Power Plant steam condensers

Chapter Five

Steam Condensers

1-Introduction:

The functions of condensers in steam power plants are to cendense the
exhaust steam from the steam turbine. The recovery of exhaust steam in the
condenser reduces the high quality (demineralized water) makeup feed water
that must be added to the system from 100% when exhausting to
atmosphere, to about 1 to 5%. The condenser alsosmaintains., exhaust
vacuum pressure (about 25 mm of Hg absolute) and thereby increasing the
work done by the prime mover and improving theseycle efficiency.

The condenser and other available heat exchanger including feed water
heaters are merely heat transfer equipments which have no mechanical

complexity, however it play important role in steam cycle
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2-The requirements for an efficient steam condenser

1. Maximum amount of steam condensed per unit of heat transfer area.
2. Minimum quantity of circulating coolant required.
3. Minimum heat transfer surface required per kW capacity

4. Minimum power drawn by the auxiliaries.

3-Elements of a condenser plant are:

1. Condenser body in which the steam is condensed.
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2. A supply of cooling water. 2 yuillelial jaaa -Y

3. Air extraction system: used to remove air and other non-condensable

gases from the condenser.
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4. Condensate extraction pump. y
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5. Various water circulation pumps which vary according to the unit type.
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6. A hot well inswhich the condensed steam is discharged by the condensate
extractionqpundp.
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7. Cooling Towers: This is used for re-cooling the cooling water (when a
closed cooling cycle is used).
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8-Various pumps which vary according to its function for example:
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e Feed water pump: this is used to supply the boiler with feed water and
it receive the water from hot well.
e Make-up water: This is used to supply the compensated water.
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4-Types of condensers:

1- Direct contact condensers. 2- Evaporative condensers.
3- Surface condenser.
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4-1-Direct contact condenser:

This is the oldest type of condensers and also it called the mixing
condensers. These types are not recommended for modern steam power
plants due to feed water contamingtion. This type is sub-dived into three
types: 4
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A- Low level spray condensers:

This is=either counter flow or parallel flow.
. Pa;allel Flow Type: Here the steam and cooling water enter at the
top of the condenser and flow downwards in parallel. The coldest water
Is thus in contact with hot steam and, therefore, it is less efficient.
» Counter Flow Type: Here, the steam flows upwards through the
condenser, meeting the cooling water which flows downwards from the

top. The air is removed at the top. In this type, since the hottest steam is
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In contact with the hottest cooling water, it is thermodynamically the

most efficient.
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B- High level barometrigscondenser:

If the bottom of the condenser is not less than, say, 10.5 m above the level of
the water in colleetion tank (hot well), condensate extraction pump is not
needed and the condenser is self-discharged to atmospheric pressure.
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C- Low level ejector condenser:
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In this condenser, the height could be reduced by designing the condenser

body as ejector. This condenser thus acts as a pump as well as a condenser.
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4-2- Evaporative Condensers: In this.condenser, the steam flows through a

set of finned piping. Cooling wateris sprayed from the top over the pipes.
As it drips from one pipe to the <?ther, it forms a thin film over the pipes. Air
blowing across the pipesy(by induced draught fans) rapidly evaporates the
water film resulting=in condensing of the steam flowing through the pipes.
Several eliminators are placed at the top to save the cooling water. This type
is considered.d@s a combination of a surface condenser and cooling tower. It
is very suitable for low capacity power plants and for desert climate where
water Is expensive or a small quantity of pure water is available.
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3- Surface Condenser

This type is preferred to use in modern power plants. The usual
construction of this type is that there is a cast iron or steel shell fitted with a
tube bundle fi&ed at each end. The usual flow pattern is that water flows
through.the tubes and the steam is condensed in the shell. The steam leaving
the low pressure turbine enters the condenser at the top of the shell. The
steam after being condensed leaves the condenser through a hole at the
bottom of the shell. The surface condensers may be single pass or two pass.
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5-Types of cooling water cycles:

There are two types of cooling water cycles which are open and closed. In
the open cycle, cooling water is drawn from the source (river or lake). The
cooling water is pre-treated before sending to the condenser's tubes. After
receiving the condenser heat, the cooling water is circulated in long channel
around the plants. This will eliminate the "thermal pollution” which is
caused by high cooling water temperature. For the closed cooling cyele, the
cooling water is re-circulated and re-cooled using the cooling towers. The
cooling towers are classified into two types: wet and dry. In the et type, air
cools the water via direct contact while in the dry type airdoes not-mix with
the cooling water.
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A 3
6-The Air Ejector:

S . - . .
The removing of leaked air into the steam cycle is called "Deaeratotion™.

To perform this task, a special designing pump is used which is called
"Steam jet ejector”. This special pump is mounted on the condenser. In
general, the deaeration process is performed using open feed water heater in

which the steam jet is mounted.
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7-The side effects of air and non<€ondensable gases:

1- The pressure of air in the con?ienser lowers the partial pressure of steam,
which means steam, will"condense at a lower temperature and that will
require greater amount of cooling water.

2- Results in anyincrease in the condenser pressure which limits the useful
work output ffom the turbine and thereby lowering the thermal efficiency.

3- It reduces the rate of condensation and boiling, because air having poor
thermal conductivity impairs the overall heat transfer.

4- Some elements have chemical side effects. Foe example, oxygen causes
corrosion especially in boiler. Also, hydrogen tends to extract carbon from

the pipe material and causes material brittleness.
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8-Deaerator

The deaerator is an open feed water heater with steam jet ejector. This
device is widely used for the removal of non-condensable gases from the
feed waterfo steam-generating boilers. It is usually mounted directly before
the steam generator and has three types:

1. spray type deaerator

2.tray type deaerator

3.combined spray —tray deaerator
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9-Steam condenser performance analysis:

In this section, the surface condenser will be analyzed. This includes;
1- The amount of leaked air into the condenser shell.
2- The vacuum efficiency.
3- The condenser efficiency.
4- The amount of heat energy transferred from the steam to‘the cooling
water and the rise in cooling water temperature.
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10-Dalton law of partial pressure

According to Dalton's law of partialspressures the pressure exerted by a

mixture of two gases or a gas.and a vapor is equal to the sum of the
. . S .

pressures which each fluid WOULd exert if occupying the same space alone.

So, for the condenser shell; the pressure exerted by the condenser (P,) is the

sum of the partial pressure of air and steam and air:
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Pe = Pa + Ps

Where:
P.: The condenser pressure. P, : The air partial pressure.

P : The steam partial pressure which is equal to the saturation pressure at
the steam temperature (steam tables).

If a manometer is used to measure the condenser pressure, then:
Pec = Patm — pgH

Condenser
shell

4

S
Where (H) is the vacuum.reading.

(o) liquid density in the 'manometer.
(Pym) :is the atmospheric pressure which is usually measured by a

barometer.
p Patm = pgh
Where (h} is the barometer reading.

If we use the same liquid in the manometer and barometer then it can be

written:

Pe = pg(h—H)

15



Power Plant steam condensers

By assuming that the condenser volume is (V ), then this volume is

occupied by the leaked air and steam. So:

m m m 1%
V=my,=—=myy, =—2 — - _a__"s

pS pa mS Va
Where (v, p,m) are the specific volume , density and mass respectively.

Since air can be considered as a perfect gas, then the mass of leaked air per

unit volume of condenser shell is:

1 m p
pa = —— = —a = a
v, V R.T,
For the steam, the mass of per unit volume of condenser shell'is;
1_m P

ve V  R.T

Torriceli's
vacuum
Absolute T
pressure
=
m
=
=
=2
o
E
Barometric =
pressure m

Mercury —p

Measurement of Vacuum
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11-Vacuum efficiency:
The vacuum reading (H) refer to how much the vacuum inside the

condenser is efficient. The present of air inside the condenser will affect the
vacuum reading. Vacuum efficiency depends upon the amount of air present
in the condenser. If there is no air present in the condenser, partial pressure
of steam will be the same as the condenser pressure and the vacuum reading
will be maximum (ideal):

ideal vacuum= p_., — Ps

The actual vacuum is the usual case where air is present:
actual vacuum= p,,, — P,

The vacuum efficiency is the ratio between the actual to the ideal vacuum
reading:
_actualvacuum¢d Paym, — P

n =
T idealvaeugm  pg, — P
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12-Condenser efficiency

The condenser efficiency is defined as:

_Actualrise in temperature of cooling water
Maximum rise in the temperature of cooling water

7700

The temperature of condensate is equal to the saturation temperature of
steam corresponding if there is no sub-cool. Ideally, the maximum,outlet

temperature of the cooling water is steam saturation temperature

(Two = Tsar)- This situation could not be attained due to thermal esistance.
_ Two _Twi
Tlcondenser = T T
sat — 'wi
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13-Energy balance for the condenser:

By assuming the condenser shell is isolated, then the heat energy rejected by

the steam is equal to the heat energy received by the cooling water.

Qout = Mgy CPy (Tyo —Twi) =M [(hy + thg) —h,]
Where : m,, m,, are the mass flow rates of steam and cooling water.

(x): the dryness fraction of steam entering the condenser.

(h,,) is the condensate enthalpy which is equal to (4.18*T,,). Keeping in

mind that the condensate temperature must be in degree (°C).

For the case where there is no under cooling, the balance equation will be:
Qout =My, Cpy, (rwo —Tyi) = My thg

This heat energy could be calculated using the heat transfer correlation:
Qout =Ui A AT mrp =Uo Ay AT v

Where:U;,U, are the inside and outside,overall heat transfer coefficients.

A, A : are the inside and outside surjace areas. These are equal for thin tubes
and not equal for thick tubes.

A =2zrLn

A, =2rr,Ln

Lslaie e 5 thinpsal) iU 4 sluie 0 6S8 daa Al kil 5 ) sl Ju) Slals
. thick Sl i3l

S
n: Themumber of tubes.
I,, ;- The outside and inside.

L : Tube length.
The overall heat transfer coefficient are give in terms of thermal resistance:

UA=UA ="

Rtotal
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The thermal resistance is given by:

r.
1 In % 1
Rtotal - h + + =
A 27k hA,
Where: h is the heat transfer coefficient.

k : The conductivity of the pipe.
The above thermal resistance equation is for the new condenser. For old

condenser the fouling factors must be included.

1 Ry M r, Rfo 1
Riotal ==—+ + + + =
hA A 2Kl Ay oA

Where: R; is the fouling factors.
The term AT, yp refer to the log mean temperature difference.

QTLELQ'TD _ ﬁz}n:’i; AT, exit v
In irler
Adgvir y

ex

Where: AT, ATg; arétemperature difference between the cooling water
and steam at the inlet-and outlet of the condenser. These will depend on the
type of flow.

S
There are'three types of flow:
1- Parallef flow. 2- Counter flow. 3- Cross flow

20
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ATiniet = Tsat — Twi
For the parallel flow:
T

wWo

AT,

exit

=T

sat

AT’nlet = Tsat _Two

|
For the counter flow:

-T

wi

AT

exl

it — Tsat
For the cross flow, the counter flow is assumed with correction factor.
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Remark:
It can be shown that the condenser/efficiency for the case of no under-
cooling is given by: v
;3 3y 8 aa g e Ala  Adadia iV Aalaally aat (W 30 US ) Gl (Sl (1
Ui A| Uo Ao

Tlcondenser = 1- Exp(— m) =1- Exp(— m)
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Example 1:
The following observations were recorded during a test on a steam

condenser of counter flow:

Barometer reading 765 mmHg
Vacuum reading 710 mmHg
Steam and air temperature 35°C
Condensate temperature 28°C
Condensate collected per hour 2 tons

Cooling water collected per hour 60 tons

Inlet cooling water temperature 10°C

Exit cooling water temperature 25°C

Cooling water tubes specification | Thinstubes D=2 cm ,L=5 m ,n=350,

L'

—

Determine: 4

1. The vacuum efficiency. 2: The condenser efficiency. 3. Quality of steam
x entering the condenser. 4. The overall heat transfer coefficient 5.Mass of
air per m® of condénser volume.

Solution:
vacuumreading 710

Patm — Ps  765—42.2

1. Uvacuunkz =98.23%

where p, =0.05622bar =42.2mmHg at T, =35

Too—Tui  25-10
T,-T,, 35-10

2.Mcon = =60%
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3.
Q - mWCpW (TWO _TWI) - ms (hf + thg - CpWTW)
-.60*4.2*%(25-10)=2(146.6 + x *2418.8 — 4.2* 28)
= x=0.769

4,

Q :UAATLMTD

60000 18
——*4.2*1000 *(25-10) =U *(z *0.02*5*350) *[(18 —10) /(In —
e (25-10)=U*(z )*[(18-10)/( )]

U =701.6W/m?2.K

5.
p. = Barometer reading—Vacuumreading = 765 — 710 = 55mHg

" Pe = Ps+ Py
p, =95-42.2=12.8mmHg [ ¥
=12.8*10 3*9.81*13.6*1000 =1707.73Pa

m, p, 1707473
"V RT, 287%*(35+273)

=0.01932 kg/m?
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Example 2:

The following data relate to a two-pass surface condenser:

Steam condensed = 1540 kg/hr

Temperature of cooling water when it enters the condenser = 15° C
Temperature of cooling water when it leaves the condenser =30°C
Vacuum in the condenser = 675 mm of Hg

Barometer reading = 750 mm of Hg

Temperature of condensate = 32°C

Quiality of exhaust steam = 0.92

Water velocity in tubes = 2.6 m/s

Outside diameter of tubes = 2.8 cm

Thickness of tubes = 0.03 cm

Heat Transfer coefficient = 3.35 kJ/h/cm?

Determine

(i) Area of the tube surface required ’

(if) No. of tubes ¢

(iii) Length of tubes

4

Solution:
Absolute pressure in the condenser = 750 — 675

=75 mm of Hg

Since 1 mm of Hg= 0.0013332 bar
. 75 mm of Hg= 0.09999 bar

= 0.1 bar

From steam tables, corresponding to 0.1 bar
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te = 45.83° C; f1f= 191.8 kJ/kg:
hee =2392.9 kJ/kg

Assuming parallel flow,

ATinlet — ATexit

AT mTD =
In ATinlet
ATexit
LMTD - (45.8 —.lb] —(45.8 — 20)
[ 45.8 — 15
].11 -
45.8 — 30 '

LMTD =22.47° C

Heat extracted per kg of steam,

= | hf+ thg | — My, Cpyy (At,)

=(191.8 + 0.92 x 2392.9) - 1 x 4.187 x 32

Q. = 2259.28 kJ/kg
Since

heat lost by steam = heat gained by water
Mg X Qg =My, Cpy, (tg —11)

1540 x 2259.28 =m,, x 4.187 (30 — 15)

m,, = 55,398.3 kg/hr

w
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We know that @ = UA (A T),,,
But
@ = Heat lost by steam = Heat gained by water

=y, Cpu! ”’.‘2 - tll

=55,398.3 x4.187 (30 — 15)
Q =3479291.2 kJ/hr

Q@  3479291.2
U-(AT), 3.35x2247

A = 46221.37 cm?
- Area of tube surface required = 4.6221 m?

No. of tubes

m,,

Total t of ired/sec =
otal amount of required/sec =2 -

_ 55398.3
3600

= 15.388 kgls
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: n o
Cross section area, s =Id;

Where, d;=d,— (thickness x 2)
=2.8-(0.03 x 2)
=2.74 cm

=274 x 10 2 m

512
N

[ f e
2 44.0 ZZX l.. 2.7—1- X 10

= 5.896 x 10" ¥ m?

Since, Amount of water flowing/sec

=pA, Vxnxp

steam condensers

[."]=1000 kg/m?]

o. The number of tubes can be determined by,

- 15.38 = 1000 x 5.896x 10 * x 2.6 x n x 2

~ n=>5 tubes
To find length of tube

Surface area of one tube

0244,

[

-. Length of tube. L =

= 1050 em

L=10.5m
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Power Plant Engineering TUTORIAL SHEET -5  auaigdl 4K — 4y jeaticd) 4adall

Steam Condenser Sl nrigl) and

1- In a surface condenser, the pressure of steam is 12 kPa and the cooling
water flow rate is 40 kg/kg of steam condensed. The condensate leaves at
44° C and the rise in temperature of circulating water is 14° C. Determine the
dryness fraction of steam entering into the condenser.

Answers: [x = 0.9738]

2- In a condenser test, the following observations were made:
Vacuum reading = 715 mm of mercury

Barometer reading = 765 mm of mercury

Mean temperature of steam = 34°C

Hot well temperature = 29°C g

Inlet temperature of cooling water.= 15°C

Outlet temperature of cooling W&Ltersz 25°C

Determine:

1. Vacuum efficiency. 2- Condenser efficiency.

3- The following observations were recorded during a test of a surface
condenser: ’

Condénser vacuum reading = 69.85 cmHg

Barometer reading = 76.33 cmHg

Steam and air temperature = 35 °C

Condensation rate = 16 kg/min

Cooling water flow rate = 610 kg/min

Cooling water temperature rise = 12 °C
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Assuming no under cooling for the condensate, calculate:
1. The mass of air per m® of condenser volume.

2. The dryness fraction of steam entering the condenser.
Answer: (0.0342 kg/m*,0.79)

4- The following reading were taken during a test on a surface condenser:
Mean condenser temperature = 35°C
Hot well temperature = 30°C
Condenser vacuum = 69 cm Hg
Barometer reading = 76cmHg
Condensation rate = 16 kg/min
Cooling water temperature inter = 20 °C
Cooling water temperature outlet = 32.5 °C
Flow rate being = 37500 kg/h
Calculate: 4
(a) mass of air present perseubic meter of condenser
(b) quality of steam at condensef inlét
(c) vacuum efficiency
(d) condenser efficiency
Answer: (m,=0.042 kg/m®, x = 0.836, Vacuum efficiency=96.1%,

condenser efficiency = 83.33% )

S
5- Steam enters the condenser at 35°C. The condenser vacuum is 70 cm of
mercury when the barometer reads 75.5 cm of Hg.
Determine the vacuum efficiency. Estimate the mass of air present in the
condenser per kg of steam.

Answer: (Vacuum efficiency=98.29%, m,= 0.467 kg air/ kg steam)
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