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EJECTORSAND JET PUMPS. DESIGN FOR STEAM DRIVEN FLOW

1 NOTATION AND UNITS

A coherent set of mass, length, time and temperature units must be used in all the equations in this Data

Item. Two coherent sets of units - British and Sl - are given below.

Note: 1dug =32.174 1b mass
O°F =450.7°R
1Btu/lb =24 990 ft Ibf/slug
1torr = 1mm Hg abs.

cross-sectional area of component

>
a
)
wl
3]
I
=
o
(S)
g Ar arearatio, A /A,
(%]
% A; arearatio, A /A,
§ At arearatio, A/ Ay,
o
"_I'. a speed of sound in fluid
©
%’ Cp primary-nozzle discharge coefficient
E C, correction factor for gases other than air (see Section 5.4.2)
.90
% C, correction factor for air temperatures above 20°C (see
S Section 5.4.2)
é Cp specific heat capacity at constant pressure
Ll
Cpr ratio of specific heat capacities, cl’D /c’é
D diameter of narrowest section of mixing chamber
d diameter of primary nozzle
fg specific enthalpy of vaporisation
Ky diffuser loss coefficient (steam/liquid g ectors)
(Equation (B2.3))
K mixing chamber loss coefficient (Equation (B2.2))
K secondary inlet loss coefficient (steam/liquid ejectors)
(Equation (B2.1))
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L length of parallel section of mixing chamber

Ly length of exit contraction or diffuser

Mach number, U/a —

m mass flow rate kg/s
N, pressure ratio, (5 — Pyg)/Piq -
N, pressureratio, (P, — Pyq)/¥2pg UG -
Np primary pressure ratio, p;;/p;s -
. Ng secondary pressure ratio, p,s/pyq -
o)
g n number of stagesin multistage €jector -
g p absol ute static pressure N/m? (Pa)
=
9 P absolute total pressure N/m? (Pa)
5
E Py absolute vapour pressure N/m? (Pa)
(%]
§ R gas constant (for steam, R = 461.5 Jkg K, or Jkg K
5 4970 ft Ibf/slug°R)
(S)
o Ry ratio of gas constants, R’/R” —
L
.f_g Mo density ratio for steam/liquid gjectors, p7 /p” -
(O]
g Me1 density ratio for steam/liquid gjectors, p, /p” -
.ED m mass flow ratio, m”/m’ -
>
Q.
. S distance from primary-nozzle outlet to beginning of m
8 constant-area section of mixing chamber
k] T absol ute static temperature K
T absol ute saturation temperature K
T, absolute total temperature K
TR ratio of inlet total temperatures, Tt 1/ Tto -
U flow velocity m/s
w inverse of massflow ratio, 1/r | -
Y ratio of specific heat capacity at constant pressuretothat at  —

constant volume (= 1.1 (average) for saturated steam;
=~1.315 (average) for superheated steam)
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ratio of specific heat ratios, y'/y” -

contraction or diffuser loss coefficient, p,5/p,, (steam/gas
gectors)

secondary inlet loss coefficient, p,/p;, (steam/gas -
gectors)

fluid density kg/m®
included half-angle of convergent section of mixing degree
chamber

included half-angle of diffuser degree
degree of subcooling, (T; — T) K

denotes conditions leading to cavitation
primary nozzle exit plane

denotes property of saturated liquid

denotes change of phase at constant pressure
denotes property of saturated vapour

mixing chamber

denotes total value (see Section 5.3)

primary nozzle throat

denotes multistage unit

secondary flow entry plane

primary nozzle entry plane

entry plane of parallel section of mixing chamber
mixing chamber exit plane

contraction or diffuser exit plane

Slug/ftd

degree

degree

°R

The reference planes are defined in Sketch 1.1. For constant area mixing, planes e and 3 are coincident
and have been referred to by subscript e.

Superscripts
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Notethat, where applicable, non-superscripted quantities are used to refer to the combined steam/secondary
fluid stream.

Primary flow S L L,

L @)

i e
— ¢ —

;ff\jde D

th

® ® O) ®

Secondary inlet flow

Sketch 1.1 Steam g ector configuration and reference planes
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2. INTRODUCTION

This Item is one of a series of ESDU Data Items concerned with the design and performance of gectors
and jet pumps. Such devices are characterised by the use of the kinetic energy of one fluid stream (the
primary, motive or driving flow) to drive a second fluid stream (the secondary, induced or driven flow) by
direct mixing. The design parameters, requirements and methods vary considerably depending on whether
the working fluids are gases, liquids, vapours or mixtures of these components. Each type is therefore
considered in a separate Data Item. Derivation 25 considers gjectors in which the primary and secondary
fluids are both air and Derivation 26 considers gjectors in which they are both liquids. This Item considers
steam driven gjectors.

The terms “gjector” and “jet pump” are alternative names for the same device and the term “injector” is
also used. Although common usage, itisnot strictly correct to assumethat theterms* gjector” and “injector”
are used when the working fluids are gases and the term “jet pump” when they are liquids.

21 Purpose and Scope of Thisltem

This Data Item provides information for the design and performance evaluation of ejectors, jet pumps or
injectors in which the primary fluid is steam and the secondary fluid is a liquid or a gas. The terms
stearm/liquid and steam/gas gjector are employed according to whether the secondary fluid is aliquid or
gas. Techniguesfor the optimum design of asteam driven gjector are presented. The method for steam/liquid
gjectorsisbased on atheoretical analysis, that for steam/gas jectorsis based on experimental dataobtained
on awiderange of steam driven gjectors. A performance prediction method for steam/liquid gjectorsisalso
presented, based on the same theoretical analysisasisused in the design method. A performance prediction
method for steam/gas gjectorsis discussed briefly.

2.2 Layout of Thisltem
Section 3 of this Item discusses some applications of steam driven gjectors.

Section 4 describes the principles of gjector operation and defines the different components. These may
vary considerably with application and Section 4 considers some of the configurations possible.

Section 5 describes design methods that can be used to determine the on-design operating conditions and
optimum dimensions of asteam driven gjector. Some considerationsregarding mechanical design aregiven
in Section 5.5.

ESDU Copyright material. For current status contact ESDU.

Section 6 describes a method by which the performance of a steam/liquid gector may be evaluated.
Performance prediction for steam/gas gjectorsis aso discussed.

Section 7 describes designs such as multi-stage, annular nozzle and multi-nozzle gjectors and considers
their advantagesin certain situations.

Section 8 discusses some of the problems that may arise when an gjector isin operation.

Section 9 presentsworked examplesthat il lustrate the application of the Design and Performance Prediction
Methods.

Section 10 listssources of information used in the preparation of this Item together with further information.
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Appendix A contains a glossary of terms used in describing ejector components, design parameters and
performance.

Appendix B presents detailed theoretical analyses of the fluid flow through ejectors. These analyses are
based on one-dimensional flow representations of mass, momentum and energy conservation.

3. APPLICATIONS OF STEAM DRIVEN EJECTORS

Steam driven gectors are used extensively in the power generation, chemical processing and nuclear
industries. Their main advantage is that they have no moving parts and hence require little maintenance.
Almost any typeof liquid, gasor vapour can be pumped, and solids-bearing fluids can be handled. Compared
with mechanical pumps, steam egjectors have very low efficiencies when used in normal pumping
applications but when a source of waste or low grade steam is available, a steam gjector may be cheaper
to operate than a mechanical pump. Steam gectors aso have many applications, such as heating,
humidifying and pumping toxic and solids-bearing fluids, where a mechanical pump may be unsuitable.

In some applications, a steam driven gjector may have advantages over other types of gector, such as air
driven and liquid driven gjectors. In gas pumping applications, the primary steam flow can be separated
from the secondary gas by condensation - an option which is not available for air driven gectors.
Combustible gases can be handled more safely. In liquid pumping applications, a steam driven ejector
causes far less contamination of the pumped liquid than a liquid driven g ector. Thisis because the steam
condenses within the gjector and so occupies only a small fraction of the volumetric discharge from the
gjector. Offset against these advantages is the cost of the steam supply, which usually far exceeds the cost
of an equivalent compressed air or liquid supply.

Sometypical applications of steam driven gjectors are discussed below. Although many different uses are
considered, it is worth noting that most commercially supplied steam/gas ejectors are used in vacuum
pumping applications and are usually sold as multistage units. The most common uses of steam/liquid
gjectors are as pumps for toxic or radioactive liquids, as liquid heaters and as feed water injectors.

3.1 Applications of Seam/Liquid Ejectors

Condensers

ESDU Copyright material. For current status contact ESDU.

When a steam driven gjector is used to pump aliquid, it is inevitable that the steam condenses. In awell
designed device, the discharge flow from the gector should not contain any uncondensed steam. The
condensing characteristics of steam driven gectors make them suitable for use as maintenance-free
condensers, and they have been used in thisrole in the nuclear industry.

Feed water injectors

Steam driven gjectors are widely used to feed water to water boilers. In thisrole, they are often referred to
asfeed water injectors. Theinjector isdriven by asteam bleed from the boiler. The driving steam performs
thedual function of pressurising and heating the water beforeit entersthe boiler. An early use of feed water
injectors was in steam locomotives.
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Liquid heaters

A steam driven gjector, when immersed in a liquid, simultaneously heats and recirculates the liquid. The
gjector then acts primarily as aheater and all of the thermal energy of the steam istransferred to the liquid.
Steam egjectors for use as liquid heaters are supplied in several forms. When used to heat the liquid in a
tank, the gjector can be immersed in the tank as required or be attached permanently to the outside of the
tank. Often an air bleed line is fitted in the secondary inlet so that the gector performs the dua role of
heating and agitating or aerating the liquid. Steam ejector heaters are also used in pipeline applications, the
gjector usually being supplied as a self contained Tee-piece for insertion into the pipeline.

One particular use of steam driven gjector heatersisin reducing the viscosity of sludges and other viscous
liquids.

Pumping liquidsand slurries

Steam driven gjectorsarewidely used as pumpsin the chemical processing and power generating industries.
They may beinstalled permanently in the plant or may be portablefor useintank draining and other cleaning
operations. Liquids and suspended solids can be pumped. The absence of moving parts makes steam driven
gectors particularly suitable for handling highly toxic or radioactive liquids and slurries. A possible
disadvantage of steam driven gectors in liquid pumping applications when compared with mechanical
pumpsis that the pumped liquid or slurry is heated and contaminated by the condensed steam.

Seam desuper heaters

A common requirement in the power generating and chemical processing industries is to desuperheat
(i.e. coal) superheated steam. Steam gjectors are often used for this purpose. The superheated steam is used
to drive the gector. Water is fed to the secondary inlet and cools the superheated steam. A temperature
controller at the outlet from the gjector adjusts the water feed rate to maintain the desired steam outlet
temperature.

3.2 Applications of Seam/Gas Ejectors
Gas pumps and humidifiers

Steam driven gjectors can be used to pump gases or boost gas pressures in a system. The gas may be dust
bearing. Compared with air driven gjectors, the main advantage of steam driven gjectorsisthat most of the
driving steam can be removedin an aftercondenser, | eaving the gasonly slightly contaminated by thedriving
fluid. Also, steam driven g ectors can be used in applicationswhere use of an air driven g ector would create
a combustible mixture. A common use of steam driven gjectors as gas pumpsisin ventilation systems. In
closed loop systems, the gjector may perform the dual role of ventilating and humidifying the recircul ated
gases.

ESDU Copyright material. For current status contact ESDU.

Thermo-compressors

A steam driven gjector may be used to compress a low pressure vapour to a higher pressure. The term
thermo-compressor is often used to describe these devices. Thermo-compressors are widely used to
compress low grade steam, although almost any vapour can be compressed.
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Vacuum pumps

Steam driven gectors can be used to produce or maintain a vacuum in a gas filled vessel, or simply to
evacuate a gas. In this role they are used in refrigeration units, condensers, filtration units, molten metal
degassers, evaporators, dryers and in many other processes requiring sub-atmospheric pressures.
Multi-staged units with intercondensers can achieve vacuums well below 1 torr. More information on this
widespread application of steam/gas gjectorsisgivenin Section 7.1.

4. THE BASIC STEAM DRIVEN EJECTOR
4.1 Principle of Operation

An gector is adevice in which the kinetic energy of one fluid stream (the primary fluid) is used to drive
another fluid stream (the secondary fluid). The primary fluid isusually supplied through anozzle and issues
asajet into aduct (the mixing chamber) which contains the secondary fluid.

Ejectors using steam as the primary fluid can be used to pump both gaseous and liquid secondary fluids.
In asteam/gas gjector the gasisinduced into motion by the turbulent mixing and entrainment at the edges
of the steam jet. In a steam/liquid gjector, the steam jet and liquid move initially as an annular flow in the
mixing chamber. Mixing may take place gradually, as the steam condenses, but usually occurs suddenly at
a condensation shock. In both types of steam driven gector, mixing may occur violently following a
compression shock in the steam flow.

Inawell designed gjector, the primary and secondary fluids should be fully mixed by the end of the mixing
chamber. Often, thismixed fluid is discharged through adiffuser, which isused to obtain somefurther static
pressure recovery.

The basic theory of the flow through a steam driven gjector, derived by considering mass, momentum and
energy conservation, is described in Appendix B. Separate derivations are presented for steam/liquid and
steam/gas gjectors.

| Convergent section | Parallel section Diffuser
l (combining tube)

B —

Primary nozzle

T ——

T 7

Secondary
inlet flow
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—_ E — B —

Mixing chamber

[
Sketch 4.1 Component partsof a steam gector with a single-central primary nozzle
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4.2 Component Parts

Sketch 4.1 shows a typical configuration for a steam driven gjector. The gector consists of four main
components: the primary nozzle, the mixing chamber, the diffuser and the secondary inlet. It should be
noted that thisterminology, although widely used, isnot unique. The mixing chamber and diffuser are often
considered to form one unit called the diffuser. The converging section of the mixing chamber is sometimes
called the combining tube. In air pumping applications the secondary inlet is sometimes called the air
chamber.

Of the component parts of an gjector, only the mixing chamber is used in all applications and hence
effectively characterises the device. In most commercialy supplied devices the mixing chamber consists
of a converging section (the combining tube) followed by a short paralel-sided section. Other
configurations are possible, however, and are discussed in Section 5.5.3. The geometry and layout of the
other component parts of an gjector are dependent on the application for which the gjector isintended. The
main variations that are used are described below whilst more detailed information is given in Section 5.5
(Mechanical Design Considerations) and Section 7 (Aspects of Some More Complex Designs).

(@ Primary nozzle

Most designs incorporate a primary nozzle, since it is more economical to transport steam to the
gjector at high pressure, rather than at high velocity with itsinherently higher pressure losses. The
nozzle may be convergent but is more usually convergent-divergent (provided that there is
sufficient primary pressure available to achieve supersonic flow). Detailed information on the
design and optimum position of primary nozzlesis given in Section 5.5.1 and 5.5.4.

Asan dternativethe primary nozzle may be annular, producing either adiscrete annular jet separate
from the wall of the mixing chamber, or a wall jet located around the periphery of the mixing
chamber. For a given steam flow rate, the surface area of an annular jet is greater than that from a
central nozzle so that mixing is more rapid. Conseguently an annular nozzle gector requires a
shorter mixing chamber than a central nozzletype. Annular nozzle gjectors are discussed in greater
detail in Section 7.2.

(b) Multi-nozzle g ectors
Multi-nozzle units may be used in conjunction with a single mixing chamber and diffuser. They

have the advantage of reducing considerably the mixing chamber length required. More
information is given in Section 7.3.

ESDU Copyright material. For current status contact ESDU.

(©) Multi-barrel gectors

Multi-barrel units with a common secondary flow supply are sometimes used. The units are
arranged in parallel and discharge into a common delivery tube.

(d)  Diffuser

Thediffuser raisesthestatic pressure of thefluid discharged by the gjector. Thereneed be no diffuser
if the velocity of the fluid discharged from the mixing chamber is already suitable for existing
pipework and the mixing chamber diameter is appropriate. A contraction may be used to connect
the gjector to aduct of smaller diameter. Thisneed not cause significant energy lossbut will increase
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the exit velocity and decrease the discharge pressure.
(e) Secondary flow inlet

The secondary fluid may be supplied at various angles to the primary stream, depending on the
intended application of the gjector. High angles may introduce extralosses, although these may be
negligibleif theinlet velocity islow. Under steady-state conditions, there need be no secondary or
induced flow if the gjector isto be used solely to maintain afixed vacuum or discharge pressure.

()] Multi-stage g ectors

Multi-stage units are widely used, particularly in vacuum applications. The gjectors are arranged
in series, which extends the range of pressure and/or flow ratios over which the secondary fluid
may be pumped. In vacuum applications, greater efficiency is achieved by condensing the steam
efflux from each stage and providing a fresh supply of steam to the next stage. More information
on thistopic isgiven in Section 7.1.

5. DESIGN OF STEAM DRIVEN EJECTORS
51 Introduction

The performance of a steam driven gjector depends upon its geometry (shape, layout and dimensions), the
propertiesof the steam and secondary fluid (density and, in the case of steam/gas gjectors, molecular weight
and specific heat ratios), and the flow conditions (pressures, temperatures, mass flow rates) at the primary
and secondary inlets and the diffuser outlet. The flow conditions define the performance of the device.
Usually, themain aim in design isto determine the optimum geometry to obtain agiven performance. Some
or al of the flow conditions may be fixed by the application of the gjector; the remainder are found during
the design stage.

This Section describes methods for designing a steam driven gjector to achieve a given performance.
Different techniques are presented for steam/liquid and steam/gas gjectors. The method for steam/liquid
gectorsis based upon atheoretical analysis of the flow in the gjector. Empirical 1oss coefficients are used
to compensate for the idealisations made in the analysis. For steam/gas ejectors, the method used is based
entirely on empirical results. Although the steam driven gjector isconceptually asimple device, the physical
processes of turbulent mixing, heat transfer and condensation that occur within it are extremely complex
and, to date, no method has been devised that can account fully for all of these phenomena. The design
methods given here are therefore necessarily approximate but should be sufficient to provide a good first
estimate of thefinal design. Some adjustment to nozzle size and/or axial positioning will alwaysberequired
before the gjector can be commissioned.

ESDU Copyright material. For current status contact ESDU.

The design methods assume that the optimum design, or on-design condition, correspondsto the operating
condition at which the gjector uses a minimum of steam to achieve a specified pressure ratio. Different
design pressure ratios are used for steam/liquid and steam/gas € ectors and these are defined in Sections 5.3
and 5.4 respectively. This definition of the on-design condition is of particular practical value since steam
supply costsusually far exceed the capital cost of asteam gjector. Most commercially supplied steam driven
gjectors are sold primarily on the basis of their estimated steam consumption.

Steam ejectors are normally designed to operate from a supply of dry steam for reasons explained in
Section 8. It is assumed in the design methods that dry steam is used. The design methods also neglect the
effects of certain phenomena - vapour freezing, cavitation and vapour binding - that can reduce the
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52

performance of a steam driven gjector as discussed in Section 8. A correctly designed gjector should not
be affected by these phenomena and the design methods given here assume that these problems will be
eliminated by careful mechanical design. The method for steam/liquid g ectorsincludes checksthat indicate
whether cavitation or vapour binding may be a problem.

The design method for steam/liquid ejectors is presented in Section 5.3 and that for steam/gas gjectorsin
Section 5.4. Guidelines on detailed mechanical design (i.e. the shape and layout of components) are given
in Section 5.5 and these should be followed once the cal cul ations specified in Sections 5.3 or 5.4 have been
compl eted.

Itis convenient to describe the geometry, fluid properties and flow conditionsin terms of non-dimensional
parameters. These are defined in Section 5.2.

Dimensionless Parameters Used in Design
Geometry of the g ector
The main dimensionless parameters defining the geometry of a steam driven gjector are as follows.

D The mixing chamber area ratio (minimum cross-sectional area of the mixing
chamber/cross-sectional area of the primary nozzle exit),

- — PN2/d42
AR = A /A, = Delds.
It is sometimes convenient to use an alternative arearatio A,’:; , which is defined by

*

— _ 2,42
An = A /A, = D¥dy .

2 The primary nozzle arearatio (cross-sectiona area of the primary nozzle exit/cross-sectional area
of the n throat),

_ _ 2
Ar = AJA, = dJd; .
Fluid Properties

For steam/gas gjectors, the main dimensionless parameters defining the fluid properties are as follows.

3 Theratio of specific heat ratios (specific heat ratio of steam/specific heat ratio of secondary gas),
Yr = YY"
(@] The ratio of gas constants (gas constant of steam/gas constant of secondary gas),

Ry = RIR".
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For steam/liquid g ectors, a single parameter, the ratio of the steam density to the secondary fluid density
may be used

r. = P /p”-
The design methods assume that the steam flow behaves as an ideal gas with constant specific heat ratio
and gas constant. This assumption is reasonable if, as is usual for steam gectors, the steam supply is
saturated or superheated. Values of yv* = 1.315 and R* = 4615 Jkg K for steam are assumed
throughout.

Flow Conditions

The main dimensionless parameters defining the flow conditions at the ejector inlets and outlet are as
follows.

5) The primary pressure ratio (steam supply pressure/discharge pressure),
Ny = Pia/Pis-

(6) The secondary pressure ratio, or compression ratio (discharge pressure/secondary inlet pressure),
Ns = Pis/Pyo-

(7 For steam/liquid gectors it is convenient to combine the pressure ratio parameters, Np and Ng,
into asingle parameter, N, , defined by

Ps—Pp  Ng—1

p, NN

N, = .
sp

(8 The mass flow ratio (secondary fluid mass flow rate/steam mass flow rate),

— 7/ o’
Mm = m”/m’.

ESDU Copyright material. For current status contact ESDU.

For steam/gas gjectors, it is necessary to define an additional parameter, the ratio of the total temperatures
in the primary and secondary inlet flows,

Tr = Ti/Tio-

Inthis Dataltem it isassumed throughout that flow vel ocitiesin the steam nozzleinlet, secondary inlet and
diffuser outlet are small enough to be neglected so that p; = p;;, Po=Pigr P5=Pis T1=Ti» To=Tig- FOr
convenience, the subscript t is omitted in the remainder of this Data ltem.

53 Design of Seam/Liquid Ejectors

The recommended design method for steam/liquid ejectors is based on the theoretical results that aré
presented in Section B2 of Appendix B. The theory is a development of the methods presented in
Derivations 10 and 13. It has been validated against experimental results taken from Derivations 10, 12

and 13. In al cases, calculated values of massflow ratio, r ., for given pressure ratios were within 20% of

Documents
12 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 86030 A 2007


http://www.avadocuments.com/doc/esdu-86030-a-2007
http://www.avadocuments.com/doc/esdu-86030-a-2007

ESDU 86030

measured values. Strictly, the method is only valid for gectors with a single central convergent-divergent
nozzle and with a constant area mixing chamber. It should be used with caution for other ejector
configurations.

The design charts used in the design method were derived by calculating, at each pressureratio, N, , and
density ratio, r ., combinations of the arearatios, A; and A, that gave the highest mass flow-ratio, r, .
These caculations were performed using typical vaues for the loss coefficients of
Kg = 0.10,K, = 0.20,K, = 0.15,C = 1.0. Itispossiblethat lower valuesfor K, K, and K could be
obtained by careful mechanical design of the gjector. Ejector designs produced by thisdesign method should
therefore be regarded astypical, rather than best possible, designs. Sketch 5.1 shows a compilation of data
published by manufacturers of steam/liquid gjectors. The shaded area encompasses performance data
obtained on several steam/liquid g ectors for density ratiosin the range 0.002 to 0.004.

0.5

0.4

03 Indicates range of data for 0.002 < r_ < 0.004

Pressure ratio, N,

0.2

0.1

| |
0 20 40 60 80 100 120

Mass flow ratio, r
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Sketch 5.1 Typical performance figuresfor steam/ liquid g ectors

The performance of a steam/liquid gjector is limited by the phenomena of cavitation and vapour binding.
These phenomena are discussed in Section 5.3.1, together with typical operating characteristics for
stearm/liquid gjectors. The design method is presented as a step-by-step procedure in Section 5.3.2.

5.3.1 Typical operating characteristics of steam/liquid g ectors

A typical operating curve, indicating the relationship between discharge pressure and mass flow rate over
the whole operating range, is shown in Sketch 5.2.

Themassflow ratio delivered by the gjector increases as the steam supply pressure, p, , isincreased or the
pressure difference across the gjector is decreased. A maximum mass flow ratio is reached when the
parameter, N, , equals zero. The maximum mass flow ratio available may be limited by the onset of
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cavitation. High secondary massflow rateslead to high liquid vel ocitieswith anincreased risk of cavitation.
A typical cavitation-induced limit is shown in Sketch 5.2. The design method given in Section 5.3.2
indicates when cavitation may be aproblem. Further discussion of cavitation can befound in Section 8.2.3.

Second shut off

04_
Q. _
RN / First shut off
0.3 Limiting value of N, due t bindi
______ g value of N, due to vapour binding
N, 02L Limiting value of [ due to cavitation
\
0.1F \
\
\
\
\
\
l l l l |
0 10 20 30 40 50

Sketch 5.2 Typical operating curvefor a steam/liquid € ector

The mass flow ratio decreases as the parameter, N, , is increased. A point may be reached at which the
secondary flow stops, while the steam flow continues to pass through the g ector. This point is often called
the first shut-off', or 'breakpoint’. Further decreasesin p, orincreasesin (ps — p,) may eventualy reduce
the outlet flow from the g ector to zero with the primary flow leaving viathe secondary inlet so that there
is effectively a negative secondary flow. This 'second shut-off' point is an important design parameter and
isrequired so that the maximum possible pressurein the gjector due to aline blockage or valve failure can
be assessed and components rated accordingly.

ESDU Copyright material. For current status contact ESDU.

The maximum pressure ratio that can be attained may be limited by incomplete condensation of the steam
flow or by boiling of the liquid flow. Collectively, these phenomena are often called vapour binding and
are discussed more fully in Section 8.3.

5.3.2 Design method : steam/liquid €jectors
Stage 1 - Determine the constraints on the design

The constraints may relate to the required performance of the gjector or may be dimensional, restricting
the size of the gector. For most applications the main design constraint falls into one of the following
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categories.

@ the secondary mass flowrate is specified (e.g. tank emptying duties),

(b) the mass flow ratio is specified (e.g. liquid heating duties),

(© the pressure difference, (pg — pgy) , across the gjector is specified (e.g. liquid pumping duties).

From these constraintsit should be possible to estimate a value for the pressureratio N, or the mass flow
ratio, r . If arange of valuesfor N, or r . isrequired, then the gector should be designed to operate at
the middle of that range. Itisunusua for both N, and r  to be constrained and that caseis not considered
here.

Calculate the density ratio, r. = p’/p”, of the supply steam and the secondary flow. The density of the
steam may be obtained from steam tables or, approximately, fromtheideal gasrelationship p; = p,/R'T,,
where R” = 461.5 JkgK.

Stage 2 - Obtain valuesfor thearearatios Ag and Ay

Usualy, the required gjector performance can be achieved with several different combinations of A and
A+ . However, only one combination leads to a design with optimum performance. This design method
assumes that optimum performance corresponds to the design that achieves the highest mass flow ratio
(i.e. minimum steam mass flow rate) for agiven pressureratio, N, . Optimum combinationsof A and A
and corresponding values of r . have been caculated using the theory in Section B2. The results are
presented in Figures 1, 2 and 3 for several values of the density ratio, r .. Results for values of r . other
than those in the Figures can be obtained by direct interpolation.

Proceed as follows, according to the design constraints.

@ If the pressureratio, N, , is defined as one of the design requirements, find the optimum values of
Ag and A; from Figures 1 and 2. Read off the corresponding value for the mass flow ratio, r,
from Figure 3.

(b) If the mass flow ratio, r ., is defined as one of the design requirements, then read off the
corresponding value for the pressure ratio, N, , from Figure 3. For this value of N, read off the
optimum arearatios, Ag and A, from Figures 1 and 2.

ESDU Copyright material. For current status contact ESDU.

Sage 3 - Calculate the remaining unknown design parameters

If either the primary or secondary mass flow rate is unknown, calculate the unknown quantity using the
known or estimated value of the mass flow ratio, r ., and the value of the other mass flowrate.

Find any unknown pressures from the design requirements and the design value of N, .

Calculate the area of the primary nozzle throat, A,,,, from

m’ /TR’
Ath = .
0.67p,

Calculate the primary nozzle exit area from the calculated value of A, and the known value of A;.
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Calculate the mixing chamber area from the calculated value of A, and the known value of A,.

Calculate the nozzle throat, nozzle exit and mixing chamber diameters from the calculated areas.
Stage 4 - Deter mine whether cavitation or vapour bindingislikely to occur

If cavitation and vapour binding occur they will reduce the performance of an gector designed by this
design method. It is important to estimate whether the design is likely to be affected by either of these
phenomena.

Cavitation islikely to occur if the secondary inlet supply pressure, p, is below the limit given by

m”2(1 + Ky)
po S p 0 + ” ]
U 2p7(AL - A2
where p, , is the vapour pressure of the liquid at the secondary inlet temperature, T, and typically
K.=0.1.
S

Vapour binding may occur in the diffuser if the temperature T, approaches the value of the boiling
temperature of the liquid at the pressure p,. An estimate of T, can be obtained from

4

p

’ ”
Cpf + I’me

hfg +C Ty + CprmTO

T, =

and an estimate of p, from

(M +m”)2(1-Ky)

Py = Pg—

” 2
20" A,

wheretypically K = 0.15. Thecriteriagiven above are crude, but indicate when cavitation and/or vapour
binding may be a problem.
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Sage 5 - Assessthefinal design

Thefinal design should be assessed to determine whether it is acceptable in terms of the design constraints,
size limitations and cavitation/vapour binding performance. Should cavitation or vapour binding be
indicated the design should be reassessed: new values of A, and/or A+ may be chosen, leading to poorer
on-design performance, or the design constraints may be relaxed. If required the off-design performance
of the gjector can be investigated by using the performance prediction procedure given in Section 6.1. The
design procedure should be repeated until a satisfactory design is obtained.
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Sage 6 - Carry out the detailed design of the g ector

The detailed design of the shape and layout of the primary nozzle, secondary inlet, mixing chamber and
diffuser should be performed following the guidelines given in Section 5.5. Thiswill define the following
parameters:

- secondary inlet geometry,

- primary nozzle length and shape,
- mixing chamber length and shape,
- diffuser length and shape.

54 Design of Seam/Gas Ejectors

The recommended design method is intended to give quick, approximate estimates of the geometry of an
gjector required to achieve a given performance. The method issimilar to that presented in a previous Data
Item (Derivation 25) and uses data obtained on awide range of single-stage steam/gas g ectors. In all cases,
the secondary gas was air at ambient temperature (nominally 20°C). Correction charts are presented that
permit estimates of performance with other gases or with gases at higher temperatures. These charts are
based on the Heat Exchange Institute Standards (Derivation 19), which in turn are based on a set of
measurements made in the 1950's using two commercially available gectors (Derivations 7 and 8). The
Design Method applies only to single stage gectors and individual units in multi-stage gjectors. Further
information on the design of multi-stage unitsis given in Section 7.1.

The data used in the Design Method were obtained mostly from Derivations 2, 4, 9, 11, 14, 17 and 35 and
published manufacturers' data for steam/gas gjectors. All of the gjectors tested had the following common
features:

@ asingle, central, convergent-divergent primary nozzle,

(b) a'constant pressure' design of mixing chamber (see Section 5.5.3), with included half-angles, ¢, ,
intherange 2° < ¢, < 10°,

(©) conical diffusers with included half-angles, ¢, , intherange 4° < ¢, < 8°.

In most tests a saturated or slightly superheated steam supply was used with supply pressures typically in
the range 5 to 20 bar abs. The design charts correspond to optimum operating conditions for these gjectors.
In most cases, the optimum operating conditionsweretaken asthe operating point at which thelowest value
of secondary inlet pressure p;, (highest vacuum) was measured for agiven massflow ratio, r .. Typicaly,
this point was determined by first adjusting the arearatios, Az and A+, to obtain minimum p, for given
r, then, inthe resulting design, adjusting the primary nozzle position to improve further the performance
of the gjector.

ESDU Copyright material. For current status contact ESDU.

Typical operating characteristics for steam/gas gjectors are discussed qualitatively in Section 5.4.1. The
design method is presented as a step by step procedure in Section 5.4.2.

54.1 Typical operating characteristicsfor steam/gas g ectors

The performance of steam/gas gjectors is usually measured in terms of the secondary pressure ratio, N,
for afixed steam supply pressure, p, . A typical operating curve for a steam/gas ejector at a fixed steam
supply pressure is shown in Sketch 5.3. The curve shows the relationship between the secondary pressure

ratio, Ng, and mass flow ratio, r ., over the whole operating range of the ejector.
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The mass flow ratio delivered by the gector increases as the secondary pressure ratio is decreased. The
maximum mass flow ratio that can be delivered islimited by secondary flow choking. The secondary flow
is most likely to choke downstream of the primary nozzle. A typical limit on r . due to secondary flow
choking is shown in Sketch 5.3. A limiting value of the compression ratio is reached when the secondary
mass flow rate is zero. This point is often called the first shut off', or 'breakpoint’. Further increasesin Ng
(by raising p or lowering p,) may eventually result in anegative mass flow ratio, with the primary flow
leaving viathe secondary inlet. This'second shut off' point isan important design parameter and isrequired
so that the maximum possible pressure in the g ector due to aline blockage or valve failure can be assessed
and components rated accordingly.

/ Second shut off

Q
\ First shut off
\\/

Onset of secondary flow choking

| | |
0 0.2 0.4 0.6 0.8 1.0 1.2

"m

Sketch 5.3 Typical operating curve for a steam/gas g ector

5.4.2 Design method : Steam/gas g ector s

Stage 1 - Determine the constraints on the design

The constraints may relate to the required performance of the gector or may be dimensional, restricting
the size of the gjector. For most applications, the main design constraint falls into one of the following
categories:

@ the primary pressure ratio, szpllp5 , isspecified,

(b) the secondary pressure ratio, or compression ratio, N=pz/p), is specified,

(© the massflow ratio, r ., or the secondary mass flow rate, m” , is specified.

To use the design method it is necessary to specify at least one of the other two design constraints. If a

specific valueisnot available, it should normally be possible to specify arange of likely values. Thedesign
method should then be carried out for several selected valuesin this range.
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Stage 2 - Determinefactors C; and C, for gasesother than air and temperatures above 20°C

The design method is based on data obtained for steam gjectors pumping air at 20°C. If other gases or gases
at higher temperatures are to be handled, it is necessary to convert the secondary mass flowrate to an
equivalent value for air at 20°C (the 20°C air-equivalent mass flow rate). This conversion is made using a
correction factor, C, , for gasesother than air and acorrection factor, C,, for gastemperatures above 20°C.
If the secondary gasisair at 20°C, C,;=C,=1.0. Otherwise proceed as follows:

@ calculate the ratio between the molecular weight of the secondary gas and that of air. A value of
29 may be assumed for the molecular weight of air. Knowing this molecular weight ratio, the
correction factor, C, , can be read directly from Figure 4,

(b) if the secondary mass flow rate is specified, divide this specified value by the product, C,C,, to
obtain the 20°C air-equivalent value. Thisvalueis then used in the remainder of the calculations,

(© value for the correction factor, C,, can be read directly from Figure 5,

(d) if the secondary mass flow rate isto be calculated, multiply the value calculated in Stage 5 by the
product, C,C,.

Sage 3 - Estimate the unknown pressureratio or mass flow ratio.

Figures 6 show the peak values of secondary pressureratio, N, likely to be obtained from awell-designed
gjector. These Figures are based on a compilation of more than 200 data points, together with typical
operating curves published by manufacturers of steam gjectors. The data are presented in two forms.
Figure 6a represents maximum achievable performance in current state of the art design whilst Figure 6b
represents average performance through the data set. It is recommended that these Figures are used as
follows:

@ Figure 6a can be used to estimate a target performance for an gjector, to be arrived at by fine
adjustments to the geometry of the gjector whileit is being commissioned,

(b Figure 6b should be used for conservative design or for afirst attempt at a new design of gjector.

To use Figure 6a or Figure 6b, simply read the unknown parameter, Np, Ng or r,,, directly from the
appropriate curve.

ESDU Copyright material. For current status contact ESDU.

Sage 4 - Estimate the optimum geometry for the g ector.

The optimum nozzle arearatio, A, for the given primary pressure ratio, N, can be read directly from
Figure 7. This chart is theoretically based and represents the nozzle area ratio required in order that the
static pressures in the steam and secondary flows are matched at the exit of the nozzle, i.e. p,” = p.”.
The exit flow from the nozzle is then correctly expanded and the nozzle is operating as efficiently as
possible. The curves on Figure 7 were derived as follows.

. Assumethat pf, = pY = Py = Pp-
. Assumethat p;, = p’y; = p’o( 1 + 0.158M2)417 where M isadirect function of A.
. Estimate theratio p,/p, = NpNs for fixed r , from Figure 6b.
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. Set p;, = py and so estimate the optimum value for A;.

The optimum area ratio, A;; , for the given mass flow ratio can be estimated from Figure 8. Read a value
for the parameter, Al’;/ N ., and so calculate A;a . Figure 8 is based on data obtained from Derivations 4, 9,
and 17; the shading indicates the range of these data. It is recommended that, for given r ., an average of
the highest and lowest values of A/ N,, istaken.

Sage 5 - Calculate the remaining unknown design parameters.

If either the primary or secondary mass flow rate is unknown, calculate the missing quantity using the
known or estimated value of the mass flow ratio.

Find any unknown pressures from the design requirements and the known values of Np and N.
Calculate the throat area, Ath , of the primary nozzle from

m’ JT,R’

A, = ——
th 0.67p,

Calculate the primary nozzle exit area using the calculated value of A, and the known value of A,
Calculate the mixing chamber area using the calculated value of A, and the known value of A; .
Calculate the nozzle throat, nozzle exit and mixing chamber diameters from the calculated areas.

Stage 6 - Assessthe final design.

Thefinal design should be assessed to determine whether it is acceptable in terms of the design constraints
and any size limitations. It may be useful to investigate the off-design performance of the gjector using the
performance prediction procedure given in Section 6.2.

The design procedure should be repeated until a satisfactory design is obtained.

Sage 7 - Carry out the detailed design of the g ector.

ESDU Copyright material. For current status contact ESDU.

The detailed design (shape, layout) of the primary nozzle, secondary inlet, mixing chamber and diffuser
should be performed following the guidelines given in Section 5.5. This will define the following
parameters:

- mixing chamber length and shape,

- secondary inlet geometry,

- primary nozzle length and shape,

- diffuser length and shape.

55 M echanical Design Consider ations

Steam g ectors can be made from any material that can withstand the thermal stressesimposed by the steam
flow. It isimportant that the shape and relationship of the component parts of the gjector do not vary during
operation. The choice of materia is usually a compromise between machinability, strength, cost, and
resistancetowear and corrosion. Derivation 5isauseful source of information on materialsfor usein steam
gectors.
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It is not practicable to specify precisely the optimum design of the component parts of a steam ejector.
Different manufacturers favour different geometries and configurations and in some applications
fabrication costs may outweigh any advantage to be gained in improved performance. The
recommendations given here are based solely on the criterion of obtaining optimum performance and
production costs are not considered. Where appropriate, steam/liquid and steam/gas gjectors are considered

Separately.

Optimum performance requires careful design and fabrication of the steam nozzle and also requires that
al internal surfaces, including joints, are smooth.

Derivations4, 9, 10, 11 and 17 are useful sources of information on the mechanical design of steam gjectors:
55.1 Primary nozzle

The primary nozzle in a steam ejector may be either convergent or convergent-divergent. For non-critical;
operation (p,/p, < 1.84) asimpleconvergent nozzle suffices. However, most ejector nozzles are operated
under critical conditions and highest efficiency is achieved if a convergent-divergent nozzle is used. A
typical design isshown in Sketch 5.4. The steam is accelerated in the short convergent section, reaching a
Mach number of 1.0 just downstream of the throat of the nozzle. The steam expands and acceleratesin the
divergent section and leaves the nozzle as a supersonic jet. If the divergent portion of the nozzle is omitted
this expansion still occurs but will be accompanied by loss-inducing compression shocks that reduce the
efficiency of the gector.

Sketch 5.4 Typical design of convergent -divergent primary nozzle for a steam g ector

Optimum valuesfor the diameter of the nozzlethroat, d,,, , and nozzle exit, d, should be determined from
the design methods. For both convergent and convergent-divergent nozzles, it is recommended that the
converging portion of the nozzle has a circular or elliptical profile with a radius or minor axis of at least
0.3d,,, . If asimpler but lessefficient converging cone section is used, theincluded angle of the cone should
be about 24°. A long convergent section leads to increased friction losses, and hence lower CD , without
necessarily improving the smoothness of the flow at the throat.

ESDU Copyright material. For current status contact ESDU.

The divergent portion of the nozzleis usually conical and an included angle of about 10° is recommended.
For agiven arearatio, A/A,,, smaller angleslead to alonger divergent section and hence higher friction
losses while larger angles lead to adanger of flow separation at low pressure ratios. The throat joining the
conical and divergent portions of the nozzle should be as short as possible, and should provide a smooth
transition, with no discontinuity of slope or curvature.

For both convergent and convergent-divergent nozzles, the nozzle exit should have a sharp lip, as near to
afeather edge asis practicable. The outer surface of the nozzle should be smooth and either parallel sided
or dlightly converging. These two factors together result in a narrow wake from the nozzle lip and hence
increased mixing between the primary and secondary streams. All internal surfaces of the nozzle should
be of high quality to reduce friction losses, particularly in the divergent portion.
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The steam supply line to the nozzle should be sized so as to keep friction losses within reasonable limits;
it is recommended that the steam velocity in the supply line is below 50 m/s. However, the steam supply
line should not be so large that it restricts the secondary flow into the gjector.

Further information on the design of steam nozzles may be found in Derivations 9, 20, 27 and 52.
5.,5.2 Secondary inlet and mixing chamber entry

In asingle nozzle design, the secondary flow enters the mixing chamber via the annular gap between the
primary nozzle and the body of the gector. It isimportant that this flow passage is smooth, with no sharp
constrictions or expansions.

For steam/liquid gjectors, a bell mouth inlet to this flow passage is recommended, with the outer surface
of the primary nozzle shaped to give a constantly converging inlet passage. A conical inlet is simpler to
machine but entry losses are higher. An included angle between 20° and 40° is recommended for conical
inlets. For more detailed recommendations, see Derivation 9. Any joints in the secondary inlet should be
smoothed to reduce friction losses and minimise the risk of cavitation and the inlet should be as short as
possible to minimise friction losses.

Similar designs of secondary inlet can be used for steam/gas g ectors, provided the secondary flow isducted
into a plenum chamber upstream of the gjector. This configuration may not be feasible if spaceis limited
but it has the advantage of ensuring that the supply pressure of the secondary stream is stable, which helps
ensure reliable operation of the gjector. As a rough guideline, the minimum dimension of the plenum
chamber should be at |east ten times the diameter of the entrance to the mixing chamber.

A check should be made that the velocity of the secondary stream is within reasonable limits throughout
the inlet passage. Maximum velocities between 10 and 20 m/s are recommended for steam/liquid gjectors
to minimise wear and friction losses. Values below 100 m/s are recommended for steam/gas €jectors to
minimise friction losses and avoid losses associated with compression shocks. For steam/liquid €jectors,
the cavitation performance of the inlet should be checked as described in the design method. It is
recommended that the minimum clearance between the primary nozzle and the body of the gjector is at
least 1 to 2 mm.

5.5.3 Mixing chamber
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Two designs of mixing chamber are widely used : aparallel sided circular cylinder and a converging cone
combined with a short parallel section.

Theoretical analyses of the flow in the mixing chamber usually assume that mixing occurs under either
constant area or constant pressure conditions. This nomenclature is also used for the mixing chamber
designs shown in Sketch 5.5, although the conical geometry is only a crude approximation to that required
for constant pressure mixing.

Thereis no reason to suppose that either design is more efficient. Steam/gas g ectors are usually equipped
with constant pressure mixing chambers and steam/liquid ejectors with constant area chambers.

The function of the mixing chamber isto mix the steam and the secondary flow. In awell designed ejector
momentum and energy transfer between the steam and secondary flow should be complete before the
combined flow enters the diffuser. In a steam/liquid ejector this implies that the steam is completely
condensed by the end of the mixing chamber. If the mixing chamber is too short, momentum and energy
exchange will continue into the diffuser, resulting in an off-design performance from the diffuser with
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higher friction losses and an increased risk of flow separation. Conversely, if the mixing chamber is
excessively long, increased friction losses will offset any performance gains from the improved mixing
between the primary and secondary streams.
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(a) Constant area design
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(a) Constant pressure design

Sketch 5.5 Mixing chambersfor steam g ectors

The optimum length for a constant area mixing chamber is typically in the range 5 to 10D . It is more
difficult to give precise recommendations for gectors with constant pressure designs of mixing chamber
since the length available for mixing depends on the axia location of the primary nozzle in the mixing
chamber. A tentative recommendation isthat the mixing chamber should be sized so that the distance from
the nozzle exit to the start of the diffuser is in the range 5 to 10D . More specific recommendations are
givenin Derivations 4, 9 and 17.

For the "constant pressure’ design of mixing chamber, the included half-angle of the conical section, ¢, ,
should be in the range of 2°to 10°. Some more specific recommendations are given in Derivations 4, 9, 17
and 34. It may be found advantageous to use a double taper cone in order to give a smoother transition for
the flow as it enters the parallel section of the mixing chamber. For all designs, the length of the parallel
section should be adjusted so that the total length for mixing isin the range recommended above. Typically,
this section hasalength of 2to 4D .
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These recommendations only apply to gectors with single, central nozzles. Multi-nozzle gectors and
annular nozzle gjectors should have shorter mixing chambers, since mixing occurs over a shorter distance
in these configurations and any excess length results in increased friction losses. Further information on
these configurationsis given in Sections 7.2 and 7.3.

The optimum mixing chamber length is aso related to the geometry of the diffuser. If the diffuser angleis
larger than recommended, a longer mixing chamber should be used to produce a more uniform velocity
profile at the diffuser inlet and hence help prevent flow separation. If the diffuser angle is smaller than
recommended, a shorter mixing chamber may be used since some mixing within the diffuser may then be
tolerated.
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The mixing chamber walls should be as smooth as economically feasible since velocities and turbulence
levels in the mixing chamber are high.

554 Primary nozzle position

The optimum position of the primary nozzle depends on the geometry chosen for the mixing chamber and
on the application of the gector. Early designs of steam gjectors often used movable (spindle or spear)
nozzles. The nozzle could be moved to assist start up and to fine tune the performance of the gjector.
However, such anozzle removes the main advantage of a steam gjector which isits lack of movable parts.
Also, it is difficult to devise a mechanism to hold a movable nozzle rigidly in position and any flexure
resultsin variable performance and an increased risk of fatigue failure.

Modern steam ejectors normally use fixed primary nozzles, the optimum position being determined by
experiment before the gector is commissioned. Often, provision for slight adjustments is made by using
shims or packing. Typically, movements as small as 1 mm can be sufficient to cause noticeable changesin
the performance of even alarge steam gjector.

The nozzle should be placed centrally on the axis of the mixing chamber in the case of gjectorswith asingle
primary nozzle. For g ectors with a constant area design of mixing chamber it is recommended, as afirst
attempt, that the nozzle exit isplaced 0.5t0 1.0D upstream of the start of the mixing chamber. It isdifficult
to give precise recommendationsfor the optimum nozzle position in g ectorswith aconstant pressuredesign
of mixing chamber. Several correlations are given in the literature (e.g. Derivations 17 and 18), but all are
of limited application since they were obtained on only one geometry. That there is an optimum nozzle
position is best seen by considering what happens when the nozzle is moved from its optimum position.
Retracting the nozzle increases the area available for the secondary flow and so increases the secondary
massflow rate at the expense of the discharge pressure, p; . The secondary flow may in some cases separate
from thewalls of the mixing chamber, resulting in high losses and unstabl e operation of the g ector. Moving
the nozzle into the mixing chamber reduces the secondary mass flow rate and increases the discharge
pressure, p; . The area available for the secondary flow may be so reduced that the secondary flow stops.
For steam/gas ejectors it should be noted that the optimum position of the nozzle may depend on the
composition of the gas being pumped, dense and/or viscous gases restricting the expansion of the primary
jet and damping turbulence in the mixing region between the primary jet and secondary flow.

55,5 Contraction or diffuser
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This component may be required to produce a specific exit pressure or velocity, or ssmply to connect an
gjector to adownstream duct of different diameter.

The efficiency of a contraction is usually high, provided the internal wall is smooth, the contraction angle
is not extreme and no turning vanes are fitted.

More care must be taken in the design of a diffuser. Flow separation and hence high losses may occur if
the divergence angle of the diffuser istoo high or if the velocity profile at the exit of the mixing chamber
is highly non-uniform. If the mixing chamber is of optimum length, it is recommended that the included
half-angle of the diffuser (¢,) isintherange 3 to 4° and in no case greater than 7° (Derivations 9 and 22).
For ashort mixing chamber, producing highly non-uniform flow, asmaller included angle should be used.
It is recommended that the arearatio of the diffuser, A;/A,, does not exceed avalue of 5.
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