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Preface

This manual examines chilled-water-system components, configurations,
options, and control strategies. The goal is to provide system designers with
options they can use to satisfy the building owners’ desires, but this manual
is not intended to be a complete chiller-system design manual.

System designers may get the most use from this manual by familiarizing
themselves with chilled-water-system basics and understanding the benefits
of various options. Thereafter, when a specific job will benefit from these
advantages, consult appropriate sections of the manual in detail.

The Engineers Newsletters that are referenced in this manual are available at:
www.trane.com/commercial/library/newsletters.asp

Trane, in proposing these system design and application concepts, assumes no
responsibility for the performance or desirability of any resulting system design. Design of
the HVAC system is the prerogative and responsibility of the engineering professional.

“Trane” and the Trane logo are registered trademarks, and TRACE, System Analyzer and
TAP are trademarks of Trane, a business of Ingersoll-Rand.
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For more details on the basic operation
and components of a chilled-water
system, consult another Trane
publication, Chilled-Water Systems, part
of the Air Conditioning Clinic Systems
Series (TRG-TRC016-EN).

Specific application considerations for
absorption chillers are addressed in
another Trane publication, Absorption
Chiller System Design (SYS-AM-13).
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Primary System Components

Chilled-water systems consist of these functional parts:
+ Chillers that cool the water or fluid
* Loads, often satisfied by coils, that transfer heat from air to water

» Chilled-water distribution pumps and pipes that send chilled water to the
loads

+ Condenser-water pumps, pipes, and cooling towers or condenser fans
that reject heat from the chiller to ambient air

+ Controls that coordinate the operation of the mechanical components
together as a system

In most cases, the chiller’s purpose is to make water colder. Some chillers
cool a mixture of water and other chemicals, most commonly added to
prevent freezing in low-temperature applications. Other additives may be
used to modify the properties of the fluid, thereby making it more suitable for
its intended application. For the purposes of this manual, the term water can
be understood to be any such acceptable fluid, with recognition of the
diverse applications in which chillers are used.

The chiller rejects the heat extracted from the chilled water, plus the heat of
compression (in the vapor-compression cycle), or the heat of absorption (in
the case of an absorption chiller) to either the ambient air (air-cooled) or to
another circuit of water (water-cooled). If the compressor-motor is refrigerant
cooled, the chiller also rejects heat generated by motor inefficiency. Air-
cooled condensers use fans to facilitate cooling by the ambient air. Water-
cooled condensers typically use an evaporative cooling tower.

After the water has been chilled, it is distributed via pumps, pipes, and valves
(the distribution system) to the loads, where a heat exchanger—for example,
a cooling coil in an air-handler—transfers heat from the air to the chilled
water, which is returned to the chiller.

Each component of the chilled-water system is explained in more detail in the
following sections.

Chiller

There are a variety of water chiller types. Most commonly, they are
absorption, centrifugal, helical rotary, and scroll. Some reciprocating chillers
are also available. Chillers can be either air- or water-cooled. Major vapor-
compression chiller components include an evaporator, compressor(s),
condenser, and expansion device(s) (Figure 1). This manual discusses the
chiller’'s evaporator and condenser and their relationship to the chilled-water
system.

Chiller System Design and Control 1
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Figure 1. Typical vapor-compression chiller
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Water-cooled chillers are typically installed indoors; air-cooled chillers are
typically installed outdoors—either on the roof or next to the building. In cold
climates, air-cooled chillers may have a remote evaporator inside the building
for freeze protection.

Chiller evaporator

The evaporator section of a water chiller is a shell-and-tube, refrigerant-to-
water heat exchanger. Depending on the chiller’s design, either the
refrigerant or the water is contained within the tubes.

* In a flooded shell-and-tube evaporator (Figure 2), cool, liquid refrigerant
at low pressure enters the distribution system inside the shell and moves
uniformly over the tubes, absorbing heat from warmer water that flows
through the tubes.

Figure 2. Flooded evaporator cut-away
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* In adirect-expansion (DX) shell-and-tube evaporator (Figure 3), warmer
water fills the shell while the cool, lower-pressure liquid refrigerant flows
through the tubes.

Figure 3. Direct-expansion evaporator cut-away
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In either design, there is an approach temperature, which is the temperature
difference between the refrigerant and exit water stream temperatures. The
approach temperature is a measure of the heat transfer efficiency of the
evaporator.

Effect of chilled-water temperature

For a given chiller, as the leaving chilled-water temperature drops, the
refrigerant temperature and pressure must also drop. Conversely, as the
leaving chilled-water temperature rises, so do the refrigerant temperature
and pressure. When the leaving chilled-water temperature changes, the work
a compressor must do also changes. The effect of leaving chilled-water
temperature change on power consumption can be 1.0 to 2.2 percent per
degree Fahrenheit [1.8 to 4.0 percent per degree Celsius]. Always consider
the energy consumption of the entire system—not only the chiller. It is
important to remember that although reducing leaving chilled-water
temperature penalizes the chiller, it may reduce the overall system energy
because less water is pumped through the system. System interactions are
covered in more detail in “System Design Options” on page 27.

Effect of chilled-water flow rate and variation

The evaporator is sensitive to the water flow rate. Excessive flow may result
in high water velocity, erosion, vibration, or noise. Insufficient flow reduces
heat-transfer efficiency and causes poor chiller performance, which might
cause the chiller controls to invoke safeties. Some designers have concerns
over low flow rates causing fouling. Generally, as Webb and Li1 noted, these
concerns are unwarranted since the chilled-water loop is a closed system,
thus reducing the chances of materials entering the system and causing
fouling. Chilled-water flow through the evaporator must be kept within
specific minimum and maximum limits. Contact the manufacturer for these
limits.

Chiller System Design and Control 3
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Some chiller controls can accommodate very little flow variation during
machine operation.2 Other, more sophisticated, chiller controls allow some
flow variation. Some chillers can tolerate flow-rate variations—as much as 50
percent per minute or greater—while others can only tolerate up to 2 percent
per minute. It is important that chiller capabilities are matched to system
requirements. Contact the chiller manufacturer to determine the allowable
rate of flow variation before varying the flow through the evaporator in a
chiller. Flow variation is discussed in detail in the section “Variable-Primary-
Flow Systems” on page 55.

Water-cooled condenser

To cool a building or process, the transferred heat must ultimately be rejected
outdoors or to another system (heat recovery). The total amount of heat
rejected includes the sum of the evaporator load, the compressor work, and
the motor inefficiency. In a hermetic chiller, where the motor and compressor
are in the same housing, these loads are all rejected through the condenser.
In an open chiller, where the motor is separate from the compressor and
connected by a shaft, the motor heat is rejected directly to the surrounding
air. The evaporator load and the compressor work are rejected through the
condenser, and the motor heat must be taken care of by the equipment
room'’s air-conditioning system.

Effect of condenser-water temperature

For a given chiller, as the leaving condenser-water temperature rises,
refrigerant temperature and pressure also rise. Conversely, as the leaving
condenser-water temperature drops, so do refrigerant temperature and
pressure. As the refrigerant pressure and temperature changes, the work a
compressor must do also changes. The effect of leaving-condenser-water
temperature change on power consumption can be 1.0 to 2.2 percent per
degree Fahrenheit [1.8 to 4.0 percent per degree Celsius]. Always consider
the energy consumption of the entire system—not just the chiller. It is
important to remember that although raising the leaving condenser-water
temperature penalizes the chiller energy, it may reduce the energy used by
the condenser pumps and cooling tower through the use of reduced flow
rates and higher thermal driving-forces on the tower. System interactions are
covered in more detail in “System Design Options” beginning on page 27.

Effect of condenser-water flow rate

The condenser is sensitive to the water flow rate. Excessive flow may result
in high water velocity, erosion, vibration, or noise, while insufficient flow
reduces heat transfer efficiency and causes poor chiller performance.
Therefore, condenser-water flow through the chiller should be kept within a
specific range of limits, except during transient startup conditions. Contact
the manufacturer for these limits. Some chillers may allow extended
operation below the selected flow rates.

If water velocity through the condenser tubes is too low for significant
periods of time and the water is extremely hard, long-term fouling of the
tubes may also occur. Webb and Li1 tested a number of internally-enhanced
condenser tubes at low velocity (3.51 ft/s [1.07 m/s]) and high water hardness.

Chiller System Design and Control SYS-APMO001-EN
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A number of different options are
available for packaging and splitting the
components of an air-cooled chiller. There
is an excellent discussion in Chilled-Water
Systems, part of the Air Conditioning
Clinic Systems Series (TRG-TRC016-EN).
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While they found that some of the internally-enhanced tubes fouled in the
long term, they concluded:

Because of the high hardness and low water velocity used in these
tests, we do not believe that the fouling experienced is typical of that
expected in commercial installations. With use of good maintenance
practices and water quality control, all of the tubes tested are
probably suitable for long-term-fouling applications.

It is important to remember that a chiller selected for low flow does not
necessarily have low velocity through its tubes, as discussed in the chapter
“System Design Options” on page 27. If tube fouling is a major concern,
consider the use of smooth, rather than internally-enhanced, tubes in the
condenser for ease of cleaning.

Air-cooled condenser

Air-cooled chillers do not use condenser-water, since they reject their heat by
passing ambient air across refrigerant-to-air heat exchangers. In packaged
air-cooled chillers, the manufacturers improve performance by staging fans
in response to chiller load and ambient, dry-bulb temperature. Air-cooled
chillers can also be split apart. One technique is to use an indoor remote
evaporator with a packaged air-cooled condensing unit outdoors. Another
technique is to locate the compressor(s) and the evaporator indoors (also
known as a condenserless chiller) with an air-cooled condenser outdoors. It is
also possible to have an indoor air-cooled condenser.

Air-cooled versus water-cooled condensers

One of the most distinctive differences in chiller heat exchangers continues to
be the type of condenser selected—air-cooled versus water-cooled. When
comparing air-cooled and water-cooled chillers, available capacity is the first
distinguishing characteristic. Air-cooled condensers are typically available in
packaged chillers ranging from 7.5 to 500 tons [25 to 1,580 kW]. Packaged
water-cooled chillers are typically available from 10 to nearly 4,000 tons [35 to
14,000 kW].

Maintenance

A major advantage of using an air-cooled chiller is the elimination of the
cooling tower. This eliminates the concerns and maintenance requirements
associated with water treatment, chiller condenser-tube cleaning, tower
mechanical maintenance, freeze protection, and the availability and quality of
makeup water. This reduced maintenance requirement is particularly
attractive to building owners because it can substantially reduce operating
costs. However, see “Energy efficiency” below.

Systems that use an open cooling tower must have a water treatment
program. Lack of tower-water treatment results in contaminants such as
bacteria and algae. Fouled or corroded tubes can reduce chiller efficiency and
lead to premature equipment failure.

Chiller System Design and Control 5
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Low-ambient operation

Air-cooled chillers are often selected for use in systems with year-round
cooling requirements that cannot be met with an airside economizer. Air-
cooled condensers have the ability to operate in below-freezing weather, and
can do so without the problems associated with operating the cooling tower
in these conditions. Cooling towers may require special control sequences,
basin heaters, or an indoor sump for safe operation in freezing weather.

For process applications, such as computer centers that require cooling year-
round, this ability alone often dictates the use of air-cooled chillers.

Energy efficiency

Water-cooled chillers are typically more energy efficient than air-cooled
chillers. The refrigerant condensing temperature in an air-cooled chiller is
dependent on the ambient dry-bulb temperature. The condensing
temperature in a water-cooled chiller is dependent on the condenser-water
temperature, which is dependent on the ambient wet-bulb temperature.
Since the design wet-bulb temperature is often significantly lower than the
dry-bulb temperature, the refrigerant condensing temperature (and pressure)
in a water-cooled chiller can be lower than in an air-cooled chiller. For
example, at an outdoor design condition of 95°F [35°C] dry-bulb temperature,
78°F [25.6°C] wet-bulb temperature, a cooling tower delivers 85°F [29.4°C]
water to the water-cooled condenser. This results in a refrigerant condensing
temperature of approximately 100°F [37.8°C]. At these same outdoor
conditions, the refrigerant condensing temperature in an air-cooled
condenser is approximately 125°F [51.7°C]. A lower condensing temperature,
and therefore a lower condensing pressure, means that the compressor
needs to do less work and consumes less energy.

This efficiency advantage may lessen at part-load conditions because the dry-
bulb temperature tends to drop faster than the wet-bulb temperature (see
Figure 4). As a result, the air-cooled chiller may benefit from greater
condenser relief. Additionally, the efficiency advantage of a water-cooled
chiller is much less when the additional cooling tower and condenser pump
energy costs are considered. Performing a comprehensive energy analysis is
the best method of estimating the operating-cost difference between air-
cooled and water-cooled systems.

Chiller System Design and Control SYS-APMO001-EN
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Figure 4. Air-cooled or water-cooled efficiency
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Another advantage of an air-cooled chiller is its delivery as a “packaged
system.” Reduced design time, simplified installation, higher reliability, and
single-source responsibility are all factors that make the factory packaging of
the condenser, compressor, and evaporator a major benefit. A water-cooled
chiller has the additional requirements of condenser-water piping, pump,
cooling tower, and associated controls.

Water-cooled chillers typically last longer than air-cooled chillers. This
difference is due to the fact that the air-cooled chiller is installed outdoors,
whereas the water-cooled chiller is installed indoors. Also, using water as the
condensing fluid allows the water-cooled chiller to operate at lower pressures
than the air-cooled chiller. In general, air-cooled chillers last 15 to 20 years,
while water-cooled chillers last 20 to 30 years.

To summarize the comparison of air-cooled and water-cooled chillers, air-
cooled chiller advantages include lower maintenance costs, a pre-packaged
system for easier design and installation, and better low-ambient operation.
Water-cooled chiller advantages include greater energy efficiency (at least at
design conditions) and longer equipment life.

Loads

In comfort-cooling applications, cooling loads are often satisfied by air
handlers equipped with coils to transfer heat from the conditioned space air
to circulating chilled-water. Air is cooled and dehumidified as it passes across
the finned surface of the cooling coils. Since the psychrometric process of
conditioning air takes place at the coils, selection of the optimum coil size
and type from the wide variety available is important for proper system
performance.

Some specialized process loads do not involve cooling air. Instead, they may

involve heat transfer directly within a piece of process equipment, such as the
cooling jacket of an injection-molding machine.

Chiller System Design and Control 7
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Heat transferred from the loads can be controlled in a number of ways:
* Three-way valve

+  Two-way valve

* Variable-speed pump

* Face-and-bypass dampers

Three-way valve load control

A three-way control valve (Figure 5) regulates the amount of water passing
through a coil in response to loads. The valve bypasses unused water around
the coil and requires a constant flow of water in the system, regardless of
load. A drawback of this bypass is that the temperature of the water leaving
the three-way valve is reduced at part-load conditions. This can be a major
contributor to so-called “low AT syndrome” discussed on page 79. Three-way
valves are used in many existing systems, especially in those with constant-
volume pumping.

Figure 5. Three-way valve
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Two-way valve load control

A two-way, water modulating valve (Figure 6) at the coil performs the same
water throttling function as the three-way valve. The coil sees no difference
between these two methods. The chilled-water system, however, sees a great
difference. In the case of the two-way valve, all flow in the coil circuit is
throttled. No water is bypassed. Consequently, a system using two-way
valves is a variable-flow chilled-water system. The temperature of the water
leaving the coil is not diluted by bypass water so at part-load conditions, the
system return-water temperature is higher than with three-way valve control.

Chiller System Design and Control SYS-APMO001-EN
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Figure 6. Two-way valve
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Variable-speed pump load control

By using a pump for each coil (Figure 7), the flow may be controlled by
varying the pump speed. In such systems, there may be no control valves at
the coil. This can reduce both the valve and the valve installation costs, but
increases coil pump and maintenance costs.

Figure 7. Variable-speed pump load control
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Face-and-bypass dampers

Figure 8 shows a control variation using an uncontrolled or “wild” coil. In
this system, control of the conditioned air supply is executed by face-and-
bypass dampers that permit a portion of the air to bypass the coil surface.
Advantages of this strategy are the elimination of control valves and
improved part-load dehumidification. A disadvantage is that all the water is

Chiller System Design and Control 9
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pumped all the time; however, in systems with very small water pressure
drops, this system arrangement may work economically.

Figure 8. Uncontrolled water flow with bypass damper
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Chilled-Water Distribution System

Chilled water is circulated through fixed piping—most commonly steel,
copper, or plastic—that connects the chiller with various load terminals.
Piping is sized to meet pressure loss, water velocity, and construction cost
parameters.

Chilled-water pump

The chilled-water pump creates pressure to circulate chilled water within the
loop. Generally, the pump must overcome the frictional pressure losses
caused by the piping, coils, and chiller and the pressure differential across
open control valves in the system. The pump, while working at the system
static pressure, does not need to overcome this static pressure. For example,
in a forty-story building, the pump need not overcome the static pressure due
to those forty stories.

The chilled-water pump is typically located upstream of the chiller; however,
it may be anywhere in the system, provided that the pump:

* meets the minimum pump net positive suction-head requirements. That
is, the system pressure at the pump inlet must be both positive and high
enough to allow the pump to operate properly;

* maintains the minimum dynamic pressure head at critical system
components (usually the chiller). If the dynamic pressure head is not high
enough at these components, proper flow will not be established through
them;

Chiller System Design and Control SYS-APMO001-EN
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* accommodates the total pressure (static head plus dynamic head) on
system components such as the chiller’s evaporator, valves, etc.

Note that the pump heat is added to the water and must be absorbed by the
chiller. Generally, this represents a very small temperature increase.

Multiple pumps are often used for redundancy. Depending on the terminal
control devices and system configurations, the chilled-water pumps may be
either constant- or variable-flow.

As previously stated, pumps may be either on the inlet or the outlet of the
chiller, as long as the inlet of the pump experiences an adequate, positive
suction pressure. In applications where there is a significant liquid column
head (for example, a high-rise building), the pump is often located at the
chiller’s outlet so that the evaporator bundle is subject only to the static head
(rather than the static head plus the dynamic head added by the pump). The
need for high-pressure water boxes on the chiller can be eliminated.

Conversely, an advantage of locating the pump at the chiller’s inlet is that if
the pump motor rejects its heat to the water, the heat can be removed directly
by the chiller. The chiller does not need to compensate for the pump heat by
making colder water.

Pump per chiller

In either a primary-secondary or variable-primary-flow system, using one
pump per chiller simplifies system hydraulics (Figure 9). The pump can be
selected to produce the flow and pressure drop necessary for the specific
chiller. Bringing on additional pumps changes system hydraulics, but only
minimally. One drawback of such a system is a lack of redundancy, since the
pump and chiller are dedicated to one another. This may be overcome by
using a spare pump, pipes, and valves so that the spare pump could work
with any chiller during emergency conditions.

Manifolded pumps

In an effort to resolve the redundancy consideration, some designers prefer
to manifold pumps and provide n+1 pumps, where nis the number of chillers
(Figure 10). Such an arrangement allows any pump to be used with any
chiller. However, system hydraulics become more complicated. Unless all
piping runs and evaporator pressure drops are equal, the amount of water
flowing to each chiller will differ. As discussed in “Moderate 'low AT
syndrome’ on page 68, manifolded pumps present a control opportunity
when low AT is experienced.

Either pump configuration can be successful; one pump per chiller simplifies
the hydraulics, while manifolded pumps allow redundancy.

Distribution piping

By itself, the distribution system is easy to understand. Figure 11 shows a
simplified distribution system consisting of multiple cooling coils, each
controlled by a thermostat that regulates the flow in its respective coil. The

Chiller System Design and Control 11
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Figure 12. Constant flow system
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valves may be either three-way or two-way. As previously discussed, three-
way valves require constant water flow, while two-way valves allow the water
flow in the system to vary. As flow varies, the pump may simply ride its curve
or use a method of flow control such as a variable-speed drive. Refer to the
chapter “System Configurations” on page 42 for a detailed discussion of
distribution-system options.

Figure 11. Simplified distribution system
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The distribution system may contain other components, such as an
expansion tank, control valves, balancing valves, check valves, and an air
separator, to name a few. The density, and therefore the volume, of the water
in a “closed” chilled-water distribution system varies as it undergoes
changes in temperature. The expansion tank allows for this expansion and
contraction of water volume.

Pumping arrangements

Variations on three basic pumping arrangements are common. They are
referred to as constant flow, primary-secondary (decoupled) flow, and
variable-primary flow (VPF). The implications and nuances of each of these is
discussed in greater detail in “System Configurations” on page 42.

Constant flow system

When a chiller is on, a constant speed pump dedicated to it is on, and there
need not be any other pumps operated in the system (Figure 12). This is a
simple system and makes the most sense when there will only be one chiller
operated at a time in the system. Challenges with this system arise at part
load when chillers are in the parallel arrangement (refer to “Parallel Chillers”
on page 42). To solve some of these problems, the chillers can be placed in

Chiller System Design and Control SYS-APMO001-EN
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the series, or another pumping arrangement can be considered. Reducing the
flow rate affects this system type’s energy use all the time, so careful
attention to flow rates and temperature is critical (refer to “System Design
Options” on page 27).

Primary-secondary system

In this configuration (Figure 13), the distribution piping is decoupled from the
chiller piping and is known as the primary-secondary or decoupled system.
There is constant primary flow through the operating chiller(s) and variable
secondary flow through the loads. A bypass pipe between the two balances
the primary flow with the secondary flow. Because there are more pumps
and a bypass, this system costs more than a constant flow system to install.
Details on this system type are in “Primary-Secondary (Decoupled) Systems”
on page 45.

Variable-primary system

This pumping arrangement (Figure 14) was made possible in recent years by
advanced chiller controls that permit varying the flow through the chillers.
Like a constant flow system, the distribution piping is directly connected to
the chiller piping. Flow is varied through at least most of the loads and the
chillers. A smaller bypass (compared to the primary-secondary system)
ensures chiller minimum flow rates are avoided. Fewer pumps and smaller
bypass lead to lower first costs compared to the primary-secondary system.
Operation costs can also be lower, but the plant is controlled differently than
in other pumping arrangements and operator training is essential. This
system type is covered in detail in “Variable-Primary-Flow Systems” on
page 55.

Condenser-Water System

As in chilled-water distribution systems, condenser-water system piping—
most commonly steel, copper, or plastic—is sized to meet a project’s
operating pressure, pressure loss, water velocity, and construction cost
parameters. Pressure drop through piping and the chiller's condenser, plus
the cooling tower static lift, is overcome by use of a condenser-water pump.

To ensure optimum heat transfer performance, the condenser-heat transfer
surfaces must be kept free of scale and sludge. Even a thin deposit of scale
can substantially reduce heat transfer capacity and chiller efficiency. Specifics
of cooling-tower-water treatment are not discussed in this manual. Engage
the services of a qualified water treatment specialist to determine the level of
water treatment required to remove contaminants from the cooling tower
water.

Cooling tower

To reject heat, water is passed through a cooling tower where a portion of it
evaporates, thus cooling the remaining water. A particular cooling tower’s
effectiveness at transferring heat depends on water flow rate, water
temperature, and ambient wet bulb. The temperature difference between the

Chiller System Design and Control 13
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water entering and leaving the cooling tower is the range. The temperature
difference between the leaving water temperature and the entering wet-bulb
temperature is the approach.

Effect of load on cooling tower performance

As the building load—or heat rejection—decreases, range and approach also
decrease. This means that when the building is at part load, the cooling tower
can provide colder water at the same ambient wet-bulb temperature.

Effect of ambient conditions on cooling tower performance

As ambient wet-bulb temperature drops, the approach—at a constant load—
increases. This is counter-intuitive to many, and it must be considered when
cooling-tower-control strategies are developed. Detailed descriptions of these
conditions appear in “Chiller-tower energy balance” on page 90. For
additional information, refer to 2008 ASHRAE HVAC Systems and Equipment
Handbook, chapter 39, “Cooling Towers.” 3

Condenser-water pumping arrangements

Water-cooled chillers require condenser-water-system variations to be
considered. For a discussion of condenser-water temperatures and flow
rates, refer to “System Design Options” on page 27. Since air-cooled-chiller
condenser controls are part of the chiller design, they are not discussed in
this manual.

Most important, the inlet to the pump must have sufficient net positive head.
This often means locating the pump below the cooling-tower sump.

Single tower per chiller

In some applications each chiller has a dedicated cooling tower. This is most
likely to occur when chillers, and their accompanying towers, are purchased
at different times during the facility’s life—such as when additions are made.

Manifolded pumps

A much-used pumping arrangement has a single cooling-tower sump with
manifolded pumps, one condenser water line, and separate, smaller, pipes
for each chiller as shown in Figure 15. This provides a number of advantages:

*  Pumping redundancy

» Ifcooling towers cells can be isolated, any cooling-tower cell can run with
any chiller.

* Hydraulics are generally less problematic than on the chilled-water side.

+ Cooling towers can be located remotely from chillers, with only a single
supply and return pipe to connect them.

Chiller System Design and Control SYS-APMO001-EN
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Unit-Level Controls

The chilled-water supply temperature is usually controlled by the chiller.
Most commonly, supply water temperature is used as the sensed variable to
permit control of chiller capacity to meet system load demand. Supply-
temperature control strategies may be used on either constant- or variable-
flow systems. As previously discussed, flow control is executed at the load
terminals using three-way or two-way valves, or separate pumps for each
coil. Control capabilities run the gamut from slow-acting pneumatic controls,
to electromechanical controls, to sophisticated digital controls that use "feed-
forward" algorithms tuned to give superior performance.

Chiller control

Today'’s chiller controls are capable of doing more than simply turning the
chiller on and off. At a minimum, these controls should monitor:

+ Safety points, such as bearing temperatures and electrical points, that
may cause motor failure when out of range.

+ Data points that may cause operational problems if corrective action is
not taken. An example is low chilled-water or refrigerant temperature,
which may result in freezing in or around the evaporator tubes.

* General points to ensure proper chiller performance and refrigerant
containment.

Table 1. Recommended chiller-monitoring points per ASHRAE Standard 1474

Flow Flow
Inlet Pressure Inlet Pressure
Chilled Water (or other  Inlet Temperature Condenser  Inlet Temperature
secondary coolant) Water
Outlet Pressure Outlet Pressure
Outlet Temperature Outlet Temperature
Refrigerant Pressure Refrigerant Pressure
Evaporator Condenser
Refrigerant Temp. Refrigerant Temp.
Level Level
oil Pressure Compressor Discharge Temp.
Temperature Refrigerant  Compressor Suction Temp.
Addition of Addition of (in Refrigerant Log)
Vibration Levels PPM Refrigerant Monitor Level
Exhaust Time Date and Time Data
Purge - Logs ) )
Discharge Count Signature of Reviewer
Dry Bulb Amperes Per Phase
Ambient Temperatures Motor
Wet Bulb Volts Per Phase
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In addition to monitoring data, it is vital that the chiller controls alert
operators to possible problems. Diagnostic messages are necessary for the
operator to respond to safety issues and data points that are outside normal
operating ranges. While communicating these diagnostic messages is a
requirement, some chiller controls include factory-installed programming
that responds to the issue causing the diagnostic messages. For example,
when the chilled-water temperature nears freezing, the chiller sends a
diagnostic message and adapts its operation by reducing the compressor
capacity, raising the chilled-water temperature to a safer condition.

Finally, the chiller controls should communicate with a system-level
controller. There are many system aspects that are outside the chiller’s direct
control, such as condenser-water temperature and the amount of fluid
flowing through the evaporator and condenser. To minimize the system
energy costs, the system controls must coordinate chiller, pump, cooling-
tower, and terminal-unit controls. This can only be done if adequate
information is communicated from each system component to the system-
level controls. System-level control is discussed in detail in “System
Controls” beginning on page 87.

Centrifugal chiller capacity control

The capacity of a centrifugal chiller can be modulated using inlet guide vanes
(IGV) or a combination of IGV and a variable-speed drive (adjustable-
frequency drive, AFD)(Figure 16). Variable-speed drives are widely used with
fans and pumps, and as a result of the advancement of microprocessor-based
controls for chillers, they are being applied to centrifugal water chillers.

Figure 16. Centrifugal chiller with AFD
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ASHRAE 90.1 requires a chiller to meet both full and part-load efficiency
requirements. Using an AFD with a centrifugal chiller degrades the chiller’s
full-load efficiency. This causes an increase in electricity demand or real-time
pricing charges. At the time of peak cooling, such charges can be ten (or
more) times the non-peak charges. In return, an AFD can offer energy savings
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by reducing motor speed at “low-lift” conditions, when cooler condenser
water is available.

Certain system characteristics favor the application of an AFD, including:

* A substantial number of part-load operating hours (for example, when an
air- or water-economizer is not installed in the system)

+ The availability of cooler condenser water (condenser-water reset)

« Chilled-water reset control

Chiller savings using condenser- and chilled-water-temperature reset,
however, should be balanced against the increase in pumping and cooling-
tower energy. Performing a comprehensive energy analysis is the best
method of determining whether an AFD is desirable. It is important to use
actual utility costs, not a “combined” cost, for demand and consumption
charges. It is also important to include drive maintenance and replacement
costs, since the drive life is shorter than the chiller life. See “Energy and
economic analysis of alternatives” on page 26.

Depending on the application, it may make sense to use the additional
money that would be needed to purchase an AFD to purchase a more
efficient chiller instead. This is especially true if demand charges are
significant, or if the condenser water is close to its design temperature most
of the time (e.g., in a hot and humid climate such as Miami).

Consider the following analysis of an 800-ton office building with two
chillers. The analysis compares equally priced high efficiency or AFD-
equipped chillers, as one or both of the chillers. Utility costs for the combined
or “blended” rate are $0.10 per kWh and for the actual rate are $12 per kW
and $0.06 per kWh.

Simple paybacks using the combined rate analysis show almost no difference
between the two options (Table 2). However, when utility costs with an actual
consumption and demand component are used, the difference between the
alternatives is much more pronounced. The conclusion is that using actual
energy rates matters a great deal.

Table 2. Analysis of high-efficiency chiller options with combined vs actual rates

Simple paybacks, humid climate Combined rate Actual rate
AFD on both chillers 7.2 12.7
High efficiency on both chillers 7.1 8.3
AFD on one chiller 6.1 10.8
High efficiency on one chiller 6.3 7.7
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Chiller system size affects design and control considerations. Each size comes
with its own set of advantages and challenges.

Small Chilled-Water Systems (1-2 chillers)

Figure 17. Small chilled-water system schematic
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A common design goal for the small chilled-water system with one or two
chillers (Figure 17) is to minimize complexity while balancing energy
consumption goals. Smaller chilled-water systems may have smaller budgets
allotted for operation and maintenance and may run unattended more often
than larger systems. Keeping it simple, while capitalizing on chilled water
advantages, is the hallmark of a successful project.

The first cost of a small system is a common hurdle faced by a building owner.
There are ways to minimize first costs without sacrificing operating costs. For
example, a wider design AT reduces flow rates, which in turn reduces pipe and
pump sizes. In addition to reducing pump and pricing costs, this may also allow
the designer to avoid installing a storage tank to meet the required chiller “loop
times.” (See “Amount of Fluid in the Loop” on page 79.) On a system with
multiple chillers, using a variable-primary-flow design (“Variable-Primary-Flow
Systems” on page 55) can reduce the number of pumps, starters, electrical
equipment, and space required.

Chiller System Design and Control SYS-APMO001-EN
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Constant flow

Constant flow is simple and often applied to small systems up to 200 tons—
as long as the system pressure drop is fairly low and a wider AT is applied to
reduce the system flow rate. In constant flow systems, appropriate chilled-
water reset reduces chiller energy. These two strategies for saving energy
(reducing flow rates and/or chilled-water temperature reset) can be used
successfully in the constant flow designs more common in small chilled-
water systems. These two strategies are covered in “Selecting Chilled- and
Condenser-Water Temperatures and Flow Rates” on page 27 and “Chilled
water reset—raising and lowering” on page 87.

Constant flow systems use either a balancing or pressure-reducing valve or,
in a few cases, trim the pump impeller to set the system design flow.
Pressure-reducing valves waste pump energy. Another option designers use
to reduce pumping energy and increase system flexibility is to install a
variable frequency drive on the pump motor and set it at a constant speed
during system commissioning.

If, instead, system flow is balanced by trimming the pump impeller, flow
adjustment is much more difficult. Using a variable frequency drive at a set
speed allows the flow to be decreased or increased in the future if necessary.
This approach is more cost effective because the cost of variable frequency
drives has dropped. Any incremental cost will be offset by the elimination of
the balancing valves and pump starter.

Variable flow

Although a variable-primary-flow system may cost more than a constant flow
system, it is growing in popularity because it is less expensive than installing
a decoupled system. Another reason for its increased popularity is that pump
energy is reduced.

Some owners are concerned that the controls are more complex, but variable
flow systems can work very simply in the small chilled-water system when
there is only one chiller or when two chillers are piped in series. Key control
issues for variable flow systems are discussed in “Variable-Primary-Flow
Systems” on page 55, and variable flow with series chillers in “Series
Chillers” on page 44.

Condensing method

Many small chilled-water systems use air-cooled chillers because of the lower
maintenance requirements of the condensing circuit. Water-cooled systems

are generally more energy efficient and have more options for features such
as heat recovery, though some air-cooled chillers have partial heat recovery

options.

To help the owner decide on the system selection, a comprehensive energy
analysis is the best method of estimating the life cycle cost difference
between air-cooled and water-cooled systems. Energy analysis is likely
required for many facilities seeking LEED certification, so it may already be
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part of those jobs. See “Energy and economic analysis of alternatives” on
page 26.

Number of chillers

The number of chillers to install is a function of redundancy requirements
and first cost. In general, the more chillers installed, the higher the initial cost.
Therefore, many small systems only use one chiller. Most chillers in the 20
through 200 ton range use multiple compressors with multiple refrigeration
circuits and provide a reasonable level of cooling redundancy. The only
system controls installed on a single chiller installation may be a clock and
ambient lockout switch to enable and disable the chilled-water system. If only
one chiller is used, a system that varies the flow rate through the chiller can
be quite simple to operate. Minimum and maximum flows and maximum
rate of change for the flow would still need to be addressed (see “Variable-
Primary-Flow Systems” on page 55).

As systems get larger, the owner may require more redundancy, leading
them to install multiple chillers. Some designers use 200 tons as the
maximum job size for a single chiller.

When there is more than one chiller, there are many more system control
decisions to be made including:

* enabling the second chiller,
* turning the second chiller off, and

+ failure recovery.

Two-chiller plants require higher system control intelligence than single
chiller plants. Sequencing logic, discussed in “System Configurations” on
page 42, varies based on system configuration, and failure recovery is
discussed on page 94.

Parallel or series

Parallel configurations are more common than series configurations. (See
“Parallel Chillers” on page 42.) In chiller systems with an even number of
chillers, there are advantages to putting them into a series configuration,
especially if low or variable water flow is desired. This offers the benefits of
better system efficiency and higher capacity because the upstream chiller
produces water at a warmer temperature. Series chillers should not be
applied with low system ATs, because the maximum flow through the chillers
may be reached. Efforts to eliminate the so-called “Low AT syndrome” (page
79) must be addressed for both configurations. The energy and control
requirements of series chillers are covered in “Series Chillers” on page 44.

Part load system operation

For small chilled-water systems, especially those with only one chiller, part
load system energy use may be dominated by ancillary equipment,
especially in a constant flow system. At low loads, constant speed pumps
and tower fans constitute a much larger portion of the chiller plant energy
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than at full load. Variable frequency drives for unloading tower fans and
chilled-water pumps may provide benefits, depending on the costs, system
operating hours, system type, and outdoor air conditions. (See “System
Controls” on page 87.)

Mid-Sized Chilled-Water Systems
(3-5 Chillers)

Figure 18. Mid-sized chilled-water system schematic
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In addition to the design decisions faced by the small chilled-water system
designer, the following objectives may be encountered by the mid-sized
system designer.

Managing control complexity

As chilled-water systems get larger (Figure 18), control system design and
execution become more critical and more complex. There are simply more
combinations of equipment and operating scenarios. On the other hand,
systems this size generally have more highly-skilled operators who can
understand proper operation and maintenance. To help operators
understand expected system operation, chiller plant controls are usually
more customized and sophisticated.

Preferential vs. equalized loading and run-time

With more chillers, sequencing options might include preferentially loading
the most efficient chiller or equalizing the run time of chillers. The decision
hinges on how different these chillers are and the preferred maintenance
routine. For example, a chiller plant with one quite old—though still reliable—
chiller may periodically enable that chiller to ensure it continues to function,
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but use it sparingly due to its lower efficiency. Or, a chiller may have a
different fuel source, used as a hedge against either high demand or high
energy consumption charges for other energy sources. (See “Alternative
Energy Sources” on page 82.) Some chilled-water systems have unequally
sized chillers, allowing fewer chillers to operate. (See “Unequal Chiller
Sizing” on page 78.)

Large Chilled-Water Systems
(6+ Chillers, District Cooling)

Figure 19. Large chilled-water system schematic
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Large chilled-water systems with six or more chillers (Figure 19) have
different challenges than smaller systems. Examples of these types of
systems are commonly found on campuses with multiple buildings,
downtown districts, and mixed-use residential and commercial
developments.

Chiller System Design and Control SYS-APMO001-EN
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Creating one centralized chilled-water system takes significant foresight,
initial investment, and building development with a multi-year master plan. If
the initial plant is built to accommodate many future buildings or loads, the
early challenge is operating the system efficiently with much lower loads
than it will experience when the project is complete. The system may need to
blend parallel and series configurations (“Series-Counterflow Application”
on page 77) to accommodate the wide range of loads the plant experiences
during phased construction.

Another type of large chilled-water system could actually start out as more
than one chilled water-system. An existing set of buildings can be gradually
added to the central system, or two geographically distant chilled-water
systems can be connected. “Plant Expansion” on page 83 discusses the
unique control and hydraulic challenges of “double-ended” chilled-water
systems.

Operating large chilled-water systems can be different as well. As system
load drops, chillers are turned off. Individual chiller unloading characteristics
are not as important, because operating chillers are more heavily loaded.

Pipe size

Practical pipe size limitations start to affect the maximum size of a chilled-
water system. As the systems get larger, it becomes more difficult to
accommodate the increasing pipe sizes, both in cost and in space. Large ATs
can help reduce flow and required pipe size. (See “Selecting Chilled- and
Condenser-Water Temperatures and Flow Rates” on page 27.) In general, the
larger the system, the higher the AT should be.

Water

Large systems are almost always water-cooled. Both chilled water (a closed
loop) and condenser water (usually an open loop) pipes will have to be filled
with water. In some locations, it is difficult to find enough fresh water to fill a
very large system with water, especially if the chilled-water system is quite
distant from the loads. Cooling towers consume water, which can be
significant and difficult to obtain in some locations. The search for both
locally available make-up water and energy savings can lead to the
exploration of alternative condensing sources like lake, river, or well water.
(See “Well, river, or lake water” on page 72.) In rare instances, salt water or
brackish water can be applied if the system uses an intermediate heat
exchanger, or if the chiller is constructed with special tubes.

Power

Large chilled-water systems can be challenged by site power availability.
Transformer size may be dictated by local regulations. On-site power
generation may be part of the project, leading to using higher voltages inside
the chilled-water system to avoid transformer losses and costs. Alternative
fuels for some or all of the chillers may be attractive (“Alternative Energy
Sources” on page 82).
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To minimize power, large systems must be very efficient. The upside of a
large system is the amplification of energy savings. A relatively small
percentage of energy saved becomes more valuable. For this reason, the
highly efficient series-counterflow arrangement is popular for large systems.
(See “Series—Counterflow Application” on page 77.)

Controls

The designers of medium and large chilled-water systems are more likely to
consider the pros and cons of direct-digital controls (DDC) versus

programmable-logic controls (PLC). These platforms deliver similar results,
depending on proper design, programming, commissioning, and operation.

One way to think of PLC is “fast, centralized control with redundancy.” PLC
has a faster processing speed, with some hot-redundancy features—such as
an entirely redundant system processor that is ready to take over if the main
system processor fails.

Conversely, DDC can be considered “steady, distributed control with
reliability.” DDC controls feature easy programming and user-friendly
operation. In the DDC environment, a failure of the system processor results
in the lower-level processors defaulting to a pre-determined operating mode.

The speed of the PLC system can be one of its challenges. Controls that are
steady and do not overreact to minor changes work very well, even in large
chilled-water systems.

Chiller Plant System Performance

Chiller performance testing

All major chiller manufacturers have chiller performance test facilities in the
factory, in a laboratory, or both. A chiller performance test in accordance with
the test procedures in ARI Standard 550/590% can be performed at the factory
under controlled conditions, with industrial grade instrumentation and
computerized data collection devices. This test ensures that the chiller meets
its promised performance criteria. If it does not, corrections are made before
it leaves the factory.

Limitations of field performance testing

After the chiller is installed at the job site, the system conditions will be less
controllable than in a test facility, and therefore unsuitable for chiller
acceptance testing. While measuring the performance of the entire chiller
plant is more difficult, it can help identify operating problems or evaluate the
effectiveness of system control methods and setpoints.

The goal is to operate as efficiently as possible and to sustain a high level of
individual equipment and coordinated operation. A proper energy
management system can help trend and diagnose problems or changes over
time.
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Guidelines for system efficiency monitoring

ASHRAE Guideline 22 Instrumentation for Monitoring Central Chilled-Water

For a copy of ASHRAE Guideline 22 and Plant Efficiency® was first published in June 2008. It states:
other ASHRAE publications, visit the

ASHRAE bookstore at www.ashrae.org/
bookstore. Guideline 22 was developed by ASHRAE to provide a source of

information on the instrumentation and collection of data needed for
monitoring the efficiency of an electric-motor-driven central chilled-
water plant. A minimum level of instrumentation quality is
established to ensure that the calculated results of chilled-water
plant efficiency are reasonable. Several levels of instrumentation are
developed so that the user of this guideline can select that level that
suits the needs of each installation.

The basic purpose served by this guideline is to enable the user to
continuously monitor chilled-water plant efficiency in order to aid in
the operation and improvement of that particular chilled-water plant,
not to establish a level of efficiency for all chilled-water plants.
Therefore, the effort here is to improve individual plant efficiencies
and not to establish an absolute efficiency that would serve as a
minimum standard for all chilled-water plants.

Guideline 22 includes a discussion of:

* types of sensors and data measurement devices

« calibration

* measurement resolution, accuracy, and uncertainty

+ calculation methods

+ example specification

+ examples of measured long-term performance

Guideline 22 recommends tracking and archiving the following over the life
of the plant, in addition to normal equipment operating trends. The ability to
obtain this information is dependent on the instrumentation and data
measurement capabilities of the system.

1 Average day’s outdoor air temperature (obtain the outside air
temperature every 30 minutes and find the average of these samples each
day)

2 Day’s high temperature
3 Day’s low temperature

4 Day’s high wet-bulb temperature (calculate from temperature and
enthalpy)

5 Chilled-water supply temperature (average, max and min if chilled-water
temperature is not fixed)

6 Total ton-hours (kWh) production of chilled water for the day
7 Total kWh power input for each component for the day

8 Average kW/ton (COP) for the plant for the day
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Prominent software for energy analysis
includes TRACE™, System Analyzer™,
eQuest, and EnergyPlus.

Blended electricity rates computed from
a full year’s energy cost divided by the
full year’s kWh are not acceptable. Not
every alternative will use energy the
same way, and not every unit of energy
will have the same effective cost. See
Table 2, “Analysis of high-efficiency
chiller options with combined vs actual
rates,” on page 17.

ASHRAE Standard 1407 was developed
to create a basis for defining and testing
capabilities of energy analysis software
packages. Test results are submitted to
ASHRAE and publicly available before
software is considered compliant with
the Standard.
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Energy and economic analysis of alternatives

The process of making decisions between multiple, competing alternatives is
simplified with the assistance of simulation software. Many packages are
available for this purpose (see sidebar). While not every analysis will require
the same level of detail for decision-making purposes, computer-assisted
analysis computations are now easy and fast, and it is no longer necessary to
make many simplifying assumptions. When performing a simulation of
alternatives, use software that allows for:

1 Full year analysis
a Schedules, including holidays, affect the loads and the equipment.

b Weather, including coincident temperature, solar, and wind effects will
have an effect, not just on the loads but on the energy performance of
equipment.

2 Actual energy rate definition

a Time-of-day and time-of-year rate capabilities are important. Some
utilities stipulate that some hours and/or months are “on peak,” while
others are “mid peak” or “off peak,” and charge differently.

b Demand or other fixed costs are almost always present in some
fashion, so that utilities are compensated for the amount of
instantaneous capacity they provided. Some rates will include
"ratchet” clauses, which charge a minimum percentage of the previous
12 months’ peak demand.

¢ Stepped-rates, also known as floating cut-offs, are used to reward
energy consumers with flatter load profiles. The amount of energy
used almost all the time will have the least expensive rate.

d Blended or combined electricity rates are not acceptable (see sidebar).
3 Life-cycle analysis

a First costs are rarely overlooked in an economic analysis.

b Maintenance costs also are likely to be different in each alternative.

¢ Replacement costs will be important when evaluating alternatives
with equipment not expected to have the same useful life, or if one
alternative is to delay some amount of action by one or more years.

d Escalation factors on recurring costs such as maintenance and energy.

e More advanced economic parameters may be desirable as well to
include financing and tax implications.

For the purposes of achieving ASHRAE Standard 90.1 compliance using the
Energy Cost Budget method, or for certifications under the United States
Green Building Council’s LEED® program, software tools must be tested in
accordance with ASHRAE Standard 140. This test is also required for tax
incentives offered by the United States federal government.
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Standard 550/590-2003, Performance
Rating of Water Chilling Packages Using
the Vapor Compression Cycle and the
ARI Standard 560-2000, Absorption
Water Chiller and Water Heating
Packages. Both are published by the Air-
Conditioning, Heating, and Refrigeration
Institute. www.ahrinet.org
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System Design Options

There are many chilled-water-system design options; however, in a basic
sense, each option is a function of flow, temperature, system configuration,
and control. This section discusses the effect of flow rate and temperature
decisions.

It is important to remember that temperatures and flow rates are variables.
By judicious selection of these variables, chilled-water systems can be
designed to both satisfy chilled-water requirements and operate cost
effectively.

Chilled-water systems are often designed using flow rates and temperatures
applied in testing standards developed by the Air-Conditioning, Heating, and
Refrigeration Institute (AHRI), ARl 550/590-2003 for vapor compression
chillers and ARI 560-2000 for absorption chillers (see sidebar). These
benchmarks provide requirements for testing and rating chillers under
multiple rating conditions. They are not intended to prescribe the proper or
optimal flow rates or temperature differentials for any particular system. In
fact, as component efficiency and customer requirements change, these
standard rating conditions are seldom the optimal conditions for a real
system, and industry guidance recommends lower flow rates with resultant
higher temperature differences. There is great latitude in selecting flow rates,
temperatures, and temperature differences.

Selecting Chilled- and Condenser-Water
Temperatures and Flow Rates

Leaving chilled-water and entering condenser-water temperature selection
can be considered independently of their respective flow rates. However,
temperatures and flow rates should be selected together to design an
efficient and flexible chilled-water system.

Guidance for Chilled- and Condenser-Water Flow Rates

The ASHRAE GreenGuide 8 (pp 146-147) states:

In recent years, the 60% increase in required minimum chiller
efficiency from 3.80 COP (ASHRAE Standard 90-75) to 6.1 COP
(ASHRAE Standard 90.1-2004) has led to reexamination of the
assumptions used in designing hydronic media flow paths and in
selecting movers (pumps) with an eye to reducing energy
consumption... Simply stated, increase the temperature difference
in the chilled water system to reduce the chilled-water pump flow
rate...

The CoolTools™ Chilled Water Plant Design Guide recommends starting with
a chilled-water temperature difference of 12°F to 20°F [7°C to 11°C], and it

Chiller System Design and Control 27



Chilled water (without antifreeze) at
34°F (1.1°C) is possible with some
chillers that use sophisticated
evaporator-design and chiller-control
methods.
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recommends a design method that starts with condenser-water temperature
difference of 12°F to 18°F [7°C to 10°C].

Standard rating temperatures

Currently, the standard rating condition temperatures in ARI 550/590° and
ARI 5609 are:

+ Evaporator leaving water temperature: 44°F [6.7°C]
* Water-cooled condenser, entering water temperature: 85°F [29.4°C]

» Air-cooled condenser, entering air dry bulb: 95°F [35.0°C]

For years, these temperature definitions were the benchmarks in system
designs. Today, designers apply a variety of different temperatures.

ARI 550/590 reflects this trend by allowing the chilled-water and condenser-
water temperatures to be selected at non-standard points and the chiller to be
tested as specified by the standard.

Chilled-Water Temperatures

Currently, comfort cooling systems are designed with chilled-water supply
temperatures that range from 44°F [6.7°C] to 38°F [3.3°C], and, in some cases,
as low as 34°F [1.1°C]. Reasons to decrease the chilled-water temperature
include the following:

* The system design more readily accommodates wider temperature
differences (lower flow rates) than the standard rating conditions (see
“Selecting flow rates” on page 30).

* Lower water temperature allows lower air temperatures (and flows) to be
selected, resulting in reduced airside installed and operating costs.

+ Colder water in the same chilled-water coil may provide better
dehumidification.

» Colder water can be used to increase the capacity of an existing chilled-
water distribution system. In some instances, this can save significant
capital expenditures to add capacity to large central plants that have
reached their flow limits.

Some system designers hesitate to use lower chilled-water temperatures,
concerned that the chiller will become less efficient. As discussed in “Effect of
chilled-water temperature” on page 3:

* Lower chilled-water temperature makes the chiller work harder. However,
while the lower water temperature increases chiller energy consumption,
it significantly reduces the chilled-water flow rate and pump energy. This
combination often lowers system energy consumption.

* Lower chilled-water temperatures may require more insulation on piping
to prevent unwanted condensation (“sweating”). Ensure that pipes are
properly insulated at all water temperatures. Lower temperature water
often does not require more insulation.
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Condenser-Water Temperatures

Today’s chillers can run at various entering condenser-water temperatures,
from design temperature to the lowest-allowable temperature for that
particular chiller design. However, many existing older chillers are limited in
their allowable condenser-water temperatures. Contact the chiller
manufacturer for these limits. Optimal condenser-water temperature control
is discussed in the section, “System Controls” on page 87.

Chilled- and Condenser-Water Flow Rates

The selection of chilled-water and condenser-water flow rates is a powerful
tool that designers have at their disposal. Kelly and Chan19, and Schwedler
and Nordeen11, found that reducing flow rates can reduce the costs of
chilled-water system installation and/or operation. The ASHRAE
GreenGuide8 states, “Reducing chilled- and condenser-water flow rates
(conversely, increasing the ATs) can not only reduce operating cost, but,
more important, can free funds from being applied to the less efficient
infrastructure and allow them to be applied toward increasing overall
efficiency elsewhere.”

Standard rating flow conditions

Presently, the standard-rating-condition flow rates for electric chillers in ARI
550/590 are:

* 2.4 gpm/ton [0.043 L/s/kW] for evaporator
+ 3.0 gpm/ton [0.054 L/s/kW] for condenser

This evaporator flow rate corresponds to a 10°F [5.6°C] temperature
difference. Depending on the compressor efficiency, the corresponding
condenser temperature difference is 9.1°F to 10°F [5.1°C to 5.6°C].

Absorption chillers are rated using ARI Standard 560-2000, Absorption Water
Chiller and Water Heating Packages 9. The evaporator flow rates are the same
as those used in ARl 550/590; however, condenser (often called cooling
water) flow rates differ depending on the absorption chiller design. Table 3
shows the standard rating conditions for various absorption chillers.

Table 3. Standard rating conditions for absorption chillers

Condenser Flow Rate

Absorption Chiller Type gpm/ton L/s/kW
Single Effect 3.60 0.065
Steam or hot water 4.00 0.072

Double Effect
Direct fired 4.00 0.081
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Selecting flow rates

Designers may use the standard rating conditions to compare
manufacturers’ performances at exactly the same conditions. However, these
standards allow any flow rates to be used and certified comparisons to be
made at a wider range of conditions.

For a given load, as flow rate decreases, the temperature differential
increases. Table 4 reflects a 450-ton [1,580-kW refrigeration] chilled-water
system, both as a base case and with low flow.

Table 4. Standard rating conditions for chilled-water systems

Chilled Water System Base Case Low Flow

Evaporator flow rate, gpm [L/s] 1,080 [68.1] 675 [42.6]
Entering 54.0 [12.2] 57.0 [13.9]

Chilled water

temperature °F [°C] Leaving 44.0 [6.7] 41.0 [5.0]

Condenser flow rate, gpm [L/s] 1,350 [85.2] 900 [56.8]
Entering 85.0 [29.4] 85.0 [29.4]

Condenser water

temperature °F [°C] Leaving 94.3 [34.6] 99.1 [37.3]

Chiller power, kW 256.0 292.0

In this example, notice that the leaving chilled-water temperature decreases
and the leaving condenser-water temperature increases. This means that the
chiller's compressor must provide more lift and use more power. At first
glance, the design team may decide the chiller power difference is too large
to be overcome by ancillary equipment savings. The key question is, How
does this impact system energy consumption? Using the following
assumptions, we can calculate system energy usage:

» 80 feet of water [239 kPa] pressure drop through chilled-water piping

» 30 feet of water [89.7 kPa] pressure drop through condenser-water piping
+ 78°F [25.6°C] design wet bulb

* 93 percent motor efficiency for pumps and tower

« 75 percent pump efficiency

* ldentical pipe size in chilled- and condenser-water loops (either a design

decision, or indicating changing flows in an existing system)

The pressure drop through the chiller will decrease due to the lower flow
rates. When using the same size pipe, the pressure drop falls by nearly the
square of the decreased flow rate. While this is true for straight piping, the
pressure drop does not follow this exact relationship for control valves or
branches serving loads of varying diversity.

Be sure to calculate the actual pressure drop throughout the system.
Hazen-Williams and Darcy—-Weisbach calculate the change is to the 1.85 and
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1.90 power, respectively. The examples here use the more conservative 1.85
power:

DP2/DP1 = (Flow2)/(Flow1)1-85

Given different flow rates and entering water temperatures, a different
cooling tower can be selected for the low-flow condition (Table 6):

Table 5. Low-flow conditions for chilled-water pump

Base Case Low Flow*

Flow rate, gpm [L/s] 1,080 [68.1] 675 [42.6]
System pressure drop, ft water [kPa] 80.0 [239] 33.5[100]
Evaporator-bundle pressure drop, ft water [kPa] 29.7 [88.8] 12.6 [37.7]
Pump power output, hp [kW] 39.9 [29.8] 10.5 [7.80]
Pump electrical power input, kW 32.0 8.4
Table 6. Low-flow conditions for cooling tower

Base Case Low Flow*
Flow rate, gpm [L/s] 1,350 [85.2] 900 [56.8]
Static head, ft water [kPa] 19.1 [57.1] 12.6 [37.7]
Tower fan power output, hp [kW] 30.0 [22.4] 20.0 [14.9]
Tower fan electrical power input, kW 24.1 16.0

Table 7. Low-flow conditions for condenser-water pump

Base Case Low Flow*
Flow rate, gpm [L/s] 1,350 [85.2] 900 [56.8]
System pressure drop, ft water [kPa] 30 [89.7] 14.2 [42.5]
Condenser-bundle pressure drop, ft water [kPa] 19.9 [59.5] 9.6 [28.7]
Tower static lift, ft water [kPa] 19.1 [57.1] 12.6 [37.7]
Pump power output, hp [kW] 31.4 [23.4] 11.0 [8.2]
Pump electrical input, kW 25.2 8.8

* Low-flow conditions represented in Table 5 through Table 8 are 1.5 gpm/ton [0.027 L/s/kWI] chilled water
and 2.0 gpm/ton [ 0.036 L/s/kW] condenser water.
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The total system power is now as follows:

Table 8. Total system power

Component Power (kW) Base Case Low Flow*
Chiller 256.0 292.0
Chilled-water pump 32.0 8.4
Condenser-water pump 25.2 8.8
Cooling tower 24.1 16.0
Total power for chilled-water system 337.3 325.2

* Low-flow conditions represented in Table 5 through Table 8 are 1.5 gpm/ton [0.027 L/s/kW] chilled water
and 2.0 gpm/ton [0.036 L/s/kW] condenser water.

Figure 20. System summary at full load
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It becomes clear that flow rates can affect full-load system power (Figure 20).
Even though the chiller requires more power in the low-flow system, the
power reductions experienced by the pumps and cooling tower result in an
overall savings for the system.

What happens at part-load conditions? Figure 21 shows the part-load
performance based on the following assumptions:

* The chilled-water pump includes a variable-frequency drive.

+ The condenser-water pump remains at constant power.

+ The cooling tower is controlled to produce water temperatures lower than
design.
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Figure 21. Chilled water system performance at part load
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* Low-flow conditions in Figure 21 are 1.5 gpm/ton [0.027 L/s/kW] chilled water and 2.0 gpm/ton
[0.036 L/s/kW] condenser water.
While the magnitude of the benefit of low-flow changes depends on the
chiller type used (centrifugal, absorption, helical-rotary, scroll), all chilled-
water systems can benefit from judicious use of reduced flow rates as
recommended by the ASHRAE GreenGuide8.
Coil response to decreased entering water temperature
) _ ) A coil is a simple heat exchanger. To deliver the same sensible and latent
U @il PRRETTENES GEiE 13 M el capacity when supplied with colder water, the coil’s controls respond by
from the original manufacturer, its . . .
performance could be approximated reducing the flow rate of the water passing through it. Because the amount of
using current selection programs and water decreases while the amount of heat exchanged remains constant, the
known details about the coil, such as fins . : .
per foot, number of rows, tube diameter, Iea.vmg water temperature mcreases.. Thus, by s.up.plylng. cc?lder water to 'fhe
etc. Some designers use the following coils, a low-flow system can be applied to an existing building. In a retrofit
approximation instead. For each 1.5 to application, it is wise to reselect the coil, using the manufacturer’s selection

o o o . . -
ca 7 IR ) P G U DI program, at a new chilled-water temperature to ensure its performance will
temperature entering the coil is reduced,

the coil returns the water 1°F [0.6°C] meet the requirements.
warmer and gives approximately the

SEmIE SEEll2s Gl (il GEpEE s, Mk One possible concern of low supply-water temperatures is the ability of the
is a rough approximation and a coil’s

actual performance depends on its valve to control flow properly at low-load conditions. A properly-sized valve

design. with good range can work well in low-flow systems. In existing systems,
valves may need to be replaced if they cannot operate with the new range of
flows, but the coils do not need to be replaced.

Example of coil reselection at colder temperature/reduced flow rate

Water temperatures and flow rates are variables. They should be selected to
achieve an efficient and flexible water distribution system. Consider the
following example of a six-row coil in an existing air handling unit.

Table 9 shows an example of selecting a chilled-water cooling coil in a
13,000-cfm (6.1-m3/s) VAV air-handling unit. The left-hand column shows the
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performance of this coil when it is selected with a 44°F [6.7°C] entering fluid
temperature and a 10°F [5.6°C] fluid temperature rise (AT). To provide the
required 525 MBh [154 kW] of cooling capacity, the coil requires 105 gpm [6.6
L/s] of water.

The right-hand column shows the performance of same coil, but in this case
it is selected with 40°F [4.4°C] entering fluid and a 15.6°F [8.7°C] AT. To
provide the equivalent capacity, the coil requires only 67.2 gpm [4.2 L/s] of
water.

Table 9. Impact of supply temperature and flow rate on cooling coil selection

“Conventional” “Low flow”

system design system design
Coil face area, ft2 [m?2] 29.01 [2.69] 29.01 [2.69]
Face velocity, fpm [m/s] 448 [2.3] 448 [2.3]
Coil rows 6 rows 6 rows
Fin spacing, fins/ft [fins/m] 85 [279] 85 [279]
Total cooling capacity, MBh [kW] 525 [154] 525 [154]
Entering fluid temperature, °F [°C] 44 [6.7] 40 [4.4]
Leaving fluid temperature, °F [°C] 54 [12.2] 55.6 [13.1]
Fluid AT, °F [°C] 10 [5.6] 15.6 [8.7]
Fluid flow rate, gpm [L/s] 105 [6.6] 67.2 [4.2]
Fluid pressure drop, ft H20O [kPa] 14.0 [41.8] 6.3 [18.8]

By lowering the entering fluid temperature, this coil can deliver the same
cooling capacity with 36% less flow, at less than half of the fluid pressure
drop, with no impact on the airside system.

Cooling-tower options with low flow

Smaller tower

Like coils, cooling towers are heat exchangers—although often
misunderstood heat exchangers. The tower exchanges heat between the
entering (warmest) water temperature and the ambient wet-bulb
temperature. Therefore, in a new system or when a cooling tower is replaced,
a low-flow system design allows a smaller, more efficient cooling tower to be
selected. How is this possible?

Keep in mind that a cooling tower is not limited to a specific tonnage. A
cooling tower is a heat exchanger that exchanges heat between the entering
water temperature and the ambient wet bulb. By varying the flow or the
temperature, the tower capacity can be changed—often increased.

Since the amount of heat to be rejected, Q, is approximately the same in

standard-rating-condition and low-flow systems, we can estimate the heat
exchange area necessary to reject the heat:
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Q= U x A1 x ATq, where
A = area,
U = coefficient of heat transfer, and
AT = temperature difference

so, for a roughly equivalent heat rejection,
Ux A1 x AT1=U x A2 x AT2

and for a constant coefficient of heat transfer,
A1x AT1=A2 x AT2

Using standard rating conditions, the temperature difference between tower
entering temperature and ambient wet bulb, AT1 is

AT1=94.2-78=16.2°F or [34.6 - 25.6 = 9.0°C]
while at typical low-flow conditions, ATz is

AT2=99.1-78=21.1°F or [37.3-25.6 = 11.7°C]
Therefore:

A1x16.2=A2x21.10r A2=0.77 A1

So, the tower would theoretically need only 77% of the heat exchange area to
achieve the same heat rejection capacity, simply by reducing the flow rate
from 3.0 gpm/ton [0.054 L/s/kW] to 2.0 gpm/ton [0.036 L/s/kW].

The heat exchange capacity can be altered by changing the surface area or
airflow, or some combination of the two. A cooling-tower manufacturer’s
selection program can give the exact size and power requirements. In the
example previously summarized on pages 30-32, both the cooling-tower size
and airflow (hence, required fan power) were reduced.

Same tower, smaller approach

Another option is to use the same cooling tower at a lower flow rate. In a new
system, this is a design decision, but in an existing system, it is often a
constraint that the tower cannot be changed. Given the same heat-rejection
load, the low-flow system allows the cooling tower to return colder water;
that is, the tower's approach to the ambient wet-bulb temperature decreases.
In the previous example of 450 tons [1580 kW], the same cooling tower would
have resulted in a leaving tower-water temperature of 83.5°F [28.6°C] instead
of the 85°F [29.4°C] with the smaller cooling tower. It is important to realize
that the entering temperature for the tower would be approximately 97.6°F
[36.4°C]. Therefore, the effect of reduced flow rate on chiller energy
consumption is partially offset by the lower leaving tower-water temperature.
The system would use less pump energy at the lower flow conditions.
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Table 10. Same tower, smaller approach

Same tower,
Present smaller
approach
Capacity, tons 450 [1,580] 450 [1,580]
[kW refrigeration]
Approach, °F [°C] 7 [3.8] 5.5 [3]
Flow rate, gpm [L/s] 1350 [85.2] 900 [56.8]
Cooling tower
Entering temperature, °F [°C] 94.3 [34.6] 97.6 [36.4]
Leaving temperature, °F [°C] 85 [29.4] 83.5[28.6]
Ambient wet-bulb 78 [25.6] 78 [25.6]

temperature, °F [°C]

Same tower, larger chiller

One retrofit option that benefits many building owners is installing a new,
larger chiller selected for a lower flow rating and re-using the existing cooling
tower, condenser-water pump, and condenser-water pipes. In many cases,
this allows the building owner to increase the chilled-water-system capacity
for an expansion, with a limited budget. An example can easily demonstrate
this.

A hospital presently has a 450-ton [1,580-kW refrigeration] chiller that needs
to be replaced. The condenser water flow is 1,350 gpm [85.2 L/s]. The present
cooling-tower selection conditions are summarized in Table 11. Recently, the
cooling-tower fill was replaced. The tower, condenser water piping, and
pump are in good condition. The hospital is planning an addition with 50
percent more load for a total of 675 tons [2,370 kW]. Must the hospital replace
the condenser water system? The answer is “no,” as long as the chiller is
selected properly.

How is this possible? As long as the new chiller's condenser-water pressure
drop is at or below that of the present chiller, the same amount of water can
still be pumped. With the same flow rate, a 675-ton [2,370-kW] chiller may be
selected with a condenser-water-temperature rise of approximately 15°F
[8.3°Cl. Using the cooling-tower manufacturer’s selection software, the same
cooling tower can be selected at the elevated temperature difference. As
shown in Figure 22, the new selection point will be:

* entering water temperature: 103°F [39.4°C]
* leaving water temperature: 88°F [31.1°C]

* ambient wet bulb: 78°F [25.6°C]
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Table 11. Retrofit capacity changes

Larger
Present chiller,
same tower

Capacity, tons 450 [1,580] 675 [2,370]
[kW refrigeration]

Flow rate, gpm [L/s] 1350 [85.2] 1,350 [85.2]
Cooling tower

Entering temperature, °F [°C] 94.3 [34.6] 103 [39.4]

Leaving temperature, °F [°C] 85 [29.4] 88 [31.1]
Ambient wet-bulb 78 [25.6] 78 [25.6]

temperature, °F [°C]

It quickly becomes evident that the same cooling tower and flow rate are

adequate to reject more heat—in this case, approximately 50 percent more
heat.

Figure 22. Cooling tower re-selection with different chiller capacities
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Retrofit opportunities

The low-flow concepts for chilled- and condenser-water just described in
pages 33 through 37 present tremendous retrofit opportunities. Building
owners may need to increase the capacity of an existing system, for example,
in response to a building addition. In many of these buildings, the condenser
water system (piping, pump, and tower) is in good condition, but is
considered to be too small. Or, the system has expanded but the chilled water
pipes and/or coils cannot be changed. By changing from traditional design
conditions, the existing infrastructure can often be used while providing
additional capacity.
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In both cases, either reusing an existing tower, or reusing existing chilled
water piping, the design engineer can often help reduce total project costs
using the existing infrastructure by selecting a chiller with a higher
temperature differential.

Cost Implications

By reducing either chilled- or condenser-water flow rates, the following

Several considerations should be kept in installed-cost reductions are possible:

mind when determining sizes for new

systems. As pipe size is decreased, so « Reduced size of pumps, valves, strainers, fittings, and electrical

are valve and specialty sizes and costs. .

Remember that reducing pipe size connections

increases pressure drop. Keep a balance . .

between first cost and operating costs. * Innew systems, reduced pipe sizes

This can significantly reduce the system .. . .. . ..
retrofit costs because existing pipes may + In existing systems, more capacity from existing chilled-water piping
be used.

* Reduced cooling-tower size, footprint, and fan power

If a physically-smaller cooling tower is selected using low flow, its reduced
footprint can benefit building owners in a number of ways:

* Reduced real estate requirements (often more important than realized)

* Reduced structural requirement, since the amount of tower water is
reduced

* Reduced excavation and material costs in the case of a large, built-up
tower with a concrete sump

* Improved aesthetics because of the reduced tower height

In addition to reducing installation costs, operating cost reductions for the
whole system are also available. Due to a smaller pump and/or tower, the
pump and tower operating costs can be reduced substantially with less
adverse impact on the chiller operating cost. Analysis programs such as
EnergyPlus, eQuest, TRACE™, or System Analyzer™ software can be used to
determine annual operating costs. Nordeen and Schwedler1! showed that
operating costs for chilled-water systems using absorption chillers can
benefit greatly from reduced condenser-water flow. Figure 23 shows
operating costs as generated with System Analyzer analysis software.
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Figure 23. Annual system operating costs (absorption chillers)
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Condenser Water Flow

Kelly and Chan10 compare the operational costs of chilled-water system
designs in site locations. Their summary states:

In conclusion, there are times you can "have your cake and eat it too.’
In most cases, larger ATs and the associated lower flow rates will not
only save installation cost but will usually save energy over the
course of the year. This is especially true if a portion of the first cost
savings is reinvested in more efficient chillers. With the same cost
chillers, at worst, the annual operating cost with the lower flows will
be about equal to “standard” flows but still at a lower first cost.

Misconceptions about Low-Flow Rates

Some common misconceptions about low-flow systems include:
1 Low flow is only good for long piping runs
2 Low flow only works well for specific manufacturers’ chillers

3 Low flow can only be applied to new chilled-water systems

Let's discuss each of these three misconceptions.
Misconception 1—Low flow is only good for long piping
runs.

One way to examine this claim is to use our previous example, but to
concentrate on the condenser-water side. We'll start with the example
covered on pages 30-32. Using the same chiller, but a smaller cooling tower
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and a more conservative zero condenser-water-pipe pressure drop, we can
examine the effect of reducing flow rates.

Table 12. Reduced flow-rate effect

Condenser Water Pump Base Case Low Flow
Flow rate, gpm [L/s] 1350 [85.2] 900 [56.8]
System pressure drop, ft water [kPa] 0 0
Condenser bundle pressure drop, ft water [kPa] 19.9 [59.5] 9.6 [28.7]
Tower static lift, ft water [kPa] 19.1 [57.1] 12.6 [37.7]
Pump power output, hp [kW] 17.7 [13.2] 6.7 [5.0]
Pump fan electrical input, kW 14.2 5.4

Figure 24. System energy consumption (no pipes)
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Energy consumption for the chiller, condenser-water pump, and cooling-
tower fans is shown in Figure 24. Note that only at full load does the total
power of the chilled-water plant increase. Recall that this is with absolutely
no pressure drop through the condenser-water piping, valves, or fittings. It is
interesting to note that the break-even point at full load is approximately

8 feet of head (water) [23.9 kPal. Also note that at all part-load conditions, the
total power of the low-flow system is less than that of the base system. It is
easy to see that even for short piping runs, reducing flow rates can improve
plant energy consumption.
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Misconception 2—Low flow only works for specific
manufacturers’ chillers.

Demirchian and Maragarecil2, Eley13, and Schwedler and Nordeen11
independently showed that system energy consumption can be reduced by
reducing flow rates. It is interesting to note that in the systems studied, three
different chiller manufacturer’s chillers were examined, yet the energy
savings only varied from 2.0 to 6.5 percent. In all cases, regardless of which
manufacturer’s chillers were used, the system energy consumption was
reduced. In addition, Demirchian and Maragareci2, and Schwedler and
Nordeen11 also noted reduced first costs.

Misconception 3—Low flow can only be applied to new
chilled-water systems.

As previously discussed in “Coil response to decreased entering water
temperature” on page 33 and “Cooling-tower options with low flow” on
page 34, there are distinct opportunities to use existing infrastructure
(pumps, pipes, coils, and cooling towers) to either expand available cooling
capacity and/or reduce system energy costs by using lower flow rates.
Upon examination, it is clear that low-flow systems allow savings even on
short piping runs, work with all manufacturers’ chillers, and can be used in
retrofit applications. As a designer, remember to review the benefits to the
building owner. Often, reducing flow rates can provide significant value.

Consulting engineers, utilities, and ASHRAE have all concluded that reducing
chilled- and condenser-water flow rates (conversely, increasing the ATs)
reduces both installed and operating costs. It is important to reduce chilled-
and condenser-water system flow rates to provide optimal designs to
building owners and operators.
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System Configurations

Multiple chilled-water systems are more common than single chilled-water
systems for the same reason that most commercial airplanes have more than
one engine—the balance of reliability and cost. The most typical system
configuration, by far, has two chillers. Since system loads can vary throughout
a wide spectrum, multiple chilled-water systems can often operate with one
chiller. During these periods, if the system is designed properly, the energy
required to operate a second chiller and its auxiliaries can be conserved.

This section examines:
+ Constant flow systems

+ Systems in which flow is constant through chillers, but variable through the
rest of the system

+ Systems in which flow varies throughout the entire system—including the
chillers

Parallel Chillers

Figure 25 shows a system with two chillers piped in parallel, using a single
chilled-water pump.

Figure 25. Parallel chillers with a single, common chiller pump
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With constant flow loads, water flows in both chillers continually, whether the
chiller is operating or not. Clearly, this can disrupt the supply chilled-water
temperature when only one chiller is operating. The temperatures indicated in
Figure 25 show how the supply water temperature rises when one chiller is
cycled off in response to a part-load condition. This may result in inadequate
dehumidification capabilities or the inability to satisfy specific loads.
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Alternatively, the operating chiller can be reset to produce a lower supply
temperature at this condition. In this way, the mixed system supply-water
temperature may be maintained at a more acceptable temperature. This
complicates the control system and presents the possibility of increasing
chiller energy consumption due to the requirement for lower-temperature
water. There will also be a low limit to this water temperature, dependent on
the chiller’s low pressure cut-out control, low evaporator-refrigerant-
temperature limits, or low leaving chilled-water limits. The more chillers in
the system, the worse the problem becomes. For this reason, this
configuration is seldom used in systems with more than two chillers.

Additionally, ASHRAE/IESNA Standard 90.1-2007 (Section 6.5.4.2) prohibits
this type of system when the pump is larger than 10 hp [7.5 kW]. The
standard requires that, in systems that contain more than one chiller piped in
parallel, system water flow must be reduced when a chiller is not operating.

Figure 26. Parallel chillers with separate, dedicated chiller pumps
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If separate, dedicated chiller pumps are used (Figure 26), a chiller—-pump pair
can be cycled together. This solves the flow mixing problem described
above, but presents a new problem. Below 50-percent load, only one chiller
and one pump are operating. The total water flow in the system decreases
significantly, typically 60 to 70 percent of full system flow, according to the
pump-system curve relationship.

Ideally, at this part-load flow rate, all of the coils will receive less water,
regardless of their actual need. Typically, however, some coils receive full
water flow and others receive little or no water. In either case, heavily-loaded
coils or the loads farthest from the pump will usually be “starved” for flow.
Examples of spaces with constant heavy loads that may suffer include
computer rooms, conference rooms, photocopy rooms, and rooms with high
solar loads.
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System AT greater than 14°F

One reason series chilled-water systems
should be designed using at least a 14
degree AT is because a lower AT ignores
the opportunity for lower flow rates and
reduced pump energy. For small, packaged
chillers, a reason to have at least a 14
degree AT is to avoid exceeding the chiller’s
maximum flow rate. The system will more
likely experience evaporator flow limit
maximums if the AT is too low.
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Series Chillers

If chillers are piped in series, as in Figure 27, the mixing problem disappears
and the starving coils problem (when one of the pumps in a parallel
arrangement is not running) is resolved. Series flow presents a new set of
temperature and flow control challenges.

Figure 27. Series chillers

B6°F [13.3°C] C% (| 49°F[9.4°CT | 42°F [5.5°C]
1 T P

> —— —

Chiller 2

setpoint = 42°F [5.5°C]

ok

|
< Chiller 1 <
setpoint = 42°F [5.5°C]

ANMASNNNY

Loads

H

AMAN

The flow rate through each chiller is the entire system flow, that is, double
the individual flow rate of two parallel chillers. This means that the chiller
evaporator must accommodate the doubled water quantity. This may be
accommodated by using fewer water passes in the evaporator, which may
result in decreased chiller efficiency.

However, this efficiency loss due to fewer passes is more than offset by the
increased efficiency of the upstream chiller, now operating at a warmer
temperature.

Pressure losses are additive when the chillers are piped in series. This
increases total system pressure drop, thereby using more pump energy. On
the other hand, series chillers work particularly well in low-flow systems,
where the system temperature difference is greater than 14°F [7.8°C],
resulting in less pressure drop.

Low-flow systems were discussed in detail in “Selecting flow rates” on
page 30. Series chillers are also suited to variable flow systems, where the
operating pressure drop is reduced. Variable flow is discussed beginning on
page 55.

Temperature control can be executed in several ways. Figure 27 shows a
strategy where the controller on each chiller is set at the system design
setpoint. Either chiller can be used to meet the system demand for up to 50
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percent of the system load. At system loads greater than 50 percent, the
upstream chiller is preferentially loaded because it will attempt to produce
the design leaving chilled-water temperature. Any portion of the load that
remains is directed to the downstream chiller.

If chiller setpoints are staggered (upstream at 49°F [9.4°C] and downstream at
42°F [65.5°C]), the downstream chiller is loaded first. The upstream machine
then meets any portion of the system load that the downstream chiller
cannot meet. This control strategy offers several benefits. The first is that the
upstream chiller is always operating at an elevated temperature. This allows
it to operate at a higher efficiency. Also, placing an absorption chiller in the
upstream position increases its capacity. As an example, an absorption
chiller that can produce 500 tons [1,760 kW] at a leaving chilled-water
temperature of 44°F [6.6°C] may produce 600 tons [2,110 kW] at 50°F [10°C].
Centrifugal, helical-rotary, reciprocating, and scroll chillers experience
capacity and efficiency changes to a lesser degree. By judicious use of the
series configuration, these benefits can provide reduced installed cost and
fuel flexibility to the building owner. While not shown, a single manual
bypass with proper valving can provide for servicing of chillers.

Equal loading of the two chillers may be accomplished by using a chiller
plant management system to dynamically reset the upstream chiller’s
setpoint in response to changes in system load.

Primary-Secondary (Decoupled) Systems

The root cause of the difficulties with parallel chiller control in a constant
volume system is the fixed relationship between chiller- and system-flow
rates. If, instead, we can hydraulically decouple the production (chiller)
piping from the distribution (load) piping, it is possible to control them
separately. The fixed relationships are then broken apart. The production
pumps are typically constant volume, while the distribution pumps are
variable volume.

Hydraulic decoupling

Figure 28 shows the basic decoupled system. This strategy is also referred to
as a primary-secondary pumping arrangement. Separate pumps are
dedicated to production and distribution. While the same water is pumped
twice (by different pumps), there is no duplication of pumping energy. This is
because the production pumps overcome only the chiller and production-
side pressure drop while the distribution pumps overcome only the
distribution system pressure drop.
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Check valves

Some designers recommend the
installation of a check valve in the
bypass line of a primary-secondary
system to eliminate the possibility of
deficit flow in the bypass line. The
premise is that if there is a system
problem (low temperature differential),
the check valve will put the primary and
secondary pumps in series and pump
more water through the chiller, thus
balancing the primary and secondary
flow requirements. This is not universally
accepted.

Coad14 states:

One constraint is that if the system is
designed as variable flow and is
experiencing operating problems
related to low return water
temperatures, the solution is not in the
plant but rather in the load.

and

One solution that has been suggested
is to install a check valve in the plant
common pipe or decoupling line circuit
... However, to be realistic, all that the
check valve can do is assure that no
water bypasses the chillers, which in
turn has the effect of increasing flow in
the chiller. Thus with the installation of
the check valve must be an algorithm
to either slow down system pump(s)
when flow increases beyond the design
maximum for the on chiller or turn on
additional chillers. Thus the check valve
solution offers its own problems and
many designers feel very
uncomfortable with forcing pumps into
series operation without the benefit of
understanding the full impact thereof.

This manual does not recommend the
use of check valves in the bypass line.
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Figure 28. Decoupled arrangement
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The unrestricted bypass line hydraulically decouples, or separates, the
production and distribution pumps so that they cannot operate in a series
coupled pumping arrangement.

Although the two pumping systems are independent, they have three things
in common:

* bypass piping,
* no-flow static head (from the building water column), and

* water.

Changes in flows or pressures, due to variations in dynamic head or the
number of chillers operating, cannot cross the bypass line.

The extent of decoupling depends solely on the restriction (or lack of
restriction) in the bypass pipe. Total decoupling is accomplished only if the
bypass piping has zero pressure loss at any flow. Since this is not possible,
some insignificant pump coupling will exist. The important issue is to keep
the bypass piping free of unnecessary restrictions such as check valves (see
sidebar).
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Production

An individual production (chiller) pump need only pump water from the
return bypass tee (point A in Figure 29), through its chiller, and into the tee at
the supply-end of the bypass line (point B in Figure 29). This represents a
relatively small pressure differential and a low pumping-power requirement.
In addition, each individual pump operates only when its corresponding
chiller runs. Production loops are independent of one another, as well as
from the distribution loop. They may consist of pump—chiller pairs that act as
independent chillers. Or, manifolded and stepped pumps can be teamed with
automatic, two-position chiller valves to operate in the same way as pump-
chiller pairs. Figure 29 shows the latter arrangement. Temperature control is
also independent. The conventional chilled-water temperature controller
furnished with the chiller serves this function.

Figure 29. Production loop
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Chillers may be of any type, age, size, or manufacturer. System operation is
simplest, however, if all of the chillers are designed to operate with the same
leaving chilled-water temperature and through the same system temperature
rise (temperature difference) across the chiller.

Note: If the chillers in a decoupled system make the same chilled-water
temperature, then all the operating chillers are loaded to equal percentages.
There may be times when preferentially loading a chiller is desired. This is
discussed in “Preferential Loading” on page 73.
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Figure 30. Distribution loop
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Figure 31. Example pump curve
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Distribution

Distribution pumps take water from the supply water tee (point B in

Figure 29), push it through all the distribution piping and load terminals, and
then on to the return water tee (point A in Figure 29). This pump can (and
should) allow variable flow.

By itself, the distribution system is easy to understand. Figure 30 shows a
simplified distribution system consisting of