CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

Some absorption chillers require the condensing water be
kept constant at the design temperature. To improve seasonal
operating efficiency some designs accept condensing water
temperatures below design down to 45F. This requires an
internal control that transfers liquid from refrigerant circuit to
absorbent circuit, transfers liquid from absorbent circuit to
refrigerant circuit, limits heat input, or a combination. Low
condenser water temperature decreases energy usage and
increases unit capacity.

When the condenser water temperature is too low, the
absorbent contains too much refrigerant and the solution
crystallizes. A safety control used by some absorption units
senses when the lithium bromide concentration is getting too
high with a low cooling water temperature and takes action to
avoid crystallization.

Absorption chillers are normally used where heat energy is
available at very low cost such as the exhaust from a steam
turbine. They also are used to reduce electric load and therefore
peak electric demand.

CHILLER CONTROL REQUIREMENTS
BASIC CHILLER CONTROL

Basic chiller control is a sensor in the chilled water supply
or return and a controller to provide a control signal to a capacity
control actuator. Capacity control is unique to each compressor
type. Summarized, the controls for each compressor type are:

1. Centrifugal-Controller output operates a pneumatic or
electric actuator to position inlet vanes as a function of the
controlled temperature. If speed control is available, the
controller sequences motor or rotor speed with inlet vanes.

2. Reciprocating—Controller provides a stepped output to
sequence refrigerant solenoid valves, valve unloading,
hot gas bypass, or multiple compressors as a function of
controlled temperature.

3. Screw—Controller operates speed control or a pneumatic
or electric actuator to position sliding bypass valve in
response to temperature input.

4. Absorption—Controller output operates a valve to
modulate the steam, hot water, or gas supply to maintain
controlled temperature.

Capacity high limit controls are used on centrifugal and screw
compressors to limit electrical demand during high load periods
such as morning cool-down. A load limiting control reduces
motor current draw to an adjustable maximum. Capacity of
some chillers can be reduced to as low as 10 percent.

Most chillers with modulating capacity control use proportional-
integral control, and often receive their chilled water setpoint from
a BMCS to optimize building energy efficiency.

When chilled water discharge temperature control is used, offset
can be reduced and control improved by using return water
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temperature to reset the supply setpoint upward at light loads to
reduce the supply to return chilled water temperature difference.

Proportional-integral (PI) control improves the accuracy of
control. When integral control is used, provisions to prevent
integral wind-up must be made. Integral wind-up during system
shutdown causes overshoot on start-up. For more information on
PI control, refer to Control Fundamentals section.

SYSTEM CONTROLS WHICH
INFLUENCE THE CHILLER

Whatever the configuration of a chilled water system, proper
control is necessary to meet the overall system requirements.
Condenser and chilled water temperatures establish refrigerant
head and energy needed per unit of cooling. Minimum
condenser temperature limits vary for different chiller designs.
Condenser temperatures should be maintained as close to the
minimum limits as possible to minimize refrigerant head. Actual
condenser water temperature is dependent on outdoor wet bulb
temperatures. Chilled water temperature is dependent on system
design and building load.

SAFETY CONTROLS

When an unsafe condition exists, the compressor should stop
automatically. Safety cutout controls may have automatic or
manual reset and include the following:

High condenser pressure.

Low refrigerant pressure or temperature.
Backup for the low chilled water temperature controller
(on some reciprocating chillers).

High motor temperature.

Motor overload.

Low oil pressure.

Low oil sump temperature.

High oil sump temperature.

Chilled water flow interlock.

Condenser water flow interlock.

whe
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The preceding are all two-position (on-off) controls. In
addition, modulating limit controls sensing high condenser
pressure or low evaporator pressure-temperature reduce
compressor capacity to avoid the safety cutout conditions of
Items 1 and 2.

CHILLER/BMCS INTERFACE

Most chillers are supplied with microprocessor controllers
with a significant database of safety, operating, monitoring, and
setpoint status and values. The BMCS normally provides control
of the chilled water pump, the cooling tower fans, and the chiller
system (AUTO/OFF commands to the chiller controller). The
chilled water temperature setpoint and on occasions the
maximum load setpoint (for capacity control) are also dictated
by the BMCS.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

It is desirable for the BMCS to have access to the chiller-
controller database, but due to the cost and complexity of a custom
interface to convert the data to a format acceptable to the BMCS,
it is seldom done. Adoption of open communication standard
protocols as the ASHRAE BACnet and the Echelon LonMark™
will replace the expensive interfaces with direct interfaces.

CHILLED WATER SYSTEMS

CENTRAL COOLING PLANTS

The central cooling system generates chilled water for
distribution to a building or group of buildings. It consists of
one or more chillers. Multiple chillers may all be the same or
different capacities and/or different types. The energy may be
provided by electricity or a fuel-combustion source. Central
chiller system optimization is an important control function to
minimize energy use, especially in multiple chiller plants. The
control program must be dynamic and constantly check current
conditions and adjust chiller system operations accordingly. A
control program must select the most efficient loading and
chiller combinations then, sequence pumps and control cooling
towers to match the current load condition. Built-in safeguards
prevent short cycling and exceeding demand limits. Strategies
for total chiller system optimization include:

1. Supplying chilled water at a temperature that minimizes
chiller and pump energy while satisfying the current
demand load.

Selecting the chiller or chiller combination in multiple
chiller plants to satisfy the current load at minimum
operating cost. The influence of refrigerant head pressures
and chiller efficiency curves must be considered.
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3. Usingrejected heat when a heating load exists at the same
time as a cooling load.

4. Using thermal storage to store day time rejected heat
and/or night time cooling. Thermal storage can also reduce
the size of chiller equipment.

SINGLE CENTRIFUGAL CHILLER CONTROL

Capacity control is the primary method used to control a
single chiller to meet the cooling load. Typically centrifugal
chiller capacity control is accomplished by a chiller discharge
water temperature controller. Discharge control responds
quickly to load changes to maintain the chilled water
temperature. The chilled water supply temperature may be reset
from chilled water return temperature or from the zone with
the greatest load. To ensure that all loads are met, resetting
based on zone demand requires monitoring all the chilled water
valves on the fan systems. Resetting from return water
temperature recognizes the average temperature only and not
the individual loads.

Where chilled water constant speed pumping horsepower is
more than 25 to 33 percent of the compressor horsepower,
increases in chilled water temperature could force the use of
more pumping energy than can be saved in reduced compressor
energy. This is because chilled water control valves open wider
due to the increased water temperature. The increased flow
requires the pump(s) to use more power. In these cases, chilled
water reset should not be used or should be limited to reset
only when flow is below the break even point of compressor
Versus pump energy.
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SINGLE CENTRIFUGAL CHILLER CONTROL APPLICATION

FUNCTIONAL DESCRIPTION
CHILLED WATER SETPOINT
TOWER
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/Y
o L8] o @
@ - o
! AUTO | D je—
LI | | <_#> (5]
— & L O-
5] CHILLER 1 1l
l14) $ | T<¢
[enasLep || [auto]@] |[on | |[100k®) | [ 78 | | [NoRmaAL] 54
BY REMOTE OPERATING STATUS PERCENT LOAD ALARM e
CONTROLS MODE STATUS
MAX | cumment
(1] A 04 10} o (11 ®
®
| conTroL
7| PROGRAM [T
" h M10496
Fig. 9. Single Chiller Control Graphic.
Item No. Function
1 Indicates when chiller system is required by 4 Condenser pump status. Pump started by
fan system. chiller controls when chilled water needed.
2 Chilled water pump ON-OFF-AUTO 56 Chiller leaving water temperature and setpoint.
function. In AUTO pump runs when fan 7 Icon to select chiller control dynamic
systems need chilled water. sequence display (Fig. 10). o .
3 Chiller ON-OFF-AUTO function (In ON and 8 BMCS co_mmanda‘ble load limiting function.
AUTO chilled water flow required for chiller 9-14 Operator information.
to run). 15 Control program coordinates chiller control.
16 Icon to select cooling tower control displays.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

CHILLED WATER SYSTEM

CHILLED WATER SETPOINT

(45D | [46KD | [2}@

MINIMUM CURRENT MAXIMUM

ANYTIME ANY AHU VALVE IS OPEN GREATER THAN [ 20 K©)% FOR MORE THAN

MINUTES AND THE TIME IS BEFORE THE CHILLED WATER PUMP STARTS AND
ENABLES THE CHILLER SYSTEM CONTROLS.

AT CHILLER START-UP, THE CHILLED WATER TEMPERATURE SETPOINT IS [ 46 (2 .
ANYTIME ALL AHU CHILLED WATER VALVES ARE LESS THAN % OPEN, THE
SETPOINT INCREMENTS UP AT THE RATE OF DEGREES EVERY

MINUTES UP TO A MAXIMUM OF [ 52 | DEGREES.

ANYTIME ANY AHU CHILLED WATER VALVE

IS FULL OPEN, THE CHILLED WATER

TEMPERATURE SETPOINT DECREMENTS DOWN AT THE SAME RATE TO A MINIMUM

OF [ 45 | DEGREES.

M10495

Fig. 10. Single Chiller Control Dynamic Sequence Display.

Features

1

2
3
4

. Automatic start-stop and setpoint optimization of chiller.

. User friendly monitoring and adjustment.

. Optimized unoccupied operation.

. Chiller cannot start late shortly before the unoccupied
period begins.

Conditions For Successful Operation

1

W

. Control network, software, and programming advises
chiller controller of AHU chilled water demands.

. Interlock and control wiring coordinated with the chiller
manufacturer.

. Appropriate cooling tower and control.

. For single-chiller systems without primary-secondary
pumping, three-way air handling unit valves may be used
for 80 to 85 percent of the chilled water flow (Small
valves, up to 15 to 20 percent total flow, may be two-
way, which are simpler to pipe.) If all two-way valves
are provided on single pump systems, chilled water flow
or pressure controls (See DUAL CENTRIFUGAL
CHILLERS) are provided to maintain the required flow
(varies with chiller manufacturers) through the chiller.
Do not use three-way valves when diversity is used in
the chiller system design.

NOTE: Little pumping energy can be saved on a
single-pump single-chiller system by using
two-way AHU control valves since the chiller
usually requires high flow anyway.
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5. During the unoccupied period the 80 percent load limiting
parameter (see SPECIFICATION following) is based on
the assumption that AHUs are VAV and are operating
under a reduced maximum cfm setpoint during all
unoccupied cooling modes (see the Air Handling System
Control Applications) to save fan energy and place the
chiller operation in the maximum efficiency range.

6. Chilled water temperature reset from AHU chilled water
valve position requires:

a. No valve always full open.

b. Maximum of 30 to 40 valves. With too many valves
the probability that one valve will always be open is
very great.

c. Zone setpoint discipline is maintained. Lowering
setpoints to resolve complaints may result in one or
more valves being always open.

7. Chilled water temperature reset timing increments are
compatible with valve control response. If the temperature
reset is too fast, the valve cannot adjust to the new
temperature, resulting in instability.

Specification

The chiller system operation shall be enabled anytime the
time of day is less than 1545 and any AHU chilled water valve
is open greater than twenty percent for more than three minutes.
Anytime the chiller system is enabled, the chilled water pump
shall run.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

Anytime chilled water flow is proven via a chilled water pump
current sensing relay, the chiller controls shall be enabled to
operate under factory controls, subject to a chiller software ON-
OFF-AUTO function (chilled water flow must still be proven
in the “ON" mode). Provide control and interlock wiring per
the chiller manufacturers recommendation.

Upon a call for chilled water, the chiller controls shall start the
condenser water pump and energize the cooling tower fan controls,

When condenser water flow is proven via a condenser water
pump current sensing relay, the chiller shall start, operate, and
load under chiller factory controls to maintain the chilled water
temperature setpoint, 46F at start-up.

Anytime all chilled water valves are less than 85 percent open,
the chilled water temperature setpoint shall be incremented at
arate of 0.3F every 10 minutes up to a maximum of 52F.

Anytime any chilled water valve is full open, the chilled water
temperature setpoint shall be decremented at a rate of 0.3F
degrees every 10 minutes down to a minimum of 45F.

The maximum allowable percentage of chiller full load
electrical current shall be commandable from the BMCS, and
shall be 80 percent during all unoccupied periods of operation,

MULTIPLE CHILLER SYSTEM
CONTROL APPLICATIONS

Multiple chiller systems offer standby capacity and improved
economy at partial loads. Multiple chiller systems may be piped
for either parallel or series chilled water flow.

In the parallel piped arrangement (Fig. 11), return chilled
water is divided among the chillers then recombined after
chilling. Two methods of operation at light loads are depicted.
One uses a pump and a check valve for each chiller. The other
uses a common pump with an isolation valve for each chiller.
Multiple pumps with check valves allow one chiller and the
associated pump to be shut down during light load conditions
to save energy and require that the system be able to operate
with the reduced flow. The check valves prevent reverse flow
through the shut down chiller. Use of a common pump and
isolation valves require that the operating chiller be able to
withstand full system flow. The isolation valves allow the
operating chiller to supply only the chilled water temperature
required to meet system demands. Without the isolation valves,
half of the water flows through the chiller which is shut down
and is not cooled. When the uncooled water is mixed with the
cooled water, the temperature will be the average of the water
temperatures. As a result, the on-line chiller must supply water
cool enough so that the average will satisfy the primary sensor
and thus the system. To meet this requirement the on-line chiller
may need to supply water close to the freezing point,
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The temperature sensor in the common chilled water supply
is the primary capacity control. The temperature low limit
control prevents the outlet temperature of each chiller from
going too low, A return water temperature sensor can be used
in conjunction with a supply water temperature sensor to turn
off one chiller in light load conditions.

CHILLER 2
PRIMARY
COMPRESSOR SENSOR

ISOLATION
VALVES EVAPORATOR

USED WITH

COMMON LiMm

CHILLER 1
CONDENSER

COMPRESSOR

LOW
LIMIT
COMMON
, PUMP
4 c2Ea
Fig. 11. Parallel Piped Chillers.

In the series arrangement (Fig. 12) chilled water pressure
drop is higher if the chillers are not designed for higher flow,
At partial loads, compressor power consumption is lower than
for the parallel arrangement.

When the condensers of series units are water cooled, they
are piped in series counterflow to balance loading. When piped
series-counterflow, Chiller 1 receives warmer condenser and
chilled water while Chiller 2 receives colder entering condenser
and chilled water. This makes refrigerant head approximately
the same for each chiller. The controls may be set to shutdown
either chiller at partial loads.

CHILLEFI 1

CHILLER 2
TDH

FI.ATOFI

LIMIT

Fig. 12. Series Piped Chillers.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

When two chillers of equal size and similar characteristics are
used, the point at which the second chiller is activated is usually
when the first chiller reaches 100 percent load. This is
demonstrated in Figure 13 which plots kW per ton versus percent
load for one chiller and two chillers at various temperature
differences between condenser and chilled water temperatures.
Curves vary slightly for different temperature differences so a
microprocessor-based control system is used for maximum
efficiency. The microprocessor checks chilled and condenser water
temperature, looks up chiller efficiency at those temperatures, and
calculates the optimum changeover point.

ONE
CHILLER

L4

Curves A and B in Figure 13 illustrate that for the chillers
operating at design condition with a 43F temperature differential
(AT) between chilled and condenser water the second chiller
must be added when the first chiller reaches 100 percent load
(50 percent of chiller system capacity). The next set of curves
(C and D) show the chiller is more efficient because of the
smaller AT (31F) and that the first chiller can be loaded to 110
percent (55 percent of system load) before the second chiller is
added. The third set of curves shows the extremely efficient
operation with a 19F AT.

ADD ONE
CHILLER

/

7

[ I [ [ [
A1 CHILLER - 43°F AT(85-42°F)

A 8 //

DESIGN

B 2 CHILLERS - 43°F AT
C 1 CHILLER - 31°F AT(75-44°F)

D 2 CHILLERS - 31°F AT
E 1 CHILLER - 19°F AT(65-46°F)
F 2 CHILLERS - 19°F AT

MAXIMUM 19 \‘ \/
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HEAD C \ D
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5 09 \\ \( X \ \ / o
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Fig. 13. Efficiency—Two Equal Size Chillers.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

DUAL CENTRIFUGAL CHILLERS CONTROL APPLICATION

FUNCTIONAL DESCRIPTION
MORNING LEAD CHILLED WATER SETPOINT e
CHILLER SELECTOR
- (22} |[46Kb) | [0 || ® D
MINIMUM CURRENT MAXIMUM FLOW &
1 =CHILLER 1 LEADS r PRESSURE
0 2 =CHILLER 2 LEADS > CONTROL
o 3 = ALTERNATES
— @ CHILLER o
TOWER o s < »  CONTROL
®| contrROL SEQUENCES | PROGRAM
r 1
o 42 42.1
@_g . . AUTO @
L
I L CHILLER 1 U= T
L /e/// N
| 91]  |[enaBLED]| [auTo]D)] [100 kD) NORMAL & ®
BY REMOTE OPERATING STATUS o PERCENT LOAD ALARM
o CONTROLS MODE MAX CURRENT STATUS l«— | — m—
IbisasLED] |[auTo|@)] [ oFF | | [100 | 00 ||INoRMmAL|
= —
S M)
-—.°-, C 1 eq] AUTOKD)
CHILLER 2 @
0 (14 | - 7 M10497
Fig. 14. Dual Centrifugal Chiller Control Graphic.
Item No. Function
56 Chiller leaving water temperature and setpoint.
1 Indicates when chilled water is required by 7 Icon to select chilled water setpoint reset
fan system. dynamic sequence display (Fig. 15).
2 Chilled water pump ON-OFF-AUTO 8 BMCS commandable load limiting functions.
function. In AUTO pump runs when system 9 Lead chiller selector function.
needs chilled water. 10-17 Operator information.
3 Chiller ON-OFF-AUTO function (In ON and 18 Control program coordinates chiller staging
AUTO chilled water flow required for chiller and control.
to run). 19 Icon to select cooling tower control displays.
4 Condenser pumps status. Pumps started by 20 Icon to select chilled water flow and pressure
chiller controls when chiller needed. control displays.
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CHILLED WATER SYSTEM

CHILLED WATER SETPOINT

(210 | [4sKD | [0}

MINIMUM CURRENT MAXIMUM

ANYTIME ANY AHU VALVE IS OPEN GREATER THAN % FOR MORE THAN

MINUTES AND THE TIME IS BEFORE [1545(2)), THE LEAD CHILLED WATER PUMP STARTS.

ANYTIME THE LEAD CHILLER HAS RUN LONGER THAN MINUTES, THE CHILLED
WATER TEMPERATURE IS GREATER THAN DEGREES ABOVE SETPOINT FOR MORE

THAN [ 2 K2)MINUTES, THE BYPASS VALVE IS CLOSED, AND THE TIME IS BEFORE [1545(0),
THE OFF CHILLED WATER PUMP STARTS.

ANYTIME BOTH CHILLERS ARE RUNNING AND THE WATER DIFFERENTIAL TEMPERATURE IS
LESS THAN DEGREES FOR MORE THAN MINUTES, THE CHILLER WHICH HAS
RUN LONGEST STOPS AND REMAINS OFF AT LEAST [ 30 2)MINUTES.

ANYTIME ALL AHU CHILLED WATER VALVES ARE LESS THAN | 80 ©)% OPEN
THE CHW TEMP. SETPOINT INCREMENTS UP AT THE RATE OF [0.3 (O)DEGREES EVERY

MINUTES TO A MAXIMUM OF | 52 | DEGREES.

ANYTIME ANY AHU CHILLED WATER VALVE IS FULL OPEN, THE CHW TEMPERATURE SETPOINT
DECREMENTS DOWN AT THE SAME RATE TO A MINIMUM OF DEGREES.

ANYTIME ANY CHILLER IS RUNNING AND ALL AHU VALVES ARE OPEN LESS THAN %

FOR MORE THAN MINUTES, AND THE CHILLER HAS RUN GREATER THAN

MINUTES, THE CHILLED WATER PUMP STOPS.

M10498

Fig. 15. Dynamic Chiller Control Display.

Features 3. Appropriate cooling tower and control is required. See
1. Automatic start-stop, staging, and setpoint optimization COOLING TOWER AND CONDENSER WATER
of chillers. CONTROL.

2. User friendly monitoring and adjustment. 4. Two-way AHU control valves. This allows good single-

3. Optimized unoccupied operation. chiller, single pump operation.
4. Chiller that has run longest since last start is first to stop. 5. Appropriate chilled water flow and differential pressure
5. Chillers cannot start late (shortly before the unoccupied controlled bypass valve to keep the minimum required
period begins). flow through the chillers (varies with chiller

manufacturers).

6. The unoccupied period 80 percent load limiting
Conditions For Successful Operation parameters are based on the assumption that VAV AHUSs
1. Control network, software, and programming advises are operating under a reduced maximum cfm setpoint
chiller controller of AHU chilled water demands. during all unoccupied cooling modes (see the Air
2. Interlock and control wiring coordinated with the chiller Handling System Control Applications section) to save
manufacturer. fan energy while simultaneously placing the chiller

operation in its maximum efficiency range.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

NOTE: When using two-way AHU valves with this
coupled chiller configuration, exercise care in
optimizing the chilled water temperature. With
both chillers running, raising the chilled water
temperature results in greater flow and a smaller
AT which must be considered in the chiller
shedding strategy. For an example of a pressure
bypass system, see DUAL PUMPS, DUAL
CHILLERS, PRESSURE BYPASS, 90
PERCENT CHILLER FLOW, DIRECT
RETURN.

Specification

The chiller system operation shall be enabled anytime the
time of day is before 1545 and any AHU chilled water valve is
open greater than twenty percent for greater than three minutes.
Anytime the chiller system is enabled, the lead chilled water
pump shall run.

Anytime the lead chiller has run longer than 90 minutes, the
chilled water temperature has been greater than 1 degree above
the chilled water temperature setpoint for greater than 4 minutes,
and the time is less than 1545, the off chilled water pump shall
start.

Anytime both chillers are running and the chiller plant water
differential temperature has been less than 4 4F for greater than

4 minutes, the chilled water pump with the longest “on” duration
since the last start shall stop and remain off at least 30 minutes.

Anytime chilled water flow is proven via a chilled water pump
current sensing relay, the respective chiller controls shall be
enabled to operate under factory controls, subject to a chiller
software ON-OFF-AUTO function (chilled water flow must
still be proven in the “ON” mode). Provide control and interlock
wiring per the chiller manufacturers recommendation.

Upon a call for chilled water, the chiller controls shall start the
condenser water pump and energize the cooling tower fan controls.

When condenser water flow is proven via a condenser water
pump current sensing relay, the chiller shall start, operate, and
load under chiller factory controls to maintain the chilled water
temperature setpoint, 44F at start-up.

Anytime all chilled water valves are less than 80 percent open,
the chilled water temperature setpoint shall be incremented at
a rate of 0.3F every 5 minutes up to a maximum of 50F.

Anytime any chilled water valve is full open, the chilled water
temperature setpoint shall be decremented at a rate of 0.3F every
5 minutes down to a minimum of 42F.

The maximum allowable percentage of chiller full load
electrical current shall be commandable from the BMCS, and
shall be 80 percent during all unoccupied periods of operation.

SIMILAR MULTIPLE CENTRIFUGAL CHILLERS CONTROL APPLICATIONS

Equal Sized Centrifugal Chillers Control
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M10499

Fig. 16. Multiple Equal Sized Chillers Control Graphic.
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SYSTEM DESCRIPTION

Figure 16 shows a typical “decoupled” multiple chiller
system. Each chiller has a (primary) dedicated constant speed
pump selected to produce the chiller design flow through the
primary loop, including the “decoupler line”. The decoupler
line isolates the primary and secondary pumping systems and
handles any imbalance between the two flow loops. The
decoupler line is typically sized to handle the flow of the largest
primary pump at a negligible pressure drop, should be at least
6 to 10 pipe diameters in length, and the tees at each end should
be configured as shown to oppose any undesirable induced flow
forces. Decoupler flow should always be forward, not to exceed
the flow of one chiller. Any backward decoupler flow will dilute
the secondary chilled water supply with secondary return water
thus raising the secondary supply temperature above design.

The secondary pumping system is variable volume and may
contain many varieties of pumping loops.

Control, the staging of chillers on and off, is normally:

- Start achiller anytime the decoupler has a backward flow.

- Stop a chiller anytime the decoupler forward flow

exceeds that of the next chiller to be shed.

SOFTWARE PARTITIONING

From an operational and control perspective, the physical
configuration of chiller plant digital controllers is usually
transparent. The configuration varies, depending upon:

- Chiller staging algorithm.

- Redundant/backup control requirements.

- Condenser water system configuration.

NOTE: Where water leaving cooling towers becomes
common before being extended to the chiller
plant, a single cooling tower isolating, staging,
and loading algorithm is usually preferred.

- Chiller monitoring requirements.
- Controller capacity for monitoring and control.
- Other project-unique requirements.

Figure 17 is a schematic of a digital system configuration. Each
chiller has a dedicated cooling tower and a dedicated controller
for chiller, cooling tower, and condenser water monitoring and
control. Figure 18 shows a variation of Figure 17 where condenser
water is common to all chillers and the cooling towers are staged
in response to condenser water demand.

|
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DC DC DC
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‘ 3 2 P
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| CT | CT CT CT
4 3 2 1
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L L L L sp
R R R R (L)
4 3 2 1 45.0

To Tss @
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STAGING
CONTROLLER

L

M10500

Fig. 17. Typical Digital Controller Configuration for Multiple Chillers.
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COMMUNICATION WITH

FAN AND TOWER ISOLATION

CONDENSER PUMP/ CHILLER

VALVE CONTROL (TYPICAL) CONTROLLERS
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Fig. 18. Digital control of Sequenced Cooling Towers.

Multiple Centrifugal Chiller Sequencing
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Fig. 19. Control Graphic for Multiple Similar Chillers.

Item No. Function
1,2 Secondary pump speeds. 10

3 Icon for selection of secondary control details. 11

4 Secondary pump leaving water temperature 12
(operator information).

5 Four chiller pump status indicators (green = on, 13-16
yellow = off, red = alarm) (typical). 17

6 Four Tcons for selection of chiller detail graphic. 18

7 Four chiller status indicators (typical), operator 19
information. 20

8 BMCS commandable AUTO-OFF functions for
each chiller and ON-OFF-AUTO functions for 21
each chiller pump.

9 Decoupler temperature—indicates direction of flow.

313

Primary flow —indicates primary loop loading.
Secondary flow—indicates secondary loop loading.
Decoupler flow the difference between primary
and secondary flows.

Temperatures for calculating secondary flow.
Status of optional AUTO-MANUAL toggle switch.
Four chiller CHWS temperature indicators.
Operator information (from secondary system).
Icon for selection of chilled water setpoint details
display.

Icon for selection of chiller sequencing display
(Fig. 20).
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CHILLER SEQUENCING

CHILLED WATER PUMP OFF LONGEST IS STARTED UPON SECONDARY SYSTEM
DEMAND FOR CHILLED WATER.

CHILLED WATER PUMPS ARE SEQUENTIALLY STAGED ON ANYTIME THE DECOUPLER
TEMPERATURE EXCEEDS THE PRIMARY SUPPLY WATER
TEMPERATURE GREATER THAN DEGREES FOR GREATER THAN

MINUTES, BUT WITH NO LESS THAN MINUTES BETWEEN STARTS.

CHILLED WATER PUMPS ARE STAGED OFF ANYTIME THE FORWARD DECOUPLER

FLOW EXCEEDS [820{©)GPM FOR GREATER THAN MINUTES, BUT WITH

NO LESS THAN MINUTES BETWEEN STOPS.

M10503

Fig. 20. Multiple Chiller Sequencing.

Features
1. Automatic start-stop sequencing of multiple decoupled
chillers.
. User friendly monitoring and adjustment.
. Flow calculations without costly and maintenance-prone
flow meters (see SPECIFICATION).
4. Chiller that has been off longest is next to start.
5. Constant flow through chillers with a variable flow
secondary water system.

w N

Conditions For Successful Operation

1. Control network, software, and programming to advise
chiller plant controller of AHU chilled water demands.

2. Interlock and control wiring coordinated with the chiller
manufacturer.

3. Appropriate cooling tower and control.

4. Two way AHU control valves provide variable flow
secondary operation.

5. Precise and matched temperature sensors for accurate
flow calculation. Refer to the flow equation in Figure 16.

6. Proper and precise positioning of primary return water
well and sensor to get accurate measurement of mixed
water temperature.

7. Digital controller configuration to suit cost and reliability
requirements.

Specification
Chiller Plant Start-Up:

Anytime any secondary pump starts, the chiller plant controls
shall be enabled, and the chiller pump that has been off longest
shall start, subject to its software ON-OFF-AUTO function and
its respective chiller software AUTO-OFF function. Pump/
chiller combinations with either function OFF shall be removed
from the control sequence.

When any chiller pump flow is proven, its respective chiller
controls shall be energized. Upon a call for cooling by the chiller
controls, the chiller controls shall enable the condenser water

system controls and, upon proof of condenser water flow, the
chiller shall start. Starting, loading, and interlock wiring shall
be as recommended by the chiller manufacturer.

Chiller On-staging:

Anytime a chiller has operated greater than 50 minutes and the
decoupler line temperature is greater than the chiller leaving water
temperature setpoint by greater than 1.0F for greater than 5
minutes, the off chiller pump that has been off longest shall start.

Chiller Off-staging:

Anytime more than one chiller is operating and the decoupler
has a supply chilled water flow in excess of the capacity of one
chilled water pump for greater than 3.0 minutes, the chiller
that has been running longest shall stop.

Chilled water flow calculations:

The primary supply water flow shall be calculated by summing
the design water flow for all operating chiller pumps (each pump
shall have a commandable value for its design flow).

F,= YFlow(P, P,,...P)

The secondary water flow shall be calculated by dividing the
product of the primary flow times the primary water differential
temperature by the secondary water differential temperature.

_Fp(TRP — BP)
FS="Trs - Bs)

The decoupler flow shall be calculated by subtracting the
secondary return water flow from the primary supply water flow.

FD:FP—FS

The temperature sensors for flow calculation shall be platinum
and software field-matched to within 0.1 degree at 50F. The
primary return water sensor shall be in a stainless steel well
extended at least 50 percent of the distance across the pipe and
positioned as far away from the decoupler/secondary return
mixing tee as possible.
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DISSIMILAR MULTIPLE CENTRIFUGAL
CHILLERS CONTROL

When a multiple chiller system consists of chillers that are
different in capacity and/or characteristics, the control problem
becomes more difficult. The more dissimilarities between chillers,
the greater the potential error in using a fixed sequence and
changeover schedule. On-line computer analysis which takes into
account the many variations in chiller conditions and different
loading conditions can significantly improve efficiency.

For optimization of a multiple chiller system, the efficiency
curves (kW per ton vs load) for each chiller at all temperature
differentials (condenser water temperature vs chilled water
temperature) from minimum load to design must be known.
Condenser water, chilled water and return water temperatures
and flows, when appropriate, are used to calculate the optimum
chiller combination and loading for each chiller. If the decision
is to add or drop a chiller, minimum off and on time restrictions
for each chiller must be considered. If the on/off restriction
prevents adding the desired chiller, a second decision is made
to pick the next most efficient combination or wait for the on/
off time restriction to expire.

The program checks water temperatures and flow constantly,
recalculates the combinations and loading, and turns chillers
on and off accordingly. If a peak power demand limitation
applies, demand is checked and the demand limit avoided.

Starting at minimum load, a typical calculation sequence selects
and starts the most efficient chiller for that load. Data is constantly
checked and as the load increases to the optimum load for adding
a second chiller (based on current load, temperature differences,
and efficiency curves for that condition), a second chiller is selected
and started. The loading of each chiller is then adjusted for
maximum system efficiency. As conditions change and the load
increases or decreases, the loading of each chiller is adjusted and
chillers are added or dropped within the limitations of the
parameters input into the computer.

ALTERNATIVE MULTIPLE DECOUPLED
CHILLER CONTROL

Another chiller staging approach measures the secondary
load (via flow and differential temperature) and stage the
chillers on and off to match the demand. Since the leaving

chilled water temperature and the entering condenser water
temperature are frequently optimized and chiller capacity varies
with changes in either temperature, the per-chiller load
expected should be dynamically modified based upon
manufacturers data regarding these variations. This complicates
an otherwise simple strategy.

COMBINATION ABSORPTION AND
CENTRIFUGAL CHILLER SYSTEM
CONTROL

In large buildings or campus installations using medium or
high pressure steam, a combination of a turbine driven
centrifugal chiller and an absorption chiller may be economical.
The steam is routed first to the turbine driving the centrifugal
chiller (Fig. 21). The exhaust from the turbine is then routed
to the absorption chiller. The system is symmetrical so that
the absorption chiller uses all of the exhaust steam from the
turbine. System water piping is shown in Figure 22.

With the ABSORPTION/COMBINATION SELECTOR
switch (Fig. 21) in the combination position, temperature
controller T1, with its sensor in the chilled water supply, controls
the centrifugal compressor and pressure controller P1 controls
the absorption chiller capacity control valve so that all of the
exhaust steam from the centrifugal chiller turbine is used by
the absorption chiller. This also maintains a constant back
pressure on the turbine. When the cooling load is reduced, less
exhaust steam is available from the turbine and P1 positions
the capacity control valve to reduce the capacity of the
absorption chiller until the steam balance is achieved. Whenever
the absorption chiller condenser water pump is running, pressure
controller P2 allows temperature controller T2 to control the
cooling tower bypass valve to maintain the condenser water
temperature required by the absorption chiller. The centrifugal
chiller is normally turned off when the system load is 15 to 35
percent. The cooling tower fans are controlled by a temperature
sensor in the tower leaving water.

With the ABSORPTION/COMBINATION SELECTOR
switch in the absorption position, the centrifugal chiller is off
and temperature controller T1 modulates the absorption chiller
capacity control valve to maintain the required chilled water
temperature. The pressure reducing valve (PRV) supplies steam
to the absorption chiller.
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Fig. 22. Schematic of Combination Absorption/
Centrifugal Chiller System Water Piping.

Figure 23 compares the steam consumption of individual
chillers to a combination system showing the savings using the
combination system. The range of centrifugal cutout points
indicates where most centrifugal chillers are shut down and the
absorption chiller provides all cooling required by the system.

percentage of the total energy input at light load conditions.
Variable water flow, using two-way load valves or variable speed
pumps, maintains the pump load at nearly a constant percentage
of the total energy input at all loads. If a chiller system has
constant water flow, chiller optimization must include pump
energy usage as part of the power calculation to account for
energy cost variations over the range of loads. In a chiller system
using variable water flow, it is not necessary to account for
pump energy cost. Refer to HOT AND CHILLED WATER
DISTRIBUTION SYSTEMS AND CONTROL.
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THERMAL STORAGE CONTROL

GENERAL

Thermal storage is used to save heating or cooling for future
use. Typically enough storage is provided to meet the load
requirements for a 24-hour period. During the cooling season,
storage of low cost night time cooling can save energy and
demand charges and reduce the chilled water generating
equipment design size. During the heating season, storage of
rejected day time excess refrigeration heat or solar heat can be
used for night time heating loads. Storage may use a water
tank or ice bin for cooling and a water tank or thermal
conducting fluid for heat. The storage efficiency depends on
the amount of insulation and, in the case of water storage, on
minimizing the mixing of return water with storage water.
Mixing in water storage can be minimized by use of a segmented
container for storage (Fig. 24).

Primary control requirements are storage charge and storage
discharge at the proper times and rates. Storage charge, storage
discharge, and instantaneous cooling are the three basic control
modes. Combinations of the basic control modes may be
required to meet the load or predicted load. When the predicted
load is high, the chiller provides chilled water for both the
current load and for storage. When the predicted load occurs,
the stored cooling is added to the chiller output.

CONTROL MODES

The appropriate control mode depends on the load predicted
for next day, relative storage size, and relative costs of stored
and instantaneous cooling, including electrical demand rate
structures. The storage charging cycle is normally activated
when cooling generation cost is lowest, such as at night when
lower condenser water temperatures provide lower refrigeration
head and when lower time-of-day electric rates may be
applicable. The rate of charge should satisfy storage quantity
requirements within the limits of the time available.

Use of stored energy verses instantaneous cooling energy is
prioritized. When enough stored energy is available to satisfy
the load through the peak demand period of the next day, only
stored energy is used (storage priority).In this case, the charging
cycle is scheduled to start when low cost cooling is available.
The charging cycle is stopped when storage is sufficient for the
next days load or when the storage capacity is filled. The storage
discharge cycle is controlled to meet load conditions. If storage
capacity is not large enough for the next day, the chiller
supplements the use of stored cooling, as necessary. The control
sequences for segmented chilled water storage (Fig. 24) are:

— Instantaneous Cooling Cycle: Pump Py is on and Pump
P, is off. Valves V¢ and Vp are closed. Valve V7 is
controlled by AP and Ty controls chiller.

—  Charging Cycle: Valves V) and V1 are closed and V¢
is controlled by T to maintain the flow rate at F . Pump
Py is off. Tq controls chiller capacity to maintain 40F
CHWS temperature. When the T5 (A through E)
location, representing the needs for the next day, reaches
40F, the charging cycle is stopped.

—  Charging plus Instantaneous Cooling Cycle: Charging
cycle continues while V7 is controlled from AP. Pump
P, is off. The flow through the storage is T5g to T5A.

— Discharge Cycle (enough storage for anticipated load):
Valves V¢ and V7 are closed, chiller and Pump Py are off,
and Pump P; is on. Valve Vpy is controlled from AP.

— Discharge plus Instantaneous Cooling Cycle (not
enough storage for anticipated load): Pumps P; and Pp
are on, V is closed. Chiller demand D1 limits chiller
capacity while Ty positions V] to maintain chilled water
supply temperature. AP throttles valve Vp to provide
flow from storage.

—

CHILLER

5 O~

TSB TSC T5D T5E ( Ve
| al el el WaY *
c

1 LI IR

T
1
5A '
' <4
1
1

P2

v
U U U U o
* SEGMENTED STORAGE D
D
—J = FLOW DIRECTION

Vb oy
OBl s
I oanc | .
C=CHARGING CYCLE

LOADS
—1
Iil T2
D= DISCHARGING CYCLE m

| = INSTANTANEOUS COOLING
NOTE: NOT ALL CONTROLS ACTIVE FOR ALL SEQUENCES

C2693

Fig. 24. Segmented Chilled Water Storage.

The chiller takes priority when stored energy costs are larger
than instantaneous energy costs. Under these conditions the
only cooling stored is that required to reduce the anticipated
demand limit for the next day. Storage size and energy cost,
including demand charges, establish the control strategies for
this situation. The control objectives are to limit demand for
the billing period and to minimize energy costs. Chiller
discharge is controlled to meet load. The sequence of the control
is to run the charging plus instantaneous cooling cycle, then
stop charging when the quantity necessary to meet the
anticipated demand limit for the next day is stored.
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COOLING TOWER AND CONDENSER
WATER CONTROL

COOLING TOWER PERFORMANCE
CHARACTERISTICS

The cooling tower dissipates the heat collected from the
building by the chiller and chilled water system by cooling the
condenser water. Evaporatively cooled condenser water will
cool refrigerant to within 7F of the outdoor air wet-bulb
temperature. Air cooled condensers will cool refrigerant to
within 20F of the outdoor air dry-bulb temperature. A cooling
tower normally provides a refrigerant head about 30F lower
than an air cooled condenser. This means an evaporative cooling
tower provides a significantly lower cooling cost than an air
cooled condenser.

Figure 25 shows water-air counterflow in a cooling tower. The
fill increases the time that the water and air are in contact making
the cooling tower more efficient. Fill is generally one of two types,
either splash or film type. A splash type fill is a series of slats over
which the water cascades. Film type fill causes the water to flow
down thin closely spaced vertical sheets of plastic.
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Fig. 25. Cooling Tower, Showing Water-Air Counterflow.

The range (inlet water temperature minus outlet water
temperature) at design load of a cooling tower is determined
by the amount of heat to be rejected and the water flow used to
carry this heat to the tower. The cooling capability is then
expressed as the design approach (approach specifies how close
to the OA WB a cooling tower can cool water) at design range.
Since most operation is at less than design load and/or design
outdoor air temperatures, partial load operating characteristics
have a strong influence on operating costs. Partial load operating
characteristics are also used to establish the cooling capacity
and capability for free cooling cycles at low outdoor air
temperatures. Partial load characteristics for a tower at design
flow rate are shown in Figure 26.
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Handbook—1996 Systems and Equipment

Fig. 26. Typical Cooling Tower
Partial Load Characteristics.

In Figure 26 summer design conditions are approximately
85F cold water leaving the tower, 95F water entering, and OA
wet-bulb of 78F. This is 7F approach at 10F range. Notice that
the point is plotted on the 10F range line, The same tower used
for free cooling at an OA wet-bulb of 50F would provide 65F
leaving water (15F approach) at full load (10F range) or 58F
water (8F approach) at 40 percent load (4F range).

COOLING TOWER CAPACITY CONTROL

Fan control is the nsual method of reducing tower capacity
to maintain condenser water supply temperature in mild
weather. A tower bypass valve is used to further limit cooling
when the fans are off (Fig. 27). On-off fan control is very
difficult at light loads because at lightload the OA WB is usually
well below design, which increases the tower capacity,
producing short fan “on” periods. Controlling the air volume
with dampers, blade pitch, or fan speed provides much closer
and more stable control. A variable speed fan is more efficient
than a two-speed fan when varying tower capacity.

Modulating tower water bypass for capacity control at low
ambient temperatures can cause freeze-up in some tower designs.

Since, use of a tower bypass mixing valve in the tower leaving
water can lower the pump suction pressure below the pumps
minimum NPSH, a diverting valve in the tower entering water
is generally used.
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Fig. 27. Cooling Tower Control.

For minimum chiller energy usage, the condenser water
temperature setpoint should be as low as can be safely used by
the refrigeration system or as low as can be provided by outdoor
air conditions. The approach value of the evaporative cooling
tower indicates how close the cooled water temperature can
come to outdoor air wet-bulb temperature at design conditions.
When outdoor air is at a lower wet-bulb temperature than design,
the tower can cool water to a lower temperature, but never to
the wet-bulb temperature. Therefore, the controller setpoint
should be at the lowest temperature attainable by the cooling
tower to save chiller energy and not waste fan energy trying to
reach an unobtainable value. Figure 28 is a reset schedule of
condenser water setpoint as a function of outdoor air wet-bulb
temperature with the minimum safe temperature indicated.
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& TEMPERATURE MINIMUM TEMPERATURE
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TEMPERATURE —|

OA WET BULB TEMPERATURE
CONDENDER WATER SETPOINT = OAWET BULB + MINIMUM DIFFERENCE C1480
Fig. 28. Condenser Water Temperature
Reset from Outdoor Wet-Bulb.

When wet-bulb reset is not used, a condenser water
temperature setpoint around midpoint between the design
(usually 85F) and the minimum value acceptable to the chiller
is satisfactory.
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On-Off Cooling Tower Fan Control

On-off fan control is satisfactory where the load is always
high and where several towers are banked together for
multistage control.

On-off cooling tower control with a single setpoint for a PI
control function produces questionable performance. A
preferred solution starts the fan on a rise in condenser water
temperature to 80F, stops the fan on a drop to 73F, and limits
on periods to a minimum of 5 minutes. The 5 minute minimum
on time can still produce water too cool for the chiller during
light loads and low OA WB temperatures. The use of a
modulating valve can prevent condenser water temperature from
dropping below the lowest that the chiller can tolerate (valve
control would be PI with a single setpoint). During below
freezing OA conditions throttling condenser water into the tower
can cause icing, cycling the valve open and closed can reduce
freezing. The specification following provides warmer ice-
melting water during colder weather.

Specification:

On a rise in condenser water temperature to 80F the cooling
tower fan shall start and on a drop in condenser water
temperature to 73F the cooling tower fan shall stop. When
started, the cooling tower fan shall run a minimum of five
minutes. When the OA temperature is above freezing, the bypass
valve shall modulate if required to prevent the condenser water
from falling below 71F. When the OA temperature drops below
32F, the bypass valve shall open to the bypass on a drop in
condenser water temperature to a minimum acceptable
temperature and open to the tower upon a rise in temperature.
The temperature rise shall vary between 5 and 12F as the OA
temperature varies from 32F to OF.

NOTE: The variable temperature rise allows warmer water to
enter the tower during extreme weather to encourage
melting and reduce icing.

Two-Speed Cooling Tower Fan Control

For two-speed cooling tower fans, a single setpoint for a PI
control function also produces unpredictable performance. A
better solution would be one of absolute setpoints similar to
that noted for on-off fans. If wet-bulb reset is used, the control
objective is to turn the fan off at the optimum setpoint but at no
less than the minimum temperature acceptable to the chiller
plus 1 degree, and cycle to and from low and high speeds above
this value with minimum on times for each speed and with no
more than 7 speed changes per hour for fans under 10 feet in
diameter or as required by the tower manufacturer. The
specification following is typical.
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Specification:

Condenser water temperature setpoint shall be equal to the OA
WB plus 7F, or the minimum temperature acceptable to the
chiller, whichever is higher. Fan shall stop when condenser
water temperature drops to setpoint. Fan shall start at low speed
when the temperature rises to the setpoint plus 6F, and shall
not stop for a minimum of 9 minutes. Fan shall transition from
low to high speed anytime it has run at least 3 minutes at low
speed and the temperature is above the low-speed start point
plus 2F or 85F, whichever is lower. Fan shall run a minimum of
9 minutes on high speed, and shall transition from high speed
to low speed if the temperature drops to a value equal to the
switch-to-high-speed value minus 6F.

SINGLE COOLING TOWER VARIABLE SPEED FAN CONTROL

Functional Description

(>0

If required, use a valve control method similar to the one
used for single speed fan control.

Variable Speed Cooling Tower Fan Control

For variable speed cooling tower fans, an EPID control
function with WB optimized setpoint or fixed setpoint works
well until the fan drops to a minimum safe speed, below which
results in motor overheating. If the tower capacity is still
excessive at minimum fan speed, the fan control mode reverts
to on-off. During this mode, disable the PI function or when
the fan is restarted it will start at a speed greater than the
minimum, although the minimum speed was too great. This
produces an undesirable short on time. The following is a
possible application and specification:

TOWER FAN CONDENSER WATER TEMPERATURE
SETPOINT EQUALS OAWET BULB TEMPERATURE PLUS
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TEMPERATURE
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Fig. 29. Single Cooling Tower Variable Speed Fan Control Graphic
Item No. Function
1 Indicates percent maximum tower fan speed. 6 Condenser water control sensor.
2 Sets tower minimum speed. 7 Displays valve position.
3 Current OA conditions. 8.9 Dynamic pump symbols denote pump
4 Sets minimum and maximum condenser water operation.
temperature setpoints and WB approach. 10,11 Operator information.
5 Icon to select tower low load control dynamic 12 Sets valve control setpoint.

sequence display (Fig. 30).
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LOW LOAD CONDENSER WATER TEMPERATURE CONTROL:
TOWER FAN STOPS, VARIABLE SPEED CONTROL IS DISABLED, AND ON-OFF FAN
CONTROL IS ENABLED IF LOAD DROPS AFTER FAN DROPS TO [ 25 K@) SPEED.

ON-OFF CONTROL: FAN RESTARTS IF TEMPERATURE RISES TO SETPOINT PLUS
DEGREES. FAN STOPS IF TEMPERATURE DROPS TO SETPOINT, BUT RUNS A MINIMUM OF
7 K2) MINUTES. DURING ON PERIODS OF ON-OFF CONTROL, THE FAN RUNS AT

MINIMUM SPEED.

VARIABLE SPEED CONTROL RECOVERY: IF, AFTER CYCLING FAN ON FOR 3 MINUTES, THE
TEMPERATURE RISES DEGREES ABOVE THE "RESTART" TEMPERATURE
THE FAN RESUMES VARIABLE SPEED CONTROL.

VALVE CONTROL: VALVE MODULATES WATER TO SUMP AS NECESSARY TO MAINTAIN
VALVE CONTROL SETPOINT DEGREES.
FREEZING CONTROL: IF OA IS BELOW FREEZING, VALVE SHALL SWITCH TO TWO
POSITION CONTROL. VALVE SHALL OPEN TO SUMP AT VALVE CONTROL SETPOINT,
AND SHALL REVERT BACK TO TOWER WHEN TEMPERATURE RISES TO SETPOINT

PLUS DIFFERENTIAL. DIFFERENTIAL SHALL VARY FROM [ 5 @)TO DEGREES
AS OAVARIES FROM [ 32 k2)TO [ o K@) DEGREES.

M15047

Fig. 30. Cooling Tower Load Control Dynamic Display.

Features

Precise PI condenser water control above minimum load.
User friendly monitoring and adjustment.

Optimized condenser water temperature.

Freeze prevention cycle.

Fan motor light-load overheating protection.

mhwne

Conditions For Successful Operation

1. Control network, software, and programming to advise

tower controller of chiller demands.

2. Interlock and control wiring coordinated with the chiller
manufacturer.
Good OA RH sensor and WB calculation.
Proper project-specific setpoint and parameter settings.
If tower must operate with OA temperature below
freezing, the diverting valve must be controlled two
position, during freezing conditions.

whw

Specification

Cooling tower controls shall be enabled anytime the
condenser water pump runs. The cooling tower fan speed shall
be modulated under EPID control down to a minimum 25%

speed to maintain a condenser water temperature setpoint equal
to the OA WB temperature plus 7F, or a value equal to the
minimum temperature acceptable to the chiller plus 2F,
whichever is higher, but not to exceed 85F. If the tower capacity
is still excessive at minimum speed, control shall revert to an
on-off algorithm, cycling the fan off at the minimum speed at a
setpoint equal to the above setpoint, and back on at the minimum
speed at a temperature equal to the off temperature plus 6F,
with on cycles of no less than 7 minutes duration. If, after cycling
the fan on for 3 minutes, the temperature rises above the “back
on” setpoint by 2F, the EPID function shall be reinstated with a
start value of 25% and a ramp duration of 90 seconds.

The tower diverting valve shall modulate to divert tower water
to the sump if required to prevent the condenser water
temperature from dropping below the minimum temperature
acceptable to the chiller. When the OA temperature drops below
freezing, the valve shall switch to two-position control, wherein
the valve shall open to the sump when the water temperature
drops to the setpoint and close when the temperature rises a
differential which shall vary from 5 to 12F degrees as the OA
temperature varies from 32 to OF.
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DUAL COOLING TOWER VARIABLE SPEED FAN CONTROL

Functional Description

V1T 9 vaT
\ VA ul

va2s

"
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L |
® [ 78 (= =178 |
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Fig. 31. Dual Cooling Tower Variable Speed Fan Control Graphic

Function

Dual dynamic pump symbols indicate pump
operational status.

OA Conditions dictate freeze-protection and
optimized setpoint control strategies.

Valves provide tower isolation, modulating
low limit condenser water control when OA
temperature is above freezing, and two
position low limit operation when OA
temperature is below freezing.
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Indicates tower fans speed (percent).

Input for common condenser water
temperature control.

Optimum condenser water temperature
calculation based upon OA WB.

Operator information.

Isolates towers if required.

Icon, for dynamic control and setpoint display.
Icon to select tower low load control dynamic
sequence display.
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Features

Precise PI condenser water control above minimum load.
User friendly monitoring and adjustment.

Optimized condenser water temperature.

Freeze prevention cycle.

Fan motor light-load overheating protection.

W=

Conditions For Successful Operation
1. Control network, software, and programming to advise
tower controller of chiller demands.
2. Interlock and control wiring coordinated with the chiller
manufacturer.

Good OA RH sensor and WB calculation.

Proper project specific setpoint and parameter settings

Electrical heaters and insulation on tower piping where

water cannot drain when the tower is isolated or when the

pump stops, if required.

6. Towers operate satisfactorily down to 50% water flow.

7. The common tower water temperature sensor has a high
responsiveness and is in a well with heat conductive
compound to rapidly detect temperature variations.

8. Chiller or free cooling HX tolerates variations in condenser
water temperature when OA temperature is below freezing
and fans and valves are cycling under temperature
differential control and valves are not modulated because
of freezing danger.

9. Common piping from chillers to cooling towers.

whkw

Specification
The dual variable speed fan cooling tower control configuration
requires consideration of four control strategies:
- Single pump operation, above freezing OA.
- Single pump operation, below freezing OA.
- Dual pump operation, above freezing OA.
- Dual pump operation, below freezing OA.

NOTES:

1. If the towers are not required to operate when OA is
suitable for air-side economizer cooling (usually below
57 or 58F), leave the fans running at minimum speed
(rather than switching to an on-off algorithm) and
modulate the sump valves when necessary to prevent
cooling to a temperature unacceptable to the chiller.

2. With both towers activated, the differentials used for
cycling fans and valves are half of the differentials used
when only one pump and tower are activated because
only half the water is affected by the change.

Tower valves:

Each tower supply piping shall be provided with two modulating
butterfly control valves; one normally open valve in the supply to
the tower header, and one normally closed valve in a line to the
tower sump. The valves shall operate inversely during temperature
control modes. When both pumps are off, both valves shall open
(to drain as much water as possible to tower sump), and both
shall close during respective periods of tower isolation.

Condenser water set point calculation:

During chiller operation, the common condenser water
temperature setpoint shall be reset to a value equal to the OA WB
plus 7F, but to no lower than the chiller can tolerate and no higher

323

than 85F. During tower free cooling mode, the setpoint shall be
determined by the tower free cooling control module. The OA
WB shall be calculated from OA RH (the RH sensor shall be of
no less than 2% accuracy) and OA DB. The fans shall operate at
the setpoint but no cooler than the minimum temperature the chiller
can tolerate plus 2F. The valves shall operate to maintain a fixed
minimum temperature setpoint of the minimum value the chiller
can tolerate or the tower free cooling setpoint in the tower free
cooling mode of operation.

Single pump operation with above freezing OA temperature:
For both towers; valves shall position open to the tower and
closed to the sump and the tower fans shall modulate in unison
under EPID control down to a minimum fan speed of 25% to
maintain common condenser water temperature. If the condenser
water load drops below the capacity of both fans operating at
minimum speed, the fan that has operated longest shall stop and
both its valves shall close, and the remaining tower fan shall
assume the full load. If the condenser water load drops below the
capacity of the remaining fan operating at minimum speed, the
fan shall stop and revert to an on-off algorithm. In the on-off mode
the fan shall stop at the fan control setpoint noted, the tower fan
that has been off the longest shall restart after a rise in temperature
of 6F, but to no higher than 85F and shall run no less than 7
minutes. The operating tower valves shall modulate to maintain
the common condenser water setpoint at anytime regardless of
fan operation. If, after running greater than 4 minutes in the on-
off mode of operation, the water temperature rises to a value equal
to the “fan on” setpoint plus 2F, the fan shall revert back to EPID
control with a start value of 25% and a ramp duration of 120
seconds. If only one fan is running in the EPID control mode and
its speed rises to 80 percent, the off tower valves shall position
open to the tower and the off tower fan shall start at 25 percent
speed and ramp into unison control over a 240 second duration.

Single pump operation with below freezing OA temperature:

This mode of fan operation shall be the same as for above
freezing, except that the valve control algorithm must be two
position (because modulating the tower water at below freezing
OA temperatures can cause ice formation). Thus the valves shall
position to full flow to the tower sump anytime the water
temperature drops to the valve control setpoint, and shall position
back to full flow to the tower after the water temperature has
risen a value that resets from 6 to 12F as the OA temperature
varies from 32F to OF. The tower fan shall not be allowed to start
until the valves have been positioned open to the tower greater
than 90 seconds and the water temperature is rising.

Dual pump operation with above freezing OA temperature:

For both towers; valves shall position closed to the sump and
the tower fans shall modulate in unison, to maintain a common
condenser water temperature setpoint, under EPID control down
to a minimum speed of 25%. If the condenser water load drops
below the capacity of both fans operating at minimum speed, the
fan that has operated longest shall stop, and the remaining tower
fan shall assume the full load. If the condenser water load drops
below the capacity of the remaining fan operating at minimum
speed, the fan shall stop and revert to an on-off algorithm
alternating the fans operating at the minimum speed in the “on”
mode. In the on-off mode the fan shall stop at the fan control
setpoint noted above, and shall restart after a rise in temperature
of 4F, but to no higher than 85F, and shall run no less than 7
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minutes. The operating tower valves shall modulate to maintain
the above noted valve control setpoint at anytime regardless of
fan operation. If, after a fan is running greater than 4 minutes in
the on-off mode of operation, the water temperature rises to a
value equal to the “fan on” setpoint plus 2F, the fan shall revert
back to EPID control with a start value of 25% and a ramp duration
of 120 seconds. If the single fan operates to a speed exceeding
60% , the “off” fan shall start at an initial speed of 25% and shall
ramp into unison control over a 240 second duration (during which
time the operating fan will slow down as the starting fan slowly
assumes part of the load).

Dual pump operation with below freezing OA temperature:

For both towers; valves shall position closed to the sump and
the tower fans shall modulate in unison, to maintain common
condenser water temperature, under EPID control down to a
minimum fan speed of 25%. If the condenser water load drops
below the capacity of both fans operating at minimum speed, the
fan that has operated longest shall stop, and the remaining tower
fan shall assume the full load. If the condenser water load drops
below the capacity of the remaining fan operating at minimum
speed, the fan shall stop and revert to an on-off algorithm
alternating the two tower fans operating at minimum speed in the
“on” mode. In the on-off mode the fan shall stop at the fan control
setpoint noted above, and shall restart after a rise in temperature
of 4F, but to no higher than 85F, and shall run no less than 7
minutes. If either fan is on and the water temperature drops to the
valve control setpoint plus 1 degree, the valves of the tower in
which the fan is on shall position open to the sump until the fan
stops, at that time the valves shall position back to the tower.

If both fans are off and the water temperature drops to the valve
control setpoint plus 1 degree F, the valves of Tower 1 shall position
open to the sump, and the Tower 2 valves shall alternately cycle
open to the sump with a 3 degree temperature differential. If,
while one valve is open to the sump, the water temperature drops
to the valve control setpoint, the other valve shall position open
to the sump, and the valves shall alternate open to the tower with
a 3 degree differential. If, after one valve is open to the tower for
2 minutes, and the water temperature rises above the valve control
setpoint plus 4F, the remaining valve shall position open to the
tower and the valves shall revert to alternately opening to the
sump at the valve control setpoint plus 1 degree, and opening to
the tower after a 3 degree differential. If, after both valves position
open to the tower for 2 minutes, the temperature rises to the valve
control setpoint plus 4F, control shall revert back to alternately
cycling the fans on at minimum speed as before. If, after a fan is
running greater than 2 minutes at minimum speed in the on-off
mode of operation, the water temperature rises to a value equal to
the “fan on” setpoint plus 2F, the fan shall revert back to EPID
control with a start value of 25% and a ramp duration of 120
seconds. If the single fan operates to a speed exceeding 60% for
greater than 3 minutes, the “off” fan shall start at an initial speed
of 25% and shall ramp into unison control over a 120 second.

NOTE: This “Dual pump below freezing OA temperature”
sequence gets quite complex as the condenser water load
increases and decreases. Table 1 may help understand
the shifting sequence.

Table 1. Temperature Control Sequence for Dual Pumps Running in Below Freezing OA.

Load Sequence
Load: Decreasing Increasing
Between both fans running at [Seq. 1: Modulates both fans in unison to —
minimum speed and full load. control at Setpoint + 2F.
Less than both fans at Seq.2: Fan running longest stops. Seq. 10: If one fan runs greater than 60%
minimum speed, greater than Remaining fan modulates to maintain speed greater than 2 minutes:
one fan at minimum speed. Setpoint +2F. Remaining fan ramps on in unison
from 25% speed over 240 seconds.
Revert to Seq. 1.
Less than one fan at minimum |Seq. 3: Fans alternately cycled: Seq. 9: If either fan is on at minimum speed
speed, greater than both fans At Setpoint + 5F first fan On at greater than 2 minutes & water
Off. minimum speed. temperature is greater than
At Setpoint + 2F first fan Off. Setpoint + 4F:
Fans run 6 minutes minimum. Revert to Seq 2 via EPID with start
Repeat cycle for second fan. value of 25% and ramp duration of
120 seconds.
One fan running at minimum |Seq. 4: Positions valve set of the operating —
speed greater than 2 minutes tower to sump until fan stops.
and water temperature less Repositions valve set back to tower.
than Setpoint + 1 degree.
Both fans Off greater than2 |Seq.5: Alternately positions valve sets: Seq. 8: If both valve sets position open to the
minutes & water temperature At Setpoint + 1 degree to sump. tower greater than 2 minutes &
less than Setpoint + 1 degree. At Setpoint +3F back to tower (one water temperature is greater than
set of valves always open to tower). Setpoint + 4F:
Fans locked Off. Revert to Seq. 3.
One set of valves open to Seq. 6: At setpoint positions valve sets of Seq. 7: If one valve set positions open to the
tower (Seq. 5) greater than 2 both towers to sump. tower greater than 2 minutes &
minutes, & water temperature At Setpoint + 3F alternately positions water temperature greater than
less than Setpoint. valve sets to tower (one set of Setpoint + 4F:
valves always closed to sump). Revert to Seq. 5.
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CHILLER HEAT RECOVERY SYSTEM

A chiller heat recovery system uses heat rejected from a chiller
to satisfy a simultaneous heating load. To accomplish this the
heating water design temperature becomes the condenser water
design temperature for the chiller. A typical simultaneous cooling
and heating load includes an interior zone cooling load and a
perimeter zone heating load. When the cooling load is greater
than the heating load, the excess heat is dissipated in a cooling
tower. The control strategy is to use as much heat as needed from
the condenser and to reject excess heat to the cooling tower when
necessary.

Figure 32 shows a heat recovery system and control sequence
for a cooling system with one chiller and a double bundle
condenser where chiller capacity is controlled from the chilled
water supply temperature. The double bundle condenser uses heat
recovery water or cooling tower water or both to cool refrigerant.
Cooling tower water cannot be mixed with heat recovery water
s0 the two systems must be isolated. In a single chiller system,
the control system checks the water temperature coming out of
the heat recovery bundles (T3). If it is warmer than the water
returning from the heating loads (T2), valve V1 opens to circulate
condenser water through the system. A hot water generator (boiler
or converter) provides additional heat as required. If the heat
recovery system is not cooling the condenser sufficiently, the
cooling tower is used to dissipate excess heat. In multiple chiller
systems, the heat recovery chiller is controlled by the heating
load (T'1). The other chillers provide additional cooling as required.

FOR MULTIPLE CHILLERS
THIS IS REPLACED
BY CAPACITY TEMPERATURE
CONTROL OF HEAT ATTI°F)  ACTION
REJECTION CHILLER
110 =T O
IFT3>T2,
COOLING THEN T1 CONTROLS V1
TOWER (CONDENSER HEAT)
ON
105 ——opEN
OA DAMPER
COOLING
_| cLosep
100 =T~ ¢losen
V2 CONTROLLED
DOUBLE
BUNDLE BY T4
CONDENSER —\ g5 _| OPEN
o @ — REFRIGERANT CIRGUIT
P— (REMOVING HEAT FROM
g L INTERIOR ZONES)
FOR MULTIPLE CHILLERS
T3 THIS IS REPLAGED BY
CAPACITY CONTROL OF
HEAT REJECTION CHILLER
Vi
SHUT OFF OA
P cooving on
HEAT FAN UNITS
vz SOURCE
Tt
\- |' LOAD |'
HOT WATER
GENERATOR

C2086
Fig. 32. Heat Pump Cycle Controls and Sequence.

If chilled water reset is used, stop the reset action when the
cooling tower is off, This provides recovery system heat to a lower
outdoor temperature before it is necessary to use fuel for heating,.

FREE COOLING-TOWER COOLING

When the condenser water temperature from an evaporative
cooling tower is equal to or lower than chilled water load
requirements, mechanical refrigeration is not needed. During
these times “free cooling™ from the evaporative cooling tower
is available without having to supply energy to the compressor.
Figures 33, 34, and 35 show three methods of providing tower
cooling to the chilled water circuit.

In refrigerant vapor migration (Fig. 33) two refrigerant paths
with migration valves are added between the condenser and
the evaporator. The paths bypass the compressor and allow
gravity flow of ligunid refrigerant from condenser to evaporator
and vapor flow from evaporator to condenser. Refrigerant
vaporizes in the evaporator and migrates to the condenser where
it is condensed by cooling tower water. The liquid then flows
back to the evaporator by gravity. The chiller must be designed
so the flow paths are unrestricted and the evaporator is lower
than the condenser. The bypass valves are normally included
as a chiller package option by the manufacturer.

A |
COOLING
TOWER
% g =
CONDENSER <)
WATER TOWER
PUMP HEATER
(OPTIONAL)
CONDENSER REFRIGERANT
MIGRATION
compressoR| I/  VALVES
CHILLED EVAPORATOR
WATE
PUMP
LOAD Cama?

Fig. 33. Free Cooling Using
Refrigerant Vapor Migration.
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In Figure 34, condenser and chilled water flows are diverted
from the chiller to a heat exchanger.
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WATER FLOW DURING FREE COOLING

Fig. 34. Free Cooling Using
Auxiliary Heat Exchanger.

In Figure 35, condenser and chilled water circuits are
interconnected bypassing the chiller. In this configuration
providing tower water treatment and filtering and pumping
capacity for proper cooling tower flow are major considerations.

WA

COOLING
TOWER

TOWER HEATER
(OPTIONAL)

CONDENSER
‘ WATER PUMP

COMPRESSOR

Fig. 35. Free Cooling by Interconnecting
Water Circuits.

When the chiller is shut down during free cooling operation,
the normal chilled water supply temperature control is bypassed
and the chilled water supply temperature is determined by the
tower water temperature. The normal cooling tower water
control cycles tower fans and modulates the tower bypass valve
to maintain a setpoint in the 65 to 85F range but cooling tower
water is controlled at 35 to 45F when used directly for cooling.

During free cooling the fans may be manually turned on if
there is no danger of supply water being too cold or too much
energy being used by a winterized cooling tower. However, if
either condition exists, the tower water temperature control
should be in operation at all times to maintain a free cooling
temperature of 35 to 45F.

The changeover from free cooling to chiller operation may
be manual or automatic. Changeover sequence should change
the tower water controller setpoint first, then change the heat
exchanger valves when temperatures are proper for the new
mode of operation.

Following is a tower-free-cooling example using plate-frame
heat exchangers for the dual chiller system shown in the DUAL
CENTRIFUGAL CHILLER example. The DUAL COOLING
TOWER VARIABLE SPEED FAN CONTROL example is also
relevant.
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TOWER FREE COOLING, DUAL CHILLERS

FUNCTIONAL DESCRIPTION
5 FREE COOLING OAWB SETPOINT = CHILLED WATER
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Fig. 36. Graphic for Tower Free Cooling System with Dual Chillers.
Item No. Function
1.2 Chilled water pumps produce flow through 14-17 Valves direct water from chiller/condenser to
chillers or plate/frame heat exchangers. HX when condenser water reaches setpoint.
34 Free cooling mode initiated when OA WB 18,19 Chiller Status.
drops to setpoint. 20 Operator information.
5 Tower water entering temperature, operator 21 Prevents tower from cooling water below
information. minimum value that chiller can tolerate (during
6,7 Setpoints indicate need for cooling tower and chiller cooling mode).
chilled water. 2223 Tower fans modulate to maintain condenser
8 Minimum condenser water temperature setpoint water setpoint.
provides free cooling low limit. 24 CHILLER-AUTO-TOWER software mode
9 In free cooling mode, tower will produce water selection function.
about 7F above OA wet-bulb temperature, and 25 Prevents chilled water temperature setpoint
HX will cool chilled water to within 2 to 3F of from dropping below the design minimum.
condenser water temperature, so the sum of 26-45 Operator information (see chiller control and
these dictates when to activate free cooling. cooling tower control examples).
10-13 Maintains condenser water temperature entering 46 Icon, to display cooling tower control data.
chiller during period when tower is pulling 47 Icon, to display chiller control data.
water temperature down to free cooling setpoint
value and the temperature is too low for chiller.
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Features
1. Production of chilled water via condenser water and a
HX in lieu of chiller operation.
2. User friendly monitoring and adjustment.
3. Automatic selection of free cooling mode.
4. Maintains full flow and minimum temperature condenser
water during free cooling pull-down period.

Conditions For Successful Operation

1. Control network, software, and programming to advise
chilled water plant of AHU chilled water demands.
Interlock and control wiring coordinated with the chiller
manufacturer.
Appropriate cooling tower and chiller control.
Accurate calculation of OA WB from OA DB and OA RH.
Pumps selected for HX pressure drops and chiller/
condenser water flow balancing.
Flow switches and starter auxiliary contacts provided to
prove flow in lieu of current sensing relays for the chiller
and condenser pumps.

wkw

Specification

NOTE: This control scheme assumes that the chilled water
plant must continue to operate while the condenser
water temperature is dropped from the minimum
temperature acceptable to the chiller to the temperature
required to produce chilled water. It is also assumed
that full condenser water flow is required at all times
(otherwise, chiller head pressure could be maintained
by modulating the tower-side changeover valves to
reduce condenser flow).

Chilled water pump:

Anytime at least one chilled water pump is operating and the
OA WB drops below the free cooling setpoint for greater than ten
minutes, the condenser water temperature setpoint shall be lowered
to a value equal to the chilled water setpoint minus 3F, but no
lower than 42F. The OA WB free cooling changeover setpoint
shall be the chilled water temperature setpoint minus 10F.

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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Condenser water:

During the condenser water temperature pull-down period,
the condenser entering water temperature shall be prevented
from dropping below the minimum acceptable value by
modulating open a valve between the condenser leaving water
and the pump inlet.

When the condenser water temperature reaches the free
cooling setpoint, the changeover valves for the chiller that has
operated longest shall position open to the HX and the chiller
shall stop. If the free cooling condenser water temperature
setpoint is not reached within eight minutes, the condenser water
setpoint shall be returned to the chiller cooling value and a
descriptive system alarm shall be issued.

Five minutes after the first chiller changes over to free cooling,
the second chiller shall changeover as noted for the first chiller.

In the free cooling mode, the tower controls shall operate to
maintain the condenser water temperature setpoint, which shall
be reset from 42F to 56F by the chilled water temperature
setpoint demand for cooling.

Anytime the system is running in the free cooling mode and
the chilled water temperature is greater than 1 degree above
setpoint for greater than 5 minutes, the changeover valves for
the chiller that has been off longest shall position open to the
chiller, the condenser water temperature setpoint shall be raised
to the value specified for chiller operation, and the chiller
controls shall be enabled. If both chilled water pumps are
operating, the remaining chiller shall changeover and start 2
minutes later. As the chillers start, their respective low-limit
condenser water temperature valves shall be placed under EPID
control with a start value of 75% open and a ramp duration of
60 seconds.

After reverting back to the chiller cooling mode, during the
condenser water warm-up period the cooling tower fans shall
remain on at no less than minimum speed, to prevent short
cycling, and the condensers entering water temperature shall
be controlled by the low-limit condenser water temperature
pump inlet valves.

A software CHILLER-AUTO-TOWER selection function
shall be provided to lock the system in either mode if desired.

Petitioner Alarm.com Exhibit 1204
1204.0338



CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

BOILER SYSTEM CONTROL
INTRODUCTION

A boiler is a closed vessel intended to heat water and produce
hot water or steam through combustion of a fuel or through the
action of electrodes or electric resistance elements. Steam and
hot water boilers are available in standard sizes from very small
boilers for apartments and residences to very large boilers for
commercial and industrial uses.

BOILERTYPES

Boilers are classified by water temperature or steam pressure.
They are further classified by type of metal used in construction
(cast iron, steel, or copper), by type of fuel (oil, gas, or
electricity), or by relationship of fire or water to the tubes
(firetube or watertube).

— Low-pressure boilers are those designed to produce
steam up to 15 psig or hot water up to 250F with
pressures up to 160 psig.

—  Medium and high pressure boilers produce steam above
15 psig or hot water above 160 psig or 250F or both.

CAST IRON AND STEEL BOILERS

Boilers are typically constructed of cast iron or welded steel.
Cast iron boilers (Fig. 37) are made of individually cast sections
and are joined using screws or nuts and tie rods or screwed
nipples to join sections. The number of sections can be varied
to provide a range of capacities.

M11415

Photo Courtesy of Cleaver Brooks
Fig. 37. Typical Cast Iron Boiler (Watertube).

Steel boilers come in a large variety of configurations. They
are factory assembled and welded and shipped as a unit. Figure
38 illustrates a firetube boiler. The fire and flue gases are
substantially surrounded by water. The products of combustion
pass through tubes to the back then to the front and once more
to the back before finally exiting at the front. This makes it a
four-pass boiler. Firetube boilers are manufactured in many
other configurations such as:

— External firebox, firebox not surrounded by water,

— Dry back, firetubes directly available from clean-out
doors at back of boiler.

— Scotch-Marine, low water volume and fast response.

Mii418

Photo Courtesy of Cleaver Brooks
Fig. 38. Typical Firetube Boiler.

Watertube boilers are steel body boilers used for high capacity
requirements of more than two million Btuh. Watertube boilers
use a water-cooled firebox which prolongs the life of furnace
walls and refractories.

MODULAR BOILERS

Modular boilers are small hot water boilers rated at 200,000
Btuh to 900,000 Btuh input. These boilers are available with 85
percent or higher gross efficiency. Figure 39 shows features of a
typical modular boiler. These boilers are often used in tandem to
provide hot water for space heating and/or domestic hot water.
For example, if the design heating load were 2,000,000 Btuh,
four 600,000 Btuh (input) modular boilers might be used. If the
load were 25 percent or less on a particular day, only one boiler
would fire and cycle on and off to supply the load. The other
three boilers would remain off with no water flow. This reduces
flue and jacket (covering of the boiler) heat losses.
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Some modular boilers have very small storage capacity and
very rapid heat transfer so water flow must be proven before
the burner is started.

FLUE GAS SIDE
CLOSE-OFF OUTLET
HEAT BLOWER
EXCHANGER ASSEMB
FLUE GAS

GOLLECTOR—\

BIOLER o
SECTIONS —]

"y
K\

[ ]
L

BURNER—1L]

M15055

Fig. 39. High Efficiency Modular Boiler.

ELECTRIC BOILERS

Electric boilers heat water or produce steam by converting
electrical energy to heat using either resistance elements or
electrodes. Electric boilers are considered to be 100 percent
efficient since all power consumed, directly produces hot water
or steam. Heat losses through the jacket and insulation are
negligible and there is no flue.

Electrode boilers (Fig. 40) have electrodes immersed in the water.
Current passes through the water between electrodes and the
resistance of the water generates heat. Electrode boilers are
available in sizes up to 11,000 kW. Resistance boilers have the
resistance (heating) elements immersed in but electrically insulated
from the water and are manufactured in sizes up to 3000 kW.

Electric elements and electrodes are grouped to provide four
or more stages of heating. A step controller responding to steam
pressure or hot water temperature activates each stage of heating
as required to heat the building.

FLUEGAS: —» | |«—STACK

6% OXYGEN

GENERATING

CHAMBER ~~-
Q)

REGULATING

CHAMBER ~—

WATER

LEVEL ~

ELECTRODES
O
2901

Fig. 40. Electrode Steam boiler.

BOILER RATINGS AND EFFICIENCY

Boilers can be rated in several ways. Figure 41 shows
commonly used ratings and terms. The terms Btuh (Btu per
hour) and MBtuh or MBH (thousand Btuh) indicate boiler input
rate. Input ratings are usually shown on the boiler (or burner)
nameplate. The terms hp (boiler horse power), EDR (equivalent
direct radiation), and pounds per hour (steam) indicate boiler
output rate.

Gross efficiency is output (steam or water heat content and
volume) divided by fuel input (measured by a fuel meter at
steady-state firing conditions). The efficiency as indicated by
flue gas conditions does not take into account jacket and piping
losses so is usually higher than the gross efficiency.

A testing procedure issued by the US Department of Energy in
1978 measures both on cycle and off cycle losses based on a
laboratory procedure involving cyclic conditions. This result is
called the AFUE (Annual Fuel Utilization Efficiency) rating or
seasonal efficiency, which is lower than gross efficiency.

580°F STACK
TEMPERATURE
80% EFFICIENCY

STEAM BOILER

OIL DUAL
GAS BURNERS

INPUT:

NATURAL GAS: 1923 CFH AT 1040 BTU/FT?
2,000,000 BTUH
2,000 MBTUH

#2 OIL: 14.3 GPH

15 PSIG
:I: PSTEAM
OUTPUT:

MBTUH = 1507
STEAM: POUNDS PER HOUR
1,507,000 BTUH

1000 BTULB
HORSEPOWER:

1,507,000 BTUH

33479 BTUHHP

EDR (EQUIVALENT DIRECT RADIATION):
1,507,320 + 240 BTUH/EDR = 6279 EDR

=1507 LBHR

=45 HP

GROSS EFFFICIENCY = 29TPUT.
1.507.000 INPUT
= ———— x 100 =75.35 ~ 75Y%
200000 X 100=7535~75%

C2904

Fig. 41. Boiler Ratings and Efficiency.
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COMBUSTION IN BOILERS

PRINCIPLES OF COMBUSTION

When gas, oil, or other fuels are burned, several factors must
be considered if the burning process is to be safe, efficient, and
not harmful to the environment. The burning process must:

1. Provide enough air so that combustion is complete and
undesirable amounts of carbon monoxide or other
pollutants are not generated.

2. Avoid excess air in the fuel-air mixture which would result
in low efficiency.

3. Provide complete mixing of air with fuel before
introducing the mixture into the firebox.

4. Provide safety controls so that fuel is not introduced without
the presence of an ignition flame or spark and that flame is
not introduced in the presence of unburned fuel.

5. Avoid water temperatures below the dewpoint of the flue
gas to prevent condensation on the fireside of the boiler.

FLUE GAS ANALYSIS

Combustion can be monitored by flue gas analysis. For large
boilers, over 1,000,000 Btuh, the analysis is typically
continuous. For small boilers, flue gas is analyzed periodically
using portable instruments.

Flue gas composition analysis routinely measures the percent
of COy (carbon dioxide) or Oy (oxygen), but not both. Ideal
CO2 is in the 10 to 12 percent range. Percent oxygen is the
most reliable indication of complete combustion. The ideal O
concentration is in the three to five percent range. Lower
concentrations are impractical and often unsafe. Higher O
concentrations mean that an excessive quantity of air is admitted
to the combustion chamber and must be heated by the fuel.
This excess air passes through the boiler too quickly for the
heat to be efficiently transferred to the water or steam. Carbon
dioxide measuring instruments are simpler or lower cost than
O2 measuring instruments.

The CO» or Oy concentration plus stack temperature provide
a burner efficiency in percent either directly or by means of
charts. This efficiency indicates only the amount of heat
extracted from the fuel. It does not account for excess heating
of combustion air or losses from leaks or the boiler jacket.

OIL BURNERS

Oil burners are usually of the atomizing variety, that is, they
provide a fine spray of oil. Several types exist:
—  Gun type burners spray oil into a swirling air supply.
—  Horizontal rotary burners use a spinning cup to whitl oil
and air into the furnace.

— Steam or air atomizing burners use high pressure air or
25 psig steam to break up the oil into fine droplets.

For modulating or high/low flame control applications the
rotary or steam/air atomizing burners are most common.

GAS BURNERS

Two typical types of gas burners are the atmospheric injection
burner and the power type burner. The atmospheric injection
burner uses a jet of gas to aspirate combustion air and is
commonly used in home gas furnaces and boilers. The raw-gas
ring burner (Fig. 42) is an atmospheric injection burner.

Power burners (Fig. 43) use a forced-draft fan to thoroughly
mix air and gas as they enter the furnace. They are common in
commercial and industrial applications.

A. BURNER ASSEMBLY

iH

Sae
D / TILE
T

A. BURNER DETAILS C2902

INSULATED

ﬂ AIR REGISTER

Fig. 42. Raw Gas Ring Burner.

Z o

DETAIL OF INDIVIDUAL
PORT

Fig. 43. Multiport Forced-Draft Gas Burner.
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BOILER CONTROLS

BOILER OUTPUT CONTROL

There are three ways to control the output of a commercial
boiler:

1. On-off (cycling) control.
2. High-fire, low-fire control.
3. Modulating control.

On-off (cycling) control is most common for small boilers
up to 1,000,000 Btuh capacity. The oil or gas burner cycles on
and off to maintain steam pressure or water temperature. Cycling
control causes losses in efficiency because of the cooling of
the fireside surfaces by the natural draft from the stack during
the off, prepurge, and postpurge cycles necessary for safety.

High-fire, low-fire burners provide fewer off cycle losses
since the burner shuts off only when loads are below the low-
fire rate of fuel input.

Modulating control is used on most large boilers because it
adjusts the output to match the load whenever the load is greater
than the low-fire limit, which is usually not less than 15 percent
of the full load capacity. Steam pressure or hot water
temperature is measured to control the volume of gas or oil
admitted to the burner.

Boiler firing and safety controls are boiler manufacturer
furnished and code approved. A BMCS usually enables a boiler
to fire, provides a setpoint, controls pumps and blending valves,
and monitors alarms and operation.

COMBUSTION CONTROL

Combustion control regulates the air supplied to a burner to
maintain a high gross efficiency in the combustion process.
More sophisticated systems use an oxygen sensor in the stack
to control the amount of combustion air supplied. Smoke density
detection devices can be used in the stack to limit the reduction
of air so stack gases stay within smoke density limits. A
continuous reading and/or recording of flue gas conditions
(percent O, stack temperature) is usually included in the control
package of large boilers.

A simple combustion control system contains a linkage that
readjusts the air supply from the same modulating motor that
adjusts fuel supply (Fig. 44). There may be a provision to stop
flow of air through the fluebox during the off cycles.
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Fig. 44. Combustion Control for Rotary Qil Burner.
FLAME SAFEGUARD CONTROL

Flame safeguard controls are required on all burners. Controls
for large burners can be very complicated while controls for
small burners such as a residential furnace are relatively simple.
The controls must provide foolproof operation, that is, they
must make it difficult or impossible to override any of the safety
features of the system. The controls also should be continuous
self check. For commercial and industrial burners, the flame
safeguard control goes through a series of operations. The
following sequence is an example:

Purge firebox of unburned fuel vapor (prepurge).
Light pilot.

Verify that pilot is lit.

Open main fuel valve.

Verify that flame is present as soon as fuel is introduced.
Cut off fuel supply promptly if the flame fails.

Purge firebox of any unburned fuel after each on cycle

(postpurge).

The key to any flame safeguard system is a reliable and fast
means of detecting the presence or absence of a flame. Methods
of detection are:

Response of bimetal sensor to heat (slow response).
Response of thermocouple to heat (slow response).
Flame conductivity (fast but can be fooled).

Flame rectification (fast, reliable).

Ultraviolet flame detection (fast, reliable).

Lead sulfide (photo) cells (fast, reliable if flame
frequency check included).

Some sensors can potentially cause improper operation
because of shorts, hot refractories, or external light sources.
Other sensors, like flame rectification and ultraviolet, respond
to flame only. Flame safeguard systems must be approved by
UL or Factory Mutual for specific applications.

Figure 45 shows a flame safeguard system often applied to
small gas boilers or furnaces. The flame of the gas pilot impinges
on a thermocouple which supplies an electric current to keep
the pilotstat gas valve open.If the pilot goes out or thermocouple
fails, the pilotstat valve closes or remains closed preventing
gas flow to the main burner and pilot. The pilotstat must be
manually reset.
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MAIN BURNER

THERMO-
COUPLE

PILOT
BURNER
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PRESSURE
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M15050

Fig. 45. Simple Flame Safeguard for a Gas Furnace.

Figure 46 shows how flame safeguard controls are integrated
with combustion controls on a small oil fired steam boiler. The
ultraviolet (UV) flame detector is located where it can see the
flame and will shutdown the burner when no flame is present.

OPERATING
| | CONTROL
| FLAME SAFEGUARD
| CONTROL !
! 1
1 1 O ‘
= '
1 RELAY |
|
1
Hiumir| ! I ELECTRIC
! 4 IGNITION
| -
| Z
~ ~
! UV FLAME 1
] DETECTOR .
|
1
LOW WATER e e e e - 2930
CUT-OFF

Fig. 46. Combustion Controls with
Flame Safeguard Circuit.

FLAME SAFEGUARD INSTRUMENTATION

In addition to the combustion, safety, and flame safeguard
controls shown in Figure 46, additional instrumentation often
provided on larger burners measures:

—  Percent of O or CO2 in flue gas (to monitor combustion
efficiency).

Flue gas temperature.

Furnace draft in inches of water column.

Steam flow with totalizer or hot water Btu with totalizer.
Oil and/or gas flow with totalizer.

Stack smoke density.

333

APPLICATION OF BOILER CONTROLS

Boilers have to provide steam or hot water whenever heat is
needed. A conventional BMCS is often set to provide a
continuous hot water or steam supply between October and
May at anytime the OA temperature drops to 60F for more
than 30 minutes and an AHU is calling for heat. The BCMS
should include a software ON-OFF-AUTO function. Unlike
chillers, boilers can be left enabled at no-load conditions, during
which time the water temperature will be held at the design
temperature. Frequent warm-up and shutdown of boilers causes
stress buildup. Boiler manufacturers recommendations provide
specific guidelines.

Unless a water temperature low limit is used, hot water boiler
burners are not controlled to provide water temperatures based
on outdoor temperatures because the reset schedules require
water temperatures to be supplied below the dew point
temperature of the flue gas. Some boilers require entering water
temperatures to be above 140F before going to high fire. In this
case, if a building is using hot water and the boiler is locked
into low-fire because the entering water is too cold, the system
may never recover.
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MULTIPLE BOILER SYSTEMS EXFANSION
GENERAL (i e U 20N
MANUAL HWS
. . . AIR VENT
Basic boiler connections for a three-zone hot water system ZONE
are shown in Figure 47. In this system, two boilers are connected HWS
in parallel. Hot water from the top of the boilers moves to the
i . - PRESSURE PRESSURE ZONE
air separator which removes any entrapped air from the water. GAUGE GAUGE HWS
The expansion tank connected to the separator maintains \ RELIEF \
pressure on the system. The tank is about half full of water FUALVE VALVE
under normal operating conditions. Air pressure in the tank —¢ C? —2) ? SEPERATOR
keeps the system pressurized and allows the water to expand
and contract as system water temperature varies. Water from C,)'l DRAN
the boiler moves through the separator to the three zone pumps, BOILER BOILER ZONE
each of which is controlled by its own zone thermostat. In some RETURN HWR
systems, each zone may have a central pump and a valve. Return LINE ZONE
water from the zones returns to the boiler in the return line. : ' :(‘;v:E
There several variations are possible with this type system but DHAIN¢-| DRAIN ¢1 HWR
the process is the same. There is no minimum boiler water flow ©2905

limit in this example.
Fig. 47. Typical Piping for Multiple-Zone Heating System.
The Dual Boiler Plant Control example following is a dual
boiler plant with high-fire, low-fire controlled boilers, 145F = NOTE: The primary/secondary decoupler is sized for the full

minimum entering water temperature required prior to high- secondary flow, and like the chiller plant decoupler,
fire, water flow must be maintained when the boiler is enabled, should be a minimum of 6 pipe diameters in length.
and a secondary hot water reset schedule of 110F water at 55F Unlike the chiller decoupler, normal flow may be in
OA temperature and 180F water at SF OA temperature. The either direction.

concepts adapt well for single or multiple boiler systems.
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DUAL BOILER PLANT CONTROL

FUNCTIONAL DESCRIPTION-

HEATING SYSTEM
ON-OFF-AUTO

SELECTOR LOW LIMIT

SET POINT

LEADBgIIEILIEEFéTOR (2] @ ® @
0 o [160][ 145 | 5]

o
— © A
] ‘__’ + ~ BOILER I D m 6
T U]
N OFF PUMP P1 BOILER -1
ON-OFF-AUTO OFF-AUTO
SELECTOR SELECTOR
lauro|@]  [aurol@]
OUTSIDE AIR e
TEMPERATURE
> > |
@ NC ‘ ]
g\%%’%?n VALVES DISPLAY y BOILER 88@
D 5
conTrRe SECONDARY OFF ]_|
RETURN O rumer2 BOILER -2
ON-OFF-AUTO 3
SELEcroa e
auto|©)
D> —
D
, <
DECOUPLER
CROSSOVER |
)
(bi13s] our @)
? ® 0w —Tis5]
HOT WATER TEMPERATURE
RESET SCHEDULE sp ®
A
OUTSIDE AIR HOT WATER SECONDARY PUMP
TEMPEDHFATURE TEgEF"I'EPR(I)\EJTRE SYSTEM
ON-OFF-AUTO
s 1 s () e
RETURN 55 | | [110 @ ’QL ® [auto[@]
> 155 SECONDARY -
HOT WATER 64
5 | | 180 SETPOINT SUPPLY Yy %spPEED
M15051
Fig. 48. Dual Boiler Plant Control Graphic
Item No. Function
1 ON-OFF-AUTO function for secondary 12-14 Valve modulates to prevent entering water from
pumping system dropping below low limit setpoint (145F).
2 ON-OFF-AUTO function for heating system 15-18 Secondary water setpoint reset from OA.
3 Selects lead boiler. 19,20 Valve modulates to prevent entering water from
4 Heating system start point (Outside air dropping below low limit setpoint (145F).
temperature). 21-23 Operator information.
56 ON-OFF-AUTO function for ptimary pumps. 24 Icon, selects the Boiler System Control
78 OFF-AUTO function for boilers. dynamic display (Fig. 49).
9 Heating system stop point (Outside air 25,26 Software signal selection functions, allows
temperature). valve to control secondary HW temperature,
10,11 Operator information. subject to boiler low limits.
27 OA reset valve control PID.
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Features Specification
1. Full flow through operating boilers. The heating plant shall operate under automatic control anytime
2. Minimum temperature limit on boiler entering water. the secondary pump ON-OFF-AUTO function is not “OFF”,
3. Variable flow secondary system with full boiler flow. subject to a heating system ON-OFF-AUTO software function.
4. Automatic boiler staging The lead boiler, as determined by a software lead boiler selection
5. User friendly monitoring and adjustment. function, shall be enabled anytime the date is between October
first and May first, the OA temperature drops below 60F for greater
Conditions For Successful Operation than 30 minutes, and an AHU is calling for heat. Each boiler

1. Control network, software, and programming to advise ~ primary pump shall have a software ON-OFF-AUTO f_unction,
heating plant controller of secondary fan and water flow  and each boiler shall have a software AUTO-OFF function. The

demands. heating plant shall be disabled anytime the OA temperature rises
2. Interlock and control wiring coordinated with the boiler o 65F for greater than 1 minute and after May 1.
manufacturer. ] ) ] ) )
3. Control in accord with boiler manufacturers Anytime the boiler plant is enabled, the lead boiler primary
recommendations. pump shall start and as flow is proven, the boiler shall fire under

4. Proper setpoint and parametcr project Speciﬁc SettingS. ltS factory Controls to malntam ISOF. If the lead boller St.atus
does not change to “on”, or if flow is not proven within 5

minutes, the lag boiler shall be enabled.

BOILER SYSTEM CONTROL

A BLENDING VALVE ON EACH BOILER MODULATES IN THE RECIRCULATING POSITION TO
PREVENT THE BOILER ENTERING WATER TEMPERATURE FROM DROPPING

BELOW DEGREES.

LEAD BOILER ( ) AND ITS ASSOCIATED PUMP START ANYTIME THE OUTSIDE AIR
TEMPERATURE DROPS TO AND SHUTS DOWN ANYTIME THE OUTSIDE AIR
TEMPERATURE RISES TO DEGREES. ANYTIME THE LEAD BOILER STARTS FROM THIS
OUTSIDE AIR TEMPERATURE SETTING, THE OTHER BOILER IS LOCKED OUT FOR

MINUTES.

ANYTIME THE LEAD BOILER CONTROL VALVE IS COMMANDED FULL OPEN BY THE SECONDARY
WATER TEMPERATURE CONTROL LOOP FOR MINUTES AND THE SECONDARY HOT
WATER SUPPLY TEMPERATURE IS MORE THAN EGREES BELOW
IT'S SETPOINT, THE LAG BOILER AND ITS ASSOCIATED PUMP START. ANYTIME BOTH BOILERS ARE
OPERATING AND THEIR CONTROL VALVES ARE LESS THAN PERCENT OPEN TO THE
SECONDARY RETURN, THE BOILER SYSTEM OPERATING LONGEST SHUTS DOWN.

THE BOILER BLENDING VALVES MODULATE (SUBJECT TO THEIR LOW LIMIT
CONTROL) TO PRODUCE SECONDARY WATER TEMPERATURES FROM [110§@) TO [ 180 D)
DEGREES AS THE OUTSIDE AIR TEMPERATURE DROPS FROM [ 55 @) TO DEGREES.

M15052

Fig. 49. Boiler System Control Dynamic Display.
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During boiler operation, a three way blending valve shall
position to place the boiler flow in a recirculating mode until
the water entering the boiler exceeds a low limit value of 145F,
at which time the blending valve shall modulate to maintain
the secondary water temperature between 110F and 180F as
the OA temperature varies from 55F to 5F.

The lag boiler shall be locked out from operation for 60
minutes after the lead boiler starts. Thereafter, anytime one
boiler control valve is commanded full open by the secondary
temperature control loop for greater than 5 minutes and the
secondary water temperature is a temperature less than SF below
the secondary water temperature setpoint, the “off” (lag ) boiler
pump shall start, and upon proving flow, the “off” boiler shall
be enabled to fire under its factory controls to maintain 180F.
The just-started boiler blending valve shall be controlled by an
entering water 145F temperature low limit sensor and setpoint
similar to the lead boiler, and subsequently, in unison with the
other boiler blending valve to maintain the reset secondary hot
water temperature.

Anytime both boilers are operating and their control valves
are less than 40% open to the secondary return line, the boiler
and pump that has run longest shall shut down.

MODULAR BOILERS

Modular boilers provide heat over a large range of loads and
avoid standby and other losses associated with operating large
boilers at small loads. Figure 50 shows a primary-secondary
piping arrangement where each modular boiler has its own
pump. The boiler pump is on when the boiler is on.

Boilers that are off have no flow and are allowed to cool.
Each boiler that is on operates at or near full capacity. Avoiding
intermittent operation prevents losses up the stack or to the
surrounding area when the boiler is off.

Normal control of modular boilers cycles one of the on-line
boilers to maintain water temperature in the supply main to
meet load requirements. The supply main control sensor cycles
the boilers in sequence. If the load increases beyond the capacity
of the boilers on-line, an additional boiler is started. The lead
(cycling) boiler can be rotated on a daily or weekly basis to
equalize wear among all boilers or when using digital control,
the program can start the boiler that has been off the longest.

HWS
HOT WATER HWR
SUPPLY SENSOR
HOT WATER
o—PRIMARY RETURN SENSOR

PUMP

il

Fig. 50. Typical Primary-Secondary
Piping for Modular Boilers.

HOT AND CHILLED WATER DISTRIBUTION SYSTEMS CONTROL

INTRODUCTION

Hot and chilled water pumping, distribution, and control
systems have similar characteristics. A hot and/or chilled water
system distributes heating or cooling energy through a building.
The water is pumped from a boiler or chiller to coils or terminal
units. Effective control of this energy requires understanding
the control loops and related control valves and also an
understanding of the pressure/flow relationships between the
piping and pumping components of the system.

CLASSIFICATION OF WATER
DISTRIBUTION SYSTEMS

Water distribution systems used in buildings include:

— LTW. Low temperature water systems supply water at
temperatures up to 250F and working pressures up to
160 psi. Although, most LTW boilers have a maximum
working pressure of 30 psi.

— MTW.Medium temperature water systems supply water
at temperatures between 250 to 350F with pressures up
to 160 psi. Maximum medium temperature boiler
temperature is 350F.

— HTW. High temperature hot water systems supply water
at temperatures over 350F, usually in the 400 to 450F
range, with working pressures up to 300 psi.

— CHW.Chilled water systems supply water at temperatures
from 40 to 55F with pressures up to 125 psi.

— DTW. Dual temperature water systems supply LTW
during the heating season and CHW during the cooling
season to the same terminal units.

TYPICAL WATER DISTRIBUTION SYSTEM

A typical system (Fig. 51) illustrates the principles of water
distribution in a system. The system consists of a heating or
cooling source, a pump, distribution piping, and valve controlled
coils. The pump provides force to push the water through the
system and valves control the flow through the individual coils.
The air separator removes entrapped air from the system.
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EXPANSION
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HEAT/
cooL
SOURCE | !
RETURN : :
M15053

Fig. 51. Typical Water Distribution System.

The expansion tank is charged with compressed air to place
the system under the minimum pressure required at the inlet to
the pump to prevent pump cavitation and the resultant impeller
erosion. The minimum inlet pressure required by a pump is
referred to as the net positive suction head (NPSH). Figure 54
indicates the NPSH for a particular pump. The air volume in
the tank is sized, based upon the volume of water in the system
and the expected water temperature variations, to allow the water
to expand and contract as water temperatures vary throughout
the year. The expansion tank static pressure does not effect the
closed system control valve differential close-off pressure, but
must be considered, in addition to the pump head, for valve
body and other piping system component pressure rating
selection.

The air separator and expansion tank are omitted from the
examples in this section for simplicity.
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CONTROL REQUIREMENTS FOR WATER
DISTRIBUTION SYSTEMS

The requirements of a properly applied distribution system are:

1. Maintain controllable pressure drop across the control
valves.

2. Maintain required flow through the heating (or cooling)
source.

3. Maintain desired water temperature to the terminal units.

4. Maintain minimum flow through the pump(s) that are
running.

5. Maintain NPSH.

6. Stage the pumps of a multipump system to satisfy

conditions 1 through 5.

CENTRIFUGAL PUMPS USED IN HOT AND
CHILLED WATER SYSTEMS

The pump is a key component of a water distribution system.
It is essential to understand pump characteristics in order to
understand and design distribution systems and to understand
pumping system control solutions. Centrifugal pumps are
commonly used to distribute hot and chilled water through
commercial buildings. Many varieties of centrifugal pumps are
available, as shown in Table 2. Figure 52 shows a typical base-
mounted pump.
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Table 2. Characteristics of Centrifugal Pump Types.

Motor
Impeller No. of Motor Mounting
Type Type Impeliers Casing Connection Position
Circulator Single One Volute Flexible- Horizontal
suction coupled
Close-coupled, Single One or two Volute Close- Horizontal
end suction suction coupled
Frame-mounted, Single One or two Volute Flexible- Horizontal
end suction suction coupled
Double suction, Double One Volute Flexible- Horizontal
horizontal suction coupled
split case
Horizontal split Single Two to five Volute Flexible- Horizontal
case, suction coupled
multistage
Vertical inline Single One Volute Flexible- or Vertical
suction close-
coupled
Vertical Single One to twenty Diffuser | Flexible- Vertical
turbine suction coupled
| :
' [« S I
Source: ASHRAE Handbook—1996 Systems and Equipment
FASING OUTLET PUMP PERFORMANCE
IMPELLER
neoany  MPELLER Tht_a performance qf a given pump is exprcssec_i in a curve
FRAME— geARING— PING showing pump head in feet versus gallons per minute (gpm).

Figure 53 shows a typical curve. The head is expressed in feet (of
water column) which describes pump operation independent of
water temperature or density. Pressure losses in piping and

s components used in HVAC systems are always calculated in feet.
PUMP j
SHAFT f
(=]
z
)

g I~
AOTATING T
OUTBOARD ELEMENT <
BEARING MECHANICAL 5
SEAL g

M10509 FLOW INC—=

Czm07

Fig. 52. Typical C Section of an End Suction Pump.
- fyples! Crony: e E Fig. 53, Typical Pump Head Capacity Curve.
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Pump Power Requirements Pump Performance Curves
The pump curve in Figure 53 is part of a family of curves for Commercial pumps have performance curves showing the
a pump. Each curve of the family represents a different size ~ following data for a given pump speed:
impeller used with the pump at a specified rpm. It relates to the — Total head in ft versus flow in gpm
power input required just to move the water (water horsepower) — Total head versus flow for various impeller diameters
as follows: — Pump efficiency at various operating points
— Brake horsepower (BHP) or motor horsepower required
Waterhp = (flow x head x SG) + 3960 — Net positive suction head (NPSH). NPSH is the absolute
pressure (psia) required at the suction inlet to prevent
Where: cavitation due to “boiling” and formation of bubbles in
flow = gpm the water.
head = ft
SG = specific gravity of the liquid (water = 1) Figure 54 is a typical performance curve showing some of

the preceding data. Impeller diameters are shown on the left.
The motor driving the pump must have a horsepower rating in
excess of water horsepower to take care of bearing and seal friction,

recirculation within the housing, and impeller efficiency. Pump Efficiency
NOTE: Water horsepower increases with head and flow. If Pump efficiency is a comparison of water horsepower
flow is allowed to increase, the motor may overload.  developed in the pump and brake horsepower applied by the
motor to the shaft and impeller.
S EEEEE
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Fig. 54. 1150 RPM Typical Pump Curve.
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Figure 55 illustrates a pump fitted with a 6-1/2 inch impeller, Table 3. Pump Affinity Laws.
operating at 45 ft of head, and delivering 65 gpm of water. Specific To
Impeller Gravity | Correct Multiply
Waterhp = 65 gpm x 45 ft x 1.0/3960 Diameter | Speed (SG) for by
= 0.74hp Flow
The curves show that the motor output is 1.17 horsepower. ('\(l)ijwss—ppee::)
Efficiency = (water horsepower)/(motor horsepower) x 100 =
(0.74/1.17) x 100 = 63 percent. This agrees with the efficiency Constant | Variable | Constant Head N 2
. e ew Speed
curves shown in Figure 55. (—o|d Speed )
Pump Affinity Laws Bhp 3
or kW New Speed
Old Speed
Pump affinity laws (Table 3) show how pump flow, head,
and brake horsepower vary as impeller diameter or speed Flow New Diameter |
change. These laws help when adjusting an installed pump to Old Diameter
changes in the system served. For example, if a pump with an ) >
8-inch impeller delivers 80 ft of head, with a 7.21-inch impeller | Variable [ Constant | Constant |  Head (New Dlameter)
it would deliver 65 ft of head. It is calculated as follows: Old Diameter
Bhp New Dlameter) 8
_ New Diameter, 2 _ 72142 or kw (
New head = Old head x (gt = ter") 80(5") = 64981t Old Diameter
Constant | Constant | Variable Bhp New SG
or kW Old SG
Source: ASHRAE Handbook--1996 System and Equipment
45% 55%
60 i 9% | [svsteMcu RVE (@) OPERATING POINT
[1 | ¥ g
R A/
N A LA ] ] =
50 l / \\7L - 68%
g A A ~ N
L6 thr N I N AN, ™ N / 65%
[y 4 L ' ™ / \‘ sl
Im I ¥ N -@\ AN /
i N, [l ™ LT T JRN / 0%
=z S
é o~ & ~.‘\ I 3/\ / //‘ \>\ S N 7\;\ \‘ 55%
= et L /DL YT LSS K] N Wi
5 K N I NI/ / ‘\‘ K \.\‘ // ,/ _
G ECEENTINY BN SEYER SEZARRNZEASTARE-S
30 N = '\\ N = S \“< \ / . 45’%
“» i T - N N > >
N NN SKN T IN TIPS LT
] T NN NS ’\X e
20 N '<~\ * N \‘\ N
EnSECSGHD ST |
~\~ - = 1 ;/2HI-
N N[N X />< .
1/2HP 3/4HP 1HP
0 ! ! [
0 10 20 30 40 50 60 70 80 90 100 10 120 130 140 150 160 170 180 190

CAPACITY IN GALLONS PER MINUTE

C1051

Fig. 55. Pump Curve for 1750 RPM Operation.
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MATCHING PUMPS TO WATER
DISTRIBUTION SYSTEMS

System Curves

The pump curves and affinity laws are used to select a pump
or pumps for a particular application. The first step is to establish
a system head curve. This is calculated from design flow and
head loss tables for all the piping, coils, control valves, and
other components of the system.

Plotting A System Curve

An example is shown in Figure 56. The design point is 65 ft
of head at a 515 gpm flow. A system curve (a simple square
root curve) can be plotted once the flow and head are known at
any particular point, since:

gpmy | by
Where:
gpm; = flow athy in ft of head
gpmy = flow at hy in ft of head

Plot the points (Fig. 56) for flows of 200, 400, and 600 gpm:

) 2
Point A: (S%g) x 65 ft =0.1508 x 65 ft = 9.8 ft of water columr
, 400\2
Point B: 515) X 65 ft = 0.6032 x 65 ft = 39.2 ft of water columr
. 600\ 2
Point C: 515) X 65 ft = 1.357 x 65 ft = 88.2 ft of water columr

The system curve assumes all balancing valves are set for
design conditions, that all controls valves are fully open, and
that flow through all loads is proportional. The system curve is
always the same, even if loading is not proportional, at no load
and full (100 percent) load. If the loads are not proportional
(such as, some loads off or some valves throttling), the curve
rises above that shown for values between full and no load.
The system curve in Figure 56 is used in Figure 57 to select the
single speed pump. Using this system curve to determine the
switching setpoint for dual parallel pumps when the load flow
is not proportional can result in damaging pump cycling.

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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Fig. 56. System Curve for Pump Application.

Combining System And Pump Curves

The design system flow is 515 gpm. Piping, control valve,
and equipment losses are calculated at 65 ft. An impeller size
and a motor horsepower are selected by imposing the system
curve on the pump curve (Fig. 57). The designer has the option
of selecting a pump with a 9 1/2 in. impeller (515 gpm at a 76
foot head) or a 8 3/4 in. impeller (500 gpm at a 60 foot head).
The smaller impeller requires a 10 horsepower motor and the
larger impeller requires a 15 horsepower motor. Selection of
the 9 1/2 in. impeller requires system balancing valves to reduce
the system pressure differentials to those matching the design
flow of 515 gpm.

When selecting a pump, it is important to remember that:

— With constant speed pumps (and two-way AHU control
valves), flow rides the pump curve. The system curve is
plotted assuming that the control valves are full open,
which in any system, only occurs at the full load. As
control valves throttle and loads are turned off the system
becomes non-proportional and the system curve rises
between no load and design.

— With variable speed pumps, the system control objective
is to have the pump curve ride the system curve by keeping
atleast one control valve open and reducing the pump speed
to reduce flow with the diminishing system drop.
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Fig. 57. Matching Pump to System.

To better understand system curves, pump curves, and flow %P;QQTFIE(?V\:’OINT | . | DESIGN
control, Figure 58 shows the control valve(s) (the only variable i \ \ | ooRvE | OPERATING
element of a typical system curve) separately from the rest of e T S POINT.
the system elements. Lines are shown for each of three valve . :

o . . LINE “A” CONTROL VALVE*
positions; full, 80 percent, and 50 percent flow. These lines, FULL OPEN @ DESIGN 10
when added to the curve for all other elements of the system 70 | DROPATS00GPM | .
intersect the pump curve at the corresponding operating point(s). LINE “B” @ 80% FLOW, :
CONTROL VALVE TAKES —_ | INEA
. . 36' DROP

Figure 58 shows a system with 500 gpm and 70 foot head at 0 L . ] .
design, 10 ft of which is a full open control valve at the end of O e L s
the piping run. Line “A” represents the control valve and 63' DROP

connects the pump curve to the static-element system curve. If sob -l

all control valves positioned to 80 percent flow, the pumphead [z * THE LINE “A" VALVE IS
- 3 H w AT THE END OF THE
rises, the static-element system resistance drops, and the control 2z PIPING RUN, AND THE
valve, represented by line “B”, makes the difference; about 36 2 .l SV?;E“;%’%}E 'TSH'EOR ________
ft. Similarly, at 50 percent flow, the valve drop, represented by T SYSTEM.
line “C”, accounts for about 63 ft. N A BALANGED SYSTEM

PUMP REQUIRED:
500 GPM @ 70' HEAD

THE SYSTEM CURVE IS
30 | THE SAMEATANYAIR ]|
HANDLING UNIT, WITH
THE AIR HANDLING UNIT

BALANCING VALVES i
20 | MAKING UP FOR ANY o
REDUCED PIPING =
LOSSES. 1
. \ |
| | | I |
10 - —— —+ — — — /= — — SYSTEM CURVE FOR STATIC
1 | ELEMENTS OF SYSTEM (CHILLER,
| | PIPING, FITTINGS, BALANCING COCK,
| COILS, STRAINERS, ETC.)
0 1 1 | |
0 100 200 300 400 500

SYSTEM FLOW IN GPM M15056

Fig. 58. Pump and System Curves and Control Valves
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VARIABLE SPEED PUMPS

From the pump affinity laws (Table 3), pump horsepower
decreases by the cube of the decreased speed, and flow decreases
linearly with speed; so at 80 percent flow, the horsepower is
down to nearly 50 percent (80 percent cubed). Since many
systems have sharply reduced flow requirements at medium or
low loads, pump speed control can provide economical
operation for most of the heating (or cooling) season. Figure
59 shows typical performance at reduced speeds. The shaded
area of Figure 60 shows the wide range of heads and flows
available from a variable speed pump. Variable speed pumps
are usually controlled from a differential pressure sensor with
either fixed or load reset setpoints.

Control objectives of variable speed pumping systems in
networked digital control systems, is to keep the most demanding
load control valve full open by varying the pump speed.
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60 ‘L ¥ —
\
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55
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FLOW, GPM C1056
Fig. 59. Pump Performance and

Efficiency at Various Speeds.
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Fig. 60. Typical Variable Speed
Pump Performance Range.

Table 4 and Figure 61 show the Figure 58 system with all the
control valves remaining full open and the load controlled by
varying the pump speed. This is the ideal system wherein the
loads of all AHUs vary in unison and the pump speed is
controlled to satisfy the valve with the greatest demand. This is
usually accomplished via differential pressure control,
automatically reset.
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Fig. 61. Ideal Variable Speed Pump Control.
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Table 4. Variable Speed Pump Relationships

Load (percent)
Condition 100 80 60 40

Flow (gpm) 500 0.80 x 500 = 400 0.60 x 500 = 300 0.40 x 500 = 200
Speed (rpm) 1750 0.80 x 1750 = 1400 0.60 x 1750 = 1050 0.40 x 1750 = 700
Total Head (ft) 70 1400 1050 700

70 x (1750) =448 70 x (1750) =252 70 x (1750) =11.2
Fully Open Valve Drop (ft) 10 10x0.802 = 6.4 10x0.602 =36 10x 0.402 = 1.6
Brake Horsepower 13.6 1400\ 3 1050\ 3 700 \3

13.6 x (W =6.96 13.6 x (W) =294 13.6 x (1 750) =0.87

PUMPS APPLIED TO OPEN SYSTEMS

In cooling towers (Fig. 62) and other open systems, static
head must be considered when establishing system curves and
selecting a pump. Notice that the 90 ft of vertical pipe (static
discharge head) is partially offset by the 80 ft of vertical pipe
(static suction head) in the suction line. When a system curve
is drawn for such a system, static head of the tower must be
added to the system curve. The system is designed to operate
at 200 gpm against 30 ft of head for piping and valves. The
system curve in Figure 63 is drawn through zero head (ignoring
the static head of 10 ft) which leads to choosing Pump A.

RNAN “'
1g TOTéL
TATI COOLING
HEAD TOWER
STATIC
DISCHARGE
HEAD
STATIC 90’
SUCTION
HEAD
l_ 200GPM
— —_ L Ve - — — = i 4
C2413

Fig. 62. Typical Cooling Tower Application.
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Fig. 63. System Curve for Open
Circuit without Static Head.
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Figure 64 shows the system curve adjusted for the 10 ft of
static head and the actual operating points of Pump A (selected
in Figure 63) and Pump B. Notice Pump A supplies only 175
gpm at 32 ft of head.
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C1058
Fig. 64. System Curve for Open
Circuit with Static Head.

MULTIPLE PUMPS

Multiple pumps are used when light load conditions could
overload a single pump. These conditions normally occur when
two-way control valves are used in the control system. Two-
way control valves sharply reduce flow when they begin to
close. Figure 65 shows that in a single-pump system, over
pressure can result at low flow. At one-third flow, the pump
head has increased, the source and piping drop is reduced to
one-ninth of the design drop, and the control valve drop has
increased greatly. Bypass, variable speed, or throttling valve
pressure relief should be used with a single pump. Where the
heat exchanger (such as a chiller) requires a high minimum
flow rate, a single pump is used, and diversity is not used, three-
way load control valves should generally be used.
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Fig. 65. System Operation with One Pump,
Design and Low Flow Condition.

Operation

Multiple pumps may be connected either in parallel or in
series into the system. In the dual parallel pump configuration
of Figure 66 a single pump can usually handle 75 to 80 percent
of the total flow. The system curves show that at design
conditions the control valve drop is ten feet (from A to B). At
75 percent flow (375 gpm), the valve drop with both pumps
operating increases to over 41 ft (C to E). With one pump and
75 percent flow the valve drop is about 16 ft (C to D). When
flow is reduced to 50 Percent, the valve drop is about 55 ft for
one pump (F to G) or 63 ft for two pumps (F to H). Dual parallel
pumps save energy and provide redundancy for 75 to 80 percent
of the flow. They do not provide much relief for high valve
pressure drops at low flow.

The pump curves and the system curves indicate possible pump
start/stop setpoints. One scenario on a pumping differential fall
to 42 ft, energizes the second pump and on a pumping differential
rise to 77 ft, switches back to one pump. The 42 ft pumping
differential corresponds to a point just before the 1-pump curve
intersects the system curve (I), the point at which a single pump
no longer can support the system. When the second pump is
started, the operating point moves to the 2-pump curve and when
the control valves have settled out will be at about Point J. It will
vary along the 2-pump curve down to B or up to K. When the
operating point reaches K (about 77 ft) the system switches back
to a single pump and the operating point is now on the 1-pump
curve until the differential pump pressure drops to I, at which
time the cycle repeats. See PLOTTING A SYSTEM CURVE for
statement on use of ideal system curve for determining setpoints
when coil loading may not be proportional.

Again a reminder to exercise caution when using the ideal
system curves for switching pumps on and off. The ideal curves
are valid only at full and no load conditions, the rest of the time
the actual curve is somewhere above the ideal. Since setpoint
determination is not possible without the actual system curve,

the lag pump stop setpoint should have a significant margin of
safety incorporated. The lag pump start setpoint should be
controlled by a differential pressure controller and have the
software requirement that one control valve be full open for
four minutes before starting.

Time delays must be built in to the control sequence to prevent
rapid switching between one pump and two pump operation. With
each change in pump operation, all control valves must adjust to
new steady-state conditions. The adjustment process often causes
overshoot or undershoot until temperature stability returns and
no switching should take place during this time. Depending upon
the type of temperature control loops, switch-lockout period can
vary from 5 minutes for relatively fast discharge air control to
over 30 minutes for relatively slow space control.
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CONTROL VALVE
104
0 } } f } f
100 200 300 400 500
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C2409A

Fig. 66. System Operation with Two Pumps in Parallel.

Series pumps (Fig. 67), though rarely used in HVAC systems,
are useful where both flow and head are sharply reduced at
light loads.
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Fig. 67. System Operation for Series Pumps.

Dual Pump Curves

For pumps in parallel (Fig. 66), assuming two identical
pumps, the curve is developed using the following formula:

gpm3 = (gpmyp) x 2 for any hy

Where:
gpm3 = Total flow for both pumps
gpm; = gpm of one pump
h; = Head in ft for Pump 1 at gpm1 for any point
on pump curve

For pumps in series (Fig. 67), assuming two identical pumps,
the curve is developed using the following formula:

hy = (hy)x 2 for any gpmg
Total head in ft for both pumps

Head in ft for one pump at gpm; (for any
point on Pump 1 curve)

=
(98
I

DISTRIBUTION SYSTEM FUNDAMENTALS

Figure 68 illustrates a closed system where static head
(pressure within the system with pump off) does not need to be
considered as long as all components are rated for the static
head encountered. The pump provides force to overcome the
pressure drop through the system and valves control the flow
and pressure through the system. Figure 69 shows a graph of
the system and pump curves for design load and reduced load
conditions. The system curve indicates the pressure drop

347

through the system (with the control valves full open) at various
flow rates. The pump curve shows the pump output pressure at
various flow rates. Flow always follows the pump curve.

SUPPLY PIPING

( j \"Al v2 V3
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1 2 a |2

HEATING/ VALVES HEATING
R
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FLOW CONTROL | BALANCING
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SOURCE AND 40 23 - -

DISTRIBUTION PIPING

COIL1LOOP 10 8 1 2

COIL2LOOP 12 10° 1 0

COIL3LOOP 18 7 T 3

TOTALFLOW AND DROP | 40 had

* SUM OF SOURCE AND PIPING (23 FT) AND LOOP 2 (21 FT) = 44 M15054

Fig. 68. Simplified Water Distribution System.

In Figure 68 the flow and pressure considerations are:

1. The flow through the heating or cooling source, the supply
piping, and the return piping (40 gpm) is the same as the
sum of the flows through the three coil circuits:

10+ 12 +18 =40 gpm.

2. Design pressure drop (head loss) includes the drop
through the heating or cooling source, supply piping,
return piping, and the highest of the three coil circuits:

234+ (10 +11) =44 ft.

NOTE: In this example, Coil 1 and 3 balancing valves
balance each load loop at the 21 ft design for
Loop 2. If the actual coil and control valve
drops were less than the design maximum
values, the actual balancing valve effects
would be greater.

In this example the pump must handle 40 gpm against a total
head of 44 ft (19 psi) as shown in Figure 69. (This curve is
taken from actual pump tests). The design drop across the valve
is 11 ft (4.5 psi) with the valve fully open.

If Figure 68 is a heating system, as the loads reduce valves
V1,V2, and V3 start to close. Hot water flow must be reduced
to about 15 percent of full flow (6 gpm) to reduce heat output
to 50 percent. As flow through the coil is reduced the water
takes longer to pass through the coil and, therefore, gives up
more heat to the air.
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As flow through the system is reduced, a new system curve
is established. See the 6 gpm curve in Figure 69. When the
flow is reduced, the new head loss in source and supply and
return piping can be calculated using the formula:

( gpm2)2 hy

gpmy h;
Where:
gpm; = present flow
gpmy = next flow
hy; = present pressure drop
hy = next pressure drop

For example: If gpm; =40, gpmy =6, and hy =33 ft, then hy
=0.74 ft.

6\2 ho
(®) =%
h,

33x0.0225
0.74 ft

2

Atlow flow, the pressure drops through the coils, coil piping,
and heat source tend to disappear and nearly all of the now
elevated pump head appears across the partially closed valves
V1, V2, and V3. This can cause valve noise, poor control, or
failure of valves to seat. Control solutions are discussed in
following sections.

1 / COlL,
70 || —|-PUMP 1750 RPM SUPPLY/
] curve RETURN
| / +-SYSTEM CURVE PIPING 0.74FT
60 } }
m -é—\f / OPERATING POINT (>:
2 50l — AT DESIGN OF 40 |
z ISYSTEM K GPM _
a , | _lcurve
i | AT 6 GPM N T
z & \ CcoLL,
2 30
5 I /  PUMP CURVE RaCel
F ool /| AT817RPM
N / / VALVE 54FT
A= —1=
/ ~ VALVE 11FT
0 K
0 10 20 30 40 50 60 70 80
GPM —~
DESIGN 50% LOAD
CONIDITION  CONDITION

1050

Fig. 69. System and Pump Curves for a
Closed System at Various Loads.

DIRECT VS REVERSE RETURN PIPING SYSTEMS

Distribution system control solutions vary dependent upon
whether the designer chose a direct or reverse return piping system.
Systems are sometimes configured as a combination of both; a
high-rise building could, for example be reverse return on the
riser and direct return on the floor run-outs. Direct return systems
are usually lower cost and used in smaller installations. Reverse
return systems are used in both small and large installations.

SUPPLY 4FT 1FT 1FT 2FT 1FT 1FT
DROP DROP DROP DROP DROP DROP
HEAT
EXCHANGER
12 FT
DROP
HEAT/ HEAT/ HEAT/ 200 GPM HEAT/ HEAT/ HEAT/
8FT CcooL CcooL CcooL PER CooL COOL COOL
DROP COIL COIL colL AHU COIL COIL COIL COIL
1 2 4 5 6
DESIGN DROPS,
ALL COILS &
VALVES
8FT \al v2 V3 V4 V5
BXD" ¥D" XD XD D" w¥D
1200
GPM
48 FTHEAD B1 B2 B3 B4 B5 B6
12FT 10FT 8FT 4FT 2FT OFT
DROP > DROP > DROP DROP > DROP > DROP )
4AFT 1FT 1FT 2FT 1FT 1FT
RETURN DROP DROP DROP DROP DROP DROP
M15058
Fig. 70. Direct Return Piping System
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The Figure 70 supply piping runs out to the coils decreasing
in size between AHU 1, 2, 3, 4, 5, and 6. The return lines
between each AHU are typically sized the same as the respective
supply lines. The drop across AHU 6 must be 16 ft in order to
get the 200 gpm through the valve (8 ft) and the coil (8 ft). To
get the 200 gpm from AHU 5 to AHU 6, the drop across the
piping at AHU 5 is 18 ft (16 ft required to get the flow through
AHU 6 plus 2 ft to overcome the supply and return piping drops
between AHU 5 and AHU 6). The AHU 5 balancing valve is
set to prevent the 18 ft drop across AHU 5 from forcing more
than 200 gpm to pass through the AHU 5 coil and control valve.
The balancing valve BS5 then is set to take a 2 ft drop at 200
gpm. Similarly, set a 4 ft, 8 ft, 10 ft, and 12 ft drop respectively
across balancing valves B4, B3, B2, and B1.

If this is a variable flow loop with a variable speed pump and
the pump is controlled to produce 16 ft across AHU 6, the
control issue here is: When AHUs 2, 3,4, 5, and 6 are off (no
flow beyond AHU 1), then, the drop across AHU 1 is only 16
ft, 12 ft of which the AHU 1 balancing valve needs for design
flow. Proper solutions are presented later in this section.

Supply piping is the same for a reverse return system (Fig.
71) as for the direct return system (Fig. 70). The return flow is
reversed such that the return piping increases in size between
AHUs 1,2,3,4,5,and 6. A full size return line is run back to
the source room from AHU 6. In this example, the pump is the
same as the direct return, since the return line from AHU 6 also
takes a 6 ft drop. If the AHUs and source were positioned in a
circular or hex pattern such that Coil 6 is closer to the pump,
the run from AHU 6 back to the source would be shorter, and
the reverse return piping head would be less than for the direct
return, and the piping cost would be similar. In reverse return
systems, balancing is usually only a trimming exercise.

COUPLED VS DECOUPLED PIPING SYSTEMS

Piping systems requiring constant flow through primary
equipment (chillers, boilers) and variable flow to AHUs may be
coupled or decoupled. See CHILLER SYSTEM CONTROL and
BOILER SYSTEM CONTROL for examples. Primary flow
control for coupled systems and secondary flow control for
decoupled systems are discussed later.

SUPPLY 4FT 1FT 1FT 2FT 1FT 1FT
DROP DROP DROP DROP DROP DROP
HEAT
EXCHANGER
12 FT
DROP
HEAT/ HEAT/ HEAT/ 200 GPM HEAT/ HEAT/ HEAT/
8FT cooL CcooL COooL PER COOL cooL cooL
DROP | colL CcoIL CcolL AHU COIL COIL COIL COIL
1 2 4 5 6
DESIGN DROPS,
ALL COILS &
VALVES | | |
\ V1 V2 v3 va V5
8FT
PUMP bROP VG}%D
1200
GPM
48 FT HEAD
B1 B2 B3 B4 B5 B6
OFT
DROP
1FT 1FT 2FT 1FT 1FT
DROP DROP DROP DROP DROP
4FT 6FT
RETURN DROP DROP

M15059

Fig. 71. Reverse Return Piping System
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METHODS OF CONTROLLING
DISTRIBUTION SYSTEMS

There are several methods for controlling pressure and flow in
water distribution systems. The methods described in this section
apply, in general, to both heating and cooling applications.

THREE-WAY COIL BYPASS AND TWO-WAY VALVE
CONTROL

Coil bypass control uses three-way valves on terminal units
and other coil loads in a water distribution system and satisfies
the first four of the control system requirements (see CONTROL
REQUIREMENTS FOR WATER DISTRIBUTION
SYSTEMS). At reduced loads, the flow bypasses the coils and
goes directly to the return main. Figure 72 illustrates the
operation of this system as requirements change. Balancing
valve (B) is adjusted for equal flow in the coil and the bypass

< \ FULL
0GPM 10 HEATING
B / GPM (OR COOLING)
— —» —>
1 I 10 GPM
3WAY VALVE
\ MODULATED
5 HEATING
Bp_) 5 GPM /4 GPM (OR COOLING)
$_> —>
| 'l 10ocpm  5GPM
SUPPLY RETURN
MAIN  MAIN
NO FLOW NO HEATING
THRU COIL (OR COOLING)
1 IT'T oerm ocPM Lb—m0m—oo c2827

Fig. 72. Three-Way Valve Control —Coil Bypass.

Two way valves vary both the coil flow and the system flow,
thus using less pumping energy at reduced flow.

VALVE SELECTION FACTORS

Consider the following factors when deciding on two-way or
three-way control valves.

— Piping Cost. Costs are higher for three-way valves than
two-way valves, especially where limited space is
available for piping (such as in room air conditioning
units and unit ventilators). In addition, balancing cocks
must be installed and adjusted in the bypass line.

— Three-Way Valve Cost. A diverting valve is more
expensive than a mixing valve and a mixing valve is
more expensive than a two-way valve. A mixing valve
installed in the leaving water from a coil provides the
same control as a diverting valve installed on the inlet to
the coil.

— Diversity. If chillers and pumps are selected based upon
diversity, three-way valves are inappropriate.

— Flow Characteristics. Three-way valves have linear
flow characteristics and two-way valves may be either
linear or equal percentage. Obtaining close control with
three-way valves requires use of scheduled (reset) hot
water temperatures.

— Capacity Index (Cy). Three-way valves for Cys below
1.0 are often not available, therefore, small three-way
valves tend to be oversized. Consider using two-way
control valves for all applications of Cy = 4.0 and less
where the quantity of two-way valves will have little
effect on the total system flow.

— Constant Flow in Mains. Constant flow provides nearly
constant pressure differential (drop) across a coil and valve.

— Pumping Cost. A three-way valve system uses full pump
capacity even when the system load is very small.

— Part Load Control. Two-way valves allow better control
on multiple pump systems during pump failure or part
load periods.

— Automatic Control. Distribution control is a manual
balancing task for flow loops employing three-way
control valves. Automatic distribution controls are
usually required to maintain flows and pressures (bypass
valve, variable speed pump, pump staging control) for
flow loops employing two-way control valves.

For further discussion on control valves, refer to the Valve
Selection and Sizing section.

FLOW AND PRESSURE CONTROL SOLUTIONS

Control solutions for water distribution systems may vary
based on:

- Direct return vs reverse return piping

- Pressure bypass valve control vs variable speed
pumping systems

- Coupled secondary systems vs decoupled systems

- Evenly varying heating/cooling loads vs unevenly
varying loads

- Variable flow vs constant flow systems

- Single pump vs multiple parallel pump systems

- Pressure bypass valve objectives of maintaining high
flow rates through chillers vs maintaining a low drop
across control valves
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The examples in this section on Flow And Pressure Control
Solutions use a distribution system that has six equal loads
(coils) as shown in Figure 73. These control solutions are:

1. Single constant speed pump, single chiller system, two-
way AHU control valves, and pressure bypass valve to
control chiller flow to a minimum of 90 percent full flow.
a. direct return.

b. reverse return.

2. Dual constant speed pumps, dual chiller systems, and
pressure bypass valve to control chiller flow to a minimum
of 90 percent full flow.

a. direct return.
b. reverse return.

3. High control valve differential pressure control.

4. Decoupled variable speed secondary pumping system
with two-way AHU control valves.

a. direct return.
b. reverse return.

SUPPLY
o
DROP

T 1 1 T
lnnop l DROPL l DROP l DROP l

EACH COILAND ASSOCIATED PIPING TAKES AN 8' DROP

HEAT/ HEAT/ HEAT/ 200 GPM HEAT/ HEAT/ HEAT/
COOL COOoL COOL PER cooL CooL cooL
CoIlL COIL COIL AHU COIL COIL CoIL CcoIL
1 2 3 4 5 6
EACH CONTROL VALVE (NOT SHOWN) TAKES AN 8' DROP
B1 B2 B3 B4 B5 B6
R 1 1 2 T 1
DROP DROP DROP DROP DROP
RETURN
BALANCING
VALVE M15060

Fig. 73 Typical Example Loads.

Single Pump, Pressure Bypass, Direct Return

Figure 74 analyzes Figure 70 pumping system at full flow
and at half flow. The flow reduction at half flow is taken evenly
across each coil. At half flow with no pressure bypass the control
valve pressure drops increase from 8 ft to 44 ft as system friction
drops reduce to one-forth of the design values and the pump
head rises from 48 to 54 ft.

Figure 75 shows a pressure controlled bypass valve set to
maintain 90 percent minimum flow through the chiller to satisfy
the chillers minimum flow requirement. At 90 percent flow

through the chiller (1080 gpm), the chiller and equipment room
piping drops are 81 percent of design (90 percent squared).
The pump curve (not shown) indicates a pump head of 50 ft at
1080 gpm.

VALVE LOCATION AND SIZING

Since the system piping between Loads 1 and 2 is designed
for only 1000 gpm and the low load bypass flow could exceed
that, the bypass valve is located remotely before Load 1. If
necessary to locate the bypass valve after Load 1, redesign the
piping to carry the 90 percent flow.

If the differential pressure sensor is located across the main
lines at Load 1 as shown in Figure 75 (see DIFFERENTIAL
PRESSURE SENSOR LOCATION), the best place for the
bypass valve is the same location. Because the differential
pressure is lower than in the chiller room, valve wear is less.

The valve is sized for approximately 1000 gpm with a 34
foot drop. A double seated valve is appropriate to reduce actuator
close off requirements and the inherent leakage will not be a
significant factor.

DIFFERENTIAL PRESSURE SENSOR LOCATION

As previously stated the chiller design flow is 1200 gpm at
12 ft of head and requires a minimum flow of 1080 gpm. At
1080 gpm the pump curve shows a head of 50 ft.

From the formula:
gpmy)2 by
gomy| © Iy

Calculate the drop across the chiller as 9.6 ft.

1080\2 _ D2
1200/ ~ 12
2
120902 = hy
hy = 12x0.81=96 ft.

Similarly calculate the reduced drop in the supply and return to
Load 1 as 3.2 ft.

With the differential pressure controller located across Load 1,
the setting is:

50ft—9.6ft—32ft—-32ft=34ft

This location provides a lower head across the load control
valves at light loads than if located across the pump and chiller.
To ensure the best sensing, be sure that the system strainer is
located up stream from the differential pressure controller return
pickup, so that a dirty strainer is not sensed as an increasing
pressure drop (decreasing flow).
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TOP NUMBERS = FULL FLOW
BOTTOM NUMBERS = HALF FLOW, EACH COIL

PD = PRESSURE DROP

NUMBERS IN CIRCLES = GAUGE PRESSURES
(PUMP INLET = ZERO FOR SIMPLICITY)

6' DROP TOTAL

4 .% 6
— — PD
1 PD / .
CHILLER | 2 pp
HEAT/ HEAT/ HEAT/ 200 GPM HEAT/ HEAT/ HEAT/
8 COOL COOL COOL PER CooL COOL COOL
- colL colL colL AHU COIL ColL ColL colL
1 2 3 4 5 6
24
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e XD XD XD XD" ¥
44
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' B1 B2 B3 B4 B5
e O O QO Q © O
—FPD
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REFERENCE RETURN
4
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Fig. 74. Single Pump, Pressure Bypass, Direct Return at Full and Half Flow.

SYSTEM WITH 90% FLOW THROUGH EACH COIL

—PD

M15061
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CHILLER
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*DP SETPOINT = 34' CcooL COOL CcooL PER CcooL CcoOoL CcooL
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1 2 3 4 5 [
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Vi v2 v3 v4 V5 A
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B1 B2 < >Ba B4 B5 B6
RETURN
P =
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Fig. 75. Single Pump, Pressure Bypass System at 90 percent Flow.
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The greatest change at the sensor provides the most tolerant
and robust control. For this reason the sensor is located, not
across the chiller with a setpoint of 9.6 ft, but across Coil 1
where the greatest differential pressure change exists (28 ft at
design to 34 ft at 90 percent of design).

NOTE: With the controller pickups in these locations, it does
not matter where in the system the load is located,
what value it has, or whether it is symmetrical or
non-symmetrical.

Also note that the Load 1 balancing valve takes a full flow
12 foot drop and even with the pressure bypass valve, the control
valves will be subjected to drops of near 34 ft for light loads.
For larger and more extended systems, both of these values
must be considered when evaluating reverse return and control
valve high differential pressure solutions.

These values lead to the conclusion that a differential pressure
bypass solution may satisfy the light-load flow through a chiller,
but may not adequately relieve control valve light-load
differential pressures on larger systems. Also be aware that
pressure drop changes due to scaled chiller tubes effect the
bypass valve operation.

Single Pump, Pressure Bypass, Reverse Return

A reverse return system analysis equivalent to the direct return
analysis of Figure 74 would show that at half flow and no
bypass, the pump head still rises to 54 ft and the control valve
drop still rises to 44 ft.

For 90 percent flow control, the pump still operates at a 50 foot
head with the sensor located as far away from the pump as practical
to take advantage of as many friction drop changes as possible.

The preferred sensor location (Fig. 76) is DP-1 if point A is
near Load 1. Sensor location DP-2 is second best and again if
point B is near Load 1. If location DP-3 is selected by default,
with a setpoint of 404 ft as compared with the DP-3 full flow
differential pressure of 36 ft. This small 4.4 foot change requires
a higher quality sensor and more frequent calibration checks
than for locations DP-1 and DP-2. Locate the pressure bypass
valve and sensor as far from the chiller/pump as possible , but
no closer than DP-3.

In all cases it is still preferable to locate the system strainer
outside the control loop as shown in Figure 75.

SYSTEM WITH 90% FLOW THROUGH COIL

SUPPLY 3.2'DROP

CHILLER

9.6' DROP

HEAT/
CooL
COIL

HEAT/
cooL

HEAT/ 180 GPM HEAT/ HEAT/ HEAT/

COOL PER cooL CcooL COoOoL

COIL COIL AHU COIL COoIL COIL COIL
3 4 5 6

DP3 DP2 DP1

L O o O

vi | v2 | v3 v4 V5 V6
1080
GPM
50' HEAD

A

3.2' DROP 4 POINT B RETURN POINT A Y
I | M15063
Fig. 76. Single Pump, Pressure Bypass, Reverse Return at 90 percent Flow.
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Dual Pumps, Dual Chillers, Pressure Bypass,
90 Percent Chiller Flow, Direct Return

Dual chiller pressure bypass systems are popular because if
a chiller, tower, or pump fails, there is part load redundancy
and better part load efficiency.

In Figure 77, the bypass sensor and valve is in the same
location as the single chiller system (Fig. 75). The valve is sized
for approximately 500 gpm.

The differential pressure setpoint is the same as for the single
pump/chiller system (34 ft) when both pumps are running. When
only one pump/chiller is operating, the piping between the
pump/chiller and differential pressure sensor carry a minimum
of 540 gpm (90 percent flow for one chiller) and the piping
friction drop (head) falls from 4 ft to 0.8 ft, thus:

540\? _

1200 = h2 = 08 ft.

With a single pump/chiller operating, the differential pressure
setpoint for 90 percent flow is 38.8 ft.

Setpoint = 50 ft (pump drop) — 9.6 (chiller drop) — 0.8 (piping
head) — 0.8 (piping drop) = 38.8 ft.

This is up from the 34 ft with both chillers operating.

With digital controls, the differential pressure setpoint offset
adjustment when only one chiller/pump is operating is handled
by a software routine (duval chiller/pump setpoint plus 4.8 ft.)
invoked anytime only one pump and one chiller are operating.

One method using pneumatic controls uses two pressure
controllers with separate setpoints. The primary controller is
set at 38.8 ft with the secondary controller set at 34 foot setpoint
and configured as a low limit device during periods of single
pump/chiller operation. During periods of dual pump/chiller
operation, the 34 foot setpoint controller is used alone.

AHU Valve High Differential Pressure Control

As noted in the discussion of Figure 75, the differential
pressure controlled bypass valve in constant speed pumping
systems is adequate to maintain a high flow through chillers,
but does little to prevent high differential pressures across the
AHU load control valves. In the previous example the load
control valve differential pressure varied from 8 ft at design
load to 38.8 ft at the single chiller, light-load mode of operation.

If it is expected that the light-load differential pressures will
exceed the load control valves close-off rating, locate a throttling
valve in the common load piping (valve V8 in Figure 78) to
reduce the load pressures while still allowing adequate pressure
to maintain chiller flows. Select either a double-seated or
balanced cage type valve for the high differential pressure.

SUPPLY
] ] /
H H
I 1
L L
L L
E E
R R HEAT/ HEAT/ HEAT/ HEAT/ HEAT/ HEAT/
1 2 cooL cooL cooL COOL COOL CcooL
CoIL CcOolL coiL CoIL colL CoIL
1 2 3 4 5 6
(o
V1 v2 v3 va V5 V6
XD XD XD XD XD XD
600 GPM
48'HEAD
EACH B1 B2 B3 B4 B5 B6
BeaaN Q O Q© Q O ©
RETURN
—__/—vl/'
SYSTEM STRAINER M15064

Fig. 77. Dual Pumps, Dual Chillers— Pressure Bypass
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Fig. 78. High AHU Valve Differential Pressure Control

In these examples, the design differential pressure across Load
1is 28 ft (Fig. 74), and pressure bypassing occurs at 34 ft. The
maximum setpoint for DP-2 (Fig 78) should be about 29 or 30
ft. This initial setpoint is then slowly lowered based upon the
percent-open values of load control valves V1 through V6,to a
minimum value of 10 to 12 ft.

Specification:

Anytime either chiller pump starts, DP-2 shall be enabled to
control pressure reduction valve V8 at an initial setpoint of 20
ft. Anytime any load control valve is greater than 95 percent
open, the DP-2 setpoint shall be incremented at the rate of 0.5
ft every 2.0 minutes up to a maximum of 30 ft. Anytime all
control valves are less than 80 percent open the DP-2 setpoint
shall be decremented at the same rate to a minimum value of
12 ft. All values shall be user adjustable.

Specification Discussion:

The value of 2.0 minutes in the specification assumes that
valves V1 through V6 are controlled from discharge air
temperature and should recover in less than 2 minutes from
V8-caused changes. If V1 through V6 were controlled from
space temperature directly, the time rate for V8 adjustments
may need to be extended to 12 to 15 minutes to allow
incremental space temperature control recovery from the flow
reductions brought about by V8. Valve V8 is normally open
and line size to minimize its pressure drop during full load

355

operation. This valve is applicable for direct or reverse return
piping configurations where significant piping friction losses
migrate out to the control valves upon low flow conditions.

In reverse return systems, locate Valve V8 in the main line
piping just before the AHU 1 take-off and the DP-2 sensor across
AHU 1 set for approximately 19 ft, this should be adequate for
any variation in uneven loading. Allow 19 ft for close-off and
good control. Resetting the DP-2 setpoint lower is unnecessary
in this constant-speed pumping reverse return example.

VARIABLE SPEED PUMP CONTROL

Decoupled Variable Speed Pump
Control, Direct Return

Similar to Figure 74, Figure 79 decouples the loads from the
source pumps and heat exchangers and uses of a variable speed
pump to provide significant energy savings at reduced loads and
simpler control. Variable speed pump control matches pump speed
to system flow demands. If source devices perform well with
variable flow, the primary pumps may be replaced with variable
speed pumps and controlled similarly to the decoupled example.

NOTE: The variable speed pump head is only 36 ft since the
primary pumps account for the 12 ft chiller head.
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Fig.79. Variable Speed Pump Control
AHU 1 requires a 28 foot differential pressure (8 feet for the OPERATING POINT @ FULL LOAD

coil, 8 feet for the valve, and 12 feet for the balancing valve), 4°|° fPM & 1750 RPM OPERATING POINT
for full flow. If 28 feet is available at AHU 1, all other AHUs 8 PP p—— \
will have at least the required design differential pressure. — @ 1750 RPM
Controlling the pump with a sensor positioned as shown for L ./
DP-2 set for 28 feet is acceptable. 42 | ~]

OPERATING POINTS LINE AS FLOW

. VARIES FROM 1200 GPM TO ZERO
Locating the sensor (DP-3) at AHU 6 and set for the 16 feet GPM WITH 28 FT HEAD MAINTAINED
36 |— ACROSS AHU 1

required by AHU 6 will not work when only AHU 1 is operating.
With these conditions DP-3 maintains a maximum drop of only
16 feet across AHU 1 which needs a 28 ft differential pressure
because of the balancing valve. If the sensor is positioned at
AHU 6, the setpoint must still be 28 feet if the system is to
operate satisfactorily with non-symmetrical loading.

DP-1 located at the variable speed drive (VSD) is the most
convenient place. It requires the DP-2 setpoint plus the friction
losses between the pump and AHU 1.

Figure 80 shows the operating curve of the system with the
differential pressure sensor located in the DP-2 position and
set for 28 feet. With each AHU at one-third flow, the speed is
1412 RPM, which produces a 28 foot differential pressure at
AHU 1 with 400 gpm system flow. When the coils are equally
loaded at one-third flow, each control valve takes a 26 foot
drop. In this configuration the pump never operates much below
the 1400 rpm speed because of the 28 ft head setpoint.
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No pump head control example, so far, takes advantage of
both the variable speed pump and a digital control system. The
digital control system VSD control algorithm adjusts the
differential pressure setpoint based on the demands of all the
valves (Fig. 81) and all loads are satisfied with significant
savings over any of the three fixed setpoint options. Since, when
using valve position load reset there is no difference in
performance between the three locations, DP-1 is preferred
because of initial cost. Valve position load reset provides
adequate control performance whether the sensor is only
proportional or is only a static pressure sensor as compared to
a differential pressure sensor.

Specification:

Anytime any AHU chilled water valve is greater than 15%
open for greater than one minute, the secondary pump shall be
started under EPID control at 20% speed and with a ramp
duration of 120 seconds. The pump VSD shall be controlled by
a differential pressure sensor located between the supply line
leaving the plant room, as far from the pump as practical to
avoid hydronic noise that may be present at the immediate pump
discharge, and the system return line. At start-up the differential
pressure setpoint shall be 30 ft (See Note 1). Anytime any load
control valve is greater than 95% open, the differential pressure
setpoint shall be incremented at the rate of 0.5 ft every minute
up to a maximum value of 38 ft. Anytime all load control valves
are less than 80% open, the differential pressure setpoint shall
be decremented at the same rate down to a minimum of 7 ft.
After 12 minutes, the increment/decrement rate shall be changed
from one minute to three minutes (See Note 2). All values shall
be user adjustable.

NOTES:

1. From Figure 81, pump head is 36 feet if all AHUs require
full flow, therefore, the 30 foot value is an arbitrary
compromise.

2. Thisrelaxes the control demands for smooth stability after
the response to the initial load.

Figure 81 shows the ideal performance of the load reset
setpoint control with each AHU demanding one-third flow. All
control valves are full open and the differential pressure adjusted
to produce a speed of 525 RPM. If the coil loading is non-
symmetrical to the point that AHUs 1 and 2 are fully loaded
while the others are off, the operating point for 1/3 system flow
is the same as shown in Figure 80 for 1/3 system flow, since
AHU 1 requires a differential pressure of 28 ft for full flow.
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Fig. 81. Variable Setpoint, Variable Speed
Pumping Control (Ideal Curve).

Pump Speed Valve Position Load Reset

A pump speed valve position load reset program with over 20
valves can become cumbersome. Also, if any one valve, for
whatever reason, stays open most of the time, then the load reset
program becomes ineffective. Figure 82 shows an example of the
valve position load reset program concept applied to a
multibuilding facility with varying differential pressures entering
each building, due to varying distances from the pumping plant.
The example address two issues, differential pressure control
within each building to relieve control valves from extremely high
differential pressures and pump speed load reset.
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MULTI-BUILDING VARIABLE FLOW CONTROL CONCEPTS
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Fig. 82. Multibuilding, Variable Speed Pumping Control.
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Each building is provided with a “choke” valve (V-1), and a
load reset loop to maintain water pressure within the building,
such that the most demanding AHU valve is always between
80 and 95 percent open. Each building requires a Valve V-1
Control Detail (inset) and a dynamic sequence description of
the program. Each control detail includes minimum and
maximum differential pressure setpoints, a software MANUAL
- AUTO selector, and a setpoint value for the manual position.
Ideally the control detail along with the current percent open
for each valve within the building is provided graphically for
each building.

NOTE: Ifthe choke valve (V-1) is omitted on the most remote
building, the choke valves need not be considered for
pump sizing.

Pump speed is reset to keep the most demanding Building
Valve V-1 between 80 and 95 percent open.

Adjust balancing valves in buildings close to the pumping
plant with the choke valve in control, so that high balancing
valve differential pressures are not set to negate low load value
of the choke valve reset concept.

This concept can be combined with tertiary pumps in remote
buildings to control the building differential pressure and choke
valves in closer buildings utilizing central pumping.

Balancing Valve Considerations
BALANCING VALVE EFFECTS

Figure 80 assumes that all coils are eq121a11y loaded (1/3 flow),
and that all friction losses are 1/9th [(1/3)~] of their full load value.
In symmetrical loading and with valve position reset, the balancing
valves have no adverse effect. However, if at 400 gpm total flow,
AHU 1 and 2 are operating at full flow (200 gpm) and all others
are off, the required differential pressure across AHU 1 is 28 ft,
12 ft of which is wasted on the balancing valve.

BALANCING VALVE ELIMINATION

Elimination of all balancing valves allows the valve position
load reset control strategy to satisfy the non-symmetrical
loading described in BALANCING VALVE EFFECTS, by
producing only 16 ft differential pressure at AHU 2 (slightly
higher at AHU 1) and save significant pumping energy during
most periods of non-symmetrical operation. Before eliminating
balancing valves consider:

1. Load coil temperature control setpoints must be strictly
maintained. In the example, lowering AHU 1 leaving air
temperature 5 degrees below the design temperature
causes AHU 1 water flow loop to draw significantly more
than design flow because it is nearer the pump where the
differential pressure is higher. This will slightly starve
the other loads.

359

2. Cool-down periods for other than AHUs 1 and 2 will be
extended. With all valves full open, until AHUs 1 and 2
are satisfied, the other AHUs will be starved.

3. Industrial valves may be required to maintain acceptable
controllability. At properly controlled full load design
conditions, a 28 ft differential pressure drop appears
across the AHU 1 control valve. This is the 16 ft
differential pressure required at AHU 6 plus the 12 foot
piping drop from AHU 1 to AHU 6. With the high
differential pressure, some piping configurations will
require an industrial valve.

Elimination of or fully open balancing valves might work
well in a continuously operating facility with operators who
understand disciplined setpoint and self-balancing concepts.

If eliminating balancing valves in a fixed setpoint scheme,
position the DP sensor across AHU 6, with a setpoint of 16 ft.
If AHU 6 is very remote from the VSD pump controller, it is
recommended to put an additional differential pressure sensor
at the pump with a maximum set point of 36 ft then reset the
setpoint down as required to prevent the AHU 6 differential
pressure from exceeding 16 ft. Use of a DDC PID input and
output in separate controllers is not recommended because of
the communications system reliability.

If balancing valves are removed in a valve position load reset
scheme, use the single differential pressure sensor at the pump
with a max differential pressure setpoint of 36 ft.

Differential Pressure Sensor Location Summary

Refer to Figure 79, in summary:

1. If valve position load reset is employed, the DP sensor
may be located in the pump room for simplicity (position
DP-1)

If valve position load reset is not employed and balancing
valves are provided, the DP sensor should be located at
AHU-1 (position DP 2) and set for 28 ft

. If valve position load reset is not employed and balancing
valves are not provided, the DP sensor should be located
at AHU-6 (position DP 3) and set for 16 ft.

If the sensor is located at AHU 6, resetting the setpoint
of a sensor located at position DP 1 is recommended as
noted in BALANCING VALVE CONSIDERATIONS.

Pump Minimum Flow Control

Pumps require a minimum flow to dissipate the heat generated
by the pump impeller. A bypass around the pump located out
in the system provides the required flow and prevents the heat
from building up in the pump. The minimum flow is calculated
from the equation:
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Minimum _ BHP x 0.746 kW/bhp x,812 Btuw/kW
flow (gpm) ~  8.33 1b/gal x 60 min/hr x AT
Where:
BHP = Horsepower
AT = Low flow water temperature rise across the
pump

The minimum flow for 10 horsepower with a 10 degree AT
(attributed to the pump heating the water) is only 5 gpm. The
bypass may be fixed or if there is a remote AHU in the 12 to 25
gpm size, using a three-way valve on that AHU with the bypass
in the bypass leg of the three-way valve prevents bypass water
from flowing during full-load periods. Another option is an
automatic bypass valve programmed to open anytime all AHU
control valves are less than 10% open.

Decoupled Variable Speed Pump Control,
Reverse Return

In these examples, the design differential pressure for all AHUSs
is 16 ft with reverse return, since the balancing-valve drop becomes
negligible. If approximately 18 ft is maintained at AHU 1, design
flow is available to all AHUs during any non-symmetrical flow
condition. With a reverse return system locate the differential
pressure sensor across AHU 1 with a setpoint of 18 ft. Advantages
of valve position load reset are much less with reverse return
systems, however, resetting the setpoint from 18 ft to 8 or 10 ft
based upon load is worthwhile on large systems.

HOT WATER DISTRIBUTION SYSTEMS

GENERAL

Advantages of hot water compared to steam for heat
distribution within commercial buildings are:

— Water temperature can be varied to suit variable loads.

— Hot water boilers typically do not require a licensed
operating engineer.

— Heatloss from piping is less than steam systems because
fluid temperatures are usually lower.

— Temperature control is easier and more stable because
water temperature is matched to the load.

— Fewer piping accessories to maintain than steam systems.

— Reduced air stratification at light loads with reset hot water.

ENGINEERING MANUAL OF AUTOMATIC CONTROL

The control objectives for a hot water distribution system
providing space heating are:

1. Provide adequate hot water flow to all heating units.
2. Maintain a stable pressure difference between supply and
return mains at all load conditions.
3. Match hot water temperature to the heating load based
on outdoor air temperature and/or occupancy.
a. Avoid heat exchanger flow velocities dropping into
the laminar range.
b. Keep water velocities up to prevent freezing.
c. Reduce mixed air temperature stratification.
— No stratified cold air to trip low temperature
controllers or cause freeze-up.
— Minimizes stratified air from having adverse
effects on coil discharge temperature sensing.
— Minimizes possibilities of hot air flowing out
some duct outlets and cold air flowing out others.

Refer to METHODS OF CONTROLLING DISTRIBUTION
SYSTEMS for additional information on control objectives.

HOT WATER CONVERTERS

A hot water converter uses either hot water or steam to raise
the temperature of heating system water to a temperature which
satisfies the heating requirements of the system. The most
widely used hot water converters use steam.

Steam is often supplied to remote buildings or mechanical
rooms from a central plant. Within the buildings or zones, hot
water is often preferred because of its ease of control. Steam to
water converters are used for these applications.

A converter consists of a shell and tubes. The water to be
heated passes through the tubes. Steam or hot water circulates
in the shell around the tubes. Heat transfers from the steam or
hot water in the shell to the heating system water in the tubes.

If the pressure on the water in a converter drops below the
vaporization pressure for the temperature of the water, the water
can flash to steam. Pumps are usually located on the return
side of the converter to provide a positive pressure and
minimize flashing.

Figures 83 and 84 show commonly used controls for hot water
converters. See HOT WATER RESET for converter control.
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SINGLE
INPUT
CONTROL
HOT WATER STEAM
SUPPLY

STEAM TO

HOT WATER CONDENSATE

CONVERTER  (——p— om0

RETURN —Jp»-
PUMP Cassi

Fig. 83. Constant Temperature Hot
Water Converter Control.
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Fig. 84. Hot Water Converter Control with
Constant Temperature and Reset Zones.

HOT WATER PIPING ARRANGEMENTS
General

Hot water piping systems use one- or two-pipes to deliver
the water to the terminal units. The one-pipe system shown in
Figure 85 uses flow diverting fittings to scoop water out of the
single loop into each radiator or baseboard radiation section.
Another fitting returns the water to the main where it is mixed
with the supply water. The next unit will be supplied with
slightly lower temperature water. One-pipe systems are typically
used in small buildings with only one or two zones.
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Fig. 85. One-Pipe System.

Figure 86 shows a two-pipe reverse-return system. The length
of supply and return piping to each terminal unit is the same,
making the system self-balancing. The reverse-return is used
in large or small installations.
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Fig. 86. Two-Pipe Reverse-Return System.
Figure 87 shows a two-pipe direct-return system. The direct-

return system is used on small systems. The shorter return piping
reduces installation cost but each load loop must be symmetrical.
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Fig. 87. Two-Pipe Direct-Return System.

Primary-Secondary Pumping

Primary-secondary pumping allows water temperature and
on/off times of each secondary zone to be independently
controlled. The main supply pump uses less power in this
arrangement since it is sized to handle only main pressure losses.
Secondary pumps handle only the zone piping losses.

Figure 88 shows common configurations for primary-
secondary pumping. The three-way valve configuration
provides more positive control than the two-way valve.
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I BOILER | THERMOSTAT
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_@— ZONE PUMP
PRIMARY
PUMP
D LOAD
' (']
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']“\ OTHER
ZONES

Fig. 88. Piping for Primary-Secondary Pumping.
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A converter (heat exchanger) shown in Figure 89 can be used
in large or high rise buildings to reduce the zone temperature/
pressure requirements from those of the mains.

>
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Fig. 89. Converter Used to Supply
Zones from a Larger System.

CONTROL OF HOT WATER SYSTEMS
General

Heating (terminal) units used in hot water heating systems are:

— Radiant Panels
— Radiators or finned tubes
— Forced air heating coils

Control of heat output from a heating unit can use one or a
combination of the following methods:

— On-off control, by starting and stopping a pump or
opening and closing a valve

— Modulating flow control

— Supply water temperature control

Modulating Flow Control

Varying water flow to finned tube radiation or a heating coil,
each supplied with constant temperature hot water, is shown
graphically in Figures 90 and 91.

In both cases, reducing flow 75 percent reduces the heat
output only 30 percent because as flow is reduced, more heat is
extracted from each gallon of water. Atlow flows leaving water
temperature decreases sharply (Fig. 91). At light loads
modulating flow control by itself is not the best means of
controlling heat output.
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Fig. 90. Effect of Flow Control on Finned
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Fig. 91. Effect of Flow Control on Hot
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Supply Hot Water Temperature Control

If supply water temperature is varied (reset) in response to a
change in heating load, heat output varies almost linearly (Fig.
92). This mode of control appears ideal, except that it is
impractical to provide a different hot water temperature to each
heating coil or piece of radiation in a building. Varying supply
water temperature as a function of outdoor temperature provides
a good compromise.
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Fig. 92. Supply Water Temperature vs
Heat Output at Constant Flow.

Supply Hot Water Temperature Control
With Flow Control

Combining flow control with supply water temperature reset
from outdoor air temperature or any other measurement of load
results in effective control.

Figure 93 shows output of a typical air heating coil with flow
and supply water temperature control. When 110F water is
supplied during light load conditions, the maximum air
temperature rise through the coil is only 10F. With the proper
water temperature reset schedule, the control valve stays in the
30 to 100 percent open range where flow control output is linear.
Thus, radical changes from desired output do not occur. This is
true for radiators, finned tubes, and reheat coils.
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Fig. 93. Heat Output of Hot Water Coil
at Two Supply Temperatures.

Hot Water Reset

As previously discussed, reset of hot water supply
temperature is the most effective method of controlling Btu
output of a water supplied heating coil, panel, radiator, or
convector. Btu output of most water supplied heating is
relatively linear with respect to supply water temperature. Water
temperature reset can be provided by a steam to hot water
converter, a three-way valve, or boiler water temperature reset.
Reset of hot water using a steam to hot water converter is
discussed in this section.

HOT WATER CONVERTER

The supply water temperature to the radiant panel (Fig. 94)
is reset by the controller modulating a valve in the converter
steam supply. The controller uses the temperatures at the outdoor
air sensor and the supply water sensor to control the steam
supply valve. The valve is positioned to maintain the converter
discharge water temperature as determined by the reset schedule
and outdoor air temperature. A typical reset schedule is shown
in Table 5.
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Fig. 94. Radiant Panel with Scheduled Water
Temperature Using Converter.

Table 5. Typical Hot Water Reset Schedule.

OA Temperature Water Temperature
70F 80F
35F 100F
OF 120F

Before determining a digital converter control scheme, two
issues must be explored; the nature of the hot water load and
the steam source.

If the load is affected by the OA temperature, then an
appropriate reset schedule should be used. If the load has a
step change, such as going from a warm-up mode (no sun, no
people, no lights or internal heat load) in the early morning; to
the occupied mode (lights, people, office equipment, sun) at a
specific time, then the reset schedule should also shift from a
high temperature reset schedule hot water during the warm-up
mode, to alow temperature reset schedule as the occupied loads
come into effect.

If the heating load includes 100 percent OA preheat coils,
special care must be given to assuring high water flow rates
through the coil when the OA temperature is below freezing.
Preheat coil valve-position reset of hot water temperature could
be applied such that anytime the OA temperature is below
freezing, the hot water temperature setpoint can be lowered as
required to keep the most demanding preheat coil hot water
valve greater than 85 percent open, and raised incrementally
anytime any valve is greater than 95 percent open. This can be
accomplished via applying (incrementing) a multiplier of 0.75
to 1.25 to the OA reset schedule-derived setpoint. Setpoint
calculations should complement the objectives of the AHU
optimum start programs.

Another digital control function is steam valve demand
limiting. Water systems are usually balanced such that if all
water valves are full open, design flow is delivered to all load
coils (unless diversity is used). Steam systems are usually not
balanced. From size-to-size, control valve capacities typically
increase about 35 percent, for example 1-1/2 in. valve, Cv =
25; to 2 in. valve, Cv = 40. When steam valves are sized and
valve selections are rounded up to the next larger size, on the
average they are about 17 percent oversized (and worse case
more than 30 percent oversized). If a valve with a Cv of 40 is
furnished for a load requiring a Cv of 30 and the oversizing has
anegative impact on the steam source, software can “destroke”
the control valve. A destroked valve has the maximum stroke
reduced, such that as the load varies from 0 to 100 percent, the
oversized valve is positioned from O to 75 percent open.
Destroked valves may be specified to display their actual stroke
percent open or to display O to 100 percent open as the valve
varies from O to the destroked maximum position (destroking
is normally transparent to HVAC system operators).

When hot water converter loads are scheduled (shut down at
night and started in the morning), the morning start-up is usually
greater than 100 percent load every morning because the hot
water has cooled down such that the steam valve starts full
open. In mild weather, when the actual load may be only 15 to
20 percent, this momentary 100 percent plus start-up demand
causes boilers to surge up to full capacity (or in a multiple boiler
system to stage multiple boilers on) only to unload down to the
operating load of 15 to 20 percent. Digital systems can be
programmed such that as the OA temperature varies from 60F
to 15F, the maximum start-up steam valve positions vary from
20 to 100 percent (this start-up destroking limit could be
removed at 0900).

Common practice on large converters provides two parallel
piped steam control valves (usually sized for 1/3 and 2/3 capacity)
such that the small valve handles light loads (preventing a single
large valve from throttling down to the point where the valve
plug approaches the valve seat where noise and seat erosion occur)
and the large valve is sequenced in after the small valve is full
open. At the point where the 2/3 sized valve starts opening, the
same noise and erosion is possible.

With digital systems, the valves may be staged (rather than
sequenced) such that as the load varies O to 33 percent, the
small valve modulates from O to full open, and as the load varies
33 to 66 percent, the small valve closes and large valve
modulates from 50 percent to full open, and as the load varies
66 to 100 percent, both valves modulate in unison from 2/3 to
full open.

The following converter control example is for a dual valve
converter with demand limiting and a warm-up shifted
temperature reset schedule.
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Dual Valve Converter, Demand Limiting, Setpoint Shift

Functional Description
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Fig. 95. Dual Valve Converter, Demand Limiting, Setpoint Shift Graphic.

Item No. Function
1 Dynamic pump symbol. Pump starts on drop
in OA temperature.
23 Steam valves staged for hot water temperature
control.
45 Pump runs below OA temperature setpoint,
subject to ON-OFF-AUTO selector.
6-8 Hot water temperature setpoint varied by dual
reset schedule as OA temperature varies.
9 Controlled leaving water temperature.
10 Entering water temperature, operator
information.
11 Icon, selects the sequence of operation text
display.
Features

1. Staged 1/3 - 2/3 capacity control valves.

2. Dual reset schedule to accommodate the warm-up mode
and occupied periods.

3. Demand limiting to prevent the converter from exceeding
its required capacity when controls demand full load.

Conditions For Successful Operation
1. Technicians and users capable of understanding and
tuning the control strategy.
2. Proper settings and timings of all control parameters.

Specification
Converter Control:

Anytime the pump does not prove operation, the converter
valves shall close.

Control:

The control system shall be enabled anytime steam pressure
is available. The hot water pump shall start anytime the OA is
below 58F, subject to a software on-off-auto command.

Control:

During early morning periods (AHUs in warm-up mode) the
hot water (HW) temperature setpoint shall vary from 155 to
195F as the OA varies from 60 to —5F. During occupied periods
(any AHU in occupancy mode) the HW temperature setpoint
shall vary from 130 to 170F as the OA varies from 60 to —5F.
Setpoint warm-up to occupied period switching shall be ramped
such that the change occurs over a 15-minute time duration. A
PID function shall modulate the hot water valves as required to
maintain the setpoint.

Staging:

Two normally closed valves shall be provided with Cvs of
25 and 63. On a demand for heating, the small valve shall
modulate open. Upon demand for steam beyond the capacity
of the small valve for a period of five minutes, the small valve
shall close and the large valve shall assume the load. Upon a
demand for steam beyond the capacity of the large valve for a
period of five minutes, the small valve shall be re-enabled and
both valves shall operate in unison, but with a combined capacity
not to exceed the capacity noted in Demand Limiting.
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With both valves operating, as the total demand drops below
the capacity of the large valve for five minutes, the small valve
shall close. With the large valve operating, as the demand drops
below the capacity of the small valve for five minutes, the large
valve shall close and the small valve shall assume the load.

Demand Limiting:

A large valve Cv limiting parameter shall be provided and
set such that upon full demand, the valve Cv shall not exceed
the design Cv of 51.

All valve timings and parameters shall be field adjustable by
the owner.

THREE-WAY VALVE

The supply water temperature to the radiators (Fig. 96) is
reset by the controller modulating the three-way valve. The
controller modulates the three-way valve to maintain the reset
schedule in response to temperature changes at the outdoor air
sensor and the supply water sensor. Pump runs continuously
during the heating season. As water temperature changes, the
heat output changes linearly. This allows accurate changes in
heating plant capacity as a function of outdoor air temperature
or some other signal to match the load.

OUTDOOR

AR CONTROLLER
SENSOR

SUPPLY WATER

|

\MINIMUM

BOILER TO OTHER
FLOW (BYPASS) RADIATORS
<
C2917

Fig. 96. Radiators with Scheduled Water
Temperature Using Three-Way Valve.

Coordinating Valve Selection and System Design

A prerequisite to good modulating control of water systems
is a coordinated design of the entire water system. All control
valves must be sized so that the system will deliver design flow
at full load and not generate uncontrollable conditions at
minimum load.

Control valve selection is based on pressure differentials at
the valve location, full load flow conditions, valve close-off,
and valve controllability at minimum load conditions.

Generally, for smooth modulating control, the no-flow

pressure differential should not exceed the full flow differential
by more than 50 percent.

ENGINEERING MANUAL OF AUTOMATIC CONTROL

Hot Water Control Method Selection

Supply water temperature control is suitable for controlling
the heat delivery from a heat exchanger or a secondary water

pump.

Flow control is acceptable for controlling individual terminal
units such as convectors, fan coils, or induction units. An equal
percentage characteristic valve complements the water to air
heat exchanger characteristic of heat output versus flow. The
result is a relatively linear heat output as a function of stem
position (Fig. 97). The heat output is relatively constant,
providing optimized controllability of heat exchangers such as
converters, fan coils, and induction units.

WATER FLOW
HEAT EXCHANGER
OUTPUT

VALVE POSITION VALVE POSITION

CL oP CL oP
C2918

Fig. 97. Control of a Water Heat Exchanger Using an
Equal Percentage Characteristic Valve.

CHILLED WATER DISTRIBUTION SYSTEMS

GENERAL

Chilled water systems for cooling of commercial buildings
usually provide water between 40 and 50F to finned coils in
room units or air handlers.

The amount of water delivered to the cooling coils and/or
produced by chillers is related to temperature difference (TDwy)
across the coil or chiller and energy (tons of refrigeration) by
the equation:

gpm = Tons x 24
TDyy;
Where:
1Ton = 12000 Btuh
24 = aconstant
TDw = water temperature difference in degrees F
EXAMPLE:

Given: A 100 ton chiller with a TDw of 10F.

gpm = 100 Tl(:)ns X 24= 240 gpm
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The same equation expressed in MMBtuh (million Btu per
hour) is:

2000

TDw
EXAMPLE:
Given: A 100 ton chiller with a TDyy of 10F.

gpm = MMBtuh x

12,000 Btuh

100 Tons x Ton

= 1.2 MMBtuh

gpm = 1.2 MM]?:)uh X 2000= 240 gpm

System Objectives
The chilled water control and distribution system should:

1. Provide the minimum flow of chilled water through the
chiller as specified by the manufacturer.

2. Provide a stable pressure difference across supply and
return mains.

3. Prevent freeze-up in chiller and/or coils exposed to
outdoor air.

4. Control system pumps and bypass valves to prevent short-
cycling of pumps or radical pressure changes across
control valves at the terminal units.

In addition, for systems with two or more chillers operating
at once, the chilled water control and distribution system should:

1. Prevent return water from mixing with chilled water
before leaving the chiller plant.
2. Shut off flow through idle chiller(s).

Control of Terminal Units

The heat transfer characteristic is close to linear for a cooling
coil (Fig. 98) because the air to water temperature difference is
lower than that for hot water coils. This means a valve with
either a linear characteristic or an equal percentage characteristic
plug is satisfactory.

TOTAL HEAT REMOVED

FLOW IN GPM 2403

Fig. 98. Typical Heat Transfer Characteristic of
a Cooling Coil Supplied with Chilled Water.
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DUAL TEMPERATURE SYSTEMS

Figure 99 shows a typical arrangement where the same pipes
carry hot water for heating or chilled water for cooling to the
same terminal units. These are usually fan coil units.

[0,

2-POSITION

. /a-WAY VALVE

AIR
SEPARATOR

CHILLER MODULATING

3-WAY VALVE
PUMP 2920

Fig. 99. Two-Pipe Dual-Temperature System.

The three-way valves on the chiller and boiler are used for
changeover. The valve on the chiller is controlled two-position.
The three-way boiler valve is controlled modulating for heating
so that the hot water supply temperature may be reset from the
outside temperature. Boiler minimum flow or temperature may
require system modifications.

Changeover from heating to cooling can be based on outdoor
air temperature, solar gain, outdoor wet-bulb temperature, or a
combination. System bypass or other pressure control method
may also be required for such systems.

Changeover Precautions

A time delay in changing the operation from hot to chilled water
or vice versa is required to avoid putting hot water into the chiller
or chilled water into the boiler. A deadband between heating and
cooling will usually provide enough delay. Hot water to the chiller
can cause the compressor to cut out from high head pressure and/
or damage the compressor. Chilled water to the boiler can cause
thermal shock to the boiler and/or flue gases to condense on the
fireside. Protection for boilers is covered in DUAL BOILER
PLANT CONTROL. For chillers a maximum entering water of
80F is required to avoid excessive refrigerant head (high head
pressure). A thermostatic interlock can provide this safety feature.

MULTIPLE-ZONE DUAL-TEMPERATURE SYSTEMS

Since different zones often have different changeover
requirements, it is often necessary to furnish hot water to one
zone and chilled water to another, as in a curtain wall building
with high solar loads.

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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Figure 100 uses three-way valves V1 through V4 operating
two position to accomplish zone changeover. In large systems,
two-way valves may offer a tighter isolation of the hot and
chilled water circuits than three-way valves.

, PUMP

AL

C2921

Fig. 100. Two-Pipe Multiple-Zone Dual-Temperature
System Using Zone Pumps.

STEAM DISTRIBUTION SYSTEMS
AND CONTROL

INTRODUCTION

Steam distribution systems are classified as either low
pressure (15 psig and less) or high pressure (above 15 psig).
Low pressure systems have many subclasses such as one-pipe,
two-pipe, gravity, vacuum, and variable vacuum. See HOT
WATER DISTRIBUTION SYSTEMS for steam-to-hot water
converter configurations and control.

ADVANTAGES OF STEAM SYSTEMS VS HOT
WATER SYSTEMS

The principle reasons for the use of steam to distribute heat
in commercial buildings or in groups of buildings separated
from the heating plant are:

— Steam is light weight (27 cubic feet per pound).

— Steam has high heat content (1000 Btu per pound).

— Steam flows through pipes unaided by pumps.

— Steam does not create excessive static pressure on piping
in tall buildings.

— Terminal units can be added or removed without basic
design changes.

— Draining and filling are not necessary to make repairs
as with hot water systems.

— Steam can be distributed through a large system with
little change in heating capacity due to heat loss.

STEAM SYSTEM OBJECTIVES

Carefully consider distribution system objectives when
applying controls either to the boiler or to the distribution system
itself. Control and/or piping of the boiler or steam generator

are not considered in this section. Not all of Objectives 1 through
7 may apply to any given distribution system.

1. Steam mains must provide adequate capacity so steam
velocity is between 8,000 and 12,000 feet per minute (133
to 200 feet per second).

2. Water must not be allowed to accumulate in the mains.
Provisions must be made for the use of traps or
superheated steam to reduce or eliminate water in mains.

3. Pockets of water must not be allowed to accumulate.
Steam traveling at 200 feet per second (135 mph) can
propel the water causing water hammer, which can
damage or destroy piping.

4. Condensate must be returned to the boiler at the same
rate as steam leaves the boiler. Otherwise, the boiler will
be shut down by low water cutoff control or be damaged
from lack of water covering heated metal.

5. Provision must be made to expel the air when steam is
again supplied. When any part of the system is not
supplied with steam, that part of the system fills up with
air from the atmosphere. If air is present with the steam,
the air plates the heat exchanger surfaces and reduces
capacity. The oxygen in the air causes pitting of iron and
steel surfaces and the carbon dioxide (CO») in the air
forms an extremely corrosive carbonic acid solution.

6. The return condensate piping system must be sized for a
low-pressure loss to eliminate flashing. For example, if
15 psi steam condenses in a heating coil, the condensate
is still near the boiling point, say 240F; and if the return
main is at atmospheric pressure, the condensate can flash
into steam. This wastes heat and can block the return of
condensate to the boiler.

7. If necessary, the flow of steam must be accurately
measured to account for steam usage. When steam is used
in a closed system (none is vented to atmosphere), the
steam flow to a building or zone can be measured by
measuring condensate flow.

PROPERTIES OF STEAM

One Btu added to one pound of water raises the water
temperature one degree Fahrenheit. When water temperature
reaches 212F at sea level (14.7 psia) it contains 180 Btu/lb (212
—32) = 180. Howeyver, it takes another 970 Btu to convert the
one pound of water to a vapor (steam). The total heat of the
vapor is: 180 Btu/lb + 970 Btu/lb = 1150 Btu per pound. The
970 Btu/lb is the latent heat required to vaporize water.

One pound of water in the liquid state occupies about 28
cubic inches at 32F. When converted to vapor at 212F, it
occupies 27 cubic feet or 1672 times as much space as the liquid.

One pound of steam (water vapor) when cooled and
condensed in a radiator or other heating device gives up 970
Btu to the device and returns to its liquid state. If the liquid
(water) leaves the radiator at 180F, it gives up another 32 Btu,
so the total heating value of low pressure steam is said to be
1000 Btu per pound (actually 32 + 970 or 1002 Btu).

ENGINEERING MANUAL OF AUTOMATIC CONTROL 368
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STEAM SYSTEM HEAT CHARACTERISTICS
Figure 101 shows the characteristics of one pound of steam
as it travels through a steam heating system.

1002 BTU )
OUTPUT

!

STEAM
CONDENSING
IN RADIATOR

VOLUME OF ONE
POUND OF STEAM:
7 CUBIC FEET

-+
STEAM CONDENSATE RETURN

VOLUME OF ONE POUND OF
WATER, ONE PINT (APPROXIMATE)

WATER
32 BTU TO HEAT WATER FROM 180 TO 212°F
970 BTU TO VAPORIZE ONE POUND OF WATER
ELECTRICAL INPUT TO BOILER: 293.7 WATT-HOURS

D: C2922

Fig. 101. One Pound of Water in a Steam Heating System.

|

HEATER

STEAM PRESSURE, TEMPERATURE, AND DENSITY

Steam temperature is directly related to pressure, see Table 6.
For a more extensive table refer to the General Engineering Data
section. Note that density, which is the reciprocal of specific
volume, increases sharply with pressure, while total heat per pound
remains relatively constant.

Table 6. Approximate Values for Properties
of Saturated Steam.

Density,

Pounds
per 1000| Latent Heat of | Total
Pressure | Temperature| Cubic | Vaporization, | Heat

in PSIG | Saturated Feet Btu/Lb Btu/Lb

1 215F 40 968 1152
10 239F 61 953 1160
100 338F 257 881 1190
200 406F 469 838 1199

This table illustrates that in a given size pipe more than four
times as much steam can be carried with steam at 100 psig as
with steam at 10 psig. However, a 100 psi steam main is 99F
hotter than 10 psi steam.

EXAMPLE:
The heat in 1000 ft® of steam:
at 10 psiis 61 1b x 1,160 Btu/lb = 70,760 Btu
at 100 psiis 257 Ibx 1,190 Btu/lb = 305,830 Btu
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STEAM QUALITY

Steam tables generally show properties of dry-saturated
steam. Dry-saturated steam has no entrained moisture and is at
the boiling point for the given pressure. Dry-saturated steam is
said to have 100 percent quality. Steam produced in a boiler
usually has some water droplets entrained in the steam and is
called wet-saturated steam. Condensation collecting within
steam mains can also become entrained and lessen steam quality.
If 10 percent of the steam weight is liquid, the steam has 90
percent quality.

If steam has 85 percent quality and if 1000 1b/hr is needed
through a pipe or valve, then 1000/0.85 = 1176 Ib/hr of the 85
percent quality steam is required.

Superheated steam is steam at a temperature above the boiling
point for the indicated pressure. It can be produced by passing
the saturated steam through a superheater. A superheater
consists of steam tubes exposed to hot gases from the firebox.
This steam is hotter than the temperature listed in steam tables.
Superheat is expressed in degrees Fahrenheit or Celsius. Since
superheated steam has a higher heat content per pound, the
steam quantity needed through a pipe or valve is reduced.

Pressure reducing valves can also produce superheated steam.
For example: 100 psi steam at 338F passing through a pressure
reducing valve gives up no heat as it expands to 10 psi, so the
10 psi steam downstream will be at 338F not 239F. This is 99
degrees Fahrenheit of superheat and downstream valves and
piping will be exposed to the higher temperature. To correct
for superheated steam, 1 Btu/lb is added for each Fahrenheit
degree of superheat.

EXAMPLE:

1000 MBtuh of 10 psi steam is required. From Table 6, 10
psi steam has a latent heat of 953 Btu/Ib. If condensate leaves
at 180F, the steam gives up 1012 Btu/Ib (953 Btu/Ib condensing
the steam and 59 Btu/Ib cooling the condensate from 239F to
180F). If the 10 psi steam has 90 degrees of superheat, the
added heat is 90 Btu/lb. Thus, heat available from 10 psi steam

with 90F of superheat is:
1012 Btw/lb + 90 Btw/Ib = 1102 Btu/lb.
Steam quantity needed is:
1,000,000 Btuh _
1102 Btuh ~ 907.4 To/hr
ENGINEERING MANUAL OF AUTOMATIC CONTROL
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STEAM DISTRIBUTION SYSTEMS

STEAM PIPING MAINS

Steam piping mains must carry steam to all parts of the
system allowing a minimum amount of condensate (heat loss)
to form, must provide adequate means to collect the condensate
that does form, and must prevent water pockets that can cause
water hammer.

Figure 102 shows typical connections at the boiler. The
system shown uses a condensate (receiver) tank and pump.
Condensate returns must be properly pitched for gravity
condensate flow and properly insulated so heat contained in
the condensate is not wasted.

STOP

RELIEF VALVE\ E
VALVE STEAM
MAIN
CONDENSATE F&T
RETURNS _ TRAP |
HIGH LEVEL
"SPILL" PRESSURE
j CONTROLS
RECEIVER STEAM F&T
TANK BOILER PRESSURE TRAP
GAUGE
LOW WATER
ggTOFra PUMP
| NTROL AND
PUMP / GAUGE GLASS !0
STOP RECEIVER
e /TR -OF_ T
SOLENOID BLOWDOWN
VALVE VALVE
(OPTIONAL) 2023

Fig. 102. Typical Boiler Connections.

STEAM TRAPS

Traps remove condensate from the steam mains and all steam-
using equipment without allowing steam to enter the return
mains. The thermostatic trap (Fig. 103) is most common for
trapping condensate from radiators and convectors in low
pressure systems. When the thermostatic element senses steam
temperature, it closes the valve. The valve remains closed until
the element cools.

THERMOSTATIC
ELEMENT

VALVE

il

M15070

l OUTLET

Reprinted by permission from the ASHRAE Handbook—
1996 Systems and Equipment

Fig. 103. Thermostatic Trap.
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The float and thermostatic trap (Fig. 104) can handle large
amounts of air and condensate and is commonly used on steam
coils in air handling systems. In this trap, the thermostatic
element passes air until it senses steam at which time it closes
the valve. As condensate water builds up in the trap, the float
valve opens to discharge condensate into the return line.

THERMOSTATIC
DISC ELEMENT-

FLOAT
VALVE AND
ORIFICE

M15071

Reprinted by permission from the ASHRAE Handbook —
1996 Systems and Equipment

Fig. 104. Float and Thermostatic Trap.

Another common trap is the inverted bucket (Fig. 105) which
has a large capacity (up to 55,500 Ib/hr) for discharging
condensate. In the bucket trap, the bucket is normally down so
the valve is open. The bucket is normally about two-thirds full
of condensate so, when condensate enters the trap, it flows
around the bucket and through the trap. As air or steam enters
the bucket, the bucket rises, closing the valve when the
condensate level drops to about one-third full. Air escapes
slowly through the air vent and steam condenses so the bucket
drops, opening the outlet.

T OUTLET

g i} VALVE AND
= ORIFICE
A AR
T INLET Mi5072

Reprinted by permission from the ASHRAE Handbook—
1996 Systems and Equipment

Fig. 105. Inverted Bucket Trap.

Kinetic traps, shown in Figures 106, 107, and 108, are used
in high pressure systems. They rely on flow characteristics of
steam and condensate and on the fact that condensate
discharging to a lower pressure contains more heat than
necessary to maintain its liquid state.
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The disc trap (Fig. 106) is a device with only one moving part.
As steam in the chamber above the disc cools and condenses, the
disc snaps open releasing condensate. These traps cycle
independent of condensate load. Systems using these traps usually
have a means of recovering heat from the condensate. They are
used primarily on high pressure steam systems.

CHAMBER

ANNULAR
PASSAGE

DISCHARGE
PORT

INLET
ORIFACE

DISC
(VALVE)

\\\\‘N‘:\'

SN

92, (PO 7077

&

INLET

M15073

Reprinted by permission from the ASHRAE Handbook —
1996 Systems and Equipment

Fig. 106. Disc Trap.

The orifice trap (Fig. 107) has no moving parts. It relies on
only a little steam flowing through the orifice because of the
low density of steam compared to condensate. It must have
constant supply pressure, constant demand, and constant
ambient temperature to operate.

% — ORIFICE

FLOW -

M15074

Reprinted by permission from the ASHRAE Handbook—
1996 Systems and Equipment

Fig. 107. Orifice Trap.

The piston trap (Fig. 108) relies on a pressure change caused
by steam or condensate entering the trap to open or close the
piston or port. A small amount of condensate bleeds through
an orifice in the control disc into the control chamber. When
steam or condensate that flashes to steam enters the chamber,
the port is closed until the pressure in the control chamber falls.
The port then opens allowing condensate to pass.
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Reprinted by permission from the ASHRAE Handbook —
1996 Systems and Equipment

Fig. 108. Piston Trap.

PRESSURE REDUCING VALVE STATION

Pressure reducing valve (PRV) stations are used in steam
systems where high pressure steam, usually at 50 to 125 psig,
is distributed for low pressure requirements (Fig. 109).

HIGH
PRESSURE
MAIN PRESSURE
REDUCING VALVE
MANUAL BYPASS

VALVE

—O

LOW
PRESSURE
PILOT - MAIN
VALVE
BALANCE LINE M15076
Fig. 109. PRV Station.

If steam is supplied at less than 50 psig, a single stage PRV
(Fig. 109) is required. For 50 psig or higher main pressure, a
second stage is added, in part because critical pressure drop
(50 percent of the absolute inlet pressure) through a single stage
PRV will cause noise and wear problems.

Since steam at 125 psig has a temperature of more than 350F
and little heat energy is dissipated through a PRV, the 5 psi steam
leaving the PRV station will be superheated (temperature is more
than 227F) for some distance downstream from the station.

Selection of valve materials used to regulate the 5 psi steam

must take this superheat into account, particularly for a device
in close proximity to the PRV.
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TYPES OF LOW PRESSURE STEAM
DISTRIBUTION SYSTEMS

One-Pipe Steam Systems

One-pipe systems were often used in small buildings and
apartments because of their simplicity and low cost. The same
pipe catried both steam and condensate (Fig. 110). They used
gravity returns and, therefore, required no traps.

Control valves on individual radiators are a potential problem
in one-pipe systems. As valves close, water is trapped in the
radiators resulting in low boiler water and water hammer noise
at the radiators when the valves reopen. Oversized valves
controlled two-position are required to allow condensate to flow
out of radiators while steam is entering. Thermostatic air vents
allow steam to completely fill the radiator. Many one-pipe
systems have no valves and temperature is controlled by cycling
the boiler.

THERMOSTATIC

e _ZF AIRVENT
s o0 B_M A
VALVES | _8 "ﬂ"ﬂ"ﬂ"

L

I=is
Ly
THERMOSTATIC
STEAM AIRVENT
SUPPLY 4
RETURN coses

Fig. 110. One-Pipe System.

Two-Pipe Steam Systems

Two-pipe systems (Fig. 111) are used for all systems using
automatic control of terminal units. A trap at each unit removes
condensate.

TRAP AT
EACH
TERMINAL
UNIT

&

MANUAL

R
AUTOMATIC
VALVES - |

(Ro0
6 e

F & T TRAP AT
END OF MAIN
AND BOTTOM
OF EACH
RISER

STEAM
SUPPLY

RETURN C2924

Fig. 111. Two-Pipe System.
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TYPES OF CONDENSATE RETURN SYSTEMS

In addition to gravity return used for small systems, either
open or vacuum return systems can be used.

In open return systems (Fig. 112) condensate flows by gravity
to one or more receivers where it is pumped back to the boiler.
Pumps are started and stopped by float controls in the receiver.

TO CONDENSATE
BOILER RETURN
RECEIVER I ¢
PUMP C2926

Fig. 112. Open Return System.

A vacuum return system requires a vacuum pump assembly
to discharge noncondensable gases to the atmosphere and to
force the condensate into the boiler (Fig. 113). A vacuum pump
assembly consists of a vacuum pump, a separator tank, and an

air vent,
VALVE TRAP VALVE TRAP
BOILER
oAl-S SRS e
LINE
N ~ ~
STEAM
LINE
| EQUALIZER Pl
| JtNEe — T
AIR PUMP
VENT CONTROL
BOILER
SEPARATOR
= TANK
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VACUUM
PUMP

C2928

Fig. 113. Typical Two-Pipe Vacuum Pump System.

The vacuum in the return line draws a condensate/air mixture
into the receiver. This mixture is forced into a separating tank
where the air is vented to the atmosphere and the condensate
returned to the boiler. The air is discharged through a check
valve or a nonreturn vent to maintain a vacuum in the return
line under operating conditions. The vent on the vacuum pump
is usually the only vent in the system.

Typically, a selector switch allows the vacuum pump to be
operated automatically or manually. In the automatic position
a vacuum switch or float switch cycles the vacuum pump.

A steam system may be either open or closed. In a closed
system all condensate is returned to the boiler. In an open system
the condensate is expelled or used for other purposes, such as
humidifiers, dishwashers, and autoclaves and must be replaced
by makeup water.
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Low pressure steam systems operate on pressures ranging from
0 psig to 15 psig. The steam main pressures are usually under 10
psig and the returns are vented to the atmosphere. To maintain
the return main pressures at O psig, an air vent releases the air
from the system when steam is present and allows it to return to
the system when steam is not present. These vents do not allow
steam to escape. A sealed chamber (bellows) within the vent
contains a volatile liquid which vaporizes or condenses when
temperature changes. This causes the valve to close when steam
is present preventing the discharge of steam from the system.

Since all of the air in a steam system may not be forced out
through the radiator vents, it is necessary to provide auxiliary
vents at the ends of the steam mains and in the returns to ensure
air removal from the system. These vents are larger than radiator
vents and are referred to as quick vents.

VARIABLE VACUUM RETURN SYSTEMS

In a variable vacuum steam system, also called a
subatmospheric steam system, the operating pressures range
from 20 in. Hg vacuum to 15 psig. The principle of water boiling
at reduced temperatures in a vacuum is the basis of a variable

Table 7. Heat OQutput versus Steam Pressure for Radiators

vacuum steam system. In an atmospheric-return low-pressure
steamn system, when the thermostat turns the burner off, boiling
ceases as soon as the temperature of the water drops to 212F.
In a variable vacuum system, boiling continues until the water
temperature drops to the boiling point of the vacuum pressure
created by the condensation of steam in the system. This means
that steam is continuously supplied to the radiator at a decreasing
temperature until the limit of induced vacuum is reached. Table
7 shows reduced heat output from radiators in a vacuum system.
To operate successfully, the system must be air tight. Variable
vacuum systems use nonreturn vents which allow air to leave
the system but none to return. A nonreturn vent is similar to the
low pressure steam vent with a small check disc that closes to
prevent inflow of air to the system when the pressure drops
below atmospheric.

The period of time that a variable vacuum system can operate
in the vacuum range is dependent upon the tightness of the
connections of the system. Once a variable vacuum system has
built up a vacuum, it is possible for the burner to operate at
frequent enough intervals to keep the system within the vacuum
range during mild and intermediate load conditions. Since a
low steam temperature is maintained, the radiator temperature
is low. By keeping the radiator warm for longer periods of time,
temperature stratification in the space is reduced.

Convectors, and Coils.

Saturated Steam Typical Steam Coil 2
Pressure Steam BTU/HR/EDR With 40F Entering Air
PSIG Temp, °F Radiators P Convectors © MBHd
10 2394 286 288 111.0
5 2271 262 259 104.5
4 224 .4 254 250 103.2
3 2215 247 242 101.6
2 218.5 240 235 100.0
1 215.3 233 228 98.2
0 212.0 226 221 96.2
2in. Hg 208.5 216 211 94.5
4in. Hg 204.8 209 204 92.0
6in. Hg 201.0 199 194 90.2
10 in. Hg 192.2 182 178 —
15in. Hg 178.9 158 151 —
20 in. Hg 161.2 125 111 —

2 2 row steam distributing coil, 7 fins per inch, 500 fpm face velocity, and 2.4 sq ft face area

b 75F Room temperature
€ 70F Inlet temperature
d 1000 Btu/hr
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CONTROL PRINCIPLES FOR STEAM
HEATING DEVICES

GENERAL

To control a steam supplied device, the system design should
include valves and other equipment required to produce the
amount of heat needed at design conditions. In addition, the
system should be capable of controlling a steady flow of heat
directly related to the demands of the thermostat or other
controller at load conditions from O to 100 percent.

To design a steam system that is capable of controlling the
various radiators and coils in a building, the pressure relationships
between the various elements of a steam heating system must be
analyzed under various load and system conditions.

MODULATING STEAM COIL PERFORMANCE

Figures 114 and 115 show a steam coil supplied from a 5
psig steam main, controlled by an oversized modulating valve
(Fig. 114) or a correctly sized modulating valve (Fig. 115),and
discharging condensate to the return through a trap. The figures
demonstrate the importance of proper sizing of the modulating
valve and the ability of the valve to control the output of the
coil. Refer to the Valve Selection and Sizing section for valve
sizing procedures.

Oversized Valve

In Figure 114A a large valve is used to ensure 4 psi in the
coil. When the valve is full open, the coil is full of steam and
the output is 100,000 Btuh. The return header and trap are also
full of steam keeping the trap closed much of the time. The
trap opens slightly when water accumulates around the
thermostatic element allowing the condensate into the return
mains. The pressure drop through the valve and coil is small,
but large across the trap.

Figure 114B shows the pressure relationship and heat output
as the modulating valve closes to the half-open position. The
smaller opening in the valve requires 4 psi to get the steam
through the valve, called a 4 psi drop across the valve. This
leaves 1 psi in the steam coil header. Although the thermostat
has signaled to the valve to cut heat output in half, the coil is
still full of steam and the heat output is only reduced by 5
percent. The reduction is because of the difference in
temperature of 4 psi steam compared to 1 psi steam, assuming
50F air temperature entering the coil. The trap drop is 0.9 psi.
Most of the pressure drop between the supply and the return
mains is now across the steam valve. The portion of the
modulating valve stroke between half open and full open
reduces the heat output only 5 percent.

ENGINEERING MANUAL OF AUTOMATIC CONTROL

Figure 114C shows the quarter-open valve position. Half of
the coil surface is starved of steam, the heat output is reduced
to about half of the original value and the trap is full open. All
of the steam has been condensed in the coil before reaching the
trap. Virtually all of the drop between the supply and return
mains is dissipated through the control valve.

THERMOSTAT
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40PSI
MOE)IRLLOEING 0P8I AT OUTPUT
FULL OPEN 100,000 BTUMR 3.9PSI
—_
~— RETURN
STEAM RISER VALVE 44— HEADER
MAIN 1.0 PSI TRAP
DROP 39PSI

COIL 0.1 PSI DROP DROP

RETURN MAIN opsi
AT ATMOSPHERIC

A.FULL-OPEN VALVE. PRESSURE

THERMOSTAT

bt

MODULATlNG HEAT OUTPUT
1 12 OPEN 95,000 BTUHR
g’

0.9 PSI

i

STEAM RISER VALVE
MAIN
oS 0.9PSI
COIL0.1 PSI DROP DROP
RETURN MAIN oPsI
AT ATMOSPHERIC
B. HALF-OPEN VALVE. PRESSURE
THERMOSTAT
5PSI % g %
2 PSI
MODUU\TlNG o 0 Sl HEAT OUTPUT
14 OPEN 52,000 BTUMR 0.02PSI
STEAM RISER VALVE
4sa e TRAP 5 02 PsI

COILNO DROP DROP

RETURN MAIN 0 PSI

AT ATMOSPHERIC

PRESSURE

C. QUARTER-OPEN VALVE. M15077

Fig. 114. Control Results with Oversized Valve.
The conclusions reached from Figure 114 are:

1. The sum of the individual pressure drops across the valve,
coil, and trap equals the pressure difference between the
supply and return mains.

2. Heat output changes little due to pressure change within
the coil, as long as the coil is full of steam.

3. Heat output changes little until the valve assumes most
of the pressure drop between supply and return mains.

4. Heat output from the coil is reduced by starving a part
of the coil surface of steam and allowing the surface to
cool off.

NOTE: Steam distributing coils allow reduced output without
the return end becoming cold.
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Correctly Sized Valve

The valve in Figure 115A is sized for a 4 psi pressure drop
when it is full open leaving 1 psi of steam for the coil and the
trap. Full heat output of the coil is 95,000 Btuh and most of the
drop between supply and return mains occurs across the valve.

Figure 115B shows the valve in the half-open position. The
output of the coil is cut approximately in half (54,000 Btuh).
This is in contrast to the oversized valve application (Fig. 100B)
where the heat was cut only 5 percent.

Figure 115C shows the output cut to 27,000 Btuh with the
valve in the quarter-open position. In contrast, the oversized
valve in the quarter-open position produced 52,000 Btuh.

THERMOSTAT
5PS
MODULATING 12SU Wit ouTPUT
VALVE
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—
~—

STEAM  RISER
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P 09psi
DROP
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COIL 0.1 PSI DROP

RETURN MAIN
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5PSI % g %
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—_
g
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DROP 0.02 PSI
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—
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C. QUARTER-OPEN VALVE. PRESSURE C2829

Fig. 115. Control Results with Correctly Sized Valve.
The conclusions reached from Figure 115 are:

1. A valve with a large pressure drop will be effective in
controlling heat output over its entire stroke.

2. The valve, not the trap, takes up most of the pressure
drop between supply and return mains.

SUPPLY AND RETURN MAIN PRESSURES

The supply main pressure should be constant and sufficient
to allow an 80 percent drop through the control valve and still
leave enough steam pressure downstream from the valve to
produce the desired heat output. If boiler pressure is not
constant, install a pressure reducing valve ahead of all steam
supplied devices where output temperatures may vary rapidly
with steam pressure fluctuations.

Even though the control valves do not change position,
variations in return main pressure causes fluctuations in steam
flow through control valves. From a control standpoint, an
atmospheric return with a condensate pump is more effective
than a vacuum return with a vacuum pump that can cycle over
a range of several inches of vacuum.

As an example of the effect of fluctuating supply and return
main pressures, assume a system where the boiler cycles so
that it shuts off at 6 psi and cuts in at 2 psi. On the same system
assume that a vacuum pump is used which cuts in at 4 in. Hg
and shuts off at 8 in. Hg of vacuum. The pressure difference
between supply and return mains can vary from a minimum of
4 psi to a maximum of 10 psi as the boiler and vacuum pump
cycle. This means a 60 percent variation in capacity of the
control valves in the building as the pressure fluctuates. Control
valves correctly sized for 4 psi are 60 percent too large during
periods when a 10 psi difference exists across the supply and
return mains.

SYSTEM DESIGN CONSIDERATIONS FOR
STEAM COILS

Figure 116 shows the optimum design conditions and piping
arrangement for a steam supplied heating coil. Considerations
for effective control are:

1. Steam mains held close to design pressures. Refer to
SUPPLY AND RETURN MAIN PRESSURES.

2. Returns at atmospheric pressure, unless lifts (condensate
pumps) are required in the returns.

3. Traps sized to pass design condensate flow at 1 psi drop.

4. An equalizer line to prevent formation of a vacuum
within coil.

5. A control valve pressure drop of 80 percent of the
difference between supply and return main pressures.
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Fig. 116. Steam Supplied Air Heating Coil.

High vacuum systems are an exception to these considerations
since they lower the steam temperature and pressure as the
heating load decreases. Vacuum systems are adaptable to
automatic control valves, since usual practice is to maintain a
controlled difference between supply and return main pressures
while varying supply main pressure with heating load.

LOW TEMPERATURE PROTECTION FOR
STEAM COILS

Any steam coil exposed to outdoor air is in danger of freeze
up in cold climates. A coil begins to freeze in the 30 to 32F
temperature range. Steam coils designed for heating cold air
contain internal distributing tubes to ensure that steam reaches
all parts of the coil as the control valve modulates.

Another approach to freeze-up control is to design coils with
dampers so that the control valve does not modulate but remains
open when air entering the coil is below freezing. If too much
heat is being delivered, face and bypass dampers control the airflow
across the coil. Above freezing, the valve can be modulated.

In all cases, a low limit temperature controller, which
responds to the coldest portion of the capillary sensing element,
should be part of the design. For addition examples of control
with freezing air conditions entering a coil see Air Handling
Systems Control Applications section.

HIGH TEMPERATURE WATER HEATING SYSTEM CONTROL

INTRODUCTION
HIGH TEMPERATURE WATER (HTW) HEATING

High temperature water systems operate with supply water
temperatures of 250 to 450F and pressures from 55 to 450 psig.

HTW is typically generated by boilers; however, experimental
systems utilizing geothermal or solar energy have been built.
First costs are similar for steam and high temperature water
systems, however, maintenance and operating costs are
generally lower for HTW systems. The use of the same boiler
for both HTW and steam generation is not recommended
because feed water requirements for steam eliminate some of
the advantages of HTW.

When relatively small amounts of steam are required, steam
can be produced from HTW at the required location. A steam
generator using 350F HTW (120 psig) will produce 15 psig
steam and using 380 to 410F HTW (200 to 275 psig) will
produce 100 psig steam allowing a HTW temperature drop of
50 to 60F.

A HTW system offers several advantages over a steam system:
— Boiler sizes can be smaller than low pressure boilers
because of the high heat capacity in a HTW system.
Diameter of distribution piping can be reduced.

The piping system requires no grading for return of
water to boiler.

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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Feedwater requirements are minimal, eliminating
treatment costs and introduction of air which is a source
of corrosion. HTW systems tend to remain clean.
Steam traps and condensate receivers, sources of heat
loss and maintenance costs are eliminated.

Heat not used in terminal heat transfer units is returned
to the HTW generator.

Several major design characteristics are typical of HTW
systems:

1. The HTW boiler is controlled by pressure rather than
temperature to eliminate flashing if heating load fluctuates.
Multiple boiler systems must be designed so that loads
are divided between the boilers. Generally it is less costly
to operate two boilers at part load than one at full load.
. HTW systems can be pressurized by steam or air in the
expansion tank but typically an inert gas such as nitrogen
is used because it absorbs no heat energy and excludes
oxygen.

All piping is welded except at mechanical equipment
which must be maintained. Connections at equipment are
flanged, including provision for removal of small threaded
control valves.

Terminal units are rated for the high temperature and
pressure.

2.

Figure 117 illustrates the elements of a typical HTW system.
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Fig. 117 Typical Nitrogen Pressurized High Temperature Water System.

HIGH TEMPERATURE WATER SAFETY

A well designed HTW system with proper installation of
piping to prevent undue stress rarely fails.

HTW drops in temperature very rapidly with a minor, low
mass, flow leak into space. In low or medium temperature water
the escaping fluid remains at nearly the same temperature. HTW
flashes to steam and the turbulent mixing of liquid and vapor
with the room air rapidly drops the fluid temperature below
212F and within a short distance to 125 to 140F.

Minor leakage at valves is usually imperceptible except for
deposits of scale at the point of leakage. Valves should be
inspected periodically and scale removed from valve stems to
prevent damage to packing and to allow free valve movement.

HTW CONTROL SELECTION

The features of good temperature control for low and medium
temperature water heating systems also apply to high
temperature water heating. Special considerations are needed
for controls to withstand the temperatures and pressures
encountered in a HTW system. The large temperature difference
between HTW and the heated fluid (air, water, or steam) means
that most of the control selection precautions are to provide
fail safe operation. Careful consideration must be given to what
happens to the secondary fluid of a converter and its controls
when flow is reduced or stopped, or equipment is shutdown.
Secondary fluid can overheat immediately after or during
prolonged shutdown. Controls near a HTW supplied coil can
be damaged by high temperature if airflow stops.
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Controls can be pneumatic, electric, or digital. The low mass
of electronic temperature sensors (thermocouple or resistance
bulb) provides faster response than fluid-filled or bimetal
elements. Pneumatic actuators generally have the faster
response, higher temperature ratings, and greater reliability
required for HTW applications.

Standard commercial quality controls with integral (automatic
reset) and derivative (rate) action are satisfactory for most
applications when used with industrial quality valves. An
industrial controller or a digital system may be required where
local recording of a control value is specified. The control
system selected should:

1. Function from zero to full load.

2. Close the HTW valve if there is failure in the control
system, loss of power or air, or shutdown of the system
being controlled.

HTW VALVE SELECTION

Valves for HTW must be selected to ensure suitability for
high temperature and pressure conditions. A control valve must
have wide rangeability (50 to 1 is desirable) and the ability to
position accurately and hold that position. Rangeability is the
ratio of maximum flow for a valve to the minimum controllable
flow. These requirements dictate use of industrial quality valves.
For additional information on rangeability see the Valve
Selection and Sizing section.
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VALVE STYLE

Single seated valves are recommended because of their tight
shut-off and availability with equal percentage and reduced
capacity (Cv) trim.

Double seated valves are not recommended because they do
not provide tight shut off. High velocity leakage past the plug
of a double-seated valve causes greater erosion to the seats than
a single-seated valve.

Three-way valves are not recommended because they are not
available with equal percentage flow characteristics and
therefore do not provide the required control stability. They
also are not available with reduced Cv trim for accurate sizing.

Valve bodies should be flanged although threaded bodies can
be used for sizes of 1-1/4 inch or less. Weeping and flashing at
threads is likely but usually not visible except for deposits left
behind. If threaded valves are used in the HTW lines, use
adjacent bolted flanges not union fittings.

VALVE BODY MATERIALS

Cast steel bodies with 300 psi or 600 psi body ratings are
recommended. These have temperature ratings above 750F, the
limit for packing materials. Manufacturers literature lists actual
pressure and temperature ratings.

Bronze bodies are not recommended because the maximum
temperature limit is 400F. In addition, since HTW piping is
steel, galvanic action between bronze and steel can be serious
at the elevated temperatures encountered.

Cast iron bodies are not recommended because maximum
operating conditions are limited to 406F at 250 psig, which are
too close to operating conditions.

VALVE TRIM

Use stainless steel valve stems and trim. Standard trim for
industrial valves is usually 316 stainless steel. Composition discs
leak and corrode at the seat and disc and are not used.

VALVE PACKING

Shredded Teflon, Teflon asbestos, graphite asbestos, and
spring loaded Teflon V-rings, are available in industrial valves
and acceptable to 450F. A valve with a deep packing gland is
normally required.

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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VALVE FLOW CHARACTERISTICS

The flow characteristics of a valve is the relationship between
fluid flow expressed in percent of flow and valve stem travel
expressed in percent of travel. Always use equal percentage
characteristic valves for HTW control. Equal percentage valves
compensate for the nonlinear heat output of HW heat
exchangers so percent of heat output change is equal to percent
of valve travel. These valves provide the best control at low
flows. An industrial valve with an equal percentage plug has
the required rangeability of 50 to 1.

ACTUATORS

Valve actuators must close the valve on loss of power or
control air.

If the close-off rating is less than twice the expected pressure
difference across the closed valve, positioners on pneumatic
valves are used only, otherwise, sequencing of multiple valves
is required. Electro-pneumatic positioners or separate electro-
pneumatic transducers can be used to receive an electric signal
(4 to 20 mA) and operate the pneumatic valve.

Electric actuators are not satisfactory for HTW valves because
they are not available with a safe ambient temperature rating
and the operating speed is too slow.

VALVE SIZE

Accurate valve sizing is critical for satisfactory HTW control
since an oversized valve controls over only a small fraction of
its total stem travel and loses sensitivity. Safety factors should
be avoided but if used should be very small. See the Valve
Selection and Sizing section.

The pressure drop across a control valve should be between
50 and 80 percent of the drop across that part of the piping
system in which flow will vary as a result of valve action.
Always use a 5 psig or greater pressure drop across the valve.

VALVE LOCATION

Always locate a HTW valve on the return side of the
converter, coil, steam generator, or other equipment because it
allows the valve to operate at lower pressures and temperatures.
HTW is less likely to flash when the valve is located on the
return side of the equipment.
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INSTANTANEOUS CONVERTER CONTROL

An instantaneous converter is the standard type of converter
used in nearly all HTW heating installations because of its
extremely fast response. It is compact and available as standard
equipment.

The HTW flows through several passes of tubing within a
shell just large enough to accommodate the tube bundle.
Secondary water is supplied into the shell and surrounds the
tubes (Fig. 118). Only a small amount of HTW is needed to
heat a large volume of secondary water and the change is nearly
instantaneous. There is no room within the shell for a
temperature sensing element to quickly detect the change,
therefore, the temperature sensor must be located as close to
the converter as possible.

There must be a provision in the control loop to close the
HTW valve as soon as the secondary flow ceases. This requires
proving flow in case the flow stops for a reason other than the
pump is stopped by outdoor temperature, another signal, or
power failure. Even if the HTW valve closes as soon as
secondary water flow stops, flashing is likely to occur as there
is enough HTW in the tubes to overheat secondary water.
Flashing causes water hammer and possible equipment damage.
If shutdown is controlled, closing the HTW valve immediately
and delaying the secondary pump shutdown allows excess heat
in the converter to dissipate.

RELAY

NC.
VALVE

0
ZONE(S)

INSTANTANEOUS
CONVEATER

HTWS

Case2

Fig. 118. Control of HTW to Constant
Temperature Hot Water Converter.

A constant temperature hot water supply is used where a
minimum temperature is required for all or part of the converter
load. Normally a converter for space heating does not require
fast response as the load changes only as fast as occupancy and
outdoor air conditions change. Because of the inherent fast
converter response there are several control requirements:
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1. The primary sensing element must be located in outlet
water as close to the converter as possible.

A stainless steel well that matches the element with heat
conductive compound in the well must be used.

A primary control must be used that has integral action
and integral cutout to allow a wider throttling range for
stability with minimum deviation from setpoint and to
eliminate integral windup.

2.

3.

A control arrangement for a typical zone supplied with HW
from a HTW to constant temperature HW converter is shown
in Figure 119. Water temperature in the converter shell must be
reset from the outdoor air temperature for best control. Zones
typically are also reset from outdoor temperature.

; ZONE
| HIGH-LIMIT

OUTDOOR
AIR SENSOR

----- INTERLOCKED
VALVE [ ] Ve SO 7O CLOSE
HTW VALVE
| | WHEN
[5:) I ALL PUMPS OFF

TO HTW
CONVERTER

MANUAL
% BALANCING VALVE

— coga4

-+

Fig. 119. Typical Zone Control of Constant
Temperature HW from HTW Instantaneous Converter.

For modulating control, instantaneous converters must
operate with at least half design flow. To accomplish this, reset
schedules of controller C1 (Fig. 118) and C2 are arranged so
that valve V2 will be between half and full open to the converter
under normal conditions of operation, The reset schedule for
the converter is slightly higher than the temperature normally
required in the zones so that most of the water to supply the
needs of the zones must come from the converter rather than
the bypass.

C2 as the primary control prevents C3 from positioning V2
so the return water bypasses the converter. If flow is cut off
through the converter, the sensor located in the outlet piping
rather than within the shell cannot control V1 in a stable manner.

The use of an instantaneous converter (Fig. 120) for heating
water supplied directly to an air heating coil provides fast
response, Control system selection problems are the same as
for the control of a coil supplied with low or medium
temperature water except that a high quality valve with fast
control response is required for HTW.
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Fig. 120. Instantaneous Converter Control for HTW
to Glycol Solution for Outdoor Air Preheat.

Where coils are exposed to freezing temperatures, as in a
100 percent outdoor air supply unit, the cost of installing a
foolproof control system plus necessary duct work and dampers
make the use of a water supplied coil questionable. Flow to the
coil should be constant with variable temperature. Better
protection against freezing is obtained by use of a heat transfer
fluid such as a glycol solution.

Glycol solutions used with HTW heating must be closely
monitored. Solutions of ethylene or propylene glycol assume
the corrosivity of the water from which they are prepared and
are oxidized by air into acidic products. The deterioration rate
of inhibitors and stabilizers added to commercial glycol is
influenced by temperature, amount of air in the solution, and,
to some extent, the metals in the piping system. Heat exchanger
surfaces should be kept below 285F as temperatures above 300F
accelerate deterioration of inhibitors.

If HTW flow is stopped while the air handling unit continues
lo operate with below freezing entering air temperature, heat
transfer solution returning to the converter could cause the
converter to freeze. A low-limit duct temperature controller is
recommended to stop the fan if a low air temperature leaving
the coil is sensed.

HTW COILS

Figure 121 shows an acceptable method of mixed air control
when there is a possibility of freezing air passing through the
heating coil. Face and bypass dampers control the heat output
of the coil during normal operation. When the outdoor
temperature rises so that no heat is needed from the coil, valve
V1 closes preventing overheating from the down stream side
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of the coil. The low-temperature limit controller senses the air
temperature leaving the coil and opens the valve on sensing a
freezing temperature. Use of a glycol solution as shown in
Figure 120 is recommended.

RELAY CLOSES FACE
DAMPER AND VALVE

VALVE

HTWR

RELAY OPENS VALVE ON
LOW TEMPERATURE

Fig. 121. HTW for Mixed Air Reheat.

HTW SPACE HEATING UNITS

Unit heaters, convectors, radiation, and radiant panels can
be supplied directly with HTW. This allows use of smaller units
and smaller piping and eliminates intermediate heat exchangers.
Most of the additional control cost is in the valves suitable for
HTW as the small unitary control valves normally used on low
and medium temperature heating systems are not able to stand
the pressures and temperatures of HTW. Actuator design, body
ratings, disc materials, packing gland design, and lack of low
flow ports are all likely limitations for this type of valve, Flanged
connections are required as union connections do not seal well
enough for HTW applications.

These units are most often used in storage areas, shops,
hangers, or other areas where people do not work in close
proximity to the units. Where people do work near HTW
supplied unitary equipment, some type of limiting control is
required to reduce surface and/or discharge temperatures,

STORAGE CONVERTERS

A storage converter is most often used for heating domestic
water (Fig. 122). It can also be used for building heating.
Separate converters are required for domestic water and building
heating (Fig. 123). Heating system water is treated and
recirculated while domestic water is used and replenished.
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Fig. 122, Direct HTW to Domestic Hot Water.
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Fig. 123. Indirect HT'W to Domestic Hot Water.

In a storage converter, the tube bundle is immersed in the
bottom of a storage tank (shell) with capacity to provide for
large intermittent demands. There is little lag in transferring
heat from the tube bundle but because of the large capacity of
secondary water in the shell, the system provides more stable
control. Rate of change might be 20 to 50F per hour. Large
installations frequently employ a system circulating pump to
assure quick availability of hot water at remote usage points
and help eliminate stratification in the tank.
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REVENT FLASHING) 4, bump INTERLOCK
_ _» AND/OR OUTDOOR
CONTROLLER

HIGH TEMPERATURE
WATER VALVE

MULTIZONE SPACE-HEATING HTW
WATER CONVERTERS

Figure 124 shows a storage converter application. Tt is
controlled as a conventional converter with only the HTW valve
and pump interlock having special requirements because of
the heating medium.

Because the response rate of a storage converter is slow, the
storage capacity must be sufficient to supply any sudden
demands, Warm-up is the demand period where the converter
recovery rate becomes the determining factor for length of time
required for warm-up. Normally all other changes in a building
heating system are gradual.

HTW STEAM GENERATORS

Using the central HTW boilers for steam production is not
recommended. The HTW system is best used to produce steam
by locating steam generators at the point of need.

The steam generator (Fig. 125) is designed so that the
minimum water level covering the tubes takes up 60 percent or
less of the volume of the shell. The remaining 40 percent for
steam is sufficient to avoid water carry over. A water eliminator
at the steam exit removes most water from the steam.

Flash converters convert HTW to steam by reducing the
pressure. They are not satisfactory steam generators because
water is carried with the steam and control is less stable.

Control of a steam generator is simpler because pressure
changes are sensed immediately and corrections in valve position
are made quickly to maintain the desired steam pressure.,
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Fig. 124. HTW to HW Multizone Storage Converter.
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Fig. 125. Steam Generator Using HTW.

DISTRICT HEATING APPLICATIONS

INTRODUCTION

District Heating (DH), refers to a method of supplying heat
to buildings, factories, and other facilities from a central source.
The basic structure of District Heating Systems is shown in
Figure 126. A DH System consists of one or more heat
generating facilities, a widely spread heat distribution network,
and substations between the distribution network and the
consumer. Heat is generated by the heat source(s) and
transferred to an appropriate heating medium such as hot water
or steam. The heating medium is transported via pipelines to a
substation. In the substation heat is transferred to the individual
heating systems of the end-users.

Space heating, space cooling, and domestic hot water supply
represents the largest part of energy consumption (75%) in
buildings and industries. This demand is met mainly by fossil
fuels and electrical energy. At the same time a vast amount of
waste heat is discharged into the atmosphere by power and waste
incineration plants and other industrial processes. The efficiency
of current power plants does not exceed 50%.

District heating brings the waste heat directly to the customers
as a salable product. This makes individual furnaces redundant.
Additional advantages result from higher efficiency of central
heat generation, lower emissions, and the capability of fuel
diversification by using the fuel with the lowest price and the
best availability. A central energy supply, based on combined
heat and power generation has an overall efficiency of up to
80%. Additionally it shows a considerable emissions reduction
from reduced fuel consumption.

HEAT SOURCES

Sources of heat to supply the network include waste
incineration plants, boiler houses, heat pumps, and waste heat
from electric power generating plants, steel foundries, or similar
industrial processes.

A combined heat and power plant (CHP) which generates
electricity using a steam turbine or an engine is probably the
most common heat source. It heats the heating medium in the
distribution network using the exhaust gases leaving the turbine.

Because these systems are parts of an industrial processes,
control components and systems are typically industrial
standard. Control components and systems are chosen to meet
the requirements of the heat source and the specifications.

THE DISTRIBUTION NETWORK

Pipelines transfer heat from where it is generated to the
consumer. Depending on the heat source, the distribution
network generally consists of pairs of supply and return pipes.
Hot water flows continuously through the supply pipes to the
substations, heats the secondary fluid in heat exchangers, and
returns to the heat source through the return flow pipes.

The distribution network facilities also include booster pumps
and pressure reducing stations, mixing (temperature reducing)
stations, key-points with valves to turn on or shut off branch
lines and a large number of measuring points distributed over
the entire network.
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Fig. 126. District Heating Network.

The transfer medium is generally hot water at temperatures up
to 400F and pressures up to 290 psi. The optimum operating
conditions, temperature and pressure, depend on the structure and
dimensions of the network and the heat source. The water
temperature is generally limited to 265F on the supply side. In
fact, many networks now keep the supply temperature under 180F
allowing use of lower cost equipment and fewer safety devices.
See HOT WATER DISTRIBUTION SYSTEMS and HIGH
TEMPERATURE WATER HEATING SYSTEM CONTROL.

Outdoor Air Temperature Control reduces the supply
temperature in a network with increasing outdoor temperature.
The Return Water Temperature in a DH Network is controlled

demand as a function of the day of the week, time of day, and
weather conditions must be predicted in order to manage the
heat supply in the most efficient manor, In combined heat and
power (CHP) plants the electrical power generation must also
be considered.

Managing a system requires highly sophisticated dedicated
software and highly reliable control equipment. The software,
which includes demand prediction and total energy
management functions, plays an important role in the efficiency
of CHP systems.

to not exceed either a fixed or variable temperature level. ABBREVIATIONS

CHP — Combined Heat & Power.
THE SUBSTATION DH — District Heating.

DHW —  Domestic Hot Water.
Substations house heat exchangers which transfer the required ESD —  Emergency Shut Down systems
heat from the distribution network to individual building HES —  Heat Exchanger Substation.
heating networks (customer). In some cases, a large heat HEX —  Heat Exchanger.
exchanger station (HES) is required between different types HTS —  Heat Transfer Station.
of networks. The HES transfers heat from high power primary OAT —  Outdoor Air Temperature.
networks to smaller secondary networks with lower PRF —  Primary Network Return Flow,
temperatures and pressures. PSF —  Primary Network Supply Flow.
RT —  Return Water Temperature,

A DH system only works efficiently if all components are SRF —  Secondary Network Return Flow.
matched to one another. The heat source must deliver the SSF —  Secondary Network Supply Flow.
required heat at the lowest cost level, 365 days a year. Heat
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DEFINITIONS

Booster Pump station: Maintains sections of a network (return
or supply pipe) in required pressure conditions. Used
in long networks or highly elevated sections.

Combined Heat & Power: Combines production of electricity
and heat for space (buildings) and processes (industrial)

Domestic Hot Water: Water controlled at a constant
temperature suitable for use in showers and hand
washing stations.

Differential Pressure Controller: Prevents too low or too high
hydraulic pressure at the building heat exchanger

substation. This improves the control performance of
the station.

SYMBOLS

Since District Heating is more common in Europe, District
Heating is based on information supplied by personnel in Europe.

NG

OUTSIDEAIR  ROOM

TEMPERATURE SENSORS

DIFFERENTIAL PRESSURE CONTROL

THREE-WAY VALVE

TWO-WAY VALVE

f

CHECK VALVE

FLOW —p

JET PUMP

—C—

PUMP, AIR OR WATER
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Heat Exchanger Substation: Compact Station, controls the
radiator and DHW loop in a building.

Heat Exchanger: Also called a convertor, transfers heat from
the primary network to a secondary network.

Heat Surface Factor: A value corresponding to the
effectiveness of radiating surface. The value depends
upon the shape, size, and color.

Heat Transfer Station: Controls flow, pressure and temperature
in sections of a primary network.

Primary Network: Supply and return pipe for heating medium
(hot water or steam) from the heat/power plant to the
consumer heat exchanger.

Secondary Network: Supply and return pipe for heating
medium (actuator) from heat exchanger to radiators
or tabs.

The symbols used in Figures 126 through 143 are those commonly
used in Europe and are supplied here for convenience.

p— \ HEAT EXCHANGER
\ - - =g
.
<€
_ | EXPANSION TANK
~—
WATER STORAGE TANK
~————
SURGE TANKS

M10674
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SYSTEM CONFIGURATION

HEAT GENERATION

Excess heat is produced in steam electrical power generating
stations which can be reclaimed as in Figure 126 and sold to
provide heat for other uses. Other industrial processes and waste
incineration may also provide a source of excess heat which
can be reclaimed. Geothermal sources and boilers are other
heat sources.

HEAT DISTRIBUTION NETWORK

The distribution network is one part of a district heating
system. It transports the heat from the heat source to the
consumer. Heat is absorbed by the heat transfer medium, hot
water or steam, at the source and delivered to the consumer.

Primary networks are one- or two-pipe distribution systems.
In a two-pipe system the hot pipe, or supply line, transports the
water or steam to the substation, heat is drawn from the network
at the substation and transferred to the consumer’s side, then
the cooled water or condensate flows through the return line
back to the heat source to be reheated.

A one-pipe system transports the water to the consumer, heat
is drawn from the network at the substation and transferred to
the consumer’s side, then the cooled water is discharged to a
drain. This system is used with a geothermal hot water source.

HOT WATER SYSTEM CONTROL

Variable speed circulating pumps move the water through
the primary network providing the needed differential pressure
in hot water systems. An additional pressure holding system is
installed to keep the absolute pressure at the required level.

There are two control strategies based on outdoor air
temperature for transferring a requested amount of heat to the
consumer:

1. Constant Flow Control maintains a constant supply flow
rate and varies supply flow temperature.

2. Variable Flow Control maintains a constant supply flow
temperatures and varies supply flow rate.

The optimal temperature/pressure ratio depends on the length
and structure of the network, actual load, outdoor air
temperature, and pipe insulation. Because of the many
variables, a combination of both Outdoor Air Temperature
Control and Variable Flow Control or Variable Temperature
Control is often used.

STEAM SYSTEM VS HOT WATER SYSTEM

Steam networks differ mainly in the following points from
hot water systems:

— No pumps are required, the pressure difference between
boiler and consumer drives the movement of the steam.

— Condensate traps are required approximately every
0.3 miles.

— The return line diameter is much smaller because
condensate takes up less space than steam.

—  Heatlosses are significantly higher than hot water systems.

—  Theheat storage capacity of steam is lower than hot water.

— Maintenance costs are higher than hot water.

HOT WATER PIPELINE SYSTEM

Hot water systems must be protected against high pressure
peaks which could damage the pumps and pressure drops below
the evaporation point which results in the water changing to
steam. Common types of preinsulated pipelines must be
protected against temperatures exceeding 265F.

Factors affecting efficiency include optimal temperature/
pressure ratio with respect to the length and capacity of the
network, temperature differences between supply and return
flow, heat and water losses, as well as friction between the
water and pipe wall. Higher temperatures cause greater heat
loss by radiation and conduction while greater differential
pressure in the network produces heavier pump loads. Every
network has a different optimum value for the supply and return
pipelines. Use of friction reducing chemicals to decrease the
friction losses in the pipeline can reduce the pump power
required. Extracting as much heat at the substations as possible
also reduces pumping costs.

Additionally the water in the entire district heating system
pipelines also serves as a large heat accumulator and helps
compensate for peak loads or short periods of low heat
generation.

BOOSTER PUMP STATION

In large pipeline systems, using a single main pump requires
a large differential pressure (pump head) to overcome the
friction in the network. Figure 127 shows a profile of a single
pump system. Decentralized pumps (booster pump stations)
avoid this and keep the pressure in every pipeline section within
the required levels.
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Fig. 127. Network Pressure Profile.

A booster pump station overcomes the pressure drop in areas
with considerable differences in altitude (to overcome 165 ft
difference in altitude a pressure of 71.5 psi is required). They are
often applied where going under or over obstacles is necessary.
Equip the pipeline with an emergency shut down system (ESD)
in areas with considerable differences in altitude to protect the
system from high pressures in case of power failure.

PRESSURE REDUCING STATIONS

A pressure reducing station is the counterpart to the booster
pump station. A pressure reducing station is used in lines
located in mountainous areas to protect the pipeline from over
pressure and to keep the pressure in the return line lower than
the supply line. For this application pressure reducing valves
are control valves.

MIXING STATION

A mixing station (Fig. 128) is used in hot water networks. It is
a variable speed (mixing) pump which mixes cooled return flow
directly into the supply flow to reduce the supply flow line
temperature to the required level. These facilities are used to
provide different maximum temperatures in the network pipeline.

SUPPLY FLOW (HIGH TEMP) SUPPLY FLOW (LOW TEMP)
[

!

| 4

MIXING PUMP

A
A

RETURN FLOW M11444

Fig. 128. Principle Of A Mixing Station.
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KEY POINTS

Key points are locations where pipelines branch off (Fig. 129).
They consist of valves for supply and return flow which can
separate the branch line from the main line. If a branch line is
shut down, the pressure ratio in the entire network is affected.
To prevent pressure spikes in the main system, the shutdown
must be performed slowly and carefully. Often two different
sized surge tanks in parallel are used to damp the pressure peak
during shutdown. Usually key point temperatures and pressures
are monitored.

BRANCH

S

SURGE
TANKS

SUPPLY FLOW

v

P MAIN LINES

" RETURN FLOW

M11445

Fig. 129. Typical Key Point.

HEAT TRANSFER SUBSTATIONS

In general heat transfer substations link district heating
networks with the consumer. The consumer side can be either
another network or the end user.

Heat transfer can be either direct and indirect. Direct transfer
uses mixing valves, jet pumps or two way valves to supply the
heating medium directly to the consumer. Indirect substations
use heat exchangers and physically decoupled or independent
heating circuits.

Direct Heat Transfer Substations

The main parts of a direct substation are:
—  Primary side.

Heat flow regulation unit.
Circulating pumps.
Secondary side.

Direct heat transfer substations:

Transfer the required heat from the supply (primary) side
to the consumer (secondary) side.

Meter heat.

Provide safety functions to protect consumer and
equipment against overheating, frost, and harmful agents
in hot tap water.

Provide optimization functions to reduce energy
consumption to the lowest possible level.
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Functional principles: Small Substation For Multiple Family Buildings
The primary side consists of the supply and return lines, plus Figure 131 shows a typical direct heat transfer substation.
necessary pressure reducing, regulating, and safety equipment.

This is self-regulating equipment which provides a given
differential pressure, absolute pressure reducing, and safety
close off functions.

DISTRIBUTION SUBSTATION CONSUMER

The heat regulation unit (Fig. 130) provides the required
temperature by controlling the primary flow (A) or by mixing
the cooled return water with supply water (B). Different
configurations with two and three way valves can be used. In
the flow control configuration a fixed speed circulating pump
increases the pressure in the return line above the supply flow
pressure. In the temperature control configuration either a jet
pump or a three way valve is used.

!
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MIXING VALVE ! n ________
'
|
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'
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OUTSIDE AIR ROOM

SUPPLY LINE OR JET PUMP
» >
CIRCULATING
PUMP PSF

CONTROL VALVE
A) FLOW CONTROL B) TEMPERATURE CONTROL

-
|

O

: i
Fig. 130. Two- And Three-Way Valve Configurations for a <« .<.S_R'.:J

Heat regulation Unit. ! M11435

M11446

Jet pumps use the effect of injection, making a mechanical

pump unnecessary, thereby, saving electrical energy. However, Fig. 131. Small Direct Heat Transfer
adapting and dimensioning jet pump applications to fit operating Substation for Multiple Family Buildings
conditions is difficult.

Table 9. Description of Figure 131 Reference Points.

Control loops used in a direct substation:
Reference Description

— Supply flow temperature reset on outdoor air temperature. TC Controller
— Return temperature limit. -
_ Time schedule functions. TI01 Outdoor air temperature sensor
— Night setback and frost protection. TI 31 Room temperature

TIC 13 SSF temperature

Y11 Actuator control valve PSF

Y12 Circulating pump
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Control Strategies:

1. Control valve Y 11 maintains the SSF temperature as
dictated by TIC 13 which is reset by the outdoor air
temperature. Room temperature sensor TI 31 shifts the
reset schedule up or down. Controller TC provides night
setback and other unoccupied programs.

2. Pump’Y 12 provides constant SSF flow through the check
valve.

3. Summer operation shuts down the entire station.
However, it is recommended that the summer function
include a function to exercise the pump and therefore all
the devices once a week.

Indirect Heat Transfer Substations

Indirect substations use heat exchangers and physically
decoupled or independent heating circuits. Applications range
from small substations for a one family house to large
substations for industrial types of networks. Three applications
for heat transfer substations with different heat exchanger
configurations, primary flow and/or the differential pressure is
controlled by control valves, heat flow controlled by modulating
control valve to vary the primary flow, and circulating pumps
to provide the secondary supply and return flow, follow:

Indirect heat transfer substations:

— Transfer the required heat from the supply (primary) side
to the consumer (secondary) side.

— Meter heat.

— Provide safety functions to protect consumer and
equipment against overheating, frost, and harmful agents
in hot tap water.

— Provide optimization functions to reduce energy
consumption to the lowest possible level.

— Provide hydraulic separation between the high-
temperature high-pressure system and the low-
temperature low-pressure system.

The main parts of an indirect substation are:

—  Primary side.

— Heat exchanger.

—  Circulating pumps.

— Expansion and storage tanks.
—  Feed water facilities.

—  Secondary side.

Functional principle:

The primary side of the substation (Fig. 132) contains the
differential pressure control and a normally closed temperature
control valve with safety spring return, if the secondary medium
temperature exceeds 212F. The differential pressure control is
used in large networks where over time significant pressure
differences exist.

ENGINEERING MANUAL OF AUTOMATIC CONTROL

The primary supply flow (from the district heating network)
enters the heat exchanger, transfers the heat to the secondary supply
flow, and returns to the heat source through the primary return.

In large networks with distributed pressure and temperature
parameters the primary flow and/or the differential pressure is
controlled by electric or self regulating control valves. This
ensures a constant inlet pressure differential regardless of the
actual pressure differential pressure in the network. Separate
control valves or valves with combined functionality in the
return or supply flow ensure this.

SECONDARY
SUPPLY
HEAT
PRIMARY EXCHANGER
SUPPLY SECONDARY
> \ RETURN
AP=CONSTANT :
PRIMARY .
RETURN . .l><]. - .
‘ e - il T CCLLLLL \
-
DIFFERENTIAL
PRESSURE M11440
CONTROL

Fig. 132. Primary Side of Indirect
Heat Transfer Substation.

The heat exchanger (HEX) separates both circuits and
maintains the heat flow between primary and secondary side
(Fig. 133). Both plate or tube type heat exchangers are used in
either parallel or series configurations. The heat flow is
controlled by modulating the control valve position varying
the primary flow.

The secondary supply flow temperature setpoint is usually
set from the outdoor air temperature during the day and set
back during the night. A high limit safety device reduces the
supply flow temperature, if the return flow temperature exceeds
high limit setpoint.

In addition HEXs are used for domestic hot water either
directly or via a charge pump and hot water storage tanks.

ECONDARY SUPPLY
HEAT SECO su o

EXCHANGER | "

\“\ SECONDARY RETURN <

PRIMARY SUPPLY

PRIMARY RETURN _X

Fig. 133. Heat Exchanger Portion of
Indirect Heat Transfer Substation.
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Control loops:

Circulating pumps provide the differential pressure between
secondary supply and return flow. In facilities where the load
varies over a wide range, variable speed pumps are used to
meet the pressure requirements and save electrical energy.

The absolute pressure in the secondary circuit must be kept
within the safety limits (upper limit to avoid pipe and pump
damage, lower limit to avoid water flashing to steam and
cavitation).

In general three different configurations are used:

— Open systems using water column static pressure and
expansion tanks.

— Closed systems (Fig. 134) using pressurized air and
expansion tanks (static pressure holding system).

— Dynamic systems using a combination of pressure
holding pumps and vent-valves.

COMPRESSOR

VENT VALVE

FEED WATER
PUMP

EXPANSION TANK WATER STORAGE
TANK
SECONDARY SUPPLY
>

PRIMARY
SUPPLY \ /7 "\  SECONDARY RETURN <

. CIRCULATING PUMP
PRIMARY 1 HEX

RETURN M4z

Fig. 134. Feed Water System in Secondary
of Indirect Heat Transfer Substation.

Feed water facilities maintain the water level in a heating
system. Two ways of feeding water exist depending on the
requirements placed on the water quality.

The first method takes water from the primary circuit. This
water is of sufficient quality for use in the secondary circuit.
Pressure reducing, cooling, and safety (close off) equipment
may be necessary depending upon the pressure and temperature
level in each circuit.

The second method uses treated tap water. Use of untreated
water is not recommended as it can coat system with minerals
precipitated from the water and dissolved oxygen can corrode
the piping. This method can also be used as a back up to the
first method.

Hybrid Heat Transfer Substations

This combines direct heating with indirect domestic hot water
supply (DHW) as shown in Figure 135. Sizes range from small
substations to large heat exchanger substations supplying
several blocks of buildings.

As described before, there are usually three main parts to the
substation:

— Primary side including pressure/flow regulating equipment.

— Heat exchanger or hot water storage tank (chargeable)
for DHW and heat flow regulating equipment for heating.

— Circulating pumps for secondary side (heating) and for
DHW.

The primary side includes shut off valves, differential
pressure, and flow control equipment provide safety functions
and a required differential pressure or flow. Heat metering is
also included. The water flow here is divided into two parts.

The HEX transfers the heat from the primary system to the
DHW loop. A valve placed in series with the HEX controls the
flow. The other part of the primary flow enters the secondary
circuit and transfers the heat to the consumer directly. The
supply flow temperature is controlled by one three-way valve,
two two-way valves, or one jet pump making an additional
circulation pump redundant.

In cases without a jet pump, circulation pumps provide the
needed differential pressure.

PRIMARY SUPPLY

$ DHW SUPPLY

SEsEEEEssEEEEsssEEEEnEs =u=ne DHW RECIRCULATED/
H COLD WATER

>
PRESSURE
CONTROL
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HEAT \\

EXCHANGER =
(DHW)

-><

PRIMARY RETURN

: o @ P HEATING SUPPLY

4 HEATING RETURN
M11433

Fig. 135. Hybrid Heat Transfer Substation.
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CONTROL APPLICATIONS

DDC CONTROL OF HIGH PERFORMANCE SUBSTATION

Table 10. Description of Figure 136 Reference Points.

Reference Description Reference Description
LIC 56 Water level supervision & control TI31 PRF temperature (HEX 12)
LIC 63 Water level supervision & control Tl 47 SRF temperature
PDIC 14 Primary differential pressure TIC 28 SSF temperature (HEX 1)
PDIC 45 Secondary differential pressure TIC 38 SSF temperature (HEX 12)
PI 13 PSF pressure TIC 44 SSF temperature
Pl 16 PRF pressure (internal) TSA+22 High temperature limit Primary Return Flow
Heat exchanger 1 (PRF HEX 1)
Pl 46 SRF pressure TSA+ 32 High temperature limit (PRF HEX 12)
PI 110 PRF pressure (outdoor) TSA+25 High temperature limit (SSF HEX 1)
PIC 57 SSF pressure TSA+35 High temperature limit (SSF HEX 12)
PLC 89000 Supervisory Control TZA+26 Safety temperature limit (SSF HEX 1, locked)
PSA+ 52 Safety pressure limit (refill pipe) TZA+36 High temperature limit (SSF HEX 12, locked)
PSA+ 58 Safety pressure limit (SSF) TZA+ 41 Safety temperature limit (SSF total, high)
PZA+ 24 Safety pressure limit (high) Y 11 Actuator valve Primary Supply Flow (PSF)
PZA+ 34 Safety pressure limit (high) Y17,Y 18 Actuator control valve (PDPC)
PZA+ 43 Safety pressure limit (SSF high) Y19 Safety close off valve
PZA-27 Safety pressure limit (low) Y23 Actuator control valve
PZA-37 Safety pressure limit (low) Y 29 Damper (secondary flow, HEX 1)
PZA—42 Safety pressure limit (SSF total low) Y 33 Actuator control valve
QIR 53 Metering refill quantity Y 39 Damper (secondary flow, HEX 12)
QIR 62 Cold water metering Y 48,Y 49 Secondary flow circulating pumps
QIR 111 Heat metering Y 51 Actuator valve (water refill from PRF)
TIO1 Outdoor air temperature Y 54 Vent valve
TI12 PSF temperature Y 55 Compressor
TI15 PRF temperature (total flow) Y 61 Actuator valve (cold water refill)
Ti21 PRF temperature (HEX 1) Y 64 Feed water pump
ENGINEERING MANUAL OF AUTOMATIC CONTROL 390
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Fig. 136. DDC Control of Large High Performance Indirect Heat Transfer Substation.
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Control Strategies 5. Expansion Tank Water Level Control (WLC) Loop: LIC
1. Primary Flow Loop Differential Pressure Control: 56 maintains the expansion tank water level. Normally PRF
Provides a constant value pressure drop across the heat water through Valve Y 51 provides make-up water, in cases
exchangers. Actuator control valves (Y17,Y18) open or of a high quantity water loss, Pump Y 64 pumps make-up
close sequentially to maintain the pressure drop measured water from the water supply tank. The WLC protects the

by PDIC 14. circulating pumps against running without water.

. Secondary Loop Supply Flow Temperature Control: The 6. Water Supply Tapk. Water Level Control: LIC 63) controls
SSF temperature is reset from outdoor air temperature ValveY 61, providing make-up water from t%le cold water.
(Fig. 137). The actual SSF temperature is measured by 7. Secondary Return Flow (SRF) and the Primary Return
sensors TIC 28 and TIC 38. The regulation of the heat Flow (PRF) temperatures are limited to provide a high
flow through the HEX is provided by the actuator control temperature drop between supply and return flow.
valves Y 23 and Y 33 in the primary return flow line of
each heat exchanger. © 356

. Secondary Flow Loop Differential Pressure Control: w LIMIT SSF SETPOINT
Circulating pumps Y 48 and Y 49 are switched off or on 5 3207 TEMPERATURE IS
and the speed varied to maintain the differential pressure £ 284 UNLIMITED
setpoint. A frequency converter (fc) controls pump speed. < oag )

. SSF Loop Pressure Control: Maintains the pressure E
sensed by transmitter PIC 57 within a defined range to g 212
avoid too low pressure (vaporization) and too high £ 176
pressure (pump overload). Vent valve Y 54 maintains the @
high limit and compressor Y 55 maintains the low limit. |

43 6 1 9 16 23 30 37 45 52 59 66
OUTSIDE AIR TEMPERATURE (F) M11439
Fig. 137. Adjustment Of Temperature Curves.
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Fig. 138. DDC Control of a Small House Heat Transfer Substation.
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Table 11. Description of Figure 138 Reference Points.

Reference Description Reference Description
DDC Controller TIC 24 SRF temperature
TIO1 Outdoor air temperature TZA+ 21 Safety temperature limit (SSF)
TI 31 Room temperature sensor & Y 11 Control valve PRF
setpoint setting
TIC 12 PRF temperature Y23 Circulating pump
TIC 22 SSF temperature
Control Strategies: o0
1. Primary temperatures: supply up to 265F, return up to 195F.
2. Secondary temperatures: supply up to 195F, return up 255 —
to 160F. € 20
3. System provides a SSF temperature depending on the E 035 _|
outdoor temperature according to a reset schedule g
(Fig. 139). § 220 +
4. Heat demand dependent pump switching, with one full W 505
cycle of the pump per day to prevent seizing. 8 150 ]
5. Diagnostic functions via connector.
6. PRF temperature limitation with fixed and variable value 175 —
available. The control valve reduces the flow until the 160 =
PRF temperature is below the parameter value. The I | I
setpoint can be fixed or floating with a certain AT below | | |
the PSF. 5 25 45 65
7. SSF temperature limitation available (parameter). OUTSIDE AIR TEMPERATURE (°F)
M10673
Fig. 139. SSF Temperature Reset Schedule.

CONTROL OF APARTMENT BUILDING SUBSTATIONS WITH DOMESTIC HOT WATER

DDC Control of Two-Stage Heat Exchanger for Heating and Domestic Hot Water.

Table 12. Description of Figure 140 Controls.

Reference Description Reference Description
DDC Controller TIC 16 PRF-temperature
Pl 11 PSF pressure TIC 21 DHW temperature (supply flow)
P117 PRF Pressure TIC 31 SSF temperature
Pl 22 DHW pressure (supply flow) TIC 34 SRF temperature
Pl 24 DHW pressure (return flow) Y13 Actuator valve (SSF temperature control)
Pl 28 Cold water pressure Y 14 Actuator valve (DHW temperature control)
P1213 DHW network pressure Y23 Actuator valve (DHW supply flow)
PIC 32 SSF pressure Y 25, 26, 27 DHW circulating pumps
PIC 35 SRF pressure Y 29, 210 DHW pressure booster pumps
QIR 02 Elec. Power metering Y 31 Actuator valve (SSF)
QIR 15 Heat metering Y 36, 37 Circulating pumps (secondary fl.)
QIR 214 Drinking water metering Y 38, 39 Refill pumps (PRF to SRF)
TI 01 Outdoor air temperature Y 211,212 DHW pressure booster pumps
TI12 PSF temperature Y 310 Actuator valve
TI215 DHW circulation, return flow temperature
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Fig. 140. DDC Control of Two-Stage Heat Exchanger for Domestic Hot Water and Heating.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

Control Strategies

1.

Secondary Supply Flow Temperature Control: The SSF
temperature is reset from outdoor air temperature. TIC
32 provides the SSF temperature to the DDC controller.
ValveY 13 regulates flow through HEX3 primary .
Secondary Flow Loop Differential Pressure Control:
Circulating pumps Y 37 and Y 36 are switched off or on
and the speed varied to maintain the differential pressure
setpoint. The pump speed is controlled by a frequency
converter (fc).

. Secondary Supply Flow Temperature Control: The SSF

temperature is reset from outdoor air temperature (Fig.
141). The actual SSF temperature is measured by sensor
TIC 32. The regulation of the heat flow through the HEX
is provided by the actuator control valves Y 13 in the
primary supply flow line of HEX3.

Secondary Loop Make-up Water: Pumps Y 38 and Y39
through Valve Y 310 provide make-up water from the PRF.

. DHW Pressure Control: Booster Pumps Y29, Y210,

Y211, and Y212 boost the cold water pressure to the
pressure at PT 213.

6.

DHW Circulating Pumps Control: Circulating PumpsY
25,Y26, and Y27 circulate DHW through the pipes to
maintain hot water temperature at the end of the DHW
system.

. DHW Supply Temperature: Valve Y 14 modulates the

PSF water to HEX 1 and HEX 2 to maintain the DHW
supply temperature at’Y 27.

Functional Diagram

&
)

8
(=]

SSF SETPOINT TEMPERATURE (F)
I N R R
3 b & %

3

66
M11441

.6 1 9 16 23 80 87 45 52 59

OUTSIDE AIR TEMPERATURE (F)

-
w

Fig. 141. Secondary Supply Flow
Temperature Reset schedule.

DDC Control of Combination Heat Exchanger and Domestic Hot Water Storage Tank
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Fig. 142. DDC Control of Dual Heat Exchangers for SSF and DHW Storage.
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CHILLER, BOILER, AND DISTRIBUTION SYSTEM CONTROL APPLICATIONS

Table 13. Description of Figure 142 Controls.

Reference Description

DDC Controller

QIR 02 Cold water metering

QIR 15 Flow meter (heat meter)

TIO1 Outdoor air temperature

TI 11 PSF temperature

TI 14 PRF temperature (heat meter)

TIC 13 PRF temperature

TIC 22 SSF temperature

TIC 31 Loading circuit temperature

TIC 32 HW storage tank temperature

TZA+ 21 High temperature limit (SSF)

Y12 Control valve primary flow

Y23 Circulating pump (SSF)

Y 24 Circulating pump (SSF)

Y33 Circulating pump

Y 34 Charging pump (HW storage tank)
Control Strategies

1. Secondary Supply Flow (SSF) temperature control:

2!

DHW temperature control: Valve Y 12 in conjunction with
TC 32 maintains the HW storage tank water temperature.
Thermostat TIC 32 supplies the HW storage tank loading
cycle start point. During the loading cycle, SSF water
heats HEX 2, other loads are switched off, and the pumps
Y 24,Y 34 load the HW storage tank. Temperature sensor
TIC 31 turns loading operation off.

. DHW Circulating pump control: Circulating pumpY 33

is time schedule controlled to maintain the DHW
temperature at the end of the line.

Functional Diagram

Variations of temperatures based on a heat surface factor
(HSF) of radiators in a building (equivalent to a building heat
curve variation) ranging from 0.8 to 1.6 (Fig. 143),

C 8 ADJUSTABLE RANGE OF
& SSF SETPOINT

4 TEMPERATURE CURVES
s 1401i

W ogpnf HSF=08
’E‘ 104 | HSF =16

8 wl

]

0n

w

w0

w

—_—— t
5 12 19 27 3¢ 4 48 55 6 70
OUTSIDE AIR TEMPERATURE (F)

Modulating normally-closed Valve Y 12 in the primary
supply flow (PSF) and TIC 22 control the SSF
temperature. The SSF setpoint is reset based on outdoor
air temperature (Fig. 143). If the primary return flow
(PRF) exceeds the TI 14 temperature limit, the SSF 1
temperature reset schedule is adjusted to a lower
temperature schedule, If the SSF temperature exceeds
the high limit setpoint of hard wired thermostat (TZA+

Fig. 143. SSF Temperature Reset Range.

HYBRID BUILDING SUBSTATION

Combination Jet Pump and Heat Exchanger.

21), power to valve Y 12 is shut off closing the valve.

The Heating System is mainly used in Eastern Europe or the
CIS and consists of a Hydro-elevator Mixing Valve (jet pump).
Hydro-elevators are mostly uncontrolled devices, mixing the
building return water with supply water according to the hydro-
mechanical configuration in the valve and requires no pump
for heating water circulation in the building heating system

(Fig. 144).
Table 14. Description of Figure 144 Controls.

Reference Description Reference Description
DDC Controller TI16 SSF temperature
HEX 1 Heat exchanger T 18 SRF temperature
QiR 12 Primary flow meter T 19 PRF temperature
QIR 17 Secondary flow meter TI32 Heating return temperature
TIO1 Outdoor temperature TIC 21 DHW supply temperature
T PSF temperature TIC 31 Heating supply temperature
TI13 PSF temperature Y 14 DHW control valve
TI15 PRF temperature Y33 Heating control vaive
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DISTRIBUTION | SUBSTATION I CONSUMER
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Fig. 144. Control of Heat Exchanger for DHW and Jet Pump for SSF.
Control Strategies 2. Heat exchanger HEX 1 Transfers heat to the isolated
domestic hot water system (DHW). Control valve Y 14
1. The SSF temperature depends on the mixing ratio of the in conjunction with temperature sensor TIC 21 control
jet pump. Jet pumps do generally not require secondary the DHW temperature. Because the amount of DHW in
circulation pumps. Valve Y 33 on the return pipe provides the heat exchanger is small, a fast control system response
alimited amount of flow control. As the valve varies from time is required. The response times should be:
full open to 30%, flow through the jet pump varies from Controller cycle time <1 sec.
full flow. When the valve is less than 30% open, SSF Actuator  on/off time <1 sec.
flow cannot be guaranteed. TI 32 controls Y33 to maintain Sensor rise time <2 sec.
the SRF temperature as reset from outdoor air.
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Individual Room
Control Applications
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INDIVIDUAL ROOM CONTROL APPLICATIONS

INTRODUCTION

This section describes applications for air terminal units and
unitary equipment used in individual room control. The air
terminal units covered include variable- and constant-volume
units connected to single- and dual-duct air handling systems.
The unitary equipment described includes natural convection
units, radiant panels, unit heaters, unit ventilators, fan coil units,
and heat pumps.

In individual room control, the control of a room or space is
maintained by a room sensor and a controlled device such as a
valve or damper actuator, a burner unit, or a compressor. The
method of control may be pneumatic, thermal, electric,
electronic, or digital. As environmental and standard code
requirements change, the control system can be upgraded to
enhance the operating capabilities of the system and the terminal
units, resulting in complex control strategies for each type of
terminal unit.

Applications presented in this section are based upon DDC
and a BMS. If a BMS is not available, control remains
unchanged and the BMS displayed data points should still be
available for operators and technicians via a portable terminal.
Simple systems such as unit heaters are also shown in Electric
Control Fundamentals section.

401

Large air handling units and chiller plants typically use
general purpose digital controllers, while rooms typically use
controllers designed for room control. Thus, a VAV box
controller may be configured to control a variety of VAV boxes
in a variety of ways, but cannot be programmed to control a
multi-zone unit. Specifiers of room control strategies must check
with vendors to be sure the specified applications can be
performed within available products. Many room control
schemes are used today. This section presents only a few of the
more common ones. Room control strategies must be
coordinated with primary air and water systems to assure
compatibility.

Control schemes are presented in a BMS graphic display
format, including software and some engineering data.
Automation concepts are presented at the end of this section.
With most room units, several units may be combined on a
single display for operator simplicity. Although valuable in this
discussion, the level of technical data could overwhelm the non-
technical operator. In all cases the data displays should consider
the user’s need to know and ability to understand.
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INDIVIDUAL ROOM CONTROL APPLICATIONS

GRAPHIC SYMBOLS

The following symbols are used in graphic displays in this
section. These symbols denote the nature of the device, such as
a thermometer for temperature sensing.

CONTROLLER, TEMPERATURE
@ SENSOR, TEMPERATURE
-

LOW LIMIT

HIGH LIMIT

MANUAL RESET NOTATION

EG_ INSERTION TEMPERATURE SENSOR
TEMPERATURE SENSOR,
AVERAGING

TEMPERATURE CONTROLLER,
MANUAL RESET, SAFETY LOW LIMIT

MANUAL MULTI-STATE
AUTO COMMAND (ON-OFF-AUTO)

STATUS POINT
VALUE POINT (% LOAD)

@ COMMANDABLE VALUE

3-WAY VALVE WITH ACTUATOR

DAMPER WITH ACTUATOR

@ 2-WAY VALVE WITH ACTUATOR
/
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FAN

PRESSURE CONTROLLER,
HIGH LIMIT CUT-OUT,
MANUAL RESET

PRESSURE SENSOR

COOLING COIL

HEATING COIL

FILTER

PUMP

SOLENOID VALVE

SMOKE DETECTOR
(NFPA SYMBOL)

PROPELLER EXHAUST FAN

M10437
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INDIVIDUAL ROOM CONTROL APPLICATIONS

ABBREVIATIONS

The following abbreviations are used:

BMS —  BuildingManagementSystem
ATU —  AirTerminal Unit

VAV —  Variab le Air Volume

ZEB —  ZeroEner gyBand

DDC —  DirectDigital Control

CAV  —  ConstantAir Volume

AIRTERMINAL UNIT CONTROL

Air terminal units (ATUs) regulate the quantity and/or
temperature of conditioned air delivered to satisfy the
temperature requirements of a room or space. ATUs are
classified by air handling system design and are available in
many configurations. For information on the air supply to ATUs,
refer to the Air Handling System Control Applications section
and the Building Airflow System Control Applications section.

ATU controls can be as basic as a room sensor controlling a
damper or as complex as a room sensor and an airflow sensor
operating a damper and a reheat coil valve. In all cases, an
individual room control application controls the environment
of the room or space. Figure 1 shows basic individual room
control with an ATU.

CONDlTlON ED TO OTHER
AR SPACES
DAMPER
/ ACTUATOR /
CONTROLLER CONTROLLER
11 foeed 11/ e
GRILLE GRILLE
WALL WALL
MODULE MODULE
SPACE 1 SPACE 2
€2399-1

Fig. 1. Basic Individual Room Control.

VARIABLE AIR VOLUME ATU

A variable air volume (VAV) ATU controls the cooling of a
space by varying the amount of conditioned air supplied rather
than changing the temperature of the conditioned air. Most VAV
systems provide energy savings by reducing the load on the
central fan when cooling loads are less than design and avoid
reheating cooled air.

A system designed to reduce overall system airflow as ATUs
shut down offers the greatest energy savings because system
fans and fan motors operate at lighter loads. These paragraphs
describe the operation of VAV ATUs in single-duct and dual-
duct air handling systems.

PRESSURE-DEPENDENT AND PRESSURE-
INDEPENDENT ATU

A Pressure-dependent ATU is affected by changing duct static
pressures. It may have mechanical minimum and maximum
airflow limits.

A pressure-independent ATU automatically adjusts to duct
static pressure changes because it contains airflow sensors and
controllers to compensate for pressure changes. When used with
DDC systems, the pressure-independent ATU may be
programmed to change the airflow delivered based on the
operating mode. Table 1 describes some modes with the
associated command and comments on the reasoning.

Table 1. AHU Operating Modes and Associated ATU Airflow Settings.

Mode Command

Comments

All associated boxes to 82%
maximum airflow.

Smoke Purge Mode

AHU was sized with diversity such that the total box
maximum airflows exceed the fan design airflow.

All the boxes to 50% maximum
airflow.

Thermal or IAQ Pre-Purge

Take advantage of the fan horsepower cube root
relationship to airflow (fan runs twice as long at one
eighth the horsepower).

Preoccupancy Cool Down Perimeter boxes to 50%

maximum airflow and the interior
boxes to 80% maximum airflow.

Reduce the fan energy per cubic foot of air delivered by
half, match the fan-to-chiller load for better chiller
efficiency and for better dehumidification.

403
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INDIVIDUAL ROOM CONTROL APPLICATIONS

SINGLE-DUCT VAV ATU
System Configuration

Figure 2 is a schematic of the equipment shown in the control
diagram Throttling VAV ATU in Figure 3. The elements are:
1. Flow control damper.
Damper actuator, usually electric, bidirectional.
A digital controller.
A low voltage control transformer.
A line voltage power source.
A digital communications bus for control and
BMS functions.
7. An optional bus connection to the space wall module for
easy access from a portable control terminal
8. A wall module.

kWb

In this pressure dependent application, the damper has
minimum and maximum software control positions. In other
applications, the controller can have connections to the air flow
rings, reheat valve or electric heat contactors, occupancy sensor
input, and fan relays.

The wall module contains any combination of temperature
sensor, setpoint adjustment knob, after hour override push
button, occupancy status LED, or an LCD display and keypad.

PRIMARY \DAMPER SUPPLY

AR Jp \\[\o AR P

DAMPER
ACTUATOR o

24 VOLT

o POWER
DC
DIGITAL
CONTROLLER
——— | TRANSFORMER
o
LINE VOLTAGE
POWER
DIGITAL
COMMUNICATIONS BUS
T
(ij/—oanoml_
'
:
© || ROOM SENSOR/
WALL MODULE M10520

Fig. 2. Single-Duct VAV ATU

In a single-duct VAV ATU, a temperature controller connected
to a damper actuator controls the volume of cool air delivered
to the space. A reheat coil may be added, in which case the
controller sequences the operation of the damper and the valve
or contactor. On a fall in space cooling load, the damper goes
to minimum position before any heat is provided. A single-
duct VAV system may also have a separate perimeter heating
system such as a finned-tube radiator or fan coil units to satisfy
heating requirements.

Throttling VAV ATU

The throttling VAV ATU (Fig. 3) is the simplest and least
expensive ATU. A room controller controls the operation of
the damper actuator using PI control. The throttling VAV ATU
usually has software minimum and/or maximum damper
position limits for limiting air volume. Because the unit is
pressure dependent, volume at any given damper position varies
with the inlet duct static pressure. Maintaining a stable duct
static pressure at the end of the duct run is important for proper
operation. Proper setting of the minimum-flow limit is essential
for adequate circulation and is properly set with all boxes
operating at their minimum damper positions. At this operating
point, the duct static pressure near the fan will be lower than
at full load. If the minimum damper positions are each set
with other boxes at their maximum damper positions, when
the load decreases and the pressure drops near the fan,
inadequate circulation results at boxes near the fan.
Compromises in minimum and maximum airflow control on
pressure dependent systems result if the loads vary. Care must
be exercised in set-up and balancing to assure that all zones
get no less than minimum air flow at all loadings and that all
zones demanding maximum air flow get no less than maximum
air flow at all loadings.

The space temperature setpoint is the value set by the
occupant on the wall module. With this option, the BMS
operator may assign software limits to the set value. Values
may be set outside the limits but the control program ignores
them and operates at the limits set in software. Another option
frequently used in open and public spaces is to have no setpoint
knob on the module and to have a single software setpoint
displayable and commandable from the BMS.

e >

PERCENT
OPEN

CURRENT
TEMPERATURE

|77 {0
MINIMUM SPACE MAXIMUM
DAMPER |TEMPERATURE| DAMPER
POSITION KNOB POSITION
SETPOINT SCHEDULE
OPEN— MAXIMUM
POSITION
DAMPER
POSITION
MINIMUM
POSITION

CLOSED
Low HIGH

SPACE COOLING LOAD
M10537

Fig. 3. Throttling VAV Air Terminal Unit.
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Figure 4 shows a reheat coil added to a throttling VAV ATU.
In this application, the temperature controller sequences the
operation of the damper actuator and the control valve or reheat
coil. The coil can be replaced by single or multiple stages of
electric resistance heat. The damper modulates under PI control
at the cooling setpoint and the hot water valve modulates under
a separate PI control at the heating setpoint, with a deadband
between heating and cooling. In this example, the space
occupant can adjust the wall module temperature cooling
setpoint (displayed as SPACE TEMPERATURE in the setpoint
schedule) and the BMS operator can adjust for the deadband
between cooling and heating.

RHC

AR »
PERCENT
OPEN
CURRENT PERCENT
TEMPERATURE 0 OPEN
(24 (@) K@),
MINIMUM SPACE HEATING MAXIMUM
DAMPER |TEMPERATURE| DEADBAND DAMPER
POSITION POSITION
SETPOINT SCHEDULE
OPEN—
MAXIMUM
POSITION
ACTUATOR
POSITION

REHEAT
POSITION

MINIMUM
POSITION

CLOSED
HIGH  gpace Low |‘—> SPACE
HEATING LOAD/( COOLING LOAD
DEADBAND
HEATING SETPOINT COOLING SETPOINT

M10538

Fig. 4. Throttling VAV Air Terminal
Unit with Reheat Coil.
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An economical alternative to reheating air that has been
cooled or reducing the reheat requirement is to reset the setpoint
of primary air in the central fan system conditioning section.
Primary air reset limits are usuvally required to assure adequate
dehumidification.

The VAV ATU configurations in Figures 5 through 9 are
pressure-independent.

Variable Air Volume ATU

The variable air volume ATU (Fig. 5) is a pressure-
independent unit which delivers the required air volume to the
space regardless of the supply static pressure. The amount of
air delivered is derived from a space temperature PI loop. A
flow sensor in the supply airflow modulates the damper actuator
to control air volume. The room sensor resets the airflow
setpoint as the space thermal load changes. The airflow control
loop can be set to maintain minimum airflow at light load
conditions, while, maximum airflow can be set to limit flow to
meet design conditions. A single wall module can be directed
to multiple controllers to control multiple ATUs with the same
or differing volume ratings.

ENGINEERING MANULA OF AUTOMATIC CONTROL

Petitioner Alarm.com Exhibit 1204
1204.0415



INDIVIDUAL ROOM CONTROL APPLICATIONS

INCHES OF
WATER PRIMARY
ey, \ .
PERCENT
OPEN
(3502 | [s%8] | [1150}D) (75D
MINIMUM CURRENT MAXIMUM CURRENT SPACE [CURRENT SPACE
AIRFLOW AIRFLOW AIRFLOW TEMPERATURE TEMPERATURE
SETPOINT (CFM) [ (CFM) SETPOINT (CFM) SETPOINT
ADJUSTABLE
MAXIMUM
AIRFLOW
AIRFLOW
ADJUSTABLE
MINIMUM
AIRFLOW
ZERO
Low HIGH
SPACE COOLING LOAD M10539

Fig. 5. Variable Air Volume Single-Duct Air Terminal Unit.

Figure 5 displays the primary supply air temperature and static
pressure. These values are data points in the AHU digital
controller and not physical points at the VAV box. They will
vary when measured at the VAV boxes. When a BMS user looks
at a VAV box display, it is usually because a problem exists.
The fan system supply air temperature and static pressure are
necessary data for problem analysis.

Variable Air Volume ATU with Electric Reheat

The VAV ATU with electric reheat in Figure 6 adds reheat to
Figure 5. Figure 6 also shows four boxes on one display. The
cooling PID varies the box airflow from maximum to minimum
as the cooling load drops to maintain setpoint. If the cooling
load drops further, the space temperature drops through a dead
band until the heating setpoint is reached, at which point the
heating unit is controlled to maintain the heating setpoint. When
electric reheat is used, the heating PI may be modified with
software heat anticipation to advance the heater stages off
command to minimize wide swings in space temperature which
would result from simple temperature sensed control.

Although Figures 3,4, 5, and 6 show several inputs, outputs,
and setpoints, many more parameters are available and
necessary to allow technicians to adapt the standard program
to a unique room and set of equipment. These additional
parameters, usvally addressable and commandable from the
BMS or portable terminal, include the cooling loop PI gains,
the heating loop PI gains, reheat airflow setpoint, unoccupied
space temperature setpoint, standby temperature setpoint,
temperature sensor calibration offset, bypass push-button status,

bypass push-button override time in minutes, smoke purge mode
% of maximum airflow setpoint, smoke pressurization mode
% of maximum airflow setpoint, and unoccupied mode % of
maximum airflow setpoint.

NOTE: On-off electric heat control often requires a minimum
air velocity above that of the minimum cooling airflow
to prevent excessive heating element temperatures.

Constant Air Volume ATUs

The constant air volume (CAV) ATUs are similar to the
pressure independent VAV units, except they control at a single
air volume setpoint. They usually include reheat coils, an
associated room sensor that controls the heating, and are often
found connected to VAV AHUs which also have VAV boxes
and the associated varying duct static pressures. CAV units are
used where the room supply air volume must be maintained at
a constant value.

Induction VAV ATU

The induction VAV ATU (Fig. 7), uses induced return air as
the initial reheat medium. Induction VAV ATUs are usually
installed above the ceiling and draw return air from the plenum
created by a false ceiling. The controller resets the primary air
airflow control setpoint in unison to opening the return air
dampers per the operation cycle shown in Figure 7. As the
dampers open, more return air is induced into the unit and
recirculated into the space.
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Fig. 7. Induction VAV Air Terminal Unit.

The induction VAV ATU maintains more air motion in the
space at lower loads than a throttling VAV ATU. The reheat
coil is optional, and may be in the induced air or supply air.

Parallel Fan ATU

The parallel fan ATU (Fig. 8) replaces the induction VAV
ATU dampers with a small centrifugal fan to recirculate return
air at a constant volume after primary air decreases. The fan
acts as the first stage of reheat after primary flow is at minimum
or can be switched on at a low primary flow threshold while
primary flow goes to zero. The reheat coil is optional.

ENGINEERING MANULA OF AUTOMATIC CONTROL

The operation cycle in Figure 8 shows that when space
temperature is below the heating setpoint, the primary air flow
is at a minimum, and the fan is on. As the heating load goes to
zero, the reheat valve closes, then the fan stops. After the space
temperature rises through a deadband, as the cooling load
increases, the primary air flow increases to maximum.

Series Fan ATU

The series fan ATU (Fig. 9) delivers a constant volume of
discharge air with a variable volume of AHU supply air. In this
ATU, the fan is on continuously during occupied hours. Primary
air is modulated to meet space demand for cooling. As primary
air damper modulates closed, more plenum air is drawn in to
maintain a constant discharge volume. Optional reheat can be
sequenced as required.
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DUAL-DUCT ATU

In a dual-duct air handling system, supply air is divided at
the central fan and hot air and cold air flow through separate
ducts throughout the building. Two of the many DDC dual-
duct control configurations are included here.

A typical original dual-duct ATU draws hot and cold air from
respective ducts, mixes the air as directed by a sensor in the
controlled space, and discharges the mixed air into the space.
This basic dual-duct mixing system is not economical because
air is cooled and heated much of the year. DDC systems are
still sometimes used with digital hot and cold duct load reset to
minimize the energy waste during mixing periods. Adapting
dual-duct systems to VAV control has resulted in significant
energy savings without discomfort.

Dual Duct Pressure Independent VAV ATU

Figure 10 shows a dual-duct pressure independent ATU. The
airflow sensor in the outlet of the ATU controls the cold duct
inlet damper in the cooling mode from the cooling maximum
airflow to the minimum ventilation airflow, through the dead
band, and to the heating setpoint. As the heating load increases,
the hot duct damper modulates open to control the supply
airflow from zero to the maximum heating value. This same
sequence may be achieved with two airflow elements, one in
each primary duct
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Fig. 10. Dual-Duct Pressure Independent VAV Air Terminal Unit.
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The dotted line of Figure 10 shows a modification of this
strategy wherein the constant volume requirement is relaxed a
little to provide some VAV cooling control prior to going into
the heating/mixing portion of control. This allows a dead band
and a little VAV cooling control. This uses the same hardware
(and cost) and allows an easily adjustable minimum airflow,
up to the maximum. In this configuration, the room will operate
at the heating setpoint most of the time and the lower the
minimum airflow is set, the more time control will be in the
deadband range or at the cooling setpoint. Rooms may have
either high minimum airflow setpoints or low minimum airflow
setpoints.

Dual Duct Pressure Independent
Constant Volume ATU

Figure 11 shows a constant volume pressure independent dual
duct ATU. Modulating the hot duct damper, up to a total flow
not to exceed the maximum airflow setpoint maintains the room
temperature. A constant total airflow is normally maintained
by modulating the cold duct damper. With this configuration,
there is no deadband and comfort is maintained by mixing hot
and cold air at a constant total airflow. Hot and cold duct
temperature load reset is very important in all dual duct systems
to minimize energy waste.
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Fig. 11. Dual-Duct Constant Volume Air Terminal Unit.
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UNITARY EQUIPMENT CONTROL

GENERAL

Unitary equipment includes natural convection units, radiant
panels, unit heaters, unit ventilators, fan coil units, and heat pumps.
Unitary equipment does not require a central fan. Depending on
design, unitary equipment may perform one or all of the functions
of HVAC—ventilation, filtration, heating, cooling, humidification,
and distribution. Unitary equipment frequently requires a
distribution system for steam or hot and/or chilled water. For
information on distribution systems, refer to Chiller, Boiler, and
Distribution System Control Applications section.

Control of unitary equipment varies with system design and
may be electric, electronic, pneumatic, or digital. Typically, a
room thermostat or sensor provides a signal to a controlled
device to regulate the unit. The unit may use day/night
temperature setpoints for operation at lower setpoints during
unoccupied heating hours. If the unit has a fan, a time clock or
time program may be used to turn the fan off at night and a
night temperature controller may be used to control the
temperature within night limits.

NATURAL CONVECTION UNITS

Natural convection units use steam or circulating hot water
to route heat through a combination of radiation and natural
draft convection units. They can supply total space heat or
supplemental heat to the perimeter of a building to offset heat
loss. The units are classified as follows:

— Radiator: A steel or cast iron unit through which hot water
or steam circulates. Heating is by radiation and convection.

— Convector: A coil, finned tube, or electric heat element
in an enclosure with openings at the top and bottom for
convection circulation of air.

— Baseboard: A unit installed at the base of a wall. Hot water
or steam circulates through a finned tube or a cast iron
enclosure. Air circulates through the unit by convection.

Typically, a natural convection unit is controlled manually
or by a room thermostat controlling a valve or electric heat
coil. Figure 12 shows the control loops for individual room
control. As space temperature falls below the thermostat
setpoint, the valve opens and hot water or steam circulates
through the unit. Natural convection transfers heat to warm the
space and the thermostat resets the valve position as space
temperature reaches setpoint. Depending on space size, the
thermostat may control one valve or several valves.
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Fig. 12. Natural Convection Units.

Control of these units can be modulating or two position. On
long sections of steam-fed baseboard or finned-tube radiation,
only two-position control should be used because modulating
control causes steam to condense near the supply end of long
units at light loads.

When used as supplemental heat for perimeter areas, natural
convection units can be connected to central control systems.
As heating requirements change with outdoor conditions and
solar gain, the units can be reset or shut down by central control.
In some applications, the convection units are slaved off a VAV
box controller in sequence with or in lieu of reheat.

Electric resistance heating elements are also used in natural
convection equipment. The thermostat controls electric current
through the elements for heat convection. A modulating
thermostat and a step controller or electronic modulating control
can also control the heating element.
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RADIANT PANELS

A radiant panel is a surface that transfers 50 percent or more
of its temperature to other surfaces by radiation. Radiant panels
may be used for heating or cooling of individual spaces, or
may be used in conjunction with central fan systems. The panel
can be in a floor, wall, or ceiling, and the surface temperature
can be maintained by electrical heating elements or by
circulating water or steam.

Control for radiant panel heating or cooling can be difficult.
Conventional space control with a thermostat may not be
appropriate because it is difficult, if not impossible, to locate
the thermostat to sense the radiant heat. Because radiant heat
does not heat the air, the thermostat must either see the radiant
heat or sense the space temperature change caused by the
radiation warming the furniture and occupants in the space.
The time lag in the second instance is too long for accurate
control. Figure 13 shows a hot water radiant floor heating panel
with an outdoor reset control system.
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TEMPERATURE
SENSOR

SPACE
TEMPERATURE
SENSOR

THREE-WAY
MIXING
VALVE

HIGH-LIMIT
SENSOR

BOILER

RADIANT PANEL
3019

Fig. 13. Radiant Floor Heat System
with Outdoor Reset Control.

The space sensor, reset from the outdoor temperature, controls
the valve. As hot water circulates through the panel, heat radiates
to warm objects in the space and space temperature rises. The
space sensor senses the increase in space temperature and
signals the controller to reposition the valve. The outdoor air
sensor provides a reset schedule to raise the controller setpoint
as the outdoor temperature decreases. To prevent tiles from
softening and concrete from cracking, radiant floor panel surface
temperatures should not exceed 85F. Where hot water
temperatures may exceed 85F, the high-limit sensor resets
circulating water temperature.

Wall panels and ceiling panels can be controlled directly by
a room thermostat. Surface temperatures should not exceed
100F for wall panels and 120F for ceiling panels. (The actual
hot water temperature may be higher.)

Radiant heat panels that use electric resistance heating
elements are controlled by a two-position thermostat. As the
space temperature drops below the thermostat setpoint and
differential,, the thermostat closes a switch to allow current flow
to heat the elements.

413

When a radiant panel is used for cooling, the temperature of
the water circulating through the panel must be at least 1°F
above the dew point temperature of the space to prevent
condensation on the panel.

A radiant panel may be used for both heating and cooling, as
shown in Figure 14. A heating/cooling panel uses a four-pipe
system regulated by two-way valves on both supply and return.
A call for heat at the thermostat closes the chilled water supply
and return ports and modulates hot water supply and return. A
call for cooling closes the hot water supply and return ports
and modulates chilled water supply and return.
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Fig. 14. Heating/Cooling Radiant Panel.

Constant-volume, constant-temperature central fan systems
can be combined with radiant-panel heating or cooling to satisfy
ventilation requirements. Occupancy schedules determine fan
operation. Room thermostats control the radiant panels to
maintain space temperature. Load anticipation is necessary
because of the high thermal inertia of this system. In general,
the thermostat setting should not be changed because of thermal
lag and the possibility of overshoot. Thermal lag in some radiant
floors can be several hours or more.

UNIT HEATERS

GENERAL

Unit heaters provide space heating for large open areas such
as building entrances, garages, workshops, warehouses, and
factories. Unit heaters are typically hung from the ceiling,
although cabinet versions are available. A fan forces air across
a coil containing hot water, steam, a warm-air heat exchanger,
or electric resistance elements. Warm-air units may be gas or
oil fired.
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CONTROL

Control of unit heaters may be modulating but is usually two
position. Low-limit control (sensing the water or condensate
temperature) is usvally provided for night or summer shutdown
if the heating system is off, and prevents the fans from blowing
cold air if the heating system fails.

Two-Position Control

Figure 15 shows two-position control of a steam or hot water
unit. When space temperature falls below the thermostat
setpoint, the thermostat starts the fan. The fan forces air across
the coil to warm the space. When space temperature rises to
the setpoint, the thermostat contacts open and the fan turns off.
Low-limit controls are typically installed to prevent the fan from
operating until there is heat in the coil.
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Fig. 15. Unit Heater Two-Position
Control-Steam or Hot Water Heat.

Unit heaters with hot water or steam valves can also be
operated from two-position thermostats. The thermostat can
operate the valve and the fan or just the valve and let the low
limit cycle the fan.

Figure 16 shows that control of an electric-heat unit heater is
similar to steam or hot water two-position control except that
the thermostat cycles the fan and the relay or contactor energizes
the electric heating elements when the fan is running.
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TO POWER

SUPPLY Co027

Fig. 16. Unit Heater Two-Position Control-Electric Heat.
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Modulating Control

Modulating control (Fig. 17) throttles the heating medium in
proportion to changes in space temperature. The fan operates
continuously to prevent air stagnation. On a drop in temperature,
the thermostat sends a signal to reposition the valve and the fan
forces air across the coil to raise space temperature. When the
valve is completely closed, the coil cools down and the low-
limit control shuts off the fan. In some cases, the fan runs
continuously or under time control without a low limit switch.

VALVE

STEAM OR
HOT WATER
SUPPLY

THERMOSTAT

Y  at

COIL

UNIT HEATER

LOW LIMIT
<N

< —

STEAM TRAP
(IF STEAM SUPPLY)

HOT WATER OR
CONDENSATE
RETURN

C3025

Fig. 17. Unit Heater with Modulating Control.

Pneumatic control of the valve and electric switching of the
fan motor by the low-limit control are the most economical
means of accomplishing modulating control. The low-limit
control is usually a strap-on type mounted on the return pipe of
either water or steam systems. In a steam system, the controller
sensing element should be mounted between the unit and the
steam trap.

DOWN-BLOW UNIT HEATER

The down-blow unit heater (Fig. 18) circulates warm air that
normally stratifies near the ceiling. Control for this application
requires two thermostats: one in the room (occupied area) and
the other near the ceiling. The room thermostat controls the
supply valve. The fan cycles with the valve. As the ceiling
temperature rises above ceiling thermostat setpoint, the ceiling
thermostat overrides the fan control and starts the fan. The fan
runs until the ceiling thermostat is satisfied. This application
recycles warm air and reduces the amount of heating medium
circulated through the coil.
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Fig. 18. Down-Blow Unit Heater.

GAS- OR OIL-FIRED UNIT HEATER

The gas-fired unit heater (Fig. 19) is used when a central hot
water or steam system is not available. In a gas-fired unit heater,
a gas burner heats a heat exchanger while a fan forces air across
the exchanger to warm the space. The two-position control
system comprises a thermostat, solenoid gas valve, safety cutout
switch, pilot safety switch, and fan switch.
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Fig. 19. Gas-Fired Unit Heater.

When space temperature falls below the thermostat setpoint,
the thermostat contacts close to energize the gas valve. If the
pilot safety switch indicates the pilot burner is lit, the gas valve
energizes. The burner warms the heat exchanger and the fan
switch turns on the fan. The burner operates until space
temperature warms to setpoint. If unacceptably high
temperatures occur in the heater (e.g., during fan failure), the
safety cutout switch closes the solenoid gas valve. After the
room thermostat shuts off the burner, the fan continues to run
until the heat exchanger cools.

Some larger industrial gas-fired unit heaters have two stages:
two-position (low fire) and modulating (to high fire). These
units are controlled by room thermostats designed to sequence
the two-position and modulating stages on a decrease in space
temperature.

Oil-fired unit heaters operate similarly to gas-fired unit heaters
and include safety controls designed for oil burners.

UNIT VENTILATORS

GENERAL

A unit ventilator consists of dampers, a filter, a fan, a heating
and/or cooling coil, and the necessary controls (e.g., a valve
and damper actuator). Unit ventilators use outdoor air,
recirculated or return air from the space, or a mixture of both,
Unit ventilators are designed for many capacities and are used
in areas where occupancy density indicates a need for controlled
ventilation (e.g., classrooms, conference rooms). A unit
ventilator control system varies heating, ventilating, and cooling
(if available) while the fan runs continuously.

Figure 20 shows a “blow-through” unit ventilator, Dampers
at the bottom of the unit control the amounts of outdoor air and
return air brought into the unit. The air passes through the filter
section and enters the fan section, where the fan blows it across
the coil.
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Fig. 20. Blow-Through Unit Ventilator.
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In the “draw-through” unit ventilator (Fig. 21) the fan draws
filtered outdoor and return air across the coil and blows the
conditioned air into the space.
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Fig. 21. Draw-Through Unit Ventilator.

Some unit ventilators use separate heating and cooling coils
or a combination hot-water/chilled-water coil. Figure 22 shows
atypical air conditioning unit ventilator with two separate coils.
The heating medium may be hot water, steam, or electric
resistance elements, and the cooling medium may be chilled
water or DX refrigerant. If heating and cooling sources are both
water, they are sometimes combined in a single coil by providing
separate sections of the coil for each function. With DX cooling,
the condensing unit may be an integral part of the unit ventilator
or may be remotely located.
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Fig. 22, Unit Ventilator with Separate
Heating and Cooling Coils.

Face and bypass dampers are frequently found on unit
ventilators wherein the room controller modulates the dampers,
and the coil valve closes after the face damper is closed.

CONTROL

Unit ventilator control regulates the amount of outdoor air
introduced into a space and the amount of heating or cooling
medium required to heat or cool the room. Day/night systems
can lower the setpoint and cycle the fan during unoccupied
hours to maintain minimum temperatures and save energy.

ASHRAE Control Cycles
ASHRAE classifies the control of unit ventilators as follows:

— Standby/Warm-up Stage (can be used with any of the
following cycles)

— Cycle I-Fixed Maximum Percentage of Outdoor Air

— Cycle II-Fixed Minimum Percentage of Outdoor Air

— Cycle IllI-Variable Outdoor Air

These classes, defined around the 1950’s, simplified the
specifications for unit ventilators, unit ventilator controls and
sequences, and the factory mounting of control components.
These cycle definitions are for heating only, although ASHRAE
recognized that cooling coils may also be required. Cycles I,
II, and III differ in the sequence of damper action in response
to a rise in space temperature and in the amount of outdoor air
admitted at various temperatures. ASHRAE control cycles may
be implemented by pneumatic, electric, electronic, or digital
control.

STANDBY/WARM-UP STAGE

During cold room periods, all three cycles position the valves
and dampers the same. Figure 23 shows the standby/warm-up
stage in which the unit ventilator fan is shut down (manually or
by time clock). The outdoor air damper is closed, and the return
air damper is full open. The heating coil valve is open. The coil
acts as a convector as air circulates by convection across the
coil. The room thermostat modulates the valve, closing the valve
as space temperature rises above setpoint. The fan does not
operate in the standby stage. During the warm-up stage, the
fan energizes and the unit recirculates space air for a rapid rise
in space temperature. The thermostat signal operates the valve
to control the heat.
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Fig. 23. Unit Ventilator in Standby/Warm-up Stage.

CYCLE I-FIXED MAXIMUM PERCENTAGE OF OUTDOOR AIR

When the space is warmed to the low end of the thermostat
throttling range, Cycle I begins. As shown in Figure 24, control
components are the room thermostat, heating coil valve, damper,
and modulating low-limit controller. The outdoor air damper
and heating coil valve operate in sequence in accordance with
the demand of the thermostat. The heating valve is full open.
As space temperature rises, the thermostat modulates the
damper to its maximum open position. The fixed maximum
position is normally 100 percent open. As space temperature
continues to rise, and after the damper moves to its maximum
position, the heating coil valve modulates closed. If a cooling
coil is installed in the unit, the cooling coil valve opens as space
temperature rises further. The low limit controller is necessary
to prevent freezing conditions that occur when occupants lower
the room control setpoint when it is below freezing outside,
plus it prevents the discomfort that would result in discharging
air into the room below 55 degrees F.
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Fig. 24. Unit Ventilator Cycle I Control.

CYCLE IlI-FIXED MINIMUM PERCENTAGE OF OUTDOOR AIR

Cycle II control (Fig. 25) provides a fixed minimum
percentage of outdoor air (usually 10 to 33 percent, adjustable
from O to 100 percent).

At low space temperatures, the outdoor air damper is closed
and the heating coil valve and face damper are full open. As
space temperature rises, the outdoor air damper moves to its
minimum position. On a further rise in space temperature, the
face damper modulates closed, and on a further rise in space
temperature, the coil valve closes. When the space temperature
is at setpoint, the valve is full closed. As space temperature
rises above setpoint, the outdoor and return air dampers
modulate to 100 percent outdoor air at the top of the throttling
range. The low-limit controller can limit the closure of the coil
valve, face damper, and the opening of the outdoor air damper
to prevent the discharge air temperature from dropping below
its setpoint.
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Fig. 25. Unit Ventilator Cycle IT
Control (Face and Bypass Model).

CYCLE IllI-VARIABLE OUTDOOR AIR

Cycle III control (Fig. 26) provides a variable percentage of
outdoor air depending on the outdoor air temperature. This cycle
is basically a reheat cycle where a constant cooling air
temperature (usually 55F) is heated to maintain room
temperature. According to ASHRAE’s definition, there is no
minimum or maximum OA damper position.

When space temperature is below the thermostat setpoint,
the outdoor air damper is closed and the return air damper and
coil valve (or face damper) are full open. As space temperature
rises, the mixed air controller modulates the outdoor and return
air dampers to maintain a mixed air temperature of 55 to 60F.
On a further rise in space temperature, the valve or face damper
modulates toward closed.

Whenever the fan turns off, the fan interlock causes the
outdoor and return air dampers to move to the 100 percent return
air position. The coil valve opens and the unit ventilator
functions as a convector.

Unit ventilators with air conditioning can use any of the
control cycles with a mechanical cooling stage. As space
temperature rises, the room thermostat controls the unit
ventilator cooling capacity through the regulation of the cooling
valve or compressor.
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Fig. 26. Unit Ventilator Cycle III Control.

Day/Night Setback Control

Unit ventilators can be operated at lower setpoints during
unoccupied hours to save energy. Two commonly used day/
night systems are individual room day/night control and zone
day/night control. Pneumatic actuation is preferred for unit
ventilator control because it operates smoothly and changes
modes of operation through a simple pressure change.

Individual room day/night control uses a day/night room
thermostat that operates at a higher day temperature setpoint and
a lower night temperature setpoint when responding to a call for
heat. During night operation, the outdoor air damper remains
closed, the return air damper and coil valve remain open, and the
fan cycles to maintain the lowered space temperature.

The room thermostat may provide a manual override that
allows occupants to restore the unit ventilator to daytime
setpoint for after-hours occupancy. Return to daytime operation
is optional with the manual override function depending on the
type of thermostat.
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Zone day/night control requires one zone night thermostat
for two or more unit ventilators that make up a zone. During
night operation, the coil valve opens, the outdoor air damper
closes, and the night thermostat cycles the fans to maintain the
setpoint of the zone night thermostat. For daytime operation, a
central switch deactivates the zone night thermostat and
provides continuous fan operation.

Digital Unit Ventilator Control

Digital control offers several enhancements to unit ventilator
control, including PI control, enhanced digital control, and
graphic display.

Figure 27 is of a DDC ASHRAE Cycle III basic system.
Unless the space temperature is below set point the fan
discharge temperature is constant at 55F. The space sensor
modulates the HW valve for comfort control. Other than PI
control and friendly display of values and setpoints, this figure
is the standard cycle III.

Figure 28 utilizes the digital system capabilities to provide
enhanced Cycle II operation.
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Fig. 27. Cycle III Digital Control
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Fig. 28. Cycle I with Enhanced Digital Control.

On morning occupancy startup, the fan operates with the hot
water valve open, the face damper open, and the OA damper
closed; and as the room warms to a vent/recirculate setpoint,
the OA damper opens to a minimum ventilation position. As
the heating load drops, the face and bypass dampers modulate
to maintain the room heating temperature setpoint. As the room
temperature rises to a value midpoint between the heating and
cooling setpoints, the heating valve closes. If the room
temperature rises to the cooling setpoint, the OA damper
modulates to maintain the cooling setpoint.
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Although the discharge air sensor could be used as a low
limit only, Figure 28 shows it as the primary controller reset
from the demands of the room sensor.

In the unoccupied mode, the valve is controlled in a two-
position manner to maintain an unoccupied convection heating
room temperature setpoint. If the room temperature cannot be
maintained by convection heating, the fan is cycled to maintain
the unoccupied heating fan-on setpoint. The face damper is
open and the OA damper is closed.

Figure 29 adds a chilled water coil to Figure 28.
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Fig. 29. Cycle II with Cooling and Enhanced Digital Control
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Three room temperature setpoints are shown, free cooling, a
heating deadband, and a mechanical cooling deadband. The free
cooling setpoint may be manual on the wall module, or software
(with software bounds). All unit ventilators are switched to the
free cooling economizer mode of operation globally anytime the
OA is suitable (see the Air Handling System Control Applications
section). When the OA is unsuitable for free cooling assistance,
and chilled water is available, the OA damper is returned to the
minimum ventilation.

PRECAUTIONS AND CONDITIONS FOR
SUCCESSFUL OPERATION

Unit ventilators require protection from blocked airflow,
power failure, and coil freeze-up.

Blocked Airflow

Proper airflow is essential to satisfying space temperature
and ventilation requirements. Objects located directly over the
discharge air vents can inhibit or block airflow. Cleaning or
replacing the filter as needed and cleaning dust and dirt from
unit ventilator coils improves airflow through the unit ventilator.

Power Failure

Precautions for power and air failure must be specified when
the automatic control system is designed. Pneumatic systems
require an electric-pneumatic switch to exhaust the valve and
damper actuator diaphragms on a power or ait failure. The outdoor
air damper closes and the return air damper and coil valve open.
Electric, electronic, and digital control systems should be specified
with spring-return actuators that close the outdoor air damper and
open the return air damper on power failure.

Coll Freeze-Up

Causes of coil freeze-up include central system circulating
pump or boiler failure, outdoor air damper or control valve
malfunction, and uneven temperature distribution. A low-limit
controller can help prevent coil freeze-up by overriding other
control system components to close the outdoor air damper
and open the return air damper and coil valve. Effective freeze-
up protection depends on available heat in the system and flow
through the coils.

Coils can also freeze when low-temperature outdoor air leaks
through defective dampers. Frequent inspection of dampers
should be made to detect bent and broken damper linkages,
warped damper blades, and defective or missing blade seals
that can contribute to coil freeze-up.

Low temperature switches to stop the fan and close the OA
damper should be provided where freezing OA conditions are
likely. With digital systems, during unoccupied periods, the low
temperature switch may start the fan and the recirculating pump.

FAN COIL UNITS

GENERAL

Fan coil units are similar to unit ventilators except that fan
coil units do not have dampers and typically do not have an
outdoor air intake. They may also be configured for installation
above a ceiling with ceiling or wall mounted discharge and
return air grills. Fan coil units provide heating and/or cooling
for single-zone areas such as apartments, offices, and individual
hotel or hospital rooms. Figure 30 shows a typical fan coil unit
comprising a finned-tube coil, a fan section, and a filter. The
fan circulates air from the space across the coil. The coil may
use steam or hot water from a central system or electric
resistance elements to satisfy heating requirements. Chilled
water or DX coils can be used for cooling. Units used for cooling
only or for both heating and cooling have a built-in condensate
drain pan to collect and drain condensate on the cooling cycle.
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Fig. 30. Fan Coil Unit.

Fan coil units are classified as two-pipe heating, two-pipe
cooling, two-pipe heating/cooling, or four-pipe heating/cooling.
Control for a fan coil unit typically comprises a room or return
air thermostat for individual room control. The thermostat
regulates a valve while a fan moves air through the unit and
across the coil. The fan runs continuously, is scheduled, or is
cycled on and off by the thermostat. The fan is often three speed
with a local three-speed switch. Some applications control only
the fan operation and allow the conditioning medium to flow
continuously in the coil. Fan coil units can use pneumatic,
electric, electronic, or digital control.
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TWO-PIPE HEATING/COOLING

The flow of medium through a fan coil unit can be controlled
in two ways. One method uses a two-way valve to control the
flow of steam or hot or chilled water. The second method, shown
in Figure 31, uses a three-way valve to control hot or chilled
water flow.

DISCHARGE h
AR
— /) ///\

THERMOSTAT
HOT HEATING
WATER colL
RETURN
7
HOT
WATER
SUPPLY
FAN
|
——
SWITCH !
POWER- -'
FILTER
NE
~
N RETURN
P AR o

Fig. 31. Two-Pipe Heating Fan Coil Unit
Using Three-Way Mixing Valve.

The three-way valve provides constant flow in the supply
and return lines and minimizes pressure fluctuations at the valve.
A modulating thermostat controls the three-way valve to
regulate water flow through the coil. In a heating application,
when the thermostat senses space temperature below the
thermostat setpoint, the valve is positioned to allow full flow
through the coil. As space temperature rises, the thermostat
control signal modulates the valve to decrease the amount of
flow through the coil and increase the bypass flow around the
coil. At the upper end of the thermostat throttling range, the
valve is in the coil bypass position, eliminating flow through
the coil. The fan runs continuously or is stopped as space
temperature rises above setpoint. Cooling-only systems operate
in a similar way.

TWO-PIPE HEATING/COOLING, SINGLE COIL

Figure 32 shows a two-pipe fan coil application that uses a
single coil for heating and cooling with seasonal changeover.
Control for this application requires a heating/cooling room
thermostat that reverses its action from a remote heating/cooling
changeover signal. One method of automatic changeover is to
install a pipe-mounted sensor that switches thermostat action
when it senses a change in supply medium between hot and
chilled water. Because it cannot offer simultaneous heating and
cooling capability, this system can cause problems during
intermediate seasons when hot water is in the system and
cooling is needed, or vice versa.
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Fig. 32. Two-Pipe Heating/Cooling Fan Coil Unit.

The room thermostat opens the coil valve on a fall in space
temperature during the heating cycle. In the cooling cycle,
chilled water in the pipes causes the pipe-mounted sensor to
reverse the thermostat action and the thermostat opens the valve
as space temperature rises. The fan can be operated from a local
switch or a central time clock.

The surface area of the coil is large to accommodate cooling
requirements. Therefore, when a single coil is used for both
heating and cooling, the hot water supply temperature should
be lower. Typical hot water supply temperatures range between
90 and 140F.
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Digital Control of the two pipe heating/cooling fan coil unit
should above could be as Figure 33. The fans could be batch
scheduled via one or more optimum start programs. Wall
modules could have a cooling setpoint knob (with software
bounds) and a heating deadband. The entering water
temperature (from a plant sensor) and the outside air temperature
are shown for operator information. The heating/cooling plant
could be controlled similarly to that described in the paragraph
Hot Water Plant Considerations.

The four-pipe heating/cooling fan coil unit control would be
identical except the valves would be sequenced through the
deadband.

FOUR-PIPE HEATING/COOLING, SPLIT COIL

Year-round heating and cooling is possible at each unit with a
four-pipe heating/cooling, split coil application (Fig. 34). A fan
coil unit in one zone can cool while a unit in another zone heats.
The control system comprises a room thermostat connected to
two valves, one controlling hot water flow and the other controlling
chilled water flow. Valves can be two-way or three-way.
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Fig. 34. Four-Pipe Heating/Cooling Fan
Coil Unit with a Split Coil.
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When space temperature is below the thermostat setpoint,
the hot water supply valve modulates open and hot water flows
through the heating coil. As space temperature increases, the
hot water valve modulates closed. As space temperature rises
above setpoint, the thermostat signal starts to open the chilled
water valve. The room thermostat throttling range and valve
actuator movement should be selected to provide a “deadband”
between heating and cooling so that both valves are closed when
space temperature is satisfied. The fan can be operated by a
local fan switch or a central time clock.

FOUR-PIPE HEATING/COOLING, SINGLE COIL

Figure 35 shows the single-coil method for four-pipe heating/
cooling. A thermostat controls two three-way valves to regulate
the flow of chilled or hot water into a single coil.
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Fig. 35. Four-Pipe Heating/Cooling Fan Coil Unit.

This system requires special three-way sequencing valves that
shut off all flow at the middle of the thermostat throttling range.
On a fall in space temperature, with the chilled water supply and
return ports close, the hot water return port opens 100 percent,
and the supply valve hot water port modulates the hot water flow
to maintain space temperature. As space temperature rises, the
hot water supply and return ports close and flow through the coil
is stopped. When space temperature rises above the thermostat
setpoint, the chilled water return port opens to 100 percent flow
and the supply port modulates chilled water flow through the coil
to maintain the space temperature. Both the chilled water and hot
water supply ports are closed in a deadband between heating and
cooling operations. The control is similar to having sequenced
modulating two-way valves on the HW and CW supplies and
sequenced two-position two-way valves on the returns. The fan
can be operated by a local fan switch or a central time clock.
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HEAT PUMPS

GENERAL

A heat pump is a refrigeration system that provides both
heating and cooling within the same unit. In the heating mode,
the pump delivers heat from a heat source to the conditioned
space. In the cooling mode, the pump removes heat from a
space and transfers it to a heat sink. Heat pumps use standard
refrigeration components (compressor, expansion valve,
evaporator, and condenser) and a reversing valve to reverse
refrigerant flow through the coils. A refrigerant reversing valve
switches at changeover to convert the condenser to an evaporator
and vice versa.

Figure 36 shows heat pump cycles. In the cooling cycle,
refrigerant flow uses the outdoor heat exchanger coil as the
condenser to reject heat from the space, and the indoor coil as
the evaporator. In the heating cycle, flow of air and refrigerant
is reversed making the outdoor coil the source of heat. The
indoor coil becomes the condenser and provides heat for the
space. When outdoor air temperatures are too cold to provide
enough heat transfer, electric resistance heating elements can
be used to provide supplemental heat. An alternative method is
to reverse indoor and outdoor airflow across the coils and
eliminate the reversing valve.

COMPRESSOR

REFRIGERANT

EXPANSION
VALVE FOR
OOLING

CHECK
VALVE

COOLING CYCLE

COMPRESSOR

REFRIGERANT

EXPANSION
VALVE FOR
HEATING

CHECK
VALVE

HEATING CYCLE

C3021

Fig. 36. Refrigerant Flow in Heat Pump
Cooling and Heating Cycles.
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Heat pumps are typically classified by the heat source at the
“outdoor” coil. The common air-to-air heat pump uses outdoor
air as its heat source during the heating cycle. A water-to-air
heat pump uses water as the heat source during the heating
cycle. The water supply may be a well or alake. In the cooling
mode, the outdoor coil rejects heat and the air or water becomes
the heat sink.

In commercial applications, a closed-loop or runaround water
supply may serve multiple units (Fig. 37). This system relies on
load diversification. Some units may be cooling while other zones
operate in the heating cycle. In this case, the water loop is a source
to heating units and a sink to cooling units, transferring heat from
one to the other. Water-loop temperatures are maintained between
70 and 90F to provide an adequate heat source or heat sink. A
central boiler together with a chiller and/or cooling tower temper
the water in the loop during peak heating and cooling periods.
For a discussion of central regulation and control of water pump
hydronic loops, refer to Chiller, Boiler, and Distribution System
Control Applications section.
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Fig. 37. Heat Pump Closed-Loop System.

OPERATION

Small and medium-sized heat pumps usually heat and cool
indoor air and are controlled from a space thermostat. Large
heat pumps usuvally provide warm and chilled water and are
controlled by a chilled water temperature control.

Space thermostats are two-position and usually multistage.
They typically provide automatic changeover, switching the
heat pump between heating and cooling as required to maintain
space temperature. The first stage of the thermostat cycles the
compressor. If the system is in a heating mode, additional
thermostat heating stages will bring on supplementary resistance
heat if the heat pump cannot meet the load. In the cooling mode,
there is only one stage that cycles the compressor. If desired,
changeover between heating and cooling can be manual rather
than automatic. The thermostat can have separate heating and
cooling settings or a single setting with a fixed deadband
between heating and cooling.
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In some heat pumps, a minimum off timer prevents a
compressor restart for three to five minutes. After shutdown,
heat pump operation must not resume until pressures equalize
between the suction and discharge sides of the compressor. Short
cycling the heat pump may result in compressor damage.

A two-stage, high-speed compressor can provide capacity
control for maximum heat pump efficiency. The room thermostat
controls the individual compressor stages. The thermostat second
stage controls the auxiliary heat (for air-source heat pumps) and
compressor stage two. When the outdoor thermostat contact closes
as outdoor temperature falls to its setpoint, the auxiliary heat
energizes with the compressor (Fig. 38).
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Fig. 38. Heat Pump Staging.

Defrost cycling is typically used when outdoor temperatures
are below 45F, because the outdoor coil may operate below
freezing and frost can form on the coil when the unit is in the
heating mode. Frost inhibits airflow through the heat pump and
degrades unit performance. To remove the frost, the heat pump
momentarily switches to the cooling mode. Hot gas from the
compressor is directed to the outdoor coil, and the frost melts.
Typically the unit cycles every 90 minutes for four to eight
minutes to defrost. Instead of time-initiated defrost, some
models use demand defrost, which cycles to the cooling mode
by measuring changes in the airflow across the outdoor coil.
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CONTROL LOOPS

Heat pumps can use a variety of methods to change between
cooling and heating, including a two-position room thermostat
and manual changeover.

Assuming automatic changeover between heating and
cooling, on a rise in space temperature, a two-position room
thermostat senses the temperature rise and cycles the heat pump
in the cooling mode. When space temperature falls below the
deadband, the first stage of heating cycles the compressor in
the heating mode. A further drop in space temperature brings
on additional thermostat heating stages to turn on supplemental
electric resistance heaters.

In some heat pumps, the changeover valve cycles with the
compressor in either the heating or cooling mode. In others,
the changeover valve remains in the heating or cooling position
as long as space temperature is in the appropriate range.

Where a central water plant provides heating/cooling source
water for the heat pumps, water control is often provided to
conserve water when the heat pump cycles off and when the
water temperature is excessive for the load. Valves may be head
pressure (may be furnished with the heat pump) or temperature
controlled. Temperature controlled valves must close when the
compressor is off, but must have a minimum open position
anytime the heat pump operates in order to keep water flow
across the water sensor.

Heat pump system controls must be carefully coordinated
with the heat pump manufacturer and the water plant system
(on air-to-water heat pumps).
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INDIVIDUAL ROOM CONTROL
AUTOMATION

On automated jobs with a graphic BMS, ATUs are usually
shown on a floor plan similar to Figure 39.

The Figure 39 example shows a graphic of the southern half
of a floor with 30 VAV boxes and their associated space
temperatures. Selecting any VAV box would produce a graphic
of that box, similar to those previously shown in this section,
and all specified data such as space temperature setpoints,
minimum and maximum airflow setpoints, etc.
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Fig. 39. ATU System Floor Plan Graphic
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HOT WATER PLANT CONSIDERATIONS

See Chiller, Boiler, and Distribution System Control
Applications section for additional information on hot water
system control.

Because unit ventilators have large OA dampers in close
proximity to the water coils, the hot water pump should run
anytime the OA temperature is less than freezing, independent
of hot water temperature.

Unit ventilator and fan coil unit hot water temperatures should
be reset based upon the OA temperature to match the hot water
temperature to the load. This allows much smoother control,
and keeps adequate water velocities in the hot water coils if
modulating valves are used. Dual schedules are recommended
with significantly warmer water provided during unoccupied

ENGINEERING MANULA OF AUTOMATIC CONTROL
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periods to aid in the convection and warm-up efforts. A triple
water temperature schedule may be considered where the
convection mode has a higher water temperature than warm-
up or occupied modes. The setpoint shift between modes should
be ramped over a 20 to 30 minute duration.

The hot water pump should also run during unoccupied
periods on a drop in room temperature to about 60F. In this
mode the coils will act as a radiator and add heat to the building
perimeter without running the unit ventilator fans.

Unit Ventilators and fan coil units and their associated heating
and cooling plants should be started by a global optimum start
program with the OA damper closed until occupancy time.
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VALVE SELECTION AND SIZING

INTRODUCTION

This section provides information on valve selection and
sizing. Valves must be selected for ability to meet temperature,
pressure, flow control characteristic, and piping connection
requirements of the hydronic system. Valve sizing is critical to
ensure support for heating and cooling loads with adequate valve
capacity, yet able to control system flow to provide stable
building conditions efficiently.

DEFINITIONS

VALVE COMPONENTS

Actuator: The part of an automatic control valve that moves
the stem based on an electric, electronic, or pneumatic
signal from a controller. The actuator and valve can
be two separate devices or together they can be one
device.

Body: The valve casting through which the controlled fluid
flows (Fig. 1).

Mizz2s

Fig. 1. Globe Valye Components.

Bonnet: The part that screws to the top of the valve body and
contains the packing that seals and guides the valve
stem,

Disc: The part of the valve assembly that contacts the valve
seat to close off flow of the controlled fluid. Some
valve assemblies are built so the disc is replaceable.
Replaceable discs are usually made of a composition
material softer than metal.

Plug: The part that varies the opening for the fluid to flow
through the valve body. The following describes the
three most common types of plugs:

— A contoured plug has a shaped end that is usually
end-guided at the top or bottom (or both) of the
valve body. The shaped end controls fluid flow
through the valve with respect to stem travel.

ENGINEERING MANUAL OF AUTOMATIC CONTROL

— A V-port plug has a cylinder, called a skirt, that
rides up and down in the valve seat ring. The
skirt guides the plug and varies the flow area
with respect to stem travel via its shaped
openings.

— A quick-opening plug is flat and is either end-
guided or guided by wings riding in the valve
seat ring. The flat plug provides maximum flow
soon after it lifts from the valve seat.

Port: The opening in the valve seat.

Seat: The stationary part of the valve body that has a raised lip
to contact the valve disc when closing off flow of the
controlled fluid.

Stem: The shaft that runs through the valve bonnet and connects
an actuator to the valve plug.

Trim: All parts of the valve that contact the controlled fluid.
Trim includes the stem, packing, plug, disc, and seat;
it does not include the valve body.

VALVE FLOW CHARACTERISTICS

Direction of flow: The correct flow of the controlled fluid
through the valve is usually indicated on the valve
body. If the fluid flow through the valve is incorrect,
the disc can slam into the seat as it approaches the
closed position. The result is poor control, excessive
valve wear, and noisy operation. In addition, the
actuator must work harder to reopen the closed valve
since it must overcome the pressure exerted by the
fluid on top of the disc rather than have the fluid assist
in opening the valve by exerting pressure under the
disc.

Equal percentage: A valve which changes flow by an equal
percentage (regardless of flow rate) for similar
movements in stem travel (at any point in the flow
range).

432
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Linear: A valve which provides a flow-to-lift relationship that
is directly proportional. It provides equal flow changes
for equal lift changes, regardless of percentage of valve
opening.

Quick-opening: A valve which provides maximum possible
flow as soon as the stem lifts the disc from the valve
seat.

Valve flow characteristic: The relationship between the stem
travel of a valve, expressed in percent of travel, and
the fluid flow through the valve, expressed in percent
of full flow.

VALVE FLOW TERMS

Rangeability: The ratio of maximum flow to minimum
controllable flow. Approximate rangeability ratios are
50 to 1 for V-port globe valves and 30 to 1 for
contoured plug valves.
EXAMPLE:
A valve with a total flow capacity of 100
gpm full open and a rangeability of 30 to 1,
can accurately controls flow accurately as
low as 3 gpm.

Tight shut-off/close-off: A valve condition in which virtually
no leakage of the controlled fluid occurs in the closed
position. Generally, only single-seated valves provide
tight shut-off. Double-seated valves typically have a
one to three percent leakage in the closed position.

Turndown: The ratio of maximum flow to minimum
controllable flow of a valve installed in a system.
Turndown is equal to or less than rangeability.
EXAMPLE:

For the valve in the rangeability example,
if the system requires a 66 gpm maximum
flow through the valve and since the
minimum accurately controllable flow is
3 gpm, the turndown is 22.

VALVE RATINGS

Flow coefficient (capacity index): Used to state the flow
capacity of a control valve for specified conditions.
Currently, in the control valve industry, one of three
flow coefficients British Av, North American Kv, or
United States Cy is used depending upon the location
and system of units. The flow coefficients have the

following relationships:
Ay = 00000278 Ky
Ay = 00000240 Cy
Ky = 0865Cy

The flow coefficient Av is in cubic meters per second
and can be determined from the formula:

L
N

Av =
Where:
Q = volumetric flow in cubic meters per
second.
p = fluid density in kilograms per cubic
meter.
Ap = static pressure loss across the valve in
pascals.

The flow coefficient Kv is water flow in cubic meters per
hour with a static pressure loss across the valve of 10°
pascals (1 bar) within the temperature range of 5 to
40°C and can be determined from the formula:

A
Ky =Q pKv o 2
Ap  pyw
Where:
Q = volumetric flow in cubic meters per hour.
p = fluid density in kilograms per cubic
meter.
p, = density of water in kilograms per cubic
meter.
Ap ., = static pressure loss of 10° pascals.
Ap = static pressure loss across the valve in

pascals.

The flow coefficient C is water flow in gallons per
minute with a pressure loss across the valve of one
pound per square inch within the temperature range
of 40 to 100F and can be determined for other
conditions from the formula:

1.0
= —_e
Cv=0 Ap pw

Q = volumetric flow in US gallons per

minute.

p = fluid density in pounds per cubic foot.
p, = density of water in pounds per cubic foot
within the temperature range of 40
to 100F
static pressure loss across the valve in
pounds per square inch.

Ap

Close-off rating: The maximum pressure drop that a valve can
withstand without leakage while in the full closed
position. The close-off rating is a function of actuator
power to hold the valve closed against pressure drop,
but structural parts such as the stem can be the limiting
factor.
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Petitioner Alarm.com Exhibit 1204
1204.0443



VALVE SELECTION AND SIZING

EXAMPLE: Maximum pressure and temperature: The maximum
A valve with a close-off rating of 10 psi pressure and temperature limitations of fluid flow that
could have 40 psi upstream pressure and a valve can withstand. These ratings may be due to

valve packing, body, or disc material or actuator
limitations. The actual valve body ratings are
exclusively for the valve body and the maximum
pressure and temperature ratings are for the complete
valve (body and trim). Note that the maximum pressure

30 psi downstream pressure. Note that in
applications where failure of the valve to
close is hazardous, the maximum upstream
pressure must not exceed the valve close-

off rating, regardless of the downstream and temperature ratings may be less than the actual
pressure. valve body ratings.
The valve close-off rating is independent of the actual EXAMPLE:

valve body rating. See definition of BODY RATING

(ACTUAL) in thi " The body of a valve, exclusive of packing,
in this section.

disc, etc., has a pressure and temperature
rating of 125 psi at 335F. If the valve

Close-off rating of three-way valves: The maximum pressure . . .
contains a composition disc that can

difference between either of the two inlet ports and

the outlet port for mixing valves, or the pressure withstand a temperature of only 240F, then
difference between the inlet port and either of the two the tem;?erature limit of the dl.SC becomes
outlet ports for diverting valves. the maximum temperature rating for the
Critical pressure drop: See Pressure drop (critical). 400 s
NG CLASS 250
Pressure drop: The difference in upstream and downstream 800 s N
pressures of the fluid flowing through the valve. CLASS 150
250 —
Pressure drop (critical): The flow of a gaseous controlled fluid 2 200 ]
through the valve increases as the pressure drop z ANSI T\ N
increases until reaching a critical point. This is the é 150 CLASS 125
critical pressure drop. i ANSI CLASS150
' /-(STEAM)
. . .. 100
Any increase in pressure drop beyond the critical % /V
pressure drop is dissipated as noise and cavitation 50 212°F
rather than increasing flow. The noise and cavitation 275°F
. s 337°F
can destroy the valve and adjacent piping components. I
O0 50 100 150 200 250 300 350 400
Body rating (nominal): The theoretical pressure rating, NOTES: FLUID TEMPERATURE IN °F
expressed in psi. of the valve body erclusive of 1 ToneL L e T e
packing, disc, etc. The nominal rating is often cast on TEMPERATURES FROM EXCEEDING ACTURATOR RATINGS.
the valve body and provides a way to classify the valve valve. M12224

by pressure. A valve of specified body material and

nominal body rating often has characteristics such as Fig. 2. ANSI Pressure-Temperature Ratings for Valves.
pressure-temperature ratings, wall thickness, and end

connections which are determined by a society such

as ANSI (American National Standards Institute).

Figure 2 shows ANSI pressure-temperature ratings for VALVETYPES

valves. Note that the nominal body rating is not the

same as the actual body rating. Ball valve: A ball valve has a precision ball between two seats

within a body (Fig. 3). Ball valves have several port

Body rating (actual): The correlation between safe, permissible si;es for a give body size and go from closed to open
flowing fluid pressure and flowing fluid temperature with a 90 degree turn of the stem. They are available

of the valve body (exclusive of the packing, disc, etc.). in both two-way and three-way configurations. For

The nominal valve body rating is the permissible HVAC applications, ball valve construction includes
pressure at a specific temperature. brass and cast iron bodies; stainless steel, chrome

plated brass, and cast iron balls; resilient seats with
EXAMPLE:
From Figure 2, a valve with an ANSI rating
of 150 psi (ANSI Class 150) has an actual
rating of 225 psi at 250F.

ENGINEERING MANUAL OF AUTOMATIC CONTROL 434

Petitioner Alarm.com Exhibit 1204
1204.0444



VALVE SELECTION AND SIZING

|N'Z “
various temperature ratings.

M12228

Fig. 3. Ball Valve.

Ball valves provide tight shut-off, while full port
models have low flow resistance, and reduced port
models can be selected for modulating applications.

Butterfly valve: A valve with a cylindrical body, a shaft,and a
rotating disc (Fig.4). The disc rotates 90 degrees from
open to closed. The disc seats against a resilient body
liner and may be manufactured for tight shut-off or
made smaller for reduced operating torque but without
tight close-off. Butterfly valves are inherently for two-
way operation. For three-way applications, two
butterfly valves are assembled to a pipe tee with

/_ STEM

L 1 BODY
Q o RESILIENT
SEAL
J \) 6
DISC

M12247
linkage for simultaneous operation.

Fig. 4. Butterfly Valve.

Double-seated valve: A valve with two seats, plugs, and discs.
Double-seated valves are suitable for applications
where fluid pressure is too high to permit a single-
seated valve to close. The discs in a double-seated
valve are arranged so that in the closed position there
is minimal fluid pressure forcing the stem toward the
open or closed position; the pressure on the discs is
essentially balanced. For a valve of given size and port
area, the double-seated valve requires less force to
operate than the single-seated valve so the double-
seated valve can use a smaller actuator than a single-
seated valve. Also, double-seated valves often have a

larger port area for a given pipe size. A limitation of
double-seated valves is that they do not provide tight
shut-off. Since both discs rigidly connect together and
changes in fluid temperature can cause either the disc
or the valve body to expand or contract, one disc may
seat before the other and prevent the other disc from
seating tightly.

Flanged-end connections: A valve that connects to a pipe by
bolting a flange on the valve to a flange screwed onto
the pipe. Flanged connections are typically used on
large valves only.

Globe valve: A valve which controls flow by moving a circular
disk against or away from a seat. When used in
throttling control a contoured plug (throttling plug)
extends from the center of circular disk through the
center of the seat for precise control (Fig. 1).

Pilot-operated valve: A valve which uses the differential
between upstream and downstream pressure acting on
a diaphragm or piston to move the valve plug. Pilot-
operated valves are suitable for two-position control
only. The valve actuator exerts only the force necessary
to open or close the small pilot port valve that admits
fluid flow into the diaphragm or piston chamber.

Reduced-Port valve: A valve with a capacity less than the
maximum for the valve body. Ball, butterfly, and
smaller globe valves are available with reduced ports
to allow correct sizing for good control.

Screwed-end connection: A valve with threaded pipe
connections. Valve threads are usually female, but male
connections are available for special applications.
Some valves have an integral union for easier
installation.

Single-seated valve: A valve with one seat, plug, and disc.
Single-seated valves are suitable for applications
requiring tight shut-off. Since a single-seated valve
has nothing to balance the force of the fluid pressure
exerted on the plug, it requires more closing force than
a double-seated valve of the same size and therefore
requires more actuator force than a double-seated
valve.

Three-way valve: A valve with three ports. The internal design
of a three-way valve classifies it as a mixing or
diverting valve. Three-way valves control liquid in
modulating or two-position applications and do not
provide tight shut-off.

Two-way valve: A valve with one inlet port and one outlet
port. Two-way valves control water or steam in two-
position or modulating applications and provide tight
shut-off in both straight through and angle patterns.
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VALVE MATERIAL AND MEDIA

Valves with bronze or cast iron bodies having brass or
stainless steel trim perform satisfactorily in HVAC hydronic
systems when the water is treated properly. Failure of valves in
these systems may be an indication of inadequate water
treatment. The untreated water may contain dissolved minerals
(e.g., calcium, magnesium, or iron compounds) or gases (e.g.,
carbon dioxide, oxygen, or ammonia). Inadequate treatment
results in corrosion of the system. Depending on the material
of the valve, the color of the corrosion may indicate the
substance causing the failure (Table 1).

Table 1. Corrosive Elements in Hydronic Systems.

Brass or Bronze Component

Corrosive Substance Corrosion Color

Chloride Light Blue-Green
Ammonia Blue or Dark Blue
Carbonates Dark Blue-Green
Magnesium or Calcium White

Oxides Black (water)
Sulphide (Hydrogen) Black (Gas)

Iron Rust

Iron or Steel Component

Corrosion Color

White
Rust

Corrosive Substance

Magnesium or Calcium
Iron

VALVE SELECTION

Proper valve selection matches a valve to the control and
hydronic system physical requirements. First consider the
application requirements and then consider the valve
characteristics necessary to meet those requirements. The
following questions provide a guide to correct valve selection.

— What is the piping arrangement and size?

The piping arrangement indicates whether a two-way
or three-way mixing or diverting valve is needed. The
piping size gives some indication of whether the valve
requires a screwed end or a flanged end connection.

Does the application require two-position control or
proportional control? Does the application require a
normally open or normally closed valve? Should the
actuator be direct acting or reverse acting?

In its state of rest, the valve is normally open or closed
depending on the load being controlled, the fluid being
controlled, and the system configuration.

For chilled water coils, it is usually preferable to close
the valve on fan shutdown to prevent excessive
condensation around the duct and coil, and to save
pumping energy. This may be accomplished with either
normally closed valves or a variety of other control

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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Glycol solutions may be used to prevent hydronic systems
freezing. Glycol solutions should be formulated for HVAC
systems. Some available glycol solutions formulated for other
uses contain additives that are injurious to some system seals.
In addition, hydronic seals react differently to water and glycol
such that when a new system is started up with water or glycol
the seals are effective. The hydronic seals are likely to leak if
the system is later restarted with media changed from to water
to glycol or glycol to water. To prevent leakage part of the
process of media changeover should include replacing seals
such as, pump and valve packing.

schemes. Lower cost and more powerful normally open
valve assemblies may be used with the close-on-
shutdown feature and allow, in the case of pneumatic
systems, the capability to provide heating or cooling in
the event of air compressor failure.

Converter control valves should be normally closed and
outdoor air preheat valves should be normally open.

Is tight shut-off necessary? What differential pressure
does the valve have to close against? How much actuator
close-off force is required?

Single-seated valves provide tight shut-off, while double-
seated valves do not. Double seated valves are acceptable
for use in pressure bypass or in-line throttling
applications.

The design and flow capacity of a valve determine who
much actuator force is required for a given close-off.
Therefore, the valve must first be sized, then, the valve
and actuator selected to provide the required close-off.

What type of medium is being controlled? What are the
temperature and pressure ranges of the medium?
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Valves must be compatible with system media
composition, maximum and minimum temperature, and
maximum pressure. The temperature and pressure of the
medium being controlled should not exceed the
maximum temperature and pressure ratings of the valve.

For applications such as chlorinated water or brine, select
valve materials to avoid corrosion.

— What is the pressure drop across the valve? Is the pressure
drop high enough?

The full open pressure drop across the valve must be
high enough to allow the valve to exercise control over
its portion of the hydronic system. However, the full open
pressure drop must not exceed the valves rating for quiet
service and normal life. Closed pressure drop must not
exceed valve and actuator close-off rating.

GLOBE VALVE

Globe valves are popular for HVAC applications. They are
available in pipe sizes from 1/2 in. to 12 in. and in a large variety
of capacities, flow characteristics, and temperature and pressure
capabilities. They provide wide rangeability and tight shutoff
for excellent control over a broad range of conditions. Globe
valves are made in two-way, straight or angle configurations
and three-way mixing and diverting designs. Globe valves close
against the flow and have arrows on the body indicating correct
flow direction. Incorrect piping can result in stem oscillations,
noise, and high wear.

A two-way globe valve has one inlet port and one outlet port
(Fig. 5) in either a straight through or angle pattern. The valve
can be either push-down-to-close or push-down-to-open.

Pneumatic and electric actuators with linear motion to operate

globe valves are available for operation with many control
signals.

N 4

PUSH-DOWN-TO-CLOSE

N 4

PUSH-DOWN-TO-OPEN
C2328

Fig. 5. Two-Way Globe Valves.

BALL VALVE

Ball valves are available for two-position applications either
manual (hand) or power operated or for modulating applications
with direct coupled electric actuators. Ball valves are relatively
low cost and provide tight close off and available in two-way
and three-way configurations. As with all other valves, ball
valves must be properly sized to provide good flow control.

When used in modulating service, ball valves must be
specifically designed for modulating service as compared to
two-position service. Packing must provide leak-free sealing
through thousands of cycles to ensure trouble-free HVAC
service. The ball and stem should be made of stainless steel or
similar material that minimizes sticking to the seat.

Two-way ball valves have equal percentage flow control
characteristics and flow can be in either direction

Three-way ball valves can be used in either mixing or
diverting service. They have linear flow control characteristics
for constant total flow.

BUTTERFLY VALVE

Butterfly valves (Fig. 6) control the flow of hot, chilled, or
condenser water in two-position or proportional applications.
Butterfly valves are available in two-way or three-way
configurations. Tight shutoff may be achieved by proper
selection of actuator force and body lining. The three-way valve
can be used in mixing or diverting applications with the flow
in any direction. The three-way valve consists of two butterfly
valves that mount on a flanged cast iron tee and are linked to
an actuator which opens one valve as it closes the other.
Minimum combined capacity of both valves occurs at the half-

open position. A
= =
Q O
7))
M10403
Fig. 6. Butterfly Valve.
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When butterfly valves are used for proportional control, they
must be applied using conservative pressure drop criteria. If
the pressure drop approaches the critical pressure drop,
unbalanced forces on the disc can cause oscillations, poor
control, and/or damage to the linkage and actuator, even though
the critical flow point is not reached.

Butterfly valves are usually found in larger pipe sizes. For
example, two butterfly valves could be piped in a mixing
application to control the temperature of the water going back
to the condenser. The valves proportion the amount of tower
water and condenser water return that is flowing in the
condenser water supply line.

TWO-WAY VALVE

Two-way valves are available as globe, ball, or butterfly
valves. The combination of valve body and actuator (called
valve assembly) determines the valve stem position. Two-way
valves control steam or water in two-position or proportional
applications (Fig. 7). They provide tight shutoff and are available
with quick-opening, linear, or equal percentage flow
characteristics.

TWO-WAY
VALVE
SUPPLY RETURN

C2329

Fig. 7. Two-Way Valve Application.

Ideally, a control system has a linear response over its entire
operating range. The sensitivity of the control to a change in
temperature is then constant throughout the entire control range.
For example, a small increase in temperature provides a small
increase in cooling. A nonlinear system has varying sensitivity.
For example, a small increase in temperature can provide a
large increase in cooling in one part of the operating range and
a small increase in another part of the operating range. To
achieve linear control, the combined system performance of
the actuator, control valve, and load must be linear. If the system
is linear, a linear control valve is appropriate (Fig. 8). If the
system is not linear, a nonlinear control valve, such as an equal
percentage valve, is appropriate to balance the system so that
resultant performance is linear.

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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NONLINEAR SYSTEM
RESPONSE

g
>

RESULTANT
LINEAR SYSTEM
CONTROL

PERCENTAGE OF
FULL COOLING

> EQUAL PERCENTAGE
CONTROL VALVE

100%

0%

TEMPERATURE C2330

Fig. 8. Linear vs Nonlinear System Control.

QUICK-OPENING VALVE

A quick-opening two-way valve includes only a disc guide
and a flat or quick-opening plug. This type of valve is used for
two-position control of steam. The pressure drop for a quick-
opening two-way valve should be 10 to 20 percent of the piping
system pressure differential, leaving the other 80 to 90 percent
for the load and piping connections. Figure 9 shows the
relationship of flow versus stem travel for a quick-opening
valve. To achieve 90 percent flow, the stem must open only 20
percent. Linear or equal percentage valves can be used in lieu
of quick-opening valves in two-position control applications
as the only significant positions are full open and full closed.

QUICK-OPENING
CONTROL VALVE

FLOW

0% 20%

STEM TRAVEL

100%
2331

Fig. 9. Flow vs Stem Travel Characteristic
of a Quick-Opening Valve.
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LINEAR VALVE

A linear valve may include a V-port plug or a contoured plug.
This type of valve is used for proportional control of steam or
chilled water, or in applications that do not have wide load

variations. Typically in steam or chilled water applications,
changes in flow through the load (e.g., heat exchanger, coil)
cause proportional changes in heat output. For example, Figure
10 shows the relationships between heat output, flow, and stem
travel given a steam heat exchanger and a linear valve as follows:

100% 100% 100%
e e S0% T A
E I [ E |
& I I '.?__ I
B I [ |
2 =2
3 : g | 3 |
z l [ [ 5 i
w
£ I I S I
20% - — ! 20% — } 20% — |
| | | | | |
| I ! i | I
0%  20% 90% 100% 0%  20% 90% 100% 0%  20% 90% 100%
FLOW STEM TRAVEL STEM TRAVEL
GRAPH A GRAPH B GRAPH C

2332

Fig. 10. Heat Output, Flow, and Stem Travel Characteristics of a Linear Valve.

— Graph A shows the linear relationship between heat
output and flow for the steam heat exchanger. Changes
in heat output vary directly with changes in the fluid
flow.

— Graph B shows the linear relationship between flow and
stem travel for the linear control valve. Changes in stem
travel vary directly with changes in the fluid flow.

NOTE: As a linear valve just starts to open, a
minimum flow occurs due to clearances
required to prevent sticking of the valve.
Some valves have a modified linear
characteristic to reduce this minimum
controllable flow. This modified
characteristic is similar to an equal
percentage valve characteristic for the first 5
to 10 percent of stem lift and then follows a
linear valve characteristic for the remainder
of the stem travel.

— Graph C shows the linear relationship between heat
output and stem travel for the combined heat exchanger
and linear valve. Changes in heat output are directly
proportional to changes in the stem travel.

Thus a linear valve is used in linear applications to provide
linear control.

EQUAL PERCENTAGE VALVE

An equal percentage valve includes a contoured plug or
contoured V-port shaped so that similar movements in stem
travel at any point in the flow range change the existing flow
an equal percentage, regardless of flow rate.

EXAMPLE:
When a valve with the stem at 30 percent of its total lift and
existing flow of 3.9 gpm (Table 2) opens an additional 10
percent of its full travel, the flow measures 6.2 gpm or
increases 60 percent. If the valve opens an additional 10
percent so the stem is at 50 percent of its full travel, the
flow increases another 60 percent and is 9.9 gpm.

Table 2. Stem Position Vs Flow
for Equal Percentage Valve.

Stem Flow
Change Position Rate Change
— 30% open 3.9gpm —
10% increase | 40% open 6.2 gpm 60% increase
10% increase | 50% open 9.9 gpm 60% increase

An equal percentage valve is used for proportional control
in hot water applications and is useful in control applications
where wide load variations can occur. Typically in hot water
applications, large reductions in flow through the load (e.g.,
coil) cause small reductions in heat output. An equal percentage
valve is used in these applications to achieve linear control.
For example, Figure 11 shows the heat output, flow, and stem
travel relationships for a hot water coil, with 200F. entering
water and 50F entering air and an equal percentage valve, as
follows:

— Graph A shows the nonlinear relationship between heat
output and flow for the hot water coil. A 50 percent
reduction in flow causes a 10 percent reduction in heat
output. To reduce the heat output by 50 percent, the flow
must decrease 90 percent.

— Graph B shows the nonlinear relationship between flow
and stem travel for the equal percentage control valve.
To reduce the flow 50 percent, the stem must close 10
percent. If the stem closes 50 percent, the flow reduces
90 percent.
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— Graph C shows the relationship between heat output and
stem travel for the combined coil and equal percentage
valve. The combined relationship is close to linear. A 10
percent reduction in heat output requires the stem to close
10 percent, a 50 percent reduction in heat output requires

100%
90%

100%

o
)
Eal

QS 50%
w

HEAT OUTPUT

10%

the stem to close 50 percent, and a 90 percent reduction
in heat output requires the stem to close 90 percent.

The equal percentage valve compensates for the
characteristics of a hot water application to provide a control
that is close to linear.

100%
90%

50%

HEAT OUTPUT

|
|
|
|
|
! 10%[ A

0% 10% 50%

FLOW
GRAPH A

100% 0%

50%

STEM TRAVEL
GRAPH B

90% 100% 0% 10% 50%

STEM TRAVEL
GRAPH C

90% 100%

2333

Fig. 11. Heat Output, Flow, and Stem Travel Characteristics of an Equal Percentage Valve.

THREE-WAY VALVES

Three-way valves (Fig. 12) control the flow of liquids in
mixing or diverting valve applications (Fig. 13). The internal
design of a three-way globe valve enables it to seat against the
flow of liquid in the different applications. An arrow cast on
the valve body indicates the proper direction of liquid flow. It
is important to connect three-way valve piping correctly or
oscillations, noise, and excessive valve wear can result. Three-
way valves are typically have linear flow characteristics,
although, some are equal percentage for flow through the coil
with linear flow characteristics for flow through the coil bypass.
Ball valves are also available in a three-way configuration, while
two butterfly valves can be made to act as a three-way valve.

DIVERTING
VALVE

MIXING
VALVE

C2334

Fig. 12, Three-Way Valves.
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THREE-WAY
MIXING VALVE

HOT —»— HOT
WATER WATER
SUPPLY RETURN

BYPASS

THREE-WAY
DIVERTING VALVE
SUPPLY — RETURN

BYPASS

B. LOAD BYPASS IN DIVERTING VALVE APPLICATION
C2335A

Fig. 13. Three-Way Valve Applications.

MIXING VALVE

A mixing valve provides two inlet ports and one common
outlet port. The valve receives liquids to be mixed from the
inlet ports and discharges the liquid through the outlet port
(Fig. 12). The position of the valve disc determines the mixing
proportions of the liquids from the inlet ports.

The close-off pressure in a mixing valve equals the maximum
value of the greater inlet pressure minus the minimum value of
the downstream pressure.

EXAMPLE:
A mixing valve application has a maximum pressure of
25 psi on one inlet port, maximum pressure of 20 psi on
the other inlet port, and minimum downstream pressure of
10 psi on the outlet port. The close-off pressure is 25 psi —
10 psi = 15 psi. The application requires a mixing valve
with at least a 15 psi close-off rating. The actuator selected
must have a high enough force to operate satisfactorily.
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In globe mixing valve applications, the force exerted on the
valve disc due to unbalanced pressure at the inlets usually
remains in the same direction. In cases where there is a reversal
of force, the force changes direction and holds the valve disc
off the seat, cushioning it as it closes. If the pressure difference
for the system is greater than the pressure ratings of available
globe mixing valves, use a ball mixing valve or two butterfly
valves in a tee configuration.

Globe mixing valves are not suitable for modulating diverting
valve applications. If a mixing valve is piped for modulating
diverting service, the inlet pressure slams the disc against the
seat when it nears the closed position. This results in loss of
control, oscillations, and excessive valve wear and noise. Mixing
valves are acceptable using about 80 percent of the close-off
rating, but not recommended, in two-position diverting valve
applications.

DIVERTING VALVE

A globe diverting valve provides one common inlet port and
two outlet ports. The diverting valve uses two V-port plugs
which seat in opposite directions and against the common inlet
flow. The valve receives a liquid from one inlet port and
discharges the liquids through the outlet ports (Fig. 12)
depending on the position of the valve disc. If the valve disc is
against the bottom seat (stem up), all the liquid discharges
through the side outlet port. If the valve disc is against the top
seat (stem down), all the liquid discharges through the bottom
outlet port.

VALVE SIZING

Every valve has a capacity index or flow coefficient (C ).
Typically determined for the globe and ball valves at full open
and about 60 degrees open for butterfly valves. C is the
quantity of water in gpm at 60F that flows through a valve
with a pressure differential of 1 psi. Sizing a valve requires
knowing the medium (liquid or gas) and the required pressure
differential to calculate the required C,. When the required C,
is not available in a standard valve, select the next closest and
calculate the resulting valve pressure differential at the required
flow to verify to verify acceptable performance.

After determination of the valve Cy, calculation of the flow
of any medium through that valve can be found if the
characteristics of the medium and the pressure drop across the
valve are known.

The close-off pressure in a diverting valve equals the
maximum value of the inlet pressure minus the minimum value
of the downstream pressure.

Globe diverting valves must not be used for mixing service.
As with mixing valves used for diverting service, media pressure
drop across the valve can cause it to slam shut with resulting
loss of control.

EXAMPLE:
A diverting valve application has 20 psi maximum on the
inlet port, one outlet port discharging to the atmosphere,
and the other outlet port connecting to a tank under 10 psi
constant pressure. The pressure difference between the inlet
and the first outlet port is 20 psi and between the inlet and
second outlet port is 10 psi. The application requires a
diverting valve with at least 20 psi close-off rating.

WATER VALVES

Determine the capacity index (Cv) for a valve used in a water
application, using the formula:

_ e
c‘,_ﬁG

Where:
Q = Flow of fluid in gallons per minute required
to pass through the valve.
G = Specific gravity of the fluid (water = 1).
h = Pressure drop in psi. See Figures 14 and 15

for glycol solution correction values.

Determining the C, of a water valve requires knowing the
quantity of water (gpm) through the valve and the pressure
drop (h) across the valve. If the fluid is a glycol solution, use
the pressure drop multipliers from either Figure 14 or 15. See
the sections on QUANTITY OF WATER and WATER VALVE
PRESSURE DROP. Then select the appropriate valve based
on C ,temperature range, action, body ratings, etc., per VALVE
SELECTION guidelines.
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1 TTaon T T Table 3. Water Flow Formula Table.
'9 \ % BY MASS (E;T_v(Y;IbELNE Wat Wat
2 SOLUTION ater ater
%1‘4 NN Temp F K Temp F K
E ) \\ 40 502 200 484
2 N . 60 500 225 483
L T R N 80 498 250 479
5 ~ 100 496 275 478
2 1%~ | 120 495 300 473
1o e 150 490 350 470
% WATEalf ] 180 487 400 465
o
Bosg : .
0 0 ! A 120 160 2. For hot water coil valves:
TEMPERATURE, °F M12226 cfm x 1.08 x T
REPRINTED BY PERMISSION FROM ASHRAE HANDBOOK — Q= K x TRy
1996 HVAC SYSTEMS AND EQUIPMENT
Fig. 14. Pressure Drop Correction for Where: ) .
Ethylene Glycol Solutions. cfm = Airflow through the coil.
108 = A scaling constant. See Note.
51.6 o oy wasd PHOPIYL " TDa = Tem.perature Qifferenoe of air entering and
£ 30% oLYeoL leaving the coil.
s 40% SOLUTION K = Value from Table 3; based on temperature of
g4 water entering the coil (pounds per gallon x
S 60 minutes per hour).
£, 2000 NG NG NG TDw = Temperature difference of water entering
3" S~ Y and leaving the coil.
1.0 S~ NOTE: Thescalingconstant 1.08isderivedas
g Tt follo ws:
» WATER \\: O WS.
m \\ . .
& 0.24 BTU 60 min_ 1 1b air
08 1.08 = — =X X
0 4 80 120 160 b air °F° 1hr ~ 1335 {f
TEMPERATURE, °F Mi12227
Where:
REPRINTED BY PERMISSION FROM ASHRAE HANDBOOK — . .
1996 HVAC SYSTEMS AND EQUIPMENT 11b air _ Thediiipemﬁg tvolumetu of auf1 atmftan}cllar_d
Fig. 15. Pressure Drop Correction for 13.35 £8 C?:ssurg,ns ot temperature and almospheric
Propylene Glycol Solutions. P '
Simplifying the equation:
QUANTITY OF WATER Lo 14 .40 Btu mir

To find the quantity of water (Q) in gallons per minute use "F hr 13.35 £

f the following fi las:
one of the following formulas To find the scaling constant for air conditions other

1. When Btu/hr is known: tl_lan standard, diw_/i‘de 14 .40 Btu by specific volume of
air at those conditions.
Btu/hr

Q= K x TRy 3. For fan system chilled water coil valves:
Where: cfm x Btu/lt
Btu/hr = Heat output. Q= 113 x TRy

K = Value from Table 3; based on temperature of
water entering the coil. The value is in Where:
pounds per gallon x 60 minutes per hour. cfm = Airflow through the coil.

TDyw = Temperature difference of water entering Btu/lb = Heat per pound of dry air removed. Includes
and leaving the coil. both sensible and latent heat.
113 = A scaling constant.
TDw = Temperature difference of water entering
and leaving the coil.
ENGINEERING MANUAL OF AUTOMATIC CONTROL 442

Petitioner Alarm.com Exhibit 1204
1204.0452



VALVE SELECTION AND SIZING

WATER VALVE PRESSURE DROP
To determine valve pressure drop:

1. Fortwo-way valves consider the following guidelines for
valve pressure drop:

a. Include the pressure drop in the design of the
water circulating system.

— In systems with two-way valves only, it is often
necessary to provide a pump relief bypass or
some other means of differential pressure
control to limit valve pressure drops to the
valve capabilities. For control stability at light
loads, pressure drop across the fully closed
valve should not exceed triple the pressure drop
used for sizing the valve.

To avoid high pressure drops near the pump,

reverse returns are recommended in large

systems.

b. The pressure drop across an open valve should be

about half of the pressure difference between

system supply and return, enough so that the
valve, not the friction through the coil or radiator,
controls the volume of water flow or the valve
pressure drop should be equal to or greater than
the pressure drop through the coil or radiator,
plus the pipe and fittings connecting them to the
supply and return mains.

Verify allowable full open and full closed

pressure drops for all proportional and two-

position water valves with appropriate
manufacturer literature.

Make an analysis of the system at maximum and

minimum rates of flow to determine whether or

not the pressure difference between the supply
and return mains stays within the limits that are
acceptable from the stand point of control
stability and close-off rating.

2. For two- and three-way valves consider the following
guidelines for valve pressure drop:

a Inloadbypassapplications(Fig.13) suchas
radiators,coils,and air conditioning units,the
pressuredrop shouldbe 50t0 70 percent of the
minim umdiff erencebetweenthe suppl
retummainpressureatdesignoperating
A manual balancing valve may be installed in
the bypass to equalize the load drop and the
bypass drop.

3. When selecting pressure drops for three-way mixing
valves in boiler bypass applications (Fig. 13), consider
the following:

a. Determine the design pressure drop through the
boiler including all of the piping, valves, and
fittings from the bypass connection through the
boiler and up to the three-way valve input.

yand

b. The valve pressure drop should be equal to or
greater than the drop through the boiler and the
fittings. If the valve drop is much smaller than
the boiler pressure drop at design, effective
control is obtained only when the disc is near one
of the two seats. The mid-portion of the valve lift
will be relatively ineffective.

. A manual balancing valve may be installed in the
boiler bypass to equalize the boiler drop and the
bypass drop.

WATER VALVE SIZING EXAMPLES

EXAMPLE 1:

A two-way linear valve is needed to control flow of 45F
chilled water to a cooling coil. The coil manufacturer has
specified an eight-row coil having a water flow pressure
drop of 3.16 psi. Further, specifications say that the coil
will produce 55F leaving air with a water flow of 14.6 gpm.
Supply main is maintained at 40 psig, return is at 30 psig.
Select required capacity index (Cy) of the valve.

Use the water valve Cy formula to determine capacity index
for Valve V1 as follows:

oG

Cv =
vh
Where:
Q = Flow of fluid in gallons per minute required
is 14.6 gpm.
G = Specific gravity of water is 1.
h = Pressure drop across the valve. The
difference between the supply and return is
10 psi. 50% to 70% x 10 psi =5 to 7 psi.
Use 6 psi for the correct valve pressure drop.
Note that 6 psi is also greater than the coil
pressure drop of 3.16 psi.
Substituting:
c, - 14 Vi _,

T

Select a linear valve providing close control with a capacity
index of 6 and meeting the required pressure and
temperature ratings.

EXAMPLE 2:

443

A bypass valve is required to prevent flow through the
chiller from dropping below 90 percent of design flow.
When sizing valves for pump or chiller bypass applications
(Fig. 16), system conditions that cause the valve to open or
close completely must be considered before a pressure drop
can be selected.
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4
3.2 SUPPLY

28

7

CHILLER

12
96 PD

DP SETPOINT = 34'
RO

HEAT/ HEAT/ HEAT/ 180 GPM HEAT/

COOL CcooL cooL PER cooL

ColL COIL CcolL AHU COIL COIL
2 3 4

V5

4

RETURN

B1 B2 B3 B4

@ 3._2PD

ZERO REFERENCE  SYSTEM STRANER  —

NUMBERS IN CIRCLES = GAGE PRESSURES
PUMP INLET = ZERO FOR SIMPLICITY
TOP NUMBERS = FULL FLOW

BOTTOM NUMBER = 90% FLOW

PD PRESSURE DROP M10605

Fig. 16. Chiller Bypass Application.

Assume the following:

System flow at design, 1000 gpm

Pump head at design, 48 ft

Pump head at 90 percent flow, 50 ft

Pressure across mains at AHU 1 at design flow, 28 ft
Chiller pressure drop, 12 ft

Chiller piping loop design pressure drop, 8 ft

With full system flow, Valve V5 is closed. Pressure drop
across V5 equals the pump head minus the friction drops to
V5. Pressure drop across Valve V5 is then 48 ft — 12 ft
(chiller drop) — 4 ft (supply drop) — 4 ft (return drop) or 281.

With system flow at 90 percent, the pump head rises to

50 ft, while the friction drops fall to the lower values shown
in Figure 16. For additional information on chiller bypass
operation see Chiller, Boiler, and Distribution System
Applications section. Pressure drop across V5 equals the
pump head minus the friction drops to V5. Pressure drop
across Valve V35 is then 50 ft — 9.6 ft (chiller drop) — 3.2 ft
(supply drop) — 3.2 ft (return drop) or 34 ft. Converting ft to
psi, 34 ft x 0.4335 psi/ft = 14.7 psi (see General
Engineering Data section).

ENGINEERING MANUAL OF AUTOMATIC CONTROL

444

Substituting the flow of water, specific gravity of water, and
pressure drop in the Cy formula shows that the Valve V5
should have a Cy of 235.

_ 900V 1
NEYE,

Cy =235

EXAMPLE 3:
Sizing water valves for heating coils is especially critical.
In Figure 17, a valve with a Cy of 12 will have 30 percent
of the available pressure drop when full open, while a valve
with a Cy of 5 will have 70 percent of the available pressure
drop. As shown in Figure 18, the valve with 70 percent of
the available pressure drop essentially provides the equal
percentage water flow control, resulting in linear coil heat
transfer and stable temperature control. The valve with only
30 percent of the available pressure drop has a more linear
flow control which results in nonlinear coil heat transfer.
See EQUAL PERCENTAGE VALVE section for further
information.
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CASE A: 50 PSI  VALVE VI
CASEB: 62PSI
180°F
HOT WATER
SUPPLY

RETURN

30% PRESSURE DROP, Cv = 12
70% PRESSURE DROP, Cv=5

20 GPM AT DESIGN,
4.3 PSI DROP

Fig. 17. Equal Percentage Valve Hot Water Application.

C2339A

100%
E 30%
23 PRESSURE
EE DROP X
Za ™ 70%
oL PRESSURE
a2 DROP
3 @ IDEAL EQUAL
oF PERCENTAGE
T VALVE
CHARACTERISTIC
0% 100%
STEM TRAVEL C2340

Fig 18. Effect of Pressure Drop in Hot Water Valve Sizing.

EXAMPLE 4:
A three-way mixing valve is needed for a heat exchanger
application with a bypass line. Water flow is specified at the
rate of 70 gpm. Manufacturer data for the exchanger
indicates a pressure drop of 1.41 ft of water through the
exchanger coils.

Use the water valve Cy formula to determine capacity index
for Valve V1 as follows:

c, - QG
vh
Where:
Q = Flow of fluid in gallons per minute required
to pass through the valve is 70 gpm.
G = Specific gravity of water is 1.
h = Pressure drop across the valve. Plans of the

heating system indicate three-inch supply
and return mains. From an elbow equivalent
table and pipe friction chart found in the
ASHRAE Handbook or other reference
manuals, the calculated pressure drop
through a three-inch tee and the piping from
the valve and the tee to the exchanger is
0.09 psi. Heat exchanger pressure drop is
1.41 ft of water or 1.41 ft x 0.433 psi/ft =
0.61 psi. Total pressure drop from bypass
connection through the heat exchanger and
to the hot-water input of the three-way valve
is 0.61 + 0.09 or 0.70 psi.

445

Since the valve pressure drop (h) should be equal to or
greater than the drop through the heat exchanger and
fittings, 0.70 psi is used as the valve pressure drop.

For optimum control, a manual balancing valve is installed
in the bypass line to equalize the pressure drops in the
exchanger and bypass circuits.

Substituting the flow of water, specific gravity of water, and
pressure drop in the Cy formula shows that the valve should
have a Cy of 83.6 or 84.

70V 1
vo.70

Select a linear valve providing close control with a capacity
index of 84 and meeting the required pressure and
temperature ratings.

Cy = =83.6 or 84

STEAM VALVES

Calculate the required capacity index (Cy) for a valve used
in a steam application, using the formula:

(1 +0.000759)QN V
Cv =
63.5V h

Where:

Q = Quantity of steam in pounds per hour

required to pass through the valve.

V = Specific volume of steam, in cubic feet per
pound, at the average pressure in the valve.
For convenience Table 5 at the end of the
STEAM VALVES section lists the square
root of the specific volume of steam for
various steam pressures. Therefore, use the
value in this column of the table as is; do not
take its square root.

A scaling constant.
Pressure drop in psi.
Superheat in degrees F.

63.5
h
]

Determining the Cy for a steam valve requires knowing, the
quantity of steam (Q) through the valve, the pressure drop (h)
across the valve, and the degrees of superheat. See QUANTITY
OF STEAM and STEAM VALVE PRESSURE DROP. Then
select the appropriate valve based on Cy, temperature range,
action, body ratings, etc., per VALVE SELECTION guidelines.

NOTE: When the superheat is OF, then (1 + 0.00075s) equals
1 and may be ignored.
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QUANTITY OF STEAM

To find the quantity of steam (Q) in pounds per hour use one
of the following formulas:

1. When Btu/hr (heat output) is known:

o- Btu/hr
~ 1000 Btu/Ib steam

Where:
Btu/hr = Heat output.
1000 Btu/Ib = A scaling constant representing the

approximate heat of vaporization of steam.
2. For sizing steam coil valves:

_CFM xTDy x 1.0

Q= 1000 Btu/lb steam
Where:
cfm = Cubic feet per minute (ft*/min) of air from
the fan.
TDa = Temperature difference of air entering and

leaving the coil.
1.08 = A scaling constant. See NOTE.
1000 Btu/Ib = A scaling constant representing the
approximate heat of vaporization of steam.

NOTE: The scaling constant 1.08 is derived as
follows:

_ 024 BTU_ 60 min_ 1 1b air

108 = G air 'F X 1 hr ~1335 @
Where:
11b air The specific volume of air at standard
133518 - conditions of temperature and atmospheric
' pressure.
Simplifying the equation:

14.40 Btu min

108 = sp5 1335 B

To find the scaling constant for air conditions other
than standard, divide 14.40 Btu by specific volume of
air at those conditions.

3. For sizing steam to hot water converter valves:

Q = gpmxTDwx 049

ENGINEERING MANUAL OF AUTOMATIC CONTROL

Where:
gpm = Gallons per minute of water flow through
converter.
TDw = Temperature difference of water entering
and leaving the converter.
049 = A scaling constant. This value is derived as
follows:
049 = 8.33 1b water 60 minx 11b steam 1 Btu
T 1 gal 1 hr 1000 Btu ~ 1b water °F
Simplifying the equation:
0.49 min 1b stear
049 = gal hr °F

4. When sizing steam jet humidifier valves:

B (W1 — W)lb moisture 1

ft3 60 mir
Q 1b air X

*1335 min " hr
1b air

Where:
W1 = Humidity ratio entering humidifier, pounds
of moisture per pound of dry air.
W2 = Humidity ratio leaving humidifier, pounds of
moisture per pound of dry air.

13.35 f8 = The specific volume of air at standard
“1bair  conditions of temperature and atmospheric
pressure.

ﬁ = Cubic feet per minute (cfm) of air from the

min fan.
60 min = A conversion factor.

hr

Simplifying:
W1 - 1b moisture
Q = 449 (W1 - %)

hr
5. When Equivalent Direct Radiation (EDR) is known:
Q = EDR (Total) x 0.24

Where:
EDR (Total)

Radiators are sized according to Equivalent
Direct Radiation (EDR). If controlling
several pieces of radiation equipment with
one valve, add the EDR values for all pieces
to obtain the total EDR for the formula.
024 = A scaling constant, Ib steam/unit EDR. See
Table 4.
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Table 4. Output of Radiators and Convectors.

Average Radiator

of Convector Cast Iron

Temperature, Radiator Convector,
Deg F BtwHr/EDR2 BtuHr/EDRP
215 240 240
200 209 205
190 187 183
180 167 162
170 148 140
160 129 120
150 111 102
140 93 85
130 76 69
120 60 53
110 45 39
100 31 27

90 18 16

a8 At Room Temperature.
At 65F Inlet Air Temperature

STEAM VALVE PRESSURE DROP
Proportional Applications

When specified, use that pressure drop (h) across the valve.

When not specified:
1. Calculate the pressure drop (h) across the valve for good
modulating control:
h = 80% x (Pm—Pr)
NOTE: For a zone valve in a system using radiator orifices
use:
h = (50 to 75)% x (Pm — Pr)
Where
Pm = Pressure in supply main in psig or psia (gage
or absolute pressure).
Pr = Pressure in return in psig or psia. A negative

value if a vacuum return.
2. Determine the critical pressure drop:

h

critical = 50% x Pma

Where:
Pma Pressure in supply main in psia (absolute

pressure)

psig + 14.7

psia

Use the smaller value h or h ¢ .1 when calculating Cy,.

447

Two-Position Applications

Use line sized valves whenever possible. If the valve size
must be reduced, use:

h = 20% x (Pm-Pr)
Where
Pm = Pressure in supply main in psig or psia (gage
or absolute pressure).
Pr = Pressure in return in psig or psia. A negative

value if a vacuum return.
STEAM VALVE SIZING EXAMPLES

EXAMPLE 1:
A two-way linear valve (V1) is needed to control high-
pressure steam flow to a steam-to-water heat exchanger. An
industrial-type valve is specified. Steam pressure in the
supply main is 80 psig with no superheat, pressure in return
is equal to atmospheric pressure, water flow is 82.5 gpm,
and the water temperature difference is 20F.

Use the steam valve Cy formula to determine capacity
index for Valve V1 as follows:

(1 +0.000755)Q/V
Cv =
63.5Vh
Where:

Q = The quantity of steam required to pass
through the valve is found using the
converter valve formula:

Q = gpmxTD_ x 0.49

Where:
gpm = 82.5 gpm water flow through exchanger
TDw = 20F temperature difference
049 = A scaling constant

Substituting this data in the formula:

Q = 808.5 pounds per hour
h = The pressure drop across a valve in a
modulating application is:
h = 80% x (Pm— Pr)
Where:
Pm = Upstream pressure in supply main is 80 psig.
Pr = Pressure in return is atmospheric pressure or

0 psig.
Substituting this data in the pressure drop formula:

h 0.80x (80-0)
0.80 x 80
64 psi
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The critical pressure drop is found using the following
formula:

hesitical = 50% x (psig + 14.7 psi)

hesitical = 0.50 x (80 psig upstream + 14.7 psi)
= 0.50x94.7 psi
= 474 psi

The critical pressure drop (heyiical) Of 474 psi is used in
calculating Cy, since it is less than the pressure drop (h) of

64 psi. Always, use the smaller of the two calculated values.

V = Specific volume (V) of steam, in cubic feet

Pavg = Pm - h

= 80—

2
472—'4= 80 — 23.6 = 56.4 psig

per pound at average pressure in valve (P__):

avg

The specific volume of steam at 56 4 psig is
6.14 and the square root is 2 .48.

63.5 = A scaling constant.

Substituting the quantity of steam, specific volume of
steam, and pressure drop in the Cy, formula shows that the

valve should have a Cy, of 4.6.
Co = (1 + 0.00075 x 0) x 808.5 x <
v =
63.5V474
1745.6
= §35x688 +0

NOTE: If Payg is rounded off to the nearest value in Table
5 (60 psi), the calculated Cy is 4.5 a negligible
difference.

Select a linear valve providing close control with a capacity
index of 4 and meeting the required pressure and
temperature ratings.

NOTE: For steam valves downstream from pressure
reducing stations, the steam will be superheated in
most cases and must be considered.

EXAMPLE 2:
In Figure 19, a linear valve (V1) is needed for accurate flow
control of a steam coil that requires 750 pounds per hour of
steam. Upstream pressure in the supply main is 5 psig and
pressure in the return is 4 in. Hg vacuum minimum.

ENGINEERING MANUAL OF AUTOMATIC CONTROL

VALVEVI STEAM 1.96 PSI

5PS COIL (VACUUM)

SUPPLY

30% PRESSURE DROP, Cv =41
80% PRESSURE DROP, Cv =25 C2336

RETURN

Fig. 19. Linear Valve Steam Application.

Use the steam valve Cy formula to determine capacity
index for Valve V1 as follows:

o = (1 + 0.000755)NV
v 63.5Vh

Where:
Q

Quantity of steam required to pass through
the valve is 750 pounds per hour.

h = The pressure drop across a valve in a
modulating application is found using:

h = 80% x (Pm—Pr)
and:
Pm = Upstream pressure in supply main is 5 psig.
Pr = Pressure in return is 4 in. Hg vacuum.

NOTE: 1in.Hg=0.49 psiand 1 psi =2.04 in.
Hg.
Therefore,
4 in. Hg vacuum = —1.96 psig.

0.80x [5-(-1.96)]
0.80 x 6.96
5.6 psi

The critical pressure drop is found using the following
formula:

hcritical = 50% x (pSlg +14.7 pSl)

h 0.50 x (5 psig upstream + 14.7 psi)

critical = !
= 0.50x 19.7 psia
= 99psi
The pressure drop (h) of 5.6 psi is used in calculating
the Cy, since it is less than the critical pressure drop
(hcritical) of 9.9 pSi.
V = Specific volume (V) of steam, in cubic feet
per pound at average pressure in valve (Pyy,):
h
Pavg = Pm-7
= 5—52—'6=5—2.8=2.2psig

The specific volume of steam at 2.2 psig is
23.54 and the square root is 4.85.
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VALVE SELECTION AND SIZING

63.5 = A scaling constant. Table S. Properties of Saturated Steam.
s =0 Boiling
Point or
Substituting the quantity of steam, specific volume of Steam Specific | Vv | Maximum
steam, and pressure drop in the Cy formula shows that Vacuum, Temp- | Volume | (For | Allowable
Valve V1 should have a Cy of 24.17 or the next higher 'I’\‘n"hes of elsat“'l'f (‘?t,llb valve [I;ressurt_e
available value (e.g., 25). ercury eg cu. sizing) | Drop, psi.
29 76.6 706.00 26.57 0.23
1 + 0.00075 x 0 750 x 4 25 133.2 145.00 12.04 1.2
Cy = ( x0) x u 20 161.2 75.20 8.672 24
63.5'\/5_.6 15 178.9 51.30 7.162 3.7
14 181.8 48.30 6.950 3.9
3637.5 12 187.2 43.27 6.576 4.4
= 535 x 237 2417 10 192.2 39.16 | 6.257 49
8 196.7 35.81 5.984 5.4
6 201.0 32.99 5.744 5.9
NOTE: If Payg is rounded off to the nearest value in Table 4 204.8 30.62 5.533 6.4
5 (2 psi), the calculated Cy is 24.30. 2 208.5 28.58 5.345 6.9
Gage
Select a linear valve providing close control with a capacity Pressure,
index of 25 and meeting the required pressure and psig
temperature ratings. 0 212.0 26.79 5.175 7.4
1 2153 25.20 5.020 7.8
EXAMPLE 3: 2 218.5 23.78 4.876 8.4
Figure 20 shows the importance of selecting an 80 percent 3 221.5 22.57 4.751 8.8
. . . . 4 224 .4 21.40 4.626 9.4
pressure drop for sizing the steam valve in Example 2. This 5 227 1 2041 2518 o8
pressure drop (5.6 psi) approximates the linear valve 6 259.8 1945 4.410 10.4
characteristic. If only 30 percent of the available pressure 7 290 3 18.64 4317 10.8
drop is used (0.30 x 6.96 psi = 2.10 psi or 2 psi), the valve 8 234.8 17.85 4.225 11.4
Cy becomes: 9 237.1 17.16 4142 11.8
10 239.4 16.49 4.061 124
c, = A+ 0.00075s)Q/§ 11 241.6 15.90 3.987 12.8
v = 63 5.\/; 12 243.7 15.35 3.918 13.4
: 15 249.8 13.87 3.724 14.8
20 258.8 12.00 3.464 17.4
cy = 120x483 455 25 266.8 1057 | 3251 | 198
63.5\2 30 274.0 9463 | 3.076 224
35 280.6 8.56 2.93 24.8
This larger valve (2 psi drop) has a steeper curve that is ig gggz ;ggg ggg; ggg
further away from the desired linear valve characteristic. 50 > 9_"7 6. ) 2' 565 32' 7
See LINEAR VALVE under VALVE SELECTION for more 55 302.6 6.232 2496 34.8
information. 60 307.3 5836 | 2.416 37.4
65 311.8 5.491 2.343 39.8
100%  Cve2s 70 316.0 5182 | 2.276 42.4
Cv=41 75 320.0 4912 2.216 44.8
3 D) 80 323.9 4662 | 2159 | 474
z9 85 327.6 4.445 2.108 49.8
g% 90 331.2 4.239 2.059 52.4
EE 95 334.6 4.060 2.015 54.8
£ QC LINEAR VALVE 100 337.9 3888 | 1.972 57.4
CHARACTERISTIC 110 3441 3.595 1.896 62.3
0% 00% 120 350.0 3.337 1.827 67.4
STEM TRAVEL 130 355.2 3.12 1.766 72.3
czser 140 360.9 2923 | 1.710 77.4
150 366.2 2.746 1.657 82.3
Fig. 20. Effect of Pressure Drop in Steam Valve Sizing. 160 370.6 2.602 1.613 87.4
170 375.5 2.462 1.569 92.3
180 379.6 2.345 1.531 97.4
190 383.9 2.234 1.495 102.3
(continued)
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VALVE SELECTION AND SIZING

Table 5. Properties of Saturated Steam (continued).

Boiling
Point or

Steam Specific | Vv | Maximum

Gage Temp- Volume (For | Allowable

Pressure, erature v), valve | Pressure

psig Deg F cu. ft/lb | sizing) | Drop, psi.
200 387.8 2134 1.461 107.4
225 397.4 1918 1.385 119.8
250 406.0 1.742 1.320 132.4
275 4142 1.595 1.263 145.0
300 421.8 1.472 1.213 157.4
350 435.6 1.272 1.128 182.4
400 4481 1.120 1.058 207.4
450 459.5 0.998 0.999 2324
500 470.0 0.900 0.949 257.4
550 479.7 0.818 0.904 2824
600 488.8 0.749 0.865 3074
650 497.3 0.690 0.831 3324
700 505.4 0.639 0.799 3574
800 520.3 0.554 0.744 407 .4
900 533.9 0.488 0.699 457 .4
1000 546.3 0.435 0.659 507.4
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DAMPER SELECTION AND SIZING

INTRODUCTION

This section familiarizes the reader with dampers, including
types, construction, performance, environment capability,
actuators, and linkages, and describes criteria used for proper
selection and sizing of dampers. Dampers are typically chosen
based on duct size and convenience of location. Rather than using
duct size, criteria and methods are provided to select and properly
size dampers which will produce desired control results. This can
eliminate the undesirable effects of oversized dampers.

DEFINITIONS

Actuator: A device used to operate a damper or control valve
in a control system.

Baffle: An orifice placed in the duct to reduce the duct size to
the damper size.

Damper seals: Construction features used to minimize the
leakage through a damper.

Damper system: The damper plus the series resistance that
relates to it (e.g., duct work, mixing boxes, diffusers,
and coils).

Damper: A device used to regulate the flow of air in an HVAC
system by modulating or two-position control.

Drive blade: A damper blade that is driven directly by an
actuator or by a linkage, axle, or jackshaft connected
to the drive blade in an adjacent damper section.

453

The information provided is general for all dampers. Selection
and sizing of specific dampers can only be accomplished through
the use of specific manufacturer’s documentation.

Dampers in HVAC systems regulate the flow of air either by
modulating or two-position control. They are normally connected
to actuators by linkages and operate in response to a pneumatic,
electric, or electronic control signal. In theory, the application of
dampers in HVAC systems closely parallels that of control valves.

Fire damper: A thermally actuated damper arranged to
automatically restrict the passage of fire and/or heat
at a point where an opening violates the integrity of a
fire partition or floor.

Ideal damper system: A system with a linear relationship
between the percent open damper position and the
percent of full airflow.

Leakage: The amount of air passing through a damper with a
given pressure drop and a given torque holding the
damper closed.

Opposed blade damper: A damper constructed so adjacent
blades rotate opposite to each other.

Parallel blade damper: A damper constructed so each blade
rotates in the same direction as the blade next to it.

Smoke damper: A damper arranged to control passage of
smoke through an opening or a duct.

ENGINEERING MANUAL OF AUTOMATIC CONTROL

Petitioner Alarm.com Exhibit 1204
1204.0463



DAMPER SELECTION AND SIZING

DAMPER SELECTION

DAMPER TYPES

PARALLEL AND OPPOSED BLADE DAMPERS
Parallel blade dampers are constructed so each blade rotates

in parallel with or in the same direction as the blade next to it

(Fig. 1). The rotation changes the direction of airflow and can
provide mixing with only a small increase in airflow resistance.

e s

s/ o
PARALLEL / \ I
i by —r

Vi

AIRFLOW THROUGH

PARALLEL BLADE DAMPER

AT ONE-THIRD CLOSED.
M1D414

Fig. 1. Parallel Blade Damper.

Opposed blade dampers are constructed so adjacent blades
rolate opposite to each other (Fig. 2). The rotation does not change
the direction of airflow, but it does increase resistance to and
stratification of airflow since the air is funneled through a smaller
opening. An opposed blade damper must be open further to obtain
the same resistance to airflow as a parallel blade damper.

DOPPOSED
BLADE
ACTION

AIRFLOW THROUGH
OPPOSED BLADE DAMPER
AT ONE-THIRD CLOSED.

MID415

Fig. 2. Opposed Blade Damper.

ROUND DAMPERS

Round dampers (Fig. 3) are typically used to control flow in
ducts that usually have high static pressure and high velocity
characteristics. Round dampers can be installed in air handling
systems with spiral-wound ducts in sizes similar to rectangular
ducts, The smallest sizes of round dampers have a butterfly
type blade while larger ones might be multiblade.

Fig. 3. Round Damper.

LOW LEAKAGE DAMPERS

Low leakage dampers minimize the amount of leakage through
a fully closed damper, This can increase the energy efficiency of
the control system, the comfort level in occupied spaces, and the
safe operation of control elements such as coils, Low leakage is
achieved through a variety of damper features and parameters,
including blade edge seals, blade side seals, blade linkage, blade
and frame reinforcements, and seal material.

Damper blade edge seals that work in compression between
the blades e g., cellular foam strip, (Fig. 4) are effective when
blades are rigid enough to prevent misalignment and bending.
Other types of blade edge seals include:

BLADE
EDGE

CELLULAR FOAM SEAL
WORKS WITH
COMPRESSION

Ca385

Fig. 4. Cellular Foam Blade Edge Seal.

— Snap-on seals, extruded plastic or dual durometer elastomer
types (Fig. 5)

— Over-center compression seals, extruded plastic or roll-form
construction (Fig. 6)

— Inflatable seals (rubber or silicone) that use the pressure
differential across the damper for tight sealing when closed
(Fig.7)
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DAMPER SELECTION AND SIZING

BLADE
EDGE

e GNAP-ON SEAL WORKS
WITH COMPRESSION
AND/OR AIR PRESSURE

Caaa7

Fig. 5. Snap-On Blade Edge Seal.

Fig. 6. Over-Center Compression Blade Edge Seal.

SNAP-ON SEAL WORKS
WITH OVER-CENTER
COMPRESSION

PRESSURE
INFLATES
SEAL

_A—DAMPER
BLADE

Low
PRESSURE

HIGH
PRESSURE SIDE
SIDE DAMPER
BLADE  (oasg
Fig. 7. Inflatable Blade Edge Seal.

Blade side seals minimize leakage between the ends of the
blades and the frame (Fig. 8). One type of side seal is a stainless
steel or coated spring steel spring. Other types of side seals
(e.g., molded rubber parts riveted to the frame) conform to the
blade cross-section profile when the damper is closed. Blade
edge seals that interfere with blades closing completely could
increase leakage at blade side seals.

The twisting load on damper blades and/or their physical size
may necessitate heavy-duty or double linkage between blades to
minimize torsional bending. Bending of damper blades reduces
the effectiveness of blade edge seals by lowering compression
forces or by preventing complete contact between blades.

455

THRUST
WASHER

BLADE

=y

SEAL o]

Fig. 8. Continuous Spring,
Stainless Steel Blade Side Seals.

In addition, damper blades can include a reinforcing element
to limit blade torsion or twist (Fig. 9). Depending on the damper
size and sealing requirement, this reinforcement can be on the
drive blade only or on multiple blades. The design of air foil blades
usually increases their torsional stiffness, much like reinforced
standard blades (Fig. 10). Air foil blades also reduce noise and
provide lower, full open airflow resistance at higher velocities.

<
|

/j- REINFORCER

)

50

f
>
Fig. 9. Reinforced Standard Damper Blade.

Caa08

Cazg7

Fig. 10. Air Foil Type Blade
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DAMPER SELECTION AND SIZING

In a low leakage damper, materials for the seals are selected
based on the temperature of the air being controlled. Standard
seals can be upgraded to withstand higher temperatures by using
amore heat resistant material. An example would be changing
a blade edge seal from neoprene to silicone rubber.

When duct static pressure is relatively low but leakage must
be minimal, alow leakage damper with reduced static pressure
ratings may be used. Generally, as the strength of a given damper
increases, velocity and static pressure drop capabilities increase.

SMOKE DAMPERS

Any damper that controls airflow is capable of controlling
smoke. In order to apply dampers to smoke control systems
properly, UL 5558, Standard for Leakage Rated Dampers for
Use in Smoke Control Systems, provides classification based
on leakage, differential pressure across the damper, maximum
velocity when the damper is fully open, temperature, and
damper size. This classification includes the specific actuator
used. See Table 1 for leakage classifications.

Table 1. UL 5558 Maximum Allowable
Damper Leakage Classifications.

Leakage Cfm per sq ft Cfm per sq ft
Classification at 1in.we at4in.we
0} 0 0
| 4 8
Il 10 20
] 40 80
v 60 120

In designing a smoke damper, a manufacturer develops a
product line with Maximum A and B and Minimum A and B
dimensions where:

A = Opverall damper size in the direction of the
blade length.

B = Overall damper size perpendicular to the blade
length.

The three damper sizes tested by UL are Maximum A/Minimum
B, Minimum A/Maximum B, and Maximum A/Maximum B.

Damper testing includes meeting material construction
requirements, cycling, temperature degradation, dust loading,
salt-spray exposure, leakage, and operation at maximum
pressure and velocity.

In testing for temperature degradation, the damper is heated
in the closed position for 30 minutes and then cycled to see
that it operates as intended. Temperature classifications include
250F, 350F, 450F, etc., in 100F increments.

Generally, Classes I, IT, IIT, and I'V are considered appropriate
for smoke control. The class specified should be based on the

application requirements. For example, Classes I and II are
appropriate for mixed air dampers on systems having return
fans. Classes II and III are appropriate for zone dampers where
more leakage is acceptable. Classes IIT and IV are applicable
to dampers that always modulate, such as in stairwell
pressurization systems.

FIRE DAMPERS

Fire dampers are used in HVAC systems to prevent
superheated air, gases, or flames from crossing a fire barrier
through an air duct. Fire dampers are usually not used in
modulating airflow control applications and are designed for
extreme operating environments. Fire dampers are rated in hours
of exposure in a specified test environment. Construction and
performance of fire dampers (Fig. 11 and 12) is governed by
UL Standard 555.

L~

M10413

Fig. 11. Wall/Partition Fire Damper.

M10416

Fig. 12. Ceiling Fire Dampers.
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MULTIPLE SECTION DAMPERS

Typically, single rectangular dampers are manufactured in
incremental sizes, up to maximum horizontal and vertical limits.
If system requirements dictate damper sizes larger than the
maximum available, single dampers can be arranged in multiple
section assemblies (Fig. 13).

Z/

7/

4,

M10417

Fig. 13. Multiple Section Damper Assembly.

Multiple section damper assemblies have the drive blades
interconnected between sections so all the sections operate in
unison. Figures 14 and 15 show methods of connecting drive
blades and cross-connecting damper blade linkage for a multiple
section damper. As a multiple section damper assembly
increases in size, additional precautions are required to
withstand pressure drop forces, including:

— Increased bracing at intersecting corners of individual
dampers.

— Additional external supports from the damper frame near
the center of the assembly to other solid structural
members adjacent to the assembly.
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DRIVE
BLADE \

O

o N
M10410

Fig. 14. Drive Blade Axle Extended for Horizontal
Multiple Section Damper Assembly.

I~

-1

M10411

Fig. 15. Drive Blade Linkage for Vertical
Multiple Section Damper Assembly.

BAFFLES
System duct sizes do not always correspond with the available
sizes of a damper or multiple section damper assembly. In these

cases, a baffle is used inside the duct to surround the damper
(Fig. 16).
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