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User Guide

By Ramesh Paranjpey

Preamble

This user guide has been prepared by Ramesh Paranjpey
(Fellow life member ASHRAE & member II1AR) and the Danfoss
team.

A good control system can make a marginal installation
operate acceptably while a poor control system cannot make
the best Equipment operate satisfactorily.

Ammonia Refrigeration installations are normally site
assembled equipment piece by piece.

Although the individual equipment such as compressors,
condensers, evaporators are selected from world’s best
available equipments having highest efficiencies and reliability
and with least manual interference, if the assembled system
is not provided with proper controls to work in harmony with
each other to provide most reliable and efficient system, the
efforts in investing in such equipment do not give desired
results and client satisfaction.

Hence selection of appropriate controls becomes a major
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design exercise and this aspect is generally not given due
importance as it should deserve.

The effort is therefore being made to make their task
simpler by selecting proper solution covering all the controls
involved as one package which would help in reducing the
time involved in selection as well as reducing the chances of
error in selection.

The user guide would not only provide this information but
would also give information as to why particular control has
been selected and what are the advantages in providing same.
Value based solutions is the objective in preparing this booklet
and for more information user is advised to refer to Danfoss
Industrial product catalogue which is freely down loadable on
Danfoss site as well as hard copy is available on request.
Ammonia Refrigerant

Ammonia is the most trusted refrigerant right from the
19th century. All those who are involved in food preservation
and industrial process plants know Ammonia as refrigerant of



choice due to its unmatched thermodynamic properties.

Environmental concerns are making scientists / technicians
to take a serious look at natural refrigerants like air, water,
ammonia and carbon dioxide and others as a long term
alternative which would be looked at as ‘NO REGRETS
SOLUTION:.

Ammonia refrigerant having withstood the test of time over
more than a century as one of the best choices, is receiving
attention in the areas of application where it was unthinkable
earlier.

Background

Ammonia was used for refrigeration in 1876, for the first
time in vapour compression machine by Carl Von Linde. Other
refrigerants like CO,, SO, also were commonly used till 1920s.

Development of CFCs (Chlorofluorocarbons) in USA, in
1920s swung the pendulum in favour of these refrigerants, as
compared to all other refrigerants used in those days, CFCs
were considered harmless and extremely stable chemicals.

The consequences to the outer environment of massive
releases of refrigerant could not be foreseen in those days. CFC
refrigerants were promoted as safety refrigerants, resulting in
an accelerating demand and CFCs success. These refrigerants
became known as God sent and man-made chemicals.

Due to success of CFCs, Ammonia came under heavy
pressure, but held its position, especially in large industrial
installations and food preservation.

In 1980s the harmful effects of CFC refrigerants became
apparentand it was generally accepted that the CFCrefrigerants
are contributing to depletion of ozone layer and to global
warming, finally resulting in Montreal protocol (1989) where
almost all countries agreed to phase out CFCs in a time bound
program.

In view of seriousness of damage to atmosphere and
resulting dangers due to CFC/ HCFC emissions as also due
to global warming effects, the revisions in Montreal protocol
(1990), 1992 (Copenhagen) and 1998 Kyoto Japan demanded
accelerated phase out schedule. Even HCFCs are also to be
phased out and Europe has taken the lead.

Many countries in Europe have stopped use of HCFC
refrigerants, and new refrigerants as well as well tried and
trusted refrigerants like Ammonia/ Carbon Dioxide are being
considered for various new applications as well.
Advantages of Ammonia Refrigerant
1. Performance

The COP (Coefficient of Performance or output per unit
input) is highest for ammonia (4.76) (refer ASHRAE volume
Fundamentals 2009 page 29.9) compared to other regularly
used refrigerants such as 134a, 404A,410A, R-22 and many
others.

Extract from Table:

Comparative Refrigerant performance per ton of
refrigeration at standard cycle conditions of -15°C (258K)
evaporation and 30°C (303K) condensing.

Evapo- | Condens-

Refriger- | rating ing pressor | eration

ant Pressure | Pressure Displace- | effect

MPa MPa mentl/s | kl/kg

3'7“1';“’"” 035 1162 4% 0463 11031 021 476
R22 0.295 1.187 4.02 0.478 162.67 0.214 4.66
134a 0.163 0.767 47 0.814 148.03 0.216 4.6
R410A 0.478 1.872 3.92 0318 167.89 0.222 441
R404A 0365 142 3.89 0.47 114.15 0.237 4n
Carbon
Dioxide- 2254 718 3.19 0.065 133.23 0.192 2.69
R744%)

*) Carbon Dioxide-R744 in industrial refrigeration system is
normally used in a cascade system with Ammonia. For low
operating temperatures, Ammonia/Carbon Dioxide cascade
system have higher COP values than Ammonia.

**) The COP values are based on properties of refrigerant
alone at particular suction and discharge conditions. The
overall system COP for ammonia would be better for typical
operating parameters encountered in India.

2. Efficiency
Ammonia systems mostly operate on flooded designs.

The head pressure control to artificially keep the discharge
pressures high to ensure proper operation of expansion valve
is therefore not necessary in ammonia plants. The condensing
temperatures can be as low as possible, and this increases cycle
efficiency and reduces energy consumption, in comparison
with HCFC/HFC direct expansion or flooded systems.

3. Heat Transfer
Most of the thermal properties influencing heat transfer are

favorable to ammonia compared to HCFC 22 refrigerant:

a. Specific heat of liquid is nearly 4 times 4to1
b. Latent heat of vaporization 6to1
¢. Liquid thermal conductivity is 55to1
d. Viscosity is less 0.8 to1
e. Liquid density is less, as mentioned above 0.5to 1

All these properties help in improving heat transfer
correlation between ammonia relative to HCFC 22 for
condensing and evaporating heat transfer processes.

The table below illustrates heat transfer rates of ammonia
compared to the R22 refrigerant.

Condensation outside tubes (W/m?K) 7500-11000 1700-2800
Condensation inside tubes (W/m?2K) 4200-8500 1400-2000
Boiling outside tubes (W/m?K) 2300-4500 1400-2000
Boiling inside tubes (W/m?K) 3100-5000 1500-2800

The higher heat transfer coefficients help in use of smaller
evaporators and condensers or retain same heat transfer areas
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and operate at higher evaporating temperatures and lower
condensing temperatures, thus improving the cycle efficiency.
4. Density

Density of ammonia is half of HCFC 22 (582 kg/m? density
for Ammonia compared to 1128.4 kg/m? for HCFC 22). Thus
refrigerant floats on oil (883 kg/m?3) layer even if it goes in the
crankcase and possibility of oil getting diluted with refrigerant
and thereby affecting lubrication is much less compared to
HCFC 22.
5. Mass Flow Rate

Ammonia is more efficient. Its mass flow rate for a
given refrigeration capacity is 1/7 times that of HCFC 22
(0.00091 kg/s for ammonia compared to 0.00616kg/s for R-22
at 250K evaporation and 303K condensation temperatures)
which means only 1/7 liquid needs to be pumped for given
refrigeration capacity. Thus mechanical pumping power will be
much less in ammonia system.
6. Natural Refrigerant

Ammonia is a natural refrigerant which is present in the
atmosphere and available in nature in abundance. In nature it
is produced by biological processes, decomposes naturally and
does not add to GWP.

The human liver has the capacity to convert 130 g of
ammonia into urea each day.

The table below gives comparison of ODP and GWP values
of currently used refrigerants. (ASHRAE Fundamentals 2009-
page 29.4).

Ammonia, R-717 0 <1
R22 (HCFC-22) 0.055 1810
R134a 0 1430
R404A 0 3900
R410A 0 2100
Carbon Dioxide 0 1

7. TEWI

The new terminology covering effect of direct and indirect
leakage of refrigerant as well as energy consumption during
life cycle of the equipment TEWI (Total Equivalent Warming
Impact) is also very favorable for ammonia refrigerant due to its
high thermal properties besides its nearly zero GWP and zero
ODP characteristics.
8. Leak Detection

Ammonia has a pungent odour and even small leaks less
than 5 PPM are detectable by smell so that maintenance staff
can correct them. The odourless refrigerants like HCFC- 22 or
HFC 134a and others, even if they leak from the system in large
quantity, cannot be noticed till cooling performance drops.
9. Critical Temperature

Critical temperature forammonia is 134.4°C and for HCFC22
is 96.0°C, hence ammonia is better suited for heat pump
applications.
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Critical temperatures for various refrigerants:

Ammonia-R717 134.4°C
HCFC-22 96.15°C
HFC134a 101.06°C
R404A 72.05°C
R410A 71.36°C
Carbon Dioxide 30.978°C

From the above it can be observed that critical temperature
is highest for ammonia refrigerant and is thus better suited
for heat pump applications. It has been also the experience of
many that in air cooled applications with R-22, where very high
ambient temperatures are encountered it becomes difficult
to condense liquid as one is working too close to critical
temperatures.
10.Lighter Than Air

Since ammonia in vapor form is 1.7 times lighter than air, it
quickly rises up in the air in case of leaks and does not stagnate in
the plant room. Critical density* of ammonia is 225 kg/m?3, for air
is 335.94 kg/m? and for HCFC 22 is 523.84 kg/m? R134ais 511.9
kg/m3. In case of leaks, since these refrigerants are heavier than
airand due to their odourless character, they settle down in plant
room when leaks develop without anyone noticing it and deaths
have been reported due to suffocation since required quantity of
oxygen has been displaced by refrigerant.

*Critical density: Density at thermodynamic critical temperature
11.Leakage Losses

The molecular weight of ammonia is 17.03, whereas HCFC 22
is 86.48, R134a is 102.03, R404A is 97.604 and R410A is 72.585.
This means if plant develops leak of equal size on both plants, loss
of higher density refrigerants would be greater than ammonia.
Similarly during purging the loss of refrigerant is less in ammonia
plants compared to other refrigerants for the same reason.

12. Water contamination

Ammonia systems are more tolerant to water contamination
than HCFC/HFC systems. A little leak of moisture in the
system which does not exceed concentration beyond 100
PPM stays in the solution and does not freeze out. Hence
modest contamination with water does not usually interfere
with ammonia system operation; however, it is important to
avoid water to penetrate into the system. At low operating
temperatures, the evaporating pressure will be below
atmosphere, and it is important to make sure that air and
moisture is not penetrating into the system. Larger amount of
water in ammonia system will reduce the efficiency, and can
create various problems in the system. Water can be removed
from the system by installing water “cleaning” systems.

13. Solubility in Water

Ammonia is eagerly absorbed by water; 1cum of water is
able to absorb 120 kg of ammonia. The maximum concentration
of ammonia in water (a saturated solution) has density of 0.88
kg/cm? and is often known as 880 ammonia.



14. Air Purgers

Since ammonia boiling point is -33°C, in many applications
the systems work below atmospheric pressures. Ammonia
systems till date mostly use open compressor designs with
independent motor. The shaft seal is therefore present in
all ammonia compressor and chances of air and moisture
leaking in when plant is operating at negative pressures are
more. An automatic air purger ensures that non condensables
entered into system are purged out periodically to keep system
efficiencies high.

15. Behaviour with Oil

HCFC 22 and other HFC refrigerant liquids and commonly
used lubricating oils are mutually soluble in varying degrees
depending upon type of oil, operating temperature and
pressure, while ammonia and oil are virtually insoluble. Hence
recovering oil from various parts of system is easier and requires
different approach to oil management. Qil recovery problems
are nonexistent with ammonia at partial loads unlike HCFC 22
systems.

16. Pipe Sizes

Ammonia pipe line sizes are smaller or in other words same
size would carry 2 to 3 times more refrigeration capacity than
HCFC 22. The cost of piping is therefore less. For example a
10 cm diameter pipe has 280 kW suction line capacity with
HCFC 22 at pressure drop equivalent to 10k per 30 m length,
whereas for ammonia the same line would be suitable for 728
kW capacity.

The table given below would illustrate required line size
requirements for various refrigerants under identical conditions
and based on steel piping; refer ASHRAE volume - Refrigeration
2011.

Capacity -200kW, evaporating temperature +50°C:

Refrigerant Suction line Discharge Liquid line
9 mm OD line mm OD mm OD
50 40 20

Ammonia - R717

HCFC-22 80 65 32
HFC134a 80 80 40
R404A 80 65 40
R410A 65 50 32

17. Latent Heat

Ammonia refrigerant has highest latent heat compared
to other refrigerants except water and therefore per kg
of refrigerant can absorb or reject lot of heat when phase
transformation takes place in evaporator and condenser.
Thus very low flow rates are required to provide a given
refrigerant effect. In pump circulation systems the pumping
power required is low compared to other refrigerants.
18. Net Refrigerating Effect

Net refrigerating effect is the vapour enthalpy minus liquid
enthalpy.

The approximate net refrigerating effect at 4-5°C for various

refrigerants is listed below:

Net refigeating ffct (kg

Water R-718 2489.04
Ammonia - R717 1247.85
R410A 214.48
HCFC 22/R22 201.79
HFC 134a/R134a 195.52
R404A 162.03
Carbon Dioxide 124.98

As observed from the above table Ammonia has higher
refrigeration effect per kg compared to other refrigerants.
19. Safety Group

Earlier gases were grouped only in two categories, group |
and group Il

ANSI standard and ASHRAE regrouped these to differentiate
them as Group A1, A2, A3 and B1, B2, and B3. Ammonia is in B2
category. ANSI/ASHRAE standard 34 now classifies ammonia
refrigerant as B2L, which means it is less flammable than B2
since its burning velocity is less than 10cm/s.
20. Costs

Ammonia costs are 20 times lower than HCFC 22 or HFC
134a in India. Not only ammonia is cheaper but is available
in any part of the country and is produced indigenously. The
HFC refrigerants which have been introduced recently as CFC
substitutes need to be imported still.
Limitations/Drawbacks

Having covered most of the advantages and positive points
of ammonia as refrigerant, we need to also look at its drawbacks/
limitations for its use in some of the major applications like
air conditioning. General public perception is ammonia is
flammable and toxic and therefore it is not permitted in direct
cooling air conditioning plants for public areas.
1. Flammability

Ammonia is extremely hard (above 650°C) to ignite and
breaks down above 450°C. The leaks are detectable above
5PPM by most. It is therefore extremely rare to encounter such
high temperatures in normal air conditioning and refrigeration
applications. There is no reason for any concern that exposure
to ammonia is a health hazard. Flammable limit by volume in air
atatmospheric pressure is as high as 16% to 28% concentration.

Due to the very low flammability of ammonia, no explosion
proof controls are required.
2. Toxicity

Laboratory trials have proved that continuous exposure
levels for 10 to 15 years up to and exceeding 24 PPM has no
adverse effect on human beings. Exposure to 100 PPM causes
irritation but no health hazard. Exposure for %2 an hour above
5000 PPM may be fatal. Since the pungent smell of ammonia
above 5 PPM is detectable, and serves as early warning, no one
in its right senses would remain in the vicinity of ammonia leaks
and would run away if the leaks are not controllable.
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3. High Discharge Temperatures

Since index of compression forammonia being 1.31 compared
to 1.18 for HCFC 22 refrigerant, for the same pressure ratio,
discharge temperatures in ammonia plants are substantially
higher. For example at 60°C condensing and -15°C evaporating
temperatures, for ammonia it is around 180°C, whereas for R-22 it
is 115°C. If the design discharge temperature is exceeding 140°C,
a 2 stage system design is recommended.

Above 120°C, mineral lubricating oil propertiesstart deteriorating
and for ammonia refrigerant applications, one has to therefore go in
for two staging system design beyond 50K temperature difference
between saturated condensing and evaporating temperatures.
These applications can normally be met with single stage system
design, if R-22 refrigerant is used. The recommended limit for single
stage operation for R-22 is 70K. (Beyond which two stage designs
are preferred). In heat pump application this can be looked at as
an advantage. The available heat at discharge is much higher for
ammonia compared to R-22 systems.

4. Incompatibility with Certain Materials

Ammonia is not compatible with copper and copper alloys. It
is fully compatible with iron, steel and aluminum.

Since chlorofluorocarbons are compatible with all metal
materials, any material can be chosen and thus provides greater
flexibility. Technicians are more comfortable with simple soldering
or brazing copper than welding steel. This is however not an issue
with those who are used to work on ammonia plants and therefore
cannot be considered as an area of concern.

It is important to notice that almost all refrigerants including
Ammonia, Carbon Dioxide, Chlorofluorocarbons, and the oil use
in these systems, can affect several types of sealing material. It is
therefore important only to use the sealing materials supplied by
the component supplier, which has documented the suitability of
the sealing material and the refrigerants / oils.

From the foregoing advantages and disadvantages of
ammonia refrigerant, one can easily see that the advantages
overwhelmingly outweigh disadvantages.

Use of natural refrigerants like ammonia and carbon dioxide
are finding increasing use even in air conditioning applications.
Recently Ammonia refrigerant has been used for air conditioning
of Oslo airport, in the expansion of Heathrow airport and in the
London Olympics games village.

Various Applications Using Ammonia
Refrigerant

1. Cold storages for potatoes, fruits, vegetables

2. lIce plants-conventional block ice, flake ice , tube ice plants

3. Fish freezing plants -spiral freezers, plate freezers, IQF, blast
and trolley freezers

Slaughter houses and meat processingplants

Dairies and ice bank systems

Process refrigeration plants for chemical/dyestuff industries
Breweries and wineries

Bottling plants for Coca-Cola/Pepsi and other soft drink
bottlers

® N OV
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9. lIce cream plants
10. Concrete cooling applications for river dams, air port runways
and concrete expressways
11. Fertilizer plants
12. Recently some super markets have also tried using R717/R744
systems
13. Liquefaction of gases
14. Pharmaceutical plants for process cooling
15. Air conditioning of large complexes like airports
16. Compact ammonia packages for air conditioning telegraph
and other office premises
17. Air conditioning of processing halls for cold chain facilities
Ammonia Refrigerant Properties
The term Ammonia, refers to compound formed by
combination of nitrogen and hydrogen, having a chemical formula
as NH,. Itis not commercial grade ammonia and means refrigerant
grade anhydrous ammonia. The ASHRAE number is R717 where all
refrigerants beginning with number 7 are natural refrigerants and
17 refers to molecular weight of ammonia.
Purity requirements of anhydrous ammonia as defined in

ANSI/IIAR74-2 are:

Ammonia content 99.95%
Water 33 PPM max.
il 2 PPM max.
Salts None
Pyridine, Hydrogen sulfide, Naphthalene None
Molecular weight 17.031g/mol
Boiling point at one atmosphere (101.33 kPa) -33.33°C (239.82K)
Freezing point at one atmosphere -77.66°C(195.5K)
Critical temperature 134.4°C(407K)
Critical pressure (11.34 MPa)g
Latent heat at -33°C and at one atmosphere 1.369 MJ/kg
Relative density of vapour compared to air at 0°C 0.5967
Vapour density at -33°C 0.8896 kg/m?
Specific gravity of liquid at -33°C compared to water

at 4°C 0.6816
Liquid density at -33°C and at one atmosphere 681.6 kg/m?
Specific volume of vapour at 0°C at one atmosphere 1.299 m*/kg
Flammable limit by volume in air at atmospheric 15.5% to 27%

pressure
Ignition temperature

Specific heat at constant pressure-Cp
Specific heat at constant volume-Cv

Ratio of specific heats at 15°C and one atmosphere
(v=Cp/Cv)

651.10°C(924.13K)
2.1706 kJ/kg k
1.6444 ki/kg k

1.320

Part 2 of this series will appear in the November-December

2013 issue of Cold Chain.
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AK-CC 210
)

Hot gas defrost
controller

Tl

Wet return

Do s 02 solenoid valve EVRAT (3) is opened to start
e the refrigeration cycle. The fan is started after
a delay in order to freeze remaining liquid
droplets on the surface of the evaporator.
Refrigerant liquid and hot gas flow depend-

to separator

Lo AKS 21

ing on whether refrigeration or defrost cycle is

{

From liquid
seperator

ON, takes place in the following manner:
Refrigeration: 1-Evaporator—2-3-4-
Liquid separator
Hot Gas Defrost: 5~ 6~ 7~ 8~
Evporator—~9— Liquid separator

Hot Gas Defrost Controller - AK-CC 250

@icr

From hot gas

This controller is used for controlling the

hot gas defrost cycle start and end. It contains

1ot gas Defrost for bottom Feed Evaporator Coils

The modules of ICF valve sta tion 5:

a temperature control where the signal can be
received from one or two temperature sensors.
These temperature sensors are placed in

The modules of C valve station 1. —P><HODH><] the cold air flow after the evaporator and the
T [Vaive stafion ICF aod>< e warm air flow before the evaporator. These
2 |Stop valve STC . . . .
3 [Solenoid valve PULX | [poPvale e enon vlve are denoted by S4 and S3. The measurement
g \S/;T\’/)evsatl;t?on ﬁ:TFC « Electronic expansion valve As an alternative to STC stop valves SVA of the defrost tem peratu reis directly obtained
« Check valve stop valves can also be used. .
6 |Check valve NRVA + Welding connection For further information please contact throug h the use of another sensor deS|gnated
7 Overflow valve OFY « Stop valve your local Danfoss sales office.

as S5. This is placed on the evaporator.

Hot Gas Defrost for Pumped Liquid — ICF Valve station

Refrigeration cycle Hot gas cycle
3

EVRAT OPEN Closed

8 PMLX OPEN Closed
12 EVRAT CLOSED Open
14 OFV CLOSED Open

Refrigeration Cycle

The solenoid valve EVRAT (3) in the liquid line is kept open. The
liquid injection is controlled by the hand regulating valve REG (5).

The solenoid valve PMLX (8) in the suction line is kept open and
the defrost line solenoid valve EVRAT (12) is kept closed.

Defrost Cycle

After the initiation of the defrost cycle, the liquid supply
solenoid valve EVRAT (3) is closed. The fan is kept running for 120 to
600 seconds depending upon the evaporator size to pump down
the evaporator of liquid.

The fans are stopped and the PMLX valve (8) is closed. It takes
about 45 to 70 seconds for the PMLX valve to close depending upon
the size of the valve. A further delay of 10-20 seconds is required for
the liquid in the evaporator to settle down in the bottom without
bubbles of vapor. The solenoid valve EVRAT (12) is then closed and
hot gas is supplied to the evaporator.

During the defrost cycle the overflow valve OFV (14) is initially
closed; however it opens automatically subject to the set differential
pressure. The overflow valve allows the condensed hot gas in the
liquid form, from the evaporator to be released into the wet suction
line. It is advisable to install a pressure gauge to accurately set the
OFV between 5-6 bar differential.

When the temperature in the evaporator reaches the set value
(measured by the AKS 21 on the coil surface) the defrost cycle is
terminated, the solenoid valve EVRAT (12) is closed and the PMLX
valve (8) is opened. After the PMLX fully opens, the liquid supply

C40 Cold Chain # July - August 2014

The controller will constantly follow the
temperature at S5. Between two defrosts the evaporator ices
up (the compressor operates for a longer time and pulls the S5
temperature further down). When the temperature passes a set
allowed variation the defrost will be started. Depending on this
logic signal from this controller is used to solenoid valves to either
start the hot gas defrost or continue with the refrigeration.

The wiring logic of the AK-CC 250 to be followed for the defrost
control is shown below:

Temperature
sensors

S3 S4 S5 DI1 DI2
T 1

) )

[13] a] 18] [re] [17] s ol ol L TL T JT]

Digital input

Danfoss
R64-2096.10

EREREEIEE
230V Bmpasms G mggg m@g; h Sucti;n
Liquid Fan
feed

Wiring logic of AK-CC 250 hot gas defrost controller

In general, the defrost system with demand defrost actuator
can be employed for coils up to 350 kW that are installed in holding
freezers. If the coils are used in a spiral freezer, and Individually
Quick Frozen (IQF) freezer or Blast/Plate/Trolley Freezer, the demand
defrost feature is not suitable. The defrost sequence in such cases
should be initiated only manually. L
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Capacity Control for Refrigeration Systems
Why and how to use Capacity Control

The simplest form of capacity control is on-off cycling for the
reciprocating compressors. Under light load conditions, this could
lead to short cycling and could reduce the life of the compressor.

On systems where ice formation is not a problem, users
will sometimes lower the low pressure cut out setting beyond
the design limits in order to prevent short cycling. As a result,
the compressor may operate for long periods at extremely low
evaporator temperatures. Compressor capacity decreases as
suction pressure decreases. Refrigerant velocity is inadequate
to return oil to the compressor resulting in high compressor
superheat, which causes the compressor to overheat. All of these
conditions can cause pre-mature compressor failure.

Capacity control allows more continuous operation of the
compressor, minimizing electrical problems and improving
lubrication.

There are many ways to achieve capacity control. Variable
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speed compressors, hot gas bypass with or without liquid injection,
unloading, digital control for scrolls, and simple on/off compressor
operation on multiple compressor setups.

Some applications will use two or more methods for smoother
switching and better control such as unloading in conjunction
with hot gas bypass.

Itis an accepted fact that refrigeration systems seldom operate
at the peak load for which they are designed. In any refrigeration
application, the load on the system varies over a wide range.

The refrigeration system designer has to, however, provide
enough capacity to meet peak demand as well as some methods
to make the system operate efficiently at reduced loads.

For example, the loads in cold storage vary widely due to the
fact that when product is loaded at ambient temperautre in cold
rooms, the amount of heat to be removed to bring the product
to the desired temperature in a given time is very high, whereas
once the product cools down to design storage temperature, the
refrigeration load requirement reduces considersbly. Freezing
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plants may have varied equipments like IQF, blast/trolley freezers,
plate freezers to process a variety of products but all equipment
may not run simultaneously. In process plants the load may vary
due to the fact that all processes may not be working at a time
or peak output may not be required and products are produced
in quantities to match market demands. The variation in ambient
temperature conditions also affects the refrigeration load on
systems.

When the system operates under partial load conditions,
suction pressure and temperature are lower than they are under
full-load conditions. This is due to the fact that less vapour is
generated in evaporator due to reduced load, whereas the
compressor running at constant RPM displaces a constant volume
per unit of time. It does not recognize reduction in system load.

If the system capacity is in excess of load requirement, freezing
of moisture on the evaporator coil may result. The ‘frost’ on the coil
decreases the amount of air that can pass through the coil, which
in turn lowers the suction pressure and temperature further. The
excess un-evaporated liquid may enter the compressor suction
line and cause damage to compressor parts.

It is also important to understand that the stabilized system
capacity is determined by all the components working together
in equilibrium and not by the compressor alone. The weakest/
smallest component generally governs the overall capacity.
Although the capacity is measured in terms of Btu/hr or Kcal/
hr or watts, the number of pounds/kg of refrigerant circulating,
meaning mass flow rate, determines the capacity.

The system that operates most efficiently, safely and with the
most stability will be the one that does the best job of matching
system capacity with load for the entire load range, and each
and every component of the system, therefore, has to have some
means of capacity modulation to match the load.

For high, medium, and low temperature applications,
compressor capacity modulation can reduce power and energy
consumption, provide better and continuous dehumidification,
reduce compressor cycling and decrease the starting electrical
load and provide good oil return if properly piped.

Working of Compressor

The refrigeration compressors used in ammonia refrigeration
systems are of two types:
® Reciprocating compressors - open drive with external motor
® Screw compressors - open drive with external motor

Bothtype of compressorsare classified as positive displacement
machines which means increase in pressure takes place due to
reduction in volume.

The reciprocating compressor for a given speed is a constant
displacementvolume, variable massflow and variable compression
ratio machine, whereas a screw compressor has fixed internal
compression ratio due to the geometry of discharge port profile.
Riding with the Load

To a certain extent, the compressor automatically adjusts
its capacity downward as system load decreases. A compressor
running at constant speed displaces a constant volume per unit of

time. For example a reciprocating compressor pumping 10 cubic
meter/hr is displacing a constant volume of 10 m*/hr. As long as
the compressor runs without any speed reduction or cylinder
unloading, it will continue to displace gas at this rate.

Its capacity to transfer heat, however, is determined by its
mass flow rate. That is, its capacity to move heat depends upon
how many kgs of refrigerant ( the mass) it pumps per unit time
(kg/hr) and not on how many cubic meter of refrigerant it moves
per unit time (m*/hr). The mass flow rate changes depending upon
suction or inlet pressure conditions. This means that while the
volume flow rate is constant, capacity will change with changing
operating conditions.

For example, Ammonia compressor having saturated suction
temperature as 5°C has specific volume of vapour as 0.243m3/kg.
It means the mass flow rate would be 41.15 kg/hr.

When the load reduces the suction pressure drops. Let us
consider that it drops to 2°C. The specific volume then is 0.27m?/
hr, and the mass flow rate therefore is 10/0.27= 37 m’/hr. It can
be thus observed that compressor has automatically adjusted to
reduced load by pumping lower mass (kg/hr).

Now let us consider that the load increases and the suction
pressure increases to SCT 10°C. The specific volume now is 0.206
m3/kg and the mass flow rate would be 10/0.206 = 48.54 kg/
hr, indicating that the same 10 cubic meter/hr displacement
compressor is now pumping more mass of 48.54 kg/hr instead
41.15 kg/hr at 5°C saturated suction conditions.

If floating with the load as indicated above satisfied all
necessary capacity adjustments at part load, controlling the
capacity of compressor would not be necessary. However, there
are limitations as to how far the load can vary while maintaining
safe stable part load operation while maintaining efficiency.
Maintaining constant suction pressure as designed would lead
to better efficiency at all part load conditions and hence some
methods of capacity control are necessary.

To discuss compressor capacity control systems so that the
load and output from refrigeration system are matched, it is
necessary to briefly look at how the compressor works.

The refrigeration compressor circulates refrigerant in the
system. The compressor takes in low pressure, low temperature
and superheated refrigerant gas after it has done its work of
picking up heat in the evaporator where liquid refrigerant gives up
its latent heat and gets converted to gas. This gas is compressed
by the compressor to a high pressure and high temperature,
superheated gas and high enough temperature to reject heat to
the condenser, where refrigerant is condensed back in to a liquid.

The compressor manufacturer cannot determine the system
capacity. All that a refrigeration compressor can do is to pump
a volume of gas. Once the suction and discharge conditions at
the compressor are specified, the mass flow of refrigerant can be
calculated. But the refrigeration capacity is not related directly
to the conditions at the compressor. The system designer should
ask for the mass flow rates at specified conditions in order to
get correct selection of the compressor from the manufacturer.
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The designer must accept that when they buy a refrigeration
compressor it pumps only a volume of gas, and not refrigeration
capacity.

Capacity Control Methods for Various Types of

Compressors
We shall now discuss capacity control arrangements for

compressors for optimum system performance.

Reciprocating Compressors
Following strategies are generally adopted depending upon

the size of plant, accuracies required, degree of automation and

other considerations:

1. Use of multiple compressors - Rack systems: Depending
upon the load, compressors are cycled on/off and this leads
to a large amount of power reduction. Each compressor is of
maximum 20 ton capacity ared racks can be build with 4 or 5
compressors.

2. Hot gas bypass arrangement with or without liquid injection:
This arrangement ensures that compressor does not trip on
suction pressure when system load is extremely low, below
the compressor minimum capcity control step. Artificial load is
imposed by high preesure hot gas in the suction line or before
the evaporator entry. The disadvantage of this system is that
if the compressor is overdesigned, the period of compressor
operation on hot gas bypass circuit is too long and compressor
wear out is faster. Also, running on hot gas by-pass does not
lead to power saving.

3. Two speed compressors: Normally used in semi-hermetic
compressors.The speed is changed in response to a thermostat
or pressure signal. When initial load is high, one can run the
compressors at higher speed with 2 pole motor and when the
load comes down and the requirement is holding load, one
can switch to 4 pole windings so that speed is reduced to half
from 3000 RPM to 1500 RPM.

4. Use of VFD drives/speed control: This solution is applicable fro
all types of compressors, and is an efficient method. VFD costs
have come down substantially and it is now arttractive to use
variable drive for compressors.

The advantage is that during initial cool down, when load is
high one can run the compressor with 60/70 Hz frequency
for a short duratiion to get higher capacity and then match
the capacity to load requirement by sensing either suction
pressure or, if it is fluid, sensing the temperature. The frequency
converter thus can vary the rotational speed continuously to
satisfy the actual laod demand.

The other advantage of frequency converter is that it allows
low start-up current. The limitation being one cannot exceed
allowable lower and higher speed limits of compresors,
especially reciprocating due to the likelihood of suffering
from inadequate lubrication. In screw compressors, where
independant oil pump has been provided and lubrication
circuit is not dependent on compressor RPM, VFDs are
preferred options.

5. Step control-Cylinder unloading in multicylinder compressors:
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3 Cylinder Reciprocating Compressor

N _IA

Desired suction Pr.

Unloaded compressor start

Cylinder 3 switch off
Cylinder 2 switch off
Cylinder 2 switch IN
Cylinder 3 switch IN

All cylinders put at work

Sequence of cylinder loading and unloading in case of a typical 3 cylinder
reciprocating compressor

The capacity of these compressors is regulated by means of a

valve lifting mechanism.

As soon as the compressor starts running on fully unloaded
condition, the high pressure oil pump begins to develop
oil pressure and after set time delay the high pressure oil is
delivered through three way solenoid valve to valve lifting
mechanism and the cylinders get loaded. The arrangement of
loading or unloading the cylinders differs from manufacturer to
manufacturer.

Some manufacturers use compressed gases instead of oil
pressure to load the cylinders.

The cylinders can be switched on or off by using pressostats
or thermostats.

In refrigeration plants, using several compressors on common
suction line or using single compressor with multiple capacity
control steps through 3 way solenoid valves, a suction pressure
transmitter is preferred, whereas for applications using chilled
water or brine, signal from thermostat can be used.

The pressostat fitted in the suction line carries a contact on
both sides of its neutral middle position.

When pressure gets too high due to increase in load
requirement, the contact
Screw Compressors - Capacity Control

Screw compressors, unlike reciprocating compressors, do not
have suction and discharge valves. They have what is called a
built-in volume ratio. Vi is the ratio of volume at the rotor groove
pair at the beginning of compression and volume of the same
rotor pair grooves at the end of compression at the outlet.

Volume ratio (Vi) is the same ratio of discharge pressure to
suction pressure since volume ratio is also related to pressure
ratio. In most of the screw compressor designs, Vi by design
and selection of particular model is fixed unlike reciprocating
compressors, where Vi is constantly changing automatically,
the reason being for a given Vi, the discharge port pressure is
fixed irrespective of the condensing pressure imposed by the
system.
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For screw compressors, two forms of variable volume control
are available:

1. Adjustable volume ratio (Vi)

2. Automatic variable volume ratio (AVi)

Care is taken during compressor selection to ensure that the
correct volume ratio is selected by comparison to the chosen
operating conditions. However, in many instances the compressor
is selected for peak conditions which apply only for few days in a
year.

While it is essential to select a compressor that is capable
of operating in extreme conditions, it does not follow that the
compressor will necessarily always perform at the highest possible
efficiency.

The variable Vi concept, coupled to slide valve, which moves
parallel to the axis of rotors, offers alternative method of controlling
capacity and volume ratio to suit site conditions.

Where the pressure ratio across the compressor is consistently
high or changes in pressure ratio are infrequent (e. g. change from
winter to summer), MVi manually adjustable system, which is
economical, will work satisfactorily.

Where the pressure ratio is lower and where condensing
conditions vary frequently, the automatic AVi system is ideal.

The system works as under:

The compressor is fitted with a built in sliding valve which
controls the capacity of the machine by altering the point on rotor
length at which compression begins. The slide valve moves along
the axis of the rotors.

The slide valve can be operated either manually, or
automatically by hydraulic actuator.

The position of slide valve ensures that the discharge pressure
of the compressor is equal to the system pressure, thus over
or under compression, which leads to system inefficiency and
excessive power consumption, is eliminated.

When partial load operation is taking place, a signal is provided
by the microprocessor and the slide valve is adjusted to allow
partial gas bypass to the suction side, delaying the compression
and reducing the suction volume. As the suction volume is
reduced, in part load, in order to maintain the discharge port
pressure, the discharge port area is also reduced by moving the
slide valve.

The oil pressure for the hydraulic actuator is provided from
the compressor oil system and the solenoid valves responding to
suction pressure or air/fluid temperature through microprocessor
energize/de-energize leading to movement of slide valve.

This movement of slide valve, in response to evaporator load,
is by different mechanisms in different screw compressor designs
such as an electricimpulse motor or a linear variable displacement
transducer - operating through hydraulic piston. Control down to
10% with approximately proportional saving in power is obtained.

It can be thus seen that in screw compressor control through
unit's microprocessor, the system provides very accurate control
at maximum efficiency at all operating conditions; providing
capacity control from 100 to 10% is possible but the efficiency

drops at part load. The power consumption below 50% capacity
however is not reduced linearly and therefore running screw
compressors below 50% capacity is not economical.

Some manufacturers have developed multistage control
systems which function similar to slide valve control.

The control unit comprises of hydraulically operated pistons,
which at full load operation form fit with the end flange. The pistons
open when the pressure in the crankcase is above the normal
operating pressure, which is usually the oil/condensing pressure.
Thus automatic start unloading is guaranteed and also protects
against abnormal high discharge pressure or over compression.

In part load operation, it is two step capacity control. The piston
moves due to energizing of solenoid valve in two steps controlled
by either time delay or on demand control and is adjustable to suit
exact load. When the solenoid is de-energized, the piston moves to
the right and thus causes space to be opened up between profile
chamber and suction side, thus reducing active volume.

The system is designed for two control steps, so that through
the intermittent switching of the solenoids valves it is possible to
achieve exact match of compressor capacity with load. The step is
70% of the capacity ( 0-75%-100%).

Danfoss Capacity Controller AK-PC 530

Danfoss uses AK-PC 530 capacity controller for the purpose
of capacity control of reciprocating compressors. A number of
compressors and condensers can be connected as required. There
are up to eight outputs and more can be added via external relay
modules. For the operation of this controller, display type EKA 164
or EKA 165 has to be connected with this controller.

Function
Capacity Regulation:

The cut-in capacity is controlled by signals from the connected
pressure transmitter/temperature sensor and the set reference.
Outside the reference a neutral zone is set where the capacity will
neither be cut in nor out. Outside the neutral zone (in the hatched
areas named +zone and -zone) the capacity will be cut in or out if the
regulation registers a change of pressure ‘away’from the neutral zone.

Cut-in and cutout will take place with set time delays. If the
pressure however ‘approaches’ the neutral zone, the controller will
make no changes of the cut-in capacity. If regulation takes place
outside the hatched area (named ++zone and --zone), changes of
the cut-in capacity will occur somewhat faster than if it were in the
hatched area.

Hn

Cap —|

++Zone

\
\
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AK-PC530 EKA 163

Cut-in of steps can be defined for either sequential, cyclic,
binary or‘mix and match’ operation.

Sequential (first in - last out): The relays are here cut in sequence
— first relay number 1, then 2, etc.

Cut-out takes place in the opposite sequence, i.e. the last cut-in
relay will be cut out first.

Cyclic (first in - first out): The relays are coupled here so that the
operating time of the individual relays will become equalized. At
each cut in the regulation scans the individual relays’ timer, cutting
in the relay with least time on it. At each cut-out a similar thing
happens. Here the relay is cut-out that has most hours on the timer.

If capacity regulation is carried out on two compressors with one
unloader each, the following function can be used: Relays 1 and 3 are
connected to the compressor motor. Relays 2 and 4 are connected
to the unloaders. Relays 1 and 3 will operate in such a way that the
operating time for the two relays will become equalized. Similar logic
is applied for more than 2 compressors having each more than one
un-loader. Please refer to the above figure for details. &
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