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ABSTRACT BPR By-pass ratio
c Fin pitch
Cryogenic liquid hydrogen (LH,) is highly considered as a C Capacity for heat transfer
potential long-term solution towards emissions reduction in the C* Minimum-to-maximum capacity for heat
aviation sector. However, one of the major challenges that the transfer
handling and integration of the cryogenic fuel introduces is its Cp Specific heat capacity
thermal management. In this paper, the design space exploration CEA Chemical Equilibrium with Applications
of an LH; conditioning is presented to identify potential feasible D Diameter
solutions and limitations for its implementation. The preheating DP Design point
system comprises of secondary combustor that feeds a heat EoR End-of-runway
exchanger with hot gasses to adequately supply the main engine ESFC Energy-specific fuel consumption
with gaseous hydrogen at a constant temperature. The design f Fanning friction factor
space exploration addresses the heat exchanger design as well FAR Fuel to air ratio
as the effect of retrofitting the system on kerosene-designed FN Net Thrust
engines with different specific thrust. FPR Fan pressure ratio
For performing the analysis, four baseline engine models Gyl Wall conductance
and their equivalent integrated versions with the fuel preheating HX Heat exchanger
system have been created. Additionally, a framework for the ISA International Standard Atmosphere
sizing and off-design performance characterisation of the heat j Colburn factor
exchanger is introduced. The integrated system performance LH» Liquid Hydrogen
across the design space is analysed and a novel control strategy M Molecular weight
of the preheating system is proposed with the view of avoiding MCR Mid-cruise
water vapour condensation of the hot gasses of the preheating Mn Mach number
module. By applying this control, it was found that heat NIST National Institue of Standards and
exchanger designs with lower effectiveness are less likely to lead Technology
to water condensation conditions and can adequately be NTU Number of Transfer Units
supported with air sourced from the by-pass duct without Nu Nusselt number
significant penalty in the overall energy efficiency of the engine. OD Off-design
OPR Overall pressure ratio
Keywords: Liquid Hydrogen, Fuel Conditioning, Thermal P Total pressure
Management, Preheater, Geared Turbofan p Static pressure
PHC Parallel hydrogen combustion system
NOMENCLATURE Pr Prandtl number
PROOSIS Propulsion Object Oriented Simulation
Acx Heat transfer area Software
B Fin height Re Reynolds number
BP By-pass SC Secondary combustor
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SFC Specific fuel consumption
SFN Specific thrust

SLS Sea-level static

T Total temperature

te Fin thickness

TET Turbine entry temperature
ToC Top-of-climb

UA Overall heat transfer conductance
4 Mass flow rate

WAR Water/air ratio

WF Fuel flow rate

X Fin length

€ Effectiveness

n Efficiency

A Thermal conductivity
SUBSCRIPTS

da Dry air

is Isentropic

sat Saturation

H Hydraulic

1. INTRODUCTION

As liquid hydrogen is ever increasingly seen as a long-term
replacement for carbon-based fuels to decarbonise aviation, one
of the main challenges that its implementation introduces is the
thermal management. At liquid form, hydrogen is stored at
cryogenic temperatures of around 20-26 K [1], and based on the
fuel properties, in order to raise its temperature to e.g. 300 K,
LH; requires 4MJ / kg of fuel [2].

This considerable amount of heat requirement can be
accommodated utilising engine sources. For example, proposed
LH, conditioning configurations involve the use of air to
hydrogen heat exchangers with high integration with the main
gas path of the engine. These can be either intercooled [1],[3] or
regenerative configurations [1],[4] that also enable synergistic
benefits when engine and fuel system are closely designed.
However, they offer limited control over the delivery
temperature of hydrogen, since the performance of the heat
exchangers is mainly dependent on the gas path and in extension
the power setting of the engine. Contrary to that, another solution
would be to use a hydrogen preheating module like the parallel
hydrogen combustion system (PHC) proposed by [5],(6] and
presented in Figure 1. This configuration is using air bled from
the engine and directs it to a secondary combustor that increases
its temperature to allow for adequate heat transfer margins. The
hot gasses are then passed in a heat exchanger to raise the
temperature of the cold hydrogen. Comparing to the
configurations this solution is thermodynamically less efficient
since it increases the engine’s parasitic losses but may offer
adequate control over the delivery conditions of H,. In addition,
since it is does not impose physical changes to the main gas path
of the engine, it could be a fitting candidate in a retrofitting
scenario.

In the scenario where aviation would gradually transition
towards LH,, it is likely that off-the-self products are to be used
to power the first generation of LH, aircraft, as discussed by
Huete et al. [7]. As such kerosene-designed turbofans may be
retrofitted to power LH, aircraft with similar take-off weight
characteristics but the aircraft operational capabilities will vary
as demonstrated by Saias [8] and Rischmuller [9].

In a previous study conducted by the authors [10], the impact
of retrofitting such a PHC system on a kerosene-designed
turbofan was examined and concluded that the least penalising
solution in terms of engine operability was to supply the PHC
unit with air from the by-pass duct. The analysis focused mainly
on the effect of the PHC integration on the engine and showcased
that the by-pass bleed and power off-take requirements do not
significantly impact compressor surge margines. In addition, due
to the turbomachinery rematching, shaft over-speeding was
identified which can then be mitigated by reconfiguring the core
nozzle and the angle of the nozzle guide vanes of the high-
pressure turbine.

, SC HX
Fan bleed *| '
: LY
LH, pump CC fuel flow

HP shaft off-take
FIGURE 1: PHC conditioning system

The aim of this paper is to examine in more detail the effect
of the design considerations of the PHC module, and more
specifically the heat exchanger, across the operating envelope of
the engine. To achieve this an integrated methodology is
introduced for the sizing and simulation of engine — LH»
conditioning systems with the focus on the off-design
performance of the heat exchanger of the fuel conditioning unit.

In addition, a novel control strategy for the operation of the
heat exchanger is proposed in order to avoid conditions that may
enable water vapour condensation at the exhaust of the PHC.
This is a common phenomenon occurring at the air cycle
machines of the environmental control system of the aircraft, as
discussed by Chowdhury et al. [11] and Zhao et al. [12], solely
due to the humidity of the ambient air. Considering the LH»
conditioning heat exchangers will be utilising humid air either
due to ambient conditions or due to the combustion products of
Ha, water vapour condensation should be addressed.

2. INTEGRATED FRAMEWORK

In this analysis two parameters are considered that mainly
affect the design space exploration of the integrated system, one
related to engine specific design and another to the fuel
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conditioning system. From an engine point of view this is the
specific thrust which dictates the size of the engine. Traditionally
for a technology level minimising the specific thrust is key to
maximise propulsive efficiency, but in this case, the effect of the
fuel conditioning integration and performance is examined
across engine designs that provide the same amount of thrust but
with different fan size. For the fuel conditioning, the key design
parameter selected is the effectiveness of the heat exchanger. The
hot and cold side pressure losses may be additional independent
parameters for the design. Especially the hot side pressure losses
for applications that utilise the whole engine core flow can
significantly impact the system efficiency as discussed in
[11,[3],[4], however, in this case, since the heat exchanger is
utilising engine bleeds, the hot side pressure losses are
considered to have a lower order impact on the overall engine
performance.

The workflow for the design space exploration of the
integrated system, is presented in Figure 2. For the fuel
conditioning system — engine performance simulations, the
Propulsion Object Oriented Simulation Software (PROOSIS)
was used, a software widely adopted by academia and industry
[14], while for the sizing and the off-design characterisation of
the heat exchanger an Cranfield University in-house tool is used.

PROOSIS

Jet-A designs
1. Specific thrust

Three-point design
Max TET, OPR
(MCR, ToC, EoR, SLS idle)

Switch to H2

HX tool
Preheater-engine

integration @ EoR: l

2. HXeffectiveness

HEX sizing and OD
characterisation

Preheater performance @ |
MCR, ToC and SLS idle

FIGURE 2: Workflow overview

At first the baseline Jet A-1 engine models are sized based on
a three-point design approach for fixed thrust requirements
across mid-cruise (MCR), top-of-climb (ToC) and end-of-
runway (EoR) operating conditions. MCR is set as the design
point (DP) where turbomachinery maps and nozzle areas are
scaled and then ToC and EoR are simulated at off-design (OD).
The approach followed targets to maximise both the turbine
entry temperature (TET) and overall pressure ratio (OPR) by
matching a set of maximum temperature targets at EoR. In
addition, for every design the by-pass ratio (BPR) is optimised
with the view of minimising the specific fuel consumption at

MCR and the fan diameter is estimated at ToC. For simulating
the engine at off-design the duct and heat exchanger gas side
pressure losses are set to vary according to the change in the
corrected mass flow and the efficiency of the combustors
according to the change in the combustor loading as discussed in
[13].

Following the baseline model creation, the PHC conditioning
module is integrated into the existing configurations and the
integrated model is then simulated at off-design for hydrogen.
The design condition for the PHC is the EoR since at that
condition the engine fuel flow reaches its peak value and
therefore heat load requirement [10]. Pure hydrogen properties
are used as detailed by NIST [2] and the combustion product
properties for hydrogen have been obtained using NASA’s CEA
software [15]. The design requirements for the heat exchanger
are then used in the heat exchanger sizing tool and the latter
estimates the geometry and its off-design characteristics. These
are updated to the integrated model and the MCR, ToC and SLS
idle operating points are simulated.

Finally, it is noted that the analysis herein assumes steady
state operating conditions dynamic response of the engine as
well as the PHC module is not within the scope of this work and
it would require a more detailed geometrical sizing of the
components of the fuel conditioning system.

3. HEAT EXCHANGER SIZING

In this section, the heat exchanger modelling and the overall
sizing framework is presented which comprises of three
distinctive functionalities. The first is the design component,
which involves the sizing of the heat exchanger geometry based
on a set of requirements. The second is the rating component
which uses the geometry determined by the design tool and based
on a set of input conditions estimates the performance. The third
and final component is the regression tool, which creates lower
order correlations for the calculation of the heat exchanger
effectiveness characteristics at off design and are subsequently
used within the propulsion system simulation models for the
integrated assessment. Figure 3 summarizes the heat exchanger
regression process using the described methodology.

/ Design Inputs /
HX Design

Various operating
conditions

HX Rating

I HX Regression Tool

]
Q—IX Regression ModeD

FIGURE 3: Heat exchanger regression flow chart
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3.1 Geometry

Several common fin configurations are presented in Figure 4,
including plain fin, louvered fin, offset strip fin and wavy fin
[16]. In the study, an offset strip fin configuration with specific
dimensions (1/9-22.68) was selected for both the air and H»
layers for a more compact heat exchanger design [17].

Figure 5 illustrates the general structure of plate-fin heat
exchangers, particularly crossflow arrangement [18]. Although
counterflow arrangement typically offers higher heat
effectiveness compared to crossflow heat exchangers, the
crossflow arrangement was selected to simplify the integration
process [18]. This is due to the intricate connection requirements
for each layer in counterflow arrangement to prevent the mixing
of fluids.

The effective number of transfer units (e-NTU) method is
applied to design the plate-fin heat exchanger, employing a
thermal-hydraulic model to relate heat exchanger volume, heat
transfer coefficients, and pressure drop, as described in [18]. Note
that the fouling effect and longitudinal heat conduction influence
are neglected in the study. Fouling is the degradation of heat
exchanger performance due to the accumulation of residues on
the heat exchanger surface. The longitudinal conduction effect is
generally negligible in crossflow heat exchangers [18].

louvered fin

\>

plain fin

%

serrated fin (offset strip fin) wavy fin (herringbone fin)

.-' -~ I" <f

Tr ‘JFTJ 0,
IIui“l

n"

W

FIGURE 4: Common fin configurations [16]

3.2 Heat exchanger modelling

The air-H2 heat exchanger is incorporated to transfer the heat
from the source air to the H2 line in the designed fuel
conditioning system. Among various heat exchanger designs, the
plate-fin heat exchanger was selected due to its notable
compactness and high heat transfer capability, as size and weight
are critical parameters for aviation applications. A plate-fin heat
exchanger enables heat transfer between fluids using plates and
finned chambers, which serve as secondary surfaces to increase
the heat transfer area. The addition of fins induces fluid
turbulence to enhance the local convective heat transfer
coefficient.

—Fluid 2

Primary area due
to plates on the

[TTITI11T
[ -

L, FLLOIIUL face of the core
1 y Primary area due

. to header bars on
Fluid 1 the sides

FIGURE 5: Plate-fin heat exchanger — Crossflow [18]

In this design, the dimensionless parameters — the Colburn
factor (j) and the Fanning Friction Factor (f) — are used to
represent convective heat transfer performance and pressure
drop. They are expressed as functions of Reynolds Number (Re)
and basic fin geometry parameters [16][18]. Manglik et al. [19]
provided regression equations for the Colburn factor (j) and the
Fanning Friction Factor (f) for offset strip fin configurations. In
these equations, ¢, b, X, and tr denote pitch, height, length, and
thickness of the fin, respectively, as depicted in Figure 6 [16].
The prediction accuracy within 14% against the experimental
data is reported in their study, representing a significant
improvement over previous design works [19].

/Y

| |
— | !
te! | ;

FIGURE 6: Offset strip fin geometry [16]

A plate-fin heat exchanger design tool is developed based on
the described methodology Figure 7, and it is structured into two
main components: Design and Rating. The Design component
determines the geometrical configuration of the heat exchanger
based on given design conditions and requirements. Then, the
Rating component is used to evaluate the heat exchanger
performance for given operating conditions based on the
geometrical design data.
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Plate-fin HX Design Tool

HX Design

« Inlet fluid properties (temperature, + Geometrical design (Width, Height,
pressure) Length, etc.)

+ Performance target (effectiveness,
pressure drop)

HX Rating

= Inlet fluid properties (temperature, = Outlet fluid properties

pressure) (temperature, pressure)
+ Geometrical data (Width, Height, = Effectiveness
Length, etc.)

FIGURE 7: Plate-fin heat exchanger design tool
3.3 Heat Exchanger Regression Model

The integration of the developed plate-fin heat exchanger
design tool into the overall system model poses challenges,
including increased complexity and computational time. Hence,
aregression model based on the e-NTU method for plate-fin heat
exchangers, incorporating an optimization algorithm, is
developed to predict the heat exchanger’s performance and
mitigate these issues. The model is constructed using
performance data collected within the heat exchanger’s
operating boundaries, ensuring accurate representation of its
behavior under varying conditions [20].

The overall heat transfer conductance of the heat exchanger
(UA) is expressed as follows, where G,,,;; represents the wall
conductance, and subscripts Hot and Cold refer to the relevant
side of the heat exchanger [18]:

11 1 1

—= + +
UA UAH()I Gwall UACo/d

ey

According to Nusselt number (Nu) and geometry correlations,
the heat transfer conductance of each side of the heat exchanger
can be expressed as follows, where A represents the thermal
conductivity, 4. the heat transfer area, and d, the hydraulic
diameter of each side of the heat exchanger:

Nu-4-A
UA=——=
- @)

H

Where Nusselt number is a function of Reynolds number (Re)
and Prandtl number (Pr):

Nu=a-Re’-Pr 3)

The coefficients (a, b, and c) are optimized to have minimal
heat transfer deviation against heat exchanger rating data over a
given operating range. A differential Evolution algorithm is
employed for optimization [20]. Subsequently the number of
transfer units can be calculated via the UA and the minimum

capacity for heat transfer, C, as shown in eq. (4). Finally, the eux
is provided as a function of the NTU and the minimum to
maximum capacities for heat transfer ratio of the two flows (C”*
= Cmin/ Cmax), Which for cross-flow heat exchangers this is taken
as discussed in [17] and presented in Figure 8.

NTU = éJ_A , where C=WxC, 4)

min

Having determined the heat exchanger effectiveness, the exit
conditions can be estimated using the heat balance between the
two streams as well as the definition of the heat exchanger
effectiveness equations as shown in eq. (5). As the flow
conditions are averaged for the inlet and outlet conditions of the
respective streams, the whole process are iterated until eq. (5) is
satisfied.

AT, AT,

& _ CP.Cold Cold _ CP,Hot Hot (5)
HX — =
Cmin (THot,in - TCold.in ) Cmin (THot.in - TCold,in )

0.8

0.6

EHx

0.4

0.2

FIGURE 8: eux over NTU and C” for cross flow heat exchangers
[17]

The heat exchanger regression model results are shown in
Figure 9. It can be seen that the regression model is capable of
predicting the heat transfer performance of the heat exchanger
with reasonable accuracy while significantly reducing
computational time.

4. BASELINE ENGINE CYCLES

As in the previous paper [10], the test case that is selected is
targeting the short-to-medium range applications similar to the
Airbus A320 or Boeing 737 family of aircraft with an entry into
service 2030. The thrust requirements for such an application are
adopted by another conceptual study as discussed by Alexiou et
al. [21]. The engine configuration is a geared turbofan with a
fixed by-pass (BP) nozzle area. The engine thrust ratings for four
representative points are presented in Table 1.
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FIGURE 9: Heat exchanger regression model result — Heat
transfer

In this study several baseline engine cycles are created to
represent designs of different specific thrust (SFN) requirements
and herein, these are characterized by their design point fan
pressure ratio (FPR). The engine cycles are sized according to
the requirements of the three key operating conditions, MCR,
ToC and EoR, following a multipoint cycle design approach. The
sea level static (SLS) idle setting will be considered subsequently
for the performance assessment of the LH, conditioning system.

TABLE 1: Thrust requirements across design operating points

Operating Point lzfll)CPl)l ToC EoR  SLSidle
FN (kN) 20.1 243 94.7 14.4
Mn (-) 0.78 0.78 0.25 0
Altitude (kft) 35 35 0 0
dTisa (K) 0 +10 +15 0

Four designs with varying FPRuycr from 1.3 to 1.6 have been
created and some key cycle parameters for MCR are presented
in Table 2. Notably, higher FPR leads to higher specific thrust
and more compact designs as observed by the decreasing fan
diameter. In addition, lower specific thrust designs are
characterized by higher fuel and emergy-specific consumptions
(SFC and ESFC respectively) and higher by-pass ratios (BPR).

5. PREHEATER STAND-ALONE ON AND OFF DESIGN
PERFORMANCE

Before addressing the integrated performance of the PHC
module, an isolated scenario is examined to better understand the
underlying behaviour of the system. Two case studies are
presented, the first is a parametric analysis of the design point
performance of the PHC and the second an off-design analysis
of the heat exchanger.

TABLE 2: Jet A-1 baseline model results at MCR

Et“yg;:e 1 2 3 4
FPR - 13 14 15 1.6
SFC  o/(kN-s) 1379 1403 1431 1462
ESFC  WN 595 605 617 630
OPR - 4397 4353 4268  41.83
TET K 1557 1547 1541 1531

Winlet kg/s 288.0 229.7 194.3 170.7

WF kg/s 0.2772  0.2820 0.2877  0.2938
BPR - 17.63 13.47 10.98 9.24
SFN m/s 69.8 87.5 103.5 117.7
Dran m 2.07 1.85 1.71 1.61

5.1 PHC performance at design

For this scenario the fuel flow requirement and delivery
pressure for H, are considered constant and their values are
assumed based on the rematched EoR performance of engine
type 1 with H, as fuel. Additionally, the SC exit temperature,
pump isentropic efficiency are assumed constant and the inputs
are summarised in Table 3. The heat exchanger effectiveness and
the PHC feed mass flow (Wpnc,in) are varied between 0.3 — 0.8
and 1 — 5 kg/s respectively.

TABLE 3: Example inputs

Parameter Units Value
WF kg/s 0.308
PHx,cold,out bar 88
THX Hot,in K 1000
Pphcin bar 1.25
TpHC,in K 323
Nis,pump - 0.5
EHX - 0.3-0.8
Wranc.in kg/s 1-5

For this analysis the resulting hydrogen delivery temperature
(Tux,coldsout) 18 presented in Figure 10 and the temperature at the
exit of the hot side (Trx,Hotout) in Figure 11. Considering a given
value of epx, with increasing Wpepc, the cold side mass flow of
the HX only slightly increases which is attributed to the slight
increase in fuel flow of the SC and the constant main engine flow
demand. Therefore, any increase in Wppc is directly driving an
increase in heat transfer and as a result change in AT across either
the hot or cold side. At low Wpic the AT of the cold side is
increasing and reaches a maximum value. Any increase in Wppc
only reduces the AT of the hot side. This behaviour is observed
as the minimum capacity (Cmin) for heat transfer in the HX
changes between the hot side at low Wppc and the then cold side
at higher values, as show in Figure 12.
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Choosing the HX effectiveness has significant importance.
High enx suggests that higher AT can be achieved for the same
mass flow or alternatively for a target Thxcold,our @ heat
exchanger with high effectiveness requires less mass flow.
Considering that the PHC module is driven by engine bleeds
minimizing the mass flow requirement reduces the parasitic
losses and the overall efficiency penalties of the engine. In
addition, a low eux could potentially limit the maximum
Thx,cold,out that can be achieved.

However, there are also cases where a high eyx may not be
desirable. Considering the case with enx of 0.8, the AT of the hot
side is high enough that leads to a Trx cold,out Of around 230 K (-
43 °C). Even if it is assumed that the PHC is driven by dry air,
the hot side of the heat exchanger operates with the exhaust
gasses of the SC and since H, is burnt, there is a substantial
quantity of water vapour in that gas that may condense and
potentially freeze.

In order to check whether the set of conditions across the HX
may lead water vapour to condense, the saturation temperature
(Tw20,5at) 1s calculated based on the partial static pressure of water
vapour (pvapour) for the flow conditions at the exit of the heat
exchanger and the saturation properties of H,O for that pressure
as discussed in [22]. For a flow that comprises of dry air and
water vapour, the partial static pressure for H>O is calculated as
shown in eq. (6) according to static pressure of the mixture, the
water/air ratio (WAR) of the flow, the molecular weight of dry
air (Mga) and H2O (Mmzo). The WAR is assumed based on the
emission index for H,O, considering full stoichiometric
combustion for H,, and the fuel to air ratio (FAR) content of the
flow. For 1 kg of hydrogen burnt, 8.937 kg of H,O are produced.

For the designs considered here, the ones with gxx 0.8 dictate
a significant temperature drop across the hot side, since for these
conditions the exit temperature is below the saturation point of
water vapour at 316 K.

WAR

p mixture

pvapaur = M /M (6)

water dry,air

+WAR
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FIGURE 10: Tcold0u as a function of Wy and epx
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FIGURE 12: Ccoq and Cuor over Weyc for 0.3 enx
5.2 PHC off-design case study

In this case, a heat exchanger design is considered and its off
design performance is calculated and addressed. From the
previous parametric study, the design selected corresponds to a
enx of 0.3 and Wopnc of 2.75 kg/s which delivers the cold flow at
a Tcoldout at 250 K. Based on these design conditions, the
geometry is calculated and then a sweep of Wcod and Wt for
the same inlet pressures and temperatures is performed. The
resulting epx is presented in Figure 14.

This shows great variation at any other condition, and
considering that the MCR, ToC and SLS idle would require
considerably lower fuel flows then the EoR, it is expected that
that the enx will be higher at these conditions. More precisely at
constant W, when the cold side is Cmin, increasing the cold side
mass flow rate leads to an increase in both Cuin and the UA.
However, the NTU decreases because Cmin increases more
significantly than UA, as shown in eq. (4). Additionally, the C*
approaches unity as the cold side mass flow rate increases. As a
result, the eux decreases due to these effects, as depicted in
Figure 14. This trend changes once the hot side conditions dictate
the Cuin. Since the hot side mass flow rate remains fixed, the exx
becomes relatively stable, slight increment is caused by the
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FIGURE 13: PHC integrated engine model in PROOSIS

changes in C*. Overall, high enx is desirable to minimize bleed
flow and parasitic engine losses but there needs to be careful
control in order to avoid excessive temperature drop at the hot
side.
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6. PHC INTEGRATED PERFORMANCE
6.1 Integrated model set-up

To assess the integrated performance of the system the PHC
module is then integrated with the baseline engine model, as
shown in Figure 13. The heat exchanger and PHC nozzle areas
are calculated at EoR, which is the design case of the integrated
model, and at any other operating condition the sized geometry
of these components is used to assess the performance.

For on-design point simulation the following handles are
considered:

e  Thrust requirement

e Tux.coldou 250 K (Hz delivery temperature)
® P pelivery 1S set twice the Prpcexit

e TuxHotin 1000 K

For off design simulations, the same handles are used as
described above, only in this case, the valve installed upstream
of the SC is varied so that the mass flow continuity in the scaled
nozzle is satisfied. Here this is simulated as a component that

imposes pressure losses in the flow, at the design case it is fully
open and at any other condition variable. Moreover, additional
conditions are imposed on the Trx Hotin With the view of avoiding
water vapour condensation at the exhaust of the hot side of the
heat exchanger while minimising the PHC mass flow
requirement. To achieve this, the objective is to maximise
TuxHotin (up to 1000 K) while considering the following
conditions:
®  TuxHotout= Thoosat -
e If Tuxuotonr < TH2osar then minimise Thux Hotout -
Thoosat to reduce the condensation effect, or until
Thx.Hotin 1S 330 K. The later is imposed to avoid
solutions that dictate high mass flows bled from the
engine.

Furthermore, the H, conditions at the pump inlet are assumed
as discussed by Brewer [1], the pump pressure ratio is dependent
on the HPC delivery pressure, the heat exchanger pressure losses
for both sides are set with the view of acquiring representative
flow velocities on both sides. The inputs discussed are
summarised in Table 4.

TABLE 4: Integrated model additional considerations

Parameter Value
Tpump,in 21 K
Ppump,in 1.5 bar
Ppump,out 2 x Prpc exit

(dP/Pin)Hx Hot 2 %

(dP/Pin)ux.cold 0.1 %

6.2 PHC performance comparison with and without
temperature control on the hot side

From the design space exploration for the PHC a case is
selected and discussed in detail to demonstrate the different
control over the Trux Hotout. For that purpose engine Type 1 is used
and the PHC is sized for 0.5 eux. The performance of this PHC
configuration is presented in Table 5, for two scenarios. In the
first, Thx Hot,in 1S maximised at 1000 K at all operating conditions
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as suggested by previous studies [10], and in the second its
control is applied as proposed in this paper.

TABLE 5: PHC performance comparison with and without
exhaust condensation control

MCR ToC EoR ?(]l-ii
Maximum THot,in
€HX 0.80 0.76 0.50 0.95
THotin (K) 1000 1000 1000 1000
THot,out (K) 220 260 525 81
Tcold,in (K) 312 32.0 41.6 28.2
Tcotd,out (K) 250 250 250 250
FAR (-) 0.696%  0.683%  0.636%  0.673%
Whot (kg/s) 0.326 0.418 1.660 0.100
Wcold (kg/s) 0.1012 0.1235 0.3223 0.0360
Pgllirﬁgve 58% 61% 100% 97%
Apre (M"2) 0.0088 0.0088 0.0088 0.0088
Tsat20 293 294 320 317
Variable THotin for condensation control
€0X 0.63 0.69 0.50 0.73
THotin (K) 728 868 1000 330
THot.out (K) 289 292 525 243
Tcold,in (K) 31.2 32.0 41.6 28.2
Tcotd,out (K) 250 250 250 250
FAR (-) 0415%  0.543%  0.636%  0.032%
Whot (kg/s) 0.610 0.552 1.660 1.139
Wcold (kg/s) 0.1018 0.1238 0.3223 0.0358
Pglp(;nviilgve 77% 70% 100%  105%
Apre (M"2) 0.0088 0.0088 0.0088 0.0088
Tsatr20 (K) 289 292 320 271
Comparative differences with against w/o
control
ESFC 0.6% 0.3% 0.0% -0.7%

For the first case it is evident that the eux is significantly
higher at MCR, ToC and SLS idle than its design value at EoR.
This in turn leads to a high AT across the hot side of the HX and
results to an exit temperature well below the saturation
conditions of water vapour not only for SLS idle but also for
MCR and ToC. The variation observed in the Tsum20 is mainly
driven by the change in ambient pressure and fan operating point
rather than the change in the FAR of the flow. In all operating
conditions, it can also be observed the variation in valve opening,
which suggest that in all cases there is adequate source pressure
for the PHC.

In the second case, the Tuxmoiin 1S changed significantly
across all operating conditions but for EoR. The variance now in
enx at MCR, ToC and SLS idle is lower but at a cost of increased
PHC mass flow requirement (as seen by the Who). At MCR and
ToC the Tux Hotout matches that of the Tsamzo, however, not at
SLS idle, due to the fact that the Trx Hotin is limited to 330 K. As
the Trx Hotin becomes lower, the FAR and the associated WAR of
the exhaust gases also decreases and these mechanisms drives a
small decrease in Tsmo. In addition to that, the decrease in
available AT over the hot side of the HX dictates a tenfold
increase in mass flow, compared to the first case, and cannot be
supported by the by-pass duct due to low source pressure as seen
by the valve opening. Therefore, this design suggests that during
SLS idle, the PHC needs to be assisted by auxiliary means of
source air and is likely that water vapour will be condensing and
may form ice at the exhaust of the PHC.

Between the two cases, the one that controls the Tux Hot,out
compared to the other, shows a small penalty in engine efficiency
of 0.6% and 0.3% at MCR and ToC respectively. This mainly
driven by the increase PHC mass flow requirement and SC fuel
flow.

6.3 Integrated model design space exploration

The design space exploration of the PHC integration is
mainly focused on the effect of utilising different heat exchanger
designs across all engine types and in particular at design the eux
is varied between 0.3 — 0.6. For the discussion that will follow,
the heat exchanger designs will be characterized by their design
effectiveness (at EoR). As demonstrated from the previous test
case, the objective herein is to identify requirements and
limitations for the engine — PHC. Therefore, the results are
focused on the MCR and SLS idle conditions.

Starting with the MCR performance, the temperature
difference between the Tux Hotout and the Tsumoo is presented in
Figure 15 and the valve opening in Figure 16. Across all engine
types the 0.3 eux designs and the combination of Type 1 and 0.4
enx allow for adequate margin over the condensation region at
the exhaust of the PHC. In every other combination, a limit in
the Thx Hotin 1S imposed and in the cases of high specific thrust
(Type 3 & 4) - effectiveness, the margin is exceed. This also
cascades to high PHC mass flow requirements, as shown in plot
(a) of Figure 17, which cannot be accommodated based on the
source conditions and the sized nozzle as shown by the required
valve opening.

The ESFC difference to the baseline Jet A performance is
shown in Figure 18. Across all combination but for the 0.6 enx
designs the ESFC is increased by approximately 2% with little
variation over the heat exchanger design. The 0.6 epx is
significantly penalizing the performance of the baseline cycle
due to the significant increase in Wppc bleed that is required to
minimize the condensation temperature margin and has also a
cascading effect in pump power requirement due to the increased
fuel flow, as shown by plot (b) of Figure 17. In Figure 19, the
ESFC difference of the integrated models with and without
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Tux.Hotin control is presented. The differences become more
significant for the designs with higher enx designs of up to 9%.
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FIGURE 15: Condensation temperature margin at MCR over
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FIGURE 18: ESFC difference compared to the respective
baseline engine performance over varying heat exchanger
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10%
® -
o 8% +
= r
S e .
olC °t
[SN®)

93 49

%

O 2% +

g C

(_D L

L 0% N B J J

Type1 Type2 Type3 Typed

€x@Des: B0.3 50.4 80.5 0.6

FIGURE 19: ESFC difference with and without Tux Hotout
control

In a similar manner, the condensation temperature margin for
the SLS idle is presented in Figure 20 and the valve opening in
Figure 21. The 0.3 enx across all engine types and the 0.5 on high
specific thrust engine types can adequately provide control so
that condensation conditions at the HX exhaust are avoided. The
0.4 and 0.6 designs, however, are more limited in that respect. In
addition, for all but the 0.3 eux designs, there source pressure
from the BP is not sufficient to drive the PHC module. Finally,
the volume of the heat exchanger is presented in Figure 22.
Higher enx designs occupy bigger volume due to the increase in
heat exchange area required. Heat exchangers designed with the
same eux have marginally bigger volume when used at higher
specific thrust engines, which is attributed to the increased fuel
flow and associated heat requirement.

Overall, it can be concluded that lower enx designs are
desirable, as they can allow for adequate control over the exhaust
temperature of the PHC, avoiding conditions where
condensation occurs, and can adequately be supplied from air
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sourced from the BP duct without the support of auxiliary
systems.
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FIGURE 20: Condensation temperature margin at SLS idle over
varying heat exchanger designs and engine types
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FIGURE 21: Valve opening at SLS idle over varying heat
exchanger designs and engine types

CONCLUSIONS

The paper introduced a methodology for the integrated
assessment of engine — LH, conditioning system with focus on
the heat exchanger sizing and off-design performance. In
addition, water vapour condensation was identified on these
systems across key operating conditions of the engine and a
mitigation strategy was proposed. A preliminary exploration of
the operational envelope of a kerosene-based civil turbofan
engine retrofitted with a LH, preheater system, considering
various heat exchanger designs. The study concludes on the
following points:

Considering that the inlet temperature of the hot side of the
heat exchanger is constrained by the thermal limits of its material
and that the gasses have a considerable amount of water vapour,
heat exchanger designs that enable high temperature drop may
potentially lead to conditions at the exhaust where the water
vapour condenses and freezes. This could create significant

11

operability problems related to corrosion or the blocking of the
PHC module.
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FIGURE 22: Heat exchanger volume across the design space

The heat exchanger is designed according to EoR conditions
due to the highest thermal input requirements across the flight
envelope. During other conditions like MCR and SLS idle where
these thermal loads are lower, the heat exchanger allows for
higher effectiveness. To mitigate the formation of water at the
heat exchanger exhaust, the SC delivery temperature should be
regulated at the expense of higher bleed flow demand from the
engine.

The design space exploration showcased that heat
exchangers with high effectiveness at design, e.g. for the cases
of 0.5 and 0.6, fail to regulate the hot side outlet conditions to
avoid water condensation both at SLS and MCR. At the same
time as the bleed flow requirement is increased at these
conditions, the source pressure is not adequate to drive the PHC
unit and the latter should be supported by other pneumatic
aircraft systems.

Lower effectiveness designs can mitigate water condensation
at the heat exchanger and at the same time can be fully supported
by the bypass duct delivery conditions and are more compact. It
is acknowledged, however, that the pressure margins at SLS idle
are limited and therefore at these and lower power setting
conditions the PHC may need to be supported by auxiliary
aircraft systems.

Based on the new control conditions introduced, the
temperature delivery requirements of the SC vary significantly
throughout the critical operating points and therefore, this
dictates the emerging requirements for its design. At a later stage,
limitations considering the SC can be introduced to the existing
analysis to further narrow the design space and identify feasible
solutions.

Although, heat exchangers with higher effectiveness
minimise the hot flow requirement at EoR, at MCR due to the
water vapour condensation mitigation strategy used, all designs,
but for the 0.6 case, seem to show marginal differences in energy
consumption.
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Engine designs with higher specific thrust require more fuel
flow compared to lower ones and therefore require more bleed
flow from the engine to accommodate the higher heat load
requirement. This results to heat exchangers with marginally
bigger size.
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