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WATER COOLING TOWER UOP6

INTRODUCTION

The Armfield Technical Education Water Cooling Tower UOP6 has been
specifically designed to give students an appreciation of the
construction, design and operational characteristics of a modern eva-
porative cooling system. The unit is also an excellent example of an
nopen system- through which two streams of fluid flow (water and air)
and in which there is a mass transfer from one stream to the other.

~

The Water Cooling Tower is completely self-contained and includes both
the simulated heating load and the circulating pump. It has much the
same configuration as a full size forced draught cooling tower, has

the same characteristics, and stab1lises quickly.

Convincing energy and mass balances are obtained. and students can

quickly investigate the effects of

~

I

Air flow rate

Air temperature

Water flow rate

Water temperature

Cooling load

and Packing density

on the performance of a cooling tower.

~~

I

I
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!>E~CRIPTIO~
(Please refer to the schematic diagram on Page 1)

Water Circuit

Warm water is pumped from the load tank through the control valve and

water flow meter to the column cap. After its temperature is

measured. the water is uniformly distributed over the top packil1g deck

and. as it spreads over the plates. a large thin film of water is

exposed to the air stream. During its downward passage through the

packing. the water is cooled. largely by the evaporation of a small

portion of the total flow.

The cooled water falls from the lowest packing deck into the basin.
from which it flows past a thermometer and into the load tank where it
is re-heated before re-circulation.

Due to evaporation. the level of the water in the load tank tends to
fall. This causes the float operated needle valve to open and
transfer water from the make-up tank into the load tank. Under steady
conditions. the rate at which the water leaves the make-up tank is
equal to the rate of evaporation plus any small airborne droplets in
the air discharge.

Air Circuit- ~

Air from the atmosphere. pre-heated if rlesired. enters the fan at a
rate which is controlled by the intake damper setting. The fan
discharges into the distribution chamber and the air passes wet and
dry bulb thermometers before it enters the packed column. As the air
stream flows through the packings. its moisture content increases and
the water is cooled. On leaving the top of the column the air passes
through the droplet arrester which traps most of the entrained
droplets and returns them to the packings. The air is then discharged
to the atmosphere via the air measuring orifice and further wet and
dry bulb thermometers.
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All of the foregoing may be observed through the transparent

structure.

Three sets of different packings. each in its own casing. are
supplied. These may be interchanged in the tower assembly Quickly and

without using tools.

OPERATION

The desired packed column is fitted into the unit.

Having filled the system with distilled water to the normal working
level. the fan is switched on and the intake damper ad,iusted to give
the desired air flow rate as indicated by the orifice differential
pressure. The pump is now switched on and the water flow rate set to

the desired value.

As the packings become wetted, some water ;s retained by them, and the

water level in the load tank will fall slightly, opening the float

valve. Water will then flow from the make-up tank until the level ;n

the load tank ;s restored.

Having re-filled the make-up tank, the "process cooling load",

the heaters in the load tank, may be switched to 0.5,1.0 or 1

Conditions may now be allowed to stabilise before temperature and flow

rates are observed.

At the commencement of a test the make-up tank is filled to the gauge
mark. After about ten minutes the quantity of distilled water
required to refill the tank to the gauge mark is recorded anrl the

make-up supply rate calculated.

Tests may be repeated with other water and/or air flow rates, and with

the air pre-heater switched on to give different air inlet conditions

at the same specific humidity as the atmosphere.
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~: On full cooling load the rate of evaporation from this tower is
about 2 litres/hour. The impurities in this, plus any
dust washed from the air, will appear in the system. This will
reduce the visibility of the processes in the cooling tower and

will cause scaling problems.

It is therefore necessary to use distilled or demineral;sed
water, and to drain and refill the system after use -
particularly in dusty atmospheres.

Additional Facility

The Water Cooling Tower may be used to demonstrate industrial practice
in which a cooling tower is used to cool water from a process.

To do this, a small pump is installed to circulate cooled water from
the load tank drain point, through the process requiring cooling, and
then back to the water distributor at the top of the cooling tower.

See Page 65. Use of Water Cooling Tower UP06 in Conjunction with other

Equipment.
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~

Fundamental
UnitQuantity

Specific Heat Capacity ~
~ymbol

Cp

h Specific Enthalpy

JEnthalpyH

wH Enthalpy Rate

~

Massm kg

kg s-1

kg(kg mole)-1
I .

m Mass Rate

Molecular MassM

~

N m-zPressurep

wPowerp

~

Heat Transfer per Unit Massq

0 w

~

Heat Transfer Rate

Specific Gas ConstantR

~

Universal Gas ConstantRo

'CTemperature (Customary)t

~

Temperature (Absolute) KT

I Specific Volumev

Time Interval sy

.( nm H2O

kg kg-l

Orifice Differentialx

Specific Humidity(&)

~

Relative Humidity -
<II

~

Finite ChangeA -

~

I

~
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Suffixes

Air at entry to base of columnA

Air at exit from top of columnB

Water at entry to top of columnc
Water at exit from basin0

Water in make-up tankE

Dry Bulbd

Wet Bulbw

Water Vapour (steam)s

Air (dry)a

~

Totalt

Saturated Liquidf

I

I

~

I:~

I::
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WATER COOLING TOWER UOP6-00SPECIFICATION

Structure Base unit, basin, load tank. make-up tank,
column and column cap all in transparent.
impact resistant P.V.C. suitable for
temperatures up to 55.C.

Base Unit: This houses:
(i) Air distribution chamber.
ii) A tank with heaters to simulate cooling

loads of 0.5,1.0 and 1.5kW.
(iii) A make-up tank with gauge mark and

float operated control valve.
(iv) A centrifugal fan with intake damper

to give 0.06kg s-1 max. air flow.
(v) A bronze and stainless steel glandless

pump.
(vi) An air pre-heater. (Approx. 0.5 and

1.0kW)
(vii A water collecting basin.
(viii) An electrical control panel

Packed Column: Three packed columns (A. B and C). each 15Omm

x 15Omm x 6OOmm high. are supplied.
Each column has pressure tapping points and

contains eight decks of inclined. wettable.
laminated plastic plates. retained by water

distribution troughs.

Column A has 7 plates per deck (giving 77m2

per m') - Order Code UOP6-20

Column B has 10 plates per deck (giving 110m2

per m') - Supplied with UOP6-10

Column C has 18 plates per deck (g;v;n~ 200m2

per m') - Order Code UOP6-21

An empty column, Column 0, is also supplied -
Order Code UOP6-22

£olumn Cap: This fits on top of the chosen column and

includes:
(i) An 8Ornm dia. sharp edged orifice and

pressure tapping.
(i1) A droplet arrester.
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INSTRU~NTATION

0 to SO.C, to measure all terminal water tem-
peratures, and wet and dry bulb air

temperatures.

Glass Thermometers

0 to 4Omm HaO, to measure orifice differential

pressure, or packing resistance.

Inclined Tube
Manometer

0 to 50gm s-l, with control valve for water

flow rate to pack1ngs.
Variable Area
Flow Meter

DIMENSIONS Net Weight

Height
Width

Depth

3Skg

120()lln

75()Ym

45()Ym

SAFETY

;;)
1v)

Thermostat (50.C) and float switch in

load tank.
All heaters fitted with thermal cut-

outs.
Fan intake fitted with mesh guard.
All electrical circuits fused and

components earthed.

SOFTWARE Detailed Instruction Manual
large plastic coated psychrometric chart.

Sufficient for at least two years of normalSPARES

usage
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USEFUL INFORMATION- -

111+ Cd ~Tvii~0.0137 ~.
ma1. .0.0137Or1f;ce Constant: =

.
ma
x

where .
.

VB

Dry air mass flow rate (kg s-l)

Orifice differential (mm H,O)

Specific volume of steam and air mixture leaving

top of column (mJ kg-I)

Specific volume of dry air leaving top of column

(mJ kg-I)
vas =

2. Energy Transferred to Water by Pu~: O.lkW

3. 3.8 litreWater Capacity of System:

(excluding make-up tank)

4 Dimensions of Column: 15Omm x 15Omm x 60Omm high.

5. Packing Data

A 8 c

Number of Decks 8 8 8

7 10 18Number of Plates per Deck

ml: 0.83 I.IS 2.16Total Surface Area of Packing

Height of Packing 0.48 0.48 0.48m

Area
vor m-l 11 110Packing "Density. 200

6. Constants and Conversion Factors
Specific heat capacity of water (CPw): 4.18 kJ kg-1 K-1

Specific heat capacity of air (CPa): 1.005 kJ kg-l K-l
1 bar. 105 N m-a = 100 kN m-2

1 kW = 3412 Btu h-l

For air, R . 0.2871 kJ kg-l K-l
For steam (H2O), M = 18 kg(kg mole)-1

Universal Gas Constant (Ro) . 8.3143 kJ(kg mole)-l K-l
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PRECAUTIONS AND WARJ!INGS

1. Distilled or demineralised water must always be used for filling

and topping up of this unit. (This is to eliminate problems with
scale and unsightly stains resulting from water impurities.)

2. The water and air stream temperature must not be allowed to exceed
50.C.

3. The make-up tank must always be refilled before the water level

falls below 5Cktm.

4. The make-up tank should be drained whenever the unit is inopera-
tive for more than two hours. (This is to ensure that any leakage
past the float valve does not result in water entering the air
chamber.

5. The system should be completely drained and refilled with fresh
distilled water:
(1) After approximately 20 hours operation (more frequently in

dusty conditions).
(ii) When the unit is to be inoperative for several days. This is

to prevent the growth of algae and the formation of sludge.

6. The pump must not be switched on unless the system is filled with
water. (See "Preparation 3 to 7" on Page 14 for method of priming

pump.

7. The air flow through the air heater must not be obstructed, and
the air heater must not be switched on unless the fan damper is
open and the fan is running.

8. The wet bulb reservoirs must be filled with distilled water

9. The thermometers supplied with the unit are matcherl to within
O.lK. If replacement thermometers are installed the.v should be
calibrated against the others by immersing them all in water over
the range lS.C to 4S.C. (Any discrepancy can then be allowed for.)
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PROTECTION DEVICES

Water level--

In the event of an unacceptably low water level in the load tank, e.g.
due to inattention to the level in the make-up tank, a float operated
switch will prevent the water heaters from operating and their neon

indicating lamps on the switches will not illum;nate.

The heaters will operate as soon as the water level is restored to its

normal level.

Water Temperature

The water temperature must not exceed 50.C and a thermostat is fitted
in the load tank to switch off the heaters should this temperature be
exceeded. The neon indicators will not illuminate when the

thermostat operates.

Heatinq Elements

All heating elements are provided with automatically re-set thermal
protection devices which will operate in the unlikely event of the

element overheating.
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INSTALLATION

1. Unpack the cooling tower and examine it for damage during trans;t

If any damage is observed. notify the insurers immediately.

Check that the local electrical supply agrees with the label on
the side of the electrical panel.

2.

Place the base unit on a strong table close to a suitable power
supply and where there is a good air circulation.

3.

4. Unscrew the four knurled nuts which secure the cap to the base
unit during transit and remove the cap.

5. Place the knitted nylon "splash preventers. uniformly in the
basin. (The basin is accessible through the square hole in the
top of the base unit.)

6. Fit the chosen packed column onto the screwed studs on the base
unit and lightly tighten the four knurled nuts.
(~: The pressure tappings are on the f~ face of the column.

7. Place the column cap on the four screwed studs at the top of the
column and lightly tighten the knurled nuts.
{~: When viewed from the front, the water connection is to the

J!f! of the cap. Ensure that the three water distribution
pipes are aligned with the three troughs in the top of the
column.

8. Connect the water supply pipe from the base unit to the union on
the left-hand side of the cap.

9. Fit all 7 thermometers to their respective pockets. (Refer to
schematic diagram. Page 1.) The two right-angled thermometers are
fitted to the top of the cap.

10. Connect the orifice tapping on the cap to the left-hand connection
on the manometer.
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11. Connect the three core electrical cable provided to the local
power supply via a suitable fused connection (for a 3kW load).

lIVE

NEUTRAL

EARTH (GROUND)

The BROWN cable is
.. BLUE n ..

n GREEN/YELLOW 8.

PRE~ARATION

1. Ensure that the drain cocks are closed. that all switches are off

and that the water control valve is cl~sed.

Check that the unit is level and that the manometer is zeroed.2.

Carefully pour distilled water through the square opening in the

top of the base unit until the water in the load tank is approx.

125mn deep.

3.

4. Remove the blanking screws from the upper end of the pump vent
pipe. (The vent pipe discharges into the rear right-hand corner

of the basin.

5. Switch on the mains and then switch the pump on and off two or
three times. Water and air will now be discharged into the basin

from the vent pipe, thus priming the pump.

Switch off and then replace the screw in the vent pipe.6.

7. Fit the selected packed column (A, B or C) to the base unit and

lightly tighten the four knurled nuts.
(~: The pressure tapping points on the column are on the

front.

8. With a tooth brush, or damp cloth, moisten the sides of the water

distribution troughs at the top of the packings with distilled

water.
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Pour distilled water into the make-up tank to the gauge mark.9.

10. Fit the cap to the top of the column and lightly tighten the four

knurled nuts.

11. Remove the plugs from the manometer. Connect the orifice pressure
tapping point in the cap to the left-hand connection on the

manometer, using the plastic tube supplied.

12. Connect the water supply pipe to the water distributor inlet at

the left-hand side of the cap.

13. Fully open the water contrQl valve and the fan inlet shutter.

14. Close the "Mains" and "Pump" switches.

15. Check that the water is flowing uniformly from the water distribu-
tion pipes into the troughs and then through the packings at the
rate of about 40 gm s-l. (If this flow rate is not achieved it is
probable that the pump is still "air locked" and must be bled, see

3 to 6.

16. Switch on the fan and check that the manometer is operating
correctly. (The differential pressure should be about 16mm H2O.

17. Allow the unit to run for a few minutes for the float valve to
correctly adjust the level in the load tank. topping up the make-

up tank as required.

18. Check that the 0.5 and 1.0 kW water heater switch neon indicators

illuminate. (They will not operate if the water level is low.)

19. Check that the air heater switch illuminates and that the heater
produces warm air when the appropriate switch in its handle is

operated.

20. Fill the wet bulb thermometer reservoirs with distilled water.

The unit is now ready for use and may be set to the desired

conditicns.
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Note

When the water flow rate is reduced there will be a reduction in the

quantity of water held by the pack1ngs and the level in the load tank

will rise by up to 2Omm. closing the float valve.

Although evaporation will eventually restore the correct level in the
load tank. the process can be accelerated by draining off water from
the load tank drain until the float valve is seen to operate normally.

I~ORTANT

USE ONLY DISTILLED OR DEMINERAlISED WATER IN THIS UNIT.

SHUTTING DOWN

1. Switch off all heaters.

After about two minutes switch off all power supplies.2.

3. If the unit is ~ to be used again within two hours. drain the

make-up tank.

If the unit is to be idle for several days it should be completely

drained.
4.
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CARE AND MAINTENANCE

Sludge in load Tank

In dusty conditions a certain amount of sludge may collect in the
basin and load tank.

If this cannot be removed by filling and draining two or three times.
the column and make-up tank should be removed. The sludge can then be
loosened with a small brush and washed away.

fA~IQ~: When the make-up tank is removed, care must be taken to

prevent damage to the float and needle valve.

Pump Filter

If after bleeding air from the pump (See Page 14) the water flow rate
;s less than 40 gm s-1, it is probable that the intake filter ;s
choked.

(ii)

(;;;)

(iv)

To clean the pump filter:

(iC Remove the make-up tank taking care not to damage the float

valve.

Using a tooth brush and fresh water. clean the filter.

Drain water from the system and refill with clean distilled

water.

Replace the make-up tank.

Columns and PackinQs

When not in use, these should be kept in a cupboard or in the boxes
provided. This is to protect them from dust and damage.

External

If the external surfaces require cleaning~ a mild detergent and water

only st)ould be used. The surface of the P.V.C. ;s relatively soft and

will be damaged by abrasive cleaning materials.
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THEORY

Cooling Tower Terms

Cooling Range The difference between the water temperature
at entry to and exit from the tower.

Cooling load The rate at which heat is removed from the
water. This may be expressed in kW, Btu/h or
k Cal/h.

~ake-Up The quantity of fresh water which must be
supplied to the water circuit to make good the
losses due to evaporation and other causes.

Drift or Carry Over Droplets of water which are entrained by the

air stream leaving the tower.

Packing or Fill The material over which the water flows as it
falls through the tower, so that a large
surface area is presented to the air stream.

Approach to Wet Bulb The difference between the temperature of the
water leaving the tower and the wet bulb
temperature of the air entering.

Blow Down Water deliberately removed from the water
system to prevent the excessive concentration
of dissolved solids due to evaporation and
sludge due to impurities from the atmosphere.

N.8. Since distilled or demineralised water

is used in the Water Cooling Tower,
water quality is adequately maintained
by draining and refilling at intervals.
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~sicPr1nciples

Consider the surface of a warm water droplet or film in contact with

an air stream.

Assuming that the water is hotter than the air, it will be cooled:

(1)I

~ (;;)

~

By radiation - This effect is likely to be v~~ll at normal

conditions and may be neglected.
~.~~---~"C_-"'..

Bv conduction and convecti~~ - This will d~d on the

temperature difference, the surface area, air velocity. etc.
-

iii) By evaporation - This is by far the most important effect.
Cooling takes place as molecules of H2O diffuse from the surface
into the'surrounding air. These molecules are then replaced by
others from the liquid (evaporation) and the energy required for

this is taken from the remaining liquid.

Evaporation from a Wet Surface

tJ~ ~

The ra~!:!!-,~ation from a wet surface into the surrounding air is

determi ned by the di!!~~~t~~~_.-!_~-~-~P:~-~!:._P!~~,~!~e~~~_!!t.!,"li9-l! d

surfacet i.e. the saturation pressure corresponding with the surface
--~-~,.,,_.,,"

temperaturet and the vapour pressure in the surrounding air. The
..~. --~~

latter ;s determined by the total pressure of the air and its absolute

humi di ty .
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In an enclosed space, evaporation can continue until the two vapour
pressures are equal, i.e. until the air is saturated and at the same
temperature as the surface. However, if unsaturated air is constantly
circulated, the wet surface will reach an equilibrium temperature at
which the cooling effect due to the evaporation is equal to the heat
transfer to the liquid by conduction and convection from the air,
which under these conditons, will be at a higher temperature.

The equilibrium temperature reached by the surface under adiabatic
conditions. i.e. in the absence of external heat gains or losses. is
the -wet bulb temperature-. well known in connection with hygrometry.

In a cooling tower of infinite size and with an adequate air flow. the
water leaving will be at the wet bulb temperature of the incoming air.

\' \FOr this reason. the difference between the temperature of the water

leaving a cooling tower and the local wet bulb temperature is an
indication of the effectiveness of the cooling tower.

The -Approach to Wet Bulb- is one of the important parameters in the
testing, specification, design and selection of cooling towers.

Conditions within a cooling tower packing are complex due to the
changing air temperature, humidity and water temperature as the two
fluids pass through the tower - usually in a contra flow fashion.

Cooling Tower Performance

The following factors affect the performance of a cooling tower:
(i) The air flow rate
(ii) The water flow rate
(iii) The water temperature
(iv) The air temperature and humidity at inlet (particularly the

wet bulb temperature)
(v) The type of packing used
(vi) The area and volume of the packing

The Water Cooling Tower enables these factors to be varied so that an

overall appreciation of cooling tower characteristics can be obtained.



- 21

THERMODYNAMIC PROPERTIES

Water

The specific enthalpy of saturated water is assumed to be zero at the
triple point (0.01.C and 0.00611 bar (611 N m-2», which is taken as
datum.

Thermodynamic tables give the specific enthalpy of saturated water
(hf) at a range of temperatures above the datum condition, e.g. from
tables (Ref.7, Page 82) at 20.C, the value of hf 1s 83.9 kJ kg-I, the
saturation pressure is 0.02337 bar (2.337 kN m-a) and the specific
volume is O.OOlmJ kg-I.

Water in the Water Cooling Tower is at atmospheric pressure, usually
about 1.013 bar (101.3 kN m-2), and if the water is at say 20.C it
must be .compressed liquid., as its pressure is above the saturation

pressure.

The specific enthalpy of compressed liquid is given by
h = hf + vf(P - Psat)

so that water at 20.C and 101.3 kN m-2 has a specific enthalpy of
h = 83.9 X 10. + 0.001(101300 - 2337) J kg-l

h = 83.9 X 10. + 99 J kg-1

h ~ 84 kJ kg-1

It will be seen that at the conditions likely to be encountered in a
cooling. tower, h~ hf at the given temperature, i.e. the correction
for pressure is insignificant.

S~ec1fic Heat Capacity (Cp)

If water is cooled from say 50.C to 20.C at atmospheric pressure~ its
specific enthalpy will fall from 209.3 to 83.9 kJ kg-1~ i.e. a
decrease of 125.4 kJ kg-1.

4.18 kJ kg-l K-l. (~)of 125.4
30

This is an average change (!..!l)A t
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z.~
The rate of change of enthalpy with respect to temperature, i.e. ~
is given symbol Cp (often called the specific heat at constant

pressure).

Over the range of temperatures likely to be used in the Water Cooling
Tower, we may therefore use for water,

A h = Cp At
and h = Cp t

-

where Cp = 4.18 kJ kg-1

Dalton's and Gibbs Laws

Air is a mixture of "dry air- (oxygen, nitrogen and other gases) and

water vapour.

The behaviour of such a mixture is set out in the laws of Dalton and

Gibbs from which the following may be deduced:

The total pressure of the air is equal to the sum of the
pressures which the "dry air" and the water vapour each and
alone would exert if they were to occupy the volume of the

mixture at the temperature of the mixture.

The dry air and the water vapour respectively obey their normal

property relationships at their partial pressures.

iii) The enthalpy of the mixture may be found by adding together the
enthalpies which the dry air and water vapour each would have as
the sole occupant of the space occupied by the mixture and at

the same temperature.

The "water vapour", "steam" or "moisture" content of the air is

denoted by its "HUMIDITY".

aA_bsolute or Specific Humidity" ( w ) is the ratio

",>",,-.9-
~.A.

Mas_s of Water Vapour
Mass of Dry Air ~ (1)
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is the ratio.~elat1ve Humidity. ( 41

ial Pressure of Water Va our in the Air
ressure of a er Vapour a the same emperature

8~ercentage Saturation8 ;s the ratio

Mass of Water Vapour in a given volume of Air
Mass of same volume of Saturated Water Vapour

at the same Temperature

It can be shown that at the conditions within a cooling tower, i.e. at

high humidities. there is very little difference between the "Relative

Humidity. and the .Percentage Saturation. and for convenience. they

will be regarded as equal in the following.

Hygr~ters are instruments for measuring the HaO content of the~ -

a,!:mosph_er.e.

Many different types-of hygrometer are available but the Water
Cooling Tower uses the well known "wet" and "dry" bulb type for which
a large amount of data is available.

In th;s hygrometer. the wet bulb thermometer bulb is enclosed by a
water wetted fabric sleeve. Evaporation from this sleeve causes the
temperature ind;c~ted by the wet bulb thermometer to be lower than
that ;ndicated by the .dry. bulb thermometer. (See Page 20)

Observation of these temperatures in conjunction with published tables
or charts enables the humidity and other properties of the air to be
detennined.

Alternatively. the pressure of the water vapour in the atmosphere may
be obtained by substitution in the equation (due originally to
Regnault. August and Apjohn).

Ps
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where, Ps is the pressure of the water vapour in the air/(mbar)

Psatw is the saturation pressure of water vapour at the
temperature of the wet bulb/(mbar)

Pt is the total air pressure (normally atmospheric

pressure)/(mbar)

to is the temperature of dry bulbf8C

tw is the (sling) temperature of wet bulb/.C

Effect of Air Velocity on the Indicated Wet Bulb T~erature

The .sl;ng. wet bulb temperature used by the psychrometric charts and
tables is that indicated by a wet bulb thermometer placed in an air
stream having a velocity of 3.5m s-1 or more.

At high relative humidities. there ;s little error if the thermometer
is placed in a stream having a lower velocity. but at low relative

humidities an appreciable error may occur.

At outlet from the Water Cooling Tower the thermometers are placed in
air with a very high relative humidity and where the air velocity is
high. The wet bulb temperature indicated will therefore be accurate.

The wet bulb thermometer in the air chamber is in a region where the
velocity is lower and where the relative humidity is nlJch lower. It
is therefore advisable to confirm the wet bulb reading as follows:

(1) Ease the bung securing the wet bulb thermometer from the top of
the air chamber.

(ii) Draw the thermometer upward until the air escapes between the
socket and the sleeve. The air velocity over the sleeve will
now be about lOm/s and the .sling. temperature will quickly be
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indicated by the thermometer.

~

(iii) Compare the "sling" reading with that previously indicated - any

discrepancy can be allowed for in subsequent observations at the

same conditions.

The application of the foregoing Laws and relationships and the eva-
luation of properties is best illustrated by a worked example as

follows.

wnRKED EXAMPLE

Properties of Air

Determine the specific enthalpy (relative to O.Ol°C), specific volume

and "moisture" content of air at a total pressure of 1.013 bar (101.3

kN m-2) and having dry and wet bulb (sling) temperatures of 20°C and

14°C respectively.

15.97 mbar.=From Thermodynamic Tables, Psatw

Using the Regnault/August/Apjohn expression,
Ps = 15.97 - 6.6666 x 10-4 x 1013(20 - 14) mbar

= 11.92 mbar

The saturation pressure at 20°C is 23.37 mbar.

11.92
23.37the Relative Humidity =

51%

From the foregoing or from the tables (Ref. 6, Page 82) we see that
the relative humidity is 51% and that the steam pressure is 11.92mbar.
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From Thermodynamic Tables (Ref. 3, Page 82) the saturation temperature
of water vapour at 11.92 mbar is approximately 9.5.C. The water
vapour is therefore superheated. Its enthalpy may be obtained from
tables or charts, if available, or calculated from

h = hg + CPsteam x degrees of superheat
(Cp for steam ~ 1.9 kJ kg-I)

= 2517.4 + 1.9(20 - 9.5) kJ kg-1
= 2537 kJ kg-l

The specific volume of water vapour at this condition may be found
from tables or charts, if available, or may be calculated with

sufficient accuracy from the gas equation.

Ro
M

RT
p

where R =v =

Ro T
~

v =

8.3143 X 102 X 293 m~ kg-1
l8x 0.01192 X 105

113.52 m' kg-l

Thus, a volume of 1]3.52 m' of air will contain 1 kg water vapour

having an enthalpy of 2537 kJ kg-I.

The mass of "dry air" in the same volume may also be found from the

gas equation provided the air pressure ;s known.

From Dalton's Law, .Pt

Pa =

Pa + Ps
Pt - Ps
1.013 - 0.01192 bar

1.001 barPa =

.
m = PaY

~
1.001 x 105 x 113.52

287.1 x 29~

135 kg
-
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The enthalpy of this (relative to O.Ol.C) is given by

H = m Cp(t - 0.01)

135 x 1.005(20 - 0.01

2714 kJ

) kJ

Thus 113.52 mJ of "air" will contain.

1 kg water vapour having an enthalpy 2537 kJ
135 kg "dry air" " It " 2714 kJ

136 kg air " " .. 5251 kJ
~

i.e.
(Gibbs law)

The specific enthalpy of this mixture is,
5251 kJ kg -1

-n6

38.6 kJ kg-lor

It is often convenient to express the enthalpy of the dry air/water
vapour mixture (relative to O.OlOC) per kg of dry air.

In this case, h .
38.9 kJ (kg dry air)-lh =

The Specific Volume of the mixture is obtained from v = ~

v = ~ m' kg-l

m' kg-l0.835v

Again. it is sometimes useful to quote the specific volume of the dry

air.
-1=

-10.841 m~(kg dry air
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~ass of Water Vapour
Mass of Dry A1r

The ratio. t is called specific humidity (I&)

(&) =

~~-
~~ 0.00740 kg kg-l(I) =

Psychrometric Char~

The foregoing is rather tedious and it is usually far more convenient
to use a psychrometric chart (Page 29) for the appropriate atmospheric

pressure.

Using the information given on Page 25, i.e. Dry Bulb 20.C, Wet Bulb
14.C, Total Pressure 101.36 kN m-2, the specific enthalpy, specific
volume and specific humidity can be readily obtained as shown. (These
figures should be compared with those found on Page 27.)
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Specific Volume of Air -Effect on Orifice Calibration

The values of specific volume given on a psychrometric chart are for 1
kg of DRY air at the stated total pressure.

However. associated with 1 kg of dry air is ~ kg of water vapour.
giving a total mass of 1 + ~ kg.

"v
The specific volume of the air and steam mixture is thuS~.

The air mass flow rate through the orifice is given by

.
m

where vB is the true specific volume

.
mThus,

The mass flow rate of ~ air,

1 Mass flow rate of air
~ x and steam mixture

.
ma

x0.0137 I vaS(l +' (;j BJ
.
ma

However~ at the conditions likely to be encountered~ W B is unlikely
to exceed 0.025 and the error involved if W B is neglected is very

small.

~: A range of psychrometric charts for different atmospheric
pressures is available (Ref. 7. Page 87). However. errors in

using the standard chart (1.013 bar) are likely t9 be ~JLover
the variation of atmospheric pressures normally experienced at

altitudes up to 50Om above sea level.
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~ppl1cation of Steady Flow Energ.v Equatinn

~SV$"&.M.

For the System F, inl:1icaterl hy thp; chain line,

Heat is transferred at the loarl t~nk, i.e. the process loarl, and

possibl.v a small quantit.v to surrounrlings.

Work is transferrerl at the pump.

low humidity air enters at A.

High humidit.v air leaves at B.

Make-up (equal to the increase of moisture in the air stream)

enters at E.

From the steady flow equation

. .HExit - Hrntr.vn - P =

(IV)6 - p

(~: The pump power P is -ve since it is a work input.)
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The specific enthalpies of air. water vapour and water can be eva-

1uated as previousl.v described (Pages 25 to 28). a1though this is

tedious.

However, if the enthalpy of the air inclurles the enthalpy of the steam
associated with it, and this quantity is expressed per unit mass of

dry air, (See Pa~e 27), the equation may he written

(v)Q - P =

N.B. (a) The mass flow rate of rlry air (ma) through a cooling tower

is a constant, whereas the mass flow rate of moist air

increases due to the evaporation of some of the water.

(b) The term ~hE is usually small compared with the other terms

and is often neglected.

Mass Balance

By conservation of mass. under stead.v state conditions. the mass flow
rate of nRY air and of ~aO (as liquirl or vapour) must be the same at

inlet and outlet to an.v system.

(ma)AThus, ;

(ms)Band =

.
mE

The ratio of steam to air ( ~ ) is known for the initial and final

state points on the psychrometric charts.

(ms)sThus. = .
ma W B

.
ma W A

ma( W B -!AS A).
n1Eand .
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The system may be re-defined thus,

GS'{STE;.M "

In this case the process heat an~ Dump work rloes not cross the houn-

daryof the system, but we now have warm water e~terinQ the system at

C and cool water leaving at D.

Applying the Steady Flow Energy Equation

Hexit - HinletQ, - p =

p Q.=

0 may have a small value due to heat transfer between the unit anct

its surroundings.

() =

() =

As stat~d earlier. the term ITI[hE is lIsuall.v small compared with the
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SUMMARY OF EXPERIMENTS USING THE WATER COOLING TOWER

, Observation of the processes within a forced draught cooling

tower.

2. Determination of all "end state" properties of air and H2O from

tables or charts, and the app1ication of the steady flow equation

to se1ected systems to draw up energy and mass balances.

3. Investigation of the effect of cooling load on "Approach to Wet
Bulb".

4 Investigation of the effect of air velocity on

i) "Approach to Wet Bulb"

[ii) The pressure drop through the packing

5. Investigation of the effect of load on cooling range.

6. Investigation of the effect of inlet relative humidity on the

performance of a cooling tower.

7. Investigation of the effect of packing density on the performance
of a cooling tower.

8.
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1. Observation of the Processes within a Forced DrauQht Coo1ino Tower.

The Water Cooling Tower behaves in a similar manner and has similar
components to a full size cooling tower and may be used to introduce

students to their characteristics and construction.

The Water Cooling Tower should be set to operate with moderate air

water flows and with either 1.0 or 1.5kW cooling load (See

.Preparation for Use", Page 14).

After conditions have stab1l1sed the following may be observed:

Water System

(1) The warm water enters the top of the tower and is fed into
troughs from which it flows via notches onto the packings. The
troughs are designed to distribute the water uniformly over the

packings with minimum splashing.

ii) The packings have an easily wetted surface and the water
spreads over this to expose a large surface to the air stream.

(iii The cooled water falls from the lowest packing into the basin
and may then be pumped to a process requiring cooling (or in
the Water Cooling Tower, to the simulated load in the load

tank).

(1v) Due to evaporation from the water. "make-up. must be supplied
to maintain the quantity of water in the cooling system. The
make-up may be observed flowing past the float controlled valve

in the load tank.

(v) Droplets of water (resulting from splashing, etc.. may become
entrained in the air stream and then lost from the system.
This loss does not contribute to the cooling, but must be made

good by -make-up.. To minimise this loss, a "droplet
arrester", or "eliminator" is fitted at the tower outlet. Thi~
component causes droplets to coalesce, forming drops which are
too large to be entrained and these fall back into the

packings.
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Air System

(vi) Under the action of the fan. air is driven upward through the
wet packings. It will be seen that the change of dry bulb tem-

perature is smaller than the change of wet bulb temperature.
and that at air outlet there is little difference between wet
and dry bulb temperatures. This indicates that the air leaving
is almost saturated. i.e. Relative Humidity + 100%. This

increase in the moisture content of the air is rlue to the con-
version of water into steam and the "latent heat" for this
accounts for most of the coolinq effect.

(viii) If the cooling load is now switched off and the unit allowed to
stabilise. it will be found that the water will leave the basin
close to the wet bulb temperature of the air entering.
Accordinq to the local atmospheric conditions. this can be
several de~rees below the incoming air (dry bulb) temperature.

With no loads the water would be cooled to the incoming wet bulb tem-
peratures but this condition cannot be attained since the pump

transfers about lOOW to the water.

This is an interesting and instructive demonstration for students and
explains the importance of "Approach to Wet Bulb" as a cooling tower

parameter.



37

2. Determination of all "end state" properties of the air and H2O from
charts and tables, and the application of the steady flow equation

-- to selected systems to draw up enerqy and mass b~lances.

The Water Cooling Tower should be prepared. started and allowed to

stabilise under the following suggested conditions:

Orifice differential
Water flow rate
Cooling load

Air pre-heat

16nm H2O

40gm S-l
1.0kW
0

At regular intervals over a measured period of say 10 minutes, all
temperatures and flow rates should be noted and the mean values

entered on the observation sheet.

At the commencement of this period, fill the make-up tank to the gauge
mark with distilled water. At the end of this period, refill the tank

from a known quantity of distilled water in a measuring cylinder. By
difference, determine the quantity of make up which has been supplied

in the time interval.

The observation may be repeated at other water, or air flow rates and

with another load.

Typical observations, and specimen calculations are given on pages 38

to 43.
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ARMFIELD TECHNICAL EDUCATION WATER COOLING TOWER

OBSERVATION SHEET

At~.Press.: 1010 mbarInvestigation:Date:

1 2 3 4 5 6TEST No.

Packing Installed 8

m-lPacking Density 110

tAd

'C

tAw

'C

"'f8d

.C

tBw

.C

tc

'c

to

.C

tE

.G

Air Inlet
Dry Bulbl 20.8

Air Inlet
Wet Bulb

~ 17

Air Outlet
Dry Bulb 22.9~

Air Outlet
Wet Bulb

22.7~

Water Inlet
Temperature

29.5

Water Outlet
Temperature

23.1

Water Make-Up
Temperature

19.5

Orifice
Differential 16

Water Flow
Rate

42

x
nm HaO

.
"'w

~
kW
kW
mE

--~
1..
s

1.0Cooling Load

0Air Pre-Heat

0.26Make-Up Quantity

Time Interval 600

Pressure Drop
Across Packing

A p
mn H2O
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Specimen Calculations

Using the wet and dry bulb temperatures, points A and B may be plotted
on the psychrometric chart, (See Page 39) and the following values

read off:

hA

wA

bB

wB

Vag

=

=

~

=

=
~M3

.-

~~

47.8 kJ kg-l

0.0105 kg kg-l
67.4 kJ kg-l

0.0175 kg kg-.! /"

'0.862mJ{kg dry air)-l ~/.-

~

=

~

¥

From the orifice calibration (Page 29):

~

.
ma =

0.0137 /' 16--'== kq s-1
(1 + 0.0175) x 0.862

-
.
ma 0.0585 kg 5-1=

~

"'E
y

Make-up rate, mE =

I

~

. -
600

~

0.433 X 10-) kg 5-1=

~

Specific enthalpy of make-up, (hf at 19.5.C)
"S

:-

JI 81.8 kJ kg-1hE =

J,

I
'J'
,

~

"1
"...

~

~cf;
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s¥..~~. F"

Appl.ying the Steady Flow Equation to the system inrlicated hy the chain
line (System F):

6 A + 6 i.E0 - p =

Now, 6 - p 1.0 - -0.1 kW.
1.1 k\"

(Pump power is approx1matel.y lOOW, negative)

A A

0.0585(67.4 - 47.8) - 0.433 x 10-' x 81.8 kW

0.035 kW

1.111 kW

The sma" discrepancy may he attrihuterl to errors and heat transfer to



n

~~~~

r--

I.:

n~

The discrepancy may be attributed to carryover anrl errors.

Applying the Steady Flow Equation to the system indicated by the chain

.
mE

.
Inf

.
mE

maC W B - W A)

M;A\

=

=

.

(
t

. .mSB - mSA

"'a( 00 B - 00 A)

0.433 x 10.' kg 5-1

6 - p

6 - p

=

.

I '
. \
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=

=

0.409 X 10-8 kg s-1

0.0585(0.0175 x 0.0105)

0

6 H + 6 KE

1-.

. p.,- ,
I'~~

..IAI' J S'fS'T~)

--.J

I D

I

~

Mass Balance

line (System G):
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A H =

0.0585(67.4 - 47.8) + 0.042 x 4.18(23.1 - 29.5) - 0.433

x 10-' - 81.8
-0.011 kW
-

The discrepancy (0.011 kW) may be attributed to errors and heat
transfers not taken into account.

The mass balance will be as given earlier.
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3. Effect of Cooling Load on "Wet Bulb Approach"

The Water Cooling Tower should be prepared, started and allowed to

stabilise under the following suggested conditions:

40 gm s-l

161Tm H2O

0

Water flow rate

Air flow manometer differential

Cooling load

Observations as set out on Page 45 should then be made.

While keeping the water and air flows constant, the load should be

increased to 0.5 kW, and when conditions have stabilised, the

observations should be repeated.

Similar tests should be made with cooling loads of 1.0 and 1.5 kW.

The four tests may then be repeated at another constant air flow.

Typical observations, calculations, results and graphs are shown on

Paqes 45 to 48.
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3. Effect of Cooling Load on .Wet Bulb Approach.

~

The Water Cooling Tower should be prepared, started and allowed to
stabilise under the following suggested conditions:

40 gm 5-1

16nm H2O

0

Water flow rate
Air flow manometer differential
Cooling load

Observations as set out on Page 45 should then be made.

While keeping the water and air flows constant, the load should be
increased to 0.5 kW, and when conditions have stabilised, the
observations should be repeated.

Similar tests should be made with cooling loads of 1.0 and 1.5 kW.

The four tests may then be repeated at another constant air flow.

Typical observations, calculations, results and graphs are shown on

Pages 45 to 48.
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A~MEIEl_D_T_EC_HNICAl EDUCATION WATER COOl_!_~G _~OWER

OBSERVATION SHEET

Date: Investigation: Atmos.Press.: 1020 mbar

1TEST No. 2 3 4 5 6

Packing Installed 8 B 8 8

m-l

~
'C
~
.C

tBd
.C

TB;
.C

~
.C

to
.C

tE

.C-

Packing Density 110 110 110 110

Air Inlet
Dry Bulb 20.0 20.2 21.2 21.4

Air Inlet
Wet Bulb 15.7 15.7 16.4 16.4

Air Outlet
Dry Bulb

Air Outlet
Wet Bulb

Water Inlet
Temperature

Water Outlet
Temperature

16.7 I 19.9 23.2 25.2

Water Make-Up
Temperature

:x.
iiiii HaD 16 16 16 16

Orifice
Differential .

"\.,
~~r

Water Flow
Rate 40 40 40 40

Cooling load 0 0.5 1.0 1.5
kW

kWAir Pre-Heat

Make-Up Quantity

.l
s

Time Interval

Pressure Drop
Across Packing ~
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Specimen Calculations

The pump transfers approximately lOOW to the water, and this should be

added to the load imposed in the load tank.

For Test No.3:

Applied load + Pump input
1.0 + 0.1 kW

1.1 kW

Total cooling load =

"Approach to Wet Bulb" to - tAw=

Specific volume at outlet
(typically)

0.87 m'/kq=

0.0137 /:$.
ma =

0.0137 '-::-==

VB

116

0.0587 kg/s

Cross sectional area of
column (A) 0.15 x 0.15 mJ

0.0225mJ

=

Air mass flow per unit area =

kg s-1 m-a

.
ma
A
0.0587
0.0225

2.6 kg s-l m-2

23.2 - 16.4 K
6.8 K
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4. Relationship between air velocity and:

(i) Wet bulb approach

~. (ii) Packing pressure drop

The Water Cooling Tower should be prepared with the selected packed
colwmn and set to stabilise at a cooling load of say 1.0 kW and, at
maximum air flow and with a water flow of say 40 gm s-l.

The observations as indicated on Page 50 should then be made.

~: To measure the pressure drop across the packings it is necessary
to temporarily disconnect the plastic tube from the orifice
tapping point. The tube should be reconnected to the pressure
tapping point just below the packing. and another tube between
the right-hand tapping on the manometer and the pressure tapping
point at the top of the pack1ngs.

The test should be repeated with orifice pressure drops of 10~ 4 and

1.Omm H2O~ but with unchanged water flow rate and cooling loads.

Typical observations are shown on Page 50.

The test may then be repeated:
(i) At another constant load.
(ii) At another constant water flow rate.
(;11) Using another packing.
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ARMFIELD TECHNICAL EDUCATION WATER COOlING TOWER

OBSERVATION SHEET -

Date: Investigation: Atmos.Press.: 994 mbar

TEST No. 1 2 3 4 5 6

cPacking Installed c c c
m-lPacking Density 200 200 200 200

tAd

'C

""fA;

.C

"'"£8d

.C

"i"B;

.C

tc-
'c--
to
'c

tE
'c

Air Inlet
Dry Bulb 21.75 22.0 21~9 24.2

Air Inlet
Wet Bulb 18.25 18.5 17.6 18.2

Air Outlet
Dry Bulb 22~O 23.9 25.5 32.0

Air Outlet
Wet Bulb 21.9 23.9 25.5 31.8

Water Inlet
Temperature

)( 28.5 30.6 31.9 37.8

Water Outlet
Temperature 22.g 24.75 26.25 31.g

Water Make-Up
Temperature

x.
nm H2O 18.5 10 4.5 1.0Orifice

Differential

Water Flow
Rate 40 4C 40 4C

n1w

~?

1.0 1.0 l~O 1.0Cooling load
'kW

kWAir Pre-Heat

Make-Up Quantity E
1-
sTime Interval

Pressure Drop
Across Packing ~ 6 2.9 1.4 0.3
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~pecimen Calculations

(Page 50)Test No.2

IS.S8C=

Outlet water temperature (to) 24.75.C=

"Approach to wet bulb" 24.75 - 18.5 K=

6.25 K

Specific volume of air at out1et
(by plotting tBd and tBwon the
psychrometric chart) 0.86 m' kg-l

0.0137 ~
vB

0.0137/&

=

Air mass flow rate =

Air volume flow rate -
1

v
ITIvB
0.0467 x 0.06 m' s-
0.04 m' 5-1=

Cross sectional area of
empty tower 0.15 x 0.15

O.0225m2

A

V
A

0.04
0.0225Air velocity =

1.18m s-1

41 2 3Results

m s-l 1.2 0.572.42 1.79Nominal Velocity of Air

13.74.65 6.25 8.65.Wet Bulb Approach- K

1.4 0.36 2.9Pressure Drop nm HaD

These results are shown graphically on Page 52.
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5. Relationship Between Cooling Load and Cooling Range.

L

II The Water Cooling Tower should be prepared with the selected packing
~ and set to stabilise with no load, a water flow rate of say 40 gm

i s-l and an orifice differential of say 16mm H~O. !
I--

Observations as indicated on Page 54 should then be made.
vi c

ru
The cooling load should then be increased to 0.5 kW without changing

U the water or air flow and after stabilisation the observations

repeated.

~ The observations should then be made at 1.0 and 1.5 kW cooling load.

I ,
~ The tests can then be repeated:

(i) At other water flow rates

l-.j (ii) At other air flow rates

(iii) With pre-heated air

: c (iv) With other packings
...,..

rjU Typical results and graphs are shown on Pages 54 and 55.
,
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ARMFIELD TECHNICAL EDUCATION WATER COOLING TOWER

OBSERVATION SHEET

AtnK>s.Press.: 1020 mbarInvestigation:Date:

1 2 3 4 5 6TEST No.

BPacking Installed B B 8

m-l 110Packing Density 110 110 110

tAd

'C

tAw

.C

"tBd"-
.C

tBw
.C

tc
'c

to
'c

tE
-,
'c

Air Inlet
Dry Bulb 19 19 19.4 19.7

Air Inlet
Wet Bulb

16.515.6 15.4 15.8

Air Outlet
Dry Bulb 16.8 18.4 23.020.5

Air Outlet
Wet Bulb

16 18 23.020.4

Water Inlet
Temperature

17 21.6 27.2 32.7

Water Outlet
Temperature

23.916.4 18.6 21.3

Water Make-Up
Temperature

~). Orifice
Differential 16 1616 16

Water Flow
Rate 40 40 4040

X
nm HaO

.
"\ot

q;;;-~

1.0 1.50 0.5Cooling load
kW

kWAir Pre-Heat
.IIE

§
1-
s

Make-Up Quantity

Time Interval

Pressure Drop
Across Packing

~p-
nIn HaD
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6. Investigation of the Effect of Inlet Relative Humidity on the
pprfnrmnnc~ of th~ Coolina Tower.

The Water Cooling Tower should be fitted with the selected column,

prepared, started and allowed to stabilise at the following suggested

conditions:

Orifice differential

Water flow rate

Cooling Load

Air pre-heat

16"," H~O

30gm s-l

1.0 kW

a

The observations as set out on Page 57 should then be made

The air pre-heater should then be switched to approximately 0.5 kW

without changes in the other settings.

When conditions have stabilised, the observations should be repeated.

The observations should then be repeated with the air pre-heater set

to approximately 1.0 kW.

The observations may then be repeated at other cooling loads, air flow

rates and/or water flow rates.

Typical observations and results are given on Pages 57 and 58.
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ARMFIE1~TECHNICAL EDUCA110N WATER COOLING IQ~R

OBSERVATION SHEET

Atmos.Press.: 1025 mbarInvestigation:Date:

5 61 2 3 4TEST No.

8 8 BPacking Installed

m-l 110 110Packing Density 110

-tAd
'C

~
'C
tad
.C

taw
.C

tc
'c

to
'c

tE
'C

Air Inlet
Dry Bulb

20 26.25 32.1

Air Inlet
Wet Bulb

16.6 18.8 20.7

Air Outlet
Dry Bulb 21.2 23.8 25.9

Air Outlet
Wet Bulb

2421.1 22.6

Water Inlet
Temperature

32.129.5 I 30.6

Water Outlet
Temperature

21.751 23.251 25

Water Make-Up
Temperature

Orifice
Differential

X
ITm H2O

16 1616

"'"
~~

Water Flow
Rate

30 30 30

-.!L
kW

1.0 1.0 1.0Cooling load

1.00 0.5Air Pre-Heat kW

Make-Up Quantity
§
1-
sTime Interval

Pressure Drop
Across Packing

6 P
nil! H2O
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Derived Results

kW
'C

.C

0
20

16.6

0.5
26.25
18.8

1.0
32.1
20.7

Air Pre-Heat (nominal)
Inlet Dry Bulb Temperature
Inlet Wet Bulb Temperature
Relative Humidity at Inlet
(from psychrometric chart)
Water Outlet Temperature
Wet Bulb Approach

% 72 48 35

'C

K

21.75

5.15

23.25

4.45

25.0

4.3

It will be noted that there is little variation of the .wet bulb

approach" over the range of relative humidities used.

When interpreting this result. the following should be noted:

(i) The "driving force" for evaporation is the difference hetween
the HaD vapour pressure at the surface and the HaD vapour
pressure in the air stream.

(11) When the air is passed through the pre-heater its moisture

content, i.e. specific humidity, is unchanged.

(1i1) The partial pressure of the water vapour is a function only of
the specific humidity and the total air pressure. Since these
are both constant, the water vapour pressure is also constant.

(iv) As the dry bulb temperature rises, the H2O saturation pressure

also rises and the relative humidity, i.e.

- Pressure of H2O vapour
Saturat1onpressure at air temperature

must fall.

(v) The wet bulb temperature rises. since the rate of heat transfer
~~ the wick by conduction and convection increases as the dry
bulb temperature rises. The rate of evaporation must increase
to match this and the wick water temperature must rise to
provide the higher vapour pressure.
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7. Investigation of the Effect of Packing "Density. on the Performance
- of the Cooling Tower.

The Water Cooling Tower should be prepared, started and allowed to
stabilise under the following suggested conditions:

Orifice differential 16mm H2O

Load 1.5 kW

Water flow rate 30gm s-l

Column installed A

Observations as set out on Page 60 should then be made.

Column A should then be removed and Column B substituted. After pre-
paration and stabilisation at the same conditions as above. the
observations should be repeated.

Finally. Column C should be installed and the observations repeated

~: Before removing and replacing a column, it may be desirable to
carry out a series of tests at other loads, water flow rates
and/or air flow rates.

Typical results for the given conditions are given on Page 60 and the
corresponding graph is shown on Page 61.
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ARMFIELD TECHNICAL EDUCATION WATER COOLING TOWER---

OBSERVATION SHEET

Date: Investigation: Atmos.Press.: 1013 mbar

TEST No. 1 2 3 4 5 6

Packing Installed A B c

!:II-IPacking Density 77 110 200

tAd

'C

~
.C

":fBd

.C

~
.C-
tc
'c

to
'c

tE
'c

Air Inlet
Dry Bulb 20.5 20.6 19.8

Air Inlet
Wet Bulb 17.1 17.8 16.5

Air Outlet
Dry Bulb 25 25 23.5

Air Outlet
Wet Bulb 24 24.4 23.5

Water Inlet
Temperature

37.4 35.251 33.251

Water Outlet
Temperature

23.1 2124.5

Water Make-Up
Temperature

Orifice
Differential 16 16 16

Water Flow
Rate 30 30 30

X
nm HaD

.
~

~:L!~
9-
kW 1.5 1.5 1.5Cooling Load

Air Pre-Heat kW
mE '

Make-Up Quantity; Ki
..l
s

Time Interval

Pressure Drop
Across Packing ~ 5.75 5.25 5.75
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Derived Results

m-lPacking Density 77 110 200

Wet Bulb Approach K 7.4 5.3 4.5

.§!:!Qh (Page 62)

Although only three points can be plotted, it appears that the
expected trend is confirmed.
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8. Invest1 at1on of Locall ed and Manufactured Pack1n s.

The Water Cooling Tower UQP6-00 is supplied with an empty column into

which locally manufactured packings may be assembled.

Alternatively the packing may be removed from the column supplied with

the basic Water Cooling Tower (UOP6-10).

gemoval of Pack1ngs

Remove the column from the base unit.1

2. Unscrew the six mushroom headed screws which secure the three

distribution troughs at the top of the column.

Withdraw the troughs and the packing from the column, and store
carefully to prevent damage.

3.

Design of Packings including the water distributor

1. An ideal packing for a cooling tower will,
(a) expose a large and uniform water surface to the air stream.
(b) offer a small but uniform resistance to the passage of air,
(c) be inexpensive.
(d) be robust, easily formed and handled.
(e) be durable under the conditions prevailing (e.g. from dry and

well ventilated during a shut-down. to continuous soaking in
warm water and possibly contaminated with airborne pollution.
biological growth and excessive dissolved solids).

2. When designing and installing locally manufactured packings. the

following points should be considered:
(a) The fan installed limits the resistance of the packing to

about lOmm H2O at a normal air velocity through the column

(i.e. about 2m s-1
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y(b) "Splash" packings offer a smaller resistance than "Film"

packings. but the formation of small airborne droplets of

water may be troublesome.
(c) If a loose filling is used it must be supported on a grid

(e.g. a wire mesh screen) at the lower end of the column.
(d) Packing materials should not break up or decompose during use

(although the pump will handle a certain amount of suspended

matter. the water flow meter is likely to become choked).
(e) The water must be uniformly applied to the top layer of

packing.

~~~~~~~
n
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USE OF WATER COOLING TOWER UOP6 IN CONJUNCTION WITH OTHER EQUIPMENT.

Many industrial and commercial refrigeration plants reject heat to the
atmosphere via a COOLING TOWER.

The combination of a cooling tower and refrigeration plant condenser
(or cooling tower and any other process requiring cooling water) and
its characteristics can easily be demonstrated as shown in the

accompanying sketch.

All connections should be made with lOmm (3/8") bore plastic tubing

a~d the length of these tubes should be kept to the minimum.

The pump selected must be capable of producing a head of 1.5m + the

resistance in the cooling water circuit, at a maximum flow rate of

50cm' s-l.

The following restrictions apply:

Maximum cooling load
Maximum water temperature (at tower inlet)

Maximum wet bulb temperature

Maximum water flow rate

Minimum water flow rate

2kW

50.C

23.C

50cmJ 5-1

10cmJ 5-1

The Water Cooling Tower load tank heaters and circu1ating pump
must be switched off.

The water circuit must be filled with demineralised or distilled water

and must be drained after use.

Distilled water make-up must be supplied to the make-up tank at a

maximum rate of 2.5 litre/hour.
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~

UOP6

CONNECT IONS BETWEEN ARMFIELD TECHNICAL EDUCATION

WATER COOLING TOWER & REFRIGERATION OR

ANY OTHER UNIT RECUIRING COOLING WATER.
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SUGGESTED PACKAGE FOR STUDENTS INVESTIGATING

ENERGY AND MASS BALAN~ES IN A COOLING TOWER.

~

(Pages 68 to 82)

~~~~~~
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INTRODUCTION

Cooling towers provide an economical and acceptable method of
supplying cooled water for a wide variety of processes.

In a cooling tower, the warm process water which is to be cooled is
brought into intimate contact with an air stream. Within the cooling
tower the air density decreases causing the air to rise, producing a
natural circulation. If the cooling tower is sufficiently tall, the
"natural draught" will generate the required air flow. This is normal
with the cooling towers of inland electricity generating stations

which feature in many industrial landscapes.

Typical industrial or commercial cooling duties feature much smaller
towers and as natural circulation does not provide sufficient air

flow, fans are employed to promote air flow.

Cooling towers with fans are classified as "Induced Draught" or
MForced Draught" according to the location of the fan.

In an Induced Draught Cooling Tower the fan is placed at the air
outlet and draws the air through the packing, whereas in a Forced
Draught Cooling Tower the fan is placed at the air inlet and drives
the air through the packing. Air flow is normally upwards, therefore
the natural buoyancy of the air will assist the fan and help to

dissipate the humid air.

The packing in a cooling tower breaks the water into small droplets or
thin films which presents a large surface area to the air stream and

thereby assists the cooling process. The water is cooled largely by
evaporation and in some cases, and to a small extent, by direct

contact cooling.

Due to the evaporation of some of the water into the air stream, a
continuous small supply of fresh water ("make up") must be added to

the system. This make up is normally less than 5~ of the cooling

water flow rate.

Modern cooling towers are compact and environmentally acceptable units

requiring little maintenance other than attention to water quality.
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Correctly sized. towers can cool the water to within 5K of the inlet
wet bulb temperature of the air. Their power requirement is only a
fraction of that required by air blast cooling. and probably more
important. their consumption of fresh water is considerably less than
that required by water cooling from natural sourc~s.

Cooling towers are vital components in a wide variety of industrial
and commercial undertakings and the cooling process within the tower
forms a very interesting study.

Engineers concerned with the use and conservation of energy and
resources should be familiar with these and other characteristics of
cooling towers.

A cooling tower is a good example of an "open system" through which
two streams of fluid (air and water) flow, and in which there is a
transfer of matter from one stream to the other.
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Air Outlet
Temperatures

CAP

PACKED
COLUMN

BASE
UNIT

H..t8n 0.5 kW 1.0kW
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~ECIFl~~T_lQN - WATER COOLING TOWER UO~6~QO

Base unit, basin, load tank, make-up tank,
column and column cap all in transparent,
impact resistant P.V.C. suitable for
temperatures up to 55.C.

STRUCTURE

BASE UNIT: This houses:
(1) Air rl1stribution chamber.
(11) A tank with heaters to simulate

cooling loads of 0.5,1.0 and 1.5kW.
(iii) A make-up tank with qauqe mark anrl

float operated control valve.
(iv) A centrifugal fan with intake damper

to give 0.06kg s-l max. air flow.
(v) A bronze and stainless steel

qlandless pumP.
(vi) An air pre-heater (approx. 0.5 and

1.0kW).
(vii) A water collecting basin.
(viii) An electrical control panel.

PACKED COLUMN: Three packed columns (A, B and C), each
15Onm x 15()J1n x 600Tm high, are proYiderf.

Each column has pressure tapping points anti
contains eight decks of inclined, wettable,
laminated plastic plates, retained b.Y water

distribution troughs.

Column A has 7 plates per deck (giving 77m2
per m3) - Order Code UOP6-20

Column B has 10 plates per deck (qiving
110m2 per m') - Supplie~ with UOP~-10

rolumn C has 18 plates per deck (qiving
200m2 per m3) - Order Code UOP6-21

An empt.v columnt Column Dt is also supplied
- Order Code UPO6-2l

COLUMN CAP:- This fits on top of the chosen column anrl

includes:
(i) An 8Omm dia. sharp edqed orifice and

pressure tapping.
(ii) A droplet arrest~r.
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INSTRUMENTATION---

Glass Thermometers 0 to 50.C, to measure all terminal water
temperatures, and wet and dry bulb air

temperatures.

Inclined Tube Manometer 0 to 4Omm H2O, to measure orifice

differential pressure, or packing

resistance.

Variable Area Flow Meter 0 to 50gm s-l. with control valve for water
flow rate to packings.

DIMENSIONS Net Weight

Height
Width

Depth

35kg
120Onm

75~

45~

SAFETY (i)

(iii)

(iv)

Thermostat (50.C) and float switch in
load tank.
All heaters fitted with thermal
cut-outs.
Fan intake fitted with mesh guard.
All electrical circuits fused and
components earthed.

SOFTWARE Detailed Instruction Manual.
large plastic coated psychrometric chart.

SPARES Sufficient for at least two years of normal

usage.
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DATA-
Orifice calibration

.
ma .
.
ma
X

kg 5-1
nrn H2O

kg kg-l
mJ kg-l

Where =

=

=LIJ B

vB

Dry air mass flow rate

Orifice differential pressure

Specific humidity at orifice

Specific volume of dry air at orifice=

Particulars of Columns
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THEORY

In cooling towers, several open systems may be defined,two of which
are shown above.

In System F. both heat and work cross the boundary of the system. but
there is no flow of water (other than make-up). whereas System G has
been drawn so that the heat and work transfers take place outside the
system. but now cold and warm water flow.
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For an open steady flow system:

..
Enthalpy Rate

at Exit
Work Transfer

Rate
Heat Transfer

Rate
Enthalpy Rate +

at Inlet
=-

Kinetic Energy
Rate at Exit

Kinetic Energy- Rate at Inlet

~ A + A I<E0 - por, =

In the cooling tower~ velocities are low so that 6 ~E is insignificant

and~
Q. - ~ ::..~t1'tA Ii0 - p =

. .HExit - HEntry~ - por, =

For System F

Q - P =

Q - P =

~: P is -ve since a work input is neerled to drive the pump.

For System G

Q - P =

Q - P =

~te: P = 0. and Q is small. being the heat transfer through the

casing of the unit.
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By plotting the air inlet (A) and exit (B) wet and dry bulb tem-
peratures on a psychrometric chart- the state points A and B may be
located. This enables hA- hB- ~ A- W B and vB to be determined.

Alternatively, the enthalpies, specific volumes and moisture contents
may be calculated using property tables and Dalton's and G1bb's laws.

The enthalp.y change of the water (hO - hc> may be calculated with suf-
ficient accuracy from Cp{to - tc). where Cp = 4.18 kJ kg-1 K-1. and

the specific enthalpy (hE> of the make-up may be taken as the specific
enthalpy of saturated water at tEe
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COOLING TOWER - ENERGY AND MASS BALANCES

Object

To apply the steady flow equation to selected systems in the cooling
tower and to draw up energy and mass balances.

Apparatus

Anmfield Technical Education Water Cooling Tower generally as shown
and described in the attached schematic diagram and specification.

Preparation

Study the apparatus and identify all components, controls,
instruments, the air and water paths. See also separate notes.

Procedure

Set the water and air flow rates to convenient values. say 30 gm s-l
and an air flow manometer reading of lOmm H2O respectively.

Switch on the desired cooling load, say 1.0 kW.

leave the unit to run for 10 to 15 minutes until conditions stabilise
(Stability is reached when there is no further appreciable change in
air or water temperatures or flow rates.) Du.ring this period, top up
the make-up tank and wet bulb reservoirs as required.

Observations may now be made.
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Fill the make-up tank to the gauge mark and after a measured time
interval (about 10 minutes) re-fill the tank from a known quantity of
distilled water in a measuring cylinder. By difference, determine the
mass of water supplied to the system.

During this period observe, at regular intervals, all temperatures and
flow rates. Enter the mean values in the accompanying observation
sheet.
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~RMF _I Elp- TE~NICAl EQUC~TIO~_WAT~_R CQOlING TOWER

OBSERVATION SHEET-- - - -- -

Date: Investigation: Atmos.Press.: mbar

1TEST No. 2 3 4 5 6

Packing Installed
-

m-lPacking Density

'C

'C

-tBw

.C

tc
.C

tD

.~

tE

'C

Orifice
Differential

x
11m H2O

I ~:i:r Flow ~
I ~:~."" ..n." gm Si
I Cooling load kW
i -- - - -- - - -

Air Pre-Heat kW

Make-Up Quantity

Pressure Drop
Across Packing ~
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CALCUlATIONS

Properties: (from

kJ kg-l

kJ kg-l

m' kg-l

kg kg-l
kg kg-l

hA

hB

vB

IJ)A
IJ) B

=

Air =

.
=

1kJ kg-
Water

kJ kg-lCp(to - tc)

hE =

hD - hC = =

Mass Flow Rates

.
ma"Dry" Air: .

kg S-1
.
n1wWater: =

.
mE
y

.
mEMake-up: =

kg s-l

Energy Balances

For System F:

kWfI - p =

Compare
- "'EhE kW~a(hB - hA =
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For System G:

!
-.i

Q - P = kW

Compare r. . . -
ma(hB - hA) + ffiw(hO - hc) - mEhE = kW

J

Mass Balance J

Both systems, mE = kg s-l i- :
Compare '

ma( W B -.w c) = kg s-l c J
I ;::;~
l :"cI {:',,' ~!

\;\ :Y7ff 1

J '~i ;~C\ ::

rv "c, °c.
1',," c I"

COMMENTS - CONCLUSIONS - CRITICISMS
I
i
i

;~,
Suggested topics:"""'."

J:i} ,f;Compare the two systems, the two enerqy balances and the two mass . C,;Ch'C

bal ances. :'Jc.,~
:c~

Comment on discrepancies in the balances - suggesting sources of these

and how they could be reduced in a further test.

Comment on the two methods of determininq the thermodynamic "s;fJo"';,,~

properties.

~

What assumptions have been made in the analysis? Are these
~ 1

assumptions justified? t;;, I
o U '"' :'" f"

!,,!C?,,$;'i1:

;::1'.. !

cUl!'

I c

'.:. J

I
J

I
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ARMFIELD TECHNICAL EDUCATION WATER COOLING TOWER- ---

OBSERVATION SHEET

Date: Investigation: mbarAtmos.Press.:

1TEST No. 2 3 4 5 6

Packing Installed

m-lPacking Density

-tAd
'C

tA;;"-
.C

TBd
.C
~
...:L

tc
'c
to-
'c

tE-

'c

Air Inlet
Dry Bulb

Air Inlet
Wet Bulb

Air Outlet
Dry Bulb

Air Outlet
Wet Bulb

Water Inlet
Temperature

Water Outlet
Temperature

Water Make-Up
Temperature

~IOrifice
D1fferentiai

Water Flow "'w
Rat e :;-s-:r

Cooling load ~
Air Pre-Heat kW

Make-Up Quantity R
1-
sTime Interval

Pressure Drop
Across Packing ~
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Supply

WATER COOLING TOWER UOP6
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