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ABSTRACT

This paper deals principally with the technical aspects of the problem of pre-
venting the backflow of water from plumbing fixtures into water-supply systems.
It starts with a general review of the subject, including a brief history of previous
work on the subject, a classification of cross-connections, and a brief discussion
of vacua and siphon action. This is followed by a mathematical and experi-
mental analysis of the conditions tending to produce backflow into a supply
line. This analysis makes it possible to determine the worst conditions, as
regards backflow, that can occur in any building supply system, and to deter-
mine minimum requirements for the positive prevention of backflow under these
conditions. Specifically, the minimum pressure that can occur in any system,
the maximum rate at which water can be removed from the supply risers under
this minimum pressure, the smallest air gap between a faucet and plumbing
fixture that can be safely allowed under the worst conditions, and the essential
performance characteristics of a siphon-breaker are determined. The effective-
ness of various types of siphon-breakers in preventing backflow is discussed, and
the operation of one type of flush valve is explained in order to show the essentials
of a stable flush valve, that is, one which will not open under any possible redue-
tion in supply pressure. Finally, there is given a brief review of the entire
subject of preventing backflow from plumbing fixtures, in which two distinct
methods of attack are pointed out, and the merits of each are discussed. The
conclusions relate only to the technical aspects of the subject and do not take
the form of proposed health or plumbing regulations.
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I. INTRODUCTION

1. EARLY ATTENTION TO CROSS-CONNECTIONS

For several decades, cross-connections and their menace to health
have been subjects of active interest to engineering, public health,
and trade organizations, but as yet no generally satisfactory con-
clusions, either as to the extent to which cross-connections may be a
menace to health or as to practical regulatory measures for controlling
this condition, have been reached. The subject was presented to
the New England Water Works Association as early as 1894 [1]* and
was later made the subject of committee investigations and reports
by the New England Water Works Association [2], the American
Water Works Association [3], and the American Society of Sanitary
Engineering [4]. The subject has also been frequently before the
American Public Health Association [5], the National Association of
Master Plumbers [6], and other national, sectional, and local organi-
zations for discussion and official action. A large number of papers
on the subject have been published in engineering, public health,
medical, and trade journals. For the most part, publications on the
subject deal with the occurrence of cross-connections and their
menace to health rather than with a practical correction of the
situation.

Numerous epidemics have been traced or attributed to cross-con-
nections in plumbing systems [7]. Probably the most publicized and
most thoroughly investigated case on record was that of an outbreak
of amoebic dysentery in a hotel during the World’s Fair in Chicago
in 1933 [8]. Lists of epidemic outbreaks attributed to cross-connec-
tions in plumbing systems have been compiled, but relatively few of
the available records give detailed information, either regarding the
cross-connections to which the epidemic was attributed or the means
by which it was determined that the epidemic was caused by the
cross-connection.

Among the published information dealing more directly with the
correction or removal of the hazards of cross-connections in plumbing
systems, the reports of investigations at the University of Wisconsin
under the direction of Professor F. M. Dawson [9], and at the Mas-
sachusetts Institute of Technology under the direction of Professor
T. R. Camp [10] are of particular interest. Two more recent papers
by Professor Dawson and Mr. Kalinske continue with the analysis
of the problem [11, 12]. A number of reports of investigations in
Germany [13 to 19] on the problem of cross-connections have been
published. None of these papers contains a complete analysis of
the problem in respect to (1) a classification of cross-connections
into physical types; (2) a determination of the limiting conditions
in water-supply systems as they affect backflow through a cross-
connection; and (3) a determination of the minimum requirements
for the prevention of backflow through a cross-connection of a given
type.

(e 2. PURPOSE AND SCOPE OF THE INVESTIGATION

In February 1936, the National Bureau of Standards commenced
an investigation of cross-connections in plumbing systems for the
purpose of obtaining the technical information and data required for

*Numbers in brackets indicate literature references at the end of this paper.
48258—38——75
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the determination of minimum requirements for preventing backflow
of water into the water-supply lines from plumbing fixtures or drains
and for putting this information into a form available for the use of
Federal, State, and municipal authorities in the formulation of effec-
tive health regulations applying to plumbing.

The investigation as planned included: (1) A survey of the literature
on the subject, with the collection and analysis of available data;
(2) the deﬁnition and classification of cross-connections; (3) an anal-
ysis of the physical conditions and principles involved; (4) experi-
mental verification of the analysis; and (5) correlation of data for
practical application in eliminating the hazards of cross-connections.

The ultimate purpose of the investigation is to establish an organ-
ized body of information on this subject that will afford a basis for
decreasing, or even eliminating entirely, the hazards due to cross-
connections. Since the accomplishment of this purpose is dependent
on the cooperative endeavors of a number of agencies and interests—
governmental, engineering, construction, and owners or operators—
no complete and satisfactory solution of 'the problem of cross-connec-
tions by a single agency or individual can be expected. However, a
common ground or basis of agreement must be found, and this paper
is offered as a contribution to that end, rather than as a complete
solution from the standpoint of health regulations.

In fact, the paper should be looked upon as a progress report,
rather than as a complete and final report on the investigation.
It will be some time before all phases and details of the project as it
is now conceived will be finished; and since the theoretical analyses
and experimental verifications of certain aspects of the problem have
been completed, it seemed adyvisable to publish these data and anal-
yses without delay, so that they would thus be made conveniently
available to other investigators and to those who may wish to make
practical application of the results.

II. OUTLINE OF THE PROBLEM
1. DEFINITION AND CLASSIFICATION OF CROSS-CONNECTIONS

A cross-connection may be defined as any physical connection or
arrangement of pipes between two water piping systems whereby
water may flow from one system to the other, the direction of flow
depending on the direction of the pressure differential between the
two systems. A cross-connection becomes a hazard to health when
one system carries a water used for human consumption and the other
carries an impure or contaminated water. It will be convenient for
purposes of discussion and analysis to divide cross-connections into
two general classes, direct and indirect, although there is no sharp
demarcation between the two in principle.

A direct cross-connection may be defined as a continuous inclosed
interconnection between two piping systems, such that the flow of
water from one system to the other may occur whenever a pressure
differential is set up in the connection between the two systems.
Examples: Interconnections between dual water-distributing systems,
completely submerged inlets from water-supply lines to closed plumb-
ing fixtures, tanks and vats, continuous water connections between the
supply and drain systems, priming lines to pumps, ete.
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Fiaure 1.—Up-feed supply system.
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Ficure 2.—Down-feed supply system.
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An indirect cross-connection, frequently referred to as a potential
cross-connection, is one in which the interconnection is not continu-
ously inclosed, and the completion of the cross-connection depends on
the occurrence of one or more abnormal conditions. Examples:
Water closets with direct flush-valve supply, bathtubs and lavatories
with faucet openings that may become submerged, and other plumb-
ing fixtures and equipment whose supply inlets may become partially
or wholly submerged.

Among the abnormal conditions, using the term to include all
conditions not contemplated or intended, as well as in the sense of
unusual, the following are the conditions that may occur or may be
necessary to complete the cross-connection: (1) A drop in the static
pressure in the supply system to such a point that a pressure differen-
tial acting in the direction of the supply system is produced in the
supply connection to the fixture; (2) the formation of a vacuum by
displacement of water from the supply line; (3) a flooding of the fixture
by stoppage or other causes; and (4) an open or leaking faucet or valve.
In general, the simultaneous occurrence of two and sometimes all of
these conditions is necessary to produce flow from the fixture into
the supply line.

2. TYPES OF INDIRECT CROSS-CONNECTIONS

Although there are many variations in the details of indirect cross-
connections as they occur in plumbing systems, they may be grouped
into two classes in respect to the general principles involved in the
prevention of backflow: (1) Cross-connections between the water-
supply system and an open-top fixture with faucet supply, such as
washbasins, bathtubs, sinks, laundry trays, water-closet flush tanks,
ete. (figs. 3 and 4); and (2) cross-connections between the water-
supply system and an open-top fixture requiring a direct connection
for pressure flushing, such as water closets and pedestal urinals (fig. 5).

A cross-connection between a water-supply and drainage system
through a closed fixture illustrated diagrammatically by figure 6 may
be classed as an indirect cross-connection by some, since a combination
of two or more abnormal conditions may be required to produce
backflow into the water-supply system; for example, an abnormal
decrease in the service pressure, an abnormal increase of pressure in the
drainage system, an abnormal filling of the fixture, tank, or vat, as
the case may be, or a combination of all these conditions. However,
a cross-connection of this type complies with the definition of a direct
cross-connection in that it presents a continuous inclosed passage be-
tween two piping systems through which the pressure in one system
- may be transmitted to the other, and in that it presents the same
problem in prevention of backflow as a direct pipe connection between
the two systems.

3. SYSTEMS OF WATER SUPPLY

There are three fairly distinct methods of supplying and distributing
water in buildings: (1) The up-feed system with a direct service pipe
to a service main (fig. 1); (2) the down-feed system from an overhead
tank exposed to atmosphenc pressure (fig. 2);and (3) the pressure-
tank supply with either up-feed or down-feed distribution, the tank
pressure being maintained either by a direct connection with a pressure
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Fiaure 3.—Indirect cross-connection between open-top fixture and faucet supply.

<

F1aure 4.—Indirect cross-connection between open-top fixture and faucet supply.
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F1GURE 5.—Water closet with direct connection for pressure flushing.

Indirect connection.
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F1GURE 6.—Direct cross-connection through a closed fixture,
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supply main or by pumping. The direct-supply up-feed system is
potentially subject to all the conditions tending to produce backflow
that may occur in any of the above-mentioned types of systems, and
therefore an analysis of the problem in respect to the up-feed system
will be applicable in general to the other methods or systems of supply.

4. BACKSIPHONAGE

Siphon action in plumbing systems is usually associated with back-
flow in the indirect cross-connections and has given rise to the term
backsiphonage.! 'The improbability of the simultaneous occurrence of
a combination of conditions necessary to produce backsiphonage and
the uncertainties regarding the extent of backsiphonage have given
rise to many differences in opinion as to the seriousness of the hazard
created by indirect cross-connections and also as to the necessary
corrective measures.

The subject of direct cross-connections, both as regards their preva-
lence and the necessary corrective measures, has been well covered
in the reports of various interested organizations already referred to.
This report will, therefore, be confined mainly to the second class of
cross-connections, namely, the indirect or potential cross-connections
between the water supply and the drainage system through plumbing
fixtures and other mechanical equipment.

Since the final purpose of the investigation is to indicate an effective
and practical means of preventing backflow of sewage and waste
water into the supply system from fixtures or drains, a thorough under-
standing of the physical principles involved is essential.

5. STATEMENT OF THE PROBLEM

The solution of the problem of preventing the contamination of the
water supply by backflow from plumbing fixtures or drains involves
two distinct steps: (1) The determination of the maximum effects
tending to produce backsiphonage or backflow as a consequence of
any combination of service conditions that may be encountered;
and (2) the determination of the means necessary to prevent the back-
flow of sewage or waste water under these maximum conditions.
Both steps involve the consideration of several distinct physical
phenomena that ordinarily are wholly unrelated to each other, but
which are associated in connection with this particular problem. Asa
result, in discussing these physical phenomena, the authors have been
unable to avoid a certain apparent lack of continuity in the develop-
ment. KEvery effort has been made to take up the separate phenomena
in as logical a sequence as possible and to show the connection be-
tween them when they are first discussed.

In order to avoid any misunderstanding as to the use of terms
and to make the discussion complete, some commonly understood
physical phenomena, as well as some that are not so familiar, are
discussed in the following pages. To a large extent, the detailed
discussion of physical principles and phenomena, together with the
experimental data pertaining to them, are grouped in sections III
and IV in order to break the continuity of the general discussion of
the subject as little as possible.

The corresponding term, Rucksaugung, has come into common use in Germany.
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6. DEFINITIONS OF TERMS RELATING TO PRESSURES AND VACUA

(a) ABSOLUTE PRESSURE AND GAGE PRESSURE

The pressure in a water-supply system is ordinarily expressed as
gage pressure; that is, the pressures are based on atmospheric pressure
as a datum. Hence, when the line pressure falls below atmospheric
pressure, the gage pressure is negative. In some cases it is desirable
to refer gage or manometer readings to the absolute scale of pressures,
the zero of which is approximately 14.7 1b/in.? below normal atmos-
pheric pressure at sea level. Pressures that are so measured are called
absolute pressures. All pressures involved in the analysis of the
phenomena discussed in what follows will be expressed in this scale of
pressures. If a gage pressure is used, this will be expressed as a
difference between the corresponding absolute pressure and atmos-

pheric pressure.
(b) PRESSURE UNITS USED

The pressure in a water-supply system is ordinarily expressed in
pounds per square inch (when English units are used), but for the
purposes of this paper it will frequently be more convenient to express
1t as the height in feet of a water column that would exert at its base
a pressure equal to the given pressure in pounds per square inch.

Atmospheric pressures are commonly expressed in inches height of
a column of mercury, but obviously they may be expressed equally
well in pounds per square inch or in feet height of water column.

(c) DEFINITION OF A VACUUM

A vacuum is usually defined as space devoid of matter. This is
the hypothetical perfect vacuum, in which, if it were obtainable, the
pressure in the evacuated space would be zero on an absolute scale of
pressures. Actually, an absolute-zero pressure cannot be produced
over water, since some water vaporizes into the space over the water
and continues to vaporize until equilibrium is established. This
equilibrium pressure is called the vapor pressure of water, and its
value depends on the temperature and purity of the water. At 0° C
the vapor pressure of water is small, but 1t increases rapidly with
increase in temperature, and at 100° C it is equal to standard atmos-
pheric pressure, approximately 34 feet of water at sea level.

Similarly, i#f the water contains dissolved air or other gases, as is
usually the case, some of the gases will come out of solution into the
evacuated space until equilibrium is established, and each gas will
exert a pressure independently of the vapor pressure and of the partial
pressures of the other gases present.

The total pressure in an inclosed vacuum in equilibrium with water
containing air or other gases in sclution is equal to the sum of the
partial pressures of the water vapor, air, and other gases at the existing
temperature. This total pressure varies with the temperature, and,
for dissolved gases, also with the saturation and the ratio of the
evacuated volume to the volume of water remaining in the system
when the latter comes to equilibrium. The equilibrium pressure,
which will be referred to as the limiting vacuum pressure and desig-
nated by the symbol k., is small in cold-water systems, but in hot-
water systems its value may equal or exceed the atmospheric pressure
hg if the temperature equals or exceeds the boiling temperature at
atmospheric pressure.
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The following definitions will be observed in this paper in referring
to vacua in water-supply systems:

A vacuum is any space in a water-supply system from which water
has been displaced by water vapor, air, or other gases, and in which
the pressure is less than the prevailing atmospheric pressure.

A limiting vacuum is a vacuum in an inclosed space in which the
absolute pressure is equal to the equilibrium pressure #,.

A partial vacuum is any vacuum in which the pressure lies between
the prevailing atmospheric pressure %, and the limiting pressure h,.

It is to be understood that the values of #, and 4, depend on many
different factors, some of which have been mentioned above. Hence,
in general, we cannot assign definite values to these two pressures.
However, it will be convenient in the following discussion to regard %,
as having a limiting value of 34 feet, expressed as height of water
column, and to regard A, as representing in general a very low absolute
pressure. With this understanding, the symbols 4, and &, will usually
be employed in this pa-
per in the discussion of
vacua as if they had defi-
nite fixed values.

>0
i

7. ATMOSPHERIC PRES-
SURE AND SIPHON
ACTION

The part played by the
atmospheric pressure in
producing siphon action
or backflow in plumbing
systems apparently has
not been understood
thoroughly by some who
have discussed this sub-
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B c ject. Consequently, it
seems advisable to state
Fraure 7.—S8imple liguid barometer. here some of the relations

involved in siphon action.

The atmosphere at sea level exerts a pressure of approximately
14.7 1b/in.?, equivalent to the pressure at the base of a column of water
34 feet in height or at the base of a column of mercury 30 inches in
height. Therefore, the atmosphere at sea level will support a column
of water approximately 34 feet in height in a tube against a perfect
vacuum (zero absolute pressure). Actually, at any given time and
place, the height of the water column, illustrated by a simple water
barometer in figure 7, will be given by the equation h,=h,—h,. If
there are no dissolved gases in the water, then when the barometer
tube is raised and lowered successively, figure 7 (B, C, and D), the
evacuated volume over the column of water will increase or decrease
correspondingly, and the length of the column of water h;, will be the
same in each case, once the system has come to equilibrium. If the
water contains air in solution, the system will come to equilibrium
with slightly different values of the equilibrium pressure k. in the
cases illustrated, since the change in the relative volumes of vacuum
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and water exposed produces a change in the partial pressure due to the
dissolved air, as explained in the preceding section. In any case,
represents the limit in the height that water can be lifted from an
open vessel by siphon action in a completely filled siphon tube, since
the atmospheric pressure supplies the entire lifting force. This limit,
as defined here, refers to atmospheric pressure at sea level, and it
decreases proportionately as the atmospheric pressure decreases with
elevation above sea level.

Since the pressure exerted at the base of a liquid column varies
directly as its density, the maximum height to which a liquid can be
lifted by siphon action varies inversely as the density of the liquid.
Therefore, the limit in the height to which a mechanical mixture of air
and water, such as may flow into a partially submerged inlet, can be
lifted will be approximately equal to ks (p./pn), Where p,, is the density
of the water, and p,, is the density of the mixture, provided the velocity
of flow through the siphon is suffi-
cient to prevent the air from separat-
ing from the mixture in the siphon
tube. If the velocity is too low,
the air will separate from the water
and collect at the top of the tube
(air-lock) and will stop the siphon
action. It is impossible to connect {
this theoretical limit in the height
of lift of a mixture of air and water h
by siphon action numerically with !
the height of lift in a water-supply
system because there is no known
means of determining the exact A —
conditions, such as velocity and —=
height of lift, under which air-lock of
the siphon will or will not occur.
The most that can be positively
stated in this respect is: If siphon-
age of a mixture occurs, the limit in
lift may be many times the limit
of lift for pure water through a completely submerged siphon inlet.

The quantitative relation of the forces acting to produce siphonage
may be demonstrated by reference to the simple siphon, shown in
figure 8. Considering the component of pressure acting to produce
flow in the direction of the arrow as positive, there will be a component
of +h, acting on the inlet,? a component of — A, acting on the outlet,?
a component of —A; produced by the column of water in the inlet
leg and a component of A, produced by the column in the outlet leg.
The resultant pressure will be the sum of the components

Hha—hat-ha—Ty=ha—y

There is, therefore, a head of h,—h; available to produce flow in the
tube, and the velocity at any time will be such that this available head
hy—h, is exactly equal to the friction loss in the tube plus the entrance
and exit losses.

RN

-

[ANL AN LI LVRE L

LY SLTLNLAN R UL

F1cure 8.—Simple siphon.

23 At the level of the external water surface in each case.



492  Journal of Research of the National Bureaw of Standards — (vo. 20

It should be pointed out that the sole functions of the outlet leg
are: (1) To reduce the pressure at the top of the siphon tube so that
the atmospheric pressure can lift the water in the inlet leg, and (2)
to provide a passage for flow. Hence, flow in the inlet leg will take
place in exactly the same manner, for a given reduction in pressure
at the top of the siphon, regardless of how the reduction in pressure
at the top of the siphon is produced. Therefore, the existence of a
vacuum, whether it be a partial vacuum or the limiting vacuum, in
the water-supply system will produce backflow through a supply
branch, as a result of atmospheric pressure acting through the supply
branch, in exactly the same manner and with the same limits of lift as
would be produced by a complete siphon tube with an outlet leg
capable of maintaining the same pressure in the top of the siphon as
exists in the vacuum.

If the positive prevention of backflow into any part of the water
system, rather than flow into the water mains, is taken as the criterion
for complete protection of the water supply, the problem then becomes
one of preventing the start of siphon action in any water-supply branch
to a plumbing fixture, and the limits of height of lift and rate of flow
need not be considered further.

III. VACUA IN WATER-SUPPLY SYSTEMS
1. CONDITIONS TO BE CONSIDERED

The first step in the solution of the problem of preventing backflow
from plumbing fixtures or other mechanical equipment into the water-
supply system is the determination of the limits applying to the con-
ditions in regard to their effects in producing backflow. The limits
on which the maximum effects depend are the minimum pressure, the
maximum evacuated volume, and, closely related to the latter, the
maximum rate of evacuation.

(a) MINIMUM SERVICE PRESSURE

It is common knowledge that the service pressure in water-supply
systems may sometimes fail completely, as by the breaking of a supply
main by a shutdown or breakdown of a pumping system, and, so far as
a building water-supply system is concerned, may approach complete
failure under heavy demands on water mains, as from fire pumps, or
from other unusual heavy service demands. Since no one can predict
with certainty when or where such failures in the main service pressure
will occur, there is only one minimum limit that can be established for
service pressures for buildings in general, namely, a drop in service
pressure that will reduce the pressure at the base of the building water-
supply system to the limiting vacuum pressure over water, h,.

(b) MINIMUM PRESSURE IN BUILDING SUPPLY SYSTEMS

Since we can set no definite limit for the main supply pressure short
of the limiting vacuum pressure, the same limit must apply to an
unvented building supply system. However, the minimum limit
will be reached more frequently in the building supply system than in
a supply main because the former is higher than the latter. The
limiting pressure h, will occur at the top of any unvented up-feed
system whenever the service pressure falls to atmospheric pressure
at a level 34 feet or more below the top.



Hunter, G’oldcn,]

s Cross-Connections in Plumbing Systems 493

(c) MAXIMUM EVACUATED VOLUME IN BUILDING SUPPLY SYSTEMS

Just as occurs in the tube of a water barometer, a vacuum will form
in the top of an unvented water-supply system whenever the service
pressure from any cause falls to atmospheric pressure at a level 34
feet below the top, and the pressure in the vacuum will be the limiting
vacuum pressure h,. If the system is vented or leaking at the top, a
partial vacuum will be formed in which the pressure will lie between
the limiting pressure 4, and atmospheric pressure h, while the service
pressure is dropping and will become equal to A, when the system
comes to equilibrium. In either case, whether the system is vented
or unvented, the evacuated volume obviously will be exactly equal to
the volume of water that has flowed out of the system and may
extend to occupy its entire internal volume, depending on a drop in
service pressure at the base of the system to h, in the case of an
unvented system, and on a drop to 4, in the case of a vented or
leaking system. Therefore, the only definite limit that can be set
for the maximum evacuated volume is the internal volume of the
system expressed in terms of the diameter and length of the pipe of
which the system is constructed.

(d) MAXIMUM RATE OF EVACUATION OF BUILDING SUPPLY SYSTEMS

If the system is vented or leaking, the rate of evacuation (rate of
outflow of water) is quite as important a factor in the determination
of maximum effects as the evacuated volume at any particular time.
The maximum rate of evacuation will have a definite application in
determining the capacities of vents required to control the pressure
in a supply system within any selected limits found necessary to
prevent backflow through its supply branches. The volume rate of
evacuation of a supply system will be exactly equal to the volume
rate of outflow (displacement) of water from the system and can be
computed from the sectional area of the pipe and the velocity of
outflow, provided these factors are known. While it is not possible
to predict definitely the maximum velocity of outflow that will take
place in particular supply systems, it is possible to determine from
simple hydraulic principles a maximum limit of velocity in terms of
the diameter of the pipe through which the outflow takes place, which
limit is unlikely to be reached and will not be exceeded in any system
under actual service conditions. These hydraulic principles are given
in section IV—1 of this paper in connection with the experimental data
pertaining to this phase of the problem.

(e) ASSUMPTIONS RELATIVE TO CONDITIONS IN BUILDING SUPPLY SYSTEMS

Since we cannot determine definite limits for the pressure condi-
tions that will occur in particular systems, it becomes necessary to
assume that the extreme conditions that can occur in any system may
occur in particular systems, in order to determine minimum require-
ments for the prevention of backflow or backsiphonage for general
application to all plumbing systems under all conditions of service.
This assumption is equivalent, as will develop later, to the assumption
that the maximum effects possible from any vacuum, in combination
with the atmospheric pressure acting through the supply openings of
the system, may be encountered at some time in any particular
up-feed supply system,
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2. MAXIMUM EFFECTS OF VACUA AND PRESSURE CONDITIONS IN
WATER-SUPPLY SYSTEMS

Acting on the preceding assumptions, we may proceed with an
analysis of the effects of vacua as they apply to different types of cross-
connections. The maximum or limiting cases are not dependent on
direct or simple siphon action, as the term siphon action is commonly
understood, but on certain phenomena connected with the maximum
rate of air-flow through the various types of supply openings presented
in the plumbing systems.

(a) FLOW OF AIR THROUGH ORIFICES

The theory of the flow of gases through orifices at high velocities
has been fully developed by other investigators, so the subject may be
introduced here by the statement of certain facts proved by experi-
ment and generally accepted.

It is an accepted fact that rate of flow of air through an opening
from the free atmosphere at a pressure P, into an inclosed space
(tank or water-supply system) at a lower pressure P, increases as P,
is decreased until a critical pressure ratio r,=P,/P, is reached, after
which the mass rate of flow remains sensibly constant as the ratio
P,/P, is reduced below the critical ratio. In the range of pressure
ratios r,>P,/P,>0, the velocity of flow in the minimum section or
vena contracta of the jet is equal to the velocity of sound in air at
the pressure and density of the air in the minimum section of the jet.

This phenomenon of critical flow of gases has a direct application
in two phases of the problem: (1) The maximum effect it can exert in
lifting water across a vertical air gap into a water-supply opening,
and (2) the maximum effect it can exert in lifting water in the sub-
merged portion of a partially submerged outlet to a point where it
can mix with the stream of air flowing through the unsubmerged part,
the maximum effects in both cases being determined by the maximum

rate of air-flow.
(b) SAFE AIR GAP

Water may be lifted across a vertical air gap into the water-supply
lines by the combined effect of the atmospheric pressure and a vacuum
in the supply system, as illustrated in figure 9, in which the glass jar
represents an open-top plumbing fixture, the glass tube represents a
faucet spout and the evacuated tank to which the tube is connected
represents an evacuated water-supply system. The safe air gap will
be defined as the minimum vertical distance z across which water
cannot be lifted by the effects of atmospheric pressure in combination
with the vacuum in the tank (see fig. 9). The problem is to determine
the minimum safe gap z in terms of the dimensions of the faucet for
the maximum (critical) flow of air through the faucet.

(c) SAFE PARTIALLY SUBMERGED SUPPLY OUTLETS

Again the maximum (critical) backflow of air into the supply sys-
tem serves as a means of determining the safety of a partially sub-
merged supply outlet under all possible service conditions. (See
fig. 5.) In this connection, a relation or principle of arrangement
that applies to and determines the limit of effectiveness of all partially
submerged supply outlets may be pointed out. This arrangement
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Ficure 9.—Backflow across an air gap.
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may be described as two orifices in series, one an inner passage leading
from the flush chamber to the supply branch, indicated in figure 18
by the symbol 7, and the other an outer orifice leading from the flush
chamber to the outer air, indicated by the symbol O, either or both
of which orifices may be a single or multiple passage. There is also
a third passage leading from the fixture to the flush chamber, this
one submerged, through which backflow of water may take place
under certain conditions.

Practically any indirect cross-connection may be considered as a
modification of the arrangement described. In the case of a jet
water closet with flush-valve supply, the passage through the flush
valve forms the inner orifice, the rim ports the outer orifice, and the
jet passage the submerged third opening. In the case of an air gap,
the passage through the valve is the inner orifice, the passage over the
water surface to the faucet spout the outer orifice, and the space over
the water surface directly under the faucet spout corresponds to the
submerged inlet.

The special application of this combination of two orifices in series
and a submerged outlet which is of immediate interest and which
lends itself to a definite analysis is the device commonly known as a
siphon-breaker or vacuum-breaker. The effectiveness of the device
in the prevention of backflow from a plumbing fixture is determined
by the relative cross sections of the inner and outer orifices and the
height to which water can rise in the submerged outlet before it mixes
with the air stream flowing back into the water-supply system.
Effectiveness is defined, and methods of determining the effectiveness
of the device are given in the next section of the paper.

IV. MAXIMUM EFFECTS OF VACUA AND MINIMUM RE-
QUIREMENTS FOR PREVENTION OF BACKFLOW

The preceding section of this paper contains a descriptive analysis
of the conditions that may occur in water-supply systems in respect
to their limits, and of the effects of these conditions in producing
backflow or backsiphonage. This section gives a more detailed
theoretical and experimental analysis of a number of special phenom-
ena and physical problems associated with the general problem of
preventing backflow, including: (1) The limit in rate of evacuation
in water-supply lines; (2) safe air gaps for prevention of backflow;
(3) effectiveness of siphon-breakers in preventing backflow; (4) classi-
fication of commercial siphon-breakers; (5) tests for effectiveness;
and (6) stability of flush valves as related to backsiphonage. As
previously stated, these different phenomena and the problems grow-
ing out of them are related mainly through their association in the
plumbing systems and are, therefore, treated here as separate problems.
The reader who is already familiar with or who does not care to give
the time to a critical reading of the mathematical analyses of these
problems may pass immediately to the summary of the results at the
beginning of section V without breaking the continuity of the
descriptive analysis of the problem as a whole.

1. RATE OF EVACUATION—MAXIMUM LIMIT

As stated in Section III of this paper, the evacuated volume and
the rate of evacuation at any time in a water-supply system are
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exactly equal to the volume of water displaced from the system and
to the volume rate of displacement of the water, respectively. It is
impossible to compute the maximum rate of displacement that can
occur in any particular system, because of its complexity and because
of the impossibility of determining the minimum pressure that will
occur in that system. However, if we know the diameter of the
main water-supply pipe (service pipe) of the building, we can deter-
mine by applying simple hydraulic principles an upper limit to the
possible volume rate of displacement in terms of the pipe diameter,
as will be shown in the following section. The maximum velocity of
evacuation thus determined will not be exceeded in any building
water-supply system whatever.

(a) TERMINAL VELOCITY

In any piping system filled with a liquid at rest, if we suddenly
apply a definite pressure difference to the system and maintain it
unchanged, the liquid will be accelerated, and the mean velocity of
flow will approach asymptotically a constant value, reaching it
when the frictional resistance opposing the flow becomes equal to the
forces—pressure and gravitational—tending to produce flow.

As will be shown presently, the particular case of pipe flow in
which we are interested here is that of flow out of a vertical pipe open
at the top, the pipe being filled initially with water at rest, after which
a valve at the bottom is opened suddenly, and the water is allowed to
flow out freely into the atmosphere under the action of gravity.
When the valve is opened, the column of water accelerates until, if
the pipe is long enough, it attains a constant velocity for which the
frictional force opposing flow is equal to the gravitational force pro-
ducing flow, and falls thereafter at this constant velocity until the
pipe 1s empty This maximum velocity of fall attained by the
water column will be called the ‘‘terminal velocity” for the pipe.
It will be shown later that the maximum rate of evacuation of a
water-supply system in a building is determined by the terminal
velocity for the pipe used in the system. Correspondingly, the dis-
tance that the water falls in the pipe before attaining the terminal
velocity will be called the “terminal length’” of the pipe for the as-
sumed conditions.

(b) METEOD OF DETERMINING TEg%EI‘I‘lIZANII‘S VELOCITIES IN BUILDING SUPPLY

The customary rational formula for computing the velocity of
flow in a pipe line may be expressed in the form:

7 (1)

<

=\

I
Qle~
o

where
H=the loss of head in the length L feet of pipe, measured in
feet of the liquid flowing,
d=the diameter of the pipe in feet,
v=the mean velocity of flow in ft/sec,
g=the acceleration of gravity in ft/sec? and
=a dimensionless friction factor that depends only on the
Reynolds number for smooth-walled pipe.
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This equation enables us to compute the loss of head due to fric-
tion in a straight pipe of uniform diameter d and of length L between
any two measuring sections between which the mean velocity is v,
provided we know the correct value of N\ that should be used. Or
conversely, if we have a definite length of pipe Z, and if there is avail-
able a definite head Z to produce flow, we can compute the velocity
that will result. It is clear from the equation that, the greater the
value of the ratio H/L (called the “hydraulic gradient’’), the greater
will be the velocity of flow in the system, and our problem is to deter-
mine what conditions that may be encountered in building supply
systems will produce the highest velocity of evacuation of the system;
or, in other words, the greatest value of //L that may occur under
service conditions.

Ficure 10.—Diagrammatic sketch illustrating main riser and service pipe for build-
ing supply system.

For the purpose of analyzing the conditions that may occur in the
water-supply system of a building relative to the maximum value of
H/L, we assume a general layout (fig. 10) in which: (1) The system
may consist of a single vertical line of the same diameter throughout,
or 1t may consist of any number of vertical, horizontal, and sloping
sections of the same diameters connected by elbow bends; (2) the
pipe may be either open or closed at the top and may be open at the
bottom or connected by a service pipe to a street main or other
source of supply; and (3) the pipes are originally filled with water.

If we now assume a sudden and complete failure in the supply pres-
sure produced by a break in the street main or service pipe, a shut-

48258—38—¢
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down in a pumping system, excessive water demands on the main
supply, or other comparable cause, water will flow from the system,
accelerating until it approaches the terminal velocity for the system,
as given by eq L.

We note from eq 1 that the velocity » varies directly as the square
root of the hydraulic gradient /L and the diameter ¢ of the pipe and
inversely as the square root of the friction factor \. Perfectly smooth
pipe has the lowest possible friction factor, and therefore smooth pipe
will yield the highest terminal velocity, the factors H/L and d remain-
ing constant for the comparison. Similarly, the velocity » increases as
d increases; and, therefore, if the building supply piping is not greater
in diameter than the service pipe, the usual form of installation, the
terminal velocity determined from the maximum possible value of
H/L for a system of the same diameter as the service pipe will set a
limit that may be approached but not exceeded in the system.

Referring to the general system (fig. 10), the total head H acting
on the system at any time is given by

H=H,+h;_hb, (2)

where H, is the vertical projection of the water column, and A, and h,
are the pressures acting on the top and bottom of the column, respec-
tively, measured in terms of water column.

The total head H at any time is represented by the total difference
in elevation of the water columns in the open ends of water manom-
eters connected at the top and bottom of the flowing water column
(see fig. 10).

Likewise, the total length L of pipe over which the head H is acting
at any time is given by L=L;+ L+ L;-+Ls+, etc., the sum of the
lengths of all vertical, sloping, and horizontal sections containing the
water column. The total length may also be written

L=L,+AL,

where AL is the difference between the total length L and its vertical
projection L, Therefore, since L, is numerically equal to H, by
definition,

—h,—AL)

H. Eithish
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Obviously, H/L in any system will be greater or less than unity as
hi,—h, is greater or less than AL, and will be equal to unity when
AL=0 and h,=h, and when h,—h;=AL.

If the system is closed at the top (unvented), Z/L must be less than
unity regardless of the form of the system, since /, will equal A, if
water flows out of the system, and A, cannot be less than A,..

If the system is open at the top (completely vented), again H/L
must be less than unity, unless h,—h, is numerically greater than AL.
Since h, must be sensibly less than atmospheric pressure (h,=34 feet
of water column, approximately), and h, cannot be less than hA,, AL
must be considerably less than 34 feet in any system, to make H/L=1.
In the practical case, AL will include the offset of the main riser from
the street water main, which will usually in itself be greater than 34
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feet. Furthermore, the loss of head due to the flow of the water
around the bends in the system is very considerable at velocities
approaching the terminal velocity in the system and has the same
effect on the value of H/L as increasing AL.

The maximum possible value of /L would occur when AL=0, a
value given only by the impractical case of a completely vertical
vented system connected directly to a water main without offset at
its base. Even in this case, h,—h, will be less than h,— A, since h;,
must be less than 4., and h, cannot be reduced to b, with water flowing
from the building supply system into the water main at a high velocity.
Furthermore, if the piping system is long enough for the velocity of
evacuation to approach closely the terminal velocity for a hydraulic
gradient of H/L=1, any possible value of h,—h, will be negligible
compared with the projection of the water column L, since h; must
decrease as the velocity of evacuation and length of evacuated pipe
increase, and at the same time the value of A, will tend to increase.

In consideration of this analysis, it seems perfectly safe to assume
that the velocity of evacuation of any actual building water-supply
system under any possible service conditions will not exceed the
terminal velocity for a smooth pipe having the same diameter as the
service pipe of the system and a hydraulic gradient of H/L=1.

(c) DETERMINATION OF TERMINAL VELOCITIES FOR VERTICAL PIPES

The assumed upper limit of velocities of evacuation of water-supply
systems will be given by eq 1, taking H/L=1, and writing », for v:

H 1,08
L_xxdng—-l 4)

The obvious method of determining v, is to solve this equation for
v,, provided the corresponding value of A can be obtained. The value
of the friction coefficient, N\, which varies with the velocity, has been
accurately determined as a function of the Reynolds number R, for
smooth-walled pipe and is known approximately for some classes of
rough pipe.

The Reynolds number is defined as the dimensionless product

=—=—, )]
I

where
p=the density of the fluid flowing,
w=its absolute viscosity, and
v=its kinematic viscosity (=gu/p).
A unique relation exists between A and R, for the flow of an incom-
pressible viscous fluid through a smooth pipe, which can be expressed
mathematically as

A=function <%?3> (6)

This means that the relation between \ and the Reynolds number
can be represented by a single curve for smooth-walled pipe. Figure
11 shows this relation between the friction factor and the Reynolds
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number dv/v in the turbulent region for smooth pipes and is based on
many experiments with different fluids [20-21].

(1) Termanal wvelocities in smooth pipes—The terminal velocities
for smooth-walled pipes 1, 2, 3, 4, and 6 inches in diameter were com-
puted from eq 4, using values of N taken from figure 11. Since v,
appears in the Reynolds number, the equation cannot be solved
directly for »,, and 1t is necessary to use the method of successive
approximations. A value of », was assumed for a trial computation
of the Reynolds number, and the corresponding value of \ was
read from figure 11. Using this value of A\, a new value of v, was
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Ficure 11.—Friction factor N as a function of the Reynolds number.

computed by this equation. This new value of », was then used
to compute a new Reynolds number, and the process was repeated
until the last two values of », computed from the equation agreed with
each other within the accuracy with which X could be read from the
curve. These computed terminal velocities for vertical smooth pipe
from 1 to 6 inches in diameter are given, together with other pertinent
data in table 1 and are plotted in figure 12.

TaABLE 1.—Terminal velocities, terminal lengths, and mazimum rates of displacement
for smooth, vertical pipes

Length required
Diameter to gtt;alin 0.199 .tter-
i minal veloci:
Volume per foot E:l”sé_ Rate of displace- y
length of pips locity ment
Nomi- Approx.| Exact
nal | Actual (eq 13) | method
in in. cu ft gal fps cfs gpm ft ft
1 1.049 0. 006 0.045 18. 45 0.111 49.8 20.8 21.9
2 2.067 .023 172 28.5 664 299 49.2 52.6
3 3. 068 . 061 . 382 37.3 1.91 861 84.8 88.4
4 4. 026 . 088 . 659 44.3 3.92 | 1,760 119.4 | 124.1
6 6. 065 .201 1. 50 57.2 115 5, 160 198.5 | 204.0

(2) Terminal velocities in rough pipes—The A—R , relation for rough
pipes is not a single curve, as represented in figure 11 for smooth pipe.
For any given class of rough pipes, a separate curve is obtained for
each diameter of pipe, giving an approximately parallel series of curves
covering a band in the N—R, diagram. The reason that the curves
for pipes of different sizes do not coincide is that the relative hydraulic
roughness varies with the diameter. For these reasons, the loss in
head per unit length of pipe for a given velocity of flow cannot be
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predicted for rough pipe from past experience as accurately as for
smooth pipe. However, the A—R, curves for very rough pipe show
one characteristic not shown by the curves for smooth pipe; the curves
become horizontal for high Reynolds numbers, yielding a constant
value of A in the region of high velocities.

As a matter of general information, the terminal velocities in a
number of sizes of very rough pipe were computed from values of A
taken from experiments on rough pipe [22] and are plotted in figure 12.
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Figure 12.—Terminal velocities for pipes I to 6 inches in diameter.

(8) Terminal velocities in brass, copper, and steel pipes.—The fric-
tion factors for smooth copper or brass tubing with streamline fittings
will differ but slightly from the values given in figure 11 for smooth
pipe. Threaded brass or steel pipe may be expected to give \—FR,
curves lying above the curve for smooth pipe; but, if the joints are
carefully made, the curves will approach very closely the curve for
smooth pipe. Experiments with steel pipe by different experimenters
show a considerable variation in the A—R, curves, probably in part
owing to differences in installation and in the technique of measure-
ment. However, the A—R, curves for some of the more recent
experiments on 4-inch galvanized-steel pipe* lie close to the curve for
smooth pipe, indicating the probability that a smoother grade of
pip)e is now being manufactured than in the past. (See also reference
23.

4 Unpublished data by the authors.
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(d) EXPERIMENTAL DETERMINATION OF TERMINAL VELOCITIES IN VERTICAL
GALVANIZED-STEEL PIPES

The experimental determination of terminal velocities in open-
ended vertical pipes requires long vertical pipes, and the existence of
a plumbing tower 10 stories high at the National Bureau of Standards
made the erection of such test lines for a limited range of diameters
a simple matter. Hence, to demonstrate the validity of the state-
ment made earlier in this paper that the rational pipe-flow equation
could be used to compute terminal velocities in vertical pipes,
galvanized-steel pipe lines, 1, 2, and 3 inches in diameter and approxi-
mately 100 feet high, were mstalled in the plumbing tower, and the
terminal velocities for these pipe lines were determined expenmentally,
as described below.

Gage points were tapped in each of the pipes at intervals of 10 feet,
and each pipe was closed at the bottom with a quick-opening valve of
the same diameter as the pipe, the top of the pipe being left open.
A series of experiments was then made with each pipe as follows:
With the valve closed, the pipe was filled to the 10-foot gage hole.
The valve was then opened quickly, and the time required for the
water to flow out of the pipe observed. The 10-foot gage hole was
then plugged, and the process repeated with the pipe filled to the 20-
foot gage hole, and then with the pipe filled successively to the dif-
ferent gage holes, up to and including the 90-foot hole. Readings
were repeated at least four times for each level.

If we let AL equal the increment in the length of the falling column
of water and Af equal the corresponding increment in the time of
descent for the successive lengths in successive experiments, then
AL/At is equal to the mean velocity for the inecrement AZ, i. e., in the
last 10 feet of fall. When the pipe has been filled to a hlgh enough
point to yield the terminal velocity in the last few feet of fall, then
from this point on AL/At will be constant and equal to the terminal
velocity. Since At is very small, errors in measuring it will be rel-
atively large, particularly since it is difficult to determine the instant
at which the water column is completely out of the pipe; and a better
method of determining the terminal velocity is to plot the lengths of
the descending columns as ordinates and the time of descent as
abscissas. This will give a straight line in the region where the column
is flowing at the terminal velocity, and the slope of the line will give
the terminal velocity.

The terminal velocities determined in this way are plotted in
figure 12 for comparison with the results computed for smooth pipes
and for one class of very rough pipes, as described in sections IV-1-(c)-
(1) and (2) of this paper.

Since these experimental values for galvanized pipe fall between
the terminal velocities for smooth pipe and rough pipe, as they
should, and since the problem is merely to set a limit for the maximum
rate of evacuation of water-supply systems, it will be assumed that
the velocity of evacuation in any practical water-supply system
cannot exceed the terminal velocity of flow in a vertical smooth pipe
of the same diameter as the service pipe of the water-supply system
in question. The smooth-pipe curve in figure 12 can then be used
to determine the terminal velocities for vertical pipes over the range
of diameters given.
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