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Abstract

The idea of using air cabs urban mobility is increasingly becoming a reality. In this project,
research is conducted on an energy-efficient air conditioning system for an air cab to
efficiently combine range and comfort in the cabin. For this, both simulations using a
zonal model are conducted, and a thermal air cab demonstrator platform is developed.
Measurements in the air cab demonstrator are used to investigate passenger comfort under
various climatic conditions, including warm and moderate environments. In addition, the
study focuses on evaluating the energetic efficiency of various air conditioning systems
such as air cooling and close-to-body climatization. The data analysis compares user
comfort and energy efficiency across technologies based on established comfort standards.
This allows recommendations for energy-efficient air conditioning to be identified.

Keywords: urban air mobility; flying cab; passenger comfort; thermal demonstrator;
zonal simulation

1. Introduction

The vision of air transportation for passengers over urban areas is getting closer.
Unlike conventional aircraft, new technologies enable the vertical takeoff and landing
of electrically powered aircraft (eVTOLs). The technical feasibility can soon be achieved.
However, to make this vision a reality, challenges such as economic aspects and social
acceptance still need to be overcome [1,2]. Improving energy-efficiency and reducing
operating costs play a crucial role in lowering overall costs to make it more affordable
for the majority. The potential for optimization is highlighted in [3], which states that on
average, 20% of the energy in battery-operated vehicles is needed for air conditioning.
However, under unfavorable weather conditions, this share can rise to as much as 60%.
An energy-efficient climatization system is not only essential for reducing the total energy
consumption and emissions of these systems but also plays a significant role in the thermal
comfort of passengers. Dreslin et al. [4] emphasize how important it is to consider human
factors in the development of eVTOLs to facilitate the implementation of these aircraft as
a means of transport. In addition to improving safety and acceptance, this also includes
increasing passenger comfort.

When evaluating the thermal indoor climate of an eVTOL, experiences from the
automotive, aircraft, and building sectors can be referenced. In the building sector, the
DIN EN ISO 7730 standard [5] is used for a thermal assessment of the indoor climate. The
typical climate parameters for aircraft are largely defined by the ASHRAE 161 standard [6].
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Experience shows that the recommended amount of air is sufficient for passenger aircraft
to balance the internal loads from passengers and systems (e.g., in-flight entertainment),
solar gains, and heat conduction gains/losses. When applied to a flying taxi with four
passengers, a corresponding air supply rate of 0.0376 m?/s is recommended, based on
passenger aircraft design. This amount is significantly lower than what typical vehicle
climate control systems provide. In vehicle measurements, depending on the operating
point and driving speed, three times [7] to ten times [8] the air exchange is blown in for
cooling during the summer. Experiences with air conditioning concepts in smaller aircraft,
such as business jets, show that there is also the possibility to switch between low-level
and high-level air supply. This allows for the implementation of both displacement and
mixed ventilation concepts within the cabin [9].

This study conducts a measurement-based investigation of various climate control
systems for the passenger cabin of an eVTOL. The aim is to understand the interactions
between energy efficiency and passenger comfort. To this end, a test environment is
developed and set up in the form of a demonstrator. The results of this investigation are
intended not only to contribute to the optimization of climate control systems in air cabs
but also to provide valuable insights for the future development of sustainable urban air
mobility solutions.

2. Methods
2.1. Experimental Environment

First, a test environment was developed, and a passenger cabin demonstrator was
constructed. The cabin is a wooden skeleton structure with external dimensions of
33 m x 2.0 m x 1.6 m. The internal volume of the cabin is 2.85 m3. Figure 1a shows
the interior and exterior view of the constructed test vehicle. For construction and cost rea-
sons, wood was used instead of lightweight materials. Nevertheless, the thermal properties
were considered to achieve realistic heat transfer coefficients (0.77 W/m?K for the walls
and 0.45 W/m?K for the floor). The windows are made of thermal insulation glass with a
U-value of 1.3 W/m?K.

Winter case

Summer case

© Fraunhofer IBP © Fraunhofer IBP

(b)

Figure 1. Exterior view of the demonstrator in the climate chamber (a) and the schematic ventilation
concepts for the summer and winter case (b).

For good air circulation in the passenger cabin, simulations were conducted in advance,
and the highest-rated solution was integrated into the demonstrator [10]. An adaptable
ventilation system for hot and cold conditions was developed for this purpose. Four
ventilation grilles with adjustable slats are installed at the top and bottom, which can
function as supply or exhaust openings depending on heating or cooling requirements.
In summer, cold air will be blown in from above, as is the case in passenger aircraft. This
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allows the cold air to sink to the floor and displace the warm air down towards the exhaust
outlets. Conversely, in winter, warm air is introduced from below and is extracted from the
head area. This ensures comfortable temperatures in the foot area and counteracts strong
temperature stratification. The ventilation concept is shown in Figure 1b. A fan in both the
supply and exhaust air streams enables controlled ventilation with a defined volumetric
flow rate. For tempering the supply air, a heating register or a heat exchanger with a mobile
cooling unit is installed in the supply air duct, depending on the supply air temperature.

The local climate control through seat heating or seat ventilation is implemented in
two seats in the cabin. These seats can be controlled by a Beckhoff control system and can
thus specifically influence the comfort of the passengers. The ventilation of the seat occurs
in recirculation mode using a fan located behind the seat. The increased air speeds around
the body to create a cooling effect.

The measurements take place in a temperature-controlled climate chamber of Fraun-
hofer IBP. This testing environment allows for the measurement and evaluation of various
air conditioning systems under controlled conditions.

2.2. Experimental Design

In the experimental design, the objectives and the experimental parameters of the
trials are established. Additionally, the procedure for data collection and the evaluation of
the experimental data is defined. The goal of the measurement investigation is to ensure
passenger comfort under stationary and transient boundary conditions. Various factors
are considered, such as temperature, humidity, and air velocity within the passenger cabin.
For the conduct of the experiments, experimental parameters are established (see Table 1).

Table 1. List of test parameters for the measurements.

Parameters
Areas of Consideration -
Hot Climate Moderate Climate
Outdoor climate 40 °C, 900 W/m? 10 °C, 0 W/m?2
conditions (steady & cool down curve) (steady)
T Air cooling Air cooling
Climatization systems Seat cooling Seat heating/cooling

Supply air: volume flow, temperature

1 : o
Control systems Seat heating: seat temperature (inside)

Data collection is carried out through objective measurement data acquisition and
can be supplemented by subjective data collection in further investigations to obtain a
comprehensive picture of the climate control conditions in the cabin. Sensors are used
for continuous monitoring of relevant measurement parameters, capturing temperature,
humidity, velocity, heat flux on the surface of the seats. The temperature and humidity
sensors measure the air temperature and humidity in the passenger cabin as well as in the
supply and exhaust air. Additionally, the volumetric flow rate of the supply and exhaust
air is measured using flow probes in the ducts. The measurement system DressMAN [11],
developed by Fraunhofer, is used to assess user comfort within the interior. The following
measurement sensors are used:
e Inthe cabin: 9 air temperature sensors and 13 measuring points for surface tempera-
ture, 2 air humidity sensors, 6 air velocity sensors (Ahlborn FV A605-TA1; £1.5%);
e  Seat: 6 temperature sensors and 3 heat flux sensors (FluxTeq PHFS-01; +5%);
e  Supply and exhaust air: 4 temperature sensors, 2 humidity sensors, 1 velocity sensor
in each duct (Ahlborn FVAD 35 TH5; £0.01 m/s);
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e Ambient conditions: 1 temperature and 1 humidity sensor.

The sensor positions in the cabin are shown in Figure 2b in a schematic drawing and
the actual implementation in the demonstrator in Figure 2a. To simulate internal heat loads,
three dummies, each with 90 W, are placed on the seats to represent human heat emission.
A test person wearing the DressMAN sensors sits on the back left seat (see Figure 2a).
During the tests, the minimum required amount of fresh air according to ASHRAE 161 of
7.1 L/s per passenger is used. The supply air rate must be achieved through a mixture of at
least 3.5 L/s of fresh air and recirculated air. An overall air rate of 9.4 L/s per passenger is
recommended. Another focus is on assessing the energy efficiency of the employed climate
control systems. The aim is to compare the systems in terms of their efficiency as well as to

identify weaknesses.
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Figure 2. Interior view of the demonstrator with measurement profiles including temperature,
humidity and velocity sensors, and the DressMAN sensors on the person (a) and a schematic drawing
with sensor positions (b).

2.3. Data Evaluation

The test data are evaluated regarding energy efficiency and user comfort. For this
purpose, the energy consumptions of the various air conditioning systems are calculated,
and a total consumption is determined. This allows for a comparison of the different
systems to identify the most energy-efficient solutions. The user comfort of the individual
air conditioning systems is evaluated according to the standards of ASHRAE 161, DIN
EN ISO 7730, and DIN EN 14505-2 [12]. The comfort assessment to DIN EN ISO 7730 is
based on Fanger’s method and proposes the calculation of a PMV index (Mean Predicted
Value) and the corresponding PPD (Predicted Percentage of Dissatisfied). To account for
the influence of the seat heating, the additional heat flow over the contact area is included
in the calculation of the Mean Predicted Value (PMV).

PMV = 0.303 x e 0-036xM 4 0,028 x
@
ABody, tot

where M is the metabolic rate, W the external work and MW = M — W the internal heat
production in the human body in W/m?. The surface of the body and the contact area with
the seat are described by ABody,tot and Acontact. HL represents the heat flows from the body
(HL1: heat loss skin; HL2: heat loss sweating; HL3: latent respiration heat loss; HL4: dry
respiration heat loss; HL5: heat loss radiation; HL6: heat loss convection) and Heatfluxg,, is
the added heat flow through the seat in W/m?2. The PMV is used to assess whether the user
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perceives the thermal conditions as neutral, too warm (positive values) or too cold (negative
values). A PMV of 0 corresponds to neutral comfort. Values between —0.5 and +0.5 are
considered comfortable, equivalent to 10% dissatisfaction (PPD). DIN EN 14505-2 deals
with the assessment of thermal conditions in a vehicle. Here, a total equivalent temperature
is used for the evaluation. Equivalent temperature can be recorded in measurements using
the DressMAN system [11]. In ASHRAE 161 and DIN EN ISO 7730, comfort is assessed
based on defined comfort zones in terms of temperature and air flow (see Table 2).

Table 2. Parameters for comfort assessment based on ASHRAE 161, DIN EN ISO 7730 and DINEN
14505-2.

DIN EN 14505-2

Norm ASHRAE 161 DIN EN ISO 7730 (Appendix D)
o o 20-30 °C (summer)
Temperature range 18.3-26.7 °C 20-24 °C 18-27 °C (winter)
Temperature stratification <2.8 K (head—feet) <4 K (head—feet) Depending on the body
segment
. . <0.36 m/s Depending on air i
Air velocity <0.20 m/s for sensitive areas temperature
3. Results

The measurement data are evaluated for the respective climatic conditions for a hot
and moderate climate. The focus is on the seat located at the back left (see Figure 2a). The
seat is equipped with seat ventilation. In the summer cases, the seat is also exposed to solar
radiation through the window.

The displayed air temperatures are averages of the measured temperatures at the
profile next to the person (at heights of 10 cm, 60 cm, and 110 cm). The radiation temperature
is a weighted average of the surrounding surface temperatures. The air humidity is also
measured at the profile next to the person at a height of 110 cm. The curves for the heat
flows are derived from an averaging of the three heat flow sensors on the seat. The air
velocities are also measured at 10 cm, 60 cm, and 110 cm next to the person and then
averaged. The data is recorded at intervals of either 1 s or 10 s and averaged to obtain
minute values. Based on the measurement data, the PMV and PPD curves are calculated.

3.1. Hot Climate

The hot climatic conditions occurred at 40 °C and with 900 W/m? solar radiation
directed unilaterally at the windows on the side of the seating evaluation. Two experiments
were conducted. In the first experiment, the cabin was cooled with pure air cooling (T4).
In the second experiment, seat ventilation (80% setting) was added to the air temperature
control (T5). The diagrams in Figure 3 show the measured air and radiation temperatures,
air humidity, as well as the heat flow over the seat and the air velocities in comparison.

In Figure 3a, similar trends in radiation and air temperature as well as relative humidity
can be seen. On the other hand, in Figure 3b are clear differences, particularly in the heat
flow between the person and the seat. Seat ventilation allows more heat to be dissipated
via the seat. Air velocities tend to be slightly higher than in test T4 without seat ventilation.
These measured curves also serve as input values for the PMV calculation according to (1).
The PMV calculation curve is depicted in Figure 4a. Summer clothing was considered in
the calculation (clothing insulation = 0.5 clo).
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Figure 3. Measuring curves showing (a) temperature and humidity and (b) air velocities and heat
fluxes to the seat for the summer cases (T4 without and T5 with seat ventilation).
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Figure 4. PMV and PPD curves for (a) summer cases (T4 without and T5 with seat ventilation) and
for (b) moderate cases (T6 without and T7 with seat ventilation).

The comfortable range (—0.5 < PMV < 0.5) is reached without seat ventilation after
61 min. If local air conditioning through seat ventilation is added for air cooling, the time
is reduced to 45 min, which corresponds to a reduction of 26%. Furthermore, in steady
state (90-135 min), the PMV index can be lowered by approximately 0.5. This allows the air
temperature to be increased by 1.5 °C, thus saving energy for air cooling.

To make statements about energy efficiency, the power that is necessary to cool an air
flow rate of 37.6 L/s (4 passengers) by 1 °C is calculated. A power of 45.3 W is required for
this. Since seat ventilation can increase the temperature by 1.5 °C, a saving of 68.0 W can
be achieved through air cooling. In comparison, the recirculation fan for seat ventilation
(recirculation fan 80%) requires a power of 1.5 W. Thus, a total energy saving of 66.5 W can
be achieved through air cooling with the support of seat ventilation.

3.2. Moderate Climate

The moderate climate exclusively covers the stationary case at ambient temperatures
of 10 °C. Despite the low outside temperature and the resulting heat losses through the
cabin envelope, the internal heat loads from the occupants in the cabin prevail, requiring
the supply air temperature to be lower than the cabin temperature. One test was conducted
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with a supply air temperature of 18.0 °C and without seat ventilation (T6), followed by
another experiment with a higher supply air temperature of 19.5 °C and seat ventilation
(recirculation fan 70%) (T7). The graphs presented in Figure 5 display the recorded air and
radiation temperatures, air humidity, heat transfer across the seat and the air velocities
of both cases. The graphs show differences in air and radiation temperatures within the
cabin, which can be attributed to the varying supply air temperatures. The effects of seat
ventilation on the heat flow over the seat are also clear. Relative humidity and air velocity
exhibit similar values and trends. Additionally, the PMV and PPD indices are calculated
from these parameters. Under these climatic conditions, a standard clothing assumption
with a clothing insulation value of 1.0 clo is made for the PMV index calculation. The
curves of the comfort assessment parameters are illustrated in Figure 4b.
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Figure 5. Measuring curves showing (a) temperature and humidity and (b) air velocities and heat
fluxes for the moderate cases (T6 without and T7 with seat ventilation).

In the PMV analysis, it is evident that the indoor climate in the cabin can be classified
as comfortable during the test period. In both cases, the PMV and thus the proportion of
dissatisfied individuals (PPD) are approximately the same. The 1.5 °C higher air temper-
ature is compensated by the seat ventilation, so the PMV index does not change. When
looking at the power consumption, the same values arise as in the summer cases (see
Section 3.1 Hot climate). The temperature increase of 1.5 °C corresponds to the results
under hot conditions. Through seat ventilation, the cabin temperature can be increased
allowing for the outside supply air to generate an additional heat sink for other systems
requiring cooling and subsequently this could lead to an overall energetic improvement.

4. Discussion and Conclusions

In this study, tests were conducted to evaluate the efficiency and comfort of a venti-
lation concept for the passenger cabins of eVTOLs. The construction of a demonstrator
for the passenger cabin allowed for the testing of various cooling scenarios. Additionally,
further measurements are planned to assess the effectiveness of the ventilation system with
air heating, seat heating, and infrared heating under cold ambient conditions. This will
enable a comprehensive evaluation of the adaptable ventilation system for eVTOLs. The
use of localized climate control technologies under hot and moderate climate conditions
demonstrated advantages in several key areas. One benefit is the reduction in the time
to comfort through seat ventilation by 16 min in hot climate conditions. This is relevant
for both passenger satisfaction and efficient operation during ground and flight times. It
should be noted that the measurements were conducted with the minimum fresh air rate
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according to ASHRAE 161. By increasing the supply air flow rate, the cooling time of 45 or
61 min can be further reduced. Furthermore, thermal comfort can be improved by a PMV
index reduction of 0.5 due to seat ventilation. This allows for the compensation for higher
air temperatures (1.5 °C). Consequently, not only can comfort be increased, but energy
consumption can also be reduced by 67 W. Overall, the results provide valuable insights
into passenger cabin ventilation and support the development of more comfortable and
efficient aircraft.
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