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ABSTRACT

This study concerns the assessment of a novel concept for the Environmental Control System (ECS) of
large rotorcraft, based on Vapour Compression Cycle (VCC) technology. Its uniqueness stands in the
adoption of an electrically driven high-speed 6 — 8 kW centrifugal compressor, in place of the
traditional volumetric machine. A steady-state model of the system has been developed and
implemented using the Modelica acausal modelling language. The working fluids selected for this
investigation belong to the class of low-Global Warming Potential (GWP) refrigerants. The results show
that to obtain feasible compressor designs, and in particular sufficiently large flow passages, a high
molecular complexity fluid must be employed as it results in adequate volume flow rate. However,
compared to fluids made of simpler molecules, heat exchangers are larger and possibly heavier. The
tradeoff between thermodynamic performance, weight, volume, aircraft drag penalty and system
integration in general is being investigated.

1 INTRODUCTION

The aerospace industry is, nowadays, urged to take measures to increase the sustainability of air
transport, given the pace of the air traffic growth observed in the last decades and expected in the
upcoming years. The consequent need to optimize aircraft and rotorcraft performance is calling for a
step-change in the design practice of these systems, including their non-propulsive components. In this
regard, it is envisaged that future aircraft and rotorcraft will feature only all-electric non-propulsive
components to enable significant improvements in terms of aircraft weight, fuel consumption, total life
cycle costs, controllability and maintainability. This change in the design paradigm of non-propulsive
equipment is based on the More Electric Aircraft (MEA) or Rotorcraft (MER) general concept
(Sarlioglu and Morris, 2015).

The auxiliary system guarantying cabin pressurization and thermal comfort, hereinafter indicated as
Environmental Control System (ECS), is currently the primary consumer of non-propulsive power at
cruise (AC-9B, 1989). The idea underpinning this study is that the efficiency and environmental
footprint of ECS aboard aircraft or rotorcraft can be significantly improved by adopting a VCC for
cabin cooling. This system features a high-speed centrifugal compressor driven by an electric motor as
the prime mover and a low-GWP refrigerant as working fluid. The case study is a high payload
helicopter. A steady-state system model was developed using the acausal modelling language Modelica
to assess the thermodynamic performance as a function of several working fluids and verify the
feasibility of the compressor and evaluate the size of the evaporator. Different low-GWP refrigerants
were considered, such as hydro-fluoro olefins (HFOs) and hydrocarbons. The system model simulations
are carried out for each refrigerant, thus allowing to study the impact of the fluid molecular complexity
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on compressor design and system COP. The VCC components are sized for a worst-case scenario;
namely, the helicopter is on the ground on a summer day. The results obtained for the different working
fluids are compared in terms of component size and COP, to preliminarily identify the optimal
refrigerants.

These system models will be validated by comparison with experimental data generated with the IRIS
(Inverse Rankine Integrated System) setup being realized in the laboratory of the Propulsion & Power
group of TU Delft. Validated system models will be used in collaboration with commercial partners for
the development of new products.

2  VAPOUR COMPRESSION CYCLE SYSTEM

The typical VCC system configuration of a large rotorcraft, utilizing scroll compressors, is shown in
Fig. 1. The working fluid commonly adopted is R-134a. Two separate VCC systems cool cabin and
cockpit. Each refrigerating loop is equipped with a dedicated condenser with an independent cooling
air intake and fan. The cycle configuration is of the intercooler type: a heat exchanger is used to
sub-cool the refrigerant entering the expansion valve upstream of the evaporator, thus improving the
system performance (Mannini, 1995).
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Figure 1: Vapor compression cycle system configuration. a) Simplified process flow diagram; b)
[lustration of the processes forming the thermodynamic cycle in the P-4 diagram of R-134a.

In the baseline configuration, the compressor is of the scroll type, and is mechanically driven by the
turboshaft. The condenser is made up of three flat-tube microchannel heat exchangers in parallel on the
refrigerant side and in series on the air side. The same type of heat exchanger is adopted for the
evaporator. The air entering the evaporator is, to a significant extent, recirculated from the cabin and
the cockpit. The ARP-292C (2014) standard prescribes that, for passengers comfort, each occupant
should be provided with a fresh air mass flow rate of at least 4.5 g/s in the cabin and 5.6 g/s in the
cockpit, while air humidity should not exceed 65%. Cabin air is not pressurized because of the
helicopter low flying altitude. Hence, the ratio of recirculated to fresh air is significantly high with
respect to a typical aircraft ECS. Both the condenser and the evaporator fans are electrically driven.

The VCC configuration analyzed in this work features an electrically driven centrifugal compressor
instead of the traditional scroll machine. Two compression stages are necessary, given the required
temperature lift between the condenser and evaporator. The impellers of two compressors are mounted
counterposed on the same shaft to minimize the foil bearings' axial thrust.

R-134ais characterized by a high GWP, and thus it will be phased out, also from aerospace applications,
in the upcoming years. Therefore, low-GWP working fluids have been considered. In particular, HFOs
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are considered as promising working fluids. They exhibit thermodynamic properties similar to those of
HFCs, but a significantly lower GWP, since they have a lifetime in the atmosphere of few days
(McLinden and Huber, 2020). In addition, they are not flammable and feature low density, which makes
them suitable for the design of small capacity centrifugal compressors, like that of the application at
hand. Natural refrigerants have also been taken into account due to the high thermodynamic efficiency
they generally enable, though their flammability may complicate the system safety certification. Table 1
lists the working fluids considered in the study. The thermodynamic properties are calculated using a
well-known software library (Lemmon et al., 2018).

Table 1: List of potential working fluids selected for the application.

Class ASHRAE name TeIK] | pe Ibarl | pygae,_o.c %] NBP [K] | o [K] M[ﬁ] GWP | ODP Z’:g‘:g
R-134a 37421 | 40.49 14.43 247.08 | -0.177 | 109.03 | 1300 | 0 Al
HFC [ R-32 (Difluoromethane) | 35126 | 57.82 22.09 2215 | -1.933 | 5202 | 677 | 0 A2L
R-152a (Difluoroethane) | 386.41 45.17 8.26 249.13 -0.558 | 66.05 138 0 A2
R-1234yf 367.85 | 33.82 17.65 243.67 | -0.039 | 11404 | 0 0 A2L
R-1243zf 376.93 | 35.18 12.49 24773 | -0.116 | 96.05 | 4 0 A2
R-1234z¢(E) 38251 | 3635 11.71 25418 | -0.033 | 11404 | 1 0 A2L
HFO R-1234z¢(Z) 42327 | 3531 356 282.88 | -0.028 | 114.04 | 1 0 A2L
R-1233zd(E) 4396 | 36.24 2.84 29141 | -0.045 | 130.05 | 5 0 Al
R-1224yd(Z) 42869 | 3337 376 287.77 | 0051 | 14849 | <I 0 Al
R-1336mzz(Z) 4445 | 29.03 1.82 3066 | 0.114 | 164.06 | 2 0 Al
R-600a (Isobutane) | 407.81 | 36.29 426 2614 | 0131 | 58.12 | 4 0 A3
reﬁ?;iﬁﬁ R-1270 (Propylene) 36421 | 45.55 21.40 22553 | -1284 | 4208 | 2 0 A3
R-290 (Propane) 369.89 | 42.51 10.35 231.04 | -0.843 | 4410 | 3 0 A3

3 METHODOLOGY

The steady-state model of the VCC system was developed and implemented in the acausal Modelica
system modelling language. All the components have been modelled using the lumped parameters
approach. The system simulations were used for the preliminary design of both the centrifugal
compressor and the heat exchangers for a selected operating point.

3.1 Heat exchangers

As already mentioned, the evaporator and condenser are flat-tube microchannel heat exchangers: the
flat tubes feature smaller internal flow passages, i.e. microchannels with circular section. The fins are
of the multi-louvered type: several louvers extend along the fin length to augment the heat transfer
coefficient on the air side. The heat transfer coefficient can be two to four times higher with respect to
plain fins of the same geometry. This kind of CHEXs is also employed in the automotive industry for
radiators. The typical compactness factor is around 1100 m*/m?* (Zohuri, 2017).

The choice of modelling these devices using a lumped parameters approach stems from the need for a
tradeoff between the model complexity and accuracy. The Moving Boundary (MB) method has been
preferred to a Finite Volume (FV) discretization method as it allows for a reasonable model accuracy
with a relatively low computational cost, as demonstrated by Pangborn et al. (2015). The MB method
consists in dividing the HEX into a number of control volumes for each refrigerant phase. For instance,
the evaporator model accounts for two control volumes. In the first one, the fluid is in a two-phase state
(evaporation), while in the second one, it is in a dry vapour state (superheating). The heat transfer
coefficient and pressure drop are estimated by implementing different empirical correlations for each
control volume, depending on the refrigerant phase. The heat transfer correlations are formulated in
terms of Colburn factor j or Nusselt number, while the pressure drop calculation is based on the estimate
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of the friction factor f. Table 2 lists the set of correlations implemented in the HEXs models, for both
the refrigerant and air side.

Table 2: List of empirical correlations for the aerothermal design of the HEXSs.

Fluid Property Reference
) Colburn factor Chang and Wang (1997)
A Friction coefficient Kim and Bullard (2002)
Nusselt number Gnielinski (Kind et al, 2010)
e  Hagen-Poiseuille (Re < 2.3 - 10%)
Refrigerant: single phase flow Friction cocfficient : Ell;:rir:l;m(lz(.g 1813} z ;(2 : ; 18:;
e von Karman (Re>2-109)

(Kind et al,, 2010)

Refrigerant: condensation Heat transfer coefficient Shah et al.(1999)
Refrigerant: evaporation Heat transfer coefficient Kandlikar (1990)
Refrigerant: two-phase flow Pressure drop Friedel (Serth and Lestina, 2014)

In each control volume, the heat transfer rate is estimated based on a correlation between the
effectiveness (¢) and the number of thermal units (NTU) of the heat exchanger. The geometrical
characteristics of the flat-tube multichannel HEXSs are as described by Shah and Sekulic (2003). Finally,
the fins dimensions considered for the HEXs are the same indicated in the paper by Kim and Bullard
(2002), whose experimental results have been used for the model validation.

It is also worth pointing out that, thanks to the features of the Modelica language, the same heat
exchanger model is used for on-design and off-design simulations: in design mode, the operating
conditions at the inlet and outlet of the heat exchanger are known, and the model estimate one of the
main dimensions (e.g. the flat tube length) of the heat exchanger to meet the required thermal load; in
off-design, the geometry is specified, and the heat duty of the heat exchanger is calculated.

3.2  Centrifugal compressor

A mean-line code has been implemented for the preliminary design of the centrifugal compressor. The
design variables of the model are: working fluid mass flow rate, total inlet pressure and temperature,
flow coefficient @, loading coefficient 4, shape factor &, impeller outlet absolute angle a», number of
blades and diffuser pressure recovery factor C,. Under the hypothesis of no inlet guide vanes, the flow
is assumed to be uniform at the compressor inlet. The design methodology follows the approach
proposed by Rusch and Casey (2013). Their work shows that, for a given value of the corrected flow
function @', see Eq. 1, the optimum inlet metal angle of the impeller is that minimizing the relative inlet
Mach number at the impeller shroud, M,, ¢;. As general design guideline, they also indicate that the
value of M, 1 should not exceed 1.35 to avoid losses due to shocks which may trigger boundary layer
separation.
¢ = (D4’M1212 — Ma/,slsinzﬁlscosﬁlsl - (1)

km )
y=1,,2 —1t2
(1+—2 MW‘Slcoszﬁls)y

Given these information, it is possible to solve the static thermodynamic state and the velocity triangle
at the inlet of the impeller. The outlet conditions are estimated based on the model proposed by von
Backstrom (2006) for centrifugal compressor slip. The internal losses in the impeller (namely blade
loading, clearance, mixing and friction) have been estimated using the set of semi-empirical correlations
indicated by Oh et al. (1997). External losses (recirculation, disc friction and leakage) have been taken
into account to determine the total to total efficiency.

Downstream of the impeller, a vaneless diffuser with parallel walls has been considered. The design of
the diffuser accounts for the skin friction losses along the channel, according to the model proposed by
De Bellis et al. (2015). It consists of a non-iterative approach, simplifying the classical set of

6™ International Seminar on ORC Power Systems, October 11 - 13, 2021, Munich, Germany



Paper ID: 110, Page 5

conservation equations described by Stanitz (Dubitsky and Japikse, 2008). The main assumptions
underpinning their model are that i) the product of the radius and the flow absolute velocity remain
constant along the diffuser, and ii) the pressure losses are concentrated at the diffuser outlet. Finally,
the compressor model includes a methodology for estimating the axial thrust, based on the set of
equations suggested by Tiainen ef al. (2021).

4 SYSTEM ANALYSIS AND RESULTS

The investigation has been limited to a single design point representative of a critical scenario: the
helicopter is on the ground, the environmental air temperature is equal to 40 °C, and the cooling duty is
12.5 kW. Table 3 lists the constraints selected for this application and the values of the design variables
of the HEXs and centrifugal compressor. Condensation and evaporation temperatures correspond to the
typical operating conditions of a large rotorcraft with 20 passengers and 2 pilots. The condenser
dimensions are set equal to those of the current condenser unit of the rotorcraft, while the cooling air
mass flow rate is a dependent variable. It is assumed that the air intake size is fixed and the helicopter
drag does not increase, while a change in the air pressure drop across the condenser leads to a variation
of the cooling air fan power consumption. In the evaporator, the air mass flow rate is prescribed
according to the ARP-292C (2014) standard, and the length of the flat tubes is the dependent variable.

Table 3: Operating system conditions and components characteristics.

VCC system for cabin air conditioning

Refrigerant loop Air side
Condensation temperature Teond [°C] 65 Inlet air temperature Tair,env [°C] 40
. o Inlet recirculated air o

Evaporation temperature Tevap [°C] 0 temperature Tair,rec [°C] 28

. o Fresh air mass flow rate .
Superheating degree AT, [°C] 5 (evaporator) Mair.env [KE/S] 0.1

Temperature difference at pinch point o Recirculated air mass flow .
intercooler ATop [°C] 10 rate (evaporator) Mairrec [K8/] 0.5

Condenser global dimensions Centrifugal compressor design parameters
Width X [mm] 461 Flow coefficient! ¢ [-] 0.1
Height y [mm] 332 Shape factor k[-] 0.9
Depth z [mm] 20 Isentropic loading coefficient A[-] 0.9
Diffuser pressure recovery factor Cpl—] 0.55
Impeller outlet absolute angle o [°] 71
Number of blades - 15

4.1 COP and refrigerant selection

The different working fluids are compared and ranked in terms of system coefficient of performance
(COP), see Fig. 2, which is defined as the ratio between the evaporator duty and the compression power:

Qeva oration
COp = ==7Ro=en 2
Wcompressor ( )
The system COP is strongly influenced by the operating pressure between the two compression stages,
hereinafter indicated as intermediate pressure of the system, which is reported on the abscissa of Fig. 2.
The highest performances are achieved by the refrigerants belonging to the HFOs group, namely:

' The flow coefficient is an independent variable only in the preliminary design of the second stage of the
compressor, while it is an output of the preliminary design for the first stage. This is due to the fact in the first
stage the rotational speed must be equal to that of the second one.
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R-1233zd(E), R-1336mzz(Z), R-1224yd(Z) and R-1234ze(Z). The increase of COP with respect to
R-134a ranges from 12% to 15%.

These refrigerants exhibit similar thermodynamic properties, as apparent by examining the shape of the
T-s diagram in Fig. 3. The slope of the saturation vapour curve of these fluids in the 7-s graph is slightly
positive. This characteristic can be described by the fluid molecular complexity o, defined as (Angelino
and Invernizzi, 1988):

TZ (3s
o==(=
R \0T/sat,1,=0.7

€)

The molecular complexity is directly related to the specific heat capacity ¢, of the substance, meaning
its ability to store heat: the higher the ¢, the higher the molecular complexity and the more positive the
slope of the saturated vapour line. From Fig. 3, it can be observed that the R-134a has a negative slope
of the curve, and it is also called wet fluid. R-1336mzz(Z) and R-1234ze(Z) are known as dry fluids
due to the positive slope, while R-1233zd(E) and R-1234ze(Z), having nearly a vertical saturation curve,
are usually denominated isentropic fluids (Matuszewska, 2020). This chart shows explicitly the
advantage of using isentropic and dry fluids in VCC systems, thanks to the lower thermodynamic losses
of superheating occurring in the compression process. Though higher molecular complexity generally
implies lower latent heat of vaporization, the optimal fluids exhibit lower throttling losses compared to
R-134a, which are directly related to the vapour quality at the evaporator inlet. The higher the vapour
quality, the higher the thermodynamic losses. However, it is important to remark that fluids with a very
high molecular complexity, such as Pentane, can lead to condensation in the compressor, since the
compression can end up in a two-phase state, which would damage the blades.

4.2 Centrifugal compressor design

The refrigerants demanding the lower compression power are the four HFOs discussed in the previous
section. This power is around 6 kW, with respect to the 6.5 kW required for the R-134a. A design
solution is considered feasible only if the axial thrust acting on the bearings is lower than 5 N. This
constraint imposes a limitation on the intermediate cycle pressure, as shown in Fig. 4, which reports the
trend of COP and axial thrust versus the cycle intermediate pressure for five exemplary refrigerants.
The value of intermediate pressure that allows the COP to be maximized is unexpectedly very close to
that whereby the net axial thrust becomes equal to zero. This means that the constraint associated with
the bearings does not limit the performance of the VCC system. The same conclusion can be drawn for
the other fluids considered in the study. The range of intermediate pressure defined by the red dotted
lines in Fig. 4 is such that the net axial thrust of the turbomachine remains lower than =5 N. The results
reported in the following correspond to this range of intermediate pressure.

‘f‘\ - R-134a ——R-134a (0 — —0.177) ' '
AN -—-#- Difluoroethane (R-152a) ——R-1233zd(E) (¢ 0.045)
21+ 0, ¢ N - Difluoromethane (R-32) 150 |[——R-12342¢(2) (0 = —0.028) ‘//_\
fi o\ +-R-1234yf h R-1224yd(Z)(e = 0.051)
2 / .- R-1336mzz(Z)(o = 0.114) '/
1.9+ / P
} \ © 100
& 18} =
o " By
.
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Figure 2: COP versus the system intermediate Figure 3: 7-s thermodynamic chart.

pressure.
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Figure 4: Value of the intermediate pressure setting at zero the net axial thrust of the centrifugal

compressor compared to the one maximizing the system COP.

The working fluid characteristics strongly influence the design of the centrifugal compressor. The first
stage of the compressor has a compression ratio always higher than that of the second stage. It is also
worth noting that the compression ratio of the stages increases considerably with the fluid molecular
complexity due to the lower vapour density at the evaporator characteristic of more complex molecules
(see Tab. 1). On the other hand, this has a beneficial effect on the volumetric flow rate, as shown in
Fig. 5. This represents an advantage for the design of the centrifugal compressors, as a higher volumetric
flow rate implies larger flow channels.
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Figure 5: Centrifugal compressor volumetric flow rate. a) Inlet volumetric flow rate for the 1* stage;
b) Inlet volumetric flow rate for the 2™ stage.

The dimensions of the first compression stage are always larger than those of the second stage. This
stems from the higher volumetric flow rate of the first stage and the fact that both stages were designed
assuming the same value of flow coefficient, shape factor, and rotational speed. Given the small size of
the compressor, it is essential to account in the preliminary design for the limitations that may arise
from the manufacturing process. In this regard, a minimum value of 1.3 mm for the outlet channel blade
height and a minimum impeller hub radius equal to 2.5 mm have been considered. These requirements
are particularly critical for the design of the second compression stage, as they are satisfied only for the
HFOs R-1233zd(E), R-1336mzz(Z), R-1224yd(Z) and R-1234ze(Z). However, this comes at the cost
of a reduction in the system COP except for the fluid R-1336mzz(Z). As a result of the larger flow
passages, the predicted isentropic efficiency of the compressor for these fluids is considerably higher
than that estimated for the other compounds. Notably, the fluid enabling the highest isentropic
efficiency is R-1336mzz(Z) (~72% in both the stages), but a similar performance is observed for the
other HFOs. The feasible design space of the compressor for the different working fluids may benefit
from an optimization of the compressor design parameters, see Tab. 3.
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Figure 6: Impeller inlet radius at the hub and outlet radius for the 1% stage (charts at the top) and the
2™ gtage (charts at the bottom) of the compressor.

4.3 Heat exchangers design

The heat duty of the condenser is strongly dependent on the COP of the system, reaching a minimum
value in correspondence of the intermediate pressure maximizing the system performance. The ram air
mass flow rate has the same trend as the condenser duty (Fig. 7). When the system operates with high
molecularly complex fluids, the ram air needed for the refrigerant cooling decreases and the minimum
values are obtained with the R-1336mzz(Z). Consequently, ram air pressure losses and the required fan
power have the same trend.
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Figure 7: Ram air in the condenser. a) Ram air mass flow rate; b) Ram air pressure drop.

Particular attention should be paid to the pressure drop within the HEX. Due to their low density, high
molecularly complex refrigerants are characterized by more significant hydraulic losses: the fluid with
the highest pressure drop in the condenser is R-1336mzz(Z), as the volumetric flow rate is the highest.

The pressure drop in the working fluid is even more critical in the evaporator, to the point that for the
fluids characterized by the highest volumetric flow rates, it has been necessary to increase the number
of tubes of the heat exchanger. Notably, the number of tubes was chosen to achieve an average velocity
in the evaporator lower than 6 m/s. As a consequence, the weight of the evaporator designed for the
molecularly complex refrigerants augments appreciably. Figure 8 shows the results of the estimation of
the evaporator dry weight, considering a HEX made of Aluminum, whose density is equal to
2760 kg/m’. In a system operating with high molecular complexity refrigerants, the global weight of
the HEX is almost doubled with respect to the case of HFCs and natural refrigerants, whose weight is
~2.30 kg. In particular, the most critical weight corresponds to 5.8 kg, obtained for a system operating
with R-1336mzz(Z), while using the other three HFOs, it reduces to 4.20 kg.

6™ International Seminar on ORC Power Systems, October 11 - 13, 2021, Munich, Germany



(=2}

Paper ID: 110, Page 9

w
T

"

HEX weight / kg
w

(3]

--@--R-134a
--@-- Difluoroethane (R-152a)
-@-- Difluoromethane (R-32)
¢—R-1234yf
——R-1233zd(E)
11 ¢ R-1234ze(E)
- —o—R-1234ze(Z)
1 R | |—e—R-12432
- R-1224yd(Z)
R-1336mzz(Z)

Ap refrigerant / kPa

o

ot

o
.
omooo

Isobutane (R-600a)
- Propane
Propylene

[

10 15 20 25 0 10 15 20 25
Pintermediate / bar Pintermediate / bar

a) b)

Figure 8: Analysis of the evaporator design. a) Dry weight of the HEX; b) Refrigerant pressure drop.

5 CONCLUSIONS

The main conclusions drawn from this study can be summarized as follows:

)

iii)

low GWP refrigerants with high molecular complexity represent a valid alternative to
R-134a, currently used in VCC systems aboard helicopters. Their high molecular
complexity combined with a higher critical temperature allows for lower vapour
superheating during the compression and lower vapour qualities at the evaporator inlet.
This leads to an increase of the system COP up to 15% if compared to that estimated of
R-134a;

the lower density of these HFOs represents an advantage for the design of the centrifugal
compressor, since it results in high volumetric flow rates and, hence, in larger flow passages
within the compressor as well as lower rotational speeds;

at the same time, the larger volumetric flow rates characteristic of these working fluids
demand larger HEXs. If the condenser size cannot be augmented due to restrictions on the
dimensions of the cooling air duct aboard the helicopter, it is necessary to increase the
cooling air mass flow rate and accept higher pressure drops.

6 NOMENCLATURE

A HEX total wetted area (m?) 14 mechanical power (W)
Gy pressure recovery factor ) Greek symbols

Cp specific heat capacity (J/(kgK))  Bis inlet relative angle at shroud (rad)
f friction factor (-) y heat capacity ratio )
Jj Colburn factor -) A loading coefficient )

k shape factor ) o molecular complexity ()
M molecular weight (g/mol) 0] flow coefficient )
M,,s relative Mach number at shroud (-) @’ modified mass flow function ()
M, tip Mach number -) p density (kg/m?)
p pressure (bar) Subscript

0 heat power (W) 1 inlet section

R universal gas constant J/kgK)) 2 outlet section

s specific entropy J/kgK)) ¢ critical point

T temperature (K) Acronyms

HEX global volume (m?) NBP Normal Boiling Point (K)
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