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CHAPTER 1. INTRODUCTION

The closed plumbing system has transformed the availability of
potable hot water in our homes from a luxury to a necessity. In the
early 1900’s, hot water used for washing clothes, dishes, and
personal and home hygiene was often heated in an open pot on the
stove. Many tasks involving the warming of water were accomplished
through a significant amount of human effort.

Today, energy efficient gas fired water heaters, copper
tubing, faucets, and automatic valves provide the capability to
deliver stored hot water to automatic dishwashers, clothes washing
machines, bath tubs, showers, kitchen and bathroom sinks. The
utility of hot water delivered with such a system is truly
tremendous.

During the same period of technological improvements
concerning the conveyance and availability of heated water, the
hazards associated with the generation, distribution and use of hot
Water have been dramatically reduced. These hazards have been
reduced to the point where people can deliver and use hot water with
reasonable safety.

The utility of hot water requires that it be heated and stored
at a temperature higher than would be suitable for bathing. Cold
water must be added to the hot water in order to achieve a water

temperature that meets the users needs and desires. A simple hot



and cold faucet valve has been used successfully for many years to
mix cold and hot water to satisfy needs.

One hazard that exists with the use of hot water is that of
scalding. Tap water scald injuries have received a great deal of
attention in recent years. Infants, the elderly, and the infirm
have been susceptible to tap water scalds. One method that has been
prescribed to limit access to hot water and reduce tap water scalds
is the use of automatic tempering valves, pressure balancing valves,
automatic mixing valves or anti-scald valves.

Automatic tempering control valves sense the temperature of
the output water and controls the output water temperature to the
setting of the control handle. A thermostatic element in the valve
reacts to the temperature of the output water and moves in response
to temperature changes to maintain a selected temperature. As the
temperature of the thermostat element is raised, the movement of the
thermostat increases the flow area for the cold water supply:;
therefore, tempering of the output water is increased. As the
temperature of the thermostat element is decreased, the movement of
the thermostat decreases the flow area for the cold water supply:
therefore, tempering of the output water is decreased.

Pressure changes in the cold or the hot water supply to a
shower control are caused by plumbing and piping restrictions and
Sizing problems. The piping will not supply all of the water needed
in the house - a reduction in supply pressure is the result. This
Occurs when water is used at other locations after the shower is
turned on. Variation in water pressure due to water use and

Plumbing interior to the house can cause a loss of cold water flow



or a loss of hot water flow. The result can be a sudden redugtion
of cold or hot water being supplied to the shower control. Thus,
the shower temperature becomes suddenly hot or cold.

The pressure balance control automatically moves to decrease
the flow of the higher pressure water and increase the flow of the
lower pressure water. The purpose of the pressure balance valve is
to prevent sudden variations of temperature from that selected by
the user.

This valve has a spool that meters the hot and cold water in
response to pressure changes in the hot or cold supply water
entering the valve. The control is turned on ~ the user can select
a handle position that gives all cold water, all hot water, or any
combination between. The user adjusts the control to mix cold and
hot water to achieve a temperature of choice. If there are no
changes in the pressure, the spool does not move. If the cold
Pressure decreases, the spool moves to decrease the hot flow and
increase the cold flow, thus maintaining the same mix of hot and
cold supply water.

Mixing valves, which can be manual or automatic, mix the hot
Supply and cold supply water to a temperature selected by the user.
These valves come in various designs and may have: 1) two valve
controls - one for the hot supply water and one for the cold supply
Water, 2) a single lever or handle to control the temperature
and/or the flow rate, 3) a single lever or handle with an adjustable
high limit stop, 4) two valve controls - a valve to adjust the flow
rate and a control to adjust the output water temperature. Other

designs are possible. A mixing valve may just simply mix the hot



and cold supply water which is manually adjusted by the user. Any
temperature or pressure changes in the hot or cold supply to the
valve may affect the output mix temperature and/or flow rate.
Mixing valves may also incorporate thermostatic and spool elements
to address changes in water supply préssure and temperature.
Anti-Scald valves are furnished with an automatic thermostatic
control having thermal elements. These elements will reduce the
flow of water to a specified amount when a maximum water temperature

is achieved.

Research Goals

This work presents an evaluation, characterization and
comparison of pressure balancing valves, automatic tempering valves,
automatic mixing valves and anti-scald type shower valves. The
devices will be evaluated on water outlet temperature based on
variable inlet water temperatures and pressures. These valves have
been developed to allow adjustment of the temperature of water
distributed in potable water systems. This work is to develop an
understanding of the capability of such valves to reduce or
eliminate hazards from hot water in residential potable water
Systems resulting in thermal shock and tap water scalds.

The specific goals of this study are:



1. To develop mathematical modeling using differential
equations to characterize the dynamic response of each of

the valves evaluated.

2. To develop a methodology to test the valves in an
environment which is representative of the plumbing systems
found in residential hot and cold water potable plumbing

systems in the United States.

3. To evaluate the capability of each of the valves to
control output water temperature based on changes in supply

temperature and pressure.

Thesis Organization

The second chapter of the thesis presents a literature review.
The review focus is on the following areas: performance standards
for thermal-shock-preventing devices and systems, medical studies of
thermal injuries, the requirements for hot water in residential hot
Water heating systems, and plumbing standards and codes which
establish recommendations and requirements for the design of potable
hot water heating and distribution systems.

Chapter 2 lists the standards and requirements for thermal-
Shock-preventing devices and systems. Details regarding the
research and data on the time-temperature relationship to produce

Second and third degree burns in children and adults is provided in



Chapter 3. The requirements for hot water for various uses in our
homes is described in Chapter 4. Chapter 5 explains the standards
and plumbing code requirements for potable hot water heating and
distribution systems. Chapter 6 addresses the design, system
modeling and testing of a pressure balanced valve. Chapter 7
addresses the design, system modeling and testing of a tempering
valve. Chapter 8 addresses the design, system modeling and testing
of an anti-scald valve. Chapter 9 addresses the design, system
modeling and testing of a mixing valve. The conclusions and scope

for future work are summarized in Chapter 10.



CHAPTER 2. LITERATURE REVIEW

The literature review accomplished in this thesis can be
broadly categorized into 4 areas: 1) understanding of the time-
temperature threshold required to produce irreversible burn
injuries, 2) residential requirements for hot water, 3) standards
and codes which address the generation and delivery of hot water,
and 4) standards which address the design and performance of
thermal-shock-preventing devices. The first three areas are
discussed in greater depth in the individual chapters that follow.

The American Society for Testing and Materials has published a
standard consumer safety specification for Scald-Preventing Devices
and Systems in Bathing Areas F444-88 [1988]. This safety
specification is directed towards scalds. The standard is intended
to establish a maximum allowable discharge temperature and to
Provide for automatic compensation if that temperature is exceeded.

The minimum performance requirements for scald preventing
devices or systems are “the maximum allowable temperature at the
Water outlet to the bathing area shall be 120 °F or, if the
temperature of the water discharging from the water outlet of the
devices or systems exceeds 120 °F, the flow shall automatically be
reduced to 0.5 gal/min in 5 seconds or less”.

Full instructions for installing, adjusting and maintaining

the devices are required to be packaged with each device or system.



The installation instructions should state that the responsibility
for adjustment in accordance with the manufacturer’s instructions
lies with the installer. The installation instructions should also
include information on temperature settings based on cold water
variations and hot water capabilities as a guide to allow the
installer to properly set the maximum water-outlet temperature (if
required) .

For mixing valves, if the valve is not equipped with an
integral shut-off or if there is a shut-off installed after the
mixing valve - there are to be stop and check valves on the inlets
or in the water distribution piping to the valve.

The American Society for Testing and Materials has also
published a standard consumer safety specification for Thermal-
Shock-Preventing Devices and Systems in Showering Areas F445-88
[1988). This safety specification addresses certain hazards in
connection with shower areas and is directed toward thermal shock.
The standard is intended to establish a maximum allowable discharge
temperature. It provides for automatic compensation if that
temperature is exceeded, or it limits temperature changes that are
potentially dangerous or both.

The minimum performance requirements for thermal-shock-
Preventing devices and systems are that “the maximum allowable

temperature at the water outlet to the fixture shall be 120 °F for

maximum safety”. The temperature of the water discharging from the

Wwater outlet of the devices or systems shall automatically be



controlled for maximum safety against rapid fluctuations within a
total variation of +/- 5 °F of the adjusted temperature.

In a similar fashion to the ASTM F444 standard the following
also applies: complete instructions for installing, adjusting and
maintaining the devices are required to be packaged with each device
or system. The installation instructions should state that the
responsibility for adjustment in accordance with the manufacturer’s
instructions lies with the installer. The installation instructions
should also include information on temperature settings based on
cold water variations and hot water capabilities as a guide to allow
the installer to properly set the maximum water-outlet temperature
(if required).

For mixing valves, if the valve is not equipped with an
integral shut-off or if there is a shut-off installed after the
mixing valve, there are to be stop and check valves on the inlets or
in the water distribution piping to the valve.

The American Society of Sanitary Engineering has published a
Standard addressing the performance requirements for Temperature
Actuated Mixing Valves for Primary Domestic Use, Standard Number
1017 [1979]. This standard provides performance requirements for
Primary domestic temperature actuated mixing valves which are
intended to mix hot and cold water to reduce high service water
temperature to building distribution piping. This standard
addresses valves used for controlling line water temperature in

domestic potable hot water systems which are intended to be
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installed at the hot water source. This standard is not intended
for end use applications.

The capacity of the valves range from 3 gallons per minute
(gpm) to 200 gpm at 10 psi differential or 6 gpm to 400 gpm at 45
psi differential. The hot water inlet temperature ranges from 120°F
to 180°F and the cold water inlet temperature ranges from 39°F to
70°F. The valve should have the capability of supplying hot water
temperature within a range at least part of which must fall between
100 °F to 140 °F.

The performance requirements for the valve when operating at a
flow of 3-5 gpm and at a 10 psi differential is to have a
temperature variation of 3 °F above or below the set point. The
method of testing the valve is defined in the standard. A suggested
Piping schematic for the valve test is defined in the standard and
includes specifications for the location of pressure gauges,
thermocouples and flow meters.

The American Society of Sanitary Engineering has published a
standard addressing the performance requirements for Individual
Thermostatic Pressure Balancing and Combination Control for Bathing
Facilities, Standard Number 1016 [1990]. This standard provides
performance requirements for “individual control valves, which will
provide the user reasonable protection against exposure to excessive
water temperature or excessive outlet temperature fluctuations
resulting from a variation in the inlet water pressure up to fifty

(50) percent”.
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The standard applies only to individual control valves for
bathing facilities which are thermostatic, pressure balancing or a
combination thermostatic and pressure balancing. The valve shall be
capable of being adjusted from full cold up to a minimum of 105 °F.
The hot water inlet temperature range will be from 120 °F to 180 °F
and the cold water inlet temperature range shall be from 39 °F to 70
°F. Performance requirements are that water temperature shall be
automatically maintained within a variation of +/- 3 °F.

Test conditions for pressure balance valves entail a change of
normal supply pressure by 50 percent of either the hot or cold
supply. Test conditions for thermostatic valves include changes in
supply pressure of 20% and a hot water supply temperature increase
0of 25 °F. Test conditions for combination thermostatic and pressure
balance valves include changes in supply pressure of 50% and a hot
Wwater supply temperature increase of 25 °F.

All control valves shall, when the cold water supply fails,
dutomatically reduce the discharge such that the outlet temperature
does not exceed 120 °F prior to a reduction in the flow to 0.5 gpm.
The time to accomplish this is to be less than 5 seconds. A piping
Schematic for the valve test is defined and includes specifications

for the location of pressure gauges, thermocouples and flow meters.
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CHAPTER 3. STUDIES OF THERMAL INJURIES

There are relatively few studies of the relationship between
the temperature of water exposed to human skin and the amount of
time to produce a burn. Yet, it is common knowledge that there is
an inverse relationship between the temperature of hot water and the
amount of time required to produce a burn.

Henriques and Moritz [1947] conducted an investigation
regarding the effects on human skin of exposure to hot water and hot
0il. The investigation established the time-temperature thresholds
for first, second and third degree burns. This was accomplished by
experimenting on pigs that were shown to have skin similar to humans
with regard to thermal injury. A number of exposures were also
conducted on human skin to establish a relationship between the two.

Reactions to exposure that were of insufficient temperature or
time to cause complete destruction of the epidermis (skin) were
identified as first degree burns. Reactions that resulted in full-
thickness destruction of skin were designated as second or third
degree burns and were based on the depth of which the skin was
affected.

These experiments showed that the degree of reaction varied
inVersely with the temperature. Second and third degree burns are
Cconsidered to cause irreversible injury of the skin. A series of 33

€Xposures were made on human volunteers to determine the extent to
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which the experiments on pigs were applicable to man. The results
of the human experiments are summarized in Table 3.1.

The results of the experiments on pig and human skin showed
that at similar water temperature, there was little or no difference
in the susceptibility of the two skin types with regards to thermal
injury. At any given surface temperature, the time to destroy pig
skin is approximately the same as that required to destroy adult
human skin.

Equations were developed by Henriques [1947] to support
estimates of burning times based on water temperature, time and skin
thickness. Adult burning times are based on a thigh skin thickness
0of 2.5 mm. Feldman {1983} states that different body area skin
thickness’ of children range from 0.5 to 1 mm. Figure 3.1 compares
adult full thickness burn time based on a thigh skin thickness of
2.5 mm with the skin of a child 0.5 mm thick.

For this thesis, the curve established for children with 0.5
mm skin thickness will be used as the time-temperature threshold

Criteria for an irreversible injury.
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Table 3.1: Time-surface temperature thresholds for thermal injury of
human adult skin

Temperature Duration Second & Third

Test °F Hrs. Min. Sec. Degree Reaction
3 111 6 X
4+ (111.2) 6 X
6* 113 3 X
7 3 X
8* 117 18 X
12 (116.6) 25 X
13+* 40 X
14 40 X
15 45 X
17 118 15 X
18 (118.4) 18 X
21 120 9 30 X
22% {120.2) 10 X
23 11 X
24 15 X
26 124 4 X
27 (123.8) 6 X
29 127 1 30 X
31 131 30 X
33* 140 5 X

* Oil Heat source instead of water

Source: A. R. Moritz, M.D. and F. C. Henriques, Jr. "Studies of
Thermal Injuries - The Relative Temperature of Time and Surface
Temperature in the Causation of Cutaneous Burns". The American
Journal of Pathology, Vol. 23:695, September, 1947
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—8-Adult —e—Child
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Time,
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Figure 3.1: Time-surface temperature thresholds for second & third
degree reaction of human adult and child skin
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CHAPTER 4. RESIDENTIAL REQUIREMENTS FOR HOT WATER

Hot water is used in our homes for washing clothes, dishes and
personal and home hygiene. Requirements for hot water were
identified by 1) surveying appliance manufacturers of automatic
laundry washers and dishwashers, 2) surveying laundry and dishwater
detergent manufacturers, and identifying sanitation and health
requirements for hot water.

Manufacturers of laundry washers (KitchenAid [1989], Speed
Queen [1987], Maytag [1982], Whirlpool [1979], GE [1990]) and
manufacturers of dishwashers (Kitchen-aAid {1977], Whirlpool {[1991],
Tappan [1992], Sears [1992], Roper {1989], Maytag [1993], GE [1994])
recommend hot water in the appliance ranging in temperature from 130
°F to 160 °F. LemMon [1982] explains that for proper laundering
performance, the water heater in the home should be set to deliver
140 °F at the tap. At this setting, the wash water in the washer
will be approximately 130°F when the washer controls are set on
“"Hot”. Ten degrees of water temperature are lost as a result of
raising the temperature of the washer components and clothes in the
Wash basket. The Consumer and Food Economics Research Division of
the United States Department of Agriculture [1971) explains that
both time and temperature are important in killing bacteria: it

takes 3 to 5 minutes at 212 °F to kill Staphylococci, or 20 minutes
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at a water temperature of 140 °F. Manufacturers of laundry
detergents and dishwasher detergents (Colgate-Palmolive [1991],
Proctor & Gamble [1986], Lever Brothers [1992]) recommend hot water
ranging in temperature from 130°F to 160°F. Peet et al. [1975]
explains that water of the correct temperature for effective dish
washing ranges from 150 °F to 160 °F. In addition, dishes still
soiled after washing, spots and film on the dishes, or dishes that
do not dry may be caused by low water temperature. The United
States Department of Agriculture [1965] found that soaps removed
about one third more soil in hot water (140°F) than in warm water
(100°F) .

The American Society of Plumbing Engineers [Steel, 1988]
recommend setting residential hot water heaters above 140°F to limit
the growth of Legionella pneumophilia in service hot water systems.
In addition, the United States Department of Heath, Education and
Welfare [Knauer, 1974] has recommended that when there is sickness
in the family - or when washing diapers, sheets, pajamas and other
Clothing soiled with human waste, blood or pus - to use hot water

(140°F) in the washing machine to kill germs.
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CHAPTER 5. STANDARDS AND CODES

The American National Standard Institute (ANSI) has
established national standards for gas appliance thermostats and for
automatic storage type water heaters.

The ANSI standard for gas appliance thermostats, ANSI 221.23 -
1993, recommends minimum and maximum dial temperature markings for
water heater controls, a calibration point, and a tolerance on a set
point. The recommended dial temperature markings for water heaters
are 100°F minimum and 180°F maximum, the calibration reference point
is 140°F, and the tolerance on the set point is +/- 10°F.

The ANSI standard for automatic storage type water heaters,
ANST Zz21.10.1-1993, recommends a maximum thermostat temperature of
180°F, warning labels that address scald hazards, a marking on the
thermostat consistent with 120°F, instructions to the installer
that the thermostat is set at the lowest position when shipped from
the factory, and instructions that the 120°F marking is the
Preferred starting point for setting the temperature control.

State and local codes generally adopt national plumbing codes
from the Uniform Plumbing Code, National Standard Plumbing Code, or
the Building Officials & Code Administrators (BOCA) National
Building Code. Each of these codes require a hot water heater that
is to be installed in residential plumbing systems to meet the

Yequirements of ANSI 221.10.1.



19

CHAPTER 6. PRESSURE BALANCED BATH VALVE

Pressure balanced bath valves are designed to minimize the
effects of outlet water temperature changes due to inlet pressure
changes. These changes may be caused by toilets, sink faucets,
washing machines, dishwashers and other points of use found in
residential plumbing systems. The purpose of the pressure balance
valve is to prevent sudden variations of temperature from that
selected by the user. A pressure balance valve has a spool that
meters the hot and cold water in response to pressure changes in the
hot or cold supply water entering the valve. This type of valve may
require adjustment and testing of the valve assembly during
installation. 1In addition, inspection and maintenance of the valve
may be required when the hot water heater control temperature is
changed. Furthermore, if there is failure of other temperature
controlling devices elsewhere in the plumbing system, or if there is
lime, rust, sand or other contaminants that affect the operation of
the valve, periodic inspection and maintenance will likewise be

required.

Valve Design

A commercially available pressure balance bath valve was

Obtained which would allow the user to set a rotational limit stop
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to one of 11 positions. These positions adjust the output mix
temperature based upon varying inlet temperatures and are listed in
Table 6.1. The cold inlet temperature listed in the instructions

varied from 50 degrees Fahrenheit (°F) to 85 °F, and the hot inlet

temperature listed varied from 120 °F to 180 °F.

Table 6.1: Mix temperature vs. position of rotational limit stop

Inlet Cold/Hot Cold/Hot Cold/Hot Cold/Hot Cold/Hot
50°F/120°F 50°F/140°F 50°F/160°F 70°F/160°F 40°F/180°F

Position 1 Shut off zone: nc flow 0-20 degrees of handle rotation
Position 2 50°F 50°F 50°F 70°F 40°F
Position 3 61°F 67°F 74°F 89°F 70°F
Position 4 68°F 75°F 84°F 97°F 84°F
Position 5 74°F 85°F 91°F 104°F 95°F
Position 6 79°F 91°F 99°F 110°F 103°F
Position 7 82°F 97°F 104°F 115°F 109°F
Position 8 85°F 104°F 108°F 118°F 115°F
Position 9 89°F 117°F 115°F 124°F 124°F
Position 10 98°F 134°F 128°F 136°F 140°F

Position 11 111°F 138°F 149°F 151°F 165°F
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Instructions regarding the adjustment of the rotational limit
stop specify to rotate the stop clockwise to raise the mix
temperature. The user should test the mix water temperature with a
thermometer until the desired temperature is obtained. If the water

temperature is above 120 °F, the user is instructed to rotate the

stop counterclockwise. The user is not instructed to ensure that
the water heater has recently completed a heating cycle prior to the
adjustment of the rotational limit stop.

Figure 6.1 is a cross sectional view of the pressure balance
valve. The key components of the valve assembly are: 1) a valve
body, 2) a hot and cold spool valve housing, 3) a spool valve
casing, 4) a spool, 5) an orifice plate 6) a control handle shaft,

7) a rotational limit, 8) an adjustable stop, 9) a cap assembly, and
10) a control handle (not shown).

Hot and cold half inch copper supply lines are attached to the
left and right inlets of the valve body. A half inch copper output
line for a shower head, a tub spout or both is also attached to the
valve body during installation. Once assembled, hot and cold supply
Water enters the valve through the supply lines and is directed into
the hot and cold spool valve housing assembly. Cold water enters
through inlet “A” and hot water enters inlet “B” (See Figure 6.2).
The hot and cold supply water is prevented from mixing throughout
the valve assembly until both lines discharge past the orifice
Plate. At the supply entrance of the hot and cold valve housing

assembly, there is an elastic diaphragm check valve installed (“C”).
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This diaphragm prevents the backflow of water due to any pressure
differential between the hot and cold supply lines. Once past the
diaphragm check valve, the supply water passes down a cylindrical
cavity and through an orifice (“D”) to the cavity which holds the
spocl valve casing and spool. The spool valve casing has six inlet
(YE”) and four outlet orifices (“F”) for the cold water supply and
six inlet (“G”) and four outlet orifices (“H”) for the hot water
supply.

A spool (“I”) is located inside the spool valve casing and is
free to move axially. The spool will move axially due to a
difference in pressure seen between the hot water side and cold
Wwater side of the spool casing cavity. The axial movement of the
Spool affects the inlet and outlet orifice openings of both the hot
and cold water supply and thus has an effect on the flow of each
supply line.

The supply water enters the spool valve inlet orifices, it
flows axially in the spool valve casing and then out of the spool
valve outlet orifices. Once past the spool valve outlet orifices,
the supply water passes through an orifice (“J”) in the spool valve
hOusing and down a cylindrical cavity to the end of the spool valve
hOusing. At the end of the spool valve housing, an orifice plate
("K”) is positioned against the hot and cold water spool valve
housing outlets.

The orifice plate has two openings; one opening is designed to
TMove past the cold water spool valve housing outlet and one opening
is designed to move past the hot water spool valve outlet. As the

Valve handle is turned, the orifice plate varies the area which
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Figure 6.2: Cross section view of pressure balance valve
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rotates past the hot and cold spocl valve housing outlets. This
change in area has an effect on the flow of hot and cold supply
water. The orifice plate is attached to the valve handle shaft and
the position of the orifice plate is adjusted by the user by turning
the valve handle. The valve handle and the attached orifice plate
may be rotated through an angle of 134 degrees. Figure 6.3 shows
the position of the orifice plate in relation to the hot and cold
spool valve housing outlets as the valve handle is rotated.

Once the hot and cold supply water pass the orifice plate,
both supplies are mixed in the valve body. The mix then exits the
valve assembly through an orifice (“L”) to the copper outlet line

for the shower nozzle or tub spout.

System Modeling

Fox and McDonald [1978] define incompressible flow as the
condition where the density variations within a flow are negligible.
Most liquid flows are essentially incompressible. The bulk modulus
of elasticity is a measure of the lack of compressibility of a

fluid. The bulk modulus of elasticity is defined as:

B = -(AP/AV) *Vo (6.1)
where:
B = Bulk modulus of elasticity, psi
AP = Change in fluid pressure, psi
AV = Change in fluid volume, cubic inches
Vo = Initial fluid volume, cubic inches
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The higher the bulk modulus, the less compressible the fluid.
Water has a bulk modulus of 324,800 psi. This means for a 100 psi
pressure change on 1 cubic inch of water, the volume of the water
will change 0.00031 cubic inches. The total amount of water
contained in the valve during operation is in the order of several
cubic inches. Considering that water is the operating fluid, that
the typical operating pressures found in residential plumbing
systems are under 100 psi, and that the bulk modulus of elasticity
for water is 324,800 psi - incompressible flow is a good assumption.
For incompressible, steady, frictionless flow along a streamline,
the density of the fluid is constant and the following equation is

constant for the fluid flow. This equation is called the Bernoulli

equation:
P/p + gz + V2/2 = constant (6.2)
where:
. 2

P = Static pressure, pound/ft~ (psf)

. . 3
p = Fluid density, slugs/ft

. . 2

g = Standard acceleration of gravity on Earth, ft/sec
z = Vertical elevation, ft
V = Fluid velocity, ft/sec

Bernoulli’s equation states that in a system in which no work
is being added or subtracted the pressure at any point is the sum of
1) the system pressure, 2) the elevation of the point of interest,
and 3) the velocity head at the point of interest. This equation is

valid only for a particular point of interest when examining systems
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which have frictional losses. Keller [1978] applies Bernoulli’s
equation to any pair of points in a liquid continuum by adding the
pressure loss due to the flow friction between the two points. The

pressure total is then a constant for all points of the system.

P = constant = Ps + p*g*z + p*V2/2 + Pf (6.3)

where:

Ps Static Pressure, psf

Pf

Pressure loss due to friction, psf
Keller [1978] further develops the basic equation for a
circular submerged orifice which relates the flow of a fluid to an

orifice coefficient, density and the pressure across the orifice:

Q = c*A*(Z*AP/p)O'5 (6.4)
where:
. 3
Q = Fluid flow, ft /sec
c = Orifice Coefficient
. 2
A = Orifice area, ft

AP = Pressure delta across the orifice, psf
. . 3
p = Fluid density, slugs/ft

The orifice coefficient is experimentally determined. The
coefficient varies based on the ratio of the orifice diameter to the
Pipe diameter and upon the Reynolds number which is based on
Upstream flow conditions. For Reynolds numbers greater than 2000

and for orifice to pipe diameter ratios below 0.4, the orifice
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coefficient is approximately 0.59. The Reynolds Number is a
dimensionless number and is defined as:
Re = V*D/v (6.5)
where:

Re

Reynolds Number

V = Average fluid velocity, ft/sec
D = Pipe diameter, ft

. . . . 2
v = Kinematic viscosity, ft /sec

For water ranging in temperatures from 50°F to 160°F, the
. . . . -5 2 2
kinematic viscosity ranges from 1.29(10 7) ft"/s to 4.3(10-6) ft /s.

Standard one half inch copper tubing typically found in residential
homes has an internal diameter of 0.55 inch. Therefore, the minimum
average fluid velocity to achieve a Reynolds Number of 2000 is

0.19 ft/s or 0.14 gallons per minute (gpm) of flow. Since most
shower head and tub spigots flow at a much greater rate than 0.14
gpm, a constant orifice coefficient will be used in the modeling of
the valve.

Supply water flow through the valve may be calculated using
the orifice equation, and the pressure drop across each orifice may
also be calculated. The pressure drop across each orifice is also
known as “head loss”. Modeling of the valve requires defining each
Oorifice in the valve and the associated input flow area, orifice
drea and the corresponding orifice coefficient. The following are

the orifices in the valve that will create head losses in the supply

flow:
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Orifice 1: Copper piping into the valve body

Orifice 2: Valve body into the spool valve housing inlet

Orifice 3: Spool valve housing inlet into spool casing inlet

Orifice 4: Spool inlet

Orifice 5: Spool outlet

Orifice 6: Spool casing cutlet into spool valve housing outlet

Orifice 7: Spool valve housing outlet past the orifice plate

Orifice 8: Valve body into the outlet copper piping

Each of these orifices are shown in Figure 6.2. Three of the
orifices will vary depending on conditions of flow and the
rotational position of the valve handle.

The spool inlet and outlet orifices will vary depending on the
position of the spool. When the spool is centered axially in the
spool valve casing, this position may be defined as x = 0 inches.
The total travel of the spool will then range from -0.080<x<0.080
inches. The spool inlet and outlet area is dependent on the
position of the spool, and therefore is a function of x. The spool
orifices are circular openings. The effective orifice area is
determined by the position of the spool as the spool lands passes by
the circular orifice (see Figure 6.2). For the cold water spool
inlet, the orifice area may be defined as follows:

Aic = 0.0 For -0.080 < x < -0.051 (6.6)
Aic = Aim - Ni*rz*arccos[(r+x—0.051)/r] (6.7)
For -0.051 < x < 0.073

Aic = Aim For 0.073 < x < 0.080 (6.8)

where:
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Aic = Area of cold water spool inlet, ft2
Aim = Maximum area of inlet orifices, ft2
x = Spool position, inches

r = Radius of inlet orifices, ft

Ni = Number of inlet orifices

For the cold water spool outlet, the orifice area may be

defined as follows:

Aoc = Aom For -0.080 < x < 0.012 (6.9)

i

Aoc Aom - No*rz*arccos[(r - x + 0.012)/r} (6.10)

For 0.012 < x < 0.080

where:

2
Aoc = Area of cold water spool outlet, ft

. . o 2
Aom = Maximum area of outlet orifices, ft

X = Spool position, inches
r = Radius of outlet orifices, ft
No = Number of outlet orifices

For the hot water spool inlet the orifice area may be defined

as follows:

Aih = Aim For -0.080 < x < -0.073 {6.11)
Aih = Aim - Ni*rz*arccos[(r—x—0.051)/r] (6.12)
For -0.073 < x < 0.051
Aih = 0.0 For 0.051 < x < 0.080 (6.13)

where:
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Aih = Area of hot water spool inlet, ft2
Aim = Maximum area of inlet orifices, ft2
X = Spool position, inches

r = Radius of inlet orifices, ft

Ni = Number of inlet orifices

For the hot water spool outlet the orifice area may be defined

as follows:

Aoh = Aom For -0.012 < x < 0.080 (6.14)
Aoh = Aom - No*rz*arccos[(r + x + 0.012)/r} (6.15)
For -0.080 < x < -0.012
where:

2
Aoh = Area of hot water spool outlet, ft

. o 2
Aom = Maximum area of outlet orifices, ft

X = Spool position, inches
r = Radius of outlet orifices, ft
No = Number of outlet orifices

The spool valve has 6 inlet orifices and 4 outlet orifices for
both the hot and cold supply lines. As the spool moves axially in
the spool casing, the effective area of the inlet and outlet
Orifices are affected. When the spool is positioned axially in the
Center of the spool casing, the spool position is denoted x = 0.

The spool may travel 0.080 inch towards the hot supply side (x being

Negative) and may travel 0.080 inch towards the cold supply side (x
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being positive). The area of the hot inlets and hot outlets are
graphed in Figure 6.4 and Figure 6.5 as a function of x.

The area of the cold and hot spool housing exit orifices are
determined by the rotational position of the orifice plate. The
orifice plate is attached to the valve handle and the user adjusts
the valve handle to a handle position 8. The area for the cold and
hot spool housing exit is therefore a function of 6. The area for
the hot and cold spool housing exit was determined graphically.
Figure 6.6 shows the effective orifice area as the valve handle is
rotated through its maximum stroke. Table 6.2 summarizes the
orifice area for the hot and cold supply flow and Figure 6.7 graphs
the orifice area as a function of handle position. The area of the
hot spool housing exit, Asph, and the area of the cold spool housing
exit, Aspc, are graphed as a function of handle position 6.

To define the characteristic equation for the pressure balance
valve, the following system variables are defined:

Pc = Cold input supply pressure to the valve, psf

Ph = Hot input supply pressure to the valve, psf

Pm = Mix output pressure to the shower head or tub spout, psf
® = valve handle position, degrees

X = Spool position, inches

Qc = Cold water supply flow, ft3/sec

QOh = Hot water supply flow, ft3/sec

Psc = Pressure on cold supply side of spool, psf

Psh = Pressure on hot supply side of spool, psf
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Table 6.2 - Effective Orifice Plate Area as a Function of Handle
Position

Handle Rotation Cold Supply Orifice Hot Supply Orifice

(degrees) (sq inches) (sq inches)
0.0 0.000 0.000
10.3 0.000 0.000
20.6 0.006 0.000
30.9 0.015 0.002
41.2 0.025 0.009
51.5 0.034 0.018
61.8 0.041 0.027
72.1 0.041 0.037
82.4 0.041 0.041
92.7 0.033 0.041
103.0 0.023 0.041
113.3 0.014 0.041
123.6 0.005 0.038
133.9 0.000 0.030
Pcc = Pressure in valve where hot and cold supplies mix, psf
. 3
p = Density of water, slugs/ft
C = Orifice coefficient
C o 2
Ao = Area of orifice, ft
Dp = Hot and cold supply and mix output pipe diameter, ft
As = Area of spool which supply pressure acts upon, ft2
Ms = Mass of spool, slugs

Applying the orifice flow equation for orifice 1:

Qc = {2*(Pc—P1)2/[p*(l/Alo*C)Z]}O'5 (6.16)
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where:

2
Alo = 0.0707/144 ft
C = 0.59

Pc - Pl = Pressure drop across orifice, psf

Applying the orifice flow equation (6.4) for orifice 2:

Qc = {2*(P1-P2)2/[p*(1/A20*C)2]}0'5

{(6.17)
where:
2
A20 = 0.0466/144 ft
C = 0.59
Pl - P2 = Pressure drop across orifice, psf
Applying the orifice flow equation for orifice 3:
2 .5
Qc = {2* (P2-P3) /[p*(l/A3o*C)2]}O (6.4)
where:
2
A3o = 0.0225/144 ft
C = 0.59
P2 - P3 = Pressure drop across orifice, psf
Applying the orifice flow equation for orifice 4:
2 ) .
Qc = {2* (P3-P4) /[p*(l/Alc*C)Z]}O > (6.18)
where:
Aic = Area of cold water spool inlet, ft2 (6.6, 6.7, 6.8)
C = 0.59
P3 - P4 = Pressure drop across orifice, psf

Applying the orifice flow equation for orifice 5:
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Qc = {2+ (P4-P5)2/ [p* (1/Aoc*C) 210> (6.19)
where:
Aoc = Area of cold water spool outlet, ft2 (6.9, 6.10)
C =0.59

P4 - P5 = Pressure drop across orifice, psf

Applying the orifice flow equation for orifice 6:

Qc = {2*(}E’S—P6)2/[p*(l/A6o*C)2]}O'5 (6.20)

where:

A6o = .043/144 ft2

C = 0.59
P5 - P6 = Pressure drop across orifice, psf

Applying the orifice flow equation for orifice 7:

Qc = {2”‘(P6-—P7)2/[p"(l/Ashc*C)z]}O°5 (6.21)

where:

Ashc = Area of the cold spool housing exit
C = 0.59

P6 - P7 = Pressure drop across orifice, psf

Applying the orifice flow equation for orifice 8:
2 .5
Qc = {2*(P7-Po) /[p*(l/ABo*C)Z]}0 (6.22)
where:

ABo = 0.0707/144 ft2

C = 0.59

P7 - Po = Pressure drop across orifice, psf
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Po = Pressure of the mix output, psf

Since the fluid is incompressible Qc is equal for each of the

eight orifices. Thus the flow equations may be written:
Pc - P1 = {[Qc*Alo*C]z*p}/Z (6.23)
Pl - P2 = {[Qc)*A2o*C]2*P}/2 (6.24)

The pressure drop from Pc to P2 may be written:
2 2 2
Pc - P2 = (Qc /2)*p*[(Alo*C)” + (A20*C) )] (6.25)

Or solving for flow:

Qc = {[2*(Pc - P2)/p]*[1/(Alo*C)2 +1/(A20*C)2]}0.5 (6.26)

Expanding this through the valve to the cavity where the hot and

cold supply mix yields:

Qc = [2*(Pc - Pcc) /p]o'5 » w03 (6.27)

where:
2 2 2 . 2
Yec = 1/(Alo*C)” + 1/(A20*C)~ + 1/(A30*C)" + 1/(Aic*C)" +

1/(Aoc*C)2 + 1/(A6o*C)2 + 1/(Ashc*C)2 (6.28)

Applying a similar process to the hot supply side of the valve
Yields:

Oh = [2*(Ph - Pec) /p]0° * wn0- (6.29)

where:

Yh = 1/(A10*C)2 + l/(AZO*C)2 + l/(A3o*C)2 + 1/(Aih*C)2 +

1/(Aoh*C)? + 1/(A60*C)° + 1/ (Ashh+C)? (6.30)

The flow equation for the mix output of the valve is:
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Qm = [2* (Pcc - Pm) /p]o'5 * (A8o*C) (6.31)

Figure 6.8 graphs the functions WYh and Wc¢ as functions of x at

a valve handle positions of 6 = 82.4 degrees.

In a similar fashion the flow equation may be written for the
pressure difference between the supply pressure and the pressure
that is exerted on the spool. For the cold supply this equation may

be written:

Qc = [2*(Pc - Po) /p]o'5 * Ac—0°5 (6.32)
where:
Ac = 1 + 1 + 1 + 1 (6.33)
2 2 2 . 2z
(Alo*C) (A20*C) (A30*C) (Aic*C)
Thus:
Psc = Pc - (ch*p*Ac)/2 (6.34)

Applying a similar philosophy to the hot supply side of the valve

vields:
Qh = [2*(Ph - Po) /p]o'5 + An70-° (6.35)
where:
Ah = 1 + 1 + 1 + 1 (6.36)
(Alo*C)°  (A20*C)° (A30*C)° (Aih*C)>
Therefore:
Psh = Ph - ch*Q*Ah (6.37)

2
Figure 6.9 graphs the functions Ah and Ac as a function of x based

°n a valve handle position of 82.4 degrees. Figure 6.10 plots Psh

and Psc as a function of spool position for supply pressure of 50
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psi, a supply mixing cavity pressure of 11 psi, an output mix
pressure of 1 psi, and a valve handle position of 82.4 degrees.
Figure 6.11 plots both hot and cold supply flow as a function of
spool position for supply pressure of 50 psi, a supply mixing cavity
pressure of 11 psi, an output mix pressure of 1 psi, and a valve
handle position of 82.4 degrees.

Forces may be summed axially on the spool to obtain the
differential equations of motion for the spool. Summing the forces
axially results in:

Ms*x’' = As*(Psh - Psc) - cx’' - fs (6.38)
where:

Ms = Mass of the spool, slugs

x'’ = Acceleration of the spool, ft/s2
x! = Velocity of the spool, ft/s
2
As = Area of the spool, ft
Psh = Pressure on the spool due to the hot supply water, psf

Psc = Pressure on the spool due to the cold supply water, psf

o = Damping coefficient due to relative motion of the spool,
slugs/sec
fs = Frictional force on the spool (u*Ms*qg), 1lbf

Baumeister et al. [1978] describe typical values of kinetic
coefficient of friction for lubricated hard steel on hard steel. A

coefficient of friction (p) of 0.08 will be used for the modeling.

The damping coefficient was varied in the modeling to evaluate the
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effects on the motion of the spool. Expanding the equation by

inserting the expanded form of Psh and Psc results in:

X'’ = As*( ch*p*Ac - th*p*Ah) -cx’ - p*g (6.39)
Ms 2 Ms

This is the equation of motion for the spool and involves
solving a nonlinear differential equation.

Based upon the laws of conservation of energy and conservation
of mass, the following defines the relationship between the hot and
cold supply water flow, hot and ccld supply water temperature, and

the resulting mix flow and temperature:

Tm = Qc*Tc + Qh*Th (6.40)
Qm
where:
. 3
Om = Mix output flow, ft™/sec
Tm = Temperature of the mix output flow, °F
3
Qc = Cold supply flow, ft™/sec
Tc = Temperature of the cold supply flow, °F
3
Qh = Hot supply flow, ft”/sec
Th = Temperature of the hot supply flow, °F

System Testing

A system test environment was developed to test the valves and
to meet the requirements of the valve tests suggested in the

American Society of Sanitary Engineering standards 1016 and 1017.
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The piping schematic for the test environment is detailed in
Figure 6.12. Thermocouples were installed next to the valve supply
inlets and to the mix outlet. The thermocouples were fine tip

thermocouple probes with an accuracy of 1°F. The response time of

the thermocouples to moving water was less than 0.5 seconds. The
response time was obtained by measuring the time required for the
thermocouple to reach 90% of its final temperature - when exposed to
212°F running water, with an initial temperature of 100°F.

Pressure transducers were installed next to the valve supply
inlets and to the mix outlet. The response time of the pressure
transducers was 0.001 second. The range of the pressure transducers
was from 0 psig to 100 psig.

Flow meters were installed next to the supply inlets. The
flow meters were capable of measuring water flows from 0.15 to 20
gallons per minute (gpm). The flow meters generated a pulsed
output, there were 151.4 pulses to one gallon of flow. The pulsed
output of the flow meter fed into a ratemeter. The ratemeter had a
2 second delay factor and normalized (averaged) the data received.

Due to the flow meter delay factor and the normalizing
Process, accurate flow measurements were only obtained during steady
State conditions; trends in flow were obtained during dynamic
Tesponse periods. Data was collected through the use of a personal
Computer with a data collection beoard. Data from the thermocouples,
Pressure transducers and flow meters was collected and recorded to a
disk file every 0.5 seconds.

Tests were conducted on the pressure balanced bath valve to
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obtain characteristic flow curves for the valve and to obtain
information on the dynamic response of the valve. Figure 6.13 is a
plot of the test results for the hot and cold supply flow as the
valve handle was turned through its maximum stroke. The valve
handle was rotated counterclockwise from 0 to 133.9 degrees in 13
increments of 10.3 degrees. The system was allowed to reach a
steady state condition at each rotational position. Figure 6.14
graphs the supply flow as a function of the valve handle position.
Figure 6.15 graphs the mix temperature. The operating parameters
were approximately:

Ph = Pc = 50 psi

Po = 2 psi
Th = 160°F
Tc = 50°F

To calculate the steady state flow conditions using the
characteristic equations, an iterative approach is required. An
estimate is made of the spool position (%) and of the pressure of
the common mixing cavity (Pcc). Flow calculations of the hot water
Supply, cold water supply and the mix output are calculated using
€quations 6.27, 6.29 and 6.31. Pressure on the spool due to the hot
Wwater supply and the cold water supply are calculated using
€quations 6.34 and 6.37. Based on the supply and mix flows, the
estimated pressure in the common mixing cavity (Pcc) may be updated.
If the mix flow is lower than the combination of the hot and cold
Supply flow, Pcc is increased. If the mix flow is higher than the

combination of the hot and cold supply flow, Pcc is decreased.



52

Based on the spool pressures (Psh and Psc), the spool position may
be updafed. If the hot supply spool pressure (Psh) is higher than
the cold supply pressure (Psc), x is increased. If the hot supply
spool pressure is lower than the cold supply spool pressure, X is
decreased. This process is repeated until the hot and cold supply
flow rates are equal to the mix flow rate and the cold supply spool
pressure is equal to the hot supply spool pressure.

Based on the model developed for the pressure balanced valve,
the hot and cold supply flows were calculated. The operating
parameters for the model were the hot supply, cold supply, and mix
output pressures which were recorded in the test. Figure 6.16
graphs the hot and cold supply flow as a function of the valve

handle position (B). Figure 6.17 graphs the mix temperature of the

test and model flows based on the input supply temperatures. Figure
6.18 graphs the supply flow based on the model and test. Evaluation
of the test supply flow curves to the model supply flow curves show
the cold supply model characterizes the test flow to within 6% at a
valve handle position of 51.5 degrees. The hot supply model
characterizes the test flow to within 14% at a valve handle position
of 82.4 degrees. It appears that that the graphical analysis of the
hot supply orifice location was shifted approximately 10 degrees
relative to the valve handle position.

Tests were conducted to record the response of the valve given
4@ change in the hot water supply temperature. Steady state

Pressure, temperature, and flow conditions were established prior to
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changing the hot water supply temperature. The temperature of the
hot water supply was allowed to reach room temperature prior to the
test. The water heater was set to deliver water at approximately
160°F. The valve handle was then turned to 82.4 degrees. Supply
pressure was not changed during the test. Figure 6.19 graphs the
hot and cold supply temperature and the resulting mix temperature.
A steady state condition is established at the location of the “Y”
axis. Figure 6.20 graphs the supply pressure of the hot and cold
supply pressure. Figure 6.21 is a graph of the supply flow.

The following is the model for the response of the valve given
the initial test conditions of steady state flow and pressure, then

increasing the hot water supply temperature. Given the following at

time t = 0:
Pc = 47 psi
Tc = 60 °F
Ph = 47 psi
Th = 75 °F
Po = 5 psi

6 = 72.1 degrees

For steady state flow at time t = 0:

Qc = [2*(Pc - Po)/(p*‘l’c)]o'5 (6.41)

Similarly for the hot supply flow:

Qh = [2*(Ph - PO)/(p*‘i’h]o'5 (6.42)

The hot and cold supply flow is unaffected by a change in supply

temperature. For a sudden supply temperature increase (step
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function) to 160 °F in the hot supply, there is no effect on the

spool pressure for either the hot or cold supply and thus there is

no change in the spool position. The resulting mix temperature will

simply be:
Tm = Qc*Tc + Qh*Th’ (6.43)
Qc + Qh
where:
Th' = current hot supply temperature, °F

The pressure balance valve has a dynamic response to address
changes in the hot and cold supply pressure, but has no dynamic
response to address changes in the hot and cold supply temperature.
The characteristic equations for the pressure balance valve predict
that there will be no change in the supply flow rates with a change
in supply flow temperature; this was verified in the previous
temperature test and can be seen in Figures 6.20 and 6.21.

Tests were conducted to record the response of the valve given
a change in the cold water supply pressure. Steady state pressure,
temperature and flow conditions were established prior to changing
the cold water supply pressure. The pressure balance valve handle
was set at 82.4 degrees and steady state conditions were
€stablished. The upstream shut off valve for the cold water supply
Was then partially closed to produce a cold supply pressure drop.
Supply temperature was not changed and the cold supply pressure was
dropped. Figure 6.22 graphs the hot and cold supply pressure as a
function of time. A steady state condition is established at the
location of the “Y” axis. Figure 6.23 graphs the supply flow and

Figure 6.24 graphs the hot supply, cold supply and mix temperature.
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The test pressure and temperature supplies will be used in the

characteristic equations to evaluate the dynamic response of the

valve.

conditions,

following at time t < O:

Pc

Tc

Ph

Th

Po

0

For steady state flow at

Given an initial set of steady state flow and pressure

= 44 psi
= 55°F

= 44 psi
= 132°F

= 2.9 psi

= 84.4 degrees

Qc

Qc

Psc

Psc

time t = 0:

1

[2*(Pc - Po)/(p*¥c)]

2.31 gpm
2
Pc - (Qc *p*Ac/2)

25.2 psi

Similarly for the hot supply flow:

For a sudden supply pressure drop
Supply flow,

(6.31), Psc (6.34), Psh (6.37), and x''

Oh

Qh

Psh

Psh

[2*(Ph - Po)/(p*¥h)]

2.31 gpm

Ph ~ QhZ*p*Ah/2

25.2 psi

the previous equations for Qc

(6.39)

the cold water supply pressure is changed.

0.5

0.5

(step function)

(6.27),

Given the

(6.45)

(6.46)

(6.47)

(6.48)

in the cold

Qm

will be used as time
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is incremented by 0.0005 seconds. A standard differential equation
solver cannot be used since the common mix pressure is unknown and
must be established through an iteration process. The following
equations will be used to calculate the velocity and position of the
spool.

x' (£t+0.0005) = x'" (t) + 0.0005*x"' (t) (6.49)

x(t+0.0005) = x(t) + 0.0005*[x’ (t) + x' (t+0.0005))/2 (6.50)

The effects of friction on the movement of the spool are
negligible when compared to the pressure differences on the spool;
they were eliminated from the calculations. A damping coefficient
of 0.45/Ms (where Ms is the mass of the spool) was used in the
characteristic equations. A summary of the results from this
modeling is listed in Table 6.3.

Spool position graphed as a function of time may be found in
Figure 6.25, spool velocity is graphed in Figure 6.26, spool
acceleration is graphed in Figure 6.27, mix temperature is
graphed in Figure 6.28, spool pressure is graphed in Figure 6.29,
and supply flow rates are graphed in Figure 6.30. This model shows
that the dynamic response of the valve due to a change in pressure
OCcurs in approximately 0.01 seconds. Figure 6.28 shows the valve
reacts to level the fluctuation in mix temperature to less than 0.5
degrees in approximately 0.01 seconds.

Figure 6.31 graphs the test results and the model results of
the mix temperature when the valve experiences a pressure drop in

the cold supply. Fluctuations of +/- 1.5°F where consistently found

With the test mix temperature. These fluctuations could be a result
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of incomplete mixing of the hot and cold supply flows and could be a
result of variations in the hot and cold water supply temperatures.
Figure 6.32 is a comparison of the test results of the supply
pressures and the supply pressures used in the modeling. Figure

6.33 is a comparison of the test and model supply flow rates.
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Table 6.3 - Pressure Valve Response,

Cold Supply Pressure Drop

Tc = 50°F, Th = 160°F
Time x'! x' Qc Psc ¢h Psh Qm Tm
(sec) (ft/s?) (ft/s) (inch) (gpm) (psi) (gpm) (psi) (gpm) (F)
-0.0005 0 0.000 0.0000 2.31 25.2 2.31 25.2 4.62 93.5
0.0000 437 0.000 0.0000 2.14 22.6 2.33 24.8 4.47 95.2
0.0005 341 0.219 0.0007 2.14 22.6 2.33 24.9 4.46 95.1
0.0010 239 0.389 0.0025 2.15 22.8 2.33 24.6 4.48 95.0
0.0015 136 0.509 0.0050 2.16 22.8 2.31 24.5 4.47 94.8
0.0020 40 0.577 0.0084 2.17 22.9 2.30 24.2 4.47 94.6
0.0025 -51 0.597 0.0120 2.17 23.1 2.28 24.1 4.51 94.4
0.0030 -150 0.571 0.0155 2.18 23.5 2.26 23.8 4.43 94.2
0.0035 -213 0.496 0.0187 2.18 23.7 2.24 23.6 4.42 94.0
0.0040 -250 0.390 0.0213 2.19 23.8 2.23 23.2 4.41 93.8
0.0045 -262 0.265 0.0233 2.19 23.8 2.22 22.9 4.41 93.7
0.0050 -251 0.134 0.0245 2.20 23.9 2.21 22.8 4.41 93.6
0.0055 -219 0.008 0.0249 2.20 23.8 2.21 22.7 4.41 93.6
0.0060 -169 -0.101 0.0246 2.20 23.8 2.21 22.7 4.41 93.6
0.0065 -110 -0.186 0.0238 2.20 23.7 2.22 22.8 4.41 93.7
0.0070 -53 -0.241 0.0225 2.20 23.7 2.23 23.0 4.42 93.8
0.0075 0 -0.267 0.0210 2.19 23.6 2.24 23.1 4.43 93.9
0.0080 48 -0.267 0.0194 2.19 23.5 2.24 23.3 4.43 94.0
0.0085 83 -0.243 0.0178 2.19 23.5 2.25 23.4 4.44 94.1
0.0090 107 -0.201 0.0165 2.18 23.4 2.26 23.6 4.44 94.2
0.0095 116 -0.148 0.0155 2.18 23.4 2.26 23.7 4.45 94.2
0.0100 116 -0.090 0.0147 2.18 23.3 2.27 23.8 4.44 94.3
0.0105 104 -0.032 0.0144 2.18 23.3 2.27 23.8 4.44 94.3
0.0110 86 0.020 0.0143 2.18 23.3 2.27 23.8 4.44 94.3
0.0115 63 0.064 0.0146 2.18 23.4 2.27 23.8 4.44 94.3
0.0120 38 0.095 0.0151 2.18 23.4 2.26 23.8 4.44 94.3
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CHAPTER 7. TEMPERING VALVES

Tempering valves are designed to be installed near the water
heater and are intended to maintain a constant mix temperature as
fluctuations occur in system pressure and temperature. The valve 1is
typically installed on the output line of the water heater and has a
cold supply line. This line allows cold water to be added to the
hot water supply, thus tempering the mix that is delivered for use.
This type of valve is not intended to be used at various points of
use, but typically tempers water that is delivered to several points
of use.

Periodic inspection of the valve by a licensed contractor is
recommended to ensure the valve is maintained and operating
properly. Corrosive water conditions, temperatures over 210°F,
unauthorized adjustments or repairs can render the valve ineffective
for the type of service intended. Regular cleaning and checking of
the thermostat assembly are required to obtain proper function and

maximum life of this type of valve.

Valve Design

A commercially available tempering valve was obtained which

Wwould allow the user to adjust a dial thus adjusting the output mix
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temperature. A label on the dial instructs the user to turn the
dial counterclockwise to adjust the temperature of the mix towards
130°F, and to turn the dial clockwise to adjust the temperature of
the mix towards 100°F. There were no hot supply water temperature
requirements, ranges, or limits listed in the installation
instructions for the valve. A minimum flow requirement of 2 gallons
per minute was outlined to maintain a set mix temperature.

Figure 7.1 is a cross sectional view of the tempering valve.
The key components of the valve assembly are: 1) a valve body having
hot and cold supply inlets and a mix output , 2) a thermostat
assembly, 3) a bonnet assembly, and 4) a poppet valve.

Hot and cold three quarter inch supply lines are attached to
the valve body and enter the valve as shown in Figure 7.2 (“H” &
“C”). A three quarter inch mix output line (“M”) is also attached
to the valve body. Hot supply water enters the valve and passes
through an orifice (“A”) to the mixing chamber. In this chamber
there is a thermostat assembly that reacts to the temperature of the
mix of hot and cold water. When the temperature of the thermostat
assembly increases, fluid inside the thermostat (“B”) expands. The
expansion of the fluid forces a pin out of the thermostat assembly
against the poppet valve. As the poppet valve opens, the orifice
area increases and cold supply flow increases. As the temperature
of the thermostat assembly continues to increase, the pin continues
to extend, the poppet valve continues to open and the flow of cold
Supply water increases. As the temperature of the mix decreases,

the fluid in the thermostat contracts, the thermostat pin retracts
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and the poppet valves closes; this decreases the flow of the cold
supply water.

The bonnet assembly has a dial which allows the user to adjust
the mixing valve. The bonnet assembly has a stop which allows the
dial to be rotated a total of 360 degrees. Rotation of the dial
adjusts the position of the thermostat assembly in the tempering
valve. This affects the temperature at which the thermostat will
start to open the poppet valve for the cold supply flow. Turning
the dial counterclockwise moves the thermostat assembly away from
the poppet valve and will result in raising the maximum mix
temperature. Turning the dial clockwise moves the thermostat
assembly towards the poppet valve and will result in lowering the
maximum mix temperature. The dial will adjust the thermostat a

total stroke of 0.110 inch relative to the poppet valve.

System Modeling

Once again, assuming incompressible flow, the orifice equation
will be used to define the flow across the orifices. Since the
minimum flow requirements for proper operation of the valve are 2
gallons per minute, the Reynolds Number for the upstream flow is
sufficiently high to allow the use of a constant orifice
Coefficient. For the hot supply flow the orifice coefficient is
approximately 0.68, and for the cold supply flow the orifice
Coefficient is approximately 0.59. The difference in the orifice

Coefficients is due to the size of the hot orifice being larger than
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the cold orifice when compared to each supply pipe diameter. The
mixing chamber has an orifice to the output mix line. The orifice
coefficient for the exit of the mixing chamber is approximately 0.72

The model of the valve will have one orifice for the hot
supply flow and one orifice for the cold supply flow. There will be
pressure head loss through the mixing chamber that will need to be
evaluated experimentally.

The thermostat assembly of the tempering valve was removed to
characterize its operation. The thermostat was placed in water at
various temperatures, and the total length of the assembly was

recorded. Table 7.1 summarizes the results.

Table 7.1: Thermostat length as a function of temperature

Temperature (°F) 126 135 147 173 190 212

Length (inches) 1.120 1.125 1.140 1.165 1.175 1.190

Hogben [1987] defines a methodology for calculating a least
Squares approximation for data defined by a linear equation.
Assuming that the relationship of the thermostat length is a linear
function of temperature, the data is characterized by an equation
Using a least squares data fit. The equation for the length of the
thermostat assembly is:

L =1.105 + 0.000842*Ts (7.1)

where:
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L = Length of the thermostat assembly, inches

Ts = Temperature of the thermostat
Figure 7.3 is a plot of the raw data and the characteristic equation
from the least squares data fit.

The thermostat assembly was placed in a hot water bath at
various temperatures. The length of the assembly was measured as a
function of time. The initial thermostat temperature and bath water

temperature were recorded. Table 7.2 summarizes the results.

Table 7.2: Thermostat Length as a Function of Time and AT

Lo' = 0.975 inches LfZ = 1.175
To’ = 95 °F Tf* = 190 °F
Time (seconds) 0 3 6 11 21 50
Length (inches) 0.975 1.00 1.05 1.10 1.15 1.173
1,0 = Initial thermostat length, inches
’Lf = Final thermostat length, inches
3To = Initial thermostat temperature, °F
‘Tf = Final thermostat temperature, °F

Karlekar and Desmond [1977] define a class of transient
heat transfer problems that lend themselves most readily to analysis
as being those with negligible internal resistance to the flow of
heat. In such problems, the convective resistance at the system

boundary is very large when compared to the internal resistance due
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Figure 7.3: Thermostat length as a function of temperature, test and
model
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to conduction. The solid behaves as though it has an infinite
thermal conductivity in that the temperature through the entire
solid is always uniform and varies only with time. With such
systems the following equation characterizes the temperature of the
solid:

=k*
T =Tf - (Tf - To)*e krt (7.2)

where:

T = Temperature of the body, °F

Tf = Temperature of the convective environment, °F
To = Initial temperature of the body, °F

k = Time constant of the system, 1l/sec

t = Time, sec

Rearranging this equation and taking the natural log of both
sides will give a linear relationship between the variables. Using
a least squares approximation for data defined by a linear equation

gives the following relationship:

-.093*t

L = Lf - (Lf - Lo)*e (7.3)
where:
L = Length of the thermostat assembly, inches
Lf = Length of the thermostat at the convective environment
temperature, inches
Lo = Initial length of thermostat, inches
t = time exposed to the convective environment, seconds

Figure 7.4 plots the raw data and the resulting equation from

the least squares data fit with Lf = 1.175 inch and Lo = 0.975 inch.
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and model



90

Measuring the physical dimensions of the valve, the poppet
valve and the bonnet assembly, the following relationship was
developed to describe the distance the poppet valve is moved axially

from the valve seat:

Ds = Lt + Be - 1.113 (7.4)
where:
Ds = Distance poppet valve removed from valve seat, inch
Lt = Length of the thermostat, inches
Be = Bonnet extension, inches

The distance the poppet valve is removed from the valve seat
is a function of thermostat temperature and of the bonnet extension.

The bonnet extension is defined by the following:

Be = 0.11*0 (7.5)
2*180

where:

Be = Bonnet extension, inches

6 = Position of bonnet dial, degrees

The distance the poppet valve is from the valve seat is
graphed as a function of mix temperature at various bonnet dial
positions in Figure 7.5. The convention for the position of the

bonnet dial is when 6 = 0, the dial is turned completely

counterclockwise {(at the 130°F mark).

The flow equation for the hot water supply for the tempering
valve is the following:

Qh = [2(Pl’l—PCC)/P]O'S*[1/(Ch*1\h)2]_0'5 (7.6)

where:
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Figure 7.5: Poppet valve extension (Ds) as a function of thermostat
temperature, model equation (7.4)
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Oh Hot supply flow rate, ft3/sec

Ph

Hot supply pressure, psf
Pcc = Common cavity mix pressure, psf

Ch

Hot supply orifice coefficient

s 2
Ah Hot supply orifice area, ft

The flow equation for the cold water supply for the tempering

valve is the following:

Qc = [2(Pc—Pcc)/P]0'5*[1/(Cc*1‘-&c)2]_0'5 (7.7)
where:
Qc = Cold supply flow rate, ft3/sec
Pc = Cold supply pressure, psf

Pcc = Common cavity mix pressure, psf

Cc Cold supply orifice coefficient

Cold supply orifice area, ft2

Ac

The mix flow out of the valve mixing cavity and into the
Outlet pipe is:
Qom = [2(Pcc—Pm)/p]o's*[1/(Co*Ao)2]_0'5 (7.8)
where:

Om = Mix flow rate, ft3/sec

Pcc = Common cavity mix pressure, psf

Pm Mix pressure, psf

Mix orifice coefficient

Co

. e 2
Ao Mix orifice area, ft
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The area of the cold supply orifice is the following:
2 2
Ac = n{(dp/2) - [(dp/2) - Ds]} (7.9)

where:

o 2
Ac = Orifice area, ft

dp Poppet valve diameter, ft

Ds Poppet Valve distance from valve seat, ft

To calculate the steady state flow conditions using the
characteristic equations, an iterative approach is required. An
estimate is made of the pressure of the common mixing cavity (Pcc)
and of the thermostat temperature (Ts). Flow calculations of the
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