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10. ENERGY CONSERVATION IN THE UTILIZATION OF STEAM

10.1 Uiilization of Steam

Stcam is widely used in factories, buiidiﬁgs and s0 on as an energy source because of its excellent
physical and chemical properties. Available utilization of steam with a thorough comprehension
of its properties is related to an effective energy conservation.

The general characteristics of steam are as follows:

(1) Saturated steam is always in a constant relationship between the pressure and the tempera-
turc and by keeping steam in a constant pressure it is possible to set a constant temperature.
(Sec Figure 10.1.)

(2) Steam has a large latent heat of evaporation and the temperature is kept constant during
evaporation (or condensation),

Flguré 10.1 Relation between the Saturated Steam Pressure and
the Saturated Temperature
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(3) The latent heat of evaporation of stcam is larger with lower pressure and it is reduced as the
pressure rises, (See Figure 10.2.)

(4) The heat transfer coefficient of steam in condensation is very large and so steam is
particularly excellent as a heat transfer medium.

(5) Volume of the steam varies greatly after condensation and the specific volume of conden-
* sate is very small. Accordingly steam facilitates handling.

(6) Steam is chemically stable and is a harmless substance.
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Figure 10.2 Relatlon between the Saturated Steam Pressure and
the Quantity of Heat
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10.2 Effectiveness of Steam Setting Pressure
(1) Effeéctivencss of boiler stcam pressure
When stcam is used as indirect heating, the lower the steam pressure, the larger the heat
quantity (latent heat of condensation) rcleased when steam condensates is. Therefore, the
use of lower pressure steam allows saving of the fuel.
In case of reduction of the stcam prcss'urc in an existing boiler, however, a proper pressuic
must be set in consideration of the limit of the minimum operating pressure of the boiler, the

pressure loss of the steam piping and the capacity of the steam servicing equipment.

Example of fuel saving through the reduction of boiler sicam pressure is shown as follows.

Table 10.1 Ditference of Steam Efféctlve Heat by Pressure

Steam Sa.tut'jationr 7 | Specific en’thaipy | Condensation

pressure temperature of steam fatent heat

(bar G) Q) (kcal/kg) _ ~ (kcal/kg)
7 _ _ 1.70 660.8 - 488.5
) - 159 - 657.9 . 498.6

If the steam pressure is reduced from 7 bar (G) to 5 bar (G), the latent heat of condensation
rises to approximately 9 kcal/kg from Table 10.1. If an average steam consumption per
month is taken as 5,400 metric tons, the steam consumption due to reduction of the steam
pressure is

489.5
5,400 823 5 300 t / month
086 - >roo0 t/mon

If the calorific value of fuel is taken as 10,000 keal/kg, the feed water temperature as 20 °C
. and the boiler efficiency as 85 %. The saving of the fuel due to the reduction of steam
pressure is as follows:

5,400 10" X (660.8-20) 5,300 X10" X (657.9-20) ~9.347 kg / month
40,000x0.85 10,000 x0.85 : :

Through reduction of steam pressure, there is also a merit of energy conservation due to
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2)

decreasing of the diffusion heat from the boiler body and decreasing of heat loss of the
blow-off.

Pressure reducing effect of steam
When the minimum operat'ihg pressure of the boiler is limited or the high pressure steam in

some steam servicing equipment is necessary, the high pressure steam is often reduced by
a pressure reducing valve at the [ront of the low pressure steam servicing equipment.

‘Since pressure reduction. through a pressure reducing valve is a kind of the throttling

adiabatic expansion, the enthalpy of steam due to throttling does not ‘change. If a high
pressure steam is reduced through a pressure redu_bing valve, the dryness increases and an
energy per unit weight, that is, heat utilized effectively by increasing of latent heat
increases. As a result of this, stcam éonsumption can be saved.

An example of an increasc of the heat quantity through pressure reducing is as follows:

If a stcam 9 bar (G) of steam pressure and 0.95 of dryness is reduced to 2 bar (G), the latent
heat of saturated steam before pressure reduction i :

481.65 x 0.95 = 457.74 Keal/kg
and the enthalpy of wet sicam is

'_181.25 + 457.57 = 638.82 kcal/kg.
The I.atent heat after pressure reduction is

638.83 - 133.41 = 505.41 keal/kg,
Accordingly, the heaf quantity due to pressure reduction is increascd By

505.41 — 457.57 = 47.84 kealfkg.
In olher w_brds, the excessive heat quantity of (47 84/457.5T) x 100 = 10.6% is péééible for
utilization through pressure reduction. The dryness after pressure reduction results in the
following: ' . :

638.82 = 133.41 + x X 517.9
x =1.98. ‘
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10.3 Steam Transport

A sieam piping from the boiler to the scrvicing equipment is required to satisfy the condition of
-minimum distance, minimum pipe diameter, minimum heat loss and minimum pressure drop as
far as possible.

(1) Piping plan

The steam servicing condition in steam consuming equipment should be defined by the
following items.

a. Servicing time and hours
b. Batch or continuance
c. Servicing pressure and quantity (average quantity and peak quantity)

With a plant plan of piping, the relation between the yard piping-and the plant piping
should be defined. The yard piping system diagram is shown in Figure 10.3. Decision

. of either the example 1 or 2 should be taken into consideration for various factors such
as-the area of faciory, the length of yard piping, the time of ekpa’nsioh plant, the
operating proccss' of each plant, the initial cost and the heat loss. It is also required to
investigate for an exclusive piping for the daytime and the night time, and a separation
of the high pressure line and the low pressure line, . '

Figure 10.3 Yard Piping System Diagram
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To take the piping from the yard piping into the plant, a main valve should be installed
as shown in Figure 10.4 to lessen the influence on the work for the plant extension or (o
avoid heat loss by closing the main valve at a dead time. - A pressure gauge and a flow
meter must be installed, Also it is a method that a blind flange is mounted to some
terminals of the heater for future usage.

Figure 10.4 Plant Baltery Limit Schematic Flow Diagram
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(2) Heat insulation of steam piping‘-
In steam transport, part of the stcam does not contribute for consummg at steam serv1cmg
equxpment by heat dissipation from the pipe and is discharged as condensate with a large
encrgy loss.  Accordingly, the steam plpmg should be gwen a.proper heat insulation to
reduce heat loss: - : : :
A) Type and selection of heat insulating matcrials
a. Properties required of heat insulating materials
Heat insulating materials are classified roughly into an orgamc and an inorganic
material. Both materials of organic and inorganic contain air bubbles in porous portion
by the sponge structure, and show the insulation effect.-
The thermal conductivity of insulating materials is:
(1) increases generally with the density;
(2) increases with absorption of moisture;
(3) increases with raising of the temperature.

b. Type of insulating materials

The insulating material used for__steé_m i)ipiﬁg is mostly an inorganic"mateﬁals. Table
10.2 shows the kinds and features of inorganic insulating materials, -
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T'able 10.2 Heat Insulator Type and its Feature

. ; - ' Safety
Heat Raw material and > :
insulator manufacturing process Product Property fcrv iee
_ emp.
Rock - e Andesite, basalt, igneous o Attacked by weak acid but not Density: < 0.3 g/em* 600 °C or
wool rock, serpentinite, peridotite,  weathered. Thermal conductivity less
insulator  chlorite-schist, slag of nickel (70 'Ch:
ore and manganese ore and  #Various shape products such < 0.042 keal/m. h. °C
limestone as plate, cylinder, band and
' . bracket.
*Compound the above : _
materials in a proper ratio, ¢ Blacket is formed by set.
melt in a temperature of metal on both sides of the
1,500 ~ 1,600°C and form it to  stratified rock wool and sew
a thin fiber shape by blowing  up with a wire. Good acoustic
of compressed air/steam. absorption effect.
Si0, : 40-50%
ALD.: 10-20%
Cad : 20-30%
MgO: 3-7%
Fe,0,: 2-5% _
Glass . eManufactured by the similar ePlate, cylinder, bracket and Density: < 6.1 g/cm® 460 °C or
wool manner to the rock wool. band : Thermat conductivity . less
insulator _ _ o S (10°C): < 0.042 keal/m. h.C
Calcium  #Add asbestos fiber into ¢Put on the market for a high  Density: less 0.22 - 1000 °C or
silicate silicate power (mainly diatom - temperature from 1952 and, g/lem® . less
insulator carth) and slaked Jime to - standardized in JIS in 1955.  Thermal conductivity
reinforce; allow it to swell Co ' (70 °C): . '
enough and mold in ametal  *Low price, good workability < 0.053 kcal/m. h. °C
mold to allow. produce and durability. :
calcium silicate by steaming. ' e - '
*Typical insulator used not only
piping but a general machine.
Perlite ¢ Calcinate ignition rock such ¢Less 1 mm for moulding Density: less 0.2 900 °C or
insulator as pearlite or obsidian at " insulator . g/cm?® less
800 ~ 1,200 'C in kiln. ) ‘ Thermal conductiv- )
B ~ *Blend ashestos fiber and . City: o
*White or gray white coler inorganic adhesive, mold by < 0.065 keal/m. h. *°C
fine particle and very lght " press and dry.
particle having fine bubble. e B L
Not change in quality and not ¢ Classified to 1st class-and 2nd
fade in the color. Notabsorb  class. One of many excellent
moisture in atmosphere. insulators.
“Basic' ~ © #The conventional basic #Classificd to magnesium =~ - Density: less 0.3 250 °C or
magne- - - magnesium carbonate carbonate water kneading g/em? less
sium | _ insulator has been com- insulator, platc and cylinder.  Thermal conductiv-

carbonate ' pounded with basic magne- : ity:
insulator - sium'carbonate of 85 % and - *{onvert to magnesium oxide < 0.065 kcal/m. h. °C

{magne- asbestos of 15 %. The by heating in a temperature
sium " thermal conductivity is ‘of 300 "C or more and shrink
carbonate - influenced by this ratio. extremely

insulator)  The present insulator is
' blended with asbestos of 8 % e Almost same properties as -
or more. those of calcium silicate
except for heat resistance. As

present not used too much.
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¢. Sclection of heat insulating materials

Recently, as a he'u 1nsu1atlon for the steam plpmg systcm ‘the calcium silicate, pearlite
or rock wool is generally applied. The important points for sclccuon are as follows:

(1) ~Low thermal conductivity

(2) Small specific weight

(3) Low wate_r_- absorption

) Hi.gh slrengih and durability -

(5) Withstands sufficiently against servicing temperatures (but use below the safety
servicing temperature.) '

(6) Good workability
B) Heat ihsulation works
Although an excellent heat mqulauon material is used an 1nc0mpiets= work allows the heat
insulation to worsen through intrusion of rainwater and the cnergy loss due to heat d:ss1pat10n

cannot be neglected. Care must be exercased for works.

See Section 12 for heat radiation amount through hea_t insulator and the most economical
thickness of insulator. :

a. Works
(1) Use a molded product as far as pbssible.

(2) Consider the thermal expansion of pipes and the shnnkage of the hcat msulatmg
material. = :

The thermal expansion of piping and the. shrmkage of the mSulator cause some gasp In
case of two layers or more (if a required thlckness is more than 75 mm, the works should
be two layers as much as possible), the longitudinal and the lateral Jomts in_each layer
should be installed, in shifting; not to be put at the sample part, and the jOlIlt should be
packed with a compressed fiber (Figure 10. 5).
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Figure 16.5 Case of Cylindrical Insulator

Wire . Qutside jacketing
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(3) ‘The valves, the flanges, and hangers of pipes should be insulated.

The valve portions and the flange parts may sometimes not be insulated by reason
of maintenarice or inspection and complexity of the works, but these also should
be insulated. Figure 10.6 shows the works of heat insulation for valves, Figure
10.7 shows the works of heat insulation for flange portions, and Figure 10.8
shows the works of a heat insulation for hangers.

Figure 10.6 Insulation Work of Valve
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Figure 10.7 Insuiation Work of Flange
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Figure 1.8 Instaliation Work of Hanger

Porous insulator

(4) Consideration of vibration
For heat insulation onthe piping installed to vibrating equipment, an antivibration
heat ingalatioﬁ should be selected and. a fibrous heat insulating material is
. suitable for vibration absorption. '
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(5) Consideration of rainwater resistance and chemical resistance
To prevent the heat insulation against rainwaler or corrosive chemicals, the heat
insulating material should be covered with stecl sheet, aluminium sheet or mastic
gum, When the heat insulating material absorbs moisture, because the thermal
conductivity of water is approximately 0.5 kcal/mh°C which is larger by about 10
times than that of the insulating material, heat loss increases. Care must be taken
‘against moistiare. The mastic gum is a liquid or a paste containing asphalt or
plastics as the main component and is excellent for workability, antirainwater and
chemical resistance.’
b. ' Maintenance and inspection of heat insulation
‘Since the heat-insulated scctions deterioraie with age and are damaged, inspection is
required.  The inspection is sufficient by a visual check of the appcarance and can be
performed even in a daily inspection tour of the factory.
Special attention should be paid to the following points:
(1) Deformation and damage of the outer jacketing
“(2) Decoloration of the outer jackeﬁng and peeling of the painting
(3) Mark of steam teakage or falling of drops

"(4) Shifting of the cover joint parts of outer jacketing or falling-off of the éaulking.

(5) .G'ap between the hardwére for hangers and suppofts and the outer jacketing for
‘insulation. ' o '

If no abnormatlity is found in the above points, the insulating 'perfoﬁnance is considered
to be maintained sufficiently.

If an abnormality is found, repairing is required at once.

¢.  Heat insulation thickness of steam piping, loss of release heat and heal insulation
efficiency.

- The heat insulation efficiency and heat loss after heat insulation are shown in Figure
10.9 10 10.14.
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Figure 10.9 3" Piping

Figure 10.10 2" Piping
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Hcél lose (kcat/mh)

Figure 10.i3 6” Plping Figure 10.14 10" Plping
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<Example of :Figure 10.9>

When a heat insulation thickness of 100 mm is worked on 3" piping at a steam
temperature of 300 °C, obtain the dissipating heat quantity and the heat insulation
efficiency.

(Answer) Draw a horizontal line from the intersectional point of 300 °C curve and
obtain the dissipated heat quantity of the ordinate (90 kcal/mh). To obtain the
heat insulation efficiency, draw a perpendicular line from the intersectional
point of 300 °C, draw a horizontal line in a right direction from the intersec-
tional point of the dotted curve of 30 0 °C and read the ordinate efficiency

scale (93 %).
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10.4 Steam Traps

When steam is fed into a steam servicing cquipment, the potential heat of steam is conducted to
the subject for heating. As a result, the whole quantity of steam forms a condensale through
condensation. The steam servicing equipment shows the maximum heating effect when the
steam space is filled completely with steam. With a residence of condensate in the steam space,
the effective heating surface arca decreases and the heating effect of the equipment lowers.
Accordingly, to maintain the equipment capacity at a maximum, the generated condensate should
be discharged as soon as possible. In addition to preventing inflow of condensate occurring in
the steam supply tube to the equipment, the occurrence of water hammer also must be prevented.
A steam trap is applicd for this purpose.
(1) Classification and characteristic

The three most imporiant functions of steam traps are described below.

« Discharge quickly the generated condensate.

« Do not leak steam, S

= Discharge non-condensable gas such as air. '

At the present time, many steam traps have been manufactured. .

These are classified roughly into the following three types by their operating principles.

A) Mcchanical steam traps

B) Thermostalic steam traps

C) Thermodynamic stcam traps
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Each type has various models and their classifications and characteristic are shown in Table

10.3,

Table 10.3 Classification and Characteristic of Steam Trap

Middle

Largt? . Ol.)er?tmn . . Characteristic
classification principle classification
Mechanical Utilize the den- Lever float type The presence of condensate
sity difference Free float type drives directly a trap valve. Itis
between the Open bucket type  not necessary to wait a tempera-
steam and the Inverted bucket  ture drop of the condensate for
condensate. type actuation. The actuation is quick
Free ball bucket  and secure and has a high reli-
type ability.
Thermostat Utilize the tem- Bimetal type Actuation does not depend on
check perature differ- Bellows type . directly the presence of conden-
ence between the (steam expan-  sate. Since actuation is done
steam and the sion type) through the medium of tempera-
condensate. B ture, response is slow. Accord-
ingly the actuation cycle is longer.
A large air exhaust capacity.
Thermo- Utilize the differ- Impulse type The configuration is small and the
dynamic ence of thermo-  (orifice type) reliability is next to the mechani-

dynamic property
between the
steam and the
condensate,

Disc type

cal. The trap back pressure is
limited to less 50% of the inlet
pressure.

A) Mebhaniéal steam traps

These"_types' of traps function by opening and closing the valve by motions of the backet or
the float due to the difference of the densities between steam and condensate.

a. Lever float type trap

This type is a irap to open _or')__.clo,-ss_ the valve through the lever, utilizing the buoyance
. of a closed float (Sec Figure 10.15,), Deformation due to abrasion or shock of the lever
mechanism might cause warpage or incompetency of the valve seat.
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b. Free float type trap
The float itself serves as valve to open or close the valve pdrt {See Figure 10.1 6.). This

trap has a high reliability because there is little mechanical trouble, It has a continucus
discharging characteristic of condensate.

Figure 10.15 Float with Lever Type Trap

¢. Open bucket type trap

The trap is equipped with a valve on the valve stick which is fixcd in the center of the
upward opened bucket (See Figure 10.17.), :

Figure 10.17 Open Bucket Type Trap




d.

Inverted bucket type trap

The trap has a hanging mechanism of a downward opening bucket by the lever and the

‘valve mounted to the lever opens or closes the orifice located in the upper (Sec Figure
- 10.18.). Defermation or abrasion of the lever might cause trouble,

Figure 10.18 Inverted Bucket Type Trap

Free ball bucket type trap

The trap does not have the lever as in the inverted bucket type trap and its actuating

- principle is the same as the inverted bucket type trap (Figure 10.19.). The bucket is.a

globe and its outer surface actuates as a valve. The trap actuates intermittently for a
small quantity of condensate and discharges continually condensate for a large quantity.

Figure 10.19 Free Ball Bucket Type Trap
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B) Thermostatic stcam traps

The condensate is at a saturation temperature of stcam ji)st afier the generation of conden-
sate. After that, the temperature is reduced by dissipated heat to cause a temperature
difference. This temperature difference is utilized for opening or closing of the valve.

a. Bimetal type trap
The power generated by bimetal is in a linear relation to the temperature, This relation
is utilized for opening and closing of the valve. But the stcam pressurce has not a linear

relation to the temperaturc and so the servicing pressure range of the trap is restricted
(Sce Figure 10.20.).

Figure 10.20 -Blmetal' Type Trap (Strip Type)-

b. Bellows type irap

A low boiling point liquid is sealed in an expandible hermetically sealed enclosure and
the valve can be opened or closed through utilization of expansion and contractions of
the enclosure due to the _cﬁa_rjgé of the liquid vapor pressure by temperature variation
(See Figure 10.21.). ' T

Figure 10.21- Beliows Type Trap

I1-10-18



C) Thermodynamic steam traps

The valve can be opened or closed utilizing the difference of the thermodynamic propertics
between the condensaic and the steam,

The trap perforfnance is fe_stricte_d by the pressure such that the trap’s back pressure is less
than 50 % of the inlet pressure. If the pressure goes to 50 % or more, the trap results in a
blow-off condition and is impossible to actuate normally.

When air or steam exists at the stcam trap inlet, air locking or steam locking may occur
easily and the condensate outflow may be impaired, so that care is required.

a. Impulse type trap
It is a trap utilized with fluid characteristics (when the condensate passes the orifice,
some pressure drop is caused.) (Figure 10.22). Although the trap has an advantage of

smaller size compared to other types, it has disposition of easy trouble, because it has
mechanism that some steam leaks when valve shuts and precision fitting part.

Figure 10.22 Impulse Type Trap

b. Disk type trap
The trapis cq'hippéd with a v_afiab_le pressure chamber having a disc valve between the

inlet and the outlet port and the disc valve opens or closes through the pressure change
in the variable pressure chamber (Sce Figure 10.23.)
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Figure 10.23 Disc Type Trap

The trap has a simple structure of only a disc valve in the moving part and can acluate
in a wide pressure range without adjustment. But since its actuation depends on the
ambient temperature and is not based on an existence of condensate, the trap actuates in
spite of condensate in case of rain and causes some heat loss, '
(2) Steam trap selection
The following items must be considered for the steam trap selection. -

a. Condensate load of the sleam use equipment and load characteristics

For decision of the steam trap size, the condensate qi: antity musi be investigated and the
stcam trap tubc diameter must be decided.

Simplified calculation of the condensate quantity is possible according to the following

equation.
W, = CxGx(Ty—Ty)
where _ .
Wp : Condensate generation quantity kg/h
C . Specific heat.of the heated fluid -~ kealf/(kg. C)
G . Weight of the heated fluid - kg
(T2 - T1): Temperature rise . B &

r : Latent heat of the steam - kecal/kg
In addition, the amount carsied in from the piping l_iné, the radiation amount from the

equipment, and condensate quantities generated otherwise are taken into consideration,
and the generated condensate amount is made 1.5 to 2 times of the calculated value.
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In case of conlinuous operation of the equipment, there are generally few load fluctua-
tions. However; in the case of a batch process, stari-up is executed several times per
day, and with each start-up, large quantities of air and condensate must be discharged.
In addition, from the point of view of productivity, the stati-up time must be kept as
-short as possible, so that a trap with a sufficient discharge capacity must be sclected. In
the case of a bore of 1” and -an operation pressure differential of 1.5 to 16 bar, the
‘condensale discharge quantity is about 100 to 200 kg/h for a mechanical trap, 300 to 700
kg/h for a thermodynamic trap, and around 100 kg/h for a thermostatic trap.

Steam conditions (pressure, temperature, dryness)

For smooeth condensate discharge, the following pressure differential is required over
the steam trap. _

* Mechanical or thermostatic trap: 0.1 bar (G) or more
. Thermodynamic trap: (.3 bar (G) or more

On the other hand blocking phcnomena may occur with usc at a pressure in excess of
the max. use pressure. : .

Back pressure conditions

When condensate recovery is executed, the condensate is evaporated again, and a back
pressure acts onto the trap.

Permissible backpressure = - Steam lra.p outlet pressure 1 o095
Stearn trap inlet steam pressure

When the permissible back préssure is defined according 1o the above equation, the
permissible back pressure differs according to the trap.

Mechanical tra.p: 90 % or less
Thernmostatic, thermodynamic trap: 30 to 50 % or lcss

. -Mainten'ance conditions: Is there litile trouble and is the life long? Are disassembly and
inspection easy?

The following troubles can be considered for steam traps.

Blowing: This is caused by differential pressure failure or mechanical failure. Valve
closing has become impossible for the trap. The trap continucs to discharge
a large quantity of steam together with the condensate. In this case, the
production is not impaired, so that there is a tendency towards doing nothing,
but the steam 10ss is large..
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Blocking : The strainer is clogged by rust, scale, etc., the valve has become locked
and can not open, and neither condensate rior air is discharged. As the
© trap has become cold, this can be confirmed easily.

When this condition occurs, a bypass valve must be opéned in order to
maintain the production, and a gigantic steam loss may be causcd.

Steam leakage: This is caused by damage to valve, valve seat, or floai. The trap
operates, but in comparison to normal operation, the steam leakage is

notably high.

As traps with a si_m:ple'r construction have less trouble, simpler traps
should be selected as far as possible. a

Body material

Select a steam trap of a suitable.m:a.téria.l.according. .10 the used steam pressure.
. Upto 16 bar ©), 220 C: Cast iron (F.(':)' |

« Up to 20 bar (G), 350 *C: Black heart malleablé cast‘ir(m (F_CMI;})_

+ Up to 45 bar (G), 425 °C: Cast steel (SCPH) -

Table 10-4 shows the general caution items for steam trap selection.
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Q)

A)

Stecam trap installatin method

The installation place can be the lowest part of a riser, in front of a pressure-reducing valve
or any other valve with automatic control, the drain separator, etc. :

As the steam flow velocity in a steam transport pipe may be 20 to 30 m/s, a short pipe is
connected to the lower part of the pip'ing_for rémoyal'so that the condensate can be separated
easily. The basic rules for steam trap installation are that the condensate from the steam
heating equipment shall flow smoothly by gravity flow to the trap, and that the condensate
lcaving the trap shall be sent by the steam pressure to the colleciion place. Figure 10.24
shows good and bad installation examples. '

Steam trap maintenance

Inspections

When steam traps are used for a long time, the mtemal mechamcal paits hke valve, valve
seat, etc. become wom, the function is impaired, and they will not stand up to use. Also, the
steam trap life becomes uncertain,

Accordingly, careful inspections must be executed at all times, and when trouble is de-
tected, exchange or repair must be executed to maintain the equipment in good condition

and to maintain highly efficient operation for the equ1pment usmg steam. Inspcctmns are
divided into periodic and daily inspections. :

Figure 10.24 Good Example and Worse Example of Instaltation (1/4)

Wrong installation ~ Description Correct installation

Flow Steam trap should be fitted in - ' =~ Flow
the direction of flow. .
_All steam traps bear on the body
‘slamp or mark showing ﬂow o

] dlrectlon

| Free ﬂoat type steam trap should .
' be fatted horizontally.
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Figure 10.24 Good Exai‘nple and Worse Example of Installation (2/4)

Wrong installation Description Correét installation

Thermodynamic steam traps .
have no limitation as to position..
1t can be fitted vertically.

Never use an inlet pipe smaller
. than trap size. -

Steam locking and air binding

are api to occur when inlet pipe

is too small.

Never install steam-trap at a
higher level than the drainage
poiﬁt. _

The inlet pipe should be one
that allows water to flow into the
trap by gravity.

4rlls If the trap has to be instafled at

et is s
. AR
v tevel higher thaa the draining
[ :I 2 y point, use a lif-fitting,
]
b A -~
g A Yo e
Y Lift fitting —
Size of collector must be larger
than trap size. - , =~ -\P\'n 1z
The collector should have a- ' "‘ \'%
sectional area above sum of ’ '
those for all traps connected to 1z
it.
_:\"“ec‘g o Condensate discharged through , fflleC{or :
B e two traps which operate.at - . = collector
low . |+ different pressures should not - low : 5; -3
pressure || C ‘be collected to a common pressure | i 1
e . ' collector. — -
- high — ) high pressure

pressure —
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Figure 10.24 Good Example and Worse Example of Installation (3/4)

Wrong installation _ Description : Correct installation

— : Qutlet pipe should not be sub- -

s _ merged into trenches., : —f }—1_- —C':"J
. - i - T /
Provide small hole to bre_ak \‘ TIT',': =7 hole

vacuuin. ‘ ater

Each steam unit should always

I : : ; have individual steam trap.
% § (Individual trapping) _
. To fit oné trap to several steam -
1 T equipment is a bad practice. -
- f}—I (Group trapping)
steam N In siphon'type cylinder, steam -

locking is liable to Gecur;

Doublé trapping is 4 bad prac- "

tice. -‘An efficient oné trap is
enough. L P

Steam trap'must-be fitted at the
inlet side to_discharge‘con_den— -
sate before the regulating valve.

To collect condensate, the trap - -

collector
"ET' . ,.ﬂ___._%* “outlet pipe must not be con- -
I nected to the bottom of collec-
' tor. T
(3 3
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Flgure 10.24 Good Example and Worse Example of Installation (4/4)

Wrong installation : De_écription Correct installation

Collector should not have a

collector tiser. The head of condensate ~pn collector
.

in the collector exerts on the ™~ \ﬂ\

Lol B traps as a back pressure. ™~ :}%

@t
—“_‘@—;\;%\ | ‘ P __J

The inspection is divided into periodic inspection and daily inspection. The intervals of
periodic inspection should be decided in consideration of the inspection effect and cost.
The inspection effect is expressed as steam consumption per unit production (steam consumption
rate). For periodic inspection, the following items must be prepared.
a. Steam trap plot plan
b. Stcam trap register book
¢. Steam trap check list
Daily inspection must be carried out to maintain the condition at the finishing time of the
periodic inspection as far as possible and should be done not to worsen the steam consumption
rate.

B) Inspéction method

a. Visual inspection

When condensate is discharged from a steam trap into the atmosphere, or when a side
glass is mounted in the outlet of the steam trap, visual inspection is available.

b. Auditory insp{:ction

This inspection is a method by listening to the actuating sound by a stethoscope, but
much experience is necessary.
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¢. Touch inspection

Grip the inlet pipe and the outlet pipe of the steam trap'with hands weaﬁng gloves and
make sure of the actuating condition through the temperature difference. '

d. Instrument measuring inspection

This inspection is a method to measure the actuating sound by an ultrasonic measuring
instrument and can be simply checked without experience.
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10.5 Condensate Recovery

(1) Signiﬁcancé of condcnsatc recovery

Heat utilized actually in the steam semcmg equnpment is only the latent heat out of the total
quanuty of heat. The sensible heat of steam, namely the quantity of heat of condensate, is
dlmost wasted. The heat content of condensate amounts to approximately 20 to 30 % of the
total heat content of steam as shown in'F:igure 10.25. 1f this heat contents of condensate is
recovered 100 % and utilized effectively, the fuel c_ohsumption can be saved by approxi-
mately 10 to 13 %. This will result in large cnergy conservation,

Figure 10.25 Ratio of Recoverable Heat
{Enthalpy of Condensate/Enthalpy of Saturated Steam)

%.
60

(h'fh"y

Ratio of recoverable heat

2 4 6 8 10 12 14 16 18 20

‘Steam pressure kgi em™g

(2y Utilization of recovered condensate

A).

The recovered condensate is generally utilized as feed water of the boiler. Consideration of
the pressure and the quantity of condensate and the layout of the steam cquipment is
necessary to more effectively recover the condensate. The utilization of condensate is
classified into the following three methods.

Direct utilization -

The condensate discharged from the steam trap is recovered directly to the boiler or the feed
water tank by a condensate recovery pump (See Figure 10.26.).

In this case, high-pr’cssﬁx_“e condensate is discharged to the atmosphere, so that flash steam

is generated, and care is required as this will escape into the atmosphere and cause a loss
when it is not finely dispersed and absorbed in water.
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Figure 10.26 Direct Utilization to Feed Water

Steam servicing ' : ‘Feed water
equipment ' - tank -

Steam trap

Feed water pump

Condensate recovery
pump '

B) Indirect utilization

If condensate is comam_inated, dnly_thc potential heat of condensaté should be recovered by
heat exchange 1o other fluids in the heat exchanger (Figure 10.27).

Figure 10.27 Indirect Utllization threugh Heat Exchanger

Steamn
servicing
equipment

trap _ __ Heaied_
™ ' © . Usubjet
L{J:j S . Duid -

“Héat exchanger

Condensate recovery pamp’
C) Utilization of flash steam

If the pressure of condensate is high, it is effective that the condensate be recovered intd the
flash tank and a part of it be utilized as low pressure sieam (See Figure 10.28.).
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Figure 10.28 Flash Steam Utilization

Low pressure

. : steam pipe
High pressure
steam servicing

étu e
= = Low pressure steam
gquipment 'ci’,‘ . Ser\'icing equipment
Steam )
trap _ Steam trap
. . To boiler or
Flash tank feed water tank

Condensate recovery pump

(3) Condensate recovery method
Recovery-of con'd_ensate from the generating source to re-utilization has the following three
methods depending on the pressure of condensate and the recovery distance. These
methods have characteristics respectively.
A) Method by only steam trap
Condensaté can be recovered to a flash tank or a condensate tank by the sicam pressure

acting on the stcam trap. This can be applied to the casc of a short distance between the
condensate generating place and the utilizing place (See Figure 10.29).

Figure 10.20 Recovery by Steam Trap Only

Steam servicing

equipment andensate .
tank
Steam
trap
7 A7
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B)

O

Method by centrifugal pump

The condensate discharged from the stcam trap 1s onge gathcrcd in a condensate tank and
then is sent pressutized by a centrlfugal pump. This is applied to the case when the steam
traps are installed in a wide arca. Each condensate tank is installed by an area or by a
process and then the condensate is recovered by sendmg it pressurized by a pump in a
central tank (See Figure 10.30). :

Figure 10.30 Recovery by Centrifugal Pump

Steam servicing.
equipment -

Condensate

”_:J tank
[ U ’ o

In this case, care must be used for ensurmg the water head of the pump, a level control of
condensate tank, and a pump capacity as well as a back pressure limit of the steam trap.
Especially when the temperature in the tank is 80 *C or more, a positive water head of 4 to
5 m is required to preveht a cavitation of the pump.

L e em——

Method by condensate recovery'pump

Recently, a condensate recovery pump, which combines with an ejec_tofto make up for the
weak points of centrifugal pump, has been used. Since the suction side of this pump is
operated under a pressurized condition, no cavitation is caused and its positive water héad
is sufficient with about one meter. In the case of a closed system of the condensate recovery
line, even a condcensate of about_IIBO *C can be sent pressurized with a large effect of energy
conservation (Figure 10.31).
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Figure 10.31 Recovery by Condensate Recovery Pump

 Steam servicing _
equipment

Condensate
TeCOVEry pump

For this method, a mechanical steam trap should be applied.

{4} Caution items for condensate recovery

A)

B

Steam trap back pressure limit

When a back pressure acts onto the steam trap and when the conditions change, select a
mechanical trap w1th little trouble. The back pressure of the recovery piping should be 40
to 45% of the min. pressure of the used steam or less.

Condensate treatment

The recovered condensate may be considered as pure distilled water because practically
only ‘a very small amount of various impurities are dissolved in it. Can the recovered
condensate itself be uscd as boiler feed water? If it is impossible to use, what is the
condensate treatment method? Or, for a severe contaminated condensate, is heat quantity
alone recovered? These questions should be investigated.

« pH control of _coﬁdcnsate
Thc pH of condensate déclines due to dissolution of carbon dioxide. In consequence this
mcreases the totaI iron concentration in the condensaie. At the time of condensate

recovery, some chemicals are required to be poured into the condensate to control the
dissolved oxygen and the pH.
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C) Appropriate selection of the condensate recovery pipe

In case of piping systems with different back pressure, scparate condensate recovery pIpCS
mus! be installed for each pressure system.

In case of occurrence of flash stcam, two-phase flow occurs, so that the pipe diameter must
be set so that the flow velocity is within max. 15 m/s, and 'c.xccssivc pressure loss and water
hammer must be prevented. ' '

The pipe diameter for the recovery piping can be obtained from the following equation.

a2 = 3.53X W X ve
A%

where :
¢ : Piping inside diameter, cm
W : Condensate quantity, kg/h
V : Flow velocity in the pipe, m/s
Open recovery : 10to 15 m/s,
closed recovery: 5to 10 m/s
e : Equivalent specific volume

ve=v (1-5+v'f

v’ @ Specific volume of saturated water at the pressure inside the recovery pipe, m¥kg

v” : Specific volume of saturated steam at the pressure inside the recovery pipe, m’/kg
f : Reevaporation ratio

hy—hy
r

f=

h Condensate enthalpy at the trap miet side, kcal/kg _
h, : Condensate enthalpy at the pressure inside thc recovery pipe, kca]jkg
T Bvaporatlon latent heat at the pressure inside the recovery plpe, kcal/kg

When the recovery pipe is long, the pressure loss becomes large, so that thc pressure inside

~ the recovery pipe must be deolded under cons1deratlon of the pressure loss especially in
case of self—pressure recovery.
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Example for calculation of the pipe diameter:
W= 360 kg/h
V =10 m/s
h, = 160.2 kcal/kg (6 bar)
h‘2 = F11.1 keal/kg (1.5 bar)
r = $31.8 keal/kg (1.5 bar)
v’ = 0.00105 mkg
v? = 1159 m¥kg

¢ . 160.2-1111
T 5318

_0.001
ve = 0.00105 % (1 6.091) +(1.159 % 0.091) - 0.1065 m/kg
d =(3.53 x .3'0(').-x 0_1055/10}';}; - 34.0m
: Ac'cordingxy, a 1-1/2” pipe is used.
Il)). | Ir;_suiatioﬁ |
;I.‘hel:nn;a_l' insui.at.ion shall be executed for the rccove_ry.pip_ing. The pipingrshall be routed 5o
that it will not get wet casily.

E) Flash loss preveniion

Discharge of the ﬂa_sh steam generated when the cbndcnsate is-depressurized to atmospheric

' pfessure_ shall. be prevented. . -When the condensate is led into liquid in the recovery tank,
cooling shall be executed so that.the temperature in the recovery tank does not exceed 90 °C,
and water shall be replenished.

As _vi_bratioﬁs or'_r.loisc_ may be caused when. fhe tcmp'era.'ture:i_n‘ the tank exceeds 80 °C, a
large number of small ‘h(_)les shall be provided and the condensate shall be dispersed widely.

-, The method with direct recovery of the condensate into, the boiler, without depressurization,
is most effective to prevent this loss.
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F)

G)

Sight glass installation

A sight glass shall be installed in the recovery piping for mon'itoring of trap steam leakage.

Design of the total sysiem

The condensate recovery 'system is a series of closed systems from the boiler through the
steam servicing equipment to return to the boiler again. Therefore, the recovery system
should be designed as a whole instead of a design for every equipment.

(3) Utilization of flash sicam

In the paragraph (2) €), it is described to recover the high pressure condensate into the flash
tank and to utilize a part of the condensaie as low pressurc sicam. However, since this
method actually has various problems, its economical effect should be investigated.

a. When the condensate quantity discharged from the steam trap is extremely small, the
flash steam is also small and is scarcely worth using, There are many steam traps which
discharge a small quantity of condensate in a faclory The total of these condensates
result in a fair amount. But it is necessary to manage to gathcr these small quantity
condensates with a cost as small as possible.

b. The distance between the place generating cohdensate and the servicing place of flash
steam is desired to be short. Because the flash steam is of a low pressure, the pressure
loss is required to be minimized. If the distance is long, the piping increases in diameter
and the piping cost becomes rather expensive, its merit may be offset For this case, the
utlllzatmn of flash stcam must be given up. '

Figure 10. 32 shows the example using flash steam. The example is used with a flash steam
in the front stage of air heater.

When a steam of 8 bar(G) is used by 2,500 kg/h and condensate is discharged into a flash
tank of 0.5 bar(G) of internal pressure, the quantity of flash steam is generated with12.3 %

- (wt.) by Table 10.5 and a steam quantity of 307.5 kg/h is obtamed

A flash tank is a sort of pressure vessel to recover flash stcam from the condensate. The

flash tank capacity is decided on the basis of this largc flash steam ‘generating volume

(n%s). When the flash steam goes up in the tank, reasonabie velogity’ of the flash steam may
be required not to involve condensate. The inside diameter of the tank should be decided to
be a rising speed of steam of 1 to 2 m/s. But 'as a variation of the operating condition may
carry out entrainment, a separator should be mounted to the steain outlet pipe.
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Figure 10.33 shows a chart to decide the inside diameter of the flash tank.

Obtain the instde diameter of the tank through the example shown in Figure 10.32.

‘Obtain the intersection of the steam pressure of 8 bar(G) in the high pressure side and the

internal pressure of 0.5 bar(G) in the flash tank from the chart A. Move hortzontally to chart
B and obtain the intersectibh with a high pressure condensate quantity of 2.5 t/h. The
diameter of the tank is obtainable as 0.55 m. If the tank capacity is 40 liters or more, a safety
valve must be installed so that the pressure in the tank does not become excessive by a
variation of the supplied condensate quantity and the flash steam demand.

Table 10.5 Flash Steam Generating Rate (wt.%)

Pressﬁre in high Low pre_ssuré side {bar(G))

pressure side : _ :

Gar(G)) 0 03 05 1 15 2 3 4 5 6 8 10 12 14 16 18
1 37 25 17 — e o e et e .
2 62 50 42 26 12 — — —  — - — e e
3 81 69 61 45 32 20 — — — o — — e e o
4 97 85 7 61 48 36 16 - -  — U
5. 10 98 91 75 62 50 A1 14 — — — o~ — _— _ _
6 .1'2.'2 110 103 87 74 62 43 30 13 e e
8 '1'4.2_'13.1 123 108 95 83 64 48 34 22 - - — _— _
10 - 159 14.8 1'4'.2.-12.5_-_1'1.2' 101 82 66 53 40 19 — — — — —
12 174 163 155 140 127 ,"1'1.6 98 82 69 57 35 17 —= o
4 187 176 169 154 U1 130° 112 96 83 71 50 32 15 — — —
16 190 188 .]'85.1._._--'16.6. 153 143 124 109 96 84 63 45 29 14 — —
18 210 199 192 177 165 154 136 121 108 .96 75 57 41 27 13 —
20 '

220

209 202° 188 175 165 147 132 119 107 87 69 83 38 25 12
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Flash steam quantity (m3/kg)

Figure 10.32 Example of Flash Steam Use In Alr Heater

- Pressure reducing VANE procare control pipe - g kg/em'G
si;g/cm'G : o
0, 5kg /em'G ~ Air heater
. j - [ =
Relief valve z '
: Steam trap
Fiash tank 1 . f
0. Sk for'C DR '
Consentrate

Figure 10.33 Chart of Flash Tank Diameter
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(©)

Utilization of thermocompressors

'The structure of thermocompressors is composed of three basic pai‘ts; body, a steam nozzle
and diffuser as shown in Figure 10.34. When a driving steam is expanded through the steam
nozzle, a supersonic jet having an extremely low static pressure is generated. When its
speed is reduced by the diffuser, the prcssufc is recovered. That is, when a low pressure
steam is sucked into the Venturi throat section, it becomes high pressure steam.

Figure 10.35 shows an example of a chemical plant. The bottom liquid in a stripping tower
is introduced to a flash tank and the low pressure of a generated flash steam is raised 1o a
proper pressure by the thermocompressor to save additional steam.

Flgure 10.34 - Thermocompressor Figure 10.35 Example of Thermocom-

Driving steam _ -

_injection

pressor Use for Stripping
Towet

a

L Stripping towgr

1 " Automatic control type ejector

High pressure steam

| Low pressure
flash steam

Suction (low pressure steam) Flash tank

11-10-39



10.6 Utilization of Direct Heating by Steam
Direct heating by steam has the fbllowing th methods:
1) Dir-e(;t heating in a closed vessel
(2) Heat by dir_ectr blowing steam to liguid

The direct heating method has advantages such as simple and low cost equipment, quick work,
and a constant temperature,

(1) Direct heating in a closed vessel

- A direct heating vesscl such as an autoclave and a sieamer is mounted with an airtight door
and is applied to treat a settled quantity of goods in batch.

In the case of the steam direct heating, a constant temperature is accurately obiained by
adjustment of steam pressure. This is suitable to heating in the case than a product quality
may deteriorate at higher than a certain temperature Or a process requiring a very narrow
temperature range. '

But, the relation that the steam temperature depends on the pre_s’_su'ré‘hold.s true only in the
case when air is not contained in the steam. In an air containing steam, the temperature is
a saturation temperature equivalent to the partial pressure of steam in the mixture and is
lower than the saturation temperature of steam alone. Therefore, sufficient air elimination
is required at the start up. For reference, the relation between the air mixing ratio and the
steam temperature is shown in Table 10.6.

Table 10.6 Relatlon between the Air Mixing Ratio and Steam Temperature

Steam Pressure

bar 2 3 5 9
Air mixing ratio %
0 119.6 1132.9 151.1 174.5
10 _ 116.3 1293 147.2 169.6
20 112.7 125.5 142.9 . 165.3
40 104.3 1163 132.9 154.0
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{2) Direct steam blow heating method

A direct steam blowing opcration is often carried out in some processes such as when hot
waicr is re(juired or when heating a raw material solution. For steam blowing, there are
various methods, such as installation of a silencer to the tip of stcam pipe, or a steam
blowing pipe with a number of small holes (See Figure 10.36 and Figure 10.37).

 Flgure 10.36 Siienéer

Inlet side
I g Inlet side

hole

' b) S typesi
2nd nozzle (b) ype silencer

Outlet sidel .
{a) F typesilencer

Figure 13.37 Stéam' Blowing Angle from Nozzle

" Steam blowing pipe

2100~ 3"

Nozzle

Either method is important lo condense effectively the stcam blown in the liquid and to
devise not to leak the live steam to atmosphere, and great consideration is necessary.

a. Reduce the velocity of steam bubbles blown into liguid.
b. Give alonger time to condcnsate the steam. bubbles. Select a proper depth and location,
and install a blow nozzie downward at an angle of 10° to 30° to the level (See Figure

10.37).

¢. Install the blow nozzle under a large water head.
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Because the heat exchange from the stcam bubble to the liquid is done on the contact
surface, the blow nozzle size should be designed to form a number of small bubbles in
order to increase the surface area of steam bubbles.

Reduce the blowing pressurc of steam. A low pressure is advantageous with small
steam bubbles. Since the steam blowing pipe is always inserted in the liquid bath, a stop
of steam supply brings about vacuum in the pipe and causes backflow of the liquid into
the pipe. A preventing measure for this is required. Instali a check valve operable in a
very low pressure to the pipe as shown in Figure 10.38. When the stcam side comes in
a vacuum, the valve opens by a pressure difference to atmospheric pressure, the vacuum
is destroyed and the back flow of liquid can be prevented.

Figure 10.38 Steam Direct Blowing Heater

Check valve

Steam—- — r<i
/ o ' . r
r —
Strainer 3w [‘
£.E psa—
85
ES2
=8y : P
T - 1 Stéam blowing piping
; Ny pey ey

Temperaturc SEN30T
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11. ELECTRIC POWER CONSERVATION
111 Electric PoWerManagement

For electric power conservation, it is necessary to manage the clectric power from both clectric
energy and maximum electric power aspects.

1t is important to manage the electric encrgy from the following two aspects:

(1) Improvement of the electric power consumption rate

(2) Improvement of the power factor

and for the maximum electnc power, it is important to manage from the stand point of improve-
ment of the load factor.

11.1.1 Improvement of the electric power con'sumptign rate

To generally improve the electric power consumption rate, it is important to get a reasonably
clear picture of the transition in this consumption rate, classify each production process and each
raw ‘material and associate: them with changes in the processing method and for technical
improvement. It is also essential to determine the target value for the clectric power consumption
rate int each production process, work out a plan starting from a portion which can be improved
and carry it out.

Important items to improve the electric power consumptwn rate are concretely described as
follows:

(1) Placement of measuring instruments

Provide measuri'ng instruments at important points so that the electric power consumption
for each hour may be measured and checked periodically. It is necessary to grasp the load
condition, maximum electric power and electric power consumption rate from the resulis of
measurement. If there is any problem, it must be solved quickly.

(2 E}ectﬁe power management

.Optinijze eoltage and capacity in each ;_Iisiribution line and endeavour to introduce high-
efficiency electric equipment, operate them efficienily and reduce troubles.

3) Equ_ipmerit ma_nagemcnt

‘Optimize capacity for the production equipment, i'mend to introduce and operate high-
efficiency production equipment, and endeavour to prcvent troubles by completing main-
tenance and control. Special attentlon should be paid to troubles with the electric equipment
since they are liable {0 cause the suspemlon of operatlon equ:pment damage and accident
resulting in injury or death
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(4) Process control
Rat.ionalize the operation processes and improve the layout.
(5) Quality control

Establish an overall company cooperative system for quality control and endeavour to
rcduce defective ratio.

{6) Participation by all employees
Enhance consciousness for increased productivity and cost, and_ _positively promote for the
establishment of a work improvement suggestion system and for thoroughness of QC circle
activities. ' :
11.1.2 Improvement of the power factor
When AC electric power is provided to a load, the electric power at this point is generally less

than the product of the voltage and current. - In this case,.the rauo of the two is called “Power
factor”, and is expressed by the followmg equation: ' -

Power factor =

where P: Electric power (W)
E: Voltage (V)
I: Current (A)

P= EICOS(}) ..............................................‘.:.........‘..‘....-7:.. ....... (2)
- ¢ Phase difference between voltage and current | ' o
Ecosg

e ..... ...... e reeaees L 3)

Then, the current to get a specified output should be increased as being invérse proportion to the
power factor. A phase- advancing capacitor is generally provided to improve this power factor.
The energy conservation effect due to this is obtained by reducmg all of the surplus current and
resistance 1oss of the distribution line or the transformer.

Effects obtained by 'improvemcnt of the power factor are described below:

(1) Reduction effect o'f Distribution Lihé Loss
Since power loss in the distribution line is gwcn by (Lme current)2 x (me resmtance)
reduced distribution Iine loss (PL) to be obtained by prov:dmg a phase- advancmg capacitor

to improve the power factor in Fig. 11:1 is determined by the following equations:
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Figure 11.1 Reduction Effect of Distribution Loss

AA AA
Wy v
. : A(§2/Phase) b _ A
| ] 5 ( 1 @ Lo R(QWire) Load
LA AAR A ] Plew)
i Y l]_;v‘ ra £{xw) ,
: £ @ @ cosd, " " cos by
Branch point @ A Branch point
T T ’
(a) In the case of 4+ | (b) Inthe case of
) 3 phase circuit single phase
Condenser circuit
Condenser
A) Equation for three phase circuit
PL'=3><(IL02'_1L12)xR>‘<1()‘3(kw) e (4)
where
Before improvement
P - p? 1
ILO?' =( 2 = 5 - 5
AW3XExcosfy  3E% cos® 6,
After improvement
2= P 2_ P> 1
L1 3 xExXcos & IE2  cos? &
1 2 1 2 P2 1 I .
~1i?= -
Lo T T g s 6y cos? 8
Hence,
p =P ] 1 )nglo‘ﬁ‘(kW) (5)
TR cos? 8- cos” 0
" In equation (5), substituting
1 o1
—_ =k
cos? Yy cos? & !
p2 X . . .
pL=hg2ﬁ><k1><Rx]0“- (KW o e (6)



where,

p? 2 2
-ET——— Jcos 9() . ILO

Hence,
PL =3 X.(Iw X COSGO)Q.X k: % R % 102 (kW) . '.. ............... e R (7)
B) Equation for single phase circuit

P =2x(I 0% -1 2) xR x 1073kW) oeeeenns [T e SEREPRE PR (8)

where
Before improvement

2___( P 2

I =
Lo E cos6y

After improvement

1%= Py
E cos8
I o2 ~1 S G B
KO T T BT Y s 0 cos’ @
Hence,
P, —2><P2x( 1 L YXRXTIOTIRW) cvevmnrvmnrnnneinaneninaenns )
L E?’ cosIGO cos? 6; :
P2 3
=2X—~2~inXRX10 (KW) s st e (10)
=2X(IL0XCOSGO)2Xk1XRXI0_3(kW) e an
where

P (kW): Load power

I, (A) : Present load current

I, (A) : Line current after improvement
E (kV): Line voltage :
cosg, : Present power factor

cos@, : Power factor after improvement
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C) Calculation example
Reduced loss in the model system of three phase distribution line is calculated by using the

preceding cquation (7), as is shown in Table 11.1,

Table 11.1 Calculation Example of Reduction Effect of Loss in 3 Phase
Distribution Line due to Power Factor Improvement

Resistance value

of distribution line (I).;:nglh P;{\fém Present .Load .currem_ ' RCdlECtiO.n _.Of
and cable . p 10ad after 1mproveme.nt loss in wiring
R: (Size of wiring  factor current
o ) (cosq,) cosd, = 0.90  cos8,=0.95 cosB =090 cos8 =095
eleciric wire} 0 _ ! ! ! !

Q/km 500m  0.60 131A 87.3A 82.7A 2.87 kW 3.10 kW
0.20 (100sq — —
or equivalent) 0.70 131 102 96.5 2.04 2.30
0.13 (150sq) 500 . 0.60 219 146 138 5.18 5.61
or equivalent

0.70 219 . . 170 161 . 3.68 4.26
0.10 (200sq) 500 0.60 262 175 165 5.74 6.21
or equivalent : :

070 262 104 193 4.08 4.72
0.08 (250sq) 500 0;60 306 204 193 6.25 6.76
or equivalent

0.70 308 238 225 4.44 5.14
0.06 (325s¢) 500 0.60 350 233 221 6.12 : 6.62
or equivalent :

0.70 350 272 258 4.35 5.04

(2) Reduction effect of transformer loss

Generally speaking power loss in transformers consists of “Iron loss” which occurs in iron
core, and “Copper loss™ which occurs in coil, of which “Copper loss” is greatly affected by
the power factor.

A) Eguation
Reduced :_t"rans_fofmer'_lo_ss, (P) when the power factor is improved by a phase-advancing
~ capacitor on the secondary side of the transformer as shown in Fig. 11.2 is determined by

the following cquations;

However, it is a.?;sumcd'lhat total load loss of transformers: Copper loss = 1:0.8.
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The cquations are the same for both single and three phase.

10 4 P 2 1 1
P =(———=1)% X (=) X —{ —IXLg (kW) «crrvmeencnn e (12
b= ] ) 5 (L(]) u::c)s_2 6y cos? o 9 S .
m(-l-gg-ml)XiX(—P—)2Xk1XL0(kW) .................................. (13)
n 5 Lp .

Sk XKy XLg (KW) eeeeee e e (i4)

where,

100 4 P,
ky = (—=1)xX—%x{—)" .
2 =( ) T

Figure 11.2 Reduction Etfect of Transformer Loss

Transformer
. - Load
—@ . PW)
cosB
LkVA) M B
7 (%) — Transformer rated capacity D Ly(kVA)
) i Transformer efficiency : (%)
Condenser Load power : P(kW)
Present power factor : cosf,

 Power factor after improvement : cosg,

B) Calculation example

The calculation example of reduced transformer loss using preceding equation (14) is -
shown in Table 11.2.

Table 11.2 Calculation Exampie of Reduction Effect of Transformer Loss

Transformer specification  L,=300kVA n=98%  L=500kVA 1=98.5% = L;=1,000kVA 7=99%

P/L, ) 05 06 07 05 06 0.7 05 o 06 YR

c0s@, ~» cosf, kW kW kW kW kW kW kW kW kW
0605090 189 272 370 235 339 461 312 449 611

0605095 204 295 401 255 367 499 337 486 6.61

070 5090 099 142 193 123 177 241 163 235 3.19

0.70 5095 114 165 224 142 205 279 188 272 3.9
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Note: 1. P : Load power (kW) _
L, : Transformer rated capacity (kVA)

2. Loss reduction (P) is determined from equation (14).

(3) Effect by reducing bus voitage drop

A) Decreasing bus voltage drop and encrgy conservation

B).

Since improving the power factor reduces the line current, voltage drop in the distribution
line can be reduced, which is, to a large exient; energy conservation. That is, it is because
the following various problems which occur because of the voliage drop, can be settled by
improvement of the power factor, :

-a.  Life of fluorescent and mercury lamps, etc. becomes short and the brightness lowers.

b. In electric heaters utilizing Joule heat, the operating efficiency lowers because heating

capacity decreases in proportion to the square of the voltage.

¢. In a constant load state, load current of induction motors increases, efficiency lowers
and distribution line loss increases because motor torque decreases in proportion to the
square of the voltage. - '

It Should-be-noted that when more phase—qdvancing capacitors thah'r’equir'ed are operated in
a light-load time zone such as on holidays, at night, etc., the bus voltage to the contrary rises

-excessively, thus resulting in shortened life of all electric equipments such as motors,
- lighting appliances as well as the capacitors themselves. Therefore, unnecessary capacitors

must be released by means of an automatic control system, ctc. as described later.

Equation

Voltage drop reduction value (namely, vollage buildup vélue) AV due to phase-advancing

capacitors can be generally determined by the following equation:
AV =%
R.C

X100(F) vvvevnn- e ..... IEEEEERE (15)

where R.C.: Shori-circuit capacity of éapacitor-connecting bus (kVA)
Qc : Capacity of capacitor (kVA)
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4

Exampic of calculation

Let us determine bus voltage buildup value AV, when 500KV A phase-advancing capacitor
is connected to a bus with short-circuit capacity of 125 MVA. '

o SO0YA) <100 =0.4(%)
125x10° (kVA)

Increased surplus capacity for distribution equipment

Load on transformer and distribution equipment in distribution line. will be less when the
line current reduces due fo the improved power factor. Namely, the equipment will have a
margin in capacity. Therefore,

a. In the existing equipment, it is possible fo increase the load without involving cquip-
ment expansion such as re-installation of the distribution line and increased transformer
capacity,

b. For new equipment, cost can be saved because equipment with a smaller capacity is
purchased. .

How much load can be increased by improvement of the power factor in the existing
distribution equipment varics with the power factor of the extension load in addition to the
power factor before improvement (cos.6,), and the power factor after improvement (cos 6,).

For one thing, the ratio of extensible load capacity P, (kW), when the extension load p()wér'

factor is identical with the load power factor after installation of the capacitor, to the
existing load capacity P, (kW) (k,) is determined.

Then

PO _ Pg'-‘l"Pi - PO +k3 'PO
cosfy cosb cos 6

Hence

cos 8
cos 8y

Po(l+ky) =Py~

cos 6
cos &y

nky= S O I ARERPRTRIT (16)
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&)

(6)

A)

Example:

When a 100 kW load at a power factor of 70% is improved to 95% of the power factor,
k, % 0.36. That is, a load of 100 kW x (.36 = 36 kW (power factor 95%) can be increased
with the present equipment as it is.

Reduced eleciric charge

In general, the electric charge system involves a bonus and penalty system for the receiving
power factor.

Accordingly, improving the power factof in low power factor factories reduces the electric
charge. Wc have described effects due to installation of capacitors in above items (1) to (5)
and will describe problems on selection of capacitor connection and automatic switching
control below.

Sclection of capacitor connection

‘Connection and cffect

There are niany poinis to be considered when connecting a phasc-advancing capacitor as
shown in Fig. 11.3.
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Figure 11.3 Connection Points of Condenser

&
®
it

(A) Incoming high voltage bus
(B) Sub s/s high voliage bus
(C) High voltage load direct
(D) Low voltage bus lump
(8) Low voliage load direct

a. Receiving power factor improvement

The improvement has almost nothing to do with the connecting point of phase-advancing
capacitor,

b. Required capacitor capacity

Generally, sincc more phése~adv'ancing c'apacitbrs are' dispersed, the smaller their
utilization factor (operating time) will be, the larger the total capacity _of'-rcquircd
capacitors will be. In Fig. 11.3, when capacitors are centralized to (A), a required
capacitor capacity may be calculated for mean power of all loads, while when dispersed
to (B) to (E), a capacitor capacity to meet load for a restricted area must be calculated.
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¢. Reduction of power loss

it is needless to say that the closer a capacitor is installed to the end of the distribution
line, the greater the reduction will be and the longer the line length is, the greater the
reduction will be.

d. Increascd equipment margin capacity
Increased equipmeni margin capacily due to installation of a capacitor takes place in the
distribution line, cable and transformer inserted in a scries between the capacitor
connection and the receiving end. Therefore, the closer the capacitor is connected to the
- end, the greater the effect will be. However, even if the margin capacity is increased,

for example, it is no worse if there is no space to expand or no planning to increase load
- in the future,

¢. Reduction of voltage drop
Since reduction of voltage drop due to a phase-advancing capacitor is determined by
power source impedance viewed from the connecting point, the reduction will be larger
when it is connccted at the end.
B) Detcrmination of capacitor cormection
To obtam the maximum energy conservation effect, phase- advancing capacitors should be
connected to the end of all of them. However, taking into consideration other conditions
~such as investment effect, etc., the practical way to determine is as follows.
a. Directly connect to' a IOad'with comparatively large capacity (See Fig. 11.3, ©, ®).
b. Collectwely mstall ar pomt of concentrated small loads.

(See Fig. 11.3, ®. @)

¢. Connect the capac;tor for- 1mprov1ng recewmg powc:r faclor to the receiving high
~ voltage bus (Flg 11.3, @) ' '

The ab’ova'methods are‘considered and should be determined according to each user’s
conditions on a basis of this information.
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(7) Automalic switching control of capacitors

Operating unnecessary capacitors causes the distribution line and transformer losses due to
capacitor current in addition to the difficulty due to rises in the bus voltage, thus nullifying
the energy conservation effect. Therefore, a switching control will be required. Especially
since capacitors installed at the end of the factory are considered difficult to control
manually, it is recommended to use an automatic swiitching -conirol. The automatic
switching control mainly has the following four systems:

a. System to switch synchronizing to load on-off signal
b. Sysiem to switch according 1o increase or decrease in load curreni: {(Curtent control)

c. System to switch according to increase or decrease in line reaciive power (Reactive
power control) ’

d. System to switch by mecans of a time switch (Programmed control)
It is necessary to select a suitable system according to the load fluctuation pattern. One

example of selection is shown in Fig. 114,

Figure 11.4 Condenser Control 'Syéteni

Load fluctuation pat- (Same every day) (Chénges every day)
tern : : _

5 :

Ed e

z _

=~

= .

o .

& :

Time

R _ Reactive power control Reactive power control
Applied control system Current control
Program control
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11.1.3 Improved load factor

Since the load factor is defined as shown in equation (17), it is important for improving load
- factor to restrain the maximum power in such a manner not to concentrate production in a
specified time zone through appropriate factory management or through operation control,

Mean power (kW)
Maximum power (kW)

FLoad factor = XI0D(H) -~ vvvemr e (17

Improving the load factor provides the following advantages:

(1) Si'npe capacity for the receiving and distribution equipments, eic. can be effectively utilized,
the equipment investment can be saved.

(2) ltis pos:s.ible to know operating conditions of the factory and machine equipments and to
climinate waste by checking the load curve and load factor.

(3) Itis possible to reduce the demand charge by lowering the maximum power.

The method for improving the load factor is shown as follows.

(1) Draw and study the d'ain-load curve
A g_réph representing the change of power consumption in relation to time is drawn, and
using this daily-load curve, the load shift which would average out the load throughout the
day as possible should be determined.

(2) Extend the operating hours

The rcxténsion_of the facility operating hours is attempted through its mechanization and
automatization, for using the facility evenly throughout the day.

(3) Shift load to the light-load time such as late night
The peaks will :be' reduced through such measures as the _o_peration' of the air conditioning
and heating systems late at night by using the heat accumulation, using the electric power
equipment for only late at ni ght, and the shift of operations of the large-capacity equipments
and test equipments to the light-load hours or practicing time-differential operations.

(4) Promote an appr(_)priate maintenance of the instatlations

Itis n_ecéssary to promote appropriate preventive maintenances and productive maintenances
in order to limit maifunctions to a minimum and to equalize the load.
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(5) Improvement of the transport and preparation works

It is necessary to attempt the reduction of idle hours and empty operation, to improve
transport, preparations, and layout 'so that- work progresses ‘smoothly, and to conduct
appropriatc operational control.

(6) . Introduction of the load control

Installing demand controller, Load controller, etc wouid be one method. to limit the maxi-
mum power and to control load. '

The demand controller usually consists of a monitor portion and a control portion; the
- monitor portion receives metering pulse from a watt hour meter and performs operations
- and judgements required for demand control, it also displays the present demand valuc and

prediéte(i dcmand'value; and it performs alarm, contrel instructions and recording, etc. The

control portion receives instructiont from the monitor portion and stops and returns the
prcdetcrmmed toad,

11.1.4 Higher harmonics generation and ifs control methods .
(1) Causes for higher harmonics

a. With the advance of power electronics, thyristors etc. are used ‘widely from OA
equipment to industrial machines. Thyristor contiol is easy and the response is fast, but
by cutting the waveform as the firing angle is changed, waveform distortion is caused
and higher harmonics are caused.

b. During the initial melling phase of an arc furnace for steel making, voltage flicker is
caused cach time when the elecfrodes dre ‘short-circuited by scrap 1ron, the voltage
waveform gets out of shape, and higher hannonms are caused. :

c. An equipment like reactors and rotating equipment with magnetic circuits waveform
gets out of shapc because of core hysteresis phenomena and ﬂliS is promoted by
magnetic saturation, and hnghe: hammmcs are caused.

(2) Influence of higher harm()nics

a. Higher harmonics become the cduse for capacitor ovcrheatmg and bummg because of
“an increase of the effective current value. '

b. The eicctromaunetlc force of hlgher hannomcs causcs abnormal n01se for series reac-
tors of capacitors cic; - :
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C.

For induction motors, vibration lorque is caused by the higher harmonics current, and
this becomes the cause for vibrations and abnormal noise.

Higher harmonics electromagnetic noise increases, and flicker is caused for fluorescent
lamps with light conirollers, :

Waveform distortion causes shift of synchronization with the commercial power fre-
quency, and this becomes the cause for the following malfunction because of control
circuit phase deviation,

+ Computer stop

= NC cquipment stop

= Stop of rotating equipment like rolling mills eic.

(3) Countermeasures for supprcséion of higher harmonics

The following countermeasures are taken to keep the higher harmonics below the permis-
sible distortion rate for computers. '

.

Active filters

In case of rectangular wave current, the difference between the rectangular wave cur-
rent, synthesized from the fundamental wave and the various higher harmonics, and the
fundamental sinusoidal wave current becomes the higher harmonics current. By instan-
taneous supply of the current with the opposite polarity of this higher harmonics current

from the outside active filter, the higher harmonics component is eliminated.

“AC filter

R, C, L series single shunt filters are used for the sources of fifth to thirteenth higher
harmonics. Further, L., R parailel circuits in scrics with C are used as shunt filters for
stilt higher harmonics.

Change to muitiphase power transducers

For example, when the numbér of phases is increased from 3 to 12 phases, the ripple
decreases and the higher harmonics are suppressed.
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11.2 Transformers
For transformer encrgy conservation, it is necessary to pay attention to the following:
(1) Transformer cfficiency

(2) When there arc two or more transformers, operation with an efficient number of transform-
ers.

(3) Selection of transformer taps

11.2.1 Selection of transformers

(1) Transformer efficiency is expressed by the following equation:

= npcosg '_2 wX JOD(T) cvovr o e (1)
npcosg -+ W; +n W,
Where _ _
n : Efficiency (%)
n . Load factor
D : Rated capacity (kVA)
cos¢ : Power factor
W. : Iron loss

W_ : Copper loss
Although a transformer has dielectric and stray-load losses, in addition to the above iron and

copper losses, they are difficult to measure and are minute, and as such will be ignored.
Also, the ratio of copper loss W_ to iron loss W, at rated load is cailed “Loss ratio o,

The loss ratio is generally 2 to 5 as shown in Table 11.3. However, it may exceed 10 in the
energy conservation type transformers as described later.
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Table 11.3 Efficiency of 3 Phase High Voltage Medium Capacity Transformer

Primary 6.6/3.3 kV, Secondary 400/200 V

Company A° . 7 Company B
Efficiency Iroﬁ loss Copperloss Lossratic Efficiency Ironloss Copperloss Loss ratio
% (kW) (kW) E - (%) (kW) (kW)
300 98.2 0.9 4.6 5.1 97.9 2.2 4.2 1.9
500 98.27 1.3 7.5 5.8 98.1 2.7 7.0 2.6
750 98.36 2.0 " 10.5 5.3 98.2 3.2 10.6 3.3
1,000 98.52 2.5 12.5 - 5.0 98.2 35 14.8 4.2
1,500 98.62 4.5 16.5 3.7 —_ —_ —_ —
2,600 98.69 6.0 20.5 34 98.3 7.3 273 3.7

From equation (1), the transformer efficiency is at maximum when n= ﬁ/ W; / W, , namely,
output when the iron loss is equal to the copper loss at this point. One example of change
in efficiency against output is illustrated in Fig. 11.5.

Flgure 11.5 Transformer Efflciency (Example)

amd

Maximum efficiency

g =

-]

Efficieney (‘6)

-
=
n

1 " 1
1@ 15 4 =3 []

Output kW(%)

Also, the transformer efficiency varies v_&ith the load power factor in eguation (1) and
lowering the power factor reduces the efficiency.
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This cxample is shown in Fig. 11.6.

'Figure 11.6 Relatlon beiween Power Factor and Efficlency

Efficiency (%)

R RN T N
OQutput kW(%)

Note: Figure indicates power factor.

The difference of cfﬁc'icncy due to the transformer éapacity is shown in Fig.' 11.7.

Figure 11.7 Example of Efficiency of 50 Hz Transformer (1/2)
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Example of efficiency of 50 Hz single oil immersed transformer
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(2)

(3)

Figure 11.7 Example of Efficlency of 50 Hz Transformer {2/2)
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Examplé of efficiency of 50 Hz 3 'phase' oil immersed transformer

All day efficiency of transformers

Aithou'gh it is of course important to :pu'réhase and operate transformers .considering the

transformer maximum efficiency point, daily e:fﬁciénCy also must not be neglected because

the transformer load varies every hour, Equation (3)is called “all day efficiency”.
Output energy per day (KkWh) x100%

All day efficiency = ————— 2L L (3)
Output energy per day (kWh)+ Loss encrgy per day (kWh)

If the daily pattern for load fluctuation is almost the same, it would be better to operate
transformers so that the all day efficiency is better.

Energy conservation type transformers
Some transformers that use the laser treated plate of silicon steel belt for the core material
and employ wound core construction are manufactured. They are called conservation type

transformers with the iron loss approximately 40% of the conventional types. Anybody
purchasing transformers had better keep above for future reference.
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11.2.2 Efficient operation of transformers

(D

Stopping of light-load .transf_ormers

Generally speaking, when there are two or more transformers and eich of them has a low
load factor, electric power can.be saved by stopping low load factor transformers to
integrate the load. However, in some cases, loss of transformers with increased load may
exceed reduced loss-of stopped transformers causmg an adverse effect. Therefore, it is
always necessary to confirm by calculatmg. as shown in the following example.
(Example) When there are two 500 kVA transformers

In the case where each transformer has a load factor of 40% as shown in Fig. 11.8, we will
calculate the merit for when one transformer is stopped. We presume the transformer’s
characteristics to be of company A, specified in Table 11.3.

“Figure 11.8 Method to Use Two 50 kWA Transformer

1

No.2
S00KYA
1.3/0.42k¥

3.3kV

- Iron loss .

' Eisblu 13w
Fuli-load

Jauay copper loss

7.50W.

Breaker

(norma]ly open)

x
[

F
R !
r P
Load A 200kVA l.oad B 200kVA

At present, for both transformer No. 1 and transfomler- No. 2, Iron loss = 1.3 (kW)

Load factor

= )2 75><(4°)"‘

Copper loss = Full - Toad copper loss X(- =12(kW)
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Hence,
Total loss = 2(1.3 + 1.2) = 5 (kW)
After stop of transformer No. 1,

Iron loss of transformer No. 2 = 1.3 (kW)

Copper toss of transformer No, 2 = Full - load copper loss X (—1$)2

' 80 o
=T7.5%X(—)" =4.8(kW
(o) = 48(W)

Total loss = 1.3 + 4.8 = 6.1 (kW)
Stopping one transformer increases the loss by 1.1 kW,

Control of the number of transformers

. Whe.n transformcrs with the same ratmg are operated in parallel, the total loss can be

reduced by mcreasmg or decreasing the number of transformers.

Overall loss when N units of transformers are operaied in parallel is expressed by the
following equaiion:

PL 2
Wy=N{W +(——)"W kW
N { ‘+(N-Q) c} (kW)

where

W, : Overall loss (kW)
W. . Iron loss of one transformer (kW)
.. W_ 1 Copper loss of one transformer (kW)
P, ¢ Load capacity (kVA)
N : Number of transformers -
- Q : Capacity of one transfonncr (kVA)

Overall loss when (N — 1) units of transformefs are operated in parallel is expressed by the
following equation;

b _
Wiy =(N- 1){“ (m) c}(kW)

In case of W, > Wy ;, (N-1) units operation is better for loss decreasing, so we get
!N N-1
P« -——-(—-——-—-)—><Q (kVA) -
o
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where

o Loss ratio

For cxample, when three 500 kVA transformers whose o is 3 are operaled

JN(N D) ‘Px %500 =T07kVA

That is, when the load is 707 kVA or below, the energy can be saved by reducing one of the
operated transformers {0 two units.

(3) Stopping of transformers at night and on holidays

In equipment and factories where operation is not performed at night and on holid_ays, the
electric power can be saved by concentrating only loads for which electricity supply cannot
be stopped even at night and on holidays, to certain transformers and stopping unnecessary
transformers. However, when there is niot much dlffcrence in electric power between the
daytime and at night, there is no merit. -

11.2.3 Selection of transformer taps

Low-voltage transformers or main power lines have many loads and it is not casy 1o supply the
voltage close to the rating of each load. However, it is 1mp0r!:ant to Opnmlze the transformer taps
and endeavour to get as close as possible. '

Observing how motors are being operat'ed' in f;i'ctoi'ie's:"fﬁ-il load operations are few and 50% to
80% of the load is generally seen. Relation between voltagc fluctuation and load state of an
induction motor is as shown in Table 11.4 and Table 11.5. When all loads for the transformer are
motors, it is desirable to select the taps in the light of these.
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Table 11.4 Effect of Voliage Fluctuation on Induction Motor

Voltage fluctuation

90% Voltage 110% Voltage
Starting torgue, Maximum torque L -19% +21%
Synchronous speed Remain unchanged Remain unchanged
% Slip _ +23% . ~17%
Full-load speed -15% +1%
Efficiency (Full-load) _ -2% Slightly increased
Power factor (Full-load) +1%. -3%
Full-load current +11% ' 7%
Starting current -10 ~ -12% +10 ~ +12%
Fullload temperature rise +6 ~+7°C . -1~-2°C

Magnetic noise Slightly decreased Slightly increased

Table 11.5 Relation between Voltage Fluctuation and Loading State of
induction Motor ' a

Voltage fluctuation

90% Voltage . .110% Voltage
Full load | 2% S]-ightlly increased
Efficiency 3/4 Load Remain unchanged Remain unchanged
1/2 Load +1 ~ +2% -1~ -2%
. - Fullload +1% -~3%
Power factor  3/4 Load +2 ~ +3% 4%
1/2 Load +4 ~ +5% -5 ~ 6%

-11-23



11.3 Motors

For motor energy conservation, the countermeasures are mainly classified into the following two
cases: ' ' '

(1) Inthecasc of energy conservation by newly establishing or by greatly remodellmg load and
motor equipment.

(2) 1In the case of energy conservation by intensifying the management aspect of the existing
equipment or by remodelling it in a small scale.

Fach of these will be discussed below:

11.3.1 in the case of newly establishing load and motor equipment

Although it apphcs not only to mofor 1pphcat10n equipment but also to general equ:pmem it can
be stated that the amount of energy used may be determined to a certain degree at the equipment
plannmg stage. If the equipment capacity is too big or unfit for the load equipment, the energy
cannot be used in a raiional manner. Matters which should be considered at the planmng or
introducing stage of newly-establishing equipment are described as follows:

(1) Basic expressions relating to motor-driven force applications
Basic expressions which must first be understood when ‘considering the motor energy

conservation are shown in Table 11.6. For reasons of space, the description is omltted but
see the technical books for reference,
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Table 11.6 Basic and Practical Expresslons Relating to Motor Application

Formulation

Item Basic expression Practical expression Description of symbols
1 Power and P = T (Pk[kW]szIOﬁ?’ P : Power (u)att)
torque NG 'mj- 60 ® Pk: Power (Kilo watf)
= JoLmpm = I T : Torque (Nm)
T 7T Tg: Torque {Gravity unit Kg-m)
Tglkg ~m] = — = e
{ el g. m} g 9.81 W Angular velocity (rad/sec)
' 1 N : Rotating speed  (rpm)
PR{kW]= NUPM | otkg-m]
973
2 Moment of y3% _ . Gp%=41] ] : Moment of inertia (kg m?)
ineﬁia and de : Telkg-m]= 1 ant. dN  GD?% Flywheel effect
accelera- : 375 ot
tion torque
3 Accelera- .w ] J @ Ta(m) ' t : Time required for acceleration
., o = _J0 i (sec} :
= - Ta= da. \ . ..
bon time t 0 Ta dofsec] Ta o @ ta : Time required for completion of
2.2 ~acceleration (sec)
tafsec] :..1_ GD N glrpm] ‘I_‘ziAcceleration torque (Kg-m)
' 365 P[W] Ta: Mean acceleration torque (Kg-m)

{2) Load condition in the selection of motors
To select an optimum motor, it is necessary to know the load condition.
-+ How a motor must be under various conditions of ioad, or what to be the allowable

conditions are summarizéd in Table 11.7. When the conditions shown here are clear, it is
_possible to select the motor and also to select the control equipment to follow it.
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Table 11.7 Gonﬁitlo_ns for Motor Selection

~ Motor system

Conditions of load DPC machine Induction machine Synchronous machine

Starting Necessary frequency for starting Study heat capacity of motor
conditions :
Necessary slarting torque Application of series  Application of wound-rotor type IM
o Moment of inertia of load motor _ o : : . : _
e Possibilily of no-load starting Study starting current and time according to the
above items-
Necessity of smooth starting Acceleration Reacior starting, soft Low frequency starting,
_ 7 restriction _ starter, etc. - et
Stop Necessity and its degree of : Régé_neration' Reversing-phase braking Brake, etc.
conditions emergency stop (quick stop) system, dynamic
_ braking, etc.
Necessity of precise stop Position control Difﬁcﬁlty
position '
Necessity of ho]ding the stop Presence of brake
position ,
Operating . Necessity and its conditions of  Field switching Main circuit switching

conditions . reverse rotation ‘
- : Armature switching -

Rating of load Possibility of reducing frame No. for hourly rating
(Continuous, time)} A ;
Special function Restri_&:tion is Restriction is large.
: ' comparatively small :
Speed Constant speed or vanable For variable speed For constant spéed
conirol speed? . _ Varlabie speed in conjunction with control
: equipment
Speed control range Scope of applicétion Study combination with control equipment.,
- ) - is large. s el T
Necessity of speed control _Suitabié R Changebyamountof slip bynchromzc with the
power source frequency.
Ambient Tcmpcralure and humldlty o Study motor construction.
conditions, - conditions ' '
efc, - g -
Necesstly of explosion-proof Possible, but Possible
construction difficult

Whether good atmosphere or not  Problem on brush  Squirrelcagetypeisfor Brushless exciling is

commutator improper circumstance, possible.
Problem on personnel for Maintenance is In the case of brushiess, easy maintenance.
maintenance "important, :
Power source condition Problem on higher  Starting current large, Leading power factor is
harmonics and Delay power factor - possible.

power factor
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Although motor systems are classified into DC, induction and synchronous machines in
Table 11.8, induction and synchronous machines here are considered 1o be constant-speed
drive systems for commercial power source. A thyrisior motor applied to a synchronous
machine and a frequency control method applied to an induction machine belong to the DC
machines for system. Main items for selection of motors are described in the following item

(3):
Torque characicristics of load

Motors usually start in a load-coupied statc from zero speed, accelerate to a specified speed
and enter into a constant speed operation. Since the load has inherent torque characteristics,
motors must generate a torque greater than that required by the load over all speed ranges.

Generally, when load and motors are more alike in torque characteristics, motors can be
more economically designed.

As examples of typical torque-speed characteristics, there are three types. The first is
constant-torque type in which the torque is constant in spite of the speed, the second is
torque increasing type in which the torque is in proportion to the speed or its square, and the
third is constant-output type in which the necessary torque is in inverse proportion to the
speed and torque mhltiplied by speed is constant. These relations are summarized in Table
11.8.
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Table 11.8 Class of Load and Torgue Speed Characteristic

Load characteristic - “Typical load

Constant torque load

Gravity load, Fijiction load
{Example] Crane, Wind-

ut r _ ing machine, Convefyor,
X T'= Constant Paper machine, Mixer
£8 P

B oo

Rotating speed n-«

Increasing tortque

- Fluid load

load [Exampie] Blower, Pump
oLl —
‘Rotating spced n-—-
Constant output'load Special load

[Example] Winder, Con-

P . stant cutting machine,
L Log barker
- T pP=Constant

Rotating speed —

o

T: Torgue
p:Power

4

It is genecrally important in constant-speed motors such as three phase induction and
synchronous motors whether starting torque and maximum torque are greater than the
torque required by the load. It is also important in synchronous motors whether pull-in
torque is greater than the torque required by the load. :

GD? of the load

The armount of the load GD? (Flywhecl_ effect) is related to length of the starting time and the
amount of the heating value during starting, so it is an important factor in the selection of

motors.
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(5

Assuming the load torque as T, (kem), the motor torque as 'T,, (kgem) and the sum of the
flywheel effect for the toad and motor as GD? (kgsm?),

_Gp? aN

M et

+
375 dt

Accordingly, the starting time is

- JNO GD? «dN
0 375(Ty - TL}

where N_: Full—load rotation number

_The needed time for starting is in direct proportion to GD?. Since motors are unusually

warmed when t is long, the allowable GD? of the load is determined for any motors. When
GD? is great, on the contrary, it is necessary to select large motors fitting for it.

When GD? of motors: GlDlz, GD? of machines: GzDz and reduction ratio: n/n, = n as
shown in Fig. 11.9, GD? converted to the motor side is:

1 |
GD? =G,D? +TG2D% ................................................. (3)
n .

Figure 11.9 Conversion of Fiyweel Effect

Gear

&—52 “IC G\ D;#

Machine

G:Df [ Cnl

Motor

This result is important because a reducer is, in most cases, used for industrial load.
Time characteristics of the load

Motors are used in various methods of use such as continuous, short-time and intermittent
use, etc. and such hour application duty is called “Duty”. When electrical machinery and

'apparatus are used under specified condmons for use, they. are designed so that the

allowable maximum temperature is not exceeded, and these conditions are calied “Rating of
machinery and apparaius”. :
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A) .

For the 1aungs there are rated output, rated rotating speed, rated voltage, rated current,
rated frequency, etc., and for the duty, there arc various classes such as continuous rating,
short-time rating, periodic rating, etc. :

Continuous rating

For 24 hour continuous opcration, we select, of course, motor with a continuous rating.
Generally, when continuously used for more than two or thiee hours, motors with continu-
ous rating are mostly used because they are nearly the same in price. The motor, while
continuously used, is heated from the inside due to copper and iron losscs, elc., and at the
same time cooled by radiant heat from the surface and operated at a balanced value between
these two. ' ' '

Assuming the heating value every second: Q, Difference between the motor and ambient
temperature (temperature rise value): 6, Heating capacity of motor: C, Heat dissipation
coefficicnt: - A, :

c.@.;. AG=Q rvvrerrerrnenes e e e (3)
dt : .

Assuming & = 0 at t=0,

a4

-where, T=—
A

T in the above equation is called f‘Th'g:nﬁal time constant”. Ift=co in equation (4), 8= Q/A
and the final temperaturé rise is determined.

This is graphed in Fig. 1 1. 10 Also the thermal time constant normally will be as shown in
Table 11.9.

Next, when the motor is separated from the power source and stopped, substituting Q =01in
equation (3)and 8= 0, at1=0,

6=0yc T

where, T/ = —(-:—;
A

T': ‘Thermal time constant during .cooling -
A’: Heat radiant coefficient during cooling
8, Temperature when cooling starts.
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)

Figure 11.10 Temperature Rise Curve of Motor
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Table 11.9 Example of Thermal Time Constant

Type Thermal time constant (minute)
Open type 20.- 40
Totally enclosed fan cooling type : 50 - 150

Totally enclosed self cooling type : 90 - 180 -

In separately-ventilated'nibtors, the thermal time constant when stopped is the same as
when operating because the amount of cooling air does not change even while stopped, but
in self-ventilated motors it will be about three times that during operation.

Short-time rating

There are S,_]'O, 15, 30, 60, 120 miﬁutes, etc. as ‘a standard time in the short-time rating,

among which the nearest onc to the actual load condition should be selected.

Periodic rating

Periodic load means that load and rest penod are permd:cally rcpeated which is represented
by a crane. For motors with cranc, ratcd motors with % ED expression are uscd (See Table
1 1 10).

40% ED indicates a condltlon for use in which the motor is used at a rated capacity for four
mmutes in ten minutes, '
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Table 11.16 Frame Number Application Table

Load time o o _
factor 15%ED 25%ED 40%ED 60%ED 100%ED

Number of poles

Frame Output kW kW kW - kW kW
number
132M 3 25 22 18 15 6
5 4 37 3 2.8 6
160M 7.5 6.3 5.5 45 4 6
10 8.5 75 63 55 6
160L 15 13 11 9 7.5 6
180L 20 - 17 15 - 13 11 6
200L 50 25 22 . 185 15 6
295M 40 33 . 30 25 22 [
250M 50 40 37 30 25 6
63 50 . 45 37 33 6
280M 75 63 55 .45 37 8
315M 100 85 75 6 50 '8
125 100 90 75 . 63 _ 8
3551, 150 125 110 90 75 10
185 150 132 110 % 10
A00L 220 18 160 132 110 . . 10
280 220 220 160 - 132 10

D) Calculation of output by the root rﬁean square method

Rated output of a motor is selected from the timely characteristics of the 1oad, but when the -
load varies irregularly, it is rather difficult to determine the motor output. How'ever.--when_
the load varies continuously and periodically, the root mean square method is often used as
a simple output calcelation method. :
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When the tcrminal voltage is constant in induction and DC shunt motors, the oulput is
approxxmately in proportion to the load current. There are copper and iron losses as an
exothermic source for motors and the copper loss is far greater than the iron loss. Also,
- since the copper loss is iit proportion to the square of the load current, the loss in motor is
almost in proportion to the square of the output.
Assuming the load current as I (1), and the output at this point as P(t),

{INP R ={ kPO}?

Assuming that it takes time of ty by .int, forload of P, P,, ..... P, during one period T, the
equivalent load as Pa : .

k {P12t1 PPty et Pnztn} =kP,2eT

where, T=1, +1t,+ ... +1

Hence, P, = J Pl + P2y + o +P2t,
’ T

This P_is an equivalent continuous load which givés out the same loss of load P which
ﬂuctuates periodically. In the case of an intermitient load, it is necessary to determine the
equwalent load, taking into consideration generated heat and cooling during starting and
stopping, since starting occurs very frequently.

For example, the equivalent load when a motor with a continuous rating is used for
intermittent load as shown in Fig. 11.11 is determined in the following way:

P. = .P}Ztl +P22i2 + P32t3
10 a0y +130 + 0yty

Flgure 11.11 Example of Periodic Load

Py Py
_—L_EL .
Py

Constant speed

Py

Load

'§ Acceleration '\ Deceleration
&/ -
TP v vy ]
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Table 11.11 Example of Cooling Coefficlent Values

During During During During

Type of motor stop - acceleration  operation deceleration
Open type AC motor | 0.2 0.5 N 0.5
Enclosed type AC motor 0.3 0.6 1 0.6
Totally enclosed fan 0.5 0.75 1 0.75
cooling type AC motor
Separately-cooling AC 1 1 ' 1 | 1

motor

However, & is heat extraction coefficient and its value is as showrt in Table 11.11.

Also,
T =t + o, + 0, + L0,

T shown in the above cquation is an equivalent period, taking the heat extraction coefficient

into consideration.

Determination of motor capacity

When the rated output of motors is to be decided, it is oftenly determined by the maximum
load. However, it should be determined by calculating the equivalent load as described in

the preceding item.

For example, in continuous operation as shown in Fig. 11.12,

Figure 11.12 Example of Load Curve (i)

el

b v Time

- QCutput

—
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160 kW, ¢, = 10 minutes

, = S0 kW, t, = 15 minutcs
P, = 80 kW, 1, = 10 minutes
P,= S0kW,t, = 20 minutes

"5
R’

g
!

From equation (6), the req'tiired motor output P is

. b) ) 2 2
'p=\/]°°- X10+50° x15+807}10+30° %20 _ o0 crw = 70 kW

10+15+10+20

Accordingly, 75 kW should be selectcd for the motor. In this case, at the maximum load,
100/75 = 1.33. Namely, it will be 133% overload, but there will be no problem because the
maximum torque of the motor is more than 200%. If the motor is selected at the maximum
output of 100 kW, it will be a significant adverse factor for energy conservation.

. When a motor for crane is periodically used as shown in Fig. 11.13.

Figure 11.13 Example of Load Curve (2)

Sl
hh Time
e ] {d) :

Qutput
)

P, = 50 kW 1.5 miriutes
P, = 30 kW 1.5 minutes -
t, = 1.5 + 1.5 = 3 minutes, t, = 7 minutes,

the root mean square load in operation is

=41.2 kW

P_\/502x1.5+302x1,5
3

Accordingly, a motor corresponding to 40% ED 45 kW may be selected from Table 11,10,
(6) Class, efficiency and power factor of motors

Let us compare the typical DC, induction and synchronous motors with induction motors
mostly used in respect to efficiency and power factors.
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A)

DC and induction machines

Figure 11,14 shows the comparison in efficiency between DC and _i'nduction_motors.‘ Ascan
be seen from the figure, the efficiency of the DC motor is 5 to 8% lower than the induction
motor for small capacity machines 100 kW or less and 2 1o 3% lower for 300 to 100 kW.
This DC motor, being of the separately-ventilated type, must be essentially evaluated
including loss of the blower for cooling. Since, however, thls value is omitted, the

_efficiency actually tends to lower further,

The DC motor is capable df operating in accordance with the load characteristic and also in
easily controlling the speed or torque because it can be casily provided with various
characteristics by means of cxcntanon systems, On the other hand, the DC motor has the
following defects the efficiency is lower than AC motors such as induction and synchro-
nous motors, etc.; it has dif ficulties i in maintenance and in environment- -proof because of a

current collecting mechanism,

Figure 11.14 Comparatlve Example of Efficiency for induction and DC Motor

3 phase squﬁrcl cage type induction motor
(totally enclosed fan cooling lype, 4 poles, 50 Hz)
r"--r-.rf“-""'—'ﬁ'-k
o il i T
Ll v =
. »4 .“‘

100

o = 4]

o
. A_o"’: *
-~

(%) —
3

DC mator {Open type, standard speed,
1750 rpm, field constant)

70

60

50
“10 0 50 100 . 300 500 1,000
(kW) —
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B) Synchronous and induction motors

Fig. 11.15 shows the comparison in efficiency between synchronous and induction motors,

Flgure 11.15 Comparat!ve Example of Efficlency and Power Factor between
Synchronous and Induction Motors

4 Poles — SM

. f 10 IPoleq SMJEfﬁc:cncy
: _,,’C:‘__-- ¥ I— I

e TNT0 Poles — IM
85— <4 Poles — IM} Efficiency

' 4Poles—!M Power [
/0 Poles—lM ower {actor

" ,
i
 (Motor spccm:ahon

[ {SM : Synchronous motor{delay)

‘1 IM ! Induction motor
3 50Hz, Open iype\ :

u
=]

&
o

L \Load factor 100%

, o —_

Efficiency, power factor (%) ———

506 . 1,000 2,000 3,000 5,000 10,600
Motor rated capacity (kW) —s

The efficiency of synchronous motors is generally higher than that of induction motors and
the tendency is remarkable inlow=-speed moiors with larger numbers of poles. Forexample,
in the case of 10 MW class, the efficiency of 4 pole synchronous motors is about 0.5%
hi gher than induction motors, while 10 pole synchronous motors have an efficiency of about

- 110 1.5% higher, . -

Also, the greatest speci'al feature of the synchronous motors is to freely select the power
factor, enabling power factor 1.0 or advancing power factor and, at this point, they are quite

- different from the induction motors. Moreover, it is possible to control the sysiem at a
- constant power factor by means of the field control, or to restrain voltage fluctuation of the
system by performing constant control of the power factor or terntinal voltage. Since the
power factor cons:derably lowers with low-speed large capacity induction motors as can be
seen from the figure, they are disadvantageous as compared to the synchronous motors in

IhlS respect also.

Since, however, the synchronous motors including excitation power source equipment for
the field system are expensive, generally sclection should be studied, with the following
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points:
a. For 10 MW or more, study adoption of synchronou’s motors in respect Lo efficiency.

b. Forlow-speed motors with lal ger numbers of poles even 10 MW orless, study adoption
of synchronous motors. : S

¢. When power factor and voltage of the system must be controlled, study adoption of
synchronous motors. However, the motor is limited to sufficient enough large capacity
to supply the system reactive power (Var).

d. Generally, for MW or less, induction rmotors aré superior in simple starting and power
sourcc composition.

e. Generally, for salient-pole *;ynchrbnous motors, the starting torque is not so large as for
induction motors, . it shomly be, therefore, moted that they arc diffcult to start up with
large inertia moment or torque loads

Induction motor and its number of poles

Fig. 11.16 shows the relét'i'b\nship bétween number of poles and efficiency, power factor of
a totally encloscd fan cooled type three phase squirre] cage induction motor with the output
capacity as a parameter. In the flgure the efficiency does not vary much with the number
of poles, because it is designed so that the efficiency does not vary much with the number
of poles for each Uutput capacity. '

However, ‘the power factor remarkably lowers w1th mcreased numbers of poles because the
exciting current is in propomon to the number of poles Fhls tendcncy is remarkable with
the smaller capacity motors with higher- cxcmng current componem as compared to load
current components, Number of poles of a motor is selected according to rotating specd of
the opposite machine, Generally, for motors with the same output, the larger the number of

' poles is, the larger the volume and wcrght become

Since the weight is mtrmately rclatcd to the amount of materials used and material manufac-
turing expenses, it rnay represent a tendency of cost. Accordmgly, since the larger numbers
of poles generally raise the cost, it is better not to make the number of poles unnecessarily
larger, otherwise, the initial investment will be larger and uneconomical. |

Motors are rarely directly coupled to the opposite load machine and usually, a reducer lics
between them,

When a four-pole motor is selected with reference to the reducer, there will be no problem
in respect of cost and power factor. But when a motor with larger numbers of poles is
selected, it should be determined by taking into consideration the equilibrium between the
efficiency merits of the drive system including the reducer and the increased investment
amount for the motor.
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Fig. 11.16 Relation between Number of Pole, Efficiency and Power Factor of
Induction Motors
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(7 - Sclection of motor voltage

Dctermination of the distribution voltage is an important factor for energy conservation
because the motor voltage is deeply related to efficiency and cost. It is not desirable to
select an esp'ecially high rated voltage for a small capacity motor, or to select on the
contrary, a low voltage for a large capacity motor.

Fig. 11.17 éll_OWS the optimum range of motor cdpacity for each voliage taking into
conSideralion the 'technic&al problems and economical efficicncy. The range shown with a
white frame in this figure is a comparatively economical range containing few problems in
manufacturing technique, and the shaded portion is the range which it is possible to
manufacture technically if the economical efficiency is ignored to a certain degree.
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Figure 11.17 Optimum Quiput Range of Motor
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(8) Adoption of high-efficiency motors

In recent years, high-efﬁciéncy motors with iron and copper losses reduced by 20 to 30%
have been sold on the market. They have been developed by improving the low-voltage
squirrel cage type induction motors through adoption of high- class steel plate and optimi-
zation of design with leaving the frame number and external dimensions as the present
standard. Although the initial investment will be somewhat higher, they will deserve
studying for adoption for'long-time operaling motors.

Fig. 11.18 and Fig. 11.19 show companson in efficicncy between high cfficiency- motors
and standard type motors which are being manufactured at present. It should be noted in

Fig. 11,20 that the high-efficiency motors are remarkable in the improvement of efficiency
at light load. : '

Figure 11.18 Efficiency Comparison of 3 Phase Squlrrei Cage Type
induction Motor

" (‘Totally erclosed cooling type,
- 4 pole, 50Hz)

Efﬁciency (%) ———s

1527375575 111518528 30 37
Qutput capacity (kW) ——
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Flgure 11.19 Efflclency Comparison of 3 Phase Squirrel Cage Type
Inductlon Motor '

100 High efficiency motor

" (Totally enclosed fan cooling type,
4 pole, 50Hz)

Efficiency (%) —

-
o
T

5
) L 3

g FLS R TR T
Load factor (%} —

11.3.2 Energy conservation by remodelling the existing equipment
in a small scale

('1) Induction motors and voltage control

Although-induction motors are generally used because they are low cost and simple to
handle, it should be noted that supply voltage has the greatest impact on these motors.

Fig. 11.20 shows one example of loss of a three phase induction fotor with a comparatively
small capacity. As can be seen from this figure, a greater part of the loss is copper and iron

losses which account for 86%. Accordingly, the impact of supply veltage fluctuation on the
induction motor will be clarified by investing these two.

Figure 11.20 Loss Analysis Example of Standard 3 Phase Induction Motor

Mechanical loss

Primary copper
loss

copper loss
(1624)

(4025}

l.rbn loss
{30%5)
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The cbpper loss is a resistance 1oss which occurs by current ﬂowing'through the induction
motor startor winding {primary winding) and rotor (secbndary winding) and it is in propor-
tion to the square of the load current. Therefore, it is a loss component much dependent on
the load factor. '

W, = ORI RIC1A: ) DERRRRRRRRRES et e e e e e e (8)

where
W . Copper loss
r, : Resistance of primary winding each phase (£2)

r, - Resistance of secondary winding each phase
(primary side converted value) (£2)
1. : Load current (A)

Secondary current, when the motor runs at a rated speed close to the synchronous speed, is
as follow from the basic formula of the induction motor.

where
o,: Synchronous angular velocity
V,: Supply voltage
T : Load torque

From equation (8) and equation (9), the relation between the supply voltage and copper loss
is ' S o - '

: a2

3 wO

We 5(n+1r)

T ey

That is, when the Joad torque does not change before and afier the supply voltage fluctua-
tion, the copper loss will be in inverse proportion to the square of the voltage.

On the other hand, iron loss Wi occurs when'the magnetic flux in the iron core changes by
means of the revolving magnetic field and consists of eddy current loss W;-'and hysteresis
‘loss W,. The eddy current loss is in proportion to the square of the thickness of the iron plate
of the core and the square of the magnetic ﬂux'density B, while the hysieresis loss is said
to be in proportion to the frequency f ‘and the magnetic flux density to the 1.6th power
according 10 Steinmetz’s research, Sincer,_"howévcr,‘ silicon steel plate has recently been
used for iron plate, considerably high magnetic flux density can be obtained. Therefore, the
hysteresis loss is also considered o be practically in proporiion to the square of the
magnetic flux density. o ' ' '
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Since fB are in proportion to the voltage, the iron loss W_ is:

W, = W, + W}, =k (dfB)” +k, B xvf(k'ﬁfrl) (W) oo (11

where.
k,, k: Constant representing the eddy current loss
k,, k,: Constant representing the hysteresis loss

Since.a greater pari of the motor loss is iron and copper loss, supposing that total loss is a
sum of the iron loss W, and copper loss W, the total loss W comes to the following equation
from equation (10) and equation (11).

2m2

mOT.W ..................................... 12
3V12( ) (12)

W=(k'1~1~i‘f£)v12+(ir1 +15)

Supply voltage V at which the total loss W is minimized is determined by using a condition
of dW/dV = Q.into the following cquation:

‘Since the supply voltage at which the loss is minimized is in proportion to /T from the above
equation, it lowers as the load factor lowers.

Fig. 11.21 shows a conceptual diagram of the characteristics of copper and iron losses
against  the supply voltage. The torque may be regarded as the load factor because it is
balanced with load torque T!. Accordingly, copper loss curve W_rises with the load factor
and the iron loss value has nqthin?g to do with the load factor. Since the minimal loss point
isthe point of intersection of iron 10ss curve W_and copper loss curve W, it will swiit to the
right when the load factor is high, and it will swift to the left when the load factor is low.
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Figure 11.21 Tendency of Loss against Applied Voitage

Mechanical loss
(2%)

Prmary coinper .
loss

Sccqhdary_ :
copper joss
(16%3)

{4023)

Iron loss
{3024)

Fig. 11.22 shows one ¢xample of the efficiency curve when the survey voltage is actually
changed with a motor. As shown in the figure, the efficiency during voltage fluctuation
exhibiis varied tendencies according to the load factor. When the load factor is high, the
highest efficiency is shown at the rated voltage, while, when the load factor is low, the

efficiency lowers as the voltage increases.

Figure 11.22 Example of Efficiency during Voltage Fluctuation of
induction Motor : : '

b Y

o ,.r/
Load

A factor:

Large

Load 7

faclorn:
Small

Loss (W) —=

Applied vol(a'gc (V) —=
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Figure 11.23 Example of Power Factor during Voliage Fluctuatlon of
Induction Motor
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b e
90 '
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.2 kW _ﬁ
111 kw '} Load

{Totally enclased fan cooling lype,
4 pole, 200V, 50Hz)

(=
=

Power factor (%) —
~n

.
=3

(2]

N =16 0TI T2

Voltage regulation (%) wo—s

Fig. 11.23 shows the change in the power factor of induction motors when the supply
~ voltage fluctuates. The power factor increases as the voltage drops, because the exciting
current of induction motors is in proportion to the supply voltage.

What has been described 1.1'n'ti1 now is summarized in Table 11.12.
Efficiency _a’ui"d power factor during supply voltage fluctuation have been described in the

foregoing. When the above are actually applied to motors in operation within the field, the
foilowing items should be studied together.

I1-11-45



Table 11.12

Effect of Voltage Flur_,iua'tlon on lnduCtIOn Machine

Voltage fluctuation

110% Voliage

90% Voltage Prdportional relation

Starting torque ~19% V2 +21%
Stalling torgue
Synchronous speed Remai'n unchanged Constant Remain unchanged
% slip +23% 1/v? ~17%
Full-load speed “1.5% — 1%
Ffficiency Full load 2% —  Slightly increased

3/4 load Actually no chang —_— Actually no change

1/2 load +1 ~ 2% — -1~2%
Power factor Full load +1% — -3%

3/4 Load +2 ~ 3% — -4%

1/2 Load +4 ~ 5% - -5 ~ 6%
Full-load current 1% — 7%
Starting current 10 ~ 12% v +10 - 12%
Fuildoad femperature rise +#6~7°C e -1~ 2°C
Magnetic noise Slightly decreased — Slightly increased

a. Study when the supply voltage is Jowered

To operate with the supply voltage lowered below the rated voltage, it is necessary to
check accelerating torque during starting and the value of the peak load because the
starting torque and maximum torque decrease at a ratc of the square of the voltage as
shown in Table 11,12.

Since the load current increases in inverse proportion to the voltage cven if the total loss
decreases, the motor copper loss increases, thus increasing the w_ihding temperature and
the line toss of distribution line, etc. Care should be taken, Thercfore, the lower limit
of the supply voltage should be determined within a range not to exceed the motor rated
current.
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b. Study when the supply voltage is raiscd

When operated with the supply voltage raised aboye the rated voltage, saturation of the
magnetic flux increases the exciting current remarkably, causing lowered power factor,
unusual magnetic noise and an unusually heated iron core due {o increased iron loss, etc.
Also, since the motor ouiput torque increases at a ratc of the square of the vollage, it is
necessary to check whether the machine is ruined by excessive torque.

¢. Study of entire etjuipmiint

Many motors arc usually connccted to the same distribution system and operated, but
the individual motors are rarely operated under the same load conditions. Some of them
are operated at close to the rated load and the rest may be operated at a load 50% or
below. Since it is not possible to determine the supply voltage uniformly under such a
condition, it is necefssary to study the entire equipment.

1) When motors operated at’ hght load hold an overwhelming majority, lower the
distribution voltage and replace & few heavy -loaded motors with one rank higher
capacity. In this case, if there are any unused motors available, study whether they
are utilized or whether they are exchanged between respeclive equipment,

2) When motors operated at heavy load hold an overwhelming m'ajority,' mainiain the
distribution voltage at the motor rated voltage value and lower the output capacity
of a few light-loaded motors by one rank, Also in this case, study utilization of any
unused motors and exchange between respective equipments.

3) When Iarge—capacity motors are operated at heavy _lead and other small-capacity
motors at light load, separate the distribution system for only large-capacity motors
from others and lower the supply voltage for the light-loaded motor group.

. Besides the above, various combinations are considered and, as such, study on a case-
by-case basis. In any case, when replacement and installation of new motors are-
involved, it should be determined by taking into consideration the equilibrium between
the investment amount and conservation cnergy charge due to improvement of the
efﬁeiency.

Another problem with voltage control _is'the unbalanced voltage.

When unbalanced voitage is applied to a three phase AC motor, unbalanced current of
zero-phase-sequernce, 'pos‘itive—phasc—sequcnce and ne gative-phase-sequence component
current flows, Of these, the zero- phasc- setjuencc component current, its resultant
magnemmotlve force being zero, induces no voltagc in the secondary winding and, as
~such, no terque is generdted However, the magnetlc field due to the negative-phase-
sequence component rotates ai synchronous speed in the opposite direction to the
magnetic field due to the positive-phase-sequence component current, thus inducing a
voltage having a frcquency of @, (2-S) in the secondary winding - then current flows and
torque is generated, This torque is called “Negative-phase-sequence component torque”,
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This negative-phase-sequence component torque increases the copper loss remarkably,
because the torque is going to rotate the motor in the reverse direction. As a‘result, the
motor efliciency lowers. '

Therefore, it is necessary o minimize the unbalance factor of supply voliage as much as
possible and it should be controlled within 1 to 2%. When a single phase load is applied
to a three phase AC power source, the current during each phase becomes unbalanced
and voltage drops as each phase differs, causing unbalanced voliage. Therefore, it is
important to electrically arrange a single phase load propcrly 0 that each phase is
balanced.

(2) Prevention of idle running and reduced starting loss

Since a motor is sure to be connected to the opposite machine, electric power consumed at
no-load running will be about two to three times that of the motor itself, Accordingly, it is
impommt for electric power conservation to stop the motor when unnecessary, Also, in this
case, it is desirable to stop the motor coohng fan and f:eld systcm for the DC motor. Atthis
time, the precauuons arc as follows:

a. Deterioration and output drop of motors due to multl frequenc} starting should be
restricted w:thln a range so that they can be used as usuval.

In the case of 1arge'-capacity motors 100 kW or more and motors with high GD? as a load
such as blower, eic., it is recommended 1o consult with the motor manufacturer,

b. Electric energy durmg starting should not exceed the electric energy during 1dle fun-
ning. :

Generally, to re-start a motor, care should be taken, because certain starting methods cause
a considerable amount of loss. Startmg ]oss of induction motors and its countermeasures
are described as follows: ' - '

1) Starting loss of three phase induclion motors

Internal loss W, of a motor when acceleraied from a state of shp S to a state of S, is gcnerally '

expressed by the followmg equation:

20 (%2-822)( )~—-——Tf"1 - L (14)
Th—TEL .

1 GD?

=T

The loss from state of stop to synchronous speed is calculated as’
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2)

e e, 15
' Ty =Ty ( ),

2 §

Wl = —;—omg-t—?_ (002 (1 +_]l_’) ——-—-————-Tm
Where
: Primary resistance of induction motor ()
: Secondary resistance of induction motor (Pr'imary side converted value) (Q)
: Accelerating torque of induction motor (Mean value) (N-m)
: Mean torque of load in acceleration (N-m)
: Synchronous angular velocity

oa .‘...3 E,_a M'-s_ gl

Reducing method of starting loss
Equation (15) shows that the following will reduce the starting loss.

= Start with a higher motor generated torque.

+ From the standpoint of operation efficiency, it is desirable to start with the motor

torque as high as possible. Starting with reduced voltage or with reduced current to
restrain the starting current lowers the motor torque thus increasing the loss.

Therefore, it is desirable to directly start as far as the power source circumstances
permit. :

= Increase the secondary resistance when starting.
When a wound-rotor type induction motor is used, inserting a high external resistance

when starting will not only greatly reduce the entire motor loss including the external
resistance, but also restrain rotor heat and starting current.

+ Change the Synchfonous angular velocity o,

Changing the synchronous angular velocity @,of induction motor together with a rise in
the motor speed greatly reduces the loss during starting.

To change this @, there are two methods; one is to switch the synchronous angular
velocity to step-wise using a pole change motor, and the other is to continuously change
the power source frequency together with the speed.

Taking the case of two-step pole change induction motors, we will explain. First,
starting with the low-speed side winding, accelerate to the synchronous angular velocity

- i, of the low-speed winding (Number of poles: P|), and swiiching to the high-speed

winding' side, accelerate to the synchronous angular speed @,, of the high-speed
winding (Number of poles: P,). Total loss of the motor during this period W, will be
determined as follows. For simplification, it is assumed in equation (14) that r=0,T,
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1 Gp? 1 GD? ~ o
Wap = o= @0 ? (17 =024 2o -0 0n” {(5"-9&—«—9—’:)%02} () -~ (16)

_ @ oH
Assuming pol{: ration = D - Yon
Py  ooL
' 1 GD? 2 2
wuza_. 'WOH (1+n__n___) (J) cereieee P (1D

Assuming the reduction factor for the loss when started with only the high-speed
winding from the beginning as Ka, Ka is expressed by the following equation:

B Loss during starting with pole change s 2 2
Loss during starting with only high - speed winding n“ n

The pole ratio at which the loss is minimized in the above equation is determined bya
condition of dk /dn = 0 and the loss will be 1/2 when n = 2. Moreover, increasing
numbers of poles changing steps will reduce the loss further

The following measures are effective in preventing idle running.

- Installation of an idle running alarm device

- Automatization of the process and equipmem

« Reduction of the waltmg time for handling the treated matter by 1mprovmg the
cquipment layoul and ]lgS and tools -~ -
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(3) Control of induction motor rotating speed

Control of induction motor rotating speed is widely used for energy conservation of pump,
fan, blower and motor for crane. Induction motor rotating speed is generally expressed by
the following equation: :

N_%Qf (o) vttt e (19)

As can be seen from the above e_quatibn, the induction motor rotating spced is controlted by
any changing of the number of poles P, changing slip S or changing power source frequency
f. Rotating speed control systems classificd by these control factors are as below:

— Change of number of Pole change system

poles

—— Secondary resistance
control system
—— Primary voltage
control system
T Conirol of slip ————t~—- Kracmer system
Control of induction | ~— Static Scherbius system
motor rotating speed '

—— Opened-control type
o ' frequency conversion
—— Primary frequency - system

control - —— Closed-control type

frequency conversion
system

Of these, the primary frequency control system (VVVE) can be materialized from the
standpoint of remodclling the existing equipment and as such it will be described.

The primary frcquency conlrol system cenirols the primary voltage and frequency of the
- motor at the same time, by means of a frequency converter, 1o change the synchronous
speed.

This control system is mainly divided into opened-control and closed-control types. Of
these, the opened-control type is open-loop cdntrol in which the converter frequency is
dctermmed based on frcquency instructions from a setting apparatus 1rreqpcct1ve of changes
in state such as the motor rotating speed, torque, etc. On mc other hand, the closed-control
type is closed-loop control in which the converter frequency is controlled according to

" changes in state of thc motor. The opened-control type has V/f constant conirol in which the
ratio of the motor primary voltage V to frequency of (V/D) i is comtant ‘The closed-control
type has slip frequency control and vector control.
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For a characteristic equation during primary frequency control of induction motor, approxi-
mations and simple equivalent circuits can be obtained if attention is given to the following
points.

~ Exciting circuit is represented by exciting inductance L, Since operated at close to the
synchronous speed with this system, the characteristic equation is approximated by a
condition of § =0.

The simple equivalent circuit prepared under this condition is shown in Fig. 11.24.
Therefore, approximation of the characteristic equation can be expressed by the following

equations;

Figure 11.24 Simple Equivélent Circult of Induction Motor at Sllp = 0

I I

i gl; § r'/S

o .
Equivalent circuit during operation
* near synchronous speed,

R P A (20)
Y,

Ig T 2N
{BQL
SV Swy V,

£ :__.:L-_:_._,Q. L (22)
n R g

_3SVE_ 8wy

T 1] 7
Wora 1y

'(.Y.l..)?- [NO/Tad] ceervvrnnneens e PP (23)
@

On the other hand, assuming the voltage factor as Kv, the magnetic flux ¢ is

Vl . . s o
= SKIgIWi] cervrermrerrmirernanne i i R 24
¢ Koon olWp . _ : - (24)
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When control (V/f'constaht control) is performed so that the ratio of voltage V| to frequency
o, in the above characteristic equation is constant, the motor torque, current I, I, and
magnetic {Tux ¢ become constant at constant slip.frequency S, Fig. 11.25 shows torque-
speed characteristic curve at this point and the maximum torque Tmax becomes constant
against speed @,

Figure 11.25 Torque-Speed Characteristics of V/f Constant Controi

Thll
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1 Voo §
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{
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~~=Current * )

Inverters arc usually used for the VVVE system.. Characteristics of rotation control by an
inverter are shown below,

Can easily conirel a squirrel-cage induction motor without any additions except VVVF
‘Can apply stepless rotation conirol effectively in a wide range.

Power factor is high. Power capacity can be small for starting up.

Can reverse rofation dircction eléctroniclly. ' '

Can start and stop high-frequently,

Can apply breaking control electrically.

Suitable for rotation control of a motor placed in a severe environment,

Can control rotation of multiple motors at a time.

Can easily obtain constant torque characteristics and constant output characteristics.

OLEEO
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As problems raised from introduction of an inverter, the foltowing can be named: troublcs
by harmonic waves, troubles by speed control of general purpose motors, and troubles by
operation switching between direct and inverter operations, Table 11.13 shows troubles and
measures accompanied with the introduction of an inverter, -

Table 11.13 Troubles and Measures Accompanied Mth introduction of Inverter

Trouble Measures

Ne.
I Trouble by harmonic waves
1 ¢ Metallic sound is generated from rﬁot_or. ~» Insert an AC reactor between inverter and motor.
2 ¢ Condcnsive capacitor or fluorescent lamp is heated. ¢ Insert an AC reactor to the receivihg side.
3 ¢ Input transformer generates heat or causes vibration. :
4 * AM broadcast on radio cannot be heard due to ) 'Inst_all a noise filter. :
5 noise. - * Place an inverter in an iron case and earth
¢ Electronic devices such as measuring instruments the case.
catise error. ¢ Earth the motor frames.
¢ Place input/output cables in an iron pipe and
earth the pipe.
6 ' o * Shorten connecting wire between inverler
¢ Earth lcakage breaker operates erfornecusly. - - and motor.
' + Use breaker dedicated to inverters.
11 Troubles by speed control of general purpose motors
7 » Resonance occurs between motor and the other » Use tu’e-type couplmg between motor and the
machine.As a resalt vibration and noise are generated, other machine.
8 » Sclf-cooling efficiency of motor lowers. Tempera-~ - # Fit'a- forced cooling fan. -
ture rises, -
I Troubles by operation switch between direct and iiiver'tefoper_atiofis
9 # Life of relay shortens due to frequent switching. s Review control:method..
10« The device stops due to instantanecus power cut B e Check s_e-qﬁ'énce cphtx‘oil circuit.
when switching. ' o '
11 ¢ Adjust time of motor after switching is too long. . e Increase the capacity of _iﬁverter_.‘

(4 ‘Other countermeasures

Diagnose the present equipment capacity. When the equipment capacity is ioo large as
compared to the production scale, it is important for energy conservation to reduce the rotating
machine and equipment output. For example, with motors being used as-is, the power to drive
the load can be reduced by changing the power transmission mechanism (diamcler ofa pullcy-,
or reduction ratio of gear eic.). Also, when there are stand-by motors, the energy can be saved
by replacing them with smaller motors or lower rotating speed motors.
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11.4 Compressors

Energy conservation countcrmeasures for pneumatic systems are mainly divided into for air
compressor, piping and air-operated apparatus.

Power used for compressors is generally given by the following equation:

L= @+DK PsQg [(Pd )R%ﬁll‘ P ()
K-1 6120 ﬂcfh
L Requnred power (unit kW)
P . Absolute pressure of intake air (unit; kg per square m)
P,: Absolute pressure of dlscharge air (unit; kg per square m)
Q,: Amount of air per unit time converted to a state of intake (unit; cubic m per minute)
a : Number of intercoolers
K . Adiabatic cocfficient of air
n,: Overall adiabatic efficiency of compressor

o

: Transfer efficiency

=

Values 7)_and 7, shall be given by the manufaégurcr.
Accordingly, to reduce power for compiessors,
(1) Lower temperature of intake air. Also, improve the cooling effect in the intercooler.
(2) Lower the discharge pressure. Also, reduce the amount bf air used.
(3) Select compressors and sysiems with good efficiency.
(4) Prevent air leakage from the compressor proper and piping, cic.
(5) Intensify management for the entire system for compressed air,
The above items are important. Respective ilems will be described below.
11.4.1 Intake air and intercooler
When intake temperature rises, air density generally becomes smaller and the actual volume of
air sucked with the same power reduces. . Since this relation is in inverse proporticn to the
absolute temperature of intake air, for example, changing intake side temperature from 35°C to

25°C reduces power cost by 3.3%.

Therefore, the air intake opening should be located at a cool place where it is not exposed to the
direct rays of the sun,
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Insufficient cooling in the intercooler brings air compression close to adiabatic compression and
increases the compression power on the second stage and after, Since lowered efficiency of the
intercooler is caused possibly by lowered heat transfer efficiency duec to adherence of scale or
slime, or insufficient amount of cooling water, it is necessary to clean the inter-cooler and work:
out other appropriate countermeasures.
11.4.2 Discharge pressure and amount used

In cquation (1), lowering discharge préssure'of the compressor reduces the axial power gready.
Table 11.14 shows an experimental example of a compressor actually in use and the retluired
power could be reduced by about 4% by lowering the service pressure 1 kg/cm?

Tabie 11.14 Actual Measurement Examplie of Compressor Performance

(1) Discharge pressure and motor input (kW)

Pressuré (kg/cm?G)

. 7 6 5 4 3
Load (%)
100 226 . 216 205 190 166
50 _ 156 150 144 134 120
(2) Load (flow rate) and motor input
Load ) 0 50 100
Discharge amount (m%min) 0 50 ” 40
Input kW) 44 o132 220
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(3) Compressor specification

Discharge pfessﬁ'ﬁé - (kg/cm?G) ' 7
.Di_scharge amount (m®/min) | 40
Capacity a.djustment_ R _(96) 0, 50, 100 3 stage
Motor | | 3.3 kV 220 kW

Fig. 1126 shows an example of characteristics of 37 kW air compressor.

- Generally, when the same operation is performed, many machines and tools having the
same capacity differ in the pressure of air required by them. Therefore, if possible, study
thoroughly and standardize service pressure of machines and tools in the whole factory to
the lower one, to reduce the required electric power,

Flgure_'11..2_5' Cha_raptérls'tlc's of 37 kW Air Compressor

B N : : . ,
[
B 7 AN _
@ " amount of comp-
?;’l ’;‘ 6 L \ ressed air
g = =
s ® 5 B
"":‘ et
=
g
b= 40
. _'___‘-—""‘""'—__—_“——‘_"_'““
- 30
: / consumed | power
4 20. | - : !
8 compressor !
oo . reciprocating type
2 & 101 37 kW, 970 rpm.
8 = : water cooling
§ 0 I
@]

o 1 2 3 4 5 6 7

pressure of exhaust air {(kg/cf )

When there is equipment requiring h]gh compressed air such as pressing machines in the
factory, it is cconomlcal to mstall a booster for excluswe use.

Also, since rcducnon in the amount of air used'ls ‘almost in propoftiori 10 ;educt'i'on'in the
power cost, it is better not to use compressed air for cooling, cleaning, etc., if possible, and
it is also better to control the condmon for use thoroughly by re-checking the nozzle

diameter, etc.
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11.4.3 Selection of kinds of machines and operation systems

The air compressors have the following tendencies from the standpoints of efficiency and it is
important to take them into consideration when selecting the kinds of machines:

(1) The larger the compressor capacity is, the higher the efficiency will be.
' (2) The more the number of compression stages is, the higher the efficiency will be.
(3) When opcratéd with the load factor nearer to 100%, the efﬁciéncy will be higher,

Therefore, in a factory where small-scale operation is performed during holidays, operating
a large- éapacity compressor' causes a great power loss and, thcréforc, it is advisable to
scparatcly install a small-capacity compressor which is capable of operatmg at a load close
to 100% on hol:days

Also, when two or more compressors are opetated in paraliel; it is important to control the
number of the compressors in order to make the compressor load factoras high as possible.

When the load fluctuates, operate the rotary type compressor. at base load and operate the
recrprocatmg type compressor to correspond to the fiuctuatmg load. This serves for energy
conservation in the respect of efficiency of both types. Table 11.15 shows classification of
air compressors by preSsurc range.

Table 11.15° C!aSslfIcatIoniof Alr Compressor.

Main pressure

Type Class : range Ap'[;)lications
: (kg/cm?) ‘
Reciprocat- General purpose com- 785 ‘ - 2 stage _éomprcssor for 100 kW or rnbré
ing compres-  pressor ) ' Standard type for 1,000 kW or less
sor - o —
Intermediate pressure 10~100. For petroleum refining, petrochemical and
compressor _ _ : general chemical industry processes
High pressure compressor '150~1,009 ' For éyntfletic bhein_istry such as ammonia,

. methanol and hydrogenation. Mostly large
_scale such as several thousand kW,

Superhigh pressurc 1,500~3,500 Mainly, éthylene compressor for synthesis of
COmpressor . polyethylene and ethylene.
_Oilless compressor - -~ 7-85 . .. ... . .Oxygen gas, airfor food. pr_oc'essing industry

.and instrumentation, etc. . .

Rotary - Movable profile compres- .~ 1 Stage . 3 Air capacity 2~60 m*/min.
COMpressor sor 2 Stage 8.5 ' )
Screw compressor 1 Stage 7 _
- © 2Stage  7~8.5
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11.4.4  Air ieakage from clearance, hole, etc.
(1) Air leakage

Flow rate Q when air flows out from a vessel with a pressurc of P, inside into a space at
1 p
pressure of P, is given from Bernoulli’s cquation

Q=S /Zg(P}y P2){ ) T (2)

g : Acceleration of grav_ity_9,8 (m/8%)

Y : Specific weight of air (kg/m?

S : Effective cross section (m?)

P . Absolute pressure inside and outside vessel (kg/m? abs)

Actually, compress:blhty and adiabatic - expansnon become problems and as a pracncal

equauon
Q=C-S ’.@iﬁ[m%{& e e e e (3)
4 : _
where .

C: Discharge coefficient

Since the loss due to this air lcakage is very great, it is necessary to check the piping, etc.
for leakage and, if any, to repair and correct immediately. The leakage is in proportion to
[P =P, in equation (3) and, as such, reducing the service pressure surely reduces the
leakage. Fig. 11.27 shows the blow-off air amount from a small diameter orifice.

Fig. 11.27 is used to determine the blow-off air amount when there is a sufficient large

capacity receiver tank and piping as compared with the size of the blow-off nozzle. It is

assumed that pressure in the tank and piping remains unchanged during blow-off at normal

temperatures. The blow-off 311‘ amount lS converted to a standard condition (20°C, 1
~ atmospheric pressure).

To apply practically, use selecnvcly a value mult;phed by 0.97 to 0.65 because values in
Fig. 11.27 are based when discharge coeffi 1c:em c=1.
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Flguré 11,27 Compressed Alr Pressure and Blow-Off Alr Amount from Nozzle

{/min Standard condition
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Figure 11.28 Shape of Orlfice and Vaiue of Dlscha_rge Coetfficlent

" cro.97 C=0.65
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(2) Measurement of air leakage

It is possible 1o measure air lezikage in the following way: first, operate a compressor with
the end closed and the pressure gradually rises as shown by (1) in Fig. 11.29¢a). Stop the
compressor at the specified pressure and let stand as-is, then the pressure will lower the air

leakage as shown by (2). In the case of (a), it shows that the solid line has less leakage than
the dotted line.

Figure 11.29 Pressure - Time Curve

(a) .
Tp-——m———— == =~ —Specified pressure
z P
~6F /] [\\\ Working
o 4 - pressure range
g 2
= o t 7 1, \\'
X V/ t -{.1 V@
o | Risin 2 ¥ Falling
5 4 1 1/3/ \
L/
- 3r / ~——— Small leakage -
— == Large leakage
0

Time (min)

(b)-

Air lcakage amouni
L’[m’;’min]

Compressor discharge
amouni Ca fm¥*/min}

Induction motor Vol Al o and
Pa2 /7 Elfcos 6(xW) olume (. it Teservoir an
piping system)
v, [m?]

C,: Compressor discharge amount
L : Airleakage amount

t, . Time required for pressurizing
t, : Time required for lowering

Assuming that pressure range (P'l to Pis tfcate_d as a pressure to be practically used, and ¢,
t, are treated as shown in the figure, the following equation is formed.
Assuming volume of compressor equipment, piping system, eic. as vV,

V=t (C,-L)=1L, £, (m?

When air Ieakage_l.y is determined from the above equation,

Ly =S4 (3 miny
i +ig
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Air leakage factor L (%) is

__X.)(Im =.
C, t+to

L,= x 100(%)

Air leakage is measured by measuring com'préssor ecmipmcnt (cbmpressor proper, imerc_ooler,
air tank, etc.), piping system, pneumatic machine, control circuit, etc, in the group unit
using the sound and the daubed soapy water.
11.4.5 Management of compressed air equipment

Precautions for management of compressed air system are as follows:

(1) Management of compressor
To operate compressors in a stable condition at ail times, items to be daily checked are:
a. Is cooling water for compressors, aftercoolers, ctc. well supplied?

b. Is not generated heat of compressors unusually--high‘? '

¢. Is the pressure, swuch for unloader normally opcratmg" Also, is the sét valuc for the
 pressuie switch proper?

d. Does not the compressor give unusual noises? -
Also, is the vibration-within a normal range?

. Is the amount of the lubricating oil normal?
Is normal lubricating oil used?

f. Is not the intake side filter clogged?

g Does the safety valve noﬁnally operate? .
Is the set value for the safety valve normal?

h. Is the indicated pressure on the pressure gauge normal?
Also, is not the pressure gauge out of order?

i. Is the air tank drain ejector operating normally?

j- Is the intercooler operating normally?
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(2)

(3)

Control of pressure
To control pressure, it is necessary to know the following points:

a. What is the minimum pressure of the line required?
: the minimum pressure to get stable conirol,

b. What is the maximum pressure of the line?
: the maximum pressure 1o get stable control.

¢. What is the proof pressure of the line?
: the pressure at which the control equipment will be damaged.

Set the pressure switch, safety valve and relief valve after knowing the above matters. Items
to check in this case arc as foilows. '

a. Are the sct values for the pressure switch, safety valve and relief valve in the air tank
and piping proper?
Are they operating normally?

' b. Is the check valve to prevent back flow of air operating normally?

c. Is the regular operating normally?

d. Is the pressure gauge used in the linc normal?
Is not the indication out of order?

Control of drain

Forthe drain valve installed where drain collects, always discharge drain at least once a day

(preferably in the morning when the equipment is operated).
Check Htems:

a. Discharge drain by means of the drain valves instalied in the air tank, piping down
portion, end of the piping and air filter.

b. Is the automatic drain apparatus operating normally?

¢. For the air filter and automatic drain apparatus, ctc., clean the internal clements
periodically.
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(4) Control of pipe

Since air leakage causes energy loss and lowered pressure, take care:to prevent leakage as
much as possible. : :

Check Items:
a. Does not air leak due to looseness of joints?
b. Does not air leak due to breakage of pipe, hose or tubes?

¢. Can the stop valve, etc. be securely closed? :
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11.5 Blowers (Fan and Blower)

11.5.1 Characteristics of blowers
Although blowers and compressors have the same principles, below 1 mAq, 1 mAq to below 10
mAq (1 kg/cm?) and 10 mAgq, or the above in discharge pressure are usually called “Fan”,
“Blower” and “Compressor” respectively.
For classification, they are _mainly divided into turbo types and displacement types according io
the operating prin’ciplg, and the turbo type is further classified into an axial-flow system and

centrifugal system.

Table 11.16 and Fig. 11 .30's_how characteristics of blowers and the characteristic curves respectively.

Table 11,16 Characteristic Comparison of Blowers

System
Item '

Axial flow system

Turbo system

Multivane system

Radial system

Rang_e of use

Efficiency (%)

Efficiency curve

Starting

'Noise (dB)

Limit surging air
- capacity (%) .
" (against air capacity

at maximum
efficiency point)’

‘Applications example

Air capacity
1-10,000 m*/min

~Static pressure
1 mmAq - 1 kg/cm?®

80- 92

When varied from
the planned air
capacily, rapidly
decreases.

Fully open damper.

39-55.

70-80

For ventilation fan
{buildings, archilec-
fure, tunnel), for
boiler forced draft,
for induced exhaust,
for mine blower

Air capacity
1 - 10,000 m*/min

Static pressure
1 mmAq -1 kg/cm?

70 -85

Shows no rapid
decrease.

Fully close damper.

32-4

30-60

For various blowers

for steet mills, for dust -

coliecting tunnel
ventilation, for boiler
forced draft, for
induced exhaust, for

- cement Kiln exhaust

Air capacity
1- 10,000 m*/min

‘Static pressure

1 mmAq - 1 kg/em?
50-60

Comparatively
smooth

Fully close damper.
22-41

60 - 80

For various blow
and exhaust for
steel mills, for .
boiler forced draft,

- for buiiding and

tunnel ventilation.

Air capacity
1 - 10,000 m*/min

Static pressure
1 mmAq - 1 kg/cm?

60 - 70

Shows no rapid
decrease.

Fully close damper.
28- 42

50-70

For various blow
and dust collection

‘for steel mills, for

boiler induced draft,
exhaust for gas re-
circulation, for

-cement kiln exhaust
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Figure 11.30 Characteristic Curve for Varlous Blowers
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(1) Turbo types

2

The turbo types have fwo systems: centrifugal systém, and axial-flow system. In the
former, centrifugal force is involved in rotation of impellers housed in the casing which
provides the gas with speed energy, while in the latter, pressure and speed energy are
provided while the gas is being flowed in the direction of rotation by rotating impeller
blades with the blade section in the straight pipe. “Turbo type blowers” is a general term for
these types. ' ' :

Displacement types

In the displaccmcht types, the gas is sucked in a chamber with a specified volume, the inlet
port is closed and the gas is pressed out to the discharge opening separately provided while
the chamber is being pushed, lessened and compr_essed, ‘This operation i_s"repeate_:‘d. .-The' gas
is pushed out by means of piston reciprocating operation or rotary operation of cocoon type

(roots type) rotor,
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11.5.2 Required power of blowers

1)

(2)

(3)

Air power (L.}

Air power means effective energy given to air by a blower in unit time.

LK O RQf Pk L |
=% 6,1201(}’{1) kWl (D

where : : :

P,: Absolute pressure on suction side (kg/m? abs)
P,: Absolute pressurc on discharge side (kg/m? abs)
Q : Air flow (m*/min)

K : Specific heat ratio (1.4 for air)

‘When the pressure ratio is 1.03 or below, it may be calculated by the following equation:

where o
P, Total pressure of blower (nmAq)

Axial power (1.)

Axial power is obtained by dividing the air poWér' by the blower effic'iency (nF).

F
The efficiency varies with the air flow as shown in Fig. 11.30, but is generally displayed by
that during rated air flow. Its approximate figures are shown in Table 11.16.

Motor output

Induction moiors with simple construction and low-cost are generally uscd for blowers.
Squirrel cage type induction motors are used for comparatively small-capacity blowers, In
this case, since the inertia (GD?) of the blower impeller is great, it is necessary to select after
due consideration. The moior output (L)) is determined by the following equation:

LM=L><¢—1~(kW) ......... e ettt e e e, 4
t '

where
¢ . Allowance rate
n,: Transfer efficiency

Values of ¢ and 7, arc from Table 11.17 and Table 11.18.
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Table 11.17 Value of 1,

1 stage parallel shaft 1 stage parallel shaft Constant speed type ~ Constant speed type

type gear reducer with  type gear reducer with fluid coupling with . fluid coupling with
transfer power of transfer power of transfer power of transfer power of
55 kW or less 55 kW or more 100 kW or less 100 kW or more
0.95 0.96 | 0.94 - | 0.95
V-belt Flat bé]_t D'i'rect_-coupled
0.95 0.90 R _1.00

Table 11-18 Values of ¢

Propelier fan Disk fan Multivane fan  Turbo fan - Plate fén Profile type fan

1.30 1.50 130 115 1.25 L5

11.5.3 Eiectric power conservation for blowers
Factors for blower electric power conservation are s.h'own in Fig. 11.3 1..
Namely, the fundamental conception of the electric power conservation is:
. Redqu .thc operating time..
* Adopt high-efficient equipment.
= Reduce air power.

These will be described as follows:
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