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1 Basic principles of thermodynamics
1.1. The origins of refrigeration
It is in the nature of things that human beings have been preoccupied with the subject of cooling
since prehistoric times, and we know of many different possibilities of cooling. Liquids (such as wine)
were cooled in clay jars wrapped with wet clothes or in canteens (heat extraction via evaporation of
water). The Romans for instance used ice to keep food cool and fresh. They brought ice blocks down
from the glaciers into town and kept them in subterranean storage rooms that were insulated with
straw. In the 19th century, the commercial use of natural ice (e.g., from frozen lakes) started. In the
hot seasons, it was sold to wealthy customers by the ice man. Breweries too used ice for their
different cooling processes during production, storage and delivery of the beer.

The initial considerations on the topic of refrigeration known to us originate from the year 1834.
Jacob Perkins, an American inventor and mechanical engineer who moved to England in 1818,
patented a vapor compression machine operating with a closed cycle and ethyl ether. (Patent
specification no. 6662 “Apparatus and means for producing ice and in cooling fluids”, authorized and
sealed 14th August 1835).

Fig. 1-1 Jacob Perkins and the vapor compression machine from his patent specification
(Sources: Wikipedia, by Thomas Edwards (printed by Pendleton’s Lithography and Google Digital books)

Some 40 years later in 1876, Carl Linde, a German engineer and inventor, was the first to use
ammonia as a refrigerant in a vapor compression machine with a piston compressor.

First, this machine was mainly used in breweries. It allowed fermentation at constant temperatures
without the use of natural ice.

Fig. 1-2 Carl von Linde and one of his first refrigerating machines (Source: Linde Group)
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The first domestic refrigerators appeared in 1910, and in 1930 the refrigerants R11, R12, R13, R22,
R113 and R114 were developed (see Chapter 2, “Refrigerants”. The demand for refrigeration
originated in the food supply industry. Large-scale systems for breweries, slaughterhouses, cold
storage houses and ice factories as well as refrigeration ships were built for this industry.

Demand increased greatly after the First World War, and a distinction came to be made between the
following three fields:

�x Industrial refrigeration
�x Commercial refrigeration
�x Domestic refrigeration

1.1.1. Situation today

In the food industry, the use of refrigeration is the best and healthiest method of keeping foodstuff
fresh for long periods and across different climatic zones, thus safeguarding supply.

The use of refrigeration in mechanical engineering allows for faster and cheaper production.

In air conditioning, not only heating energy is required in winter, but also refrigeration energy is
required for cooling and dehumidification of the air during the summer period.
In earlier times, piped water or well water was frequently used for this purpose. However, this usage
is not recommendable from an economical or an energy efficiency point of view. Nowadays, surface
water (e.g., lake water) is still used for cooling purposes in buildings, assumed its use is reasonable
and permitted. Due to the temperature of the water and the therefore given possibilities of cooling, it
is mainly used together with static cooling surfaces and thermo-active building systems (TABS).

The use of refrigeration is a major factor with regard to our well-being at the workplace and in
occupied spaces.

In refrigeration today, mainly the compression refrigeration machine is used to produce the
necessary capacity.

Legal conditions demand the continuous decrease of CO2 emissions in the building sector. These
conditions call for energy efficient concepts in the HVAC field.

The planning, realization and optimal control of such concepts require basic knowledge in all parts of
the refrigeration technology (technology, physics and chemistry).
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1.2. The thermoelectric process
1.2.1. Structure of matter

From the field of thermo-hydrodynamics we are familiar with solid, liquid and gaseous substances.
The reason can be found in the structure and properties of the molecules.

In metals, for example, the molecular structure is highly coherent (large cohesive forces); the
molecules form a solid lattice (Fig. 1-3, left).

In liquids, these forces are not as great, so the substance is not solid (Fig. 1-3, middle).

In contrast, gaseous substances have only very loose cohesion, which is why they are highly volatile
(Fig. 1-3, right).

solid liquid gaseous

Fig. 1-3 Lattice structure of molecules (Source: Ball, Hill & Scott, Introduction to chemistry)

solid: The molecules are firmly connected.

liquid:  The molecules are loosely connected.

gaseous:  The molecules have lost their cohesion and can move freely.

1.2.2. Temperature-enthalpy diagram

The change of state can be easily illustrated using the temperature-enthalpy diagram. The starting
point of the example shown in Fig. 1-4 is one kilogram of water at atmospheric pressure (1013 mbar)
and 0 °C:

115

100

-335 2257419

28.3

0 419 2676 2704.3
h [kJ / kg]

°C

0
10 A

B C
D

B0815

Fig. 1-4 Temperature-enthalpy diagram (t, h diagram) for water
A �Æ B  Heating of liquid (sensible heat)
B �Æ C  Evaporation, transition from liquid �Æ gas (latent heat)
C �Æ D  Superheating of gas (sensible heat)
C �Æ B Condensation, transition from gas �Æ liquid (latent heat)

The transition from one state of matter to another occurs either through accumulation or dissipation
of heat or through a change of pressure.

(h') (h'')
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Enthalpy h

Matter contains a certain amount of heat. The heat content of a particular mass of matter (1 kg) is
called enthalpy h. Thus, the unit of the enthalpy h is kJ/kg (see Fig. 1-4).

Notation:

h' enthalpy (heat content) of the liquid [kJ/kg] (see Fig. 1-4, B)

h'' enthalpy (heat content) of the vapor [kJ/kg] (see Fig. 1-4, C)

r enthalpy required for evaporation (h'' - h') [kJ/kg] (see Fig. 1-4, B �Æ C)

Usually only the changes of enthalpy - the enthalpy differences - are important. Thus, the starting
point of the enthalpy scale can be defined at will. In Fig. 1-4, but also in any commonly used vapor
tables for water, it is identical with the freezing point of water, 0 °C. This means, for example, that the
fusion heat described in 1.2.4 “Melting process” is not included in the stated enthalpy values.

Sensible heat:

Sensible heat is a change in energy content that results in a temperature change.
This change of temperature can be measured as well as felt. For this reason, this kind of energy is
called sensible heat (Oxford concise dictionary: sensible = perceptible by the senses).

Latent heat:

Latent heat must be absorbed or dissipated in order to bring about a change of state. It does not
show itself in a temperature change. Thus, this energy is called latent heat.
(Oxford concise dictionary: latent = concealed, dormant or existing but not developed or manifested).

Instead, the energy is required to change the molecular structure of the substance. Latent heat
depends greatly on temperature and pressure.

Heating A �Æ B

Line A �Æ B portrays the sensible heat that is required to heat the water from 0 °C to 100 °C.
The sensible heat is shown on the x-axis for B-A (B minus A).

At point B, an enthalpy of 419 kJ/kg can be read off on the x-axis. This is the accumulated energy to
heat the water to the boiling point. Therefore, the heat supplied in order to raise the water
temperature to the boiling point is still present as the enthalpy of the water at 100 °C.

Evaporation B �Æ C

Line B �Æ C portrays the evaporation process. Latent heat is continuously supplied along this line
until the kilogram of water has been completely transformed into steam at point C. The enthalpy of
this dry, saturated steam is now 419 kJ/kg + 2257 kJ/kg = 2676 kJ/kg, i.e., the sum of the sensible
and latent heat.

Overheating C �Æ D

If the steam is superheated to 115 °C (point D), the enthalpy at point D in our example is
2676 kJ/kg + 28.3 kJ/kg = 2704.3 kJ/kg.

In the refrigeration process, however, only the change of state of the refrigerant from liquid to vapor
and from vapor to liquid is of interest.
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Every boiling point corresponds to a specific pressure (Fig. 1-5). High boiling points require high
pressures, low boiling points low pressures.

Fig. 1-5 Boiling points of water

1.2.3. Heat flow

Heat is a form of energy that, on its own, can only pass from a higher temperature substance to a
lower temperature substance (Fig. 1-6).

That means:

�x Heat only flows in one direction on its own (from higher to lower temperature).
�x A heat flow requires a temperature differential.

Fig. 1-6 Heat flow (Source: MS Clipart)

Example:

Hot coffee turns cold on its own, but not warm again (on its own).

1.2.4. Melting process (heat of fusion)

It is a known fact that solid bodies to which heat is supplied can assume the liquid state. The heat
that causes a solid body to melt is referred to as the latent heat of fusion.

B0812

1 kg

0 °C

335 kJ

0 °C

Example:

In order to melt 1 kg of ice at 0 °C, i.e., to liquefy
it to water at 0 °C, a quantity of heat of 335 kJ
(Fig. 1-7 and Fig. 1-4, on the left from A) is
required. Note that the temperature does not
change due to the supplied heat. The melting
process takes place at constant temperature
(latent heat).

Fig. 1-7 Latent heat of fusion of ice

100

10

1

0,1

0,01

0,001

-100 100 200 300 400 °C

Log p  (bar abs.) B0816

0
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1.2.5. Evaporation process

If heat is supplied to the water at 0 °C, the water's temperature rises continuously until it eventually
reaches its boiling point (sensible heat).

The quantity of heat required to raise the temperature by 1 K is 4.19 kJ. Therefore, a quantity of
sensible heat of 419 kJ must be supplied in order to raise the temperature of the water to 100 °C.
Assuming standard pressure (atmospheric pressure at sea level, i.e., an absolute pressure of
1013 mbar), this temperature is the boiling point of the water. It is the point at which the water begins
to evaporate (see Fig. 1-8 and Fig. 1-4, B (h')).

2676 kJ

419 kJ

2257 kJ

100 °C 1 kg

B0813

100 °C

Fig. 1-8 Evaporation process and enthalpy of water

The vapor that is produced has a temperature of 100 °C and is referred to in technical terms as dry,
saturated steam. The conversion of water to steam is again a change of state, which is caused by
the uninterrupted supply of heat.

In order to completely evaporate the kilogram of water at 100 °C, i.e., to convert it into one kilogram
of steam at 100 °C, the latent heat quantity of 2257 kJ must be supplied. This latent heat quantity is
the latent heat of evaporation r.

If the 419 kJ required to heat the water from 0 to 100 °C is added to the latent heat of evaporation of
2257kJ, the resultant 2676 kJ is the heat content or enthalpy of 1 kg of steam with respect to 1 kg of
water at 0 °C (see Fig. 1-4, C (h'')).
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1.2.6. Superheating

If the dry, saturated steam at 100 °C now passes through an open coiled pipe, for example, through
which additional heat is supplied to it, the steam is superheated (Fig. 1-9). The superheat is again
sensible heat, i.e., the temperature of the steam rises.

2676 kJ

1 kg

100 °C

100 °C

+ 28.3 kJ

2704.3 kJ

B0814 Example:

In order to raise the temperature of the
kilogram of steam produced by the
evaporation process from 100 °C to
115 °C (Fig. 1-4, C �Æ D) a quantity of
sensible heat �-  of 28.3 kJ is required.
This is the result of the following formula:

�-  =  qm�Â cp �Â (�� - ��s)

�-  = 1 kg �Â 1.88
kJ

kg �ÂK
�Â (115 °C - 100 °C)

= 28.3 kJ

Fig. 1-9 Superheated steam and enthalpy of water
�-  Sensible heat [kJ]
cp Average specific heat [kJ/kg K]
 of the superheated steam
qm Mass [kg]
�T Temperature of the superheated steam  [°C]
�Ts Boiling temperature of the steam [°C]

1.2.7. Condensation process (liquefaction)

The change of state from liquid to gas is a reversible process, i.e., the vapor can also be converted
back into a liquid. This process which is referred to as condensation takes place if the same amount
of heat is extracted from the vapor as was supplied to it during the evaporation process.

Fig. 1-10 illustrates the condensation process.

Vapor of 100 °C (1) is cooled by the cold cooling water (2) and therefore condensates (4). During this
process, heat is dissipated to the surroundings and the cooling water. Consequently the cooling
water becomes warmer (3).

1

2

3

2257 kJ

4

B0818

Fig. 1-10 condensation process (liquefaction)

The change of state from liquid �Æ vapor and from vapor �Æ liquid is of the utmost importance for the
mechanical refrigeration or heat pump cycle for the following reason:

The change of state requires the transfer of a relatively large quantity of heat per kilogram of
substance (refrigerant). As will be shown, it is precisely this heat transfer in the refrigerant cycle
(Fig. 1-4, B �Æ C or respectively C �Æ B) that produces the desired effect (cooling in refrigeration
machines, heating in heat pumps).
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1.2.8. Pressure-enthalpy diagram

In refrigeration/heat pump engineering, the pressure-enthalpy diagram (Fig. 1-11) is used in
preference to the temperature-enthalpy diagram shown in Fig. 1-4. The pressure-enthalpy diagram
does not show enthalpy as a function of temperature at standard pressure; instead it can be read off
for various pressures and the corresponding temperatures. Above all, however, the diagram makes it
especially easy to present and calculate so-called cyclic processes, as shown in chapter.

Fig. 1-11 Pressure-enthalpy diagram for water
h' �Æ h'' latent heat of evaporation r (2257 kJ/kg)  K critical point

K Critical point

At the critical point (K) there is no difference between the liquid and gaseous state anymore.
The critical pressure of vaporized water is 221.2 bar and the critical temperature is 374.1 °C.

Saturated liquid line (boiling curve)

The saturated liquid line (boiling curve, saturated liquid curve) leads from the origin (0 °C) to the
critical point (K). This is the curve of the saturated liquid at different pressures.

Saturated steam line

The saturated steam line is the continuation of the saturated liquid line (boiling curve) after the critical
point (K). The arched saturated steam line leads from the critical point down to the x-axis. It shows
the state of the saturated vapor at different pressures.

h' Enthalpy at the boiling point (at a certain pressure)

h' is the enthalpy at the boiling point, i.e., the enthalpy of the saturated liquid.

h'' Enthalpy at the point of saturated vapor  (at a certain pressure)

h'' is the Enthalpy at the point of saturated vapor, i.e., the enthalpy of the saturated vapor.

r Latent heat of evaporation (h' �Æ h'')

The difference between the enthalpy at the point of saturated vapor h'' and the enthalpy at the point
of saturated liquid h' (at the same pressure) equates to the evaporation heat r. It can be marked with
a horizontal line between h' und h''.

The diagram shows that the evaporation heat decreases with increasing pressure and increasing
temperature. At the critical point (K) there is no evaporation heat left.

saturated
steam line

saturated
liquid line

subcooling zone
(liquid)

superheating zone
(gas, vapor)

wet steam zone
(liquid and vapor)
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1.2.9. Refrigerants

The working medium circulating in a refrigeration machine or heat pump is referred to as the
refrigerant. The basic principles of the refrigeration process have so far only been explained on the
example of water, and water genuinely possesses many of the properties required of a refrigerant.
Water is cheap, plentiful, nontoxic and non-flammable and has a relatively large latent heat of
evaporation/liquefaction. It is, therefore, not surprising that water is used as the refrigerant in the
steam jet and absorption type refrigeration machines or heat pumps described in the following.

Water is not suitable as a refrigerant in the compression cycle, because the pressures and
temperatures at which changes of state occur are unfavorable. Instead, in this process refrigerants
are used that are more volatile than water, i.e., substances that evaporate at relatively low
temperatures and correspondingly high pressures.

CFCs in particular are depleting the ozone layer because their high chemical stability allows them to
remain in the atmosphere for a long time, so theoretically, the entire quantity that is released diffuses
to the stratosphere and decays there. The chlorine released in the process destroys the ozone layer
that protects against harmful UV radiation. Therefore, only chlorine-free refrigerants are permitted
today.

Additional information: see Chapter 2, “Refrigerants”.

.
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1.3. The thermodynamic process in refrigeration
technology

1.3.1. Refrigerants

Gases

Substances with low boiling points (refrigerants in the refrigeration field) are referred to as gases,
because they evaporate immediately at normal temperatures and pressures (our ambient
conditions).

This already points towards a critical situation with regard to the transport, storage and use of
refrigerants. In the refrigeration cycle, the refrigerant takes on the states liquid and gaseous and the
transfers of latent heat and sensible heat.

Thermodynamic cycle

In a thermodynamic cycle, heat is extracted from the medium to be cooled via evaporation of a
refrigerant. This process occurs either directly via the refrigeration machine or indirectly via an
intermediate cold-water circulation.

1.3.2. Refrigeration machine

Refrigeration capacity

A cooling system is a machine that extracts heat from a substance or a room. The refrigeration
capacity is the ability to dissipate a given quantity of heat in a given period of time.

�- o = qm �Âc �Â �¨T

with:
�- o refrigeration capacity [kJ/h or kW] c specific heat [kJ/kg K]
qm mass flow [kg/s] �'�7  temperature differential [K]

Specific heat c

The specific heat c is the energy (in kJ) required to heat 1 kg of a given substance by 1 K. The
specific heat depends on the aggregation state.

The following table shows some c-values and the evaporation heat r at standard pressure
(1013 mbar) for substances typically used in refrigeration:

Water H2O R134a Ammonia NH 3 CO2

c liquid (20 °C)  4.182 kJ/(kg K)  1.404 kJ/(kg K)   4.74 kJ/(kg K)

cgas (0 °C)  1.40 kJ/(kg K)  0.9 kJ/(kg K)  2.18 kJ/(kg K)  0.83 kJ/(kg K)

r (h' �Æ h'')  2256 kJ/kg  216 kJ/kg 1369 kJ/kg  573 kJ/kg

Table 1-1 c and r values of selected refrigerants

Different substances have different temperature behaviors, i.e., the temperature values of the melting
and boiling points differ. Melting and boiling points depend on pressure.

Example:

Water at 1.013 bar:  melting point = 0 °C boiling point = 100 °C

This dependency can be seen on the pressure-enthalpy diagram. Transferring the values from the
vapor table for water provides a graphical presentation of the relationships.

The refrigerants used in refrigeration can achieve boiling points as low as -120 °C.

In the air conditioning field, boiling points of around + 2 °C to -20 °C are used.
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1.4. Vapor table of water
Vapor table of water

pressure temperature specific volume density enthalpy latent heat of
evaporation

liquid vapor vapor liquid vapor

p p �T v' v'' �U'' h' h'' r

kPa bar °C dm3/kg m3/kg kg/m3 kJ/kg kJ/kg kJ/kg

1 0.01 6.981 1.0001 129.20 0.00774 29.34 2514.4 2485.1

2 0.02 17.513 1.0012 67.01 0.01492 73.46 2533.6 2460.1

3 0.03 24.100 1.0027 45.67 0.02190 101.00 2545.6 2444.6

4 0.04 28.983 1.0040 34.80 0.02873 121.41 2554.5 2433.1

5 0.05 32.898 1.0052 28.19 0.03547 137.77 2561.6 2423.8

6 0.06 36.183 1.0064 23.74 0.04212 151.50 2567.5 2416.0

7 0.07 39.025 1.0074 20.53 0.04871 163.38 2572.6 2409.2

8 0.08 41.534 1.0084 18.10 0.05523 173.86 2577.1 2403.2
9 0.09 43.787 1.0094 16.20 0.06171 183.28 2581.1 2397.8

10 0.1 45.833 1.0102 14.670 0.0681 191.83 2584.8 2393.0

20 0.2 60.086 1.0172 7.650 0.1307 251.45 2609.9 2358.5

30 0.3 69.124 1.0223 5.229 0.1912 289.30 2625.4 2336.1

40 0.4 75.886 1.0265 3.993 0.2504 317.65 2636.9 2319.3

50 0.5 81.345 1.0301 3.240 0.3086 340.56 2646.0 2305.4

60 0.6 85.954 1.0333 2.732 0.3661 359.93 2653.6 2293.7

70 0.7 89.959 1.0361 2.365 0.4229 376.77 2660.1 2283.3

80 0.8 93.512 1.0387 2.087 0.4792 391.72 2665.8 2274.1
90 0.9 96.713 1.0412 1.869 0.5350 405.21 2670.9 2265.7

100 1.0 99.632 1.0434 1.694 0.5904 417.51 2675.4 2257.9

150 1.5 111.37 1.0530 1.1590 0.8628 467.13 2693.4 2226.3

200 2.0 120.23 1.0608 0.8854 1.129 504.70 2706.3 2201.6

250 2.5 127.43 1.0675 0.7184 1.392 535.34 2716.4 2181.1

300 3.0 133.54 1.0735 0.6056 1.651 561.43 2724.7 2163.3

350 3.5 138.87 1.0789 0.5240 1.908 584.27 2731.6 2147.3

400 4.0 143.62 1.0839 0.4622 2.163 604.67 2737.6 2132.9

450 4.5 147.92 1.0885 0.4138 2.417 623.16 2742.9 2119.7
500 5.0 151.84 1.0928 0.3747 2.669 640.12 2747.5 2107.4

600 6.0 158.84 1.1009 0.3155 3.170 670.42 2755.5 2085.1

700 7.0 164.96 1.1082 0.2727 3.667 697.06 2762.0 2064.9

800 8.0 170.41 1.1150 0.2403 4.162 720.94 2767.5 2046.6

900 9.0 175.36 1.1213 0.2148 4.655 742.64 2772.1 2029.5

1000 10 179.88 1.1274 0.1943 5.147 762.61 2776.2 2013.6

1100 11 184.07 1.1331 0.1774 5.637 781.13 2779.7 1998.6

1200 12 187.96 1.1386 0.1632 6.127 798.43 2782.7 1984.3

1300 13 191.61 1.1438 0.1511 6.617 814.70 2785.4 1970.7
1400 14 195.04 1.1489 0.1407 7.106 830.08 2787.8 1957.7

1500 15 198.29 1.1539 0.1317 7.596 844.67 2789.9 1945.2

1600 16 201.37 1.1586 0.1237 8.085 858.56 2791.7 1933.1

1700 17 204.31 1.1633 0.1166 8.575 871.84 2793.4 1921.6

1800 18 207.11 1.1678 0.1103 9.065 884.58 2794.8 1910.2

1900 19 209.80 1.1723 0.1047 9.555 896.81 2796.1 1899.3

2000 20 212.37 1.1766 0.09954 10.050 908.59 2797.2 1888.6

2500 25 223.94 1.1972 0.07991 12.51 961.96 2800.9 1838.9

3000 30 233.84 1.2163 0.06663 15.01 1008.40 2802.3 1793.9
4000 40 250.33 1.2521 0.04975 20.10 1087.40 2800.3 1712.9

5000 50 263.91 1.2858 0.03743 25.36 1154.5 2794.2 1639.7

6000 60 275.55 1.3187 0.03244 30.83 1213.7 2785.0 1571.3

7000 70 285.79 1.3513 0.02737 36.53 1267.4 2773.5 1506.1

8000 80 294.97 1.3842 0.02353 42.51 1317.1 2759.9 1442.8

9000 90 303.31 1.4179 0.02050 48.79 1363.7 2744.6 1380.9

10000 100 310.96 1.4526 0.01804 55.43 1408.0 2727.7 1319.7

11000 110 318.05 1.4887 0.01601 62.48 1450.6 2709.3 1258.7

12000 120 324.65 1.5268 0.01428 70.01 1491.8 2689.2 1197.4
13000 130 330.83 1.5672 0.01280 78.14 1532.0 2667.0 1135.0

14000 140 336.64 1.6106 0.01150 86.99 1571.6 2642.4 1070.8

15000 150 342.13 1.6579 0.01034 96.71 1611.0 2615.0 1004.0

20000 200 365.70 2.0370 0.00588 170.2 1826.5 2418.4 591.9

22000 220 373.69 2.6714 0.00373 268.3 2011.1 2195.6 184.5

22120 221.2 374.15 3.17 0.00317 315.5 2107.4 2107.4 0.0

Table 1-2 Vapor table of water (H2O)
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2 Refrigerants
2.1. Requirements
Excerpt from a patent specification for refrigerants from the year 1834:

… "What is claimed herein is a patent for a device that enables a volatile medium to be used to cool
and freeze another medium but that at the same time allows the volatile medium to be condensed
and reintroduced into the cycle without losses." …

Only few refrigerants meet the many requirements of a suitable refrigerant. In addition to the
characteristics mentioned above, the atmospheric pressure of a refrigerant at the boiling point should
be as low as possible, the volume of the vapor should be small and the technical controlling of the
condensation pressure must be easy. Furthermore it must not corrode the material and lubricants of
the refrigeration plants. It must not be toxic, flammable or explosive.

To meet these properties, manufacturers such as e.g. DuPont have developed refrigerants by
derivation from methane CH4 and ethane C2H6.

The derivative molecules contain the following substances (with the chemical symbols):

Carbon "C"

Fluorine "F"

Chlorine "Cl"

Hydrogen "H"

2.2. Properties
In principle, any substance can be used as a refrigerant, because only the following is important:

The boiling and liquefaction points must be at technically achievable pressures.

2.2.1. Physical and chemical properties

Physical properties

�x change of state from liquid to gas at "low" pressures
�x large latent heat of evaporation

Chemical properties

�x resistant
�x nonexplosive
�x noncombustible
�x nontoxic
�x non-caustic
�x noncorrosive
�x easy to determine by smell or simple to measure in low concentrations
�x chemically stable, i.e., must not decay to its atomic components even in extreme situations

From a physical and chemical point of view, water would be an ideal refrigerant. However, its use is
inconceivable for evaporation temperatures around 0 °C.

The lower the temperatures are supposed to be, the bigger is the vacuum that needs to be kept. Plus
the freezing point of water is 0 °C. Thus, the use of water as a refrigerant in cooling plants is only
possible in large-scale plants that are especially designed for it.

Three main refrigerants have been known since the beginnings of refrigeration:

SO2 sulphur dioxide

CH3Cl chloromethane

NH3 ammonia
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These refrigerants fulfill the main criteria expressed in the patent. However, they leave much to be
desired with regard to aggressiveness, combustibility and hygiene; for example:

Due to the CFC ban, the refrigerant NH3 (ammonia) is nowadays increasingly being used in air
conditioning again in spite of the toxic hazard, although certain safety measures must be maintained.

2.3. Designation of Refrigerants
2.3.1. Trade names

The manufacturers of refrigerants have sold their products with their own trade names. Thus many
refrigerants have several different names.

Trade names for refrigerants based on HCFC are e.g.: Freon, Frigen, Arcton, etc.

2.3.2. Notation

The most common refrigerants are referred to by an abbreviation with the letter R and a number.
These notations are standardized (see ASHRAE 34-2013, Designation and Safety Classification of
Refrigerants). The names are the trade names for these derivatives.

Occasionally, the word "refrigerant" and/or the trade name (e.g., Freon) are used instead of the
letter R.

R and a maximum 3-digit number

Number of hundreds + 1 = number of C atoms (carbon)

Number of tens - 1 = number of H atoms (hydrogen)

Number of units = number of F atoms (fluorine)

Whereby the zero in the hundreds position is omitted, so methane derivatives (e.g., R22) have a
two-digit number. The hydrogen (H) atoms are replaced by the halogens Cl (chlorine), F (fluorine),
Br (bromine).

Examples:

R 114 chemical formula C2Cl2F4 tetrafluorodichloroethane CFC

�Ÿ 4 fluorine atoms

-1 �Ÿ no hydrogen atoms and, therefore, 2 chlorine atoms

 +1 �Ÿ 2 carbon atoms

R 134a chemical formula C2H2F4 tetrafluoroethane HFC

�Ÿ 4 fluorine atoms

-1 �Ÿ 2 hydrogen atoms

 +1 �Ÿ 2 carbon atoms

R 22 chemical formula CHClF2 difluoromonochloromethane HCFC

�Ÿ 2 fluorine atoms

 - 1 �Ÿ 1 hydrogen atom and therefore 1 chlorine atom

 + 1 �Ÿ 1 carbon atom

The demands on a refrigerant could be extended to include any number of requirements, such as
heat transmission or fluid flow properties.
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2.4. Further properties
2.4.1. Oil as a lubricant in the refrigeration cycle

In compression refrigeration systems, suitable oil must be used for compressor lubrication. The
specific properties of the various refrigerants require the use of appropriate machine oils.

The oil is required for compressor lubrication and is (unintentionally) entrained in the refrigeration
cycle. Due to the fact that chemical reactions, such as corrosion and acid formation, occur at high
temperatures, there is an additional hazard because the compression temperatures are usually
above 100 °C.

For this reason, refrigeration machine oil must meet certain requirements.

Three groups of oils have proved themselves in the refrigeration field:

�x mineral oils e.g., for R717, R600a
�x synthetic oils e.g., for R134a, R744, R407C
�x semisynthetic oils (mainly for (H)CFC-refrigerants �Æ less important nowadays)

Neither mineral oils nor the synthetic alkyl benzenes used until now are suitable for use with the new,
chlorine-free refrigerants. Instead, only synthetic ester-based oils, also known as ester oils, should be
used.

2.4.2. Miscibility

The miscibility of oil and refrigerant has both advantages and disadvantages:

Advantages:

�x System components can be well lubricated.
�x The oil can be returned to the compressor from the system relatively well.

Disadvantages:

�x Dilution and heating of the oil in the compressor.
�x Change of flowability on the evaporator side (cold) and, therefore, problems with oil return.

Oil residues in the evaporator give rise to poor heat transmission and control problems.

2.4.3. Behavior in case of system leaks

There are many factors that determine the behavior of a refrigerant in case of leaks. Pressure,
viscosity and density are only a few of them.

Fig. 2-1 Different behavior of refrigerants in case of leaks
1  Molecule
2  Molar mass = 17.03 g/mol
3  Molar mass = 86.48 g/mol

The heavier the molar mass in kg/kmol (formerly molecular weight M), the less the tendency of the
refrigerant to escape in case of leaks.

53004DE

NH
3

R 22

1

2 3
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Examples:

R 717 (NH3, ammonia) 17.03 kg/kmol

R22 86.48 kg/kmol

R 407C (23 % R32, 25 % R125, 52 % R134a)  86.20 kg/kmol

R 134a (C2H2F4) 102.03 kg/kmol

2.4.4. Odor, toxicity and combustibility

Odor

A slight odor can be an advantage in some refrigerants, because it allows any leaks to be noticed
and corrected immediately before the entire contents are lost or damage occurs to system
components. Most of the refrigerants used today are odorless. Ammonia (R717) with its pungent
odor is an exception.

Toxicity

Refrigerants that are harmful to human beings are generally referred to as "toxic refrigerants". All
refrigerants can of course pose a suffocation hazard if they occur in such large amounts that the
oxygen in the air is displaced; however, some are already harmful in very small amounts. The degree
of harmfulness depends on the concentration, refrigerant type and duration of exposure to the
refrigerant.

Examples:

SO2 0.5 - 1 vol. %, deadly in 5 minutes

NH3 0.5 - 1 vol. %, deadly in 60 minutes

CH3Cl 2 - 2.5 vol. %, permanent damage in 120 minutes

Combustibility

Refrigerants differ greatly with regard to combustibility.

Some, such as R170 (ethane) or R290 (propane), burn so easily and completely that they are used
as fuels. Other refrigerants are non-combustible, e.g., R22 and R134a.

GHS (Globally Harmonized System of Classification, Labelling and Packaging of Chemicals)

Today, the GHS of the United Nations is the standardized system worldwide for the classification and
labelling of chemicals.

The following table shows the classification of some refrigerants according to GHS:

Examples:

Refrigerant R717
Ammonia
NH3

R290
Propane
C3H8

R170
Ethane

R134a
Tetrafluor-
ethane

R744
Carbon dioxide
CO2

R718
Water
H2O

Compressed
Gases

Highly
explosive

Vacuum

Flammable
Liquids

Acute
Toxicity

Hazardous to
the Aquatic
Environment

Skin
Corrosion
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2.5. Compounds of the refrigerants
2.5.1. Chlorofluorocarbons CFCs

Chlorofluorocarbons, in short: CFCs were used as refrigerants for decades.

CFC compounds cause environmental damage. They reduce the ozone layer and increase the
greenhouse effect (global warming potential).

Due to their high chemical stability they remain in the atmosphere for a long time. Therefore CFCs
were banned gradually worldwide and aren’t available anymore since the mid-1990ies.

CFCs were substituted by HCFCs and HFCs (e.g., R22).

2.5.2. Hydrochlorofluorocarbons HCFCs

HCFCs are partially halogenated compounds with considerably shorter atmospheric dwell times.
The ozone depletion potential of HCFCs is only a fraction of that of CFCs.

But still, HCFCs are climate-damaging and become gradually banned as well. Thus, the new
deployment of HCFCs has been prohibited in the EU since 2010. By 2040 their use should be
abandoned worldwide (Montréal Protocol).

2.5.3. Hydrofluorocarbons HFCs

HFC compounds (e.g., R134a) are chlorine-free. There is no ozone depletion potential but there is
still a considerable global warming potential.

Meanwhile attempts are made to not only substitute the refrigerants that deplete the ozone layer but
also the ones that increase the greenhouse effect.

Thus, new substitutes are gradually developed (e.g., R1234ze(E) and R1234yf) and natural
refrigerants such as CO2 or ammonia are used as well.

2.5.4. Overview environmental data of refrigerants

Components Life time ODP GWP100a

CFCs CFC 11
CFC 12
CFC 113
CFC 114
CFC 115

 45  years
 100  years
 85  years
 190  years
 1020  years

1
1
0.85
0.58
0.5

4,750
10,900
6,130

10,000
7,370

HCFCs HCFC 22
HCFC 123
HCFC 124
MP 39  (R 401A)
HP 80  (R 402A)

 11.9  years
 1.3  years
 5.9  years
 8.5  years
 22.2  years

0.04
0.01
0.02
0.03
0.02

1,810
77

609
1,182
2,788

HFCs HFC 134a
HFC 152a
HFC 32
HFC 125
HFC 23
HP 62  (R 404A)
AC 9000  (R 407C)

 14  years
 1.4  years
 4.9  years
 29  years
 270  years
 40.4  years
 15.6  years

0
0
0
0
0
0
0

1,430
124
675

3,500
14,800
3,922
1,774

Table 2-1 Environmental data of various refrigerants
ODP: Ozone depletion potential
GWP100a: Global warming potential (greenhouse effect) with respect to CO2 = 1, for 100 years
CFC: Chlorofluorocarbons, fully halogenated (no water atom in the molecule)
HCFC: Hydrochlorofluorocarbons, partially halogenated (one or more water atoms in the molecule)
HFC: Hydrofluorocarbons, partially halogenated (molecule contains not only fluorine but also water atoms).
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2.5.5. Natural compounds

As alternatives more and more natural compounds are used as refrigerants. Because of their
occurrence in nature they are considered as non-polluting to the environment.

Examples of natural refrigerants are: Ammonia (NH3), Hydrocarbons and carbon dioxide (CO2).

Components Life time ODP GWP100a

Natural
compounds

Ammonia (R717)
Propane (R290)
CO2  (R744)

 0  years
 0  years

*

0
0
0

0
3
1 **

Table 2-2 Environmental data of various natural refrigerants
*   CO2 is a natural compound of the air and accordingly stable
** CO2 is the basis value to determinate the GWP
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2.6. Substitutes for CFC and HCFC refrigerants
2.6.1. Properties

Different refrigerants possess different properties and are therefore used in different fields of
application.

Example: Substitute for R22

R22 possesses very suitable thermodynamic qualities, e.g., a high volumetric refrigeration capacity
and therefore consumes little energy. It is widely available and investment costs are low. However,
the compressed gas demands high temperatures and thus R22 is not practical for refrigeration plants
(special arrangements are needed). Despite the appropriate properties, R22 will be replaced due to
its global warming and ozone depletion potential.

R407C possesses similar properties as R22 but at a large temperature glide (see chapter 2.6.4).
Thus, it is a suitable substitute for air conditioners, but can only be used restrictedly for refrigerators.
It is entirely inapplicable for refrigeration processes below 0 °C.

R22 is partly replaced with R134a. This calls for higher delivery volumes. With low evaporating
temperatures the use of R134a is restricted, but the application range of R134a is wider than the one
of R22.

R1234ze(E) is another substitute for R22. Because of its high boiling point (- 18 °C) it is not suitable
for applications with low evaporating temperatures.

2.6.2. Component mixtures

In terms of pressure, temperature and specific enthalpy, the properties of the substitutes should be
as close to the ones of the banned or unwanted refrigerants as possible. It is often easier to meet this
condition by using mixtures of components rather than a single substance.

Component mixtures are distinguished between azeotropic and zeotropic mixtures.

Azeotropes

Azeotropes are mixtures of two or more components. These components have a new common
boiling point that is generally in between the boiling points of the individual components.

According to ASHRAE all identification numbers of azeotropic mixtures are 3-digit numbers that start
with 5 (see chapter 2.6.4).

Zeotropes

Zeotropes are mixtures of two or more components. The unique feature of zeotropes is that each
component retains its own boiling point, so evaporation and condensation occur at a gliding
temperature. The temperature difference between the start and end of the respective process is
referred to as the "temperature glide". This means that different components of the mixture escape in
case of leaks and such refrigerant mixtures have to be recharged in liquid form.

According to ASHRAE all identification numbers of azeotropic mixtures are 3-digit numbers that start
with 4 (see chapter 2.6.4).

2.6.3. R134a as an alternative to R12

For typical R12 applications, the environmentally compatible alternative R134a has proven itself in
practice.
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Fig. 2-2 h, log p-diagram for R134a

Vapor table R134a

temperature pressure specific volume enthalpy latent heat of

liquid vapor liquid vapor evaporation

�T [°C] p [bar] v' [dm3/kg] v'' [m3/kg] h' [kJ/kg] h'' [kJ/kg] r [kJ/kg]

-50 0.30 0.692 0.596 138.4 366.5 228.1
-45 0.40 0.699 0.458 144.2 369.7 225.6
-40 0.52 0.706 0.357 150.0 372.9 222.9
-35 0.67 0.713 0.281 155.9 376.0 220.1
-30 0.85 0.720 0.224 161.9 379.1 217.2
-25 1.07 0.728 0.180 168.0 382.2 214.2
-20 1.33 0.736 0.146 174.2 385.3 211.0
-15 1.64 0.745 0.120 180.5 388.3 207.8
-10 2.01 0.753 0.099 186.9 391.3 204.4
-5 2.43 0.763 0.082 193.4 394.3 200.9
0 2.93 0.772 0.069 200.0 397.2 197.2
5 3.50 0.782 0.058 206.7 400.1 193.4

10 4.15 0.793 0.049 213.4 402.9 189.5
15 4.88 0.804 0.042 220.3 405.6 185.3
20 5.72 0.816 0.036 227.2 408.3 181.1
25 6.65 0.828 0.031 234.3 410.9 176.7
30 7.70 0.842 0.026 241.5 413.5 172.0
35 8.87 0.856 0.023 248.8 415.9 167.2
40 10.16 0.871 0.020 256.2 418.2 162.1
45 11.60 0.888 0.017 263.7 420.4 156.7
50 13.18 0.906 0.015 271.4 422.4 151.0
55 14.91 0.927 0.013 279.3 424.3 145.0
60 16.81 0.949 0.011 287.4 426.0 138.6
65 18.89 0.974 0.010 295.7 427.3 131.6
70 21.16 1.003 0.009 304.3 428.4 124.1
75 23.63 1.036 0.007 313.3 429.0 115.8
80 26.32 1.077 0.006 322.7 429.1 106.4
85 29.25 1.127 0.006 332.7 428.3 95.6
90 32.44 1.195 0.005 343.7 426.3 82.6
95 35.91 1.298 0.004 356.3 421.8 65.5

100 39.74 1.544 0.003 374.7 409.1 34.4
101.1 40.67 1.952 0.002 391.2 391.2 0.0

Table 2-3 Vapor table of R134a
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2.6.4. R407C and R290 as alternatives to R22 and R502 respectively

For typical R22 applications as well as for R502 applications where R22 has until now been used as
a substitute, zeotropic 2- or 3-component mixtures are primarily used, whereby as small as possible
a temperature glide (see 2.6.2 Zeotropes) is targeted.

R407C

A frequently used substitute for R22 is R407C, which is a 3-component mixture with the following
composition:

�x 23 % R32
�x 25 % R125
�x 52 % R134a

The various manufacturers market R407C under different names, some of which no longer have a
direct reference to the refrigerant name, e.g., AC 9000, Reclin 407C (formerly HX3), KLEA 66.

When using R407C, note that the filling quantity is only about 90 % of that of R22 due to its different
density. The coefficient of performance is reduced by approximately 3 - 5 %.

R290 (propane)

The refrigerant R290 (propane) is used in heat pump systems in particular. Due to its combustibility
and the risk of explosions, however, it is only used up to a given heat pump size.

Designations for zeotropic mixtures according to ASHRAE

As mentioned above, all zeotropic mixtures are labeled with a three-digit number starting with 4.

All zeotropic mixtures with the same refrigerants are labeled with the same number. However, this
number does not declare the amounts of the single components in the mixture.

To specify the precise percentage of the individual components, capital letters are written right
behind the numbers.

Example:

Designation Components Percentage

R407A R32 / R125 / R134a 20 / 40 / 40

R407B R32 / R125 / R134a 10 / 70 / 20

R407C R32 / R125 / R134a 23 / 25 / 52
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2.7. Appendix: Natural refrigerants CO 2, Ammonia,
Propane

2.7.1. General information

As mentioned above, instead of climate-damaging refrigerants the natural refrigerants carbon dioxide
(CO2), ammonia (NH3) and propane (CH3CH2C) are more and more used.

Due to the increasing importance of these natural refrigerants the corresponding h, log p-diagram
and an extract of the vapor table are shown below.

(Source: Refrigeration Utilities Vers. 2.84, Technical University of Denmark).

Note

The h, log p-diagrams depicted here show the differences with respect to pressure p, enthalpy h,
temperatures, and so on. They should not be used for concrete applications. If you need specific
data to design refrigeration plants, please use the manufacturer’s documentations.

2.7.2. Carbon dioxide (R744, CO 2)

As the h, log p-diagram shows, CO2 has different material properties as the other refrigerants. Thus,
the process needs to be run differently as well.

Properties

CO2 possesses an extremely high working pressure. At the critical point, the temperature is about
31 °C. The pressure at the triple point is 5.2 bar.

Usually, these properties can be ignored with conventional refrigerants. However, if the refrigerant is
carbon dioxide (CO2), specific constructions and designs are necessary.

Carbon dioxide can appear in a gaseous, liquid or solid state (dry ice) in a relatively tight pressure-
temperature-area.

Due to the low temperature at the critical point, CO2 is run supercritical in heating applications (heat
pumps). As a result, the main heat transfer occurs in the gaseous state. There is only little heat
transfer in the liquid state, possibly with a lower second stage.

The cycle process using CO2 basically operates with high pressures. Therefore, it is essential to
construct massive compressors (see chapter 4.3).
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Carbon dioxide (R744, CO 2)

Fig. 2-3 h, log p-diagram of Carbon dioxide (R744, CO2)
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Vapor table carbon dioxide (R744, CO 2)

temperature pressure specific volume enthalpy latent heat of

liquid vapor liquid vapor evaporation

�T [°C] p [bar] v' [dm3/kg] v'' [m3/kg] h' [kJ/kg] h'' [kJ/kg] r [kJ/kg]

-20 19.7 0.969 0.019 155.0 436.8 281.9
-19 20.3 0.973 0.019 157.1 436.8 279.7
-18 21.0 0.978 0.018 159.3 436.7 277.4
-17 21.6 0.982 0.018 161.4 436.5 275.1
-16 22.3 0.987 0.017 163.6 436.4 272.8
-15 22.9 0.992 0.016 165.8 436.3 270.5
-14 23.6 0.997 0.016 168.0 436.1 268.1
-13 24.3 1.001 0.015 170.2 435.9 265.7
-12 25.0 1.006 0.015 172.4 435.7 263.3
-11 25.8 1.012 0.015 174.6 435.4 260.8
-10 26.5 1.017 0.014 176.9 435.2 258.3
-9 27.3 1.022 0.014 179.1 434.9 255.8
-8 28.0 1.028 0.013 181.4 434.6 253.2
-7 28.8 1.033 0.013 183.6 434.2 250.6
-6 29.6 1.039 0.012 185.9 433.9 247.9
-5 30.5 1.045 0.012 188.2 433.5 245.2
-4 31.3 1.051 0.012 190.6 433.0 242.5
-3 32.2 1.057 0.011 192.9 432.6 239.7
-2 33.1 1.063 0.011 195.2 432.1 236.9
-1 33.9 1.070 0.011 197.6 431.6 234.0
0 34.9 1.077 0.010 200.0 431.1 231.1
1 35.8 1.084 0.010 202.4 430.5 228.1
2 36.7 1.091 0.010 204.9 429.9 225.0
3 37.7 1.098 0.009 207.3 429.2 221.9
4 38.7 1.106 0.009 209.8 428.5 218.7
5 39.7 1.114 0.009 212.3 427.8 215.4
6 40.7 1.122 0.008 214.9 427.0 212.1
7 41.8 1.131 0.008 217.5 426.1 208.7
8 42.8 1.139 0.008 220.1 425.2 205.1
9 43.9 1.149 0.008 222.8 424.3 201.5

10 45.0 1.158 0.007 225.5 423.3 197.8
11 46.1 1.168 0.007 228.2 422.2 194.0
12 47.3 1.179 0.007 231.0 421.1 190.1
13 48.4 1.190 0.007 233.9 419.9 186.0
14 49.6 1.202 0.006 236.7 418.6 181.9
15 50.8 1.214 0.006 239.7 417.3 177.6
16 52.1 1.227 0.006 242.7 415.8 173.1
17 53.3 1.241 0.006 245.8 414.2 168.4
18 54.6 1.256 0.006 248.9 412.5 163.6
19 55.9 1.271 0.005 252.2 410.7 158.5
20 57.2 1.289 0.005 255.5 408.8 153.2
21 58.6 1.307 0.005 259.0 406.6 147.6
22 60.0 1.328 0.005 262.6 404.3 141.7
23 61.4 1.350 0.005 266.4 401.7 135.4
24 62.8 1.376 0.004 270.3 398.9 128.5
25 64.3 1.404 0.004 274.6 395.7 121.1
26 65.8 1.437 0.004 279.1 392.0 112.8
27 67.3 1.477 0.004 284.2 387.6 103.4
28 68.8 1.526 0.003 290.0 382.4 92.4
29 70.4 1.591 0.003 297.0 375.7 78.8
30 72.1 1.690 0.003 306.2 366.1 59.9
31.06 73.8 2.155 0.002 335.7 335.7 0.0

Table 2-4 Vapor table of Carbon dioxide (R744, CO2)
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Ammonia (R717, NH 3)

Fig. 2-4 h, log p diagram of Ammonia (R717, NH3)
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Vapor table Ammonia (R717, NH 3)

temperature pressure specific volume enthalpy latent heat of

liquid vapor liquid vapor evaporation

�T [°C] p [bar] v' [dm3/kg] v'' [m3/kg] h' [kJ/kg] h'' [kJ/kg] r [kJ/kg]

-40 0.72 1.449 1.551 20.3 1407.3 1387.0
-35 0.93 1.462 1.215 42.4 1415.0 1372.6
-30 1.20 1.476 0.962 64.6 1422.5 1357.8
-25 1.52 1.489 0.770 87.0 1429.6 1342.7
-20 1.90 1.504 0.623 109.4 1436.5 1327.1
-15 2.36 1.518 0.508 131.9 1443.1 1311.2
-10 2.91 1.534 0.418 154.5 1449.3 1294.8
-5 3.55 1.550 0.346 177.2 1455.2 1278.0
0 4.29 1.566 0.289 200.0 1460.7 1260.7
5 5.16 1.583 0.243 222.9 1465.8 1242.9

10 6.15 1.601 0.205 245.9 1470.5 1224.7
15 7.29 1.619 0.175 269.0 1474.9 1205.9
20 8.57 1.639 0.149 292.2 1478.7 1186.6
25 10.03 1.659 0.128 315.5 1482.2 1166.7
30 11.67 1.680 0.111 339.0 1485.2 1146.1
35 13.50 1.702 0.096 362.6 1487.7 1125.1
40 15.55 1.726 0.083 386.4 1489.6 1103.2
45 17.82 1.751 0.073 410.5 1491.0 1080.5
50 20.33 1.777 0.064 434.8 1491.8 1057.0
55 23.10 1.805 0.056 459.5 1492.0 1032.6
60 26.14 1.834 0.049 484.4 1491.5 1007.1
65 29.48 1.866 0.043 509.8 1490.3 980.4
70 33.12 1.900 0.038 535.7 1488.2 952.5
75 37.08 1.937 0.034 562.2 1485.2 923.0
80 41.40 1.978 0.030 589.3 1481.2 891.9
85 46.08 2.022 0.027 617.3 1476.0 858.7
90 51.14 2.071 0.024 646.3 1469.5 823.2
95 56.62 2.127 0.021 676.5 1461.3 784.8

100 62.52 2.189 0.018 708.2 1451.2 743.0
105 68.89 2.262 0.016 741.9 1438.6 696.7
110 75.75 2.348 0.014 778.1 1422.8 644.7
115 83.13 2.455 0.012 818.0 1402.7 584.6
120 91.07 2.594 0.011 863.4 1375.7 512.3
125 99.63 2.796 0.009 918.5 1336.7 418.2
130 108.89 3.186 0.007 999.0 1263.9 264.9
132.35 113.53 4.274 0.004 1'122.8 1122.8 0.0

Table 2-5 Vapor table of Ammonia (R717, NH3)
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Propane (R290, CH 3CH2C)

Fig. 2-5 h, log p diagram of Propane (R290, CH3CH2C)
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Vapor table Propane (R290, CH 3CH2C)

temperature pressure specific volume enthalpy latent heat of

liquid vapor liquid vapor evaporation

�T [°C] p [bar] v' [dm3/kg] v'' [m3/kg] h' [kJ/kg] h'' [kJ/kg] r [kJ/kg]

-50 0.70 1.729 0.583 83.6 516.6 432.9
-45 0.88 1.745 0.470 94.9 522.5 427.6
-40 1.10 1.761 0.382 106.2 528.3 422.1
-35 1.36 1.778 0.314 117.6 534.1 416.5
-30 1.66 1.795 0.260 129.1 539.9 410.8
-25 2.02 1.812 0.217 140.6 545.6 405.0
-20 2.42 1.831 0.182 152.3 551.3 399.0
-15 2.89 1.850 0.154 164.0 556.9 392.9
-10 3.43 1.869 0.131 175.9 562.5 386.6
-5 4.03 1.889 0.112 187.9 568.0 380.1
0 4.71 1.911 0.097 200.0 573.4 373.4
5 5.47 1.933 0.084 212.3 578.7 366.4

10 6.33 1.956 0.073 224.8 583.9 359.1
15 7.27 1.980 0.063 237.6 589.0 351.5
20 8.32 2.006 0.055 250.6 594.0 343.4
25 9.48 2.034 0.048 263.8 598.8 335.1
30 10.75 2.063 0.043 277.2 603.5 326.2
35 12.14 2.095 0.037 291.0 607.9 317.0
40 13.66 2.130 0.033 305.0 612.2 307.2
45 15.32 2.168 0.029 319.3 616.2 296.9
50 17.11 2.210 0.026 333.9 619.8 285.9
55 19.07 2.257 0.023 349.0 623.1 274.0
60 21.18 2.312 0.020 364.7 625.9 261.2
65 23.46 2.377 0.018 381.1 628.1 247.0
70 25.93 2.454 0.016 398.5 629.5 231.1
75 28.58 2.552 0.014 417.2 629.9 212.7
80 31.43 2.680 0.012 437.9 628.9 191.0
85 34.48 2.864 0.010 461.5 625.7 164.2
90 37.73 3.167 0.008 490.1 618.6 128.5
95 41.17 3.907 0.007 532.8 600.7 67.9
96.67 42.36 5.066 0.005 572.7 572.7 0.0

Table 2-6 vapor table of Propane (R290, CH3CH2C)
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3 The h, log p-diagram
3.1. General
The thermodynamic processes of refrigeration are quite complex. They can only be calculated with
considerable effort in terms of formulae and tables.

3.1.1. Vapor tables

Vapor tables show the specific variables of the medium, such as specific volume v, density �U,
enthalpy h and entropy s for the boiling and saturated medium as a function of boiling temperature t
or boiling pressure p in tabular form.

Vapor table 134a

temperature pressure specific volume enthalpy latent heat of

liquid vapor liquid vapor evaporation

�T [°C] p [bar] v' [dm3/kg] v'' [m3/kg] h' [kJ/kg] h'' [kJ/kg] r [kJ/kg]

-50 0.30 0.692 0.596 138.4 366.5 228.1
-45 0.40 0.699 0.458 144.2 369.7 225.6
-40 0.52 0.706 0.357 150.0 372.9 222.9
-35 0.67 0.713 0.281 155.9 376.0 220.1
-30 0.85 0.720 0.224 161.9 379.1 217.2
-25 1.07 0.728 0.180 168.0 382.2 214.2
-20 1.33 0.736 0.146 174.2 385.3 211.0
-15 1.64 0.745 0.120 180.5 388.3 207.8
-10 2.01 0.753 0.099 186.9 391.3 204.4
-5 2.43 0.763 0.082 193.4 394.3 200.9
0 2.93 0.772 0.069 200.0 397.2 197.2
5 3.50 0.782 0.058 206.7 400.1 193.4

10 4.15 0.793 0.049 213.4 402.9 189.5
15 4.88 0.804 0.042 220.3 405.6 185.3
20 5.72 0.816 0.036 227.2 408.3 181.1
25 6.65 0.828 0.031 234.3 410.9 176.7
30 7.70 0.842 0.026 241.5 413.5 172.0
35 8.87 0.856 0.023 248.8 415.9 167.2
40 10.16 0.871 0.020 256.2 418.2 162.1
45 11.60 0.888 0.017 263.7 420.4 156.7
50 13.18 0.906 0.015 271.4 422.4 151.0
55 14.91 0.927 0.013 279.3 424.3 145.0
60 16.81 0.949 0.011 287.4 426.0 138.6
65 18.89 0.974 0.010 295.7 427.3 131.6
70 21.16 1.003 0.009 304.3 428.4 124.1
75 23.63 1.036 0.007 313.3 429.0 115.8
80 26.32 1.077 0.006 322.7 429.1 106.4
85 29.25 1.127 0.006 332.7 428.3 95.6
90 32.44 1.195 0.005 343.7 426.3 82.6
95 35.91 1.298 0.004 356.3 421.8 65.5

100 39.74 1.544 0.003 374.7 409.1 34.4
101.1 40.67 1.952 0.002 391.2 391.2 0.0

Table 3-1 Extract of the vapor table of R134a

Example to Table 3-1:

At a boiling temperature �T = 0 °C, the refrigerant is subject to a pressure p of 2.93 bar. This is the
boiling pressure for the corresponding temperature �T. Its volume in the boiling state is 0.772 l/kg
(dm3/kg) of refrigerant. The specific volume v is the reciprocal of the density �U, which is 1.29 kg/l
(kg/dm3) at this point. The relative enthalpy h' was defined at 200 kJ/kg (�T = 0 °C is the reference
point of this refrigerant for the h, log p-diagram under discussion).
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The relative heat content of the saturated refrigerant vapor at the same pressure is given as enthalpy
h". In the chosen example h" is 397.2 kJ/kg. The enthalpy difference h" - h' determines the absolute
latent heat of evaporation or condensation r at a given pressure p. In general, the values with one
dash, e.g., v', h', s', etc., refer to the boiling state of the medium, and the values with two dashes
(v", h", r" etc.) refer to the saturated gaseous state.

The German engineer Richard Mollier (1863 - 1935) developed a state
diagram based on enthalpy and pressure. It enables refrigeration specialists
to present important physical variables of refrigeration media and the
corresponding processes in graphical form. Heat quantities, work and
pressure differences appear as measurable distances that considerably
simplify the calculation of process variables and, therefore, the sizing of
refrigeration equipment components. Because of these features, enthalpy-
pressure diagrams have become widely used in refrigeration. The application
of the diagram for the refrigeration cycle of a compression refrigeration
machine will be explained in detail separately (chapter 5).

3.1.2. Enthalpy-pressure diagram

In general terms, the enthalpy-pressure diagram shows the states of aggregation of a substance as a
function of heat supply and pressure. Enthalpy means the same as heat content and is designated
with the symbol h, and since the pressure p is usually shown on a logarithmic scale, the term h, log
p-diagram is used among specialists.
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Fig. 3-2 Schematic view of the h, log p-diagram
1 solid-state zone a melting line
2 fused-state zone b solidification line
3 zone of subcooled liquid c boiling line
4 wet vapor zone d saturated vapor line
5 zone of superheated vapor e triple line

f desublimation line
K critical point g sublimation line
L solid/gas mixture ("smoke") i latent heat of fusion/solidification

r latent heat of evaporation/condensation

The diagram shows the following state zones:

�x solid-state zone one phase:  solid
�x fused-state zone two phases:  solid and liquid
�x zone of subcooled liquid one phase:  liquid
�x wet vapor zone two phases:  liquid and gas
�x zone of superheated vapor one phase:  gas
�x sublimation zone two phases:  solid and gas

Fig. 3-1 R. Mollier
(Source: TU Dresden)
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3.1.3. State zones and terminology

Melting line a and latent heat of fusion i

A given heat quantity i is required to melt a solid body (enthalpy of fusion). When the melting
temperature is reached, heat can be continuously supplied to the body without the temperature rising
until the whole body has assumed the liquid state. The term latent heat is used if no temperature
change occurs although heat is being supplied.

The fusion line a connects the melting points. They are determined by pressure p and heat content h.

Solidification line b and latent heat of solidification i

Inversely, if heat is removed from the liquid, the temperature remains constant until the entire body
has solidified. The extracted latent heat of solidification corresponds to the latent heat of fusion i.
Solidification line b connects the solidification points.

Zone of subcooled liquid and boiling line c

When a liquid is being heated, it is referred to as subcooled until the boiling point is reached. This
point depends on the boiling temperature and boiling pressure.

The boiling points are connected by the boiling line c.

Wet vapor zone and latent heat of evaporation r

In order to transform a liquid into a gaseous state, additional heat must be supplied. If the boiling
point is reached and the pressure remains constant, heat can be continuously supplied without the
temperature rising until all of the liquid has evaporated. The supplied heat causes the liquid to
evaporate. The mixture of boiling liquid and vapor that is present during the vaporization process is
referred to as wet vapor. The heat required to generate 1 kg of vapor at a given pressure is referred
to as the specific enthalpy of evaporation (latent heat of evaporation) r.

Saturated vapor line d and superheated vapor

When the liquid has completely evaporated, the vapor is dry and saturated. For each saturation
pressure there is a given saturation temperature; together they form the saturated vapor line d. If
saturated vapor is further heated, its temperature rises rapidly. It is then referred to as superheated
vapor or hot gas.

Latent heat of condensation

If heat is removed from the superheated vapor by cooling, its temperature falls.

It first becomes saturated vapor, and then it condenses without a change in temperature. The same
amount of heat must be removed from the vapor again in order to change into the liquid sate
(condensation, liquefaction). The specific latent heat of evaporation is equal to the latent heat of
condensation r at a given pressure.

Critical point K:

The specific latent heat of evaporation r decreases continuously with increasing pressure (and
temperature) until it finally disappears completely at a given state of the vapor. The point at which
there is no longer a difference between the boiling liquid and the saturated vapor is referred to as the
critical point. It separates the boiling line from the saturated vapor line. Above the critical point, there
is no longer a difference between liquid and vapor. The medium is in the critical state.
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Sublimation line g and desublimation line f

At temperatures below the melting point, solid bodies can also directly assume the gaseous state
(sublimation) or vice versa (desublimation).

Example, evaporation of a snow crystal: It can be observed in winter that, at temperatures below
0 °C and with dry air, thin layers of ice disappear in a few days even without solar radiation.
Desublimation can be observed when humid air forms hoarfrost at temperatures below 0 °C without
prior condensation. Snow crystals are also formed by desublimation.

3.1.4. Diagram range for refrigerants

A suitable range of the Mollier chart has been selected for actual refrigeration practice. It contains
only the liquid and gaseous state types and their mixed forms.

a b c
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Fig. 3-3 Diagram range for refrigerants
c boiling line (saturated liquid line)
d saturated vapor line
K critical point
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3.2. Diagram structure
The state variables and state changes will be developed and described step by step taking the
refrigerant R134a, which is frequently used in practice, as an example.

Note:
The h, log-p diagrams in this chapter were generated with the following software:
Refrigeration Utilities Vers. 2.84, Technical University Denmark, Energy Engineering Department.

3.2.1. Coordinates h, p

Enthalpy h (x-axis)

The heat content (enthalpy h) is plotted on a linear scale on the horizontal axis (x-axis). The enthalpy
expresses the amount of heat (in kJ) that is contained per kilogram of a substance. Since the
diagram range is selected according to the problem in hand, it is not the absolute enthalpy but the
relative enthalpy. Therefore, the enthalpy always refers to a given point, e.g., boiling liquid at 0 °C.
The origin of the coordinate system is normally selected as a round whole number, such as 0, 100,
200 kJ/kg. The numerical range of the scale changes according to the refrigerant. The vertical lines
are the isoenthalps, i.e., lines of equal enthalpy (see Fig. 3-4). The heat capacity on these lines is
equal.

Pressure p (y-axis)

The pressure p is plotted on the vertical axis, the ordinate. In order to make the most used areas of
the charts more straightforward, the pressure is shown on a logarithmic scale. Logarithmic means
that the same distance is drawn between the powers. The horizontal lines are the isobars, i.e., lines
of equal pressure (see Fig. 3-4).

Fig. 3-4 Basic grid
1 isobars
2 isoenthalps

The h, log p-diagram allows the large number of values from the vapor table to be presented in a
simple manner. For each pressure p, the corresponding enthalpy of the boiling liquid h' and of the
saturated vapor h" is transferred from the vapor table to the diagram.

Example:
pressure p = 2.93 bar
enthalpy of the boiling liquid h' =  200.0 kJ/kg
enthalpy of the saturated vapor  h" =  397.2 kJ/kg
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The latent heat of evaporation h" - h' can be measured directly on the diagram as distance r.

Fig. 3-5 Boiling line and saturated vapor line
h' boiling line (saturated liquid line) h'' saturated vapor line
K critical point

The values of h' and h" form the respective limit curves for the boiling line to the left of the critical
point K and the saturated vapor line to the right. The limit curves clearly separate the liquid, wet
vapor and hot gas zones from each other. It can also be seen that the latent heat of evaporation r
decreases with rising pressure until it disappears completely at the critical point K.

3.2.2. Ratio lines x

Wet vapor is a mixture of boiling liquid and saturated vapor. The ratio lines x allow to determine the
proportions of gas and liquid in the wet vapor zone. x expresses the proportion of gas, 1-x the
proportion of liquid. Therefore, along the line x = 0.4, there is a mixture of 40 % gas and 60 % boiling
refrigerant.
x is not included in vapor tables of refrigerants, because it is a series of ratio numbers only.

Fig. 3-6 Ratio lines x = constant

Liquid Wet vapor Hot gas
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3.2.3. Isotherms �T

Isotherms are lines of equal temperature. Their progression changes abruptly on a change of state.
In real refrigerant diagrams, the isotherms are not drawn in the liquid and wet vapor zones for
reasons of clarity. However, their progression is indicated by small angles on the boiling line.

In the wet vapor zone, the isotherms are horizontal, parallel to the isobars. Supplied heat is used
exclusively to vaporize the medium (latent heat).

Example:

At a pressure p = 2.93 bar, a boiling refrigerant at 0 °C is converted to saturated vapor at 0 °C by
heat supply r = 197.2 kJ/kg.

Fig. 3-7 Lines of equal temperature (isotherms, �T = constant)

In the hot gas zone, the isotherms drop steeply. A small quantity of heat is sufficient to rapidly raise
the temperature here (sensible heat). Therefore, the isotherms are noticeably closer together in this
zone. Rising temperature intersects the isotherms from left to right.

Example:

If saturated vapor at 0 °C is superheated by supplying 45 kJ/kg of heat, the temperature rises to
approximately 50 °C (see Fig. 3-7, right).

In the liquid zone, the isotherms fall steeper with increasing distance from the critical point. This
again means that a change in sensible heat content has an immediate effect on temperature.

Example:

If 30 kJ/kg of heat is extracted from a refrigerant at 0 °C, it cools to -25 °C (see Fig. 3-7, left).

The critical temperature no longer intersects the wet vapor zone. It simply contacts the critical point.
Isotherms with supercritical temperatures run through the zone of superheated gas only.
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3.2.4. Specific volume v

A further important variable in the diagram is the specific volume v. It will typically be listed in m3/kg
and it shows the actual volume of one kilogram mass at a given pressure p.

The vapor table shows two very different specific volumes, i.e., that of boiling liquid v' and that of
saturated vapor v". The specific volume v' of the boiling liquid is usually indicated in dm3/kg. Because
the volume per kg of gas is considerably bigger than that of liquid at certain pressures, the unit of v"
is frequently changed from dm3/kg to m3/kg (1,000 dm3 = 1 m3).

The degree to which these values depend on the state of aggregation can be seen by comparison in
the vapor table for R134a (see Table 3-1 and Fig. 3-8).

Example:

At a pressure p of 2.93 bar and a temperature �T of 0 °C, (Fig. 3-8, point A) v' is 0.772 dm3/kg.
Whereas saturated vapor at the same pressure assumes a specific volume of 0.069 m3/kg
(Fig. 3-8, point B). Therefore, the volume of the vapor is approximately 90 times greater.

Fig. 3-8 Lines of equal specific volume (isochores, v = constant)

The specific volume is highly significant in refrigeration. In general terms, the specific volume of
refrigerant should be as small as possible in order to transport as great a quantity of refrigerant qm as
possible with a small volume. The relationship between the refrigerant quantity qm and the specific
volume v is as follows:

qm = 
qv

v

qv volumetric flow [m3/h]

qm refrigerant quantity [kg/h]

v specific volume [m3/kg]

Let us assume that a compressor with constant delivery volume qv transports a certain refrigerant
quantity qm at a given pressure p1. A change of pressure to p2 would have a lasting effect on the
specific volume v and, therefore, on the transported refrigerant quantity qm.
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3.2.5. Isentropes s

In the wet vapor range and in the zone of superheated vapor there are isentropes. These are lines of
equal entropy s. The increase in entropy is a measure of the heat losses occurring in technical
processes. It is a caloric variable like enthalpy and has a specific value in each state.

The absolute value of entropy is indefinite. It is calculated from a random point, usually the standard
state (0 °C in the case of R134a) (see Fig. 3-9, s = 1.00).

The unit of entropy s is:
kJ

kg �ÂK

Fig. 3-9 Lines of equal entropy (isentropes, s = constant)

The isentropes are of particular importance to the refrigeration specialist in the zone of superheated
vapor. The compression in an ideal, i.e., loss-free, compressor follows a line of equal entropy.
Therefore, the isentropes make it possible to determine the ideal (theoretical) compression work P
per kg of refrigerant via a comparison of the initial and ultimate enthalpies (after compression)
(h1 - h2). This in turn gives an indication of the actual power demand of a compressor (h3 - h1).

Example:

A compressor draws in refrigerant in the state h1/p1 and compresses it to p2, where the technical
work P corresponds to the enthalpy difference h2 - h1. A real compression process would involve an
increase in entropy (losses). Therefore, the work curve would be to the right of point h2/p2 on h3/p2

(dashed line ---).
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3.3. Summary
The structure of the h, log p-diagram is now complete. It allows the states of the refrigerant in its
various phases to be accurately described.

Six variables are available for this purpose:

Description Symbol Dimension

1. Pressure p bar

2. Enthalpy h kJ/kg

3. Specific volume v dm3/kg

4. Liquid-vapor ratio x * 100 in %

5. Temperature �T °C

6.  Entropy s kJ/kg K

The h, log p-diagram allows refrigeration processes in particular to be presented simply with the
operating points of the refrigeration machine, and it allows the effect of control actions on the
machine to be shown clearly.
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4 Design of the compression refrigerating plant
4.1. Introduction
4.1.1. Compression refrigeration process

In refrigeration and air conditioning today, the compression refrigeration process is applied in more
than 90 % of all cases. The major characteristic of this process is the use of refrigerants that extract
as great as possible a latent heat of evaporation from the medium to be cooled at the evaporation
temperature �To, that evaporate in the process and that can then be liquefied again under manageable
pressures at the condensation temperature �Tc.

The compressor provides the work output and refrigerant transport. The process is referred to as the
cold-vapor refrigeration process.

Fig. 4-1 Process of refrigeration cycle with the 4 most important components
1 Evaporator
2 Compressor
3 Condenser
4 Expansion valve

4.1.2. Absorption refrigeration process

A different type of refrigeration is possible with the absorption refrigeration process. In this process,
the refrigerant is absorbed by a solvent in the absorber, and expelled again with the supply of heat in
the generator (expeller). The operating principle of the absorption refrigeration machine is explained
in chapter 10, “The absorption cycle”.

4.1.3. Adsorption refrigeration process

The term “adsorption” stands for the accumulation of particles from a liquid or a gaseous phase on
the surface of a solid object or a liquid. A change of concentration at the phase boundary always
occurs during this procedure, because the liquid or gaseous substance accumulates on the surface
in the process. Contrary to the absorption refrigeration machine, the refrigerant does not penetrate
the mostly solid sorption agent but settles down on it. The operating principle of the adsorption
refrigeration process is not explained further in this document.

1

2

3

4
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4.2. Evaporators
Depending on the viewpoint or on the application of the refrigeration machine, the main purpose
either lies with the evaporator (heat extraction) or the condenser (heat transfer). In heat recovery
systems, both units are equally incorporated in the process.

4.2.1. Purpose of evaporation

The evaporator has the task of extracting heat from a medium that is to be cooled. Therefore, the
temperature in the evaporator must always be lower than that of the medium to be cooled.

The purpose of the evaporator is to absorb a quantity of heat and to transfer it to the refrigerant it
contains. The refrigerant evaporates in the process.

4.2.2. Evaporator types

�x Evaporators for cooling liquids
�x Evaporators for cooling air
�x Direct expansion cooling
�x Indirect expansion cooling

4.2.3. Operating principle of evaporators

Direct expansion cooling

In the case of direct expansion cooling, the evaporating refrigerant extracts heat directly from the
medium to be cooled.

Fig. 4-2 Direct expansion evaporator
1  Liquid, evaporator inlet
2  Air to be cooled
3  Gas, evaporator outlet

Indirect expansion cooling

The only difference to direct expansion cooling is the fact that there is a second medium (usually
water or a water-glycol mixture) between the evaporator and the medium to be cooled.

3

2

1
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Comparison direct expansion cooling - indirect expansion cooling

Direct expansion cooling Indirect expansion cooling

�x Lower procurement costs
�x Higher refrigerant temperatures
�x Smaller refrigeration compressors
�x Lower energy costs
�x Use only appropriate in combination with

individual evaporators or with a small
number of evaporators

�x Simple planning, installation and operation
�x Simple control at the consumers
�x Better partial load operation
�x Leaks are less critical
�x No oil return problem
�x Refrigeration machines and accessories are

located in the central machinery room, which is
favorable in terms of maintenance

�x Both cooling and heating possible
�x Best solution in highly distributed systems

Table 4-1 Advantages and disadvantages of direct and indirect expansion cooling

4.2.4. Tube bundle evaporators

The most frequently used type is the tube bundle evaporator for liquid cooling. In this type of
evaporator, the liquid refrigerant evaporates in the evaporator tubes, and the coolant flows around
them.

Fig. 4-3 Profile of a tube bundle evaporator

Fig. 4-4 Tube bundle evaporator (Source: ciat)

Cooled medium InOut

Refrigerant
In

Refrigerant
Out
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4.2.5. Plate evaporator (plate heat exchanger)

Plate heat exchangers are compact devices made of stainless steel plates. They are used in the
entire process engineering and heat-producing industry.

Main advantages with respect to other heat exchanger types:

�x High heat transfer output with small volume, i.e., high degree of heat recovery and minimal
heat losses

�x Low liquid content, therefore short heating and cooling times; highly dynamic with regard to
temperature changes in control processes

�x Modular design, therefore easy and low-cost adaptation to changed output requirements as
well as easy maintenance

�x Low risk of fouling and simple chemical cleaning due to highly turbulent fluid flow and the
absence of dead space; simple disassembly

�x The embossing of the plates creates a highly turbulent fluid flow. This provides for very
effective heat transfer even at low flow volumes

Fig. 4-5 Different types of plate heat exchangers and profiled plates (Source: GEA)

Structure

�x The plate package consists of a defined number of individually profiled plates (Fig. 4-5).
�x Plate heat exchangers for use in refrigeration systems must be refrigerant-resistant. In order

to prevent the refrigerant from escaping, the individual plates are soldered together on the
refrigerant side. Normal seals are usually used on the water side.

�x The media involved in the heat exchange enter and leave the exchanger via the
connections.
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Functioning and flow routing

Adjacent profiled plates with admission ports form a package of flow gaps. The two media involved in
the heat exchange flow through alternate gaps.

One-way heat exchangers are normally used. They are characterized by 100 % counter flow of the
two media. The supply and return pipes are connected to the fixed plate.

Multiple-way plate heat exchangers also achieve 100 % counter flow of the two media if the number
of ways is equal for each. This offers the advantage that the temperature differential of the two media
can be fully utilized.

4.2.6. Direct heat exchanger (Air-cooling evaporator)

In direct heat exchangers the refrigerant that flows through a pipe is cooled down by the surrounding
air. While cooling, the refrigerant changes its aggregate state.

Direct heat exchangers (air-cooled evaporators) and condensers are a similar design. The
mechanical design and configuration of the tube rows are important for good heat exchange.

The liquid refrigerant is supplied to the evaporator via a distributor (spider) so that it flows evenly over
the evaporator's surface area.

Fig. 4-6 Distributor nozzle Fig. 4-7 Distribution at the evaporator (Source: Siemens)

p1 - p3 Overall pressure drop in the distributor
E impact and stagnation area with momentary flow deflection
F restrictor
G greatest reduction of flow area
H turbulence zone due to uncontrolled expansion

Most evaporators used in air conditioning are for the application range T0 > 0 °C and air to be
cooled > 0 °C. These values are frequently below 0 °C in food refrigeration. The problem with
operating points around 0 °C is the possibility of moisture condensation, i.e., appropriate steps
must be taken to prevent moisture condensation on the evaporator surface or to defrost it.

The most frequently used defrosting methods are as follows:

�x Defrosting via fan time lag (overrun time)
�x Defrosting with electric heating (mainly in cold storage rooms)
�x Defrosting with hot refrigerant vapor
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4.3. Compressor
������������ Purpose of compression

The purpose of the compressor is to extract the gaseous refrigerant at low pressure and temperature
from the evaporator and to compress it in order to bring it to a higher temperature and pressure at
which it can be liquefied again.

4.3.2. Mode of operation

There are two ways of compressing a refrigerant:

Positive displacement

Positive displacement compressors increase the pressure on a refrigerant by reducing the volume in
the compression chamber. Typical construction forms are: Piston (reciprocating)-, screw-, Scroll- and
rotating piston- compressor

Dynamic principle (flow principle)

Dynamic compressors accelerate the refrigerant through an impeller. Thus, the refrigerant is
condensed and the pressure increases.

Centrifugal compressors and Turbocor compressors operate by flow principle.

4.3.3. Compressor-drive-combinations

Open compressors

The distinction between open, hermetic and semi hermetic compressors has nothing to do with the
type of piston or anything of that sort. Rather, this expression applies to the connection between the
compressor and drive.

The open compressor has a closed housing that is under refrigerant pressure. The drive is provided
from outside the housing via the drive shaft.

Fig. 4-8 Open compressor with direct drive (Source: GEA)

All possible prime mover (electric, gas, etc.), either directly on the drive shaft or via a belt drive act as
a drive.

Such an implementation makes the motor easily accessible and easy to operate. It also makes it
easy to exchange the motor and ensures a better reparability. The sealing of the shaft glands
separates the motor from the refrigerant circuit. If the seal is damaged, refrigerant discharge is to be
anticipated.

The motor is cooled via ambient air and the resulting warmth is consequently not lead back into the
refrigerant circuit.

Use: large refrigeration systems (industrial)
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Semi hermetic compressors

In the semi hermetic compressor, the electric drive motor is enclosed in the same housing as the
compressor.

Fig. 4-9 Semi hermetic compressor (Source: GEA)

The housing is flanged together with the drive motor and the compressor (encapsulated). The motor
is specially insulated for operation in the refrigerant and is cooled by the (cold) refrigerant vapor.
Since the cooling effect becomes greater with increasing refrigeration output, the drive motors can be
sized on the small side. However, the motor is sensitive to contamination, therefore no humidity or
dirt must enter the refrigeration system.

Use: mid to large refrigeration systems

Hermetic compressors

The motor and compressor are enclosed in a tightly sealed, welded housing.

Fig. 4-10 Left: hermetic piston compressor (Source: cubigel)
Right: hermetic scroll compressor (Source: Emerson-Climate)

The name already describes the design: it is a fully encapsulated device that is no longer accessible
from the outside. Compressors of this type are often completely assembled with evaporator and
condenser at the manufacturer's facility. The outer shell protects the components against
contamination. Repair, oil check and valve exchange are not possible.

Use: small refrigeration systems; domestic refrigerators, small air conditioning units.
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4.3.4. Compressor types according to functional/operating type

4.3.4.1. Piston compressors

The most frequently used compressor in air conditioning is the piston (reciprocating) compressor.

Fig. 4-11 Left: piston compressor; right: schematic sectional view (Source: Bitzer)

Operating principle of the piston compressor cylinder

The compressor comprises a cylinder with valves and a piston that is moved back and forth by a
motor. As the cylinder volume increases, the upper valve closes. When the valve lifts, the refrigerant
is drawn in through the port. The piston compresses the gas by reducing the cylinder volume and
presses it into the upper chamber. During this process, the refrigerant is also transported through the
refrigerant cycle (see Fig. 4-12)

Fig. 4-12 Schematic view of the operating principle
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Plant specifications as well as refrigerant are to be taken into account, even with identical
compressor types.

A reciprocating (piston) compressor, for example, is operated with CO2 (R744) as a refrigerant at
condensation temperatures of under 30 °C. The refrigeration circuit is situated in subcritical
conditions, the system pressures range between 30 and 40 bar. The plant runs in a transcritical
condition when the system temperatures on the condenser side are higher. This means that the plant
pressures rise up to 100-120 bar. The design of the compressor and other plant components are
adjusted accordingly.

Fig. 4-13 Left: reciprocating compressor for CO2 subcritical; right: transcritical (Source: GEA)

4.3.4.2. Screw compressors

Two different types are distinguished:

a) Single-screw compressor

A grooved roller is driven. Compression is achieved via one or more gears engaging in the
grooves.

b) Twin-screw compressor

Compression is achieved by intermeshing rollers, where the driven roller has helical
projections, and the other helical grooves. The different number of threads (normally
drive = 4, grooves = 6) gives rise to compression pockets that move in axial direction.

Advantages with respect to piston compressors: Rotary movement only, no valves, infinitely variable
speed control.

Fig. 4-14 Left: screw compressor in sectional view
Right: refrigeration system including screw compressor (Source: Aerzen)
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            Phase 1                              Phase 2          Phase 3          Phase 4

Fig. 4-15 Consolidation phase of a screw compressor

A screw compressor only does rotary movements, and has no valves. Variable speed control is
possible.

4.3.4.3. Scroll compressors

Compression is achieved by two concentric helixes (spirals), one stationary and one rotating. The
helixes rotate into each other and create compression via the spiral rotation. This movement draws in
gas and compresses it. The compressed gas is discharged in the center. Since the helix rotates
continuously, the compressor always contains refrigerant at different pressures. Therefore, the
process shown below is not step-by-step but virtually continuous (A-B, C-D, E-F)

Fig. 4-16 Functional principle of compression with a rotating and a fixed spiral Fig. 4-17 Scroll compressor
(Source: Emerson)

The scroll compressor is probably the most advanced compressor design currently available and is
likely to successively replace the piston compressor in the low-power range (1 - 50 kW). Rotary
compressors are suitable for continuous speed control via frequency converters, which provides for
even more efficient energy use.

A B

C

E F

D
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���������������� Rotating piston compressors

Compression is produced by a piston that is mounted eccentrically on the shaft and rolls around the
inner wall of a circular cylinder.

Use in the range of hermetic compressors only.

Rotating piston compressors are usually used in a lower power range 0-20 kW. Advantages are high
efficiency and low noise level.

Fig. 4-18 Rotating piston compressor in a split system air conditioner (Source: Hitachi)

Fig. 4-19 Rotating piston compressor
Beginning of compression stroke;
intake and discharge closed

Intake of refrigerant vapor and compression

1 Discharge pipe
2 Seal
3 Intake pipe
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4.3.4.5. Turbo compressor/ centrifugal compressor

The centrifugal compressor is a turbine. The gas is sucked in axially and ejected radially. It
undergoes acceleration in the impeller (see Fig. 4-20). The diffusor converts flow energy into
pressure energy, therefore the pressure increases accordingly. There are axial and radial centrifugal
compressors. Due to the required pressure situation (30-70 bar) there are only radially operating
centrifugal compressors used in the refrigeration technology.

Fig. 4-20 Impeller (compressor blade-wheel)

There are stable and unstable sectors while using the turbo compressors. It should be ensured that
the transition between these two sectors (so called “pumping”) is limited as much as possible. The
latter could lead to malfunctions and defects.

It is for this reason that the field of application of a turbo compressor should be chosen carefully. A
centrifugal compressor has a rather high efficiency factor and is in comparison to other types of equal
power less heavy. This helps in transportation and installation.

Use:  Higher cooling power capacity (high-performance refrigeration)

Fig. 4-21  Left: turbo compressor SRCP; right: refrigeration system with turbo compressor (Source: Siemens)

4.3.4.6. Turbocor ™

The Turbocor is an oil-free centrifugal compressor with magnetic bearings.

Currently, it achieves the maximal COP (Coefficient of Performance) technologically possible, also
while operating at partial-load. Additionally, the Turbocor works with low condensation temperatures.

The development of the Turbocor took 10 years and was supported with research funds of the
Canadian province Quebec. Many different states from all over the world have worked on it. The
development cost added up to about $50 million USD. Today, Turbocor Inc. is a subsidiary of
Danfoss A/S. The Turbocor is exclusively produced in one location in Tallahassee, Florida (USA).

The Turbocor floats on magnetic bearings, similar to a magnetic levitation train. The rotor shaft
moves completely contact-free in a magnetic field and is being kept in position by this magnetic
bearing system. The rotation is carried out without any friction. Therefore, no lubricating oil is
needed.

Turbocor compressors weigh very little (e.g., 300 kW weighs 130 kg) which makes the montage
easier.
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To compress the refrigerant, the impeller is powered by a motor with a frequency converter and
rotational speeds of 48’000 rpm that is cooled with liquid refrigerant. Due to the combination with an
inlet guide vane at the intake during light-load operations, the Turbocor can adjust optimally to
different load conditions and consequently reach the optimal EER. Integrated electronics monitor and
control all functions and operating statuses of the compression process. They are also used to
prevent that the Turbocor ventures into unstable areas.

Fig. 4-22 Schematic diagram of the oil-free centrifugal compressor Turbocor TM (Source: Turbocor)

Fig. 4-23 TurbocorTM compressor unit (sectional view) (Source: Turbocor)

Fig. 4-24  Complete chiller system set up with 4 TurbocorTM compressors (Source: engie)
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Refrigerant R134a

The refrigerant R134a is used in the Turbocor for the following reasons:

�x High efficiency

�x Environmentally friendly

�x High level of market acceptance

�x High availability

�x Pureness

�x Usability with flooded evaporation (max. EER)

4.3.5. Important notes on compressors

All compressors need sufficient cooling and lubrication of mobile parts. Cooling mostly occurs
through the cold refrigerant vapor available in the system or through cooling fins and ambient air
(exception: open compressor). Lubrication is mostly done with the appropriate oil, whereby the
criterion of oil recirculation in the refrigeration cycle has to be considered with appropriate
procedures.

Energy efficiency in reliance to speed

The lower the compressor speed the higher the energy efficiency. In theory, the drive power changes
with the cube of the speed of rotation (Pel ideal ~ n3). In practice, though, it rather changes with the
square of the speed of rotation (Pel real ~ n2), due to different losses.

4.4. Condensers
The compression process in the refrigeration cycle increases the pressure and temperature of the
refrigerant.

Advantage of the increased pressure level

The refrigerant has a higher evaporation temperature. If the condensation process is considered, it is
found that the refrigerant can condense at high pressure via the extraction of heat.

Purpose

�x Heat extraction of the energy supplied for evaporation and for compression of the refrigerant
(waste heat).

�x Heat transfer to a heating system (heat pump) or heat recovery of the energy supplied for
evaporation and for compression of the refrigerant.

The object in both cases is always to remove as much heat as possible from the vaporized
refrigerant and to return it from the gaseous to the liquid state.

Condenser types

�x Water-cooled condensers
�x Air-cooled condensers
�x Evaporative condensers
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4.4.1. Water-cooled condensers

Functioning principle: the most common water-cooled condensers in air conditioning are tube bundle
or shell-and-tube condensers.

The design of the tube bundle/shell-and-tube condenser does not significantly differ from the one of
the tube bundle evaporator.

Fig. 4-25 Tube bundle condenser (Source: bihl)

Fig. 4-26 Section through a tube bundle condenser
1 Coolant outlet
2 Coolant inlet
3 Internal tubes
4 Inlet of superheated refrigerant vapor
5 Liquid pipe connection

The functioning of such designs is very similar: The cold coolant flows through the internal tubes
while the hot refrigerant cools and then condenses in the shell cavity or in the refrigerant pipes.

Coolants

�x Municipal water supply; expensive, uneconomical
�x Well or river or lake water; not permitted everywhere
�x Sea water; salt content
�x Closed-cycle systems; heat recovery
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4.4.2. Air-cooled condensers

In air-cooled condensers, the refrigerant flows through a pipe where it is cooled by the ambient air
and changes its state of aggregation.

If the ambient air is not circulated by mechanical means, the term statically ventilated condenser is
used, e.g., rear side of a domestic refrigerator.

Used for low cooling powers.

In air conditioning, however, finned-tube condensers are used which can be installed directly in an air
duct for heat recovery purposes or are frequently equipped with a fan and installed on building roofs.

Fig. 4-27 Left: dry cooler (Source: Thermokey); right: hybrid cooler (Source: evapco)
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4.4.3. Evaporative condensers

In evaporative condensers, in addition to air-cooling, a water flow is usually circulated and directed
over the surface of the cooling coils containing the refrigerant.

Fig. 4-28 Left: schematic representation of an evaporative condensers; right: evaporative condenser (Source: evapco)

In this cycle, only the water flow required to wet the condenser pipes is circulated by pump. The
evaporated water is replenished via a level regulator.
Because of the frost hazard, the system must be emptied and the condenser operated with air-
cooling only in winter.

Air outlet

Air inlet Air inlet

Cold

cooling fluid
Hot

cooling liquid
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������������ Condenser power

In order for a refrigeration plant to operate correctly, the condensation temperature and pressure
must be kept within given limits.

High condensation pressures give rise to increased power demand at the compressor, which can
overload the drive motor. For this reason, the high-pressure side is protected by appropriate limiters
and safety devices.

Low condensation pressures give rise to an excessively low pressure of the liquid refrigerant at the
expansion valve, which can cause irregular and unstable supply to the evaporator, thus affecting
refrigeration capacity.

The capacity of a refrigeration plant increases if the condensation pressure falls within the
permissible working range of the expansion valve. As with a valve in the water cycle, the output of
the expansion valve depends on the pressure drop across the valve.

4.5. Expansion
Now that the refrigerant is available again in liquid form at the condenser outlet, it can be returned to
the evaporator. This takes place by means of the throttling device.

Purpose of expansion

In the refrigeration process, the throttling device, which is referred to as the regulator or usually as
the expansion valve, has the purpose of bringing the liquid refrigerant from a higher temperature and
pressure to a lower temperature and pressure. The refrigerant is expanded.

An additional task of the expansion valve is to supply only as much refrigerant to the evaporator as
the system can vaporize in the current operating state.

Types of expansion valves

�x Thermostatic throttling device
�x Electronic throttling device

Operating principle of expansion valves

Expansion begins immediately after the narrowest point in the throttle valve, e.g., at the valve seat.
During this process, part of the refrigerant begins to evaporate and extracts the enthalpy of
evaporation from the liquid component. Therefore, the refrigerant temperature drops to the
evaporation temperature without heat being given off to the environment.

The functioning of the thermostatic expansion valve is explained in the following, because this type of
valve is used most frequently in ventilation and air conditioning.
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4.5.1. Thermostatic throttling valves

The choice of valve is determined by the type of refrigerant used.

Fig. 4-29 Thermostatic throttling valve (Source: Danfoss)

The thermostatic throttling valve regulates the liquid amount depending on the heat supply from the
outside.

It consists of a thermally controlled and a pressure controlled component. The sensor, together with
an appropriate gas charge or liquid filling, is attached to the suction tube behind the evaporator. A
capillary tube transmits temperature changes to a membrane system, which acts as a drive of the
valve plug. The bottom side of the membrane exerts pressure at the opening of the evaporator
(internal pressure calibration). Rising superheating in the suction tube increases pressure of the
temperature sensor on the membrane and opens the valve: therefore control variable is superheating
temperature of the suction gas at the same time.

Because of decreasing cooling power, un-evaporated refrigerant is still present at the outlet of the
refrigerant. Therefore, the thermostatic expansion valve has to immediately decrease the supply of
refrigerant, so to once again achieve the desired superheating.

The superheating can’t be chosen randomly but is dependent on the build of the evaporator, the
temperature difference between the medium to cool and the evaporation temperature as well as the
construction of the throttling valve. Furthermore, the superheating protects the compressor from not
completely evaporated refrigerant.

The thermostatic expansion valve acts as a P-regulator/controller. It functions in an area around the
set superheating value. The superheating is greater, compared to the electronic expansion valve.
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4.5.2. Electronic expansion valves

Unlike the thermostatic expansion valve, the electronic expansion valve is a control system that
requires auxiliary energy and normally consists of the following components:

�x The actual superheating controller
�x The electronic control element - the throttle valve
�x Sensors (temperature sensor, pressure sensor)

Fig. 4-30 Installed electronic expansion valve (Source: Siemens)

Control loop

In contrast to the thermostatic expansion valve, which can be considered as a P-controller, the
electronic expansion valve control loop is a PID control loop with the corresponding advantages.

Superheating controller
Pressure sensor

3371S05a

Filter
Refrigerant
valve

Temperature sensorEvaporator

Fig. 4-31 Control loop with electronic expansion valve

Function

The superheating controller checks the differential between the suction gas temperature and the
calculated evaporation temperature in a limited segment and regulates the electronic expansion
valve correspondingly (constant).

The refrigeration valve is a self-contained valve which is robust, maintenance-free and hermetically
sealed outwards. Due to precise position control, the valve has a high resolution.
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4.6. Safety in the refrigeration cycle
As you will by now have realized, the refrigeration cycle is a critical thing. Why?

�x The medium can be liquid and gaseous
�x Different pressures prevail in the system
�x The medium changes its state of aggregation at different pressures
�x It must be ensured that the medium has defined states at specific points in the cycle
�x Sufficient cooling and lubrication of the equipment must be ensured

In order to ensure that these conditions are met, the refrigeration cycle contains additional
components:

�x Safety valves
�x Shutoff valves
�x Overpressure safety switches
�x Underpressure safety switches
�x Differential pressure pressostats
�x Low/high-pressure pressostats
�x Dryers
�x Collectors
�x Inspection glass
�x Maximal operating pressure (MOP) circuit

These components and functions are only of special interest to the refrigeration system contractor,
so they are only mentioned in this chapter.
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5 The compression refrigeration cycle on
the h, log p-diagram

5.1. General
With over 90 % of all installed systems, the compression refrigeration machine has become the most
important. Special attention is paid to the presentation of the respective process states on the h, log
p-diagram. The possibility of suction gas control has also been incorporated into the explanations.
Further possibilities for refrigeration machine output control are covered in Chapter 6 “Performance
control of a refrigeration system”.

5.1.1. Components and their functions

A refrigeration machine consists of four major elements:

Evaporator (Fig. 5-1, 1):

In the evaporator, liquid refrigerant evaporates at low pressure and temperature. The heat required
for evaporation is extracted from the medium to be cooled (air, water).

During this process, the refrigerant evaporates completely. To protect the compressor it is heated up
further (superheating). The cooling capacity �- o consists of the latent heat for the evaporation and the
superheating.

Compressor  (Fig. 5-1, 2):

The compressor draws the refrigerant vapor out of the evaporator via the suction pipe. The gas is
compressed and forced into the condenser via the hot gas pipe. The refrigerant leaves the
compressor at high pressure and in a highly superheated state (approx. 60 - 120 °C) but still as a
gas. At the compressor work P is brought into the process.

Condenser  (Fig. 5-1, 3):

In the condenser, the hot gas transfers its heat (�- c) to the coolant (air, water, etc.) and condenses.
The latent heat of evaporation (�- o) and the compressor work (P) that has been converted to heat
must be dissipated here. The liquid refrigerant is then usually routed to a liquid collector.

Expansion valve  (Fig. 5-1, 4):

The purpose of the expansion valve is to reduce the high pressure of the refrigerant liquid to the low
pressure prevailing in the evaporator. Additionally, the expansion valve also controls the charging of
the evaporator under the various load conditions. This is done by controlling the superheating of the
gas in the suction pipe at the evaporator outlet.
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Fig. 5-1 Refrigeration cycle with the major components in the h, log p-diagram
1  evaporator �- o cooling capacity
2  compressor Pel compressor work
3  condenser �- c heat transfer of condenser
4  expansion valve

With refrigeration machines, the desired power output is the cooling capacity �- o (see 5.4.1).

5.1.2. The refrigerant and its operating states

The refrigerant is the actual heat transfer medium. It transports heat within the refrigeration cycle. In
principle, any substance that can be liquefied and vaporized at technically achievable pressures and
at the desired temperatures can be used as a refrigerant. The fact, however, that only few
substances have been successfully introduced and become established as refrigerants is due to the
multitude of different requirements regarding physical and chemical properties that are determined by
the design and operating principle of the refrigeration machine. The choice of refrigerant depends on
the field of application of the refrigeration machine. The most commonly used refrigerants in air
conditioning today are R134a, R407C, R404A, R507, partly CO2 (R774), propane (R290) and
ammonia (R717, NH3).

1

2

3

4

�- o Pel

h [kJ/kg]

�- c

p [bar]
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The states of the refrigerant in a refrigeration machine can be presented in general terms as follows:

Fig. 5-2 Refrigeration cycle (principle)
1  evaporator 3  condenser
2  compressor 4  expansion valve

The various zones are basically distinguished according to:

�x temperature
�x state
�x pressure

5.1.3. System

In the following, the physical processes will be explained in the sequence of the refrigeration process
using the example of an actual refrigeration system, and then they will be presented on the h, log p
-diagram.

The letters used in the text refer both to the pictorial schematic of the system (Fig. 5-3 Schematic
drawing of the system) and to all other drawings in the following, i.e., they are used to identify the
operating points.

The system shown is an air-cooling system for a slightly cooled storage room. It consists of a single-
stage, suction gas cooled compressor, a finned tube evaporator, a thermostatically controlled
expansion valve and an air-cooled condenser with two-stage control. The condenser is installed on
the roof of the building and the compressor and liquid collector are on the next floor below. The
evaporator is installed in an air conditioning system two floors down. The storage room should be
cooled down to ca. 10 °C.

System data and operating data:

Cooling capacity �- o : 25 kW

Compressor power Pel : 8.75 kW

Refrigerant R134a

Evaporation temperature �To : + 5 °C

Evaporation pressure (pabs) po : 3.5 bar

Condensation temperature �Tc : + 45 °C

Condensation pressure (pabs) pc : 11.6 bar

liquid

High pressure (HP)

High temperature

Low pressure (LP)

Low temperature

gaseous
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Fig. 5-3 Schematic drawing of the system
1 evaporator 7 riser pipes
2 compressor 8 suction pipe
3 condenser 9 heat exchanger
4 expansion valve 10 solenoid valve
5 differential pressure valve 11 insulation
6 liquid collector 12 refrigerant distributor

HP

LP
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5.2. The refrigeration cycle on the h, log p-diagram

Fig. 5-4 Process in the h, log p-diagram
Note: The h, log-p diagrams in this chapter were generated with the following software:
Refrigeration Utilities Vers. 2.84, Technical University Denmark, Energy Engineering Department.

5.2.1. Liquid collector

The liquid collector is located immediately downstream from the condenser. The condensed
refrigerant gathers in it. Its volume is selected such that the charge fluctuations occurring in operation
due to temperature/load changes and control actions can be compensated (Fig. 5-5).

Fig. 5-5 Liquid collector (Source: Bitzer)

If the compressor is at a standstill, the liquid collector contains liquid and gaseous refrigerant. A given
pressure occurs for every temperature in the collector. This is the boiling pressure, which is shown as
point A on the h, log p-diagram (Fig. 5-4 Process in the h, log p-diagram). As the temperature
changes, the pressure also changes: point A travels along the boiling line when the system is at a
standstill.

When the compressor starts up, the pressure in the condenser and in the liquid collector rises until
the working pressure is reached (approx. 11.6 bar in this example). The hot gas condenses at 45 °C
(boiling point of R134a at 11.6 bar). In the condenser, more heat is extracted from the refrigerant
than is necessary for condensation, so the medium is subcooled. The liquid temperature is generally
about 5 K below the condensation temperature. Therefore, point B is to the left of the boiling line, at
11.6 bar and 40 °C in this example.

The refrigerant leaves the collector via the liquid pipe and flows to the heat exchanger. The warm
condensate cools by several degrees there. The heat is transferred to the cool suction gas. In Fig.
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4-7, the state point travels from B to C at constant pressure. The temperature at point C is 35 °C, and
the enthalpy is 249 kJ/kg.

Fig. 5-6 Progression of the boiling pressure (A) of the refrigerant in the liquid collector

5.2.2. Expansion valve

The expansion valve controls the quantity of refrigerant flowing into the evaporator, reducing its
pressure at the same time. Therefore, this valve forms the boundary point between the high-pressure
and low-pressure side of the system.

Fig. 5-7 Expansion valve (4) and temperature sensor (F) (Source: Danfoss)

As mentioned before, the air in the air conditioning device should be cooled down to 10 °C. To cool
down, the air must emit heat to the refrigerant. Therefore, a temperature difference between the exit
temperature of the air and the temperature of the refrigerant at the entrance into the evaporator is
needed.

In the case shown here, a temperature difference �'�7 of 5 K is assumed. Thus, the evaporation
temperature is �To = 5 °C, which corresponds to an evaporation pressure of 3.5 bar. Therefore, the
condensation pressure must be reduced from 11.6 bar to 3.5 bar.

The expansion valve initially reduces the pressure to approximately 4.4 bar (line C - D in Fig. 5-8),
and the refrigerant distributor downstream from it gives rise to a further pressure drop of
approximately 0.9 bar (line D - D' in Fig. 5-8).

4
F
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On the h, log p-diagram, the operating state downstream from the expansion valve travels vertically
downwards along the isenthalp that intersects point C. First, in the liquid zone, there is a latent drop
of heat. Afterwards, in the wet steam zone, the decrease of heat is sensible.

Point D describes the state downstream from the expansion valve, and point D' the state
downstream from the distributor at the evaporator inlet. D' is characterized by evaporation pressure
po = 3.5 bar, enthalpy h1 = 249 kJ/kg and evaporation temperature �To = + 5 °C.

Additionally, point D' enables the proportion of the already evaporated refrigerants x to be
determined. In this example, it is approximately 22 % (x = 0.22). This portion of the refrigerant
already evaporated during expansion (without heat exchange), i.e., only 78 % of the overall latent
heat of evaporation is extracted from the medium to be cooled. Therefore, point C should be situated
as far left in the in the liquid zone as possible. However, the possibility of supercooling B - C is
restricted by the entrance temperature of the re-coolant and the efficiency of the heat exchanger.

Fig. 5-8 Progression of the refrigerant's operating state across the expansion valve

5.2.3. Distributor and evaporator

The refrigerant distributor feeds the evaporator tubes, which are connected in parallel, so that the
refrigerant travels exactly the same distance in each case. This ensures an even distribution to the
evaporator tubes. The further continuous change of state takes place in these tubes. The proportion
of gas increases continuously until all of the liquid has evaporated.

Fig. 5-9 Evaporator (1) and temperature sensor (F) (Source: WTS Produktion AG)



76

The saturated vapor generated in the evaporator is identified as point E on the diagram (Fig. 5-10).
E is to the right of D' but has a slightly lower pressure, due to the pressure loss in the evaporator.
The pressure at point E po E is 3.2 bar; the enthalpy h''o has risen to 399 kJ/kg K.

The heat absorbed by the refrigerant in the evaporator is slightly more than the energy required
reaching the saturated vapor point. This means that the refrigerant is superheated by the time it
leaves the evaporator, usually by about 5…8 K.

In the h, log p-diagram (Fig. 5-10), the end point of the superheating is identified as F (�Toh = 9.5 °C,
h2 = 405 kJ/kg). Superheating is necessary in order to ensure that no droplets of liquid refrigerant can
enter the compressor, which could be damaged by liquid slugging as a result.

The superheating temperature is the actual controlled variable for the expansion valve.

Fig. 5-10 state progression of the refrigerant across the evaporators

Fig. 5-11 Schematic view of a thermostatic valve
1  liquid refrigerant pipe
2 expansion valve
3  evaporator
4  capillary temperature sensor
5  superheated refrigerant after the evaporator
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5.2.4. Determining the mass flow of circulating refrigerant

The measurable distance D‘ - F on the h, log p-diagram (see Fig. 5-10) is the usable latent heat of
evaporation �' ho. It can be determined exactly via the enthalpy difference h2 - h1 and is important for
calculating the mass flow of refrigerant qm circulating in the machine. It can be calculated for a given
refrigeration capacity �) o:

�- o = qm �Â �¨ho  = qm �Â (h2 - h1)

with:
qm refrigerant mass flow [kg/h]
�- o refrigeration capacity [kW]
�' ho enthalpy difference h2 - h1 [kJ/kg]

qm =
�- o

h2 - h1
�Ÿ

25 kJ
s

405 - 249 kJ
kg

 �Â3600
s
h

 = 577
kg
h

The mass flow of the refrigerant qm is 577 kg/h.

The refrigerant mass flow is the same at all points in the cycle for a given operating state, whether
the medium is liquid (in the liquid pipe) or gaseous (suction pipe, compressor, hot gas pipe). On the
other hand, the specific volume varies greatly according to pressure and the flow volume changes as
a function of volume and pipe cross-section. These considerations are important for the discussion
about oil recirculation.

5.2.5. Suction pipe and heat exchanger

The gas passes from the evaporator to the compressor via the intake suction pipe. Due to the risk of
water condensation or icing on the intake pipe, it is generally insulated (11 in Fig. 5-12). Furthermore,
additional overheating of the refrigerant by the room air is avoided.

The cold suction gas then enters the heat exchanger (9 in Fig. 5-12), where it is additionally heated
(F - G in Fig. 5-13), while on the other hand, the warm condensate is further subcooled (B - C in Fig.
5-13).

On one hand, one is interested in an additional supercooling B - C because it increases the usable
useful heat per kg of the refrigerant. On the other hand, due to the subsequent additional overheating
F – G, the suction capacity of the compressor is reduced and its compensation in form of additional
supercooling is not always a given.

The gas is then drawn into the compressor via the suction pipes and the suction throttling valve.
Attention must be paid to the pressure drop, first in the pipe: point G falls to H where �' p = 0.5 bar,
then in the valve: point H continues to fall to K (see a, b in Fig. 5-13). The pressure drop across the
fully opened suction throttling valve should not exceed 0.3 bar.
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Fig. 5-12 heat exchanger in the suction pipe (Source: Klimal)
9 heat exchanger (condensate - saturated vapor)
11 insulation of the suction pipe
F superheating temperature sensor

Note:

The control valve controls the refrigeration capacity between 25 % and 100 %. The operating
principle of the control and the necessary equipment on the refrigeration machine side are not
covered in this document. Therefore, the valve is simply displayed in the fully open state where
�' p �a 0.3 bar (H - K) on the h, log p-diagram.

Fig. 5-13 heat exchange of condensate (B -C) to suction gas (F - G) in the heat exchanger
pressure drop (a, b) in the suction pipes (G - H) and control valve (H - K)
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5.2.6. Compressor

The compressor produces a pressure differential and, therefore, transports the refrigerant. Three
different compressor types are distinguished: hermetic, semi-hermetic and open. In the first two
types, the electric motor is enclosed in a common housing with the compressor and is cooled via the
suction gas. The motor is specially insulated for operation in the refrigerant. This design offers the
advantage that no refrigerant can escape at the shaft gland between motor and compressor. Semi
hermetic compressors are used most frequently in air conditioning refrigeration systems.

Fig. 5-14 Reciprocating compressor and sectional view of it (Source: Bitzer)

The compressor draws in the gas in state K. The pressure differential G - K is the pressure drop in
the suction pipe, including the fully opened suction throttling valve. Phase K has an enthalpy of
h3 = 412 kJ/kg, suction pressure of po S = 2.4 bar and a suction gas temperature of �To S = 13.8 °C.

Phase K is also located on the isentrope with s1 = 1.79. In an ideal, i.e., loss-free compressor the gas
compression would follow this line of equal entropy until the desired pressure is reached (adiabatic
compression).

The ultimate pressure corresponds to the condensation pressure pc = 11.6 bar (see Fig. 5-15). This
pressure i. a. depends on the sizing of the condenser.

However, a real compressor operates with considerable losses. A distinction is made between, on
the one hand, volumetric losses caused by:

�x thermal expansion of the suction vapor entering the compressor as a result of heating on the
warmer surfaces (motor winding, piston, cylinder, etc.)

�x leakage between piston and cylinder
�x leakage of the working valves
�x "unusable space" in the cylinder, which remains filled with a remainder of gas that expands

again during the intake stroke thus reducing the intake of fresh refrigerant

and on the other hand mechanical losses due to

�x friction between the moving parts
�x additional work output (e.g., of the oil pump)
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Fig. 5-15 Theoretical process and real process (K - M) of the operating change changes in the compressor.

Depending on the actual efficiency, the additional work to be provided by the compressor due to the
losses moves point pc (Fig. 5-15) a long way to the right to point M, while the pressure head pc

remains the same.

Point M can be located by calculating the enthalpy difference h4 - h3 from the effective (given)
compressor power Pel and the mass flow qm. In order to do so, the equation used above for the
theoretical compressor power must be modified, i.e., resolved for the enthalpy difference:

h4 - h3 = 
Pel

qm

  �Ÿ    
8.75 kW

577 kg
h

 �Â 3600 
s
h

 �| 55 
kJ
kg

 

If h3 = 412 kJ/kg, the result is: h4 = 467 kJ/kg

Point M is located on the isotherm of 85 °C. This is the temperature of the compressed gas. It can be
in the range 80...120 °C. However, in every case it must be below the decomposition temperature of
the lubricating oil dissolved in the refrigerant, because decomposed lubricating oil reacts with the
refrigerant to form acids that destroy metal parts and motor winding insulation.

The calculation above shows the principle. In reality there are heat losses in the compressor. Thus,
the rated power Pel cannot entirely be transformed into condenser power �) c. For example, only about
90 % of the rated output is turned into condenser capacity in hermetic compressors.
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5.2.7. Hot gas pipes and condenser

The refrigerant leaves the compressor in a greatly superheated state (point M) via the hot gas
(discharge) pipe and eventually enters the condenser. At the front end of the condenser, the hot gas
must first be cooled down to the condensation temperature �Tc given by the pressure.

The fans, controlled by pressure switch, force cooling air through the fine, large-area fins of the
condenser, which gives rise to an intensive exchange of heat between the now condensing gas and
the air. Towards the back end of the tube rows, the refrigerant has completely condensed and is now
subcooled due to the temperature differential to the cooling air. The liquid refrigerant now returns to
the collector via liquid pipe B.

The three zones of the condensation process are visible on the h, log p-diagram in the form of the
desuperheating segment M - N, the actual condensation N - O��and supercooling O - B����

The cooling of the condenser is usually controlled via the condensation pressure or temperature.

Fig. 5-16 Three phases of the condensation process and operating points of the condenser fan control

The condenser fan control operating points are as follows in this example:

with pc =   7.7 bar (30 °C) 1st fan off I  = 0

 8.8 bar (35 °C) 2nd fan off II = 0

 10.1 bar (40 °C) 1st fan on I = 1

 11.6 bar (45 °C) 2nd fan on II = 1

5.2.8. Pressurization of the liquid collector

Fig. 5-4 clearly shows that a relatively low pressure prevails in the collector at low liquid temperatures
(point A). When the refrigeration machine starts, the pressure differential between A and D will
usually be insufficient to force enough refrigerant through the expansion valve. The result would be
insufficient liquid in the evaporator. The machine would be shut down again via low pressure switch.
Therefore, gas is forced into the liquid collector via bypass pipe and differential pressure valve (5 in
Fig. 5-3) on the discharge side of the compressor as soon as the condenser temperature �Tc (approx.
30 °C) falls below a given value.
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5.3. Further plant parts and their problems
5.3.1. The solenoid valve prevents damage

Liquids are practically incompressible. Therefore, the compressor would be damaged if liquid
refrigerants were to be supplied to it. The piston would run up against a medium that cannot be
compressed. Such impacts in the stroke area are referred to as slugging.

When the system is shut down, liquid refrigerant can gather upstream of the compressor and be
drawn in when it starts up again, thus causing slugging. In order to prevent this happening, a
solenoid valve is often installed on the high-pressure side, upstream of the expansion valve; the
solenoid valve closes when the system is shut down, which stops the flow of refrigerant into the
evaporator. The compressor then continues to run until the pressure on the intake side falls below
the value set at the low pressure switch. This is referred to as evaporator pump down. At the same
time, this measure also protects the low-pressure side against excessive pressure arising due to the
evaporation of any residual liquid on shutdown.

5.3.2. Oil transport

In addition to the refrigerant, the refrigeration circuit usually contains a certain quantity of lubricating
oil. The proportion of oil is low compared with the volume of refrigerant (approx. 2 %). The oil is used
to lubricate the moving parts of the compressor and cannot be completely separated from the
transported fluid flow. It travels through the entire refrigeration system with the refrigerant. It reaches
its greatest viscosity in the evaporator where the temperature is lowest.

Downstream from the evaporator, the oil is drawn along partially in the form of suspended droplets.
However, the larger portion is transported along in the form of a film on the pipe walls. In the process,
the oil must overcome considerable vertical distances (two floors in this example). In order to ensure
reliable oil transport, the sizing of the refrigerant pipes must provide for a sufficiently great flow
velocity (e.g., > 5 m/s).

However, higher velocities give rise to greater pressure losses. In very general terms, there is an
inverse relationship between pressure losses, pipe cross-sections and flow velocities. Therefore,
pipes are sized accordingly to an economically justifiable compromise.

If the circulating refrigerant volume is governed by capacity control, special attention must be paid to
oil return. In such cases, the pipes are divided into two legs with different diameters at vertical rises
(see Fig. 5-3, item 7 riser). If the oil transport fails due to the reduced gas velocity as a result of the
capacity control, the oil gathers in the lower bend (I) and interrupts the gas flow in the main pipe.

The refrigerant vapor is then transported via the bypass pipe with the narrower cross-section (II).
This pipe is sized in such a way that oil transport is guaranteed even at minimum load.

Unwanted interactions between lubricating oil and refrigerant

The oil absorbs refrigerant. The colder the oil, the more refrigerant it can absorb. Increasing pressure
also increases the refrigerant's solubility. On standstill, the oil mainly gathers in the crankcase. On
startup, the pressure drops abruptly and the dissolved refrigerant evaporates again, which causes
the oil to foam up in the crankcase.

This foaming has further consequences:

�x The oil pump cannot transport the foam, so the oil pressure collapses.
�x The foam gives rise to slugging in the compression space.
�x Oil migration can cause an oil deficiency in the compressor.

In order to minimize the amount of refrigerant absorbed by the oil, the crankcase is electrically
heated when the system is switched off. In large compressors, oil transport is monitored by
differential pressure switch.
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5.3.3. Safety devices

If the coolant for condensing the hot gas fails for whatever reason, the pressure downstream from the
compressor will rise above the permissible value pc max and overload the compressor. In order to
protect the system, there is a pressure switch on the high-pressure side (HP switch in Fig. 5-3),
which cuts off the drive motor if the maximum permissible pressure is exceeded.

The switch-off point in the system (0 at pc max in Fig. 5-17) under discussion is 14 bar, which
corresponds to a condensation temperature �Tc of 52.5 °C. In this case, the hot gas temperature
would rise far higher (ca. 93 °C) than in normal operation (85 °C).

On the other hand, it can occur that the volume of circulating refrigerant or the amount of heat
supplied for evaporation is insufficient. In either case, the pressure on the low-pressure side of the
compressor and with it the evaporation temperature �To, decreases. Therefore, the compressor is shut
down by a low pressure switch (LP switch in Fig. 5-3) if the pressure falls below a given value po min.

The switch-off point po min of the LP switch is given here as 1.8 bar, which corresponds to a
temperature of -12 °C.

Suction gas cooled compressor motors always require a minimum amount of refrigerant for self-
cooling (approximately 40 % of the overall volume). Without the refrigerant, there is a risk that the
motor will overheat. In order to prevent damage due to overheating, a thermal cutout (Klixon) is
installed on or in the winding of all semi-hermetic and hermetic compressors. This device interrupts
the power supply in case of overheating.

If the lubrication oil pressure falls below a given value, an oil pressure differential safety switch
deactivates the drive motor after a certain time delay. This switch is short-circuited on compressor
startup.

A thermal overload on the motor protection switch also interrupts the power supply if the current
consumption exceeds the set value, e.g., in case of overloading.

On startup, an electric motor draws many times its operating current.

The following measures reduce the starting current:

�x Star-delta starting
�x Part-winding starting
�x Starting load reduction (a solenoid valve opens a bypass between the high-pressure and

low-pressure sides of the compressor to reduce the load by decompression).
�x Modulated booting of the frequency converter (or inverter)

Fig. 5-17 Compressor switch-on and switch-off points (1 = on, 0 = off)
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Automatic on and off of the compressor

If no more cooling capacity is required, the solenoid valve (10 in Fig. 5-3) closes the liquid pipe.
The compressor pumps down the evaporator before being switched off by the LP switch (at pc min in
Fig. 5-17). The valve does not usually close absolutely tightly, so even at standstill a certain quantity
of refrigerant enters the evaporator and evaporates, which causes the pressure to rise.
If the pressure rises above the value set at the LP switch (e.g., 3.0 bar in Fig. 5-17), the compressor
starts briefly and pumps down the evaporator again.

The starting command from the external control opens the solenoid valve (10 in Fig. 5-3) in the liquid
pipe again. If all safety circuit elements are closed (LP and HP safety switches, Klixon, oil pressure)
the compressor starts with reduced load on the cylinders. After a given delay, the oil pressure switch
is brought online, and the starting load reduction is removed. The high-pressure side gradually
warms up, and the operating state is achieved again after a few minutes.

The motor winding heats up considerably during each startup. The more frequent the starts, the
greater the risk. A restart inhibit prevents the compressor from starting again within a certain timeout
period, thus preventing the motor from overheating.

5.4. Energy balance
The heat quantities supplied and extracted per kg of refrigerant appear as measurable distances on
the h, log p-diagram.

Fig. 5-18 Determination of efficiency out of �- 0 und Pel

The corresponding heat output can be obtained by multiplying the respective enthalpy difference �' h
by the volume flow of circulating refrigerant qm:

�-  = qm �Â �¨h

heat output of evaporation:
(= refrigeration capacity)

�- o  =  qm �Â (h2 - h1)

compressor power: Pel  =  qm �Â (h4 - h3)

condenser output: �- c  =  qm �Â (h4 - hcu)
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Since the latent heat of evaporation and the compressor work that has been converted to heat have
to be dissipated again in the condenser, the balance is as follows:

�- c = �- o + Pel

The heat flows B - C = hcu - h1 and F - G = h3 - h2 are identical and represent heat exchange within
the system only. The superheat E - F is drawn partly from the cooled air (evaporator) and, in case of
insufficient insulation, partly from the environment (suction pipe).

Instead of dissipating the entire heat quantity �- c to the environment, appropriate measures (see
Chapter 8 “Heat recovery (HR) in refrigeration cycle”) could be implemented in order to put this heat
flow to meaningful use for heating purposes because of its temperature level.

5.4.1. Key figure of refrigeration machines

EER (Energy Efficiency Ratio)

Nowadays, the key figure of a refrigeration machine is referred to as EER (energy efficiency ratio).
Sometimes it is also referred to as COP (Coefficient of Performance), however, this term should only
be used with heat pumps.

Like all performance figures that determine efficiency, the EER compares benefit and cost. The
benefit of a refrigeration machine is the refrigerating capacity �- o and the cost is the drive power Pel.

EER = 
�- o

Pel
 = 

(h2 - h1) �Â qm

(h4 - h3) �Â qm

 = 
h2 - h1

h4 - h3

Fig. 5-19 EER in the refrigerant cycle

In order to obtain the real coefficient of performance for the overall system, the energy expenditure
for the transport of the heat transfer media on the cold and warm sides of the refrigerant cycle must
also be taken into account both with regard to energy consumption and with regard to the resultant
heat output (e.g., fan heat).

Benefit
(�- o)

Cost
(Pel)

�- c
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5.5. Summary
5.5.1. Overview

As a summary, the technical and physical states of a refrigeration system are shown once more in
the following figure.

Fig. 5-20 Overview of the complete refrigeration process in the h, log p-diagram
D' - E Evaporator produces saturated vapor (E) (refrigerating capacity)
E - F Overheating on the evaporator (additional refrigerating capacity)
F - G Overheating due to the heat exchanger (from B - C)
G - H Pressure drop in the suction pipe between evaporator and compressor
H - K Pressure drop over the control valve
K - M Pressure generation (and rising of temperature) in the compressor
M - N Desuperheating (cooling) of the refrigerant to condensation temperature at the entrance

of the condenser
N - O Condensation of the refrigerant in the condenser
O - B Supercooling for a better efficiency of the process (reducing the percentage of the already evaporated

refrigerant)
B - C Supercooling of the refrigerant condensate due to the heat exchanger
C - D Pressure drop over the expansion valve
D - D' Pressure drop over the refrigerant distributor (spider)
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5.5.2. Latent and sensible heat in the refrigeration cycle

Fig. 5-21 Latent und sensible heat in the refrigerant cycle
 sensible
 latent

5.5.3. Behavior at part load

This chapter described the technical and physical states of a refrigeration system, primarily in full
load operation or at standstill.

In practice, the operating states vary over a wide range according to the load on the evaporator and
according to the ambient air conditions at the condenser.

It is in the interest of the refrigeration specialist to:

�x keep the pressure losses in the suction and hot gas pipes low, because they have a major
impact on compressor sizing,

�x reduce the proportion of the evaporation of refrigerant during expansion in order to increase
evaporator power.

Additionally, the system contractor must take all necessary precautions in order to guarantee
reliability and long service life of the system.
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6 Performance control of a refrigeration system
6.1. Introduction
The refrigeration system is laid out according to the full load operation, but the plants are mainly
(>90%) in partial load. The refrigeration system has to react accordingly to the situation of the plant.
This following chapter will examine the performance control of the refrigeration system concerning
the equipment as well as the system/installation itself.

6.2. Performance control
6.2.1. Speed control with frequency converter (FC)

Functions

Frequency converters convert sinusoidal AC voltage of the supply electrical network into an AC
voltage with variable frequency and amplitude. Both frequency and amplitude of the already provided
AC voltage function as regulating variable for the connected three-phase motor. Whether it is a
synchronous or an asynchronous motor is irrelevant. The rotation speed of the respective
compressor is controllable via the frequency.

Fig. 6-1 Reciprocating compressor with built-on frequency converter (Source: Frascold)

History

The operation with rotary speed variable to regulate performance control has been in use for many
years now, although open compressors with variable-speed gear units or adjustable special motor
were predominantly used. However, these drive-concepts were rather an exception and only used,
for example, when a classic compressor performance control (see Chapter 6.2.5 “Suction throttle
control”) was not possible or specific requirements had to be met.

Only when the frequency converter for the modulating drive of the common asynchronous motor was
developed, did the speed control of compressors become increasingly interesting. It is becoming
more of a priority in applications today.

Advantages and disadvantages of FCs

A frequency converter enables the speed control with common asynchronous motors as well. The
refrigerating capacity can thus be adjusted in a wide range (40-100%) according to the usage.
Compressor manufacturer information such as proper frequency (usually 30-87 Hz) has to be taken
into account for an interference-free operation. This solution brings significant advantages in
partial-load operation because the machine provides only as much as required/necessary. Cycling is
thus prevented. The evaporating temperature is adjusted quickly and precisely. The chiller is started
up at minimum speed which greatly alleviates the starting current and unburdens the motor.

Besides a number of advantages, the frequency converter also has some drawbacks/disadvantages.
It is an additional component to the plant and requires complex installation and separate power.
Therefore, the EER is higher at full load than in plants without an FC.

Frequency converters are used in with compressor types and the numbers of compressors that come
with a previously installed FC from the factory is steadily increasing.
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6.2.2. Reciprocating compressor

With this compressor type cylinder deactivation measures are predominantly used. However, it
usually requires a multi-cylinder construction. The possible output gradations are dependent on the
constructional setup. With 4-, 6- or 8-cylinder compressors, two cylinders per load stage are operated
most commonly, whereby stages of either (25)-50-(75)-100 % or 33-66-100 % can be executed. An
even finer gradation can be achieved in combination with tandem compressors or with parallel
operation.

Cylinder deactivation via sealing-off of suction port

While in full load operation, the compressor works on all cylinders and the solenoid (1) is
de-energized. At the same time all gas channels/throttle channels in the valve plate and cylinder
head as well as the performance control pistons are in open position. In partial load, the solenoid
gets activated and the anchor (2) is raised. Subsequently, the control piston (3) is impinged with high
pressure, moves downward and seals the joint intake boring of the valve plate. The gas flow is
thereby cut off and the respective pistons keep on running empty without gas pressure. The
efficiency of this type of regulation is quite high, since only the mechanical friction work through the
movement of the pistons has an effect.

Fig. 6-2 Design layout of cylinder deactivation (Source: Bitzer)
1 Solenoid 4 Suction gas chamber
2 Anchor (spring-loaded) 5 Chamber with compressed gas
3 Control piston 6 Piston

Systems for lifting suction valves

The control is carried out via hydraulic oil pressure. The sucked in volume flow, which was flowing in
via the respective cylinders, is transported during the upward thrust to the suction side. Thus the
cylinder works without gas movement. This kind of regulation can also be used for start-up relief.

Dead-space regulation

With this procedure, an additional pressure chamber is installed in the cylinder head and the cylinder
is connected via a controlled valve. Thus, an enlarged dead space is created. During the
compression, a part of the gas flow is transported into this particular chamber. During the downward
thrust, the high-pressurized gas flow returns via backflow. The cylinder load can thus be significantly
reduced for the normal compression process. The system can also potentially be used with
compressors with less than four cylinders. However, the high re-expansion losses lead to low
efficiency at partial load. Additionally, the load stages differ greatly depending on the pressure ratio.
Thus, for example, only minimal power reduction can be achieved at small pressure ratios.

Full load
operation

Partial load
operation

1

2

4
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