the previous element has been initialized. However, in recuperated engines, this is not the case as the
recuperator hot side inlet flow condition can only be defined after the high pressure turbine (HPT) has been solved.

For this reason, a fluid link has been created between the HPT and the recuperator by means of the NPSS solver.
This fluid link iteratively ensures that fluid proprieties at the hot side of the HEX are consistent with the turbine exit data
(Fig. 3). More detailed information on the actual implementation is available in reference [5].

2. Bleed/Cooling Model
Turbine cooling should be employed for turbine inlet temperatures (TITs) greater that 1250K to avoid a significant

reduction in the overall component life [7]. Even though complex cooling methodologies have been developed for radial
turbines [8, 9], the most effective cooling procedure still remains film cooling [10].

Using the bleed ports defined within the NPSS compressor and turbine elements, a simple cooling model has been
built for input TITs higher than 1250K. The compressor bleed flow has been taken from the HPC exit point to ensure
that sufficient pressure is available to cool the HPT stator and rotor. Only the stator cooling flow has been assumed to
contribute to the turbine power output.

Equation (2) [11–13] has been used to define the cooling flow requirements for HPT stator and rotor. Where K is a
constant set to 0.05 for stator [11, 12], and to 0.2 for the rotor [10]. The cooling effectiveness has been calculated using
Eq. (3), assuming the wall temperature equal to the maximum allowed and HPC exit temperature as cooling temperature.

ξ =
Ûmcool

Ûm = K
εcool

1 − εcool
(2)

and

εcool =
Tgas − Tw

Tgas − Tcool
(3)

Once the required cooling flow has been calculated, the uncooled turbine efficiency is adjusted for cooling losses
according to Eq. (4) [11] where a value of 0.125 is used for the constant Kc [11]. More detailed information on the
actual NPSS model implementation is available in [5].

∆ηS
ηS
= −Kcξ (4)

B. Design Point Component Modeling
Detailed component models have been created for compressors, turbines, and combustion chambers. For each of

these components, different models have been investigated so that the effects of cycle thermodynamic parameters are
adequately correlated to the geometrical and performance characteristics of the component. Feasibility aspects have
been also included in the component model to limit the optimization search path to an attainable region.

For the case studies reported here radial turbomachinery components have been selected, based on specific speed
(ns) and specific diameter (ds), pressure ratios and power involved. For turbomachinery components, the meanline
approach discussed by Whitfield and Baines [14], has been preferred with respect to common scaling techniques as
this more accurately captures variations in efficiency with pressure ratios and rotational speeds. Meanline approaches
additionally provide sufficient geometrical insight to estimate the resultant component weight. The selected design point
models for the compressor, turbine and combustor are described next.

1. Centrifugal Compressor
The centrifugal compressor model provides NPSS with an accurate estimation of the compressor efficiency and

weight and dimensions. To build the compressor model the component is split into an impeller, a vaneless diffuser
section (VLD), and a vaned diffuser (VD). The geometry of the impeller and diffuser is estimated using the procedure
presented in [14, 15] and [16, 17] respectively. This geometrical model is then linked to an empirical loss model to
estimate the impeller and stage efficiency of the resulting design.

Three loss models have been identified in literature as the most suitable for the intended analysis: Galvas [16, 18],
Oh [19] and Aungier [20, 21]. Different compressor losses can be captured by means of these models, as shown in table
1. The Galvas loss model has been selected due to the observations reported in [22]. Underlined advantages of the loss

4

D
ow

nl
oa

de
d 

by
 T

U
 D

E
L

FT
 o

n 
Ju

ne
 2

6,
 2

02
0 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

8-
46

56
 



model are: good performance around the design point and limited amount of geometrical data needed to characterize
the compressor efficiency. Corrections have been applied for modeling the effects of shock losses (Aungier [20, 21]),
which can become significant at high rotational speeds.

Table 1 Impeller loss model comparison [22]

As shown in Fig. 3, several iterations are needed between the impeller/diffuser geometry building blocks and the
loss model to properly refine the initially guessed impeller and stage total to total efficiency values, necessary to start the
compressor meanline analysis [14].

The final compressor design then has to be assessed for aerodynamic feasibility. Many authors have associated high
diffusion ratios (Eq. (5)) with impeller surge [14, 15]. In particular, Harley [22] uses a diffusion ratio (DR) value of 2.4
to model the inception of surge in his study, whereas, Rodgers [23] suggests values around 1.9 and 2.0. The latter value
has been used in this work as the maximum threshold for the aerodynamic acceptability of the compressor impeller.

DR =
W1s
W2
=

r1s/r2

(1 − 2λ + λ2/sin2 α2)1/2 sin β1s
(5)

Moreover, reference [17] suggests limiting criteria for the vaned diffuser equivalent divergence angle (2θc ≤ 11◦),
and for the vane loading parameter (VL ≤ 1/3), defined in Eq. (6). These limitations ensure that diffuser stall is
avoided and that the maximum pressure recovery is achieved. Any compressor input combination that results into an
aerodynamically infeasible design is penalised so that the optimizer steers away from the design region.

VL =
2π(r3Cθ3 − r4Cθ4)
ZVDLv(C3 − C4)

(6)

The compressor design model has been validated with existing compressor data. A maximum of 5% error on the
calculated efficiency has been considered acceptable for the preliminary design intent of the developed tool. Table
2 summarizes the validation outcome, showing that the predicted impeller and stage efficiencies are well within the
prefixed tolerance.

Table 2 Compressor model validation

Reference Ûm (kg/s) N (RPM) ΠC ηI ηI,ref %∆ ηS ηS,ref %∆
Japikse and Baines [24] 5.320 14000 2.05 0.919 0.920 0.102 0.870 0.870 0.007
NASA-TN-D-5761 [25] 0.278 38500 2.43 0.911 0.896 1.648 0.823 0.813 1.060
NASA-TM-X-3552 [26] 0.996 68840 5.93 0.877 0.871 0.694 0.783 0.780 0.419

ASME-GT-2002-30394 [27] 2.550 50000 5.10 0.828 0.840 1.449 0.818 0.800 2.297

As mentioned earlier compressor off-design modeling has been performed using common scaling rules defined
within NPSS. Off-design calculations are based on the centrifugal compressor map provided in reference [28].

5

D
ow

nl
oa

de
d 

by
 T

U
 D

E
L

FT
 o

n 
Ju

ne
 2

6,
 2

02
0 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

8-
46

56
 



Input Data

Impeller Design

VLD Design

VD Design

Loss Model

ηI, ηS

Feasible

Unfeasible

Unfeasible

Eq.(13)

Eq.(14)

DR > 2

DR ≤ 2

VL > 1/3

VL ≤ 1/3

Fig. 3 Centrifugal compressor design diagram

2. Radial Turbine
For the radial turbine a model has been built for the turbine stator and rotor. Primary geometrical features of the

turbine are determined from the design procedure discussed in [14, 29]. The resulting geometrical tool is subsequently
coupled with a loss model to estimate the stage total to total efficiency. As for the compressor several iterations are
needed to ensure proper performance and geometrical matching. Figure 4 summarizes the turbine design procedure.

Two loss models were considered for the radial turbines. The first model was proposed by Rohlik [30, 31], while the
second was presented by Glassman [32, 33]. Both models divide the overall turbine losses into the following major
contributions: stator losses and rotor incidence losses, passage losses, disk friction losses, clearance losses and kinetic
energy losses. Baines [34] has more recently published a slightly modified version of the original Glassman’s equations
for passage and clearance losses.

Validation has been performed in a similar manner to that of the compressor. The calculated performance of all
three loss models has been compared to reference data. The results of this analysis are summarized in Table 3. Variables
related to each loss model have been indicated using the initials of the main developing author. The efficiencies reported
are expressed as total to static, unless otherwise specified.

Table 3 Turbine model validation

Reference Ûm (kg/s) N (RPM) ÛWT (W) ηR %∆R ηG %∆G ηB %∆B ηref

Khader [35]∗ 0.080 130000 18020 0.829 1.086 0.840 0.203 0.813 2.936 0.838
Ventura et al. [36] 0.227 38500 22371 0.825 4.456 0.784 0.810 0.808 2.253 0.790
NASA-TP-1730

[37] 0.892 70000 305620 0.823 1.343 0.839 0.576 0.803 3.729 0.834

As for the compressor an accuracy of 5% is deemed satisfactory for the preliminary designs reported here. Although
the model accuracy varies from case to case, each of the models satisfies the desired tolerance. As the Glassman loss
model results in the most accurate matching for the various turbines, this model has been chosen for the radial turbine
design point analysis of this work. As for the compressor, off-design is calculated using a standard scaling approach
based on a reference turbine map from [38].

∗The efficiencies reported on this row have been expressed as total to total adiabatic in agreement with the reference data [35].
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Input Data

Rotor Design

Stator Design

Loss Models

Rohlik

Glassman

Baines

ηN t s , ηSt s

Feasible

Fig. 4 Radial turbine design diagram

3. Combustor
The combustor has been modeled following the preliminary design techniques presented in ref. [39]. For this

component, the model helps to track combustor dimensions and feasibility as function of inlet temperature and mass flow.
After all, due to presence of the recuperator, it is important to understand if the inlet air used to cool the combustor liner
is sufficient to ensure a feasible solution. Although simplifications have been made, the model has helped to identify
thermodynamic inputs that lead to unfeasible combustor design solutions and to properly constrain the associated
optimization variables. A complete description of the model is given in ref. [5].

C. Off-design Performance models
While standard component map scaling techniques are used for the compressor and turbine, standard NPSS off-design

models have been updated for the intake, the heat exchangers, and the combustion chamber. The heat exchanger and
combustor off-design models are briefly described next. For the intake, the pressure recovery factor variations with
flight Mach number are modeled after [40, 41].

1. Heat Exchangers
As explained by McDonald [3], the heat exchanger effectiveness normally increases for off-design flow conditions,

with the exception of very low mass flow rates where longitudinal conduction effects start to dominate. On the other
hand, the hot and cold side pressure loss variation in off-design is much more dependent on inlet flow conditions [42].
Since the availability of complete heat exchangers maps is rare in early design stages, reference [42] has developed a set
of equations to model the intercooler and recuperator behavior in off-design. Equation (7) represents a good first order
approximation of the recuperator effectiveness change.

ε = 1 − Ûm1c

Ûm1c,des
(1 − εdes) (7)

According to [42], the recuperator cold side pressure losses tend to rise in off-design as consequence of the increased
heat transfer, whereas the pressure drop on the hot side normally reduces due to the lower corrected mass flow. Equations
(8) and (9) [42] are therefore used to model the recuperator part power pressure losses.
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(
∆P
P

)
c

=

(
∆P
P

)
c,des

·

[(
Ûm1c

P01,c

)2
·

T1.55
02,c

T0.55
01,c

]
[(
Ûm1c

P01,c

)2
·

T1.55
02,c

T0.55
01,c

]
des

(8)

and (
∆P
P

)
h

=

(
∆P
P

)
h,des

·
( Ûm2

1h · T01,h)
( Ûm2

1h · T01,h)des
(9)

Since the hot side inlet flow condition have a much stronger influence on the intercooler off-design performances, the
effectiveness and hot pressure loss equations have to be modified [42]. Equations (10) and (11) have to be respectively
used for the intercooler modeling.

ε = 1 −

(
Ûm1h
√

T01,h

P01,h

)
(
Ûm1h
√

T01,h

P01,h

)
des

(1 − εdes) (10)

and

(
∆P
P

)
h

=

(
∆P
P

)
h,des

·

(
Ûm2

1hT01,h

P2
01,h

)
(
Ûm2

1hT01,h

P2
01,h

)
des

(11)

2. Combustor
The combustor normally exhibits an almost ideal behavior at design conditions, with an efficiency level close to

100%. However, during off-design idle operations and at very high altitudes, the burner efficiency may differ significantly
from the design specifications. Reference [43] has correlated the off-design efficiency variation as function of the
Ω-parameter (or burner loading) defined according to Eq. (12).

Ω =
Ûm3

P1.8
03 exp(T03/300)VB

(12)

The logarithmic relation given as Eq. (13) well approximates the off-design combustor behavior. The part load
constant typically assumes the value of 1.6 [43].

log (1 − η) = log (1 − ηdes) + b · log
(
Ω

Ωdes

)
(13)

The combustor off-design pressure losses have been defined idealizing the combustor as a duct [43]. This approach
is reasonable at the early design stage because the combustor pressure losses are primarily caused by friction (cold
losses). The pressure drops due to the heat addiction (hot losses) are far less significant than the previous contribution
[44]. Hence, Eq. (14) has been employed [43].

∆P3−4
P3(

∆P3−4
P3

)
des

=


Ûm3
√

RT03
P03(

Ûm3
√

RT03
P03

)
des


2

(14)
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D. Weight Model
A detailed weight model has been created using information provided in [45, 46] for the following components:

compressors, combustor, turbines, shaft and accessories. The geometrical data necessary for the model has been derived
from the preliminary component design technique discussed previously.

Since it is common to specifically design heat exchangers for the given case of study [3, 47, 48], a detailed
intercooler/recuperator geometrical characterization cannot be obtained at preliminary design stages. Therefore, the heat
exchangers weight has been estimated by means of relations provided in [10, 49–51]. These relate cycle flow parameters
(overall pressure ratio, inlet mass flow, etc.) to intercooler and recuperator volumes, in a similar fashion to Eq. (1).

The propeller gearbox weight has been calculated using the methodology discussed in reference [52] and assuming
a planetary gearbox. The propeller weight contribution has not been accounted for since the propeller has only been
treated as a load and a detailed geometrical model has not been defined. Equation (15) is used to calculate the overall
engine weight.

Weng = WC +WIC +WRC +WB +WT +Wsh +Wgear +Wacc (15)

While only moderate accuracy can be expected with the implemented component weight model due to the lack
of well documented open source references. Therefore the scope of this model is to characterize the component size
variation as function of thermodynamic inputs, such that the optimizer can perform the trade-offs between weight and
specific fuel consumption adequately. For the case studies reported here the trends in weight are thus more important
than the absolute values.

More details are provided below for weight estimation of compressor, turbine and heat exchangers. More information
on the whole weight assessment procedure can be found in [5].

1. Compressor Weight
The compressor overall weight is split into the contribution of blades, disk, shroud and diffuser [45]. The first

contribution is computed assuming that the flow path is comprised between two ellipses, while defining the hub and tip
blade thickness from statistical data reported in [53]. Once the blade volume is available the weight is computed by
multiplying it by the density of the chosen material.

Since insufficient information is available in [45, 46] to calculate the disk weight, a procedure has been derived in
[5] to preliminary assess this contribution. The resulting model has been calibrated using Eq. (16) [46], valid only for
titanium alloys, and compressor statistical weight data given in [53].

WC =
1

13.1
· r3

2 (16)

Finally, the shroud and diffuser weight contributions have been calculated using Eqs. (17) and (18) respectively [45]:

Wshroud = 0.1673ρ
( r1s + r2

2

)3
(17)

and

Wdi f f user = 0.2845ρr3
2 (18)

A compressor material database has been created from [54] which is used to define the material density needed
for the weight calculations. A preliminary blade and disk stress assessment is made during the weight calculation to
establish whether the selected material can cope with the centrifugal stresses. Equations (19) [55] and (20) [54] have
been used for disk and blade stress calculations respectively.

σdisk =
Kdisk

3
ρω2r2

2 (19)

and

σblade =
ρω2r2b2

2

t2
hub

(thub + 2ttip) sin β2 (20)

where the constant Kdisk has been conservatively set to 3.0, as explained in [5]. The titanium alloy Ti-6Al-4V is
initially assumed. If the given rotational speed leads to unfeasible disk or blade stresses, a different material will be tried
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until a feasible solution has been found or all materials have failed the test. In this last event, the optimizer proceeds to
discard the design vector combination as it is an unfeasible design.

In addition, reference [46] provides Eq. 21 to calculate the compressor case weight. Note that the dimensions used
for this equation must be defined in British units. The same material as that employed for impeller and diffuser has been
assumed here.

Wcase = 163 · Lax · r2 (21)

2. Turbine Weight
The turbine weight has been obtained using a similar approach to that adopted for the compressor. The blade and

disk weight contribution has been identically calculated, while for the shroud Eq. (22) has been used [45].

Wshroud = 0.1755ρ
( r3s + r2

2

)3
(22)

The model has been calibrated using the simplified turbine relation given in ref. [46] which is valid for a steel
based alloy (Eq. 23). This was done to ensure that a more consistent weight trend was obtained in comparison with
the available reference data. Because of the uneven temperature and stress distribution, Eqs. (19) and (20) cannot be
reliably employed in determining the maximum turbine stress levels [54, 55]. Therefore, the turbine material is selected
purely based on the TIT, among the material database created of nickel and cobalt based alloys [54].

Reference [46] suggests to employ Eq. (23) to calculate the turbine rear frame weight. This contribution has been
added to the model.

W f rame = 55.5 · r2
2 + 6.53 (23)

3. Heat Exchangers Weight
Reference [51] uses Eq. (1) to develop a preliminary approach which allows to estimate the recuperator weight from

given reference data. The surface geometry part of the equation is not considered and the weight is assumed to be
function only of the heat exchanger performance characteristics. A similar approach has been discussed in [49, 50],
leading to the definition of Eq. (24),

WRC = Wre f ·
{[

Ûm
√
ΠC

(
ε

1 − ε
1√
∆P/P

)]
/
[
Ûmre f√
ΠC,re f

(
εre f

1 − εre f
1√

(∆P/P)re f

)]}
(24)

A similar relation can be derived for the intercooler (Eq. 25) [10, 50] where the dependency on the cycle pressure
ratio has been substituted by the arithmetic mean between the inlet hot and cold side pressures.

WIC = Wre f ·
{[

Ûm
√

Pmean

(
ε

1 − ε
1√
∆P/P

)]
/
[

Ûmre f√
Pmean,re f

(
εre f

1 − εre f
1√

(∆P/P)re f

)]}
(25)

Recuperator and intercooler reference data have been taken from [50], allowing for the preliminary component
weight estimation. Validation of this model has been made with real heat exchanger weight data available in [47, 56],
showing good agreement with conventional heat exchanger configurations (tube and plate fin).

E. Multi-Objective Optimization
The developed model has been coupled with an external optimizer to perform the multi-objective optimization and

trade-off between engine weight and part-power specific fuel consumption (SFC). The mathematical description of
problem is summarized in Eq. (26). No direct constraints have been applied to the optimizer, since feasibility of the
designs has been already ensured inside NPSS and the various component models. However, bounds have been set for
the various input parameters to define the algorithm searching path, depending on the engine under investigation.

min[J̄(x)] = min

[
J1(x)
J2(x)

]
= min

[
SFCav(x)
Weng(x)

]
(26)
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subjected to
xl ≤ x ≤ xu

Where SFCav has been defined as the average between the design specific fuel consumption, assumed at 100% of
the propeller power demand and the part power SFC values calculated at 75%, 50%, and 25% of the design power:

SFCav =
SFCdes + SFC75% + SFC50% + SFC25%

4
(27)

Part-power SFC is used to ensure that the optimizer does not exploit a design point with lower fuel consumption at
the expense of a sharp increase in SFC at part-power.

The optimization has been set up in Matlab using the in-built multi-objective evolutionary algorithm “gamultiobj”.
This algorithm has been used for the coupling with the developed modeling environment, since it allows for a much
greater exploration of the whole design space than gradient based optimizers. Figure 5 summarizes the model integration
with the optimizer.

x

SFCav(x) Weng(x)

Fig. 5 Optimization modeling diagram

“gamultiobj” generates a new design vector at each iteration that is used to run the thermodynamic analysis in
NPSS. Thermodynamic output data from NPSS are then used to run the component performance model which updates
component efficiencies, defines the geometry, and calculates the engine weight. Several iterations are needed between
the performance module and NPSS such that component efficiencies are properly updated based on the input parameters.
Finally, the objective function can be determined and the Matlab algorithm can continue.

The design vector includes primary cycle thermodynamic variables as well as important turbomachinery parameters.
Thermodynamic design variables used for the case studies reported here are given in Table 4. They mainly consist of the
compressor pressure ratios and heat exchanger effectiveness and pressure drops. As mentioned earlier the heat input into
the intercooler is set to zero for the simple recuperated engine configuration, and the corresponding input variables are
thus removed from the design vector.

In addition to the thermodynamic design parameters, turbomachinery input parameters are modified by the optimizer
to obtain maximum efficiency or minimum size, while ensuring machine feasibility. Table 5 shows the compressor
design variables and relative bounds used for the optimization. References are provided to support the selection of the
various upper and lower bounds. Table 6 details the design vector used for the turbine element with related references.
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Table 4 Thermodynamic design variables and relative bounds

x xl xu Reference
ΠLPC 2.000 5.000 -
ΠHPC 3.000 6.000 -

(∆P/P)IC,h 0.020 0.050 -
εIC 0.650 0.950 -

(∆P/P)RC,c 0.020 0.050 [47, 56, 57]
(∆P/P)RC,h 0.020 0.050 [47, 56, 57]

εRC 0.650 0.950 [56, 57]
T IT 1200K 1650K [57]

%P04,LPC 0.850 1.150 -
ΠNoz 1.050 1.250 [58]

N 8500 13500 -

Table 5 Compressor design variables and relative bounds

x xl xu Reference
ν 0.300 0.700 [14, 16, 59, 60]
α2 60◦ 70◦ [14, 15]
β2 -40◦ 0◦ [14, 15]

2θc 7◦ 11◦ [20]

The low pressure compressor (LPC) exit Mach number has been added as an additional design variable to ensure the
most optimal matching with the following element in the cycle.

Table 6 Turbine design variables and relative bounds

x xl xu Reference
r0/r1 1.100 1.700 [61]
ν 0.300 0.700 [30, 62]
β3s -70◦ -50◦ [14, 29]

Performance of evolutionary algorithms can be strongly influenced by the population size, especially for problems
with a high dimension in the design vector. Here, the initial population size has been determined with the general rule of
thumb reported in [63]. The population size is set to ten times the number of design variables which ensures that a
smooth Pareto frontier is obtained for the case studies reported here. The default “gamultiobj” stopping criteria have
been left unaltered, which led to convergence in approximately 110 generations for each engine model.

IV. Case Studies
The presented design and optimization tool has been used in two case studies, whose main design operating

conditions have been summarized in Table 7. For each case study, the simple recuperated and the intercooled-recuperated
gas turbine configuration have been investigated. Each engine architecture constitutes of a set of two centrifugal
compressors, powered by two radial turbines, and connected by means of a single shaft. The propeller is linked to the
gas turbine with a reduction gearbox.

As a single shaft architecture has been selected, an additional condition on the power split between the two turbines
is provided to NPSS to complete the cycle analysis. This has been implemented by defining the HPT exit pressure ratio
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as a certain percentage of the LPC exit pressure. The optimizer acts on this percentage to establish the most optimal
power split for minimum weight or minimum SFC.

Table 7 Engine main design characteristics

Alt (ft) Mflight ÛWdes (hp)

Case 1 90000 0.4 300
Case 2 20000 0.4 100

A discussion of the case studies is reported next, showing specific thermodynamic design variables settings and
bounds used for each engine analysis. Furthermore, the outcome of the optimization is presented, highlighting the
benefit of the implemented optimization tool.

A. Case 1
The optimization results for the simple recuperated and the intercooled-recuperated engines are provided below for

those thermodynamic variables that have a significant effect on the engine performance and weight. Results have been
presented by displaying the Pareto frontier on multiple variables 2D scatter plots. For each plot one input parameter is
represented by the color of the scatter bubble, while the radius of the bubble indicates the value of the second input
parameter. This allows to highlight the influence of primary engine design variables on the two objectives, helping the
selection of preliminary engine design variables for further detailed evaluations. Results of both RC and ICR engines
are presented side by side to enable comparison between the two engine types.

1. Effects of OPR and RPM
Figure 6 shows the impact of overall pressure ratio and rotational speed on the weight and SFC for both recuperated

and intercooled-recuperated gas turbines. An increase in OPR leads to a reduction of the required inlet mass flow.
Hence the optimizer increases OPR until a further pressure rise will offset the recuperator performance or the engine
feasibility is compromised. For the recuperated engine the optimum OPR remains fairly constant across the entire
Pareto frontier. For the ICR a larger variation in OPR is found across the frontier. Lower OPR values result in lighter
engines while slightly higher values can be adopted for minimum SFC. Minimum fuel consumption for the ICR is
slightly lower than that of the simple recuperated engine and occurs at an OPR around 16. For the simple recuperated
engine the OPR that leads to minimum SFC is around 13.

(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 6 Effect of overall pressure ratio and rotational speed

The benefits of higher rotational speeds for minimum weight is clearly visible from figure 6, since a considerable
turbomachinery weight reduction becomes possible. On the other hand, for minimum SFC solutions, almost the same
pressure rise is obtained through a slightly larger turbomachinery block. In fact, lower efficiency penalties, due to
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secondary and shock losses, are registered by the model for reduced rotational speeds, thus improving the overall thermal
efficiency of the engine at the expense of an increase in engine weight.

Despite the addition of the intercooler engine weights are similar for both cycles. This suggests that the higher
specific power of the intercooled-recuperated engine cycle offsets the weight of the additional heat exchanger.

2. Effects of TIT
Increasing the turbine inlet temperature is advantageous for both objectives, as a high TIT improves the engine

thermal efficiency and specific power simultaneously. The main limitation on the maximum TIT is thus primarily given
by the technological level of turbine, combustor and recuperator materials. Since the first two aspects are considered
within the component models and the selected bounds, an external variable is passed to NPSS to define the maximum
admissible recuperator inlet temperature (RIT). The optimizer automatically deals with unfeasible recuperator inlet
flows, discarding the point at the next generation.

In this example, a maximum RIT value of 900◦C (1173.15K) has been set, which represents the maximum limit for
metallic alloys [3]. Figure 7 summarizes the optimization output for the TIT design variable. As shown the optimal TIT
for the recuperated engine is around 1520 K. The addition of the intercooler allows a slight increase in TIT with values
up to 1570 K. A higher TIT can be reached without exceeding the recuperator material limit as the higher OPR of the
ICR engine leads to a more substantial expansion in the high pressure turbine.

(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 7 Effect of turbine inlet temperature

3. Effects of HEXs
Effects of intercooler hot side pressure drops and effectiveness are given in Fig. 8 for the ICR engine. As shown, the

substantial influence of intercooler effectiveness and hot side pressure loss on cycle performance and weight is captured
well by the analysis. In fact, high effectiveness and low pressure drop are typical of minimum SFC solutions, vice versa
for minimum weight.

Similar considerations are applicable to the recuperator, as visible from Fig. 9. The optimizer maximizes the
recuperator effectiveness and minimizes the total pressure losses (given as sum of hot and cold side losses) for minimum
SFC solutions and vice versa for minimum weight. By looking at the NPSS raw data, it becomes evident how the hot
side pressure drop has a much stronger impact on engine performance than the cold side pressure drop. Therefore, this
contribution is often minimized to reduce the SFC, confirming the detailed considerations reported in [4].

Heat exchanger considerations give evidence of the advantages of the developed engine optimization tool. In fact,
with the current model, the strong integration between cycle thermodynamics and component performance is much
better captured. For example, the heat exchangers upper and lower bounds are not reached for minimum weight or SFC
solutions. Instead, the advantages that better HEX performance would introduce are weighed by the optimizer against
the effects that the resultant cycle flow conditions have on other components.
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Fig. 8 Effects of intercooler parameters

(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 9 Effect of recuperator parameters

4. Effects of Power Split and Nozzle Pressure Ratio
The effect of turbine power split and nozzle pressure ratio on the objectives are documented in Fig. 10. Similar

considerations can be made for the power split in both RC and ICR engines. In particular, the engine is balanced such that
most of the power is extracted from the HPT, which allows for a higher turbine inlet temperature for a given recuperator
material limit. However, the optimal power split is set to avoid an excessive enthalpy drop and a corresponding low
recuperator inlet temperature so that a sufficient temperature difference is achieved across the recuperator for a good
heat transfer.

A similar behavior is also apparent for the nozzle pressure ratio variable between the two engine arrangements.
Since the nozzle design pressure ratio directly affects the engine overall inlet mass flow, a low value of this variable
contributes to minimize both objectives. However, because the optimization has to account for part power behavior as
well, the design nozzle pressure drop is picked to ensure satisfactory cycle off-design performance. After all, the nozzle
pressure ratio reduces at part power. Hence, minimum weight solutions have a slightly higher ΠNoz value.

5. Effects of Turbomachinery Geometry
The compressors and turbines geometrical parameters given in tables 5 and 6 have a much less impact on the overall

cycle than the previously discussed variables. Their influence is mainly related to individual turbomachinery efficiency
and feasibility. Hence, the optimizer similarly selects these variables for both objectives to ensure that maximum
efficiency or minimum size is achieved for the given flow condition. More information on the selected values for these
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(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 10 Effect of turbine power split and nozzle pressure ratio

design vectors is available in [5].

B. Case 2
For the second case study the same engine configurations are considered albeit at a much lower altitude and smaller

engine size. To account for this smaller engine size, the upper and lower bounds for the rotation speed have been
changed, as shown in Table 8. These modifications have been made after a preliminary feasibility study was performed
with the model. All other bounds remain unaltered from the previous case study.

Table 8 Modified rotational speed bounds

Engine xl xu

RC 50000 100000
ICR 60000 120000

A similar set of results has been obtained for the second case study. However, lower design altitude and small engine
size have a much greater impact on the overall performance of the simple recuperated and the intercooled-recuperated
engines. The resultant Pareto frontier is reported below, showing the influence of major design variables on the
optimization objectives. A brief explanation is given for trends that strongly differ from the previous example.

1. Effects of OPR and RPM
As shown in Fig. 11 the optimal overall pressure ratio is much more constrained by the recuperator performance

than for the previous case. The relatively low optimal OPR output values of the simple recuperated engine seem not to
justify a double compressor arrangement, which leads to a quite significant overall engine weight, due to turbomachinery
size. On the other hand, the intercooled-recuperated engine has its optimum at higher overall pressure ratio, which
is achievable due to the intercooler presence. However, since a much lower mass flow rate is needed for the same
power output, with respect to the RC engine, a smaller turbomachinery block is needed. This aspect strongly limits the
maximum efficiency achievable from compressors and turbines, thus leading to an overall cycle performance which is
comparable with the simple recuperated gas turbine. Rotational speed considerations remain unchanged with respect to
the previous case of study.
2. Effects of TIT

The turbine inlet temperature effects on the overall thermal efficiency and engine weight are in agreement with what
previously discussed. However, the RC engine runs with a much lower TIT than the high altitude case study, due to the
imposed limitation on the RIT, and the low pressure ratios achieved by the cycle. For the ICR cycle similar TIT values
are obtained for both case studies.
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(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 11 Effect of overall pressure ratio and rotational speed

(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 12 Effect of turbine inlet temperature

3. Effects of HEXs
Although the trend is still maintained, the intercooler maximum effectiveness becomes slightly less important for

the minimum SFC solutions in comparison to the previous case study. This can been explained by considering the
turbomachinery efficiency variation as function of the intercooler effectiveness. In particular, for the same power output
and TIT, an increase of εIC causes a reduction of the engine mass flow rate, which reduces the overall turbomachinery
size and results in a lower efficiency for the turbomachinery components [64, 65].

Because the recuperator has a comparatively higher impact on the overall cycle performance, the optimizer establishes
the overall cycle optimum at a lower intercooler effectiveness, allowing for greater recuperator heat transfer. Figures 13
and 14 (b) give evidence of these trends.

4. Effects of Power Split and and Nozzle Pressure Ratio
Figure 15 shows the effects of power split and nozzle pressure ratio on the optimization objectives. Similar

observations to the 300hp case study can be derived here for the first parameter. In fact, most of the turbine power is
again extracted from the HPT for both simple recuperated and intercooled-recuperated engines, due to the same reasons
previously given. A higher HPT expansion namely enables a higher TIT without reaching the recuperator material limit.

Agreement with the 300hp trend has been also maintained for the nozzle pressure ratio, where a slightly higher
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Fig. 13 Effects of intercooler parameters

(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 14 Effect of recuperator parameters

value has been obtained for minimum weight. However, because the engine is designed for a more conventional altitude,
the off-design flow conditions has a smaller impact on the optimum nozzle pressure ratio, leading to a lower difference
of ΠNoz between minimum SFC and weight solutions (Fig. 15).

V. Conclusion
An advanced methodology has been implemented for the preliminary design study of a simple recuperated and

intercooled-recuperated gas turbine. The purely thermodynamic study has been supported by a component based
approach which accurately predicts the variation of performance and size as function of overall cycle parameters.

The tool has been coupled with an evolutionary algorithm to optimize the cycle design point considering part
power performance at the operating design condition. Since engine feasibility is ensured by the component model, the
optimizer produces a set of Pareto optimal solutions that can be employed to select engine design features for the given
application much more accurately than conventional approaches that are typically used in early design stages.

Examples have been given with a single shaft architecture for an unconventional high altitude and a medium
altitude recuperated and intercooled-recuperated UAV gas turbines. Altitude and size effects are well captured by the
turbomachinery model, making the optimization much more sensitive to the variation of flow characteristics due to
thermodynamic modification.

Since the tool can be customized to define new cycle configurations in NPSS, a set of different design and component
arrangements can be quickly assessed. Thus, promptly identifying limitations in the selected architecture and facilitating
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(a) Simple recuperated engine (b) Intercooled-recuperated engine

Fig. 15 Effect of turbine power split and nozzle pressure ratio

the preliminary design identification for future more detailed considerations.
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