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ABSTRACT 

Helicopter mission performance analysis has always been 
an important topic for the helicopter industry. This topic is now 
raising even more interest as aspects related to emissions and 
noise gain more importance for environmental and social 
impact assessments. The present work illustrates the initial 
steps of a methodology developed in order to acquire the 
optimal trajectory of any specified helicopter under specific 
operational or environmental constraints. For this purpose, it is 
essential to develop an integrated tool capable of determining 
the resources required (e.g. fuel burnt) for a given helicopter 
trajectory, as well as assessing its environmental impact. This 
simulation framework tool is the result of a collaborative effort 
between Cranfield University (UK), National Aerospace 
Laboratory NLR (NL) and LMS International (BE). 
   In order to simulate the characteristics of a specific trajectory, 
as well as to evaluate the emissions that are produced during 
the helicopter’s operation within the trajectory, three 
computational models developed at Cranfield University have 
been integrated into the simulation tool. These models consist 
of a helicopter performance model, an engine performance 
model and an emission indices prediction model. The models 
have been arranged in order to communicate linearly with each 
other. The linking has been performed with the deployment of 
the OPTIMUS process and simulation integration framework 
developed by LMS International. The optimization processes 
carried out for the purpose of this work have been based on 
OPTIMUS’ built-in optimizing algorithms. A comparative 
evaluation between the optimized and an arbitrarily defined 
baseline trajectory’s results has been waged for the purpose of 
quantifying the operational profit (in terms of fuel required) 

gained by the helicopter’s operation within the path of an 
optimized trajectory for a given constraint. 
        The application of the aforementioned methodology to a 
case study for the purpose of assessing the environmental 
impact of a helicopter mission, as well as the associated 
required operational resources is performed and presented. 

INTRODUCTION 

The developments in technology of the 20th and 21st 
century regarding the industrial as well as civil transport 
activities have had as a direct result the continuous rise in 
energy demand. The progressively increasing rates of energy 
consumption have inevitably led to the imminent occurrence of 
fossil fuel depletion as well as to a severe environmental impact 
due to the emissions produced associated with fossil fuel 
combustion.  

The helicopter industry has certainly played a major role in 
these developments and is most certainly affected by their 
aforementioned impact. The Advisory Council for Aeronautics 
Research in Europe (ACARE) in an attempt to minimize the 
environmental impact of the civil aviation has set a number of 
environmental goals which are to be achieved by 2020. These 
goals include reduction in carbon dioxide (CO2) and nitrogen 
oxides (NOX) by 50% and 80% respectively. According to 
Clarke [1], the realization of the aforementioned goals can only 
be achieved through the following: a) significant reduction in 
the number of operations, b) the incorporation of innovative 
and more efficient airframes – types of aircraft/rotorcraft in 
general or c) the deployment of alternative operational 
procedures – the seeking of optimal flight paths. However, the 
modern trends in air traffic show that in the forth-coming future 
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the number of operations is more likely to be increased rather 
than decreased.  Brooker [2] points out that the timeframe from 
the conception of an innovative design until the achievement of 
airworthiness certification can be quite substantial.  Hence 
major innovations in airframe design will not be deployed into 
service until approximately the first half of the 21st century. It is 
therefore well understood that, given the timeframe of the 
standards set by ACARE, the sole route that can lead to the 
realization of the aforementioned goals is the modification of 
the already existing operational procedures and the seeking of 
alternative flight paths, the operation within which, would be 
associated with the minimal environmental impact possible. A 
large collaborative project with several organizations 
participating worldwide, focusing on the objective of finding 
the best alternatives or routes with the purpose of minimizing 
the environmental impact, is the European Clean Sky JTI (Joint 
Technology Initiative) [3]. Within the Clean Sky, several 
technologies will be developed and demonstrated, hence 
making another step towards achieving the aforementioned 
environmental goals set by the ACARE. 

As the shortage of fossil fuels is becoming progressively 
more imminent, the price of crude oil will continue to rise, 
hence it is only reasonable that the price of aviation fuel will 
follow the same trend. This trend is responsible for constituting 
the total operational fuel consumption as a key factor in 
minimizing the overall operational cost. It is therefore realized 
that a deployed helicopter operational procedure must, not only 
comply with imposed ATC constraints, but also to be 
accompanied by the minimal fuel consumption feasible. This 
can be achieved by seeking alternative routes-trajectories, the 
operation within which would be less energy-demanding.  

Consequently the development of a computational 
algorithm capable of determining the resources required (fuel 
and operational time) for a given helicopter trajectory, as well 
as assessing the environmental impact in terms of emissions 
produced associated with the helicopter’s operation within the 
specific trajectory, is essential. The algorithm has to be able to 
obtain optimal flight paths for any user-defined constraints in 
order to configure innovative operational procedures within the 
optimal calculated flight paths. For this purpose an integrated 
tool has been developed capable of modeling and assessing the 
properties of interest of any user-defined helicopter trajectory. 
This work presents the initial steps of a methodology developed 
for the purpose of acquiring optimal trajectories of a given 
helicopter configuration under certain user-defined operational 
or environmental constraints. The objective is met by applying 
a specific optimization strategy on the aforementioned 
integrated tool and the optimal mission profiles for any given 
user-defined, operational or environmental constraints are 
obtained. 

INTEGRATION OF TOOLS 

Description of tools 

The integrated tool, created for the scope of this work, 
consists of three computational models developed at Cranfield 
University. These models are: 1) a helicopter performance 
simulation model (HELIX), 2) an engine performance 
simulation model (TURBOMATCH) and 3) an emissions 
prediction tool (HEPHAESTUS). The linking of the above-
mentioned models has been performed with the deployment of 
LMS OPTIMUS with NLR contributing their expertise on 
helicopter mission analysis. The optimizations carried out were 
based on OPTIMUS’ integrated optimizing algorithms. 

Performance modeling represents indisputably the 
economically most efficient way to analyze the performance of 
existing helicopter configurations at a range of flight 
conditions. Its scope is to participate in the development of new 
designs and to assess the feasibility of various design 
alternatives for the purpose of satisfying the growing 
environmental requirements – e.g. defining mission profiles 
requiring lower fuel consumption and reduced emissions etc. 
Helicopter performance models with a choice of fidelity and 
with varying capabilities have been developed in the past, 
however they are typically not available in the public domain. 
To address this issue a generic helicopter performance model 
(HELIX) has been developed in standard FORTRAN 90. The 
helicopter properties susceptible to user-specification include 
the geometrical and weight break-down distribution data of the 
helicopter.  

The helicopter mission to be assessed in terms of engine 
power required is defined by the user. The mission profile is 
truncated in user-specified number of flight segments. The user 
needs to define the flight conditions occurring for each and 
every one of the mission profile’s segments. The flight 
conditions are defined in terms of initial and final altitudes, the 
segment duration/range and the forward velocity of the 
helicopter.  

With the exception of a strictly forward flight segment 
where variations in altitude are non-existent, it is acceptable to 
say that HELIX is most suitable in the limit:  

. 퐢퐦
풅푹→ퟎ

푷푾풓풆풒(푨풍풕) 

Having an infinitely small segment range will result in a very 
smooth and accurate representation of the helicopter trajectory 
where variations in atmospheric parameters with altitude can be 
accurately represented. However in this case, the number of 
segments which will represent the trajectory will have to be 
infinitely large resulting in a restrictive increase in 
computational time. On the other hand, a small number of 
segments will result in highly finite and discrete altitude steps 
which will compromise the accurate representation of an actual 
trajectory. It is therefore realized that the number of segments 
in which a flight profile is truncated, has to be carefully 
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specified, bearing in mind that a compromise between accurate 
trajectory representation – accuracy in calculations and 
computational time is inevitable. 

The engine performance model (TURBOMATCH) used for 
the present work has been developed and refined at Cranfield 
University over a number of decades [4]. TURBOMATCH is 
capable of simulating the performance of an extensive range of 
aero and industrial gas turbine engines with cycles ranging 
from a simple single shaft turbojet to complex multi-spool 
turbofans with mixed exhausts and secondary air systems as 
well as novel engine configurations. The performance 
simulations range from simple steady state (design and off-
design point) to transient performance computations. For the 
scope of this work the engine is assumed to be working at 
steady state conditions so TURBOMATCH has been set up 
appropriately.  

The emission indices are calculated using the emissions 
prediction model HEPHAESTUS developed at Cranfield 
University [5]. It is generally accepted that three broad 
strategies can be adopted for the purpose of combustor 
emissions prediction which are the following: 1) empirical 
correlations, 2) stirred reactor models and 3) comprehensive 
numerical simulations (CFD) calculations. The use of empirical 
correlations implies that the fine details of the combustion 
chemistry and internal flow are degenerated to global 
expressions, having been established directly from 
measurements. The deployment of detailed numerical 
simulations of the turbulent reacting flow inside the combustor 
(CFD simulations) represents the other extreme of the 
approaches to gas turbine emissions prediction. However, it is 
generally acceptable that this approach is both time consuming 
and requires a high-fidelity definition of the combustor 
geometry, which may be difficult to obtain for certain 
combustors designs. Stirred reactor models, in which the 
turbulent flow is sufficiently idealized and the time-dependent 
chemistry of pollutant formation is computed with sufficient 
accuracy, represent an efficient compromise between the two 
aforementioned extreme approaches and it the method deployed 
by HEPHAESTUS in order to calculate gas turbine emissions. 
The critical zones within the combustor are represented by 
individual stirred reactors, incorporating the processes of 
mixing, combustion heat release, and pollutant formation. In 
order to take into account inhomogeneities in gas composition 
and temperature which influence directly the rates of pollutant 
formation, a stochastic representation of turbulent mixing in the 
combustor primary zone is utilized.  

The linking of the aforementioned simulation algorithms 
was carried with the deployment of LMS OPTIMUS as a 
simulation framework. OPTIMUS is a flexible design 
environment which can be used to evaluate multiple design 
alternatives. OPTIMUS can be used to link simulation codes or 
legacy systems in a graphical and user-friendly environment. 
Having its own integrated variety of optimization sequences 
ranging from single-objective - local optimization to multi-
objective - global optimization methods, the integrated tool’s 
potential can be fully evaluated. 

Workflow Configuration 

The three aforementioned simulation tools (HELIX, 
TURBOMATCH and HEPHAESTUS) have been linked in 
order to communicate linearly with each other. The experiment 
is carried out for each and every flight segment. The segment 
workflow is illustrated in Fig. 1. The experiment is initiated by 
defining the flight conditions of the segment which are input 
into the helicopter performance model (HELIX).   

Fig. 1 Segment workflow illustration 

HELIX is capable of accepting initial and final segment 
altitudes, forward velocity, and segment horizontal 
range/operational time as well as any reduction in the helicopter 
total mass (fuel consumption or drop of ordnance) as inputs. 
Based on these user-defined flight conditions HELIX will 
calculate the helicopter engine shaft power required for the 
duration of the aforementioned pre-defined flight segment, in 
order for the helicopter to reach the final segment conditions 
while maintaining the user-defined forward velocity.  

After the successful execution of HELIX, OPTIMUS 
automatically reads HELIX’s output file, and extracts the 
necessary output data in a pre-determined way that has been set 
up by the user. OPTIMUS then re-writes the output data in the 
appropriate format so that it can then be input into the 
performance simulation tool (TURBOMATCH). 
TURBOMATCH then determines the engine operating point for 
the given flight conditions (average segment altitude and flight 
Mach No. based on the helicopter’s forward velocity) and 
engine shaft power requirement. Therefore the fuel flow and the 
combustor inlet conditions such as air mass flow, total inlet 
pressure and total inlet temperature are acquired. 

After the engine performance simulation is complete, 
OPTIMUS reads the results and extracts the fuel flow, the 
aforementioned combustor inlet conditions and calculates the 
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ambient temperature for the given average segment altitude. 
These are the required input data for the emissions prediction 
model (HEPHAESTUS). The data is then re-written in the 
appropriate format so that it can be read by HEPHAESTUS. 
After the execution of HEPHAESTUS, the predicted emission 
indices for several types of emissions regarding the specified 
flight segment are calculated  

Having calculated the fuel flow per engine and having a 
user-defined segment operational time, the fuel burn per engine 
during the specific flight segment can be calculated. Since the 
fuel burn per engine and the emission indices are now known, 
the total production of each emission per engine for the given 
flight segment is calculated. The helicopters mass at the 
segment’s final state can also be calculated simply by deducting 
the total fuel burn from the initial helicopter mass. The segment 
workflow as developed in LMS OPTIMUS is illustrated in Fig. 
2. 

The segment’s initial altitude, final altitude, horizontal 
range/operational time have been defined and the flight 
conditions in terms of flight Mach No. and average segment 
altitude have been set. The associated operational resources 
requirements in terms of fuel burn and operational time have 
been evaluated and the environmental impact in terms of 
emissions produced has been assessed for the given segment. 
Since all the parameters that can fully define the position of the 
helicopter have been acquired, and the respective properties of 
interest have been calculated, it is therefore reasonable to say 
that the problem in hand has been defined and solved for the 
specified flight segment. 

Having defined and solved the problem within one flight 
segment, the new flight conditions in terms of final altitude and 
new helicopter mass are known. The calculations can therefore 
proceed to the next flight segment using as initial conditions, 
the previous segment’s final conditions in order to ensure flight 
path continuity. The former segment’s final altitude will be 
input in the new calculations as the new segment’s initial 
altitude and the initial helicopter mass for the new segment will 
be the former segment’s initial mass minus the former 
segment’s total fuel burn. A new final altitude, forward velocity 
and horizontal range/operational time are now defined for the 
new segment and the previously described calculations are 
performed for the newly defined flight conditions. The 
aforementioned process will be reiterated for each and every 
flight segment in which the helicopter trajectory has been 
truncated. 

The environmental impact associated with the helicopter’s 
operation within any user-specified, or calculated optimal 
trajectory, can be assessed either in terms of total produced 
emissions, or by means of higher fidelity such as the emissions 
trail. The emissions trail for each pollutant of interest is 
acquired by evaluating the emissions produced within each 
flight segment only. Thus, the different trails of emissions left 
behind in the helicopter wake during the operation within 
different trajectories can be evaluated.  

Fig. 2 Segment workflow illustration in LMS OPTIMUS 

CASE STUDY 

Problem Definition 

In order to evaluate the potential and assess the limitations 
of the developed integrated tool, a simple case study has been 
selected. The overall helicopter model that has been 
implemented is a generic, twin engine, medium utility 
helicopter modeled after the EUROCOPTER Super PUMA 
AS332. The AS332 is equipped with two Turbomeca Makila 
1A1 engines rated at 1.3 MW each. Therefore the respective 
engine model for TURBOMATCH has been developed. The 
trajectory type selected for the purpose of this work is a typical 
climb profile for a helicopter of similar specifications. The 
mission objective is to climb from sea-level altitude (set to 0m) 
to a typical cruise altitude (set to 2530m) while covering a 
horizontal range of 30 kilometers. 

The mission profile has been truncated into 5 segments, 
them being 1 initial hover segment and 4 remaining climb 
segments. The specific number of segments is insufficient when 
it comes to an accurate representation of a realistic helicopter 
mission. However for the purpose of the present work, which is 
mainly to evaluate the potential of the integrated tool and assess 
its limitations, it was decided that the accuracy level achievable 
by such a truncation would suffice. For the specific case study 
which consists of 5 segments, a complete experiment requires 
the integrated tool to perform its calculations 5 times separately, 
one for each flight segment. After the calculations of all the 
segments have been completed, the calculated produced 
emissions, fuel burn and operational time are summed up and 
the total emissions produced, fuel burn and operational time 
required for the entire climb profile are calculated. A graphical 
representation of the simulation framework developed in 
OPTIMUS for the specific case study is illustrated in Fig. 3. 
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Fig. 3 Case Study workflow illustration in LMS OPTIMUS 

As mentioned earlier, the initial states of only the first 
flight segment are set to be constant. These consist of the 
segment initial altitude, which is the ground altitude set at sea 
level (0m) and the initial helicopter mass, which is set to a 
typical gross weight of an AS332 with standard and additional 
fuel tanks, a payload of 700 kilograms and two crew members. 
For each and every one of the rest of the segments, the values 
of the helicopter gross weight and the segment initial altitude 
will be calculated based on the results of the calculations of its 
previous segments. Each and every one of the flight segments 
has 2 variables. These variables are: a) final segment altitude 
and b) segment operational time with the exception of the first 
segment which, as previously mentioned, is set to be a fixed 
‘hover’ segment as is typical for any helicopter mission. During 
this segment the helicopter is hovering at an altitude of 30 
meters for a time of 0.083 hours. Hence, the parameters are 
held constant. The last segment’s final altitude is also set to a 
fixed value of 2530m which is the mission objective. The 
forward velocity of the remaining climb segments is held 
constant as well. The objective is to find the optimal values of 
the segment duration and the final altitude for every ‘non-
hover’ segment under given single or multiple constraints. The 
constraint can be either an operational constraint such as 
minimum total fuel burn or minimum operational time, or it can 
be an environmental constraint, such as minimum NOX or CO2 
emissions, or any imposed ATC constraint. In order to maintain 
a sense of realism within the problem, it would make sense to 
impose an arbitrary ATC constraint of a fixed total climb 
horizontal range. Therefore, as mentioned earlier, a fixed climb 
horizontal range constraint of 30 kilometers has been imposed. 

For the purpose of quantifying the optimization results in 
terms of operational resources economy, or emissions 
reduction, a sub-optimal baseline trajectory has been defined, 
with which the results of the optimal flight paths can be 
compared. The characteristics of the baseline trajectory in terms 
of initial and final segment altitudes, forward velocities and 
segment durations are presented in Table 1. It is noted that 
segment forward velocity distribution as shown in Table 1 for 
the baseline trajectory, is held constant throughout the 
optimization processes. 

Table 1: Baseline Climb Profile 

Segment 
No. 

Initial 
Altitude 

(m) 

Final 
Altitude 

(m) 

Forward 
Velocity 
(m/sec) 

Segment 
Duration 

 (hrs) 
1 30 30 0 0.083 
2 30 655 35 0.03 
3 655 1600 40 0.04 
4 1600 1800 45 0.05 
5 1800 2530 50 0.06 

Performed Optimizations 

Two OPTIMUS integrated optimization algorithms were 
deployed for the purpose of this work. It was decided that the 
most suitable optimization strategy for the given case study, 
would be the initial execution of a global optimization 
algorithm and the finalization with a local optimizer. The 
starting point of the global optimization is set to be the point 
defined by the variables and constants as set in the arbitrarily 
defined baseline climb profile. The starting point of the local 
optimization is set to be the optimum obtained from the global 
optimization. The algorithms selected were ‘Self-Adaptive 
Evolution’ and ‘Sequential Quadratic Programming’ 
respectfully.  

Self-Adaptive Evolution (SAE) is an ‘Evolutionary 
Scheme’. These schemes are nature-inspired and imitate 
biological mutation and natural selection in a simplified way 
with the purpose of finding the ‘fittest’ solution to multi-
dimensional technical problems [6]. The main advantage of 
using Evolutionary schemes in complex, multi-dimensional 
experiments is that they do not require the calculation of the 
sensitivities of the variables and the objective function. SAE is 
based on a population of designs. The members of this 
population are created by recombination and mutation from a 
set of parent designs. These parent designs are selected from 
the total initial population of designs. Parents with better fitness 
have a larger probability of being selected. SAE is multi-
recombinant scheme, meaning that multiple parents are selected 
in order to generate a single offspring. Each design is 
independently mutated according the following scheme: 

풙풎,풊
(풌) = 풙풑,풊

(풌) + 풅풎
(풌)푺풊

(풌)

After the new generations have been acquired, their fitness is 
evaluated and then a new offspring-population is produced. As 
a rule of thumb, the population size is selected to be 4 or 5 
times the number of the variables that the experiment consists 
of.  
       The convergence criteria can be the number of iterations, 
the execution time, the maximum fitness or any intermediate 
combination. For the purpose of this work a maximum number 
of 25 iterations has been set as a convergence criterion. It is 
generally not recommended to set the number of iterations 
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below 20. However, since a local optimization algorithm has 
been scheduled to follow the optimization process, it was 
decided that it would be acceptable to stop the global 
optimization after 25 iterations. 

Sequential Quadratic Programming (SQP) methods are 
considered as the standard general purpose algorithms for 
solving smooth, non-linear optimization problems [7]. They 
have evolved from Quasi-Newton methods, by taking 
constraints into account. They belong to the most powerful non-
linear programming algorithms that have been developed so far 
for solving differentiable non-linear problems. 

The basic idea is to establish a quadratic approximation 
based on second order information for the purpose of achieving 
local convergence. The quadratic sub-problem is obtained 
within each iteration by linearizing the constraints and 
approximating the Langrangian function quadratically [8]. The 
problem is then solved within the specific iteration with 
linearized constraints following Newton’s method [9]. The 
aforementioned process is re-iterated until the user defined 
convergence criteria have been met. Since the local 
optimization (SQP) is carried out strictly for the finalization of 
the total optimization process and has as a starting point, the 
optimal set of variables, acquired by the previously conducted 
global optimization (SAE) it is acceptable to set a maximum 
number of 20 iterations. 

The main disadvantage of local optimization methods is 
that they cannot escape local optima. This is the primary reason 
why it is of essence to execute a global optimization algorithm 
beforehand. The purpose of the initial global optimization 
execution is to establish the best candidate starting point 
capable of  maximizing the probability of finding the absolute 
best optimal solution to given user-imposed problem. 

RESULTS AND DISCUSSION 

Two different optimization cases with different objectives, 
but under identical constraints, have been carried out for the 
purpose of this work. The first case objective is an operational 
constraint with regards to fuel consumption. The helicopter has 
to perform the previously described mission having consumed 
the least amount of fuel possible. The second case objective is 
an imposed environmental constraint with regards to NOx 
emissions. The exact same mission needs to be carried out but 
the total NOx produced emissions need to be minimal. The 
required operational resources and the total emissions produced 
associated with the acquired optimal trajectories are compared 
with the results of the baseline sub-optimal trajectory, as well as 
with each other.  

The environmental impact of the helicopter operation 
within the baseline and within the optimized trajectories is 
evaluated in terms of total produced emissions as well as in 
terms of the helicopter’s emissions trail. The trail of emissions 
for each pollutant of interest is acquired for the arbitrarily 
selected baseline trajectory and the calculated optimal ones, and 
are sub-sequentially compared and evaluated. 

Operational Resources Quantification 

Table 2 presents a comparative evaluation of the 
operational resources and overall produced NOx emissions 
between the calculated optimal mission profiles and the 
arbitrarily defined baseline trajectory, as well as with each 
other. The percentage differences ‘D’ presented in Table 2 are 
defined as follows: 

푫 =
푷풓풐풑풆풓풕풚 푿
푷풓풐풑풆풓풕풚 풀

− ퟏ %

Table 2: Total Operational Resources and NOX Emissions 
evaluation 

Compared 
Mission 
Profiles 

Total Fuel 
Consumption 

Required 
Time 

Total NOx 
Emissions 

FUEL-Opt./ 
BASELINE -6.52% -3.23% 0.18% 
NOX-Opt./ 
BASELINE -4.07% -1.56% -7.29%

NOX-
Opt./FUEL-Opt 2.61% 1.72% -7.46%

The optimizations revealed a substantial reduction margin 
available regarding the total fuel consumption approaching 
almost 6.52% compared to the baseline profile’s demanded fuel 
burn. The fuel-optimized profile is also accompanied by a 
reduction in operational time of the order of 3.23%.  A small 
increase in NOx emissions of approximately 0.18% in relation 
to the baseline profile also occurs. The respective feasible NOx 
emissions reduction margin relative to the baseline trajectory 
approaches 7.29%. The NOx-optimal trajectory is accompanied 
by a considerable reduction of overall fuel consumption which 
reaches approximately 4.07% relative to the baseline fuel burn 
while the demanded operational time is also reduced by a total 
of 1.56%.  A direct comparison between the fuel-optimized and 
the NOx-optimized trajectories reveals a percentage difference 
in overall fuel burn of 2.61% while the overall percentage 
difference in NOx emissions production reaches a substantial 
7.46%. However the difference in demanded operational time 
for the 2 optimal mission profiles is only 1.72%.  

Fig. 4 presents an illustration of the baseline along with the 
calculated optimal helicopter flight paths. As mentioned earlier, 
the fuel consumption is solely dependent on the engine fuel 
flow and the demanded operational time. Hence, the optimal 
fuel burn flight path needs not only to be accompanied by 
rather small values of segment engine fuel flow, but of 
relatively limited segment operational time as well. However 
small segment operational times require increased forward 
velocities and climb rates, thus increased engine shaft power 
settings leading to high values of engine TET and fuel flow. 
Therefore the optimal compromise between those two 
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contradicting factors needs to be established in the process of 
total fuel consumption minimization. 

It can be observed in Fig. 4 with regards to the fuel-
optimized trajectory, that the optimization process suggests the 
incorporation of a high climb rate value for the first climb 
segment followed by its gradual reduction during the rest of the 
mission. The final climb segment eventually ends with a rather 
‘gentle slope’ FPA. It is also observed that the suggested 
calculated segment ranges start with a rather low value for the 
initial climb segment and then they gradually increase. 
Therefore the optimization process suggests for the helicopter 
to try and climb as fast as possible while covering only 
approximately 1 km of horizontal distance, and then to deploy a 
gradually FPA reducing ‘gentle-slope trajectory’ for the rest of 
mission. It is understood that very high values of climb rate will 
have as a direct result very high shaft power requirements from 
the engine, leading to increased values of engine TET and fuel 
flow. However, a very high value of climb rate will also lead to 
the faster completion of a segment, meaning the reduction of 
demanded operational time.  

Fig. 4 Illustration of baseline and optimal trajectories 

Considering the case of NOx minimization a somewhat 
similar behavior can be observed. This is because in the case of 
any pollutant minimization the overall fuel consumption must 
be as low as possible. Thus, the NOx-optimized trajectory 
resembles the fuel-optimized trajectory simply because 
minimum fuel consumption can be a prerequisite of minimum 
NOx production. This is why the percentage difference in the 
overall fuel consumption between the fuel-optimized and the 
NOx-optimized trajectories is only 2.61% as shown in Table 2. 

However some major differences between the two mission 
profiles can be observed at the initial segments. Specifically, 
the very high climb rate observed at the first climb segment of 
the fuel-optimized trajectory does not appear in the NOx-
optimized mission profile. This is because of the direct 
connection between the helicopter’s operational climb rate and 
the engine operating conditions. As explained earlier, in order 
for the helicopter to maintain a high value of climb rate, the 
shaft power required will be rather significant and the engine 

will be operating with an increased TET. NOx emissions are 
mainly produced due to the oxidation of atmospheric nitrogen 
in the high-temperature regions within the combustor. The 
formation rate is highly accelerated when temperatures exceed 
1800K. Therefore the combustor primary zone temperatures 
must be kept at relatively low values. Hence the engine TET 
needs to be kept at rather low values, but still high enough for 
the engine to be able to perform sufficiently thus ensuring 
rather low values of operational time, that are demanded in 
order to keep the engine total fuel consumption at sufficiently 
low values. Therefore the optimizations process suggests the 
avoidance of the initial high climb rate values for the NOx-
optimized trajectory. 

Fig. 5 Engine TET distribution among mission profile climb 
segments for the baseline and the optimal trajectories 

Fig. 5 illustrates the engine TET distribution among the 
mission profile climb segments. The highest value of TET to be 
observed lies within segment 2 of the fuel-optimized trajectory, 
reaching approximately 1557 K. As explained earlier, this is 
due to the deployment of a very high climb rate during this 
segment, leading to quite significant engine shaft power 
requirement. Seeing that the segment 2 TET value regarding the 
fuel-optimized trajectory reaches 1557 K, it is implied that the 
combustor primary zone temperatures will be rather higher, 
leading to increased NOx formation. Following segment 2, the 
engine TET is gradually reduced for the rest of the segments 
regarding the fuel-optimized profile, which is the direct result 
of the incorporation of a rather gentle-slope flight path after 
segment 2. A somewhat similar engine handling can be 
observed for the NOx-optimal trajectory as well, which as 
explained earlier, is the outcome of the optimizer trying to keep 
the overall fuel consumption at low levels. However regarding 
segment 2, the engine TET value reaches only approximately 
1353 K. This is due to the fact that the optimizer is trying to 
keep the engine TET at low levels in order to minimize the 
associated NOx emissions. At this point it is noted that, as 
shown earlier, the percentage difference between the NOx-
optimized and the fuel-optimized mission regarding the overall 
NOx emissions production reaches a substantial 7.46%.  
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Environmental Impact Assessment 

The environmental impact of the helicopter operation 
within the baseline and within the optimized trajectories is 
evaluated in terms of total produced emissions as well as in 
terms of the helicopter’s emissions trail. The trails of emissions 
of various pollutants of interest for the various mission profiles 
are sub-sequentially comparatively evaluated. 

Fig. 6 presents a comparative evaluation of the total CO2, 
CO, NOx and H2O produced emissions between the baseline 
and the optimal flight paths, as well as between the optimal 
flight paths themselves.  

Fig. 6 Comparative evaluation of the total produced 
emissions between the arbitrarily defined baseline and the 
optimal mission profiles. 

       Regarding the CO2 and H2O emissions it is noted that 
the aforementioned pollutants leave the engine exhaust in 
chemical equilibrium conditions. The total production of CO2 
is solely dependent on the overall engine efficiency. Thus for a 
given amount of fuel burn, the CO2 emission index will vary 
only very slightly depending on the combustor efficiency as 
well as on the fuel to air ratio in the combustor primary zone. 
Fig. 6 illustrates that the percentage differences with respect to 
CO2 and H2O total emissions between the baseline and the 
optimal mission profiles are almost identical to the values of 
total fuel consumption percentage differences illustrated in 
Table 2 earlier in this paper. Hence, it is reasonable to say that a 
trajectory optimized for minimum fuel consumption, in all 
probability would be associated with minimum total CO2 and 
H2O emissions as well.  

Regarding the total CO production it can be observed that 
the fuel-optimized trajectory is accompanied by a substantial 
increase in overall CO emissions of the order of 13%. The 
overall observed increase is mainly due to the operating 
conditions suggested for flight segment 2, in which a very high 
rate of climb is deployed. As explained earlier, the very high 
climb rate inevitably demands high engine shaft power settings, 

hence increased engine TET and fuel flow. The aforementioned 
increase could either indicate fuel-rich operation of the 
combustor primary zone leading to CO production due to 
incomplete combustion, or moderately fuel lean mixture 
strength and CO2 dissociation because of high primary zone 
temperatures. In practice CO emissions are found to be highest 
at low power conditions, this being in conflict with equilibrium 
theory. However due to the fact that the engine TET for 
segment 2 is approximately 1557K, implying a much higher 
combustor primary zone temperature, it is more reasonable to 
conclude that the predicted increase in CO emissions is due to 
CO2 dissociation rather than incomplete fuel combustion. The 
percentage difference in CO production of the NOx-optimized 
trajectory in relation to the baseline is a negligible 0.59% which 
is probably due to the fact neither trajectory includes flight 
segments with rather high values of engine TET which could 
lead to CO2 dissociation.  

Fig. 7 Comparative evaluation of the emissions trails 
between fuel-optimized and NOx-optimized mission profiles  

A comparative evaluation of the environmental impact 
regarding the optimal mission profiles is presented in Fig. 7. 
Fig. 7 illustrates the percentage differences between the CO2, 
CO, NOx and H2O emissions trails created by the helicopter’s 
operation within the NOx-optimized and the fuel optimized 
trajectory respectively. The substantial difference in total CO 
and NOx emissions between the optimal profiles previously 
observed in Fig. 6, is now distributed along the flight paths 
deployed respectively. It can be observed that within segment 2, 
large percentage differences present themselves with respect to 
CO and NOx emissions production reaching approximately 
67.46% and 58.11% respectively. These differences are the 
direct outcome of incorporating a high climb rate for the fuel 
optimized trajectory, thus having increased values of engine 
TET and fuel flow.  

It can also be observed that the NOx-optimized mission 
profile is accompanied by a substantial increase in NOx 
production within segment 3 in relation to the fuel optimized 
trajectory, which is in conflict with the purpose of the 
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optimization process. As seen earlier, with respect to the fuel-
optimized trajectory, the optimization process suggests the 
deployment of a very steep FPA for the segment 2 accompanied 
by a large engine TET, followed by a rather gentle-sloped 
segment 3 with a rather low value of engine TET. However, 
regarding the NOx-optimized trajectory, a rather smooth 
combination of FPAs and climb rates is suggested for both 
segments 2 and 3. Both means achieve more or less the same 
result of climbing 1500m within a total horizontal distance of 
approximately 5km. However, with respect to the fuel-
optimized trajectory, most of the work takes place within 
segment 2, while segment 3 is a very gentle-sloped ‘finishing-
touch’ to the aforementioned climb having a rather low engine 
TET. The exact opposite behavior is observed for the NOx-
optimized trajectory where most of the work is carried out 
within segment 3 where the engine has to work harder with an 
increased TET being approximately 1368 K. However, as 
previously shown, the overall result is the diminished overall 
NOx production for the NOx-optimized mission profile 

Regarding segments 4 and 5 it can be seen that the 
percentage differences in produced emissions are rather low. 
This is because of the resemblance of the 2 optimized 
trajectories within these segments, observed previously in Fig. 
4. This behavior is due to the optimization process trying to
keep the lowest possible fuel consumption in the NOx-
optimized trajectory as well.

CONCLUSIONS 

In the current study an integrated tool has been developed 
capable of evaluating the required operational resources for any 
user-defined helicopter mission profile as well as assessing the 
associated environmental impact of the helicopter operation 
within the defined trajectory. A simplified case study regarding 
a commercial helicopter climb profile from ground to cruise 
altitude has been defined for the purpose of assessing the 
potential and the limitations of the developed integrated tool. 
The objective has been met with the application of a specific 
optimization strategy. The optimal flight paths for minimum 
fuel consumption and overall NOx emissions respectively have 
been acquired and a comparative evaluation regarding their 
overall environmental impact has been waged. The main 
conclusions that can be drawn can be summarized as follows: 

 The calculated percentage difference in fuel consumption
between a mission profile optimized for minimum fuel
burn and one for minimum NOx emissions is of the order
of 2.61% for the presented simplified case study.

 The predicted percentage difference in overall NOx
emissions production between trajectories optimized for
minimum fuel burn and minimum NOx emissions
respectively can reach approximately a value of 7.46%.
The associated operational time penalty when operating for
minimum NOx emissions is of the order of 1.72%.

 When optimizing for minimum overall NOx emissions the
optimization process will try to also minimize the overall
fuel consumption due to the direct connection between
those two quantities. Therefore the acquired optimal
trajectories might resemble one another. However, flight
conditions imposing increased engine shaft power settings
leading to high combustor primary zone temperatures will
be penalized.

 When optimizing for total fuel consumption, the two main
contradicting factors to take into account are the engine
fuel flow, and the total operational time. Therefore the
most efficient compromise between these two properties
has to be acquired for every flight segment. This is
achieved by establishing the optimal engine operating
point that will achieve sufficient engine shaft power
ensuring a rather low operational time at satisfyingly low
values of engine fuel flow

 The main factor affecting the formation of pollutants
leaving the engine exhaust in a state of chemical
equilibrium is the overall engine efficiency. Hence it is
reasonable to say that a flight path optimized for total fuel
consumption will also be accompanied by minimized CO2
and H2O pollutant formation.

This work illustrates the initial steps of a methodology
developed for the purpose of performing helicopter mission 
analysis and acquiring the optimal flight paths for any given 
helicopter configuration under any user-defined operational or 
environmental constraints. Throughout the progress of this 
work it has been assessed that further refinement regarding the 
developed integrated tool is necessary. The process of obtaining 
higher fidelity geometrical data with regards to a generic 
medium utility helicopter engine combustor is already a work 
in progress. Thus the accuracy in the calculation of the various 
combustion zones residence times can be enhanced and the 
emission indices prediction significantly improved. The 
application of the aforementioned methodology using engine 
models corresponding to different engines, though belonging in 
the same class, is also considered. Thus the effect of the engine 
selection on the acquired optimal flight paths can be evaluated 
and the respective reduction in fuel consumption and emissions 
quantified. The simulation of higher fidelity mission profiles is 
also a future plan. By incorporating a larger number of 
segments, higher resolution trajectories can be obtained and 
greater accuracy levels in the calculations established. 
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NOMENCLATURE 

Alt    = Altitude 
ATC = Air Traffic Control 
CO2 = Carbon Dioxide 
EI     = Emission Index (indices) 
PW   = Shaft Power 
FPA  = Flight Path Angle 
H2O = Water (vapor) 
NOX = Oxides of Nitrogen 
TET  = Turbine Entry Temperature 
No.   = Number 
D  = Percentage Difference 
R  = Range 
SAE = Self Adaptive Evolution 
SQP  = Sequential Quadratic Programming 
d  = Step Length 
x  = design variable 
S  = random search direction 

Subscripts 

 m   = member 
 i     = direction 
 p    = parent index 
 k    = generation number 
 req  = required 
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