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PREFACE

It is hard to believe how much the vertical transportation industry has changed since the
first edition of Vertical Transportation was published in 1967. Back then the industry was
dominated by the major manufacturers and installers, Otis being the most prominent of
all. The United States was the major source of equipment, and only Otis was worldwide.
I was fortunate to be part of the changes that have taken place. My own career—from Otis
to the consulting firm of Jaros, Baum & Bolles, to Elevator World, and, finally, on my
own—has been a reflection of some of these changes. In the early years consultants were
a minor factor, but that started to change in the 1970s. Competition among manufacturers
started to change as companies such as Haughton and Dover gained substantial shares
of the market. Otis and Westinghouse dominated the escalator market, but Montgomery
and Peelle made inroads. Elevator contractors and suppliers started to take a substantial
share of the low-rise and specialized market, and consultants became a factor.

Regarding the latter, I feel I helped the rise of consultants, since they now had a
guidebook. The mystery of elevatoring became available knowledge, and the first edition
of Vertical Transportation was the source. I was delighted, and somewhat put out, when
part of my book was entered as an exhibit in a court case without my being given any
credit. I also realized how limited my book was and, in the early 1980s, I decided to
update it. Being a consultant myself, I could see where additional knowledge was needed
and became cognizant of the changes in the industry that were taking place. I also had
the benefit of meeting many of the diverse agencies from both the buyer and seller sides.
During my tenure at Jaros, Baum & Bolles, I can safely say that I was involved in many
of the major buildings planned or built from 1977 to 1987. It was an exciting time for me,
and much of the experience is reflected in the second edition of Vertical Transportation.

Joining Elevator World in 1987 gave me a chance to substantially expand my knowl-
edge of the elevator industry. One of my first chores was to review and classify most
of the articles published on various aspects of the industry since Elevator World started
publication in 1953. The result was the four-volume “Educational Package” currently
available and further expanded. That experience led to the recognition of the need for an
expanded educational effort to benefit both the suppliers and buyers of equipment and
services. After consultations with Bill Sturgeon, the publisher of Elevator World, and
Bob Jacobs, chairman of the board, we decided that seminars were a good way to initiate
an educational effort.

Two 8-hour seminars were developed, one for purchasers, specification writers, and
users of elevators and escalators and the other for suppliers, installers, and service
providers. Written material and slides covering subjects such as equipment choice, appli-
cation, space requirements, layout development, the various types of operation and
control, and forms of service contracts were also prepared. Once we were ready to
go, we picked six cities and did a mass mailing both to the Elevator World subscribers
and to individuals in various organizations. Our initial seminar was in Boston in March
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of 1988 and, after expanding our chosen cities to 10, we concluded the series in Los
Angeles in December of 1989.

The seminar series gave us a number of collateral results. The need for written educa-
tional material expanded, and more literature was required to feed that need. The seminar
series was developed into a manual, and other publications, both readily available and
newly produced, became popular. We learned that seminars, as such, were too costly and
that distance learning was a more effective way to go. A review of the current Elevator
World Educational Publications Catalog will attest to the expansion that developed.

I started to receive requests for private consulting and, by mutual agreement, reduced
my time with Elevator World. This also gave me the opportunity to consider expanding
Vertical Transportation to reflect the current state of the elevator and escalator “art.” (I'm
sure anyone totally involved in the field will agree that it is both an art and a science.)
I realized that the technicalities of the industry had changed so that specialists needed
to be enlisted to cover many aspects. The third edition of Vertical Transportation was
a result of the input of these specialists, and I assumed the role of editor. The industry
now had a “handbook,” and the effort of the many contributors is greatly appreciated.

The third edition was published in 1998 and became The Vertical Transportation
Handbook both to reflect the input of the many experts in the field and to update the
status of the industry. The basics remained, with minor updates, and they have withstood
the test of time. It continued to show the technology of elevators and people’s unchanging
reactions to elevators—and they still fret about how long it takes after they push the
button before an elevator responds.

For the fourth edition we were fortunate to be able to call upon the same experts,
with minor exceptions, to update their contributions. They were also asked to address any
changes in their areas that have taken place in the past 10 or more years. Regretfully, one
of our contributors, Wayne Gilchrist, has passed away, while some others are joined by
younger counterparts and continue to contribute their knowledge to the various chapters.
The readers and users of the book will benefit from their input.
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1 The Essentials of Elevatoring

EARLY BEGINNINGS

Since the time man has occupied more than one floor of a building, he has given consid-
eration to some form of vertical movement. The earliest forms were, of course, ladders,
stairways, animal-powered hoists, and manually driven windlasses. Ancient Roman ruins
show signs of shaftways where some guided movable platform type of hoist was installed.
Guides or vertical rails are a characteristic of every modern elevator. In Tibet, people are
transported up mountains in baskets drawn by pulley and rope and driven by a windlass
and manpower. An ingenious form of elevator, vintage about the eighteenth century, is
shown in Figure 1.1 (note the guides for the one “manpower”). In the early part of the
nineteenth century, steam-driven hoists made their appearance, primarily for the verti-
cal transportation of material but occasionally for people. Results often were disastrous,
because the rope was of fiber and there was no means to stop the conveyance if the
rope broke.

In the modern sense, an elevator* is defined as a conveyance designed to lift people
and/or material vertically. The conveyance should include a device to prevent it from
falling in the event the lifting means or linkage fails. Elevators with such safety devices
did not exist until 1853, when Elisha Graves Otis invented the elevator safety device.
This device was designed to prevent the free fall of the lifting platform if the hoisting
rope parted. Guided hoisting platforms were common at that time, and Otis equipped
one with a safety device that operated by causing a pair of spring-loaded dogs to engage
the cog design of the guide rails when the tension of the hoisting rope was released
(see Figure 1.2).

ELEVATOR SAFETY DEVICES

Although Otis’s invention of the safety device improved the safety of elevators, it was
not until 1857 that public acceptance of the elevator began. In that year the first passenger
elevator was installed in the store of E. V. Haughwout & Company in New York. This
elevator traveled five floors at the then breathtaking speed of 40 fpm (0.20 mps)." Public
and architectural approval followed this introduction of the passenger elevator. Aiding the
technical development of the elevator was the availability of improved wire rope and the
rapid advances in steam motive power for hoisting. Spurring architectural development
was an unprecedented demand for “downtown” space. The elevator, however, remained a
slow vertical “cog” railway for quite a few years. The hydraulic elevator became the spur

*In England and other parts of the world, the word “lift” is used. The legally recognized definition of an
elevator can be found in ANSI/ASME A17.1, Safety Code for Elevators and Escalators.
 Elevator speed is traditionally stated in fpm (feet per minute) or mps (meters per second).
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Figure 1.1. A very early type of vertical trans-
portation.
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Figure 1.2. (a) Otis’s demonstration, Crystal Palace, New York, 1853. (b) Otis’s patent sketch
for a safety device (Courtesy Otis Elevator).
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that made the upper floors of buildings more valuable through ease of access and egress.
Taller buildings permitted the concentration of people of various disciplines in a single
location and caused the cities to grow in their present form during the 1870s and 1880s.

HYDRAULIC ELEVATORS

The hydraulic elevator provided a technological plateau for quite a few years; it was
capable of higher rises and higher speeds than the steam-driven hoist-type elevator,
limited by its winding drums (Figure 1.3). The hydraulic elevator also evolved from the

|
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Operating rope (tiller rope)—
— pull down to go up, up to go
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Figure 1.3. Hydraulic elevator with handrope operation.
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Hydraulic cylinder and piston

Traveling sheave A

Figure 1.4. Roped hydraulic elevator.

direct ram-driven elevator to the so-called geared or roped hydraulic (Figure 1.4) capable
of speeds of up to 700 fpm (3.5 mps) and rises of 30 or more stories. The cylinder and
sheave arrangement was developed to use multiple sheaves and was mounted vertically
for the higher rises. The 30-story building did not appear until after 1900, well after
steel-frame construction was introduced, but the hydraulic elevator served practically all
of the 10- to 12-story buildings of the 1880 to 1900 era.

It was in this era that many of the aspects of elevators as we know them today were
introduced. Hoistways became completely enclosed, and doors were installed at landings.
Before that time many hoistways were simply holes cut in the floor—occasionally pro-
tected by railings or grillage. Simple signaling was introduced, using bells and buzzers
with annunciators to register a call, which was manually canceled. Groups of elevators
were installed, the first recorded group of four elevators being in the Boreel Building in
New York City, and the “majordomo” of “elevator buildings”—the starter—entered the
scene and was assigned to direct the elevator operators to serve the riding public.

The first electric elevator quietly made its appearance in 1889 at the Demarest Building
in New York City. This elevator was a modification of a steam-driven drum elevator,
the electric motor simply replacing the steam engine. It continued in service until 1920
when the building was torn down. Electric power was here to stay, and the Otis Elevator
Company installed the first automatic electric or push-button elevator in 1894.

With the tremendous building activity of the early 1900s and the increased size and
height of buildings at that time, the questions of quantity, size, speed, and location of
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elevators began to arise. With these questions began the applied technology of elevatoring.
A typical but wrong logic pattern of the time was: “Joe Doe has two elevators in his
building and seems to be getting by all right. Since my building is twice as big, give me
two twice the size.” It rapidly became evident that people in the latter building had to wait
twice as long for service as those in Joe Doe’s building, and complaints and building
vacancies reflected their dissatisfaction. The example is typical, and soon elevatoring
emerged as a special design discipline.

ELEVATORING

Elevatoring is the technique of applying the available elevator technology to satisfy the
traffic demands in multiple- and single-purpose multifloor buildings. It involves careful
judgment in making assumptions as to the total population expected to occupy the upper
floors and their traffic patterns, the appropriate calculation of the passenger elevator
system performance, and a value judgment of the results so as to recommend the most
cost-effective solution or solutions.

A major part of elevatoring is the understanding of pedestrian flow, pedestrian queuing,
and the associated human engineering factors that will provide a nonirritating “lobby to
lobby” experience. The traffic demands of passengers, service functions, and materials
must be evaluated and all satisfied simultaneously for an optimal solution.

Elevatoring, in the modern sense, is the process of applying elevators and the building
interfaces necessary for the vertical transportation of personnel and material within build-
ings. Service should be provided in the minimum practical time, and equipment should
occupy a minimum of the building’s space. The need for refinement in this process
became apparent in the early 1900s as the height and cost of buildings increased.

Elevators changed radically in the early 1900s. As electricity became common, and
with the introduction of the traction elevator, the water hydraulic was rapidly superseded.
Helping its demise was the rapid rise of building heights—the Singer Building, 612 ft
(185 m); the Metropolitan Life Tower, 700 ft (212 m); the Woolworth Building, 780 ft
(236 m), all in New York City and built by 1912. The roped hydraulic could not be
stretched to compete with such rises, and the direct-plunger-driven elevator required a
hole as high as the rise. Telescoping rams were tried and proved unsatisfactory. These
buildings were made possible by the introduction of the traction elevator into commercial
use in 1903.

The history of the development of the mechanics of hoisting elevators is far beyond
the scope of this volume and is detailed in at least two sources. One is the virtual Elevator
Museum developed by William C. Sturgeon and Elevator World Magazine, which can be
viewed online at www.theelevatormuseum.org, and the other is the volume A History of
the Passenger Elevator in the 19th Century by Lee E. Gray, a professor of architectural
history at the University of North Carolina. The latter also contains an overview of the
development of elevatoring as discussed in this chapter.

TRACTION ELEVATORS

Description

Up until about 1903, either drum-type elevator machines, wherein the rope was wound
on a cylindrical drum, or the hydraulic-type elevator (the direct-plunger hydraulic or the
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roped hydraulic machine) was the principal means of hoisting force. Both had severe
rise limitations: the drum type, in the size of the drum; and the hydraulic type, in the
length of the cylinder. The drum-type elevator had the further disadvantage of requiring
mechanical stopping devices to shut off power to prevent the car from being drawn into
the overhead if the machine failed to stop by normal electrical means. On a hydraulic

machine this is prevented by a stop ring on the plunger.

The traction machine had none of the rise disadvantage of either the hydraulic or
drum machine. The traction principle is a means of transmitting lifting force to the hoist
ropes of an elevator by friction between the grooves in the machine drive sheave and
the hoist ropes (Figure 1.5a and b). The ropes are simply connected from the car to
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i 3

—— Motor Generator Set

Hoist Ropes
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Door Operator -
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Figure 1.5. (a) Gearless elevator installation (Courtesy Otis Elevator). (b) Geared elevator

installation (Courtesy Otis Elevator).
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Figure 1.5. (Continued)

the counterweight and wrapped over the machine drive sheave in grooves. The weight
of both the car and the counterweight ensures the seating of the ropes in the groove;
for higher-speed elevators, the ropes are double-wrapped; that is, they pass over the
sheave twice.

The safety advantages of the traction-type elevator are manifold: Multiple ropes are
used, each capable of supporting the weight of the elevator, which increases the suspen-
sion safety factor as well as improving traction. The drive sheave is intended to lose
traction if the car or counterweight bottoms on the buffers in the pit. However, this is
not universal and depends on the proper condition of ropes, sheave, loading, and so on.
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Performance

Traction drive

Power from I~ Handrope

line shaft

Counterweight

Figure 1.6. Teagle elevator (circa 1845) (Courtesy Elevator World Magazine).

The possibility of the car or counterweight being drawn into the overhead in the event
of electrical stopping switch failure is reduced.

Traction elevators are capable of exceedingly high rises, the highest (or lowest) being
in a mine application in South Africa for a depth of 2000 ft (600 m). The critical factors
become the weight of the ropes themselves and the load imposed on the sheave shaft
and its bearings. It was the traction elevator, in addition to other advances in building
technology, that made today’s tall buildings of 100 or more stories practical.

The traction principle has been available for centuries. The capstan on a ship is an
example. The first known elevator application was the “Teagle” hoist, which was present
in England about 1845, as shown in Figure 1.6. This old print shows the traction drive
and the counterweight. Motive force was provided by means of belts to the line shafting
in the building where the lift was installed. The operation was by handrope, as described
for the hydraulic elevator shown in Figure 1.3. The handrope acted to engage the belt to
the drive pulley, usually to the right or left of an idler pulley, to move the lift up or down.

A development that has taken place in the past 10 years or so has been the location
of a gearless-type machine in the hoistway either at the side or rear near the top. This
results in the so-called “machine room—less” (MRL) elevator and is unique to various
manufacturers. This machine has been redesigned into a “pancake” configuration, and
the space over the hoistway is minimized. It has only been used in newer buildings, and
the basic traction designs discussed in this chapter are still being applied and can be
found in thousands of existing buildings and many of the newer ones.

With the application of electrical drives to elevators, the versatility of electrical versus
mechanical controls allowed for certain standards of elevator operation and control, so
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that time-related factors in an elevator trip could be established. Speed no longer depended
on varying water or steam pressure. The Ward-Leonard system of electric motor speed
control was introduced early in the 1920s and allowed the smoothness of acceleration
and deceleration common in elevators of today.

The Ward-Leonard system employs a motor generator driven by either an ac or dc
motor, the output of the generator being directly connected to the armature of the dc
hoisting motor. Varying the voltage on the field of the generator varies the dc voltage
applied to the hoisting motor armature and, consequently, the speed and torque.

The Ward-Leonard motor-generator hoisting machine combination, generically known
as “generator field control,” was the quality standard for many decades, from the 1920s
through the 1980s. Thousands of elevators still employ it, and Figure 1.5a and b shows
this equipment. The major change is in the machine room. The motor generator is gone,
as is the selector shown in the background. The controller is no longer full of relays but
replaced by a compact microprocessor and the silicon controlled rectifier (SCR) drive.

Replacement of the motor generator by solid-state control, introduced in the 1970s, has
superseded, in most instances, motor generators in both new installations and moderniza-
tions. One approach to a solid-state control system is to employ SCRs to convert the line
ac into varying dc for the operation of a dc hoisting machine. Most of the higher-speed
elevators, 500 fpm and above, use this approach, and it is favored for the modernization
of existing elevators as well. A second approach is to employ SCRs to develop a vari-
able voltage, variable frequency (VVVF) ac power for an ac driving machine. This is
the favored approach for lower-speed (up to 500 fpm) geared machines.

Most new traction elevators are expected to have the VVVF control as further devel-
opment of higher-speed gearless-type elevators proceeds. It is almost universally used
with the new geared installations and is being applied as an upgrade to the thousands of
single-speed, low-speed (100—150 fpm) ac machines that were widely used in the many
six-story apartment buildings built in the late 1940s and through the 1950s.

The microprocessor has been a major innovation in the past decade, and practically
all of the new and modernized installations employ one or more in both the control
and operating systems. Details are to be found in Chapter 7, “Elevator Operation and
Control.” That chapter also includes many of the ramifications and disciplines needed
to apply new technology. Greater emphasis on machine room environmental conditions
such as airconditioning and electromagnetic interference must be considered, as well as
the quality of the incoming power supply, both under normal conditions and when an
emergency generator is used.

In the course of this book the operating characteristics of electric elevators are
described, and a basis for time study calculations of elevator trips is established.
These time factors will become the basic tools in establishing the number of elevators
necessary for any type of building and will be related to the speed at which people
can be moved from place to place vertically. As a preliminary, familiarity with modern
elevator types is necessary.

GEARLESS TRACTION ELEVATORS

Description

The preceding brief discussion of early elevator history introduced the traction-type ele-
vator. The first high-rise application of this type of elevator was in the Beaver Building
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in New York City in 1903, followed by such notable installations as the Singer Building
(demolished in 1972) and the Woolworth Building. These elevators were of the gearless
traction type that is at present the accepted standard for the high-rise, high-speed [over
400 fpm (2.0 mps)], and high-quality elevator installation.

The gearless traction elevator consists of a large, slow-speed (50 to 200 rpm) dc motor
of four to eight poles directly connected to a drive sheave of about 30 to 48in. (750 to
1200 mm) in diameter. An electrically released, spring-applied brake is arranged to apply
stopping to the drive sheave. Slow-speed dc motors and ac motors (being introduced),
though expensive and massive, are necessary to maintain the necessary torque to directly
drive large-diameter sheaves. The larger-diameter sheaves also conform to the bending
radius of elevator steel ropes. A limitation is imposed by safety codes as good practice
for long rope life and is generally established at a minimum of 40 times the diameter of
the wire rope used. For example, a !/-in. (13-mm) wire rope would require a minimum
sheave size of 20in. (500 mm).

The slow speed of the direct drive gearless traction machine is necessitated by the
speed of the elevator it serves. For example, for a 500 fpm (2.5 mps) elevator and a sheave
diameter of 30in. (750 mm), a top speed of 86rpm is required. To level this elevator
to a landing at a maximum speed of 25 fpm (0.125 mps), 4.3 rpm is necessary. Gearing
with higher-speed motors has been introduced by at least one major manufacturer to gain
these higher speeds. The continuous operation of elevators [up to 25,000 mi (40,000 km)
per year| and the relative ease of maintenance of the gearless machines, as well as their
dependability, make them the preferred type for higher speeds.

On higher-speed gearless traction machines of 800 fpm (4.0 mps) or more, the double-
wrap principle is generally applied to obtain traction and to minimize rope wear. The
ropes from the car are wrapped around the drive sheave, around a secondary or idler
sheave, around the drive sheave, and down to the counterweight (Figure 1.7a—c). The
groove seats are round, providing support on the full half of the rope, thus eliminating
pinching action and minimizing wear. Traction is obtained by the pressure of the ropes on
the sheave. As may be noted, increasing the weight on the car or counterweight increases
the force so that friction between the ropes and the sheave increases traction.

Elevator machines are also roped with a single-wrap arrangement, which is applied
to both gearless and geared machines. The single-wrap arrangement provides traction by
the use of grooves that will pinch the ropes with varying degrees of pressure depending
on the shape of the groove and its undercutting (see Figure 1.7 and later discussion).
The most effective single-wrap arrangement provides 180 degrees of rope contact with
the sheave without a deflecting sheave, as shown in Figure 1.8 (for single-wrap traction
[SWT], 2:1 roping).

Conventional elevators are roped either 1:1 or 2:1 (Figure 1.8) for both car and
counterweight. In some unusual installations and special applications, 1:1 car and 2:1
counterweight roping has been used. In that event the counterweight must be at least
twice as heavy as the weight of the car. The 1:1 arrangement is the most popular for
higher speeds and has been used for a load and speed of 10,0001b (4500kg) at 1600 fpm
(8 mps). The 2:1 arrangement allows the use of a higher-speed, and therefore a smaller
but faster, elevator. The mechanical advantage of 2:1 roping requires that only half the
weight be lifted, so 2:1 is generally used whenever loads in excess of 40001b (1600 kg)
must be lifted. The economy of the faster motor, which can be built smaller and lighter
than lower-speed dc motors, also makes 2:1 roping attractive for a full range of speed
requirements from 100 to 700 fpm (0.5 to 3.5 mps) or more and for any lifting capacity.
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Figure 1.7. (a) Double-wrap gearless machine—Otis type 219HT with internal brake (Courtesy
Otis Elevator). (b) Double-wrap traction arrangement. (¢) Single-wrap traction arrangement.

Any of the aforementioned 1:1 and 2:1 roping arrangements can be provided with
the elevator machine in the basement or at a lower level. The appropriate sheaves are
installed in the overhead space to direct the ropes from the machine to the car and
counterweight. The preferred arrangement is the single-wrap traction type. A foundation
must be provided for the machine that will overcome the uplift and solidly anchor the
machine under all conditions of operation and safety application.

The long life, smoothness, and high horsepower of gearless traction elevators provide a
durable elevator service that can outlive the building itself. The original gearless machines
in the Woolworth Building were reused when that building’s elevators were modernized
in 1950, again in 1970, and for a third time in 1990. The gearless machine not only
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Figure 1.7. (Continued)

provides speed, if necessary, but is also capable of the performance essential to any
well-elevatored building.

Gearless Machines—Performances

Essential to elevatoring considerations is the requirement that a gearless traction machine,
no matter what its lifting capacity or speed, must be capable of optimum floor-to-floor
operating time commensurate with passenger comfort. Stated another way, the machine
must be capable of starting a filled elevator car, accelerating to a maximum speed for
the distance traveled, and slowing to a stop in a minimum time of about 4.5 to 5.0 sec.
This must be performed under all conditions of loading, either up or down. The elevator
system must be so arranged that such acceleration and deceleration take place without
discomfort to the passenger from a too rapid change in the rate of acceleration or decel-
eration (with optimum jerk). Furthermore, the elevator must be capable of releveling,
while passenger load is changing at a floor (correcting for rope stretch), with almost
imperceptible movement. The aspects of performance are discussed further in a later
chapter.
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Figure 1.8. (a) Double-wrap roping. (b) Single-wrap traction roping.

GEARED TRACTION MACHINES

As the name implies, the geared traction elevator machine utilizes a reduction gear with
a high-speed motor to drive the traction sheave. A high-speed ac or dc motor drives a
worm and gear reduction unit, which in turn drives the hoisting sheave, the net result
being the slow sheave speed and high torque necessary for elevator work. A brake is
applied by spring to stop the elevator and/or hold the car at a floor level. Recent (1990s)
introductions have been planetary gearing and helical gearing to replace the traditional
worm gear approach.

The geared traction machine is used for elevators and dumbwaiters of all capacities
from 25 to 30,0001b (10 to 14,000 kg) or more, and speeds from 25 to 450 fpm (0.125 to
2.3 mps). The complete flexibility of worm gear ratios and motor speeds and horsepow-
ers, as well as drive sheave diameters and roping arrangements (1:1, 2:1, and, sometimes,
3:1), makes this vast range of application practical. In some materials-handling applica-
tions, geared machines are used for speeds of 600 fpm or more (3.0 mps) with excellent
results.

The geared traction elevator is an outgrowth of the earlier drum-type elevators. The
steam engine gave way to the electric motor and gear (Figure 1.9), and the drum gave
way to the drive sheave (Figure 1.10). The grooved drive sheave was an outgrowth of the
traction principle applied to gearless elevators; instead of ropes being wrapped around
the sheave, grooves were cut into the sheave and the necessary friction was created by
the pinching action of the grooves on the rope (Figure 1.11). Various types of grooving
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Figure 1.9. (a) Early steam-driven hoisting machine. (b) Early electric-driven hoisting machine.



