DESIGNING STEAM JET VACUUM SYSTEMS
For cost-effective vacuum pumping, the proper placement of condensers and pipe supports are critical
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team-jet vacuum systems combine ejectors, condensers and interconnecting piping to provide
relatively low-cost and low-maintenance vacuum
pumping. These systems operate on the ejector-venturi principle, which relies on the momentum of a
high-velocity jet of steam to move air and other gases
from a connecting pipe or vessel.
During system design, critical decisions must be
made regarding process conditions, component orientation and layout. A reliable source of steam and
cooling water must be available, and provisions must
be made to carry out condensate removal under vacuum. Finally,
the appropriate monitoring and control instrumentation must be
specified. Specific guidelines should be followed during equipment layout and installation, to optimize system performance.

EQUIPMENT ARRANGEMENT
Ejectors. An ejector is a type of vacuum pump or compressor.
Since an ejector has no valves, rotors, pistons or other moving
parts, it is a relatively low-cost component is easy to operate and
requires relatively little maintenance.
In a steam-jet ejector, the suction chamber is connected to the
vessel or pipeline that is to be evacuated under vacuum. The gas
that is to be induced into the suction chamber can be any fluid
that is compatible with the steam and the components’ materials
of construction.
The steam nozzle discharges a high-velocity jet across the suction
chamber. This steam jet creates a vacuum which extracts air or gas
from the adjoining vessel. As these gases are entrained in the
steam, the mixture travels through the ejector into a venturishaped diffuser. In the diffuser, its velocity energy is converted
into pressure energy, which helps to discharge the mixture against
a predetermined back pressure, either to atmosphere or to a condenser (Figure 1).
Since the capacity of a single ejector is fixed by its dimensions, a
single unit has practical limits on the total compression and
throughput it can deliver. For greater compression, two or more
ejectors can be arranged in series. For greater throughput capacity
of gas or vapor, two or more ejectors can be arranged in parallel.
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Figure 1. In a basic ejector assembly, high-velocity steam drawn
through a nozzle creates a vacuum, which creates suction to evacuate
a connected vessel or pipeline. The steam mixes with evacuated air
or vapors, and the stream is discharged through a diffuser.
In a multi-stage system, condensers are typically used between
successive ejectors. By condensing the vapors before sending the
stream on to the next stage, the vapor load is reduced. This allows
smaller ejectors to be used, and reduces steam consumption.
Precondensers can be added to reduce the load on the first-stage
ejector, and allow for a smaller unit. An aftercondenser can also
be added, to condense vapors from the final stage. Adding an
aftercondenser will not affect overall system performance, but
may ease disposal of vapors.
Ejectors may be installed at any angle. However, to keep condensate and any entrained solids from collecting, low points in the
vacuum piping system should be avoided during design and
installation.
Provisions should be made to ensure proper drainage of the ejector bodies, since any condensed steam or process vapors may
reduce throughput capacity. Drain valves installed at low points
can be either manual or automatic, depending on customer
requirements, and the drain cycle must relate to the type of
process: Batch systems should be drained before each cycle, while
continuous processes may be drained during operation if needed.
In most cases, the ejector is an integral part of a steam-jet vacuum
system, but it is not intended to provide physical support for the
system. Adequate piping support should be provided to minimize
external loads on the ejectors, since any misalignment will
adversely affect system performance. In fact, care must be exer1

cised during system design, so that external loads
caused by thermal movement and mechanical loading are minimized.
If the ejector or piping is steam jacketed to prevent
ice buildup, its orientation will affect the operation
and drainage of the jackets. To keep the jackets
from filling with condensate, all inlet and outlet
piping should be installed so that the jacket can be
sufficiently drained.
In certain systems, vacuum processes produce varying amounts of solid carryover, which can deposit
inside the ejector system. During ejector placement,
access for cleaning must be maintained, especially if
the potential for deposits exists.
Condensers. In multi-stage systems, intercondensers
are used between successive ejector stages to reduce
the vapor load on later stages. These units condense
steam and condensable vapors, and cool air and
other non-condensable vapors. Typically, a steam-jet vacuum system uses either a direct-contact (or barometric) condenser, or a
surface condenser, typically a shell-and-tube heat exchanger.
For optimal performance, direct-contact condensers must be
installed upright and plumb. When the condenser is mounted at
barometric elevation (Table, p.120), drainage by gravity is
induced through a sealed tailpipe or drainage leg. Such a condenser must be placed at a height that is sufficient to prevent
flooding under normal operation. Water inlet and outlet piping
must be sized according to design flowrates.
In a direct-contact condenser, the drainage lines or tailpipes
should be installed vertically, and should run to a hotwell or seal
tank (Figure 2). All tailpipes connected to inter- and aftercondensers must run separately to the hotwell to prevent
recirculation of non-condensable vapors. Condensate removal is
discussed below.

Figure 2. To promote condensate drainage, the tailpipe from a condenser should be installed vertically. When space problems prevail,
45-deg runs of pipe can be used, provided the bends occur at least
five pipe diameters (or 4 ft minimum) away from the condensate
outlet flange. Horizontal pipe runs should never be used.
area must be at least as large as the total cross-sectional area,
which is determined by adding the total areas of all ejector inlet
connections.
To minimize pressure drop, all piping between the process and
the steam-jet vacuum system — and between each successive
stage of the vacuum system — should have as few valves and fittings as possible, and all connections should be kept as short as
possible. Wherever possible, long-radius elbows should be used,
and drains must be provided in all low points to prevent condensate buildup.

Shell-and-tube surface condensers may be installed either horizontally or vertically. The vapors to be condensed can be routed
through either the inside or the outside of the tubes. However,
once a unit has been designated for tubeside or shellside vapor
duty, it should remain dedicated to that type of service.

When a precondenser is used, the potential pressure drop across it
must be calculated, to ensure that such pressure drop will not
impede system performance. The ejector manufacturer should be
consulted to determine the suitability of the installation.

The condenser must be installed to allow for complete condensate drainage. Mounting arrangements should take into account
the weight of the condenser when it is fully flooded.

UTILITIES

Vacuum piping. Paragraph 6.3 of the Heat Exchange Institute’s
Standards for Steam Jet Vacuum Systems (4th ed.) details the procedure for calculating pressure drop in vacuum systems. In
general, the diameter of the piping between the process and the
ejector system must be at least as large as the suction connection
in the first-stage ejector. In a multiple-element ejector system,
where the ejectors may be operated simultaneously, the piping
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Steam supply. A source of dry steam — at or slightly above design
pressures - must be available at the ejector nozzles at all times.
Operating a steam-jet vacuum system at steam pressures lower than
those specified in the system design will reduce system stability.
The steam should be dry and saturated, unless the system specifications call for superheated steam. To maintain the optimum
velocity, and avoid excessive heat loss and pressure drop, all insulated steam lines should be sized to match the connections on the
ejectors. For dry steam, the inlet line should be taken off the top
of main steam header.
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If moisture is present in the steam, a separator and
trap should be used to improve steam quality to better than 99.5%. An ejector may work with as much
as 2 or 3% moisture in the steam, but would then
require greater design pressures. Poor-quality steam
will not only threaten the system, but may cause
erosion of the steam nozzle and diffuser.
Cooling water supply. The specified quantity of
water must be supplied to the condenser, and it
must be at or below the design temperatures. If the
volume of cooling water drops, the temperature and
pressure of the vapor in the condenser will rise and
the system will cease to operate correctly. A temperature gage at the cooling water outlet should be
used to determine the adequacy of the cooling water
flow.
Condensate removal. Since the operating pressure
of the condenser is sub-atmospheric (under vacuum), collected
condensate must be continuously removed. This may be accomplished by gravity, through a trap or a loop-seal tailpipe, or with
the help of a condensate pump.
Condensate removal through a properly installed tailpipe is the
simplest method. The minimum height for the barometric leg is
based on the maximum recorded barometric pressure in the system. The table on p. 120 illustrates the minimum tailpipe height
that should be used when the system handles water; if the condensate is any fluid other than water, height adjustments must be
made to account for variable fluid density.
The tailpipe arrangement is crucial. To ensure adequate discharge
of the condensate, the system should not contain any horizontal
runs of discharge pipe. While the ideal tailpipe arrangement is
straight down, site conditions may prevent the installation of vertical pipelines. In this case, 45-deg runs of pipe are suitable, as
long as the bend occurs no less than five pipe diameters (a minimum of 4 ft) away from the condensate outlet flange (Figure 2).
To collect the condensate, the tailpipe outlet is directed into a
hotwell or drainage basin. HEI standards specify seal and clearance dimensions from the tailpipe outlet to the bottom of the
hotwell.
The hotwell should be sized so that the dimensions from the bottom of the tailpipe to the point of overflow in the hotwell is large
enough to contain at least 1.5 times the volume of condensate
contained in the minimum recommended height of the tailpipe.
In no case should the seal height be less than 12 in. (Figure 3).
In situations where minimum height requirements for a barometric leg cannot be accommodated, a low-level condensate-removal
system can be added (Figure 4). This will increase the complexity
of the system, since it involves adding a condensate pump, a liquid-level control in the collection tank, and a control valve.
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Shown here is a typical steam-jet vacuum system used in electrical
power generation
If during condensate removal the condensate is returned to a collection tank operating at a pressure lower than the condenser, a
loop-seal arrangement can be used to facilitate condensate
removal from the system (Figure 5). This application is typically
used with a turbine exhaust condenser.

CONTROL AND INSTRUMENTATION
Basic steam-jet vacuum systems require nothing more than an onoff valve to control the steam and water lines. Additional valves
and instrumentation can be added for increased vacuum control,
ease of troubleshooting and system optimization.
Suction control. A given steam-jet system has a fixed performance curve of capacity (lb/h) vs. absolute suction pressure (mm or
in. Hg absolute). Therefore, a given capacity can be obtained by
controlling the suction pressure. Several methods are described
below.
Using a control valve, an artificial load can be taken from the discharge of any one of the ejectors in the system to produce a
recycle control loop. To avoid vacuum leaks, care should be taken
in both the sizing and the installation of this control valve
(between two levels of vacuum).
The load could also be taken from an external source, such as an
atmospheric air bleed, steam bleed from the utility steam, or
other process fluids. Condensible vapors are preferred, as their
load on subsequent ejector stages can be minimized in the first
intercondenser.
In a competing method, a valve can be used in the suction line to
create an artificial pressure drop across the ejector. This scheme
works well when flow through the suction line is sufficient to
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Table. To facilitate condensate drainage under
gravity, these minimum
heights should be observed
when installing a drainage
tailpipe from a condenser.
A function of the maximum recorded pressures at
the site, these heights will
differ if the condensate is a
fluid other than water.

Figure 3 (left). The Heat
Exchange Institute specifies
these dimensions when
condensate is drained
through a tailpipe into a
hotwell.

cause a pressure drop across the valve’s restricted flow area. When
actual flow through the suction line is at least 50% of the design
flow, such an artificial pressure drop can usually be induced.
The addition of a valve in the suction line is also useful to isolate
the vacuum system during startup, shutdown, and troubleshooting. In the event of a vacuum system failure, such a valve can also
protect a water-sensitive process, by preventing steam or condensate from flowing back into the suction line.
The performance curve of a multistage ejector system varies
according to the number of operating stages, and will therefore
produce different levels of vacuum with on-off control of select
ejector stages. To control suction, successive stages may only be
turned off, starting in succession from the first stage (that which
is nearest the process) to the last one (that which discharges to the
atmosphere).
A single stage operating alone will produce pressures in the range
of about 50 mm Hg absolute up to atmospheric pressure. Two
stages will produce pressures between 10 mm and 100 mm, while
three stages will produce between 1 mm and 25 mm.
Finally, suction pressure can be controlled by bringing the whole
system in parallel on or off line, or by turning on and off individual ejector elements that have been installed in parallel to the
primary stage and use the same interconnections. To isolate individual elements from the process, a valve must be installed in the
steam line to that jet, and in the suction line. A discharge valve
may also be added to allow the element to be completely isolated
from the system and to be removed for servicing.
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Figure 4 (above). When there is insufficient height to construct a
proper barometric leg, a low-level, condensate-removal system can be
added. As a condensate pump removes condensate at a constant rate,
a mechanical level controller opens and closes a valve, to control the
flow of cooling water to the condenser. The solid and dashed lines
represent alternative layout options.
According to HEI Standards (Paragraph 4.2.2.4.1), the design
pressure of the suction chamber and diffuser must be no more
than 15 psig (internal), and the unit should be able to withstand
full vacuum, unless otherwise specified. During operation, care
must be taken when using a discharge valve to avoid pressurizing
the ejector bodies with mainline steam pressure. To ensure that
this does not happen, the suction valve should be closed first, followed by the steam valve, and then the discharge valve (use the
opposite sequence when turning the system on).
If this procedure cannot be guaranteed, then a pressure-relief
valve should be used. It should be sized for the steam consumption of the ejector, plus an additional 40%. According to HEI
standards (Paragraph 4.1.7.2), the valves should be set to relieve
the pressure when it exceeds 15 psig.
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Most systems will include a vacuum gage to monitor absolute pressure at the process vessel. This
gage may not be able to measure the pressure of
the overall vacuum system, since other devices may
be inline between the two.
When troubleshooting a multistage steam-jet system, it is desirable to have suction pressure
measured at each ejector. In these situations, a
portable vacuum gage is helpful.
There are many self-compensating, absolute-pressure gages available. Users are cautioned against
relying on a compound, bourdon-tube type gage,
which will not give accurate results for vacuum levels over 28-in. Hg. If a mercury manometer is
used, it must be corrected for actual barometric
pressure.
Figure 5. When a loop-seal arrangement is used for condensate removal,
the height of the loop must be in accordance with manufacturer’s’
instructions, to maintain the desired seal. Shown is a typical loop-seal
drain for an intercondenser, and a condensation trap for an aftercondenser.
INSTRUMENTATION
In a steam-jet vacuum system, the type of instruments, gages and
flowmeters used for flow control depend on the specific system
being used. Ejector manufacturers should provide critical design
data, as well as guidance in selecting and installing the instrumentation.
The basic steam-jet vacuum system requires a pressure gage in the
main steam line. Typically installed just ahead of the steam-jet
system, this gage monitors system performance, and indicates
when there is a departure from design pressure.
A steam-pressure gage can be installed on each ejector, when ejectors must be turned on and off for control or troubleshooting.
Such a gage array will guarantee that each stage of a multistage
system is supplied with the correct steam pressure.
Pressure gages may also be useful over time if the mainline steam
pressure varies over the system and must be controlled at each
ejector. Such gages are helpful during troubleshooting, since they
may indicate plugged steam lines or nozzles, or faulty valves.
A flowmeter can be added to maintain the specified flow to the
condenser. Water-temperature gages on the inlet and outlet water
lines of each shell and tube condenser will indicate when the
maximum outlet temperature has been exceeded, which may
demonstrate insufficient water or excess steam load. Such gages
will also alert the operator to a decrease in the temperature, which
may indicate a fouled condition.
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PACKAGING
The components of a steam-jet vacuum system can be conveniently packaged or skid mounted. The package can be a simple
arrangement that includes valves, interconnecting piping and utility connections, or it can be a more complex assembly, such as a
complete turnkey system.
Modular packaging of a steam-jet assembly must be designed so
that forces and moments are ultimately transferred to support
points. If loads are not transferred safely to suitable anchorage
points, a failure or misalignment of the equipment can occur. In
particular, external pipe connections should not impose any additional forces or moments to the steam, vapor and water piping.

TROUBLESHOOTING TIPS
There are two basic types of malfunction in an ejector system:
those caused by external influences or equipment, and those
caused by the ejectors or condensers themselves. It is important
that only qualified personnel, using proper equipment, perform
testing.
External problems. To locate the source:
•

Determine whether any changes have been made to the
process served by the steam-jet vacuum system

•

Determine whether the pressure and temperature of the
steam or the condensing water have changed with respect to
system specifications

•

Determine whether any recent process changes have been
made, which may have altered the feed rate of the vapor
stream evacuated from the process vessel
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•

Determine whether the problem developed gradually or suddenly. As a general rule, a gradual loss of vacuum is due to
changes or the deterioration of the vacuum system, while a
sudden loss of vacuum usually is due to a change in utilities,
increase in backpressure, or system leak

For systems operating under vacuum, ordinary shaving cream is
another inexpensive indicator. When applied to all joints and
potential leak joints, the cream will be sucked into the opening,
and the leakage source will be easily observed.

•

Review the unit’s recent maintenance history, and make note
of any recent modifications

•

Review any records of previous problems

If the hydro, air, or vacuum tests have not indicated any leakage,
the next step is to check the internals of each component for
damage or wear. Dismantle the ejector and check for deposits,
scaling of internal parts, and wear in the nozzle and diffuser.

Once these steps have been followed, and it has been determined
that the correct flow, steam pressure and coolingwater temperature are in use, and that the pressure at the discharge of the
final-stage ejector is not excessive, the next step is to determine
whether the operational problem resides within the ejector system
itself.
Internal problems. To pinpoint malfunctions, a step-by-step procedure should be followed to assess each component. First, the
ejector should be isolated by means of “blank off ” plate at the
suction inlet of the first-stage ejector. With all units operating
while the plate is in place, the ejector will evacuate the first-stage
suction chamber to the minimum pressure that the ejector is
capable of producing.
The following shut-off pressure can be expected (each is approximate, and will vary with the system):
•
•
•
•
•
•

Single-stage ejector
Two-stage ejector
Three-stage ejector
Four-stage ejector
Five-stage ejector
Six-stage ejector

50 mm Hg absolute (A)
4-10 mm HgA
0.8-1.55 mm HgA
0.1-0.2 mm HgA
0.01-0.02 mm HgA
0.001-0.003 mm HgA

If the system uses multistage ejectors, begin with the final-stage
unit. Check the threads of the nozzle for telltale white or tan
streaks, which indicate a steam leak through the threaded connection.
Remove deposits from the suction chamber and make sure it is
not cracked, rusted, or corroded. Shine a small light through the
diffuser to make sure it is completely free from scale and is not
pitted, grooved, or cut.
After all stages and intercondensers have been cleaned, the throat
diameters or the nozzles and diffusers should be measured as
accurately as possible. Compare these with the original dimensions of the throat diameters, supplied by the manufacturer, to
determine wear.
If either diameter is larger than the original equipment specifications, calculate both original and present throat areas, and
determine the percentage increase in areas. If the percentage
increase is greater than 7%, the nozzle or diffuser will have to be
replaced before satisfactory operation can be expected. Even if the
percentage increase in area is only 5%, replacement nozzles or diffusers should be ordered, prepare for an inevitable upgrade.
Edited by Suzanne Shelly

If this test indicates that the ejector is operating at its approximate shut-off pressure, then it can be assumed that the ejector
will operate satisfactorily along its entire performance curve.
Further troubleshooting would then be required on the vacuum
system upstream to the ejector.
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However, if the expected shut-off pressure is not obtained or is
unstable, then the troubleshooting should be confined to the ejector system. A hydrostatic test is recommended to check for air
leakage. Caution should be exercised: Before carrying out such a
test, determine whether the system is designed to carry the extra
pressure and weight of the water required to perform the
hydrotest.

The Institute concentrates its efforts on the manufacturing and engineering
aspects of steam surface condensers, closed feedwater heaters, power plant heat
exchangers, liquid ring vacuum pumps, and steam jet ejectors.

If a hydrotest cannot be used, a low-pressure air test, using air
pressurized to roughly 5 psig, can determine if the ejector system
has a leak. Once again, system specifications should be checked to
ensure that the unit will tolerate such pressure.

The Heat Exchange Institute (HEI) is a non-profit trade association committed to
the technical advancement, promotion and understanding of a broad range of utility and industrial-scale heat exchange and vacuum apparatus.

The Institute’s membership is comprised of major U.S. manufacturers of heat
exchange and vacuum apparatus. These companies recognize the need for industry
standards which reflect the growth in technology.
Acknowledged worldwide as the leading standards development organization for
heat exchange and vacuum apparatus, the Institute maintains its commitment to
the technical advancement of the industry it serves.

During the test, a soap solution or spray should be applied to all
joints, valve packings and other potential leak sites. If an air leak
is present, the soap solution will form a bubble over the leak.
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