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Abstract: An approach for preliminary aero-engine design, incorporating a mean-line code for
the design of axial-flow, multi-stage compressors, is presented. The compressor mean-line code
is developed and integrated within a framework for the preliminary design and assessment of
aero-engine concepts. It is then combined with modules for compressor map generation, multi-
point engine design, steady-state and transient engine off-design performance and aircraft mission
analysis. Implementation examples are presented, demonstrating the determination of the optimal
combination of compressor and engine design parameters for achieving minimum fuel burn over a
specific aircraft mission, while obeying constraints that guarantee operability over the entire flight
envelope. Constraints related to compressor stability during transient maneuvers between idle and
static take-off conditions and engine temperature limits at maximum take-off are respected by the
final design. The results demonstrate the potential for design trade-offs between engine performance
at the aircraft mission level and compressor aerodynamic stability.

Keywords: aero-engines; preliminary design; axial compressor; mean-line design; engine optimization;
operability; response

1. Introduction

One of the near-term technologies pursued by the aviation industry, for reducing
its environmental footprint, is through transitioning to ultra-high bypass ratio (UHBR)
geared turbofan concepts [1–3]. Combined with increases in overall pressure ratio (OPR),
improvements in both propulsive and thermal efficiencies can be achieved, thus leading to
a reduction in fuel consumption and, hence, CO2 emissions. Upper limits on bypass ratio
(BPR) and OPR values are dictated by, among others, the ability to reach acceptable levels
of idle thrust during descent, approach and on the ground, as well as meeting performance
requirements set by certification authorities and aircraft operational constraints, regarding
maneuvers between low- and high-power conditions. Idle thrust levels and response
times are related to engine operability and especially compressor stability at low power.
UHBR layouts are designed with large low-pressure systems and small cores, giving rise
to mismatch between low- and high-pressure spool inertias, which are prime factors in
determining transient compressor response, thus making the fulfilment of aircraft descent
and go-around requirements more challenging. UHBR engine preliminary design must,
thus, consider idle thrust and transient performance, to ensure that its fuel-burn potential
benefits can actually be achieved. Indeed, this type of analysis is relevant to all future
engine concepts currently being considered, such as hybrid-electric, open rotor, etc.

Dynamic analysis of an advanced geared turbofan UHBR engine was performed
in [4] and revealed that the HPC transient stack needed to meet the FAA 5s certification
requirement [5] allows for a lower steady-state surge margin constraint, compared to that
used for the engine design. It was concluded that this would potentially have resulted in
significant efficiency improvements, if the engine design process was performed again.
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A methodology for aero-engine preliminary design that integrates transient perfor-
mance is presented in [6]. Its applicability is demonstrated for the case of a generic turbofan
configuration through a parametric analysis in order to show the effects of selected HP
compressor design parameters on transient performance.

The group of authors highlighted the need to integrate transient analysis in the overall
engine design optimization process, in order to avoid a redesign in case of non-compliance.
This was demonstrated via a transient performance assessment against the FAA 5s certifi-
cation maneuver of a UHBR engine optimized for minimum fuel burn [7].

The present paper extends the multi-disciplinary preliminary design optimization
framework of [7], with the inclusion of compressor mean-line design and analysis modules
and closes the loop with transient performance, by integrating it in the overall aircraft-level
optimization scheme.

A key enabler for compressor stability studies at the engine and aircraft level is the
ability to conduct compressor design via a mean-line (1D) module, at the preliminary design
stage. In the context of engine design and optimization, it accounts for changes in cycle
parameters (e.g., pressure ratio) and allows compressor flow and geometrical parameters
that affect performance and operability, to be considered as design choices. It derives the
compressor geometry, which is then used to generate consistent performance maps to be
used by the engine module that evaluates steady-state and transient performance.

Before presenting the overall design framework, the formulation, implementation
and validation of an axial-flow, multi-stage compressor module, called MLDC (Mean-Line
Design Code) is described. Its integration into a UHBR engine design optimization test case
is then exemplified. The objective of the study is to establish the combination of selected
compressor and engine cycle design parameters for minimum aircraft mission fuel burn,
while meeting engine response requirements, without violating compressor stability limits
and engine aero-thermodynamic and structural constraints.

2. MLDC Formulation, Validation, and Integration

Compressors are probably the most critical components for the overall operation of an
engine. Understanding the flow aerodynamics through compressors continues to trouble
numerous teams of researchers and engineers, throughout industry and academia. The
difficulty in fully understanding the physics of the flow across compressors has made their
design and off-design performance modelling and prediction, as well as their structural
design, challenging tasks [8]. Teams from both industry and academia have put signifi-
cant effort in developing tools for the accurate modelling and prediction of compressor
performance. Such tools need to be fast, reliable, and sufficiently accurate already from
the preliminary design phase. During this phase, tools should also require the minimum
number of inputs and the minimum effort to set up a calculation case. Their integration in
frameworks for the overall design and assessment of new engines should also be easy. For
these reasons, mean-line models (1D) are of great use and continue to be preferred over
lower- (0D) and higher-fidelity (2D/3D) tools for the preliminary design and analysis of
compressors [9–32].

A 1D design code should produce the compressor flowpath for the specified mass
flow and design pressure ratio, with the maximum efficiency and the minimum number
of stages. This should be performed while producing consistent blade dimensions to be
subsequently used as inputs to the detailed design, thus minimizing the iterations between
preliminary and detail design phases. However, due to the high complexity of the flow
physics involved, these objectives can only be met if a code is sufficiently versatile by
including the possibility for different design options and calculation inputs, blade models,
loss sources and/or models, etc. An analysis mode is also a desirable feature for the
consistent prediction of the compressor off-design performance over a range of working
conditions, once the design has been concluded.

In the past, many design methodologies and tools for both teaching [18–25] and
research [26–32] have been proposed. However, all codes present limitations which, in
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turn, reduce their automation, versatility, and design capability. Limitations encountered at
various publications are

• The design inputs may be pre-fixed (e.g., in [18,19,25]) and, if the user wishes to modify
them, then the entire code has to be re-compiled.

• The compressor efficiency may be an input (e.g., in [24,27]), that is, it is not estimated
based on the flow losses across the compressor.

• In all the above codes, the compressor design is conducted in a stage-by-stage manner
where the number of stages is an input. In other words, the number of stages is not
obtained on the basis of physical principles, such as the stage-wise loading and loss
distributions for achieving the desired design pressure ratio.

• The compressor design relies on simplifying assumptions, e.g., repeating stages
in [18,19,25] or constant enthalpy change per stage in [27].

• Commonly, the compressor design is limited to three flowpath shapes (constant hub,
mean, and tip). In some codes, the user may also need to specify the value of certain
flowpath diameters (e.g., in [26]), that is, the flowpath geometry is not obtained entirely
from the aerodynamic design.

• The blade row losses may be an input (e.g., in [18–23,26,32]) while, in most codes,
losses from only two sources (profile and shock) are accounted for (e.g., in [24,29–31]).
In all cases, losses are estimated from pre-defined models, that is, the user cannot
select from different loss models.

• Blade geometry and performance are commonly defined considering only two blade
models, the NACA-65 for subsonic flows and DCA for transonic flows (e.g., in [29–31]).

• The work distribution may be an input (as, e.g., in [30,32]). That is, it is not obtained
from aerodynamic criteria regarding the loading of the blades (e.g., loading coefficient,
minimum De Haller number, maximum diffusion factor, maximum flow turning, etc.).

• Finally, hardly any code combines an analysis mode for producing consistent perfor-
mance maps after the compressor design has been completed. The only exception are
the codes presented in [26,28], but even for these there is no indication by their authors
that the design and analysis modes cooperate or that they use consistent physical
assumptions, fluid models, thermodynamic functions, and numerical solvers.

MLDC overcomes the abovementioned limitations by offering to the user a variety of
input and calculations options, as described in the following paragraphs.

MLDC is developed in the same modelling environment as conventional 0D engine
components, thus using the same interface, fluid and thermodynamic functions and nu-
merical routines while inheriting directly the basic modelling equations of 0D general
purpose turbomachinery components. It uses the same fluid models, thermodynamic
functions, blade models, loss models, and numerical schemes as those employed in the
Mean-Line Analysis Code (MLAC) for compressor off-design performance predictions
described previously by the authors [9]. Thus, MLDC produces compressor geometries,
which can then be used by MLAC to generate consistent performance maps. Modelling
and numerical homogeneity are thus ensured, allowing the transparent and consistent
integration of mixed-fidelity components either directly at the engine level or as part of a
simulation flow process.

An example of the latter is presented in this paper for demonstrating the use of MLDC
in a design optimization test case that combines modules for 1D compressor design (MLDC)
and analysis (MLAC), aero-thermodynamic, multi-point engine design, steady-state and
transient off-design engine performance and aircraft mission analysis.

2.1. MLDC Formulation and Design Options

MLDC establishes the compressor geometry and performance by conducting a row-by-
row calculation, where the flowpath and blade dimensions are derived simultaneously. The
flowpath radii are obtained by the aero-thermodynamic design of the blade rows, and then
they are used to obtain basic blade dimensions such as blade heights and chord lengths.
The latter are then used to axially size the compressor flowpath, thus moving the design
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sequence to the next row. For this calculation, the user must specify the compressor inlet
conditions (

.
m, T0, p0), the compressor speed in the form of Nmech or U1,t or both (in the

latter case the compressor inlet hub-to-tip ratio is obtained), and the compressor design
pressure ratio.

Calculation approaches, design assumptions and user options for establishing the
compressor geometry at component and at blade row level are described in the following.

2.1.1. Meridional Compressor Design

For a given pressure ratio (ΠC), the compressor design is conducted following one of
two possible approaches. In the first one, the number of stages is specified by the user. In
the second, the number of stages is an output of the aero-thermodynamic design, as MLDC
accumulates stages until the required ΠC is achieved. In either case, if for the current work
distribution ΠC is exceeded, then a follow-on calculation adjusts the overall compressor
enthalpy change (for the same work distribution) in order to match the required ΠC.

The work distribution, expressed as percentage of stage enthalpy rise to compressor
overall enthalpy rise, can either be an input or can be established according to all or any of
the following four aerodynamic criteria [33]:

• Maximum diffusion factor at rotor tip (default value = 0.50);
• Maximum diffusion factor at stator hub (default value = 0.60);
• Maximum turning flow angle at rotor hub (default value = 40◦);
• Maximum Mach number at stator hub (default value = 0.85).

In order to establish the compressor work distribution and the corresponding operat-
ing conditions of the blade rows, the axial velocity distribution and the rotor inlet absolute
flow angle are also needed. Appendix A describes the calculation options available in
MLDC, for these parameters.

In MLDC, the compressor flowpath shape can be described by choosing one among
the following eight ways:

1. Constant hub radius;
2. Constant mean radius;
3. Constant tip radius;
4. Mean radius distribution as a ratio from the average value;
5. Constant radius from compressor’s inlet up to a stage and then linear up to exit;
6. Linear from compressor’s inlet up to a stage and then constant up to exit;
7. Mean radius distribution between the inlet and exit using a single user-defined

parameter that, similarly to option 1 in Appendix A, for the definition of the axial
velocity distribution, describes the shape of a parabola in relation to a straight line;

8. User-specified mean radius distribution.

Additionally, the user must specify the compressor inlet hub-to-tip ratio, except when
both Nmech and U1,t are specified. The exit hub-to-tip ratio is only required when the
flowpath shape is defined according to choices 5–7.

Having determined the compressor flowpath radii, axial sizing is conducted employ-
ing an adapted version of the methodology presented in [19]. The axial gap percentage
between two consecutive blade rows is either an input or obtained considering linear
interpolation between a first and last row input value. This is defined as the axial gap
length divided by the average value of the hub and tip axial chord lengths of the upstream
row. For rows where bleeds occur, the axial gap is set explicitly to facilitate the necessary
mass extraction. Typical values for axial gap percentages can be found in [34].

2.1.2. Blade Row Design

For predicting the flow (
.

m, T0, p0) across any blade row and for estimating the
required geometry, MLDC employs the same computational building blocks as those used
in MLAC [9], i.e., the Blade Row Module (BRM) and the Inter-Volume Module (IVM).
Figure 1 illustrates the blade row modelling concept through BRMs and IVMs.
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IVM models the flow in the duct after a blade row. In IVM, gas bleeds are taken into
account through mass and gas composition continuity, while flowpath radius changes are
accounted for through a moment of momentum balance:( .

mRmVθ

)
3 =

( .
mRmVθ

)
2 (1)

In IVM, pressure losses, heat transfer effects, and gas mixing through water-vapor
injection have also been foreseen.

BRM establishes the performance (flow losses and deviation) and geometry (metal
angles, chord lengths, blade count) of individual blade rows. BRM can model any type
of rotating or stationary blade row, of fixed or variable geometry. In MLDC, four profile
shapes are available for describing the geometry and performance of a blade section:

• NACA-65;
• NACA-63 A4K6 (for IGVs);
• DCA;
• BC4.

In BRM, the flow across a blade row is described by a set of equations including the
mass and gas composition continuity, the conservation of energy, and loss (ω) and deviation
(δ) correlations for obtaining the flow conditions at the outlet of the blade row knowing the
ones at the inlet:p0

r,2 =
(

p0
r,2

)
is
− ω

(
p0

r,1 − ps
1

)
, for rotating blade rows

p0
2 = p0

1 − ω
(

p0
1 − ps

1
)
, for stationary blade rows

(2)

β2 = κTE + δ (3)

In Equation (2) profile, shock, secondary, endwall, and clearance losses can be ac-
counted for, while profile losses can also be corrected for Mach number and Reynolds
number effects. The user can switch on or off any of these loss sources, can use input values
for any individual loss contribution or for the overall loss, or can insert custom loss corre-
lations (e.g., obtained by CFD simulations or experimental measurements). Appendix B
summarizes the loss and deviation models available in MLDC.
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For establishing the blade metal angles (κLE and κTE), an iteration scheme on the flow
angles at the blade row inlet (β1) and outlet (β2) is employed. The residual equations
required are given by Equation (3) for the estimated deviation angle (δ), while an additional
equation requires that the actual incidence is equal to that for which the flow losses across
the row are minimum (see Appendix B):

i = imin (4)

The methodology to estimate the blade chord at the mean-line from aspect ratio and
blade count from blade row solidity is described in Appendix A.

Finally, for obtaining the blade metal angles and chord lengths along the blade
span, it is assumed that the flow is approximated by a free-vortex [35]. This condition is
described by

dVx
dr = 0, d

dr (rVθ) = 0 (5)

2.2. Compressor Overall Performance

Once aerodynamic design has been completed, a number of overall performance
quantities are also established. Among these are the compressor isentropic and polytropic
efficiencies, as well as indices describing how far the design operating point is from choke
and stall.

For choke, the methodology presented by the authors in [9] for MLAC is also applied in
MLDC. For stall, an approach similar to the one presented in [9] for choke was formulated,
where appropriate indices (I) quantifying how far the operation of any individual blade
row is from stall were defined. For the definition of these indices, the user has a number of
different possibilities:

1. The actual incidence angle is compared to the incidence angle corresponding to stall,
where istall is estimated according to [36] or [37]: I = istall – i;

2. The actual diffusion factor is compared to a user-defined maximum diffusion factor
corresponding to stall: I = DFmax – DF;

3. The actual velocity ratio is compared to the minimum velocity ratio that the row
can handle without stalling, where (W2/W1)min is estimated according to [36,38]:
I = W2/W1 – (W2/W1)min.

4. The actual static pressure rise coefficient is compared to the maximum static pressure
rise coefficient that the row can attain without stalling, where cp,max is estimated
according to [33,39]: I = cp,max – cp.

For the compressor to operate stably, stall indices must be positive (I ≥ 0). As is the
case with choke modelling [9], an overall stall index is defined, which is the minimum
value between the stall indices of all blade rows. The minimum stall index is used as an
indication of the row which is more likely to stall first. In addition to this approach, an
overall stall-margin calculation option is also available to the user, as described in [39].

2.3. MLDC Validation

MLDC is validated by comparing its geometry outcome for specific target performance,
to the actual geometry of an existing compressor. The well-known NASA/GE E3 HPC
is used for this purpose. This is a high-speed and high-aerodynamic loading ten-stage
compressor designed and tested during the late 1970s–early 1980s. The aerodynamic design
point data for the compressor are summarized in Table 1 [40].
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Table 1. Aerodynamic design point data for the NASA/GE E3 HPC.

Parameter Design Point Value

Inlet total temperature 288.15 K
Inlet total pressure 101,325 Pa
Rotational speed 12,416.5 rpm

Inlet mass flow rate 54.4 kg/s
Overall pressure ratio 25.0

For the validation, the work distribution is determined from the aerodynamic criteria
with their default values. The solidity is calculated and the axial velocity distribution
at the inlet of the rotors is specified with Vx = 180 m/s (option 2 in Appendix A). The
default loss and deviation models seen in Appendix B are used. All other required input
parameters (e.g., mean radius distribution, inlet flow angle) are obtained from the relevant
public-domain literature [40,41].

The flowpath derived is compared to the actual one in Figure 2 and shows only minor
differences along the axial direction due to small differences in the calculation of the chord
lengths (Figure 3e) and the way the gap ratio is defined at mean radius in MLDC.
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The comparison of other blade row parameters in Figure 3 shows that the blading
geometry produced is very close to the actual one, exhibiting an overall axial evolution
almost identical to the actual one. Some discrepancies in the geometry produced by a
1D code and the geometry of an actual machine are anticipated, and are related to the
simplified flow and geometry modelling used in a 1D code. More specifically, in MLDC
the blade metal angle at the leading-edge (Figure 3a) is established numerically and is
assumed to be that for which the flow losses across the row are minimum. In an actual
machine, the final blade geometry is established based not only on flow considerations, but
on manufacturing, maintenance, cost considerations, etc. Another reason for the observed
discrepancy could be that in NASA/GE’s E3 HPC, the six (6) first rotor rows are made-up
by “special” and “bi-convex” airfoils [40], which are not currently modelled in MLDC.
Similarly, discrepancies in solidity (Figure 3f) can be explained by the fact that a simplified
semi-empirical correlation is used to establish it.
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In the context of preliminary engine design where identifying physical trends is the
priority, the level of geometry reconstitution achieved by MLDC demonstrates the validity
of its approach for establishing the work distribution and the accuracy of the code as a
design tool for axial-flow, multi-stage compressors.

2.4. MLDC Integration into the Framework for the Preliminary Design of Aero-Engines

MLDC was developed and integrated into the framework for the preliminary design
and assessment of novel aero-engines that the team of authors has been building in the
recent years [7,9,42–44], thus enhancing its predictive capabilities. In contrast to other plat-
forms for the preliminary design of gas turbine engines that, commonly, include modules
from disparate sources and of proprietary nature (e.g., [27,45–56]), it is built under the
same coding, modelling, and simulation environment, namely PROOSIS [57]. Therefore, a
number of advantages are achieved:
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• The calculation sequence and the data interchange between the different design and
analysis modules are transparent, since there is no need for a central data and calcula-
tion management system as, e.g., in [52];

• The physical and mathematical modelling is consistent, since the same fluid properties,
thermodynamic functions, numerical schemes, and numerical solvers are implemented
in all modules of the framework;

• The code can be easily maintained and extended, since all modules are developed
using the same programming language (PROOSIS’ EL).

Figure 4 depicts the framework and the modules employed in the current application
example. The compressor design conditions (

.
m, Nmech, ΠC) are obtained from the engine

cycle analysis and are then fed into MLDC for conducting the compressor design. The
produced flowpath and blade dimensions are fed into MLAC [9], which uses them to
produce consistent performance maps. The maps, in turn, are used by the engine model
which conducts the design and off-design steady-state and transient analyses for assessing
the overall engine design, stability, and flight performance.
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3. Application Example

The framework depicted in Figure 4 was employed for the design optimization of an
EIS-2030 geared turbofan configuration with separate, fixed-area bypass and core exhaust
nozzles (Figure 5) and for which A320-class aircraft, top-level engine requirements apply in
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terms of FN, ALT, MNf, ∆T ISA, WECS and PWX. The scope of each module and the flow
of information between them can be summarized as follows:

• Cycle analysis module: this derives the low- and high-pressure compressor design
performance (

.
m, Nmech, ΠC) at top-of-climb conditions for a specific set of engine

design parameters (BPR, FPR, OPR, nPR and sFN), which are allowed to vary in the
context of the fuel-burn optimization calculation.

• Compressor aerodynamic design module (MLDC): for a set of design choices (e.g.,
flowpath shape, velocity distribution, inlet/outlet Mach numbers, aspect ratio), it
performs the design of the low- and high-pressure compressors. The first rotor tip
speed value U1,t and the number of stages Nstg are included in the global optimiza-
tion variables set. The aerodynamic criteria with their default values are included
as constraints.

• Compressor aerodynamic analysis module (MLAC): this generates the performance
maps of the low- and high-pressure compressors for the calculated flowpath geometry
and blade rows dimensions established by MLDC. The surge line is established using
any of the methods described in the previous section. A variable geometry schedule
can be either directly specified or calculated.

• Aero-thermodynamic multi-point design calculation module: simultaneously solves
the three main operating points (top-of-climb, mid-cruise and rolling take-off), pro-
duces the engine gas path geometry and estimates values for engine weight, spool
inertia and nacelle profile drag coefficient. It also simulates the performance at the
ground, descent and approach idle conditions. Constraints in the overall analysis
scheme include upper limits on fan diameter (DF), compressor discharge (CDT) and
turbine entry temperatures (TET) at the RTO conditions, and lower limits on the
HPC ground idle surge margin and HPC last-stage blade height (LSBH). It uses the
compressor maps generated by MLAC and feeds the design data to the off-design
engine models.

• Off-design steady-state engine performance module: this runs a series of steady state
points for a range of flight conditions and thrust levels to cover the entire operating
envelope of the engine. This generates a surrogate engine performance model in the
form of a performance table expressing corrected fuel-flow rate for different values
of corrected thrust and Mach number values. During this analysis, the Landing and
Take-Off (LTO) NOx emissions are also estimated.

• Off-design transient engine performance module: this performs a square cycle sim-
ulation between 15% and 100% of the rated take-off thrust at sea-level static (SLS)
conditions considering spool inertias in order to assess engine response and operability
in terms of compressor stability. Minimum acceleration/deceleration thrust margins
and LP/HP compressor surge margin limits are included as optimization constraints.

• Aircraft mission analysis module: using the surrogate engine model, this calculates
mission fuel burn for a specific aircraft type and mission with aircraft mass and
drag adjusted according to the engine design considered. The fuel burn (FB) is the
optimization figure of merit.

The time required to perform one complete simulation of all the modules is <1 min on
a PC with Intel® Core™ i7-1065G7 CPU at 1.30 GHz with 16 GB of RAM. The compressor
design calculation takes less than 1 s. On the other hand, the time required to generate a
compressor map is just over 10 s, depending on the specified number of speed lines and
points per speed line.
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Figure 5. Schematic diagram of geared turbofan engine, where Amb represents the ambient condi-
tions, InEng is the engine inlet, FAN is the fan component, GBX is the gearbox, LPC and HPC are the
low- and high-pressure compressors, HPT and LPT are the high- and low-pressure turbines, Brn is
the burner, NZB and NZC are the bypass and core convergence nozzles, D13/21/24/30/45/50 are
interconnecting ducts, and R15 is the bypass returning bleed duct.

3.1. Compressor Modelling

The MLDC attributes for the LP and HP compressors are listed in Table 2. In addition
to Nstg and U1,t, any of these parameters can also be included as compressor design
optimization variables, either at the component or engine level. However, a sensitivity
analysis revealed that for a given Nstg, it is U1,t that has the greatest influence on compressor
performance, and hence, these variables (U1,t and Nstg) were selected for the purpose of
demonstrating the use of MLDC in the overall engine design optimization framework. The
values of the parameters in Table 2 were selected mostly based on existing compressor
designs and following an initial analysis of their influence on compressor performance, for
the specific application example.

Table 2. Compressor design choices.

Parameter LP Compressor HP Compressor

Flowpath Shape Constant hub diameter Constant mean diameter

Blade Profile Stators: NACA-65
Rotors: DCA

Inlet Mach Number 0.4 0.4
Exit Mach Number 0.4 0.3

Velocity Distribution According to Equation (A1) with VCLICO = 1
Rotor inlet flow angle According to Equation (A3) with a = 15◦

Aspect Ratio
IGV: 2.5 IGV: 3.8

According to Equation (A4) with
Rotor AR1 = 1.7, δAR = 0.07 and ARmin = 1
Stator AR1 = 2.5 δAR = 0.15 and ARmin = 1

Solidity Calculated-Equation (A5)
Axial gap ratio 30% of axial chord

Work Distribution From the aerodynamic criteria with their default values

Blockage factor

Default models in Appendix BIncidence
Deviation

Losses

MLDC is fed with these input values to generate the compressor flowpath geometry
and the blade rows dimensions. This geometry information is then used by the MLAC
module for generating the corresponding compressor maps. The loss, deviation and
blockage factors are set as in the MLDC. The surge line is established using the overall
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stall margin calculation option. For the HPC, the IGV row and the first two stator rows are
of variable geometry, while for the LPC only the IGV row is variable. In both cases, the
variable geometry schedule is established so that at each rotational speed the flow angle
results to the minimum losses incidence angle into the following rotor. A significant feature
of this approach is that this is carried out automatically in the context of generating the
map, thus removing the need to optimize the schedule as a separate exercise.

MLAC and its validation are described in [9]. In brief, MLAC receives as inputs the
compressor geometry and calculates its performance for an operating point (specified by
mass flow and rotational speed for given inlet temperature and pressure conditions) in a
row-by-row analysis manner by employing loss and deviation correlations to model the
flow across the compressor blade rows.

For producing a performance map (pressure ratio and efficiency versus mass flow
and rotational speed), MLAC is executed for different rotational speeds (user-specified)
and for mass flows between the stall and choke ones. Stall mass flows are established
numerically by the code as described earlier for MLDC, while the choke mass flows are also
established numerically, as described in [9]. Both the choke and stall prediction approaches
implemented in the MLDC and MLAC codes are novel ones.

3.2. Engine Modelling

The low- and high-pressure compressor polytropic efficiencies at ToC are obtained
from the compressor design module (MLDC) together with all other necessary information
for generating the engine flow path (number of stages, flowpath shape, hub-to-tip ratio,
aspect ratio, etc.). For the turbines, aerodynamic calculations are performed at MCR
conditions assuming a fixed number of stages (2 and 3, respectively, for the HP and LP
turbines), a linear distribution of the mean diameter, constant loading and symmetrical
velocity diagrams. Turbine-stage isentropic efficiency is calculated using a Smith-type
chart [43]. Fan bypass polytropic efficiency is assumed to be a function of FPR [58].

The off-design performance of the turbomachinery components is obtained from
appropriate maps. In the case of the compressors (LPC and HPC), these are the ones
generated by the mean-line analysis module (MLAC).

Component areas are established at ToC conditions according to specified values of
Mach number at the inlet and outlet of the components.

Combustor and duct pressure losses at the design (ToC) are specified while off-design
pressure losses are assumed to vary with the square of corrected flow relative to the design
value [34]. The combustor design efficiency is specified and off-design combustor efficiency
is assumed to vary with loading.

The engine inlet pressure ratio is assumed fixed at all conditions.
For nozzles, thrust and discharge coefficients vary with nozzle pressure ratio.
Spool rotational speeds are determined from turbine structural requirements imple-

mented in the form of the AN2 parameter at RTO conditions. The gearbox ratio is then
determined from the fan rotational speed, which is set according to a correlation of corrected
fan blade tip speed with FPR [58]. Gearbox, HP and LP shafts mechanical transmission
efficiencies are fixed.

HP turbine cooling flows at RTO conditions are established by specifying the design
blade metal temperature for the HPT stator and rotor rows [59]. The cooling air is provided
from the exit of the HP compressor. LP turbine cooling/sealing is assumed to be a fixed
percentage of the HP compressor inlet flow and is extracted at mid-stage conditions.

There are two ECS core bleeds (WECS) defined in the HPC component, namely the LP
and HP ports. Both provide the required amount of flow according to altitude. In normal
operation, WECS is taken from the LP port when the pressure at this location is greater
than a specified value, otherwise WECS is extracted from the HP port. Cooling flow is
extracted from the bypass duct to cool the ECS core flow to a specific temperature, when
this is required. There is the option to set the ECS system off, allow only the HP port to
supply an increased flow (one engine inoperative case) or specify a user-defined value.
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Customer power extraction (PWX) is taken from the LP spool and is a fixed amount at
all conditions except at RTO ones for which it is twice that value.

Engine weight and spool inertias are estimated through a component-based approach
that uses the dimensions calculated from the engine design and the selected material
densities [60].

An LPC handling bleed is scheduled in terms of relative corrected speed and flight
Mach number based on preliminary steady-state analysis at idle conditions and a decelera-
tion maneuver from rated take-off to ground idle SLS conditions.

3.3. Transient Maneuver

For assessing engine response and operability, an acceleration from 15% (FNidle) to
100% of rated take-off thrust (FNmax) at static sea-level conditions is performed, during
which the minimum HPC surge margin occurs. To meet the FAA FAR 33.73b require-
ment [5], it should take less than 5 s to reach 95% of FNmax (aborted landing situation).
A deceleration from FNmax back to FNidle is then performed, during which the minimum
LPC surge margin is obtained. It should take less than 8 s to reach 90% thrust decay to meet
an assumed rejected take-off scenario. Thrust decay at time t is defined as

%FN decay =
FNmax − FNt

FNmax − FNidle
(6)

Following [1], the minimum surge margin limits are set to 14% for the HPC and 10% for
the LPC. Positive acceleration and deceleration thrust margins (difference between thrust
obtained and thrust required) are also imposed as optimization limits. This implies that
the engine will be designed so that it just meets the relevant thrust response requirements
without violating the specific compressor surge margin limits.

Typical operational loads and normal ECS core bleeds are considered and no minimum
or maximum limiters are imposed.

3.4. Aircraft Mission

The aircraft mission considered in this study is an average short-range mission of
~1100 km (~600 nm) (e.g., between London and Barcelona). The variation of ALT and MNf
with time is presented in Figure 6. The flight duration is 95 min. A payload of 14,250 kg is
assumed (corresponding to 150 passengers) while the fuel reserve is set to 15% of the total
fuel load.
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3.5. Optimization Results

A three-step optimization approach is implemented [7], with the Adaptive Simulated
Annealing technique [61] being used as a first step to explore the entire design space and
identify the global optimal design location, followed by a Downhill Simplex method [62]
to refine its exact location and finally a design-of-experiments around it to confirm and
visualize it.

The compressor design performance for the fuel burn optimal solution is listed in
Table 3. Figure 7 presents the design space around the optimal values of Nstg and U1,t, for
the HP compressor. Compressor efficiency (eff ) and consequently fuel burn (FB) improve
with decreasing U1,t and Nstg. However, the transient surge margin limit precludes alto-
gether the nine-stage solution and the lower range of U1,t values for the ten-stage option.
The LP compressor design space exhibits a similar behavior.

Table 3. Compressor design for optimal fuel burn solution.

Parameter LP Compressor HP Compressor

Number of Stages, Nstg 5 10
First Rotor Tip Speed, U1,t (m/s) 345 410

Polytropic Efficiency (%) 91.6 91.5
Pressure Ratio 3.05 12.75

For the compressor design choices in this test case, the work distribution is established
by reaching the limits on the stator hub diffusion factor for the first three stages of both
LPC and HPC and the rotor tip diffusion factor for all other stages.

Although HP and LP turbine aerodynamic design parameters are not included in
this example as optimization variables, the calculated turbine stage and overall design
efficiencies are affected according to the flow conditions established from varying the
cycle and compressor design parameters, including changes in cooling flows. Off-design
performance is influenced by the turbine map scaling and the matching with the compressor
that has a new map in every design loop. Thus, the optimal fuel burn solution directly
includes the influence of the turbine aero-thermodynamic design choices.

Figure 8 shows three high-power (top-of-climb, mid-cruise and rolling take-off) and
three low-power (ground idle, descent idle at top-of-descent conditions and approach idle
at bottom-of-descent conditions) operating points on the LPC (plot a) and HPC (plot b)
maps. These are the maps generated by MLAC for the design produced by MLDC, used in
the engine model for the design and off-design steady-state and transient simulations. For
the HPC, the steady state surge margin is greater than 22% for all points but the ground
idle one, where it drops to 19%. The LPC surge margin is also higher than 21% for the
high-power conditions and descent idle, stays above 12% for the approach idle and drops
down to 6% at ground idle. This may not be adequate for decelerating to ground idle
conditions and indicates that an additional constraint may have had to be imposed, e.g., in
the form of response and operability requirements for a transient maneuver to and from
ground idle conditions. It should be noted that in this test case idle thrust is <4% of the
rated take-off SLS thrust.

The fuel-burn optimal values of the engine design parameters (at ToC) are included
in Table 4. This solution gives a fuel burn of 3574 kg which is approximately 9.5% lower
compared to the same mission executed with a current technology engine, e.g., similar to a
geared turbofan of EIS-2016. Further improvement is constrained by the limits of 1850 K
on TET, 955 K on CDT and the transient surge margins of LPC (SML = 10%) and HPC
(SMH = 14%). This can be observed in Figures 9 and 10, where FB contour plots for different
combinations of design parameters are depicted.
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Table 4. Optimal fuel-burn engine design parameters at Top-of-Climb.

Parameter Value

Bypass Ratio, BPR 13.6
Overall Pressure Ratio, OPR 49.3
Fan Pressure Ratio, FPR 1.44
Specific Thrust, sFN (m/s) 99.0
Pressure Ratio Split Parameter, nPR 0.35

Specifically, Figure 9 shows that lower FB can be obtained by increasing both BPR and
OPR and reducing nPR (i.e., higher loaded HPC). However, BPR and OPR increases are
prevented by the TET and CDT limits, respectively, while, for the lower nPR case, SMH
is below 7% throughout the entire BPR-OPR design space. Even for the optimum nPR
case, the HPC and LPC transient surge margin limits would have prevented further FB
improvement even if the temperature limits were allowed to be higher. This is also the case
when considering the variation of FPR and sFN around their optimal values, as shown in
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Figure 10. The intersection of SML and SMH limit lines define the valid design space area,
which reduces significantly as sFN increases.

Aerospace 2023, 10, 726 16 of 30 
 

 

Figure 7. HP compressor design space. 

Figure 8 shows three high-power (top-of-climb, mid-cruise and rolling take-off) and 
three low-power (ground idle, descent idle at top-of-descent conditions and approach 
idle at bottom-of-descent conditions) operating points on the LPC (plot a) and HPC (plot 
b) maps. These are the maps generated by MLAC for the design produced by MLDC, 
used in the engine model for the design and off-design steady-state and transient simu-
lations. For the HPC, the steady state surge margin is greater than 22% for all points but 
the ground idle one, where it drops to 19%. The LPC surge margin is also higher than 
21% for the high-power conditions and descent idle, stays above 12% for the approach 
idle and drops down to 6% at ground idle. This may not be adequate for decelerating to 
ground idle conditions and indicates that an additional constraint may have had to be 
imposed, e.g., in the form of response and operability requirements for a transient ma-
neuver to and from ground idle conditions. It should be noted that in this test case idle 
thrust is <4% of the rated take-off SLS thrust. 

  

(a) (b) 

Figure 8. Operating points on (a) LPC map and (b) HPC map. 

The fuel-burn optimal values of the engine design parameters (at ToC) are included 
in Table 4. This solution gives a fuel burn of 3574 kg which is approximately 9.5% lower 
compared to the same mission executed with a current technology engine, e.g., similar to 
a geared turbofan of EIS-2016. Further improvement is constrained by the limits of 1850 K 
on TET, 955 K on CDT and the transient surge margins of LPC (SML = 10%) and HPC 
(SMH = 14%). This can be observed in Figures 9 and 10, where FB contour plots for 
different combinations of design parameters are depicted.  

Table 4. Optimal fuel-burn engine design parameters at Top-of-Climb. 

Parameter Value 
Bypass Ratio, BPR 13.6 
Overall Pressure Ratio, OPR 49.3 
Fan Pressure Ratio, FPR 1.44 
Specific Thrust, sFN (m/s) 99.0 
Pressure Ratio Split Parameter, nPR 0.35 

Specifically, Figure 9 shows that lower FB can be obtained by increasing both BPR 
and OPR and reducing nPR (i.e., higher loaded HPC). However, BPR and OPR increases 
are prevented by the TET and CDT limits, respectively, while, for the lower nPR case, 

ToC 
MCR 

AIDL 

GIDL 

DIDL 

RTO ToC 
MCR 

AIDL 

GIDL 

DIDL 

RTO 

Figure 8. Operating points on (a) LPC map and (b) HPC map.

Aerospace 2023, 10, 726 17 of 30 
 

 

SMH is below 7% throughout the entire BPR-OPR design space. Even for the optimum 
nPR case, the HPC and LPC transient surge margin limits would have prevented further 
FB improvement even if the temperature limits were allowed to be higher. This is also the 
case when considering the variation of FPR and sFN around their optimal values, as 
shown in Figure 10. The intersection of SML and SMH limit lines define the valid design 
space area, which reduces significantly as sFN increases. 

 
Figure 9. FB contour plot for BPR, OPR, nPR with TET, CDT and SML isolines. Figure 9. FB contour plot for BPR, OPR, nPR with TET, CDT and SML isolines.



Aerospace 2023, 10, 726 17 of 28Aerospace 2023, 10, 726 18 of 30 
 

 

 
Figure 10. FB contour plot for BPR, FPR, sFN with TET, SMH and SML isolines. 

For the optimal solution, Figure 11 shows the transient maneuver operating line on 
the LPC (plot a) and HPC (plot b) maps. The variation of surge margin with time is also 
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For the optimal solution, Figure 11 shows the transient maneuver operating line on
the LPC (plot a) and HPC (plot b) maps. The variation of surge margin with time is also
included as an insert in both plots and demonstrates that the solution is constrained by
the limits imposed on these parameters. Both the acceleration and deceleration response
requirements are met with a thrust margin of just over 1 kN (Figure 11c).
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time; and (c) variation of thrust with time.

To examine if the transient simulation included in the engine design optimization
is a representative one for assessing response and operability, three additional transient
maneuvers are performed for the optimal engine-design case. The first one is a square cycle
at top-of-descent conditions (MNf = 0.76, ALT = 10,668 m) between descent idle (FNidle)
and top-of-climb (FNmax) operating settings. For this case, the acceleration and deceleration
response requirements are both set to 15 s, for reaching 95% of FNmax and 95% thrust decay,
respectively, for the same compressor surge margin limits as for the certification maneuver.
The results of this simulation are shown in Figure 12 and confirm that both performance
requirements and compressor stability limits are respected. It should be pointed out that at
these conditions, FNidle is negative since momentum drag is higher than total gross thrust.
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Figure 12. Top-of-descent idle transient simulation results: (a) operating line on LPC map and surge
margin variation with time; (b) operating line on HPC map and surge margin variation with time;
and (c) variation of thrust with time.

The second maneuver is an acceleration at bottom-of-descent conditions (MNf = 0.30,
ALT = 1524 m) from descent idle to top-of-climb operating settings with a response require-
ment of 8 s to 95% of FNmax. The HPC surge margin is only relevant in this case. The
results of this simulation are shown in Figure 13. During this maneuver, the HPC surge
margin remains above the 14% limit while it takes ~7 s to reach 95% of FNmax.
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Figure 13. End-of-descent idle acceleration results: (a) operating line on HPC map and surge margin
variation with time; (b) variation of thrust with time.

The final maneuver examined is a square cycle between static seal-level ground idle
and rolling take-off conditions (MNf = 0.25, ∆TISA = 15 K). The rates of acceleration and
deceleration are set according to the LPC map limits. The requirements are for LPC surge
margin to be greater than 0 during deceleration and LPC pressure ratio greater than 1
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during acceleration. The latter is simply a numerical limit as the model will not converge
for compressor PR < 1. Figure 14 shows that the engine requires less than 10 s to accelerate
to 90% of RTO thrust with the HPC surge margin staying above 10%. It should be noted that
the fan reaches 50% of its take-off speed in less than 3 s when the minimum requirement is
that it should be less than 8 s. On the other hand, with the LPC surge margin consumed,
it takes 15 s to reach 90% thrust decay, which may not be acceptable in case of a rejected
take-off situation. This clearly demonstrates that such a critical transient maneuver should
also be included in the overall engine design optimization scheme, in addition to the
certification one, with LPC IGV and handling bleed schedules as extra design variables.
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Figure 14. Ground idle transient simulation results: (a) operating line on LPC map and surge margin
variation with time; (b) operating line on HPC map and surge margin variation with time; and
(c) variation of thrust with time.

In case the transient maneuver is not included in the overall optimization loop and
no constraints are imposed regarding steady-state idle performance, such as surge margin
(Case-2), then a solution is produced that requires 18 kg (0.5%) less fuel to complete
the mission compared to the optimization scheme that includes the transient module
(Case-1). This is achieved mainly by increasing OPR by 1.2% and shifting more work
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to the LP compressor, by increasing nPR by 4.3%, compared to Case-1 optimal values.
Further OPR increase is prevented by the CDT limit. In terms of HPC and LPC design,
the optimization gives lower U1,t values (390 and 334 m/s, respectively) for the same
number of stages, leading to slightly higher design point efficiencies (91.9% and 91.7%,
respectively) in relation to Case-1 (see Table 3). The entire HPC operating line (Figure 15a)
is shifted closer to the surge line, leaving a surge margin of 11.4% at ground idle conditions.
Simulating the transient certification maneuver for this engine design fails to meet the
operability constraints regarding compressor surge margin; see Figure 15b and compare
with Figure 11b. These results clearly demonstrate the need to integrate transient analysis
in the overall engine design optimization loop.
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4. Conclusions

The development of a robust, flexible and fast execution module for compressor mean-
line design and its integration in an overall engine preliminary design framework have
been presented. The module allows compressor geometrical and flow parameters to be
specified as design and constraint variables, when optimizing an engine for performance
and operability. It is directly compatible with the corresponding compressor mean-line
analysis module, thus ensuring a consistent and numerically stable map generation process.
The maps produced can then be used in a relevant engine model to assess steady-state and
transient performance. Thus, a simulation chain can be established combining compressor,
engine and aircraft mission analysis modules.

For the case of a UHBR engine design optimization, it is demonstrated how compressor
design influences engine response and operability and that transient performance must
be accounted for simultaneously with the engine aero-thermodynamic and structural
requirements and constraints, in order to correctly define the feasible design space.

For the specific test case and based on the design choices and assumptions made,
it was shown that during deceleration to ground idle conditions, the operation of low
pressure compressor is critical, in terms of engine operability and response.

The results were obtained considering only shaft dynamic effects (spool inertias), and
this is deemed sufficient for preliminary design studies. However, it is acknowledged that
there are other dynamic effects (e.g., heat soakage, tip clearance, volume dynamics, sensors
and actuators lags and delays) that should be accounted for in order to have a more realistic
assessment of engine response and operability. The tool developed is capable of including
these effects and the authors plan to examine their influence in further studies.
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The development and integration of turbine mean line design and analysis modules in
the engine design framework, in a way similar to the compressor ones, is currently under
way in order to further improve the fidelity of the calculations.

The modular nature of the framework allows engine and/or aircraft (e.g., oil, fuel,
environmental control) sub-systems as well as engine figures of merit related to other
disciplines (e.g., noise, emissions, lifing, maintenance, economics), at different levels of
fidelity, to be easily integrated, thus enabling multi-objective design calculations. We plan
to report such capabilities in future publications.
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Nomenclature

Abbreviations
0/1/2/3D 0-/1-/2-/3-Dimensional
AIDL Approach Idle
BC4 British C-4
BRM Blade Row Module
CFD Computational Fluid Dynamics
DCA Double Circular Arc
DIDL Descent Idle
ECS Environmental Control System
EIS Entry Into Service
GE General Electric
GIDL Ground Idle
HP High-Pressure
HPC High-Pressure Compressor
HPT High-Pressure Turbine
IGVs Inlet Guide Vanes
ISA International Standard Atmosphere
IVM Inter-Volume Module
LP Low-Pressure
LPC Low-Pressure Compressor
MCR Mid-Cruise
MLAC Mean-Line Analysis Code
MLDC Mean-Line Design Code
NASA National Aeronautics and Space Administration
PROOSIS Propulsion Object Oriented SImulation Software
RTO Rolling Take-Off
TLAR Top Level Aircraft Requirements
ToC Top-of-Climb
UHBR Ultra-High Bypass Ratio
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Symbols
1/2 Blade row inlet/outlet
2/3 Inter-volume inlet/outlet
a Absolute flow angle (o)
a/c Relative position of max. camber (-)
ALT Altitude
AR Blade aspect ratio (-)
AVDR AVDR = (ρsVx)2/(ρsVx)1
BPR Bypass ratio (-)
cp Static pressure rise coefficient (-)
CDT Compressor discharge temperature (K)
DF Fan diameter (m)
DF Diffusion factor (-)
DFeq Equivalent diffusion factor (-)
FN Net thrust (N)
FPR Fan pressure ratio (-)
h Height (m)
i Incidence angle (o)
I Index
j Stage number (-)
k Blade row number (-)
ks/c Relative surface roughness (-)
.

m Mass flow rate (kg/s)
M Mach number (-)
MN f Flight Mach number (-)
Nbr Number of blade rows (-)
Nstg Number of stages (-)
Nmech Rotational speed (rpm)
nPR Pressure ratio split parameter

nPR =
log(Pt25/Pt2)

log(OPR)
OPR Overall pressure ratio
p Pressure (Pa)
PWX Customer power extraction (W)
r Radial coordinate (m)
R Radius (m)
Re Chord-wise Reynolds number (-)
s Blade row pitch length (m)
sFN Specific thrust (m/s)
t/c Relative max. thickness (-)
T Temperature (K)
TET Turbine entry temperature (K)
U1,t 1st Rotor tip speed (m/s)
V Absolute flow velocity (m/s)
W Relative flow velocity (m/s)
WECS Environmental Control System mass flow rate (kg/s)
y y = (j − 1)/

(
Nstg − 1

)
β Relative flow angle (o)
δ Deviation angle (o)
δc Radial clearance (m)
θ Blade camber angle (o)
κ Metal angle w.r.t. axial direction (o)
Π Compressor pressure ratio (-)
ρ Flow density (kg/m3)
σ Blade row solidity (-)
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ω Total pressure loss coefficient (-)
Subscripts
1/2 Blade row inlet/outlet
2/3 Inter-volume inlet/outlet
h Flowpath hub
in Compressor inlet
is Isentropic conditions
m Flowpath mean
max Maximum
min Minimum
out Compressor exit
r Relative frame of reference
R Rotor
stall Stall conditions
S Stator
t Flowpath tip
TE Trailing edge
x Axial direction
θ Peripheral direction
Superscripts
0 Total (stagnation) flow properties
s Static flow properties

Appendix A. MLDC Calculation Options

In the following, the approach to describe axial velocity, rotor inlet absolute flow
angle, aspect ratio and solidity are presented. Note that the default values mentioned
below were obtained by analyzing the NASA/GE E3 HPC [40]. It is known that the design
of this compressor incorporated existing knowledge and experience in an optimal way
for achieving top performances, and can thus be considered as an exemplary approach
for compressor design purpose. The user of MLDC can modify them in a compressor
design study.

The axial velocity across the compressor can be described on the basis of one of the
following alternative ways:

1. Axial velocity distribution between the values at compressor inlet and exit using a
user-defined parameter (VCLICO) that describes the shape of a parabola in relation to a
straight line:

Vx,1 = A(k − 1)2 + B(k − 1) + Vx,in

A = − 2(Vx,in+Vx,out)(VCLICO−1)

(Nbr−1)2

B =
3Vx,out+Vx,in−2VCLICO(Vx,in+Vx,out)

Nbr−1 +
4Nbr(Vx,in+Vx,out)(VCLICO−1)

(Nbr−1)2

(A1)

where Vx,1 is the axial velocity at the blade row inlet, and the default value for VCLICO is
VCLICO = 1.0;

2. Specifying the coefficients of a 4th order polynomial that describes the axial velocity
distribution at the inlet of the rotors (Vx,R,1) in relation to a user-defined reference
value (Vx):

Vx,R,1

Vx
= AVy4 + BVy3 + CVy2 + DVy + 1 (A2)

where the default values for the coefficients are

AV = 1.237, BV = −3.251, CV = 2.300, DV = −0.389

3. Using Equation (A1) but, this time, to describe the axial velocity variation between
the values of the first and last stage rotor inlets.
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The axial velocities at the compressor inlet (Vx,in) and exit (Vx,out) are specified either
by imposing them directly or by specifying the axial flow Mach number while, for the
case of the compressor inlet, imposing the specific flow is a third option. Note that, for
options 2 and 3, velocity ratios are also specified for describing the change in axial velocity
between the (i) rotor outlet/inlet (default value = 0.914), (ii) stator outlet/inlet (default
value = 0.980), (iii) IGVs outlet/inlet (default value = 1.078), (iv) rotor inlet/IGVs inlet
(default value = 1.160), and (v) rotor inlet/stator inlet (default value = 1.050).

The rotor inlet absolute flow angle can be a user input in every stage, or can be
described by specifying the coefficients of a 3rd order polynomial in relation to a user-
defined reference value (a):

aR,1

a
= Aay3 + Bay2 + Cay + Da (A3)

where the default values for the coefficients are

Aa = 1.806, Ba = −4.463, Ca = 2.854, Da = 0.642

In order to estimate the blade chord at the mean-line, the aspect ratio is required. This
is either a user input or is given as a rate of change (δAR) for rotors and stators from their
first stage value (AR1) and down to a user-specified minimum value (ARmin):

ARj = max[AR1 + (j − 1)δAR, ARmin] (A4)

where the default value for ARmin is 1.0.
To estimate the blade count, the blade row solidity can either be a user input in every

blade row, or can be estimated based on the relative tip Mach number (Mr,t,1) for rotors
(σR) and the blade absolute flow turning (δa) for stators (σS) [43]:

σR = Rt
Rm

(0.5Mr,t,1 + 0.7), σS = Rh
Rm


(0.0206δa + 0.794), δa < 44◦

(0.080δa − 1.82), 44◦ ≤ δa < 60◦

3.0, δa ≥ 60◦
(A5)

In the above, Rh and Rt is the blade row average hub and tip radius, respectively, and
δa = a1 − a2 is the absolute flow turning.

Appendix B. MLDC Available Loss and Deviation Models

A summary of the available loss and deviation correlations in MLDC is given in
Table A1. Note that these correlations were made fully tunable through the introduction of
appropriate scalars, the value of which can be the default one, a user input, or established
numerically to match an available performance. As can be seen from Table A1, the user can
select between different models, while an option for introducing customized models was
also foreseen in the code.

Table A1. Summary of loss and deviation models available in MLDC.

Correlation Model Functional Form Refs

Design incidence Lieblein i∗ = f (θ, σ, β1, t/c)
[36]Herrig (default) i∗ = f (θ, σ, β1, t/c, a/c)

Design deviation Lieblein (default) δ∗ = f (θ, σ, β1, t/c)
[36]Howell δ∗ = f (θ, σ, β1, t/c, a/c)

Minimum loss incidence Aungier imin = f (Mr,1, θ, i∗) [36]
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Table A1. Cont.

Correlation Model Functional Form Refs

Off-design deviation
Lieblein δ = f (σ, β1, i, AVDR) [36,63]

Swan (default) δ = f
(

Mr,1, DFeq
)

[64]
Banjac et al. (default for IGVs) δ = f (M1, θ, σ, γ, AVDR, t/c) [65]

Endwall loss
Howell (default) ωew = f (σ, β1, β2, AR) [36]

Vavra ωew = f (σ, β1, β2, AR) [66]

Secondary loss Howell ωsc = f (σ, β1, β2) [36]
Vavra ωsc = f

(
σ, β1, β2, h/s, h/δc

)
[66]

Clearance loss
Lakshminarayana ωcl = f (σ, β1, β2, AR, δc/s) [67]

Vavra ωcl = f
(

σ, β1, β2, h/δc

)
[66]

Shock loss
Dixon et al. (default) ωsh = f (σ, β1, β2, Mr,1) [68]

Steinke et al. ωsh = f (σ, β1, β2, Mr,1) [69]

Reynolds number effects
Aungier aRe = f (Re) [36]

Wright et al. sRe = f (Re) [70]
Koch et al. sRe = f (Re, ks/c) [71]

Mach number effects Aungier (default) aMa, sMa = f (Mr,1, W1, β1, β2, i, θ, σ) [36]

Design profile loss Aungier 1 (default) ω∗
pr = f (σ, β2, DF)

[36]
Aungier ω∗

pr = aMa + sMasRe
[
aRe + f

(
σ, β1, β2, DFeq

)]
Off-minimum profile loss Aungier (default) ωpr = ω∗

pr f (i − imin) [36]

Blockage factor Glassman et al. (default) N/A [33,72]

Overall loss
N/A ω = ωpr + ωsh + ωsc + ωew + ωcl

Banjac et al. (default for IGVs) ω = f (M1, θ, σ, γ, t/c) [65]
1 Presumably accounts for secondary losses and Reynolds number effects too and, therefore, these are deactivated
when this calculation option is selected.
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