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1 Introduction

The vapor compression cycle (VCC) is the principle of Vapor Compression Refrigeration
Systems (VCRS) known in aviation as the Vapor Cycle Machines (VCM). Conventional air
conditioning systems, heat pumps, and refrigeration systems that are able to cool (or heat, for
heat pumps) and dehumidify air in a defined volume (e.g., a living space, an interior of a
vehicle, a freezer, etc.) work on this principle.

The vapor compression cycle is made possible because the refrigerant is a fluid that exhibits
specific properties when it is placed under varying pressures and temperatures. A typical
vapor compression cycle system is a closed loop system and includes a compressor, a
condenser, an expansion device and an evaporator. The various components are connected via
a conduit (usually copper tubing). A refrigerant continuously circulates through the four
components via the conduit and will change state, as defined by its properties such as
temperature and pressure, while flowing through each of the four components.

The main operations of a vapor compression cycle are compression of the refrigerant by the
compressor, heat rejection by the refrigerant in the condenser, throttling of the refrigerant in
the expansion device, and heat absorption by the refrigerant in the evaporator. Refrigerant in
the majority of heat exchangers is a two-phase vapor-liquid mixture at the required
condensing and evaporating temperatures and pressures. Some common types of refrigerant
include R22, R134a, and R410a. In following R134a is considered as refrigerant.

In the vapor compression cycle, the refrigerant nominally enters the compressor as a slightly
superheated vapor (its temperature is greater than the saturated temperature at the local
pressure) and is compressed to a higher pressure. The compressor includes a motor (usually
an electric motor) and provides the energy to create a pressure difference between the suction
line and the discharge line and to force the refrigerant to flow from the lower to the higher
pressure. The pressure and temperature of the refrigerant increases during the compression
step. The pressure of the refrigerant as it enters the compressor is referred to as the suction
pressure and the pressure of the refrigerant as it leaves the compressor is referred to as the
head or discharge pressure. The refrigerant leaves the compressor as highly superheated vapor
and enters the condenser. A “typical” air-cooled condenser comprises single or parallel
conduits formed into a serpentine-like shape so that a plurality of rows of conduit is formed
parallel to each other. Although the present document makes reference to air-cooled
condensers, the invention also applies to other types of condensers (for example, water-
cooled).

Metal fins or other aids are usually attached to the outer surface of the serpentine-shaped
conduit in order to increase the transfer of heat between the refrigerant passing through the
condenser and the ambient air. A fan mounted proximate the condenser for pumping outdoor
ambient air through the rows of conduit also increase the transfer of heat.



As refrigerant enters a condenser, the superheated vapor first becomes saturated vapor in the
first section of the condenser, and the saturated vapor undergoes a phase change in the
remainder of the condenser at approximately constant pressure. Heat is rejected from the
refrigerant as it passes through the condenser and the refrigerant nominally exits the
condenser as slightly sub-cooled liquid (its temperature is lower than the saturated
temperature at the local pressure).

The expansion (or metering) device reduces the pressure of the liquid refrigerant thereby
turning it into a saturated liquid-vapor mixture at a lower temperature, before the refrigerant
enters the evaporator. This expansion is also referred as the throttling process. The expansion
device is typically a capillary tube or fixed orifice in small capacity or low-cost air
conditioning systems, and a thermal expansion valve (TXV or TEV) or electronic expansion
valve (EXV) in larger units. The TXV has a temperature-sensing bulb on the suction line. It
uses that temperature information along with the pressure of the refrigerant in the evaporator
to modulate (open and close) the valve to try to maintain proper compressor inlet conditions.
The temperature of the refrigerant drops below the temperature of the indoor ambient air as
the refrigerant passes through the expansion device. The refrigerant enters the evaporator as a
low quality saturated mixture (“Quality” is defined as the mass fraction of vapor x in the
liquid-vapor mixture).

A direct expansion evaporator physically resembles the serpentine-shaped conduit of the
condenser. ldeally, the refrigerant completely boils by absorbing energy from the defined
volume to be cooled (e.g., the interior of a refrigerator). In order to absorb heat from this
volume of air, the temperature of the refrigerant must be lower than that of the volume to be
cooled. Nominally, the refrigerant leaves the evaporator as slightly superheated gas at the
suction pressure of the compressor and reenters the compressor thereby completing the vapor
compression cycle (It should be noted that the condenser and the evaporator are types of heat
exchangers).

An air compressor driven by an electric motor is usually positioned in front of the evaporator;
a separate fan/motor combination is also usually positioned next to the condenser. Inside the
evaporator the heat transfer is from the compressed ambient air to the refrigerant flowing
through the evaporator. For the condenser, the heat transfer is from the refrigerant flowing
through the condenser to the ambient air.



2 Inner Structure of a Vapor Compression Cycle
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Figure 2.1: Characteristic maps of vapor compression cycle model

The algorithm of vapor compression cycle (VCC) is based on the characteristic maps shown
in Figure 2.1. Using characteristic maps have the advantage, that the VCC model can be used
easily for other refrigerants. The condenser R134a flow is cooled by a cold airflow
( Mo air » Teola.airimee )+ INSide the Evaporator a hot airflow (m o i + Tyt air iner ) 1S COOled down

to a target temperature Thot,target-

1. Evaporator (see Figure 2.1):
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2. Compressor (see Figure 2.1):

Isentropic Compression:
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3. Condenser (see Figure 2.1):

Subcooling:
Tcond,outlet = Tcomp,outlet +hcond (Tcold,air,inlet_Tcomp,outIet)
DTcond = Tcold,air,inlet _Tcond,outlet

Outlet Parameter:

Tcold,air,cond = Tcond,sat ( pcomp) - ETcond
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Derivation Enthalpy:
ﬂ = Dhh = hcond,outlet - hevap,inlet
h hevap,inlet
Derivation Cold Air Mass Flow:

_ Mg134a (h”(pcomp) - hevap,inlet)

mcold,air,target - T

p,air (Tcold,air,cond - cold,air,inlet)
Dm = omm = mcold,air,target - mcold,air
m mcold,air

The specific outlet enthalpy hcongoutet 1S Calculated without knowledge of the calculated
specific inlet enthalpy hevapinier. In general both enthalpies aren’t equal. Therefore the
derivation Ohh can be used to adjust the cold airflow.

The discussed algorithm is a non-closed cycle and can be used as dynamic vapor cycle model
with help of a set of different controllers (see section 4.4.3).
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3  Validation of the Vapor Compression Cycle

The VCC algorithm discussed above can be validated with help of an example given in

[Baehr 2006] (see Table 3.1).

Table 3.1: Validation Example [Baehr 2006]
P t h

kPa g kJ/kg
I 115 — 20,00 387,15
2! 750 40,99 426,68
2 750 52,06 437,82
3 750 24,00 233,13
! 115 — 23.37 233.13

Cooling Capacity, Evaporator:
35000 W

Cooling Capacity R134a Flow,
Condenser: 46510 W

Mass Flow R134a:
0.227 kg/s

Power Consumption Compressor:
11514 W

Mass Fraction of Vapor x:
0.3

The example shown in Table 13 is related with water cooling of the R134a Flow inside the
evaporator and an ambient temperature Tampient = Tcold.air.inlet OF 18 °C. Ensuring a sufficient

cooling in the case of air cooling an airflow of m

flow of the hot air is fixed to m, ... = 0.5 kg/s

Table 3.2: Set of efficiencies

cold ,air

Efficiencies:

Heat Transfer Efficiency Evaporator /fyap:
Isentropic Efficiency Compressor fiomp:

Heat Transfer Efficiency Condenser /ong:

0.90
0.78

0.80

= 8 kg/s has to be assumed. The mass

The algorithm can be validated using the set of efficiencies shown in Table 3.2. The results of

the simulation are shown in Figure 3.1.
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4  Control Aspects of the Vapor Compression
Machine

The general control structure of an aircraft ECS is shown in Figure 4.1.
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Firgure 4.1: Control configuration of an environmental control system

Vapor Cycle Machine (VCM) Compressor Controller: This controller controls the
). The

controller is characterized by a response time &cm,comp. The compressor controller is a part of
the inner structure of the VCM model.

compressor pressure peomp €nsuring a closed refrigerant 100p (Qpy = Quvap + Peomp

Using the VCM model as an aircraft air-conditioning pack additionally three other controllers
have to be defined.

Ram Air Fan Rotational Speed Controller: This controller controls the rotational speed of
the ram air fan. In general as higher the rotational speed as higher the ram air mass flow. The
ram air mass flow and the ram air inlet temperature define the cooling capacity of the R134a
flow inside the condenser. As actuating variable the value Ohh is used. The controller is
characterized by a response time &,¢an.

Flow Controller: This controller controls the volume flow of the hot bleed air to a target
value V

target *
higher the rotational speed the higher the ram air mass flow. The ram air mass flow and the
ram air inlet temperature define the cooling capacity of the R134a flow inside the condenser.
As actuating variable the value Ohh is used. The controller is characterized by a response time

10

The control variable is the opening angle bGecy of flow control valve (FCV). The



t-cv. Knowing the volume flow V.., the mass flow m.., through the flow control valve can

arget

be calculated using Equation 8.

pcabin
My =V _— 1
FCV target 287057 To ( )

Air Compressor Rotational Speed Controller:  This controller controls the rotational
speed of the air compressor assuring a outlet pressure Pair,comp,outlet ¥ Peabin + 27500 Pa and a
outlet temperature Taircomp,outer ¥ 50 °C =323.15 K. The controller is characterized by a
response time Zjr,comp.

11



5  Dynamic Simulation of a VCM
Air-Conditioning System

With help of the discussed algorithm and control aspects a VCM air-conditioning system can
be build up (see Figure 5.1). Additionally to the VCM model a VCM air-conditioning system

requires a ram air channel and an air compressor.
Ram Air Channel

Peoms Condenser

A>H
- Compressor

pcomp = pewm

—
Flow

Fan
Control
Valve Pevep

Parsrts Tesort (/O Pessn + 27500 P&, Ty + AT > 50 °C ’
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Evaporator
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Figure 5.1: Arrangement for the vapor compression system inside air-conditioning system

The dynamic behavior of the VCM air-conditioning system is characterized by a set of
efficiencies (see Table 5.1) and a characteristic map of the air compressor (see Figure 5.2).

Table 5.1: Set of efficiencies
Efficiencies:
Heat Transfer Efficiency Evaporator /eyap: 0.80
Isentropic Efficiency Compressor /iomp: 0.80
0.80

Heat Transfer Efficiency Condenser /ong:

of the flow controller is fixed to 0.31 m3/s. The target temperature of

The target value V.
the bleed air is given as input variable of the simulation (see Figure 5.3). The response times

12



of the different controllers are¢fvemcomp= fnifan = 20 S andfrcy = faircomp =5 S. Three different
test cases (1: ISA Cold Day, 2: ISA Standard Day$S3 Hot Day) are discusse¢

Figure 5.2: Characteristic maps of the air compressor

Figure 5.3: The target temperature of the bleed air
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