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Abstract

In this paper, we present a thermodynamic cycle-based analysis of the effect of
aircraft engine design and fuel selection on contrail formation, which is evaluated
using the Schmidt-Appleman criterion (SAC). Our goal is to examine the possi-
bilities and limits of contrail avoidance to reduce the climate impact of aviation.
We use the gas turbine performance software GasTurb to study geared-turbofan
and open-rotor engine designs for contemporary short- to medium-range aircraft.
The design parameters are overall pressure ratio, burner exit temperature, poly-
tropic compressor and turbine efficiencies, and, for the geared-turbofan, also the
design bypass ratio. We vary these parameters in wide ranges to cover all tech-
nically possible engine designs. We find that contrail formation at current cruise
altitudes cannot be avoided with the examined contemporary and future engine
cycles, unless the cycle design parameters are chosen in such a way that a sig-
nificant specific fuel consumption penalty is incurred. In this case, the contrail
formation altitude increases by less than 500 m. Future, more efficient engine
cycles will increase contrail formation further. When using hydrogen as fuel
instead of kerosene, contrails form at approximately 1.6 km lower altitudes. We
thus find that it is practically impossible to avoid contrail formation, as pre-
dicted by the SAC, using the engine cycles and fuels examined in this paper.
Operational contrail avoidance measures like cruise altitude adjustment or fly-
ing around ice-supersaturated atmospheric layers present themselves as more
practicable.

Keywords: Contrails, Performance calculation, Engine cycle adaptation



Nomenclature

Roman letters
my Fuel flow
Q Heat flow
ALT Altitude
Elgso Water emission index
FHV  Fuel heating value
SFC  Thrust specific fuel consumption
Cp Specific heat capacity at constant pressure
Specific heat capacity at constant volume
Net thrust
Mixing line slope
Mass of air
Fuel mass
Partial pressure of water vapour
Static pressure
Heat
Specific gas constant
Distance
Total temperature
Time
Static temperature
Inner energy
Volume
Aircraft velocity
Work
Expansion work
Wpgy  Propulsive work
Greek letters

SEERRE

SESNSCHTN® 50

<

Mo Overall engine efficiency
Npol Polytropic component efficiency
€ Mass fraction

Subscripts

amb  Ambient

C Critical
cruise Cruise

fuel Fuel

Abbreviations

COy  Carbon dioxide

GTF Geared-turbofan

ICAO International civil aviation organization
nvPM Non-volatile particulate matter

OR Open-rotor

RF Radiative forcing

SAC  Schmidt-Appleman criterion



VIGV Variable inlet guide vane
WET Water-enhanced turbofan

1 Introduction

Aircraft-induced contrails contribute significantly to the radiative forcing (RF) of avi-
ation and thereby affect the climate. As part of the broader non-CO; effects, they
are estimated to contribute at least as much — and possibly up to twice as much —
to aviation’s RF as COq emissions [1-3]. They frequently form behind aircrafts in the
upper troposphere and lower stratosphere [3]. Schmidt [4] and Appleman [5] developed
the first thermodynamic theories on contrail formation. Schumann further developed
these theories and validated them with flight tests [6, 7].

Contrails form when humid engine exhaust gases mix with dry ambient air. The mix-
ing represents the necessary condition for contrail formation. If saturation with respect
to liquid water is reached in the exhaust plume, water vapour from the combustion of
fuel in the engine condenses on the condensation nuclei present in the exhaust stream.
The nuclei are mainly made up of non-volatile emitted particulate matter (nvPM),
like soot, and any ambient particles present [6]. The condensed water vapour forms
liquid water droplets, which subsequently freeze to form contrails [3]. Reaching satu-
ration constitutes the sufficient condition for contrail formation and is described by
the Schmidt-Appleman criterion (SAC) formulated by Schumann [6].

In a dry atmosphere, the contrails usually dissipate quickly after forming. In atmo-
spheric layers that are super-saturated with respect to ice, contrails do not dissipate
and can remain in the atmosphere for longer. Such persistent contrails can begin to
grow into contrail-induced cirrus clouds [6, 8] that reflect long-wavelength radiation
back down to earth, thereby contributing the non-CO2 RF [9]. The RF mechanisms
of contrails and methods to reduce their climate impact are the subject of ongoing
research [3, 8-13].

Contrail mitigation is comprised of technical and operational strategies. Operational
strategies typically involve avoiding the ice-supersaturated areas by flight re-routing
or level changes [14, 15]. The main difficulty faced by these approaches is the detec-
tion of and re-routing around ice-supersaturated atmospheric layers. This is avoided
if contrails are prevented on a technical level in the engine itself.

In previous work, we investigated the potential for contrail mitigation by retrofitting
existing engines using bypass and core nozzle areas, high- and low pressure turbine
capacities, a handling bleed, and a high-pressure bleed [16]. The method we used relies
on reducing the engine efficiency, which increases the exhaust gas temperature, thereby
increasing the altitude where contrails just begin to form (critical altitude) [14, 16].
We found that the critical altitude can be increased by around 200 m for a contem-
porary geared-turbofan engine (GTF) at a cruise altitude of 10km. This relatively
small increase in critical altitude comes at the prohibitive cost of an increase in thrust
specific fuel consumption (SFC) of 35 %, with significantly increased turbine temper-
atures [16]. The examined engine design and operating point changes did not prevent
contrails from forming. Similarly, Haglind [17] found that utilizing variable inlet guide



vanes (VIGVs) in a turbofan engine increased the critical altitude of contrail forma-
tion by 300 m. This was accompanied by a 45 % increase in SFC. We therefore showed
that retrofitting existing engines in the ways proposed above is no viable solution to
reducing contrail formation during cruise.

Therefore, in this paper, we will take a step back and explore a wide design parameter
range of future aero-engines to expand the take-away from our previous work.

The critical altitude of contrail formation also depends on the water emission index
of the fuel used [6]. The water emission index divided by the heating value yields the
energy-specific emission index. It is a measure of the water released per unit of energy
released during fuel combustion. Alternative fuels, such as methane and hydrogen,
with a higher energy-specific emission index produce contrails at lower altitudes com-
pared to fuels with a lower index [14]. This effect can be counter-acted by the removal
of water vapour from the exhaust gas [18-20].

In this work, we examine engines that use both hydrogen and kerosene as fuel to
expand the study and include the effect of the emission index on the critical altitude.
It should be noted here that the physical processes involved in contrail formation are
highly complex and also depend on the properties and quantity of the exhaust particles
and the dynamics of the nucleation of the ice [12, 13, 21-23].

2 Theory

In this section, we outline the thermodynamic theory to describe contrail formation.
This brief summary is largely based on the work of Schumann [6]. We discussed some
of this in our previous paper [16].

According to the SAC, contrails form if the exhaust plume-air mixture reaches satu-
ration with respect to liquid water during the mixing process. As shown in Fig. 1, this
mixing process starts out as a straight line in a partial pressure of water vapour vs.
temperature diagram. The underlying assumptions are: ideal mixing, constant specific
heat capacity, isobaric conditions, and that the partial pressure of water vapour is
much smaller than the ambient pressure. This mizing line connects the engine exhaust
conditions above and to the right of the diagram to the ambient conditions in the bot-
tom left. Contrails can begin to form, when the mixing line crosses the water saturation
curve. If a mixing line (shown in red in Fig 1) just touches the water saturation curve,
contrails will just begin to form. Hence, contrails will form for a constant ambient
humidity, if the ambient temperature Tayp, is below a critical temperature Te¢.
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Fig. 1 Partial pressure of water vapour vs. temperature graph, derived from Schumann [7]. The red
mixing line is chosen so that contrails just begin to form at point M for a critical ambient temperature
at point C. Persistent contrails form if the ambient conditions are above the ice saturation line

According to Schumann, the gradient of the exhaust gas-ambient air mixing line

can be expressed as
APp  PambElg20Cp

AT — cFHV(1—1,) W
where P, is the ambient pressure, Elfggg is the water emission index in kg,.ior /XE¢uels
Cp is the specific heat capacity. € denotes the molar mass fraction of water to dry air,
given as € = 0.622. FHV is the fuel heating value and 7, the overall efficiency of the
engine. 1, can be expressed as

G:

No = «FN‘/O ) (2)
mfFHV

with the net thrust Fiv, aircraft velocity Vo, and fuel flow 7. Schumann [7] describes
this as the n-effect and derives this relationship from an energy budget in a frame of
reference fixed to the ambient air.
We intend to offer a new perspective on this, in the form of a set of assumptions that
are compatible with the original derivation of the mixing line equation to make the 7-
effect more tangible. This set of assumptions, together with the analytical derivation
of Eq. 1 from the first law of thermodynamics, is presented in the next section.
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Fig. 2 Control volume for the derivation of the eta-effect by means of the first law of thermody-
namics. The engine travels from right to left in direction s with velocity Vp, exerting the force Fiy.
The fuel heat flow quel is the only heat flow across the control volume boundary. Inside the volume
is the mass of air m at ambient pressure Py

2.1 The slope of the mixing line G from the first law of
thermodynamics

In this section, we present a set of assumptions together with a derivation for the slope
of the mixing line, Eq. 1, from the first law of thermodynamics.

Fig. 2.1 shows the system boundaries around an aircraft engine in flight. It travels with
velocity Vj from right to left through a stationary control volume. The control volume
heats up homogeneously, quel is the only heat flow across the system boundary,
originating from the fuel flow to the engine. The engine exerts the thrust Fy through
the pylon. Inside the control volume is the air mass m at ambient pressure P,p. There
is no mass flow across the system boundary, meaning that the control volume grows
if the air inside heats up.

Then we can use the first law of thermodynamics

AU = dQ + dW. (3)

The expansion work dWy is defined by the volume change of the control system
boundaries and the ambient pressure

AWy = — P dV . (4)

The propulsive work dWp, performed by the engine is defined as the engine thrust
times the distance covered
dWFN = 7FNdS. (5)

The change in inner energy dU = mCydT, Eq. 3 then becomes

vadT = dQ - Pamde — FNdS. (6)



During flight, the aircraft speed is known. To get from the distance covered to the
aircraft speed, we differentiate with regard to time d/dt. Then we replace dV using
the ideal gas equation

mR
dV = 24T . 7
Pamb ( )
This yields Eq. 8.
. dT . ds
quel =FyVy + m(CV + R;)E R with Cy + Ry = Cp and Vo = % . (8)

The change in temperature inside the control volume goes towards dT" — 0, if the mass
of air goes to infinity m — oo. Up to this part, the derivation represents the injection
of energy into the atmosphere by the engine. We now need to derive the injection of
water vapour from the burned fuel.

In the partial pressure of water vapour vs. temperature diagram, the slope of the
mixing line under the assumptions outlined above, specifically the constant specific

heat capacity, is defined as

_dPp
Gi= 2. 9)

The change in the partial pressure of water vapour dPp is

Pam
dPp ~ = bdx . (10)

The change in water vapour content dz of the air depends on the water emission index
of the used fuel and the mass of fuel burned during our timestep

dz = Elyao d (%) : (11)

To get from the mass of fuel burned to the mass flow of fuel, we again differentiate
with regard to time

dpp _ Pampb Elnao . 1. dmy
—_— th = —. 12
dt em 0 WRRTY T T (12)

Inserting Qfuel = 10 sFHV into Eq. 8 and re-arranging yields

dI'" — —FyVo + myFHV (13)
dt mCp '
Then, dividing Eq. 12 by Eq 13, using Eq. 2, and multiplying with FHV /FHV finally
yields the equation for the mixing line slope

pambEIHQOCP

G = N (14)



2.2 Critical altitude

As stated in Sec. 2 the critical temperature is the temperature where, for a given
ambient humidity, contrails will just begin to form. The mixing line slope G increases
with engine efficiency, thus also increasing T. The critical temperature for a given
engine configuration and cruise altitude can also be expressed as a critical altitude
ALT, or change in critical altitude AALT . The critical altitude is calculated with
the ICAO-standard atmosphere equations [24] up to 11 km, as shown in Fig. 3.

1000 m

AALTo = (Top — T,
¢ = (Tam 0)6,51{

(15)

The difference in critical altitude can then be used to calculate the critical altitude
for contrail formation

ALTe = ALT ¢puise + AALT o (16)
We employ the critical altitude as a metric that is used to evaluate the proposed
thermodynamic cycles and fuel selection.
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Fig. 3 Altitude vs. temperature graph. The temperature line is calculated using the ICAO standard
atmosphere equations [24]. The red line indicates that contrails will form, the blue line that contrails
will not form according to the Schmidt-Appleman criterion



Engine design parameter Value

Design bypass ratio 10.7
Overall pressure ratio 35
Burner exit temperatur 1530 K
Polytropic efficiency 0.9

Table 1 Reference engine design
parameters.

Engine design parameter Lower limit  Upper limit

Design bypass ratio 1 15
Overall pressure ratio 30 70
Burner exit temperature 1450 K 1950 K
Polytropic efficiency 0.85 0.95

Table 2 GTF engine parameters.

Engine design parameter Lower limit  Upper limit

Overall pressure ratio 15 60
Burner exit temperature 1450 K 1950 K
Polytropic efficiency 0.85 0.95

Table 3 OR engine parameters.

3 Methodology

Short- and medium range air traffic comprises 96 % of the total air traffic volume [25].
Therefore, the examined use-case is the short- to medium-range aircraft class (Air-
bus A320neo) in cruise flight. The operating point chosen is cruise flight, as contrails
are typically formed during this flight phase. The reference engine is a modern GTF
engine of the 120 kN thrust class. The reference engine design parameters are given in
Tab. 1. The thrust requirement per engine is set at Fiy = 25 kN, at a cruise altitude
of ALT ¢ruise = 10000 m and M uise = 0.78. The thrust requirement must be met by
the examined engine cycles to maintain cruise speed and altitude. The batch job func-
tion is used in GasTurb [26-29] to vary the design parameters of the thermodynamic
engine cycles of the future generic 2-spool GTF and 3-spool OR.

For the 2-spool GTF engine cycle, the design bypass ratio BPR, overall pressure ratio
OPR, burner exit temperature T4, and the compressors and turbines polytropic effi-
ciencies 7,1 are varied in between the limits given in Tab. 2. The OPR, T}, and 7101
are varied according to Tab. 3 for the generic 3-spool OR configuration. The engine
mass flow is used in an iteration to achieve the desired cruise thrust of Fy = 25 kN for
each design parameter combination. The studies are then performed on each engine
type for kerosene and hydrogen.

The Schmidt-Appleman criterion is implemented in MATLAB, with the values needed



for the calculation exported from GasTurb. MATLAB is also used for the post-
processing of the data. The water and ice saturation vapour pressure curves are
calculated according to the formulas presented by Sonntag [30].

4 Results

The study results are presented in this section, starting with the reference GTF con-
figuration. Persistent contrails only form if the atmosphere is saturated with respect
to ice. This is the case for relative humidity with respect to water of around 60 % for
the studied temperature range. Therefore, the studies were evaluated at 60 % humid-
ity to evaluate whether persistent contrails can form for the examined engine cycles.
The critical altitude for each configuration was calculated according to Eq. 16.

4.1 Reference configuration

The mixing lines for kerosene and hydrogen fuel are shown in Fig. 4
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Fig. 4 Mixing lines for the reference configuration for kerosene (red) and hydrogen (blue) at the

cruise conditions outlined in Sec. 3. Both fuel selections produce contrails

The water emission index of hydrogen is Elyoon2 = 9.21 kg of water/kg of fuel,
that of kerosene is Elngox = 1.24 kg of water/kg of fuel. The cruise efficiency of the
reference engine is 7, = 0.37. Using these values, the G-factor and critical altitude
can be calculated. They are given in Tab. 4. Hydrogen fuel has a much higher water
emission index compared to kerosene, which leads to contrail formation as low as 8 000

10



Fuel type Eluoo [-] FHV [MJ/kg] 1o [-] G [Pa/K] ALTcit [m]
Kerosene 1.24 43.12 0.37 1.93 9 627
Hydrogen 9.21 118.43 0.37 5.32 8 000

Table 4 Reference engine design parameters.

m for the reference configuration. Both configurations will produce contrails at cruise
conditions and 60 % ambient humidity.

4.2 Geared-turbofan engine cycle

For the future GTF engine cycle, we first examined the design bypass ratio with
varying humidity. The result for kerosene and 7,51 = 0.9 is shown in Fig. 5. The
critical temperature and therefore the critical altitude are influenced by the ambient
humidity and the slope of the mixing line. With increasing ambient humidity, contrails
are formed at higher ambient temperatures, resulting in a lower critical altitude.

104 : T Y T T Y
10.0 70 % humidity
120 % humidity
= 40 % humidity
9.6
= 60 % humidity
3
= 99 80 % humidity
<r—£ .
8.8
84— : s s 1 1 100 % humidity

2 4 6 8 10 12 14
Design bypass ratio [-]

Fig. 5 Critical altitude as a function of the design bypass ratio and ambient humidity for the GTF
engine cycle with kerosene. The red dotted line is the cruise altitude. For any part of a curve below
this altitude contrails are formed according to the SAC

At 60 % ambient humidity, the critical altitude of a cycle with BPR = 1 is ALT ;¢
= 9.91 km. For BPR = 15, the critical altitude drops to 9.56 km. Greater ambient
humidity further decreases the critical altitude. Increasing the bypass ratio increases
the engine efficiency, which decreases the critical altitude.

Using hydrogen as a fuel further exacerbates this due to the increased water emission
index, as shown in Fig. 6. The critical altitude decreases by around 1.6 km compared

11



to the kerosene configuration. For the BPR = 15 cycle at 60 % ambient humidity, the
critical altitude is 7.86 km.
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Fig. 6 Critical altitude as a function of the design bypass ratio and ambient humidity for the GTF
engine cycle with hydrogen. The red dotted line is the cruise altitude. According to the SAC, the GTF
cycles with hydrogen as a fuel will produce contrails at cruise altitude, regardless of ambient humidity

Fig. 7 shows the result of the variation of all the design parameters for a GTF with
kerosene as the fuel, for a polytropic efficiency of npo1 = 0.9.

12
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Fig. 7 Critical altitude as a function of design bypass ratio, burner exit temperature, and overall
pressure ratio at 60 % ambient humidity vs. specific thrust. Specific thrust is chosen to make the
surface plots clearly distinguishable. The design bypass ratio is the dominant design parameter with
regards to critical altitude

Contrails are only avoided for engine cycles with BPR < 5. The bypass ratio has
a greater influence on engine efficiency than the overall pressure ratio and the burner
exit temperature. Most modern high bypass turbofan engines would produce contrails
at the cruise conditions examined in this paper. The minimal critical altitude for the
GTF engine cycles with kerosene is 9.65 km for BPR = 15, OPR = 70, and Ty =
1750 K for an engine efficiency of 1, = 0.396. The highest critical altitude achieved is
10.12 km for BPR = 1, OPR = 30, and T, = 1450 K for 1, = 0.168. At high BPR
the cycle cannot provide the thrust needed for T lower than 1750 K.
Fig. 8 shows the result of the variation of all the design parameters for a GTF with
hydrogen as the fuel, for a polytropic efficiency of 1,01 = 0.9.

13
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Fig. 8 Critical altitude as a function of design bypass ratio, burner exit temperature, and overall
pressure ratio at 60 % ambient humidity vs. specific thrust for the hydrogen GTF engine cycle.
Specific thrust is chosen to make the surface plots clearly distinguishable. The design bypass ratio is
the dominant design parameter with regards to critical altitude

Unlike the results shown for the kerosene GTF cycle in Fig. 7, contrails cannot be
avoided for any of the examined cycles using hydrogen as a fuel. The lowest critical
altitude for n, = 0.411 is ALT3 = 8.01 km for BPR = 15, OPR = 70, and T, =
1750 K. The highest critical altitude is 8.59 km for 7, = 0.166 with the cycle design
parameters BPR = 1, OPR = 30, and Ty = 1950 K. The critical altitude for the
hydrogen cycle is 1.6 km less on average roughly than for the kerosene cycle, when
using the Schmidt-Appleman criterion.

4.3 Open-rotor engine cycle

The OR engine cycle parameters are varied according to Tab. 3. The critical altitude
for the kerosene configuration is shown in Fig. 9 for 7,0 = 0.9. The highest critical
altitude is 9.49 km for OPR = 15 and Ty = 1450 K, and 7, = 0.4. Increasing the OPR
decreases the critical altitude. Increasing T, also decreases the critical altitude for
higher OPR values. The lowest critical altitude for the kerosene OR is ALT . = 9.18
km for OPR = 60 and Ty = 1950 K at 1, = 0.5. According to the SAC, all kerosene
OR engine configurations will produce contrails at the cruising altitude of 10 km.

14
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Fig. 9 Critical altitude as a function of the burner exit temperature and overall pressure ratio at 60
% ambient humidity vs. specific power for the kerosene OR engine cycle. Specific power is chosen to
make the surface plots clearly distinguishable

Similarly to the GTF results, the critical altitude of the hydrogen OR engine con-
figuration is around 1.6 km lower than that of the kerosene OR engine configuration.
The results of the hydrogen OR are shown in Fig. 10 for 7,5 = 0.9.

15



B . |
7.8+ .
= OPR 1
g
2 |
[}
o
E7.6- .
= 60 |
1450
7.57 \ ]
i Ty 1950 i
T4r |
300 400 500 600 700 800

Specific power [m/s]

Fig. 10 Critical altitude as a function of the burner exit temperature and overall pressure ratio at
60 % ambient humidity vs. specific power for the hydrogen OR engine cycle. Specific power is chosen
to make the surface plots clearly distinguishable

The highest critical altitude for the hydrogen OR is 7.82 km for OPR = 15 and T}
= 1450 K at 1, = 0.42. The trends for OPR and Ty are the same as for the kerosene
OR configuration. The lowest critical altitude is 7.46 km for OPR = 60 and T = 1950
K at n, = 0.52. Again, all hydrogen OR engine configurations will produce contrails
at 60 % ambient humidity at the cruise altitude of 10 km. To avoid contrails, the
cruise altitude would have to be lowered below the critical altitude for the given engine
configuration.

4.4 Overall results

The results can be summarised in a single critical altitude plot, as shown in Fig. 11.
The altitude is on the y-axis. The x-axis is sectioned into three sections: reference
configuration, GTF cycle adaptation, and OR cycle adaptation. The critical altitude
is shown according to Tab. 4 for the reference configuration. The GTF and OR cycle
adaptation critical altitude is shown as a range with blue hues indicating hydrogen as
a fuel and gray/black indicating kerosene.

16
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Fig. 11 This figure is a summary of the entire design space shown in Table 2 and 3 at 60 % ambient
humidity and 7,01 = 0.9. The critical altitude for each engine configuration is represented by the
square (singular configuration) and rectangular (design space configurations) markers. The red dotted
line is the cruise altitude. The critical altitude of the hydrogen cycles (blue hues) is roughly 1.6 km
lower when compared to the kerosene cycles (black and grey hues)

The reference cruise altitude of 10 km is shown as the red dotted line. Any values
of critical altitude below this line will produce contrails according to the SAC.
As discussed before, contrails are only avoided at cruise for inefficient GTF engine
cycles with low BPR. All other cycles examined, including the reference configuration,
will produce contrails at reference cruise altitude.

5 Discussion and conclusion

Engine cycle adaptations have the potential to increase the critical altitude at which
contrails begin to form for a given engine configuration and cruise speed. Cycles that
achieve an increase in critical altitude above the cruise altitude of 10 km examined in
this paper are inefficient cycles with overall engine efficiencies below 25 %. The critical
altitude of contrail formation at 60 % ambient humidity increased above 10 km for
GTF engine cycles with a design bypass ratio of 1 and an overall engine efficiency of
16.8 %, when calculating the critical altitude with the Schmidt-Appleman criterion.
The reference engine configuration and the other GTF and OR cycle adaptations all
produce contrails at the reference cruise altitude. Therefore, preventing or avoiding
persistent contrails is not possible with the engine configurations examined. All data
on this are provided in full in the method and result sections of this paper.

Operational contrail prevention measures appear to be a more viable alternative to
reduce the climate impact caused by the aviation industry. For kerosene, the cruise
altitude has to be decreased by around 400 m to avoid persistent contrail formation for
the reference configuration. For hydrogen, the altitude would have to be decreased by

17



around 2 km. For more efficient future engine configurations, the altitude correction
would have to be 2.5 km for the most efficient OR engine cycles.

The calculations used in this paper can be used for future work to develop a robust,
low-fidelity framework based on the Schmidt-Appleman criterion to predict whether
contrails can form in flight. This information can then be used to calculate the level
change needed to prevent persistent contrails from forming.

Appendix A Results for polytropic compressor and
turbine efficiency of 0.95

This section contains the results for n,, = 0.95.
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Fig. 12 Critical altitude as a function of design bypass ratio, burner exit temperature, overall
pressure ratio, and polytropic compressor and turbine efficiency at 60 % ambient humidity vs. specific
thrust for the kerosene GTF engine cycle. Specific thrust is chosen to make the surface plots clearly
distinguishable. The design bypass ratio is the dominant design parameter with regards to critical
altitude
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Fig. 13 Critical altitude as a function of design bypass ratio, burner exit temperature, overall
pressure ratio, and polytropic compressor and turbine efficiency at 60 % ambient humidity vs. specific
thrust for the hydrogen GTF engine cycle. Specific thrust is chosen to make the surface plots clearly
distinguishable. The design bypass ratio is the dominant design parameter with regards to critical
altitude
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