Cooling Tower Operation
Forced draught cooling towers use the evaporation of a liquid (often water) into air to achieve
cooling. The tower often consists of a sprinkler system which wets a high-surface-area substrate
(plates) continuously, while air flow through the chamber converts liquid to vapor. The decrease
in temperature of the liquid is due to the heat of vaporization.
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An example of a reason for installing a cooling tower might be that your plant produces a stream of
hot water (from a heat exchanger, for example) that is too warm to discharge into a river or stream.
The water may be clean, but "heat pollution" is detrimental to waterways due to its ecological
effects.

Experiment Objectives
Our lab-scale cooling tower is designed
to mimic an industrial operation, except
it recycles and re-heats the water as it is
cooled.
The goals of the experiment are:
1). To perform mass and energy
balances on the system.
2). To observe the effects of process
variables on the exit temperature of the
water.
- air flow rate
- water flow rate (cooling load)
- inlet water temperature
- packing density

Types of Cooling Towers
Cooling towers fall into two main sub-divisions: natural draft and mechanical draft. Natural draft
designs use very large concrete chimneys to introduce air through the media. Due to the tremendous size
of these towers (500 ft high and 400 ft in diameter at the base) they are generally used for water flowrates
above 200,000 gal/min. Usually these types of towers are only used by utility power stations in the United
States. Mechanical draft cooling towers are much more widely used. These towers utilize large fans to
force air through circulated water. The water falls downward over fill surfaces which help increase the
contact time between the water and the air. This helps maximize heat transfer between the two.
Types of Mechanical Draft Towers

Mechanical draft towers offer control of cooling rates in their fan diameter and speed of operation. These
towers often contain several areas (each with their own fan) called cells.
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Background: Wet Bulb vs. Dry Bulb Temperatures

Temperature can be measured with two thermometers
simultaneously - one with a wet bulb and one with a dry
bulb- in order to determine the relative humidity of the
surrounding air. This method was used historically by
meteorologists, but we will use it extensively in this
experiment to measure the water concentration in the air.

If the air is saturated with water vapor (100% relative
humidity), then the wet bulb and dry bulb temperatures
will be equal.
If the relative humidity is less than 100%, then the wet
bulb temperature will be lower due to evaporation of
water from the surrounding wrap.
To obtain an accurate wet bulb temperature, it is important to make sure that the wet bulb
reaches steady state under the conditions of air flow and relative humidity.
The relative humidity is determined by looking at wet-bulb and dry-bulb temperatures on a
psycrometric chart.

Basic Principles: Evaporation from a Wet Surface
Mechanisms of cooling at work:
1) Evaporation. As water molecules leave the liquid phase, the enthalpy change of vaporization
results in cooling. The specific enthalpy of saturated vapor is significantly higher than that of
liquid water at the same temperature, so ∆H of vaporization is positive. The result is a lowering
of the temperature of the liquid. The enthalpy change associated with vaporization is the
dominant mechanism of cooling.
2) Conduction and convection. Loss of heat to the surrounding air and the chamber walls
could cause some cooling to occur, but it should be negligible compared to the effects of
evaporation.
3) Radiation. A very minor contribution to the cooling occurs as the water loses energy by
radiation. We will ignore radiation.
Therefore, the rate of evaporation of water from the liquid surface essentially determines the
effectiveness of the cooling tower. Factors that increase the rate of evaporation will help coolinga.) The difference between the partial pressure of water in the air (pw) and the saturation vapor
pressure (p*) should be kept as large as possible. In other words, passing dry air into the cooling
tower is a good idea, but humid air will be less effective.
b.) Increasing the surface area available for mass transfer is a good idea- so we use a system of
plates that spread the water out over a large area.
c.) Increasing the air flow rate is a good idea because it will increase the rate of evaporation.

If we ran an infinitely tall cooling tower under adiabatic conditions, meaning that no heat was
transferred from the tower to its surroundings, with adequate air flow, we expect that the temperature
of the exiting liquid reached at steady state would be equal to the wet bulb temperature of the
incoming air.
Therefore, the cooling tower is working optimally if the temperature of the exiting water (To) is close
to the wet bulb temperature of the air outside the tower (Tairw).
The difference (To-Tairw) is therefore a measure of how well the cooling tower is functioning. The
smaller this difference, the better.
Specific Enthalpy
To perform the calculations in this experiment, we'll need to know the change in specific enthalpy
of the water during vaporization (∆hf). "Specific" enthalpy means enthalpy per unit mass.
Appendix 7 (p. 1094) gives the enthalpy of water and steam (saturated vapor) at different
temperatures. ∆hf is slightly temperature-dependent over the range of temperatures we'll be
studying. Some useful conversion factors are given below:
1,000 BTU ≈ 1,055 kJ
1,000 kg ≈ 2204.6 lb

(It's easier to work in SI units)

If we were working at high pressure, we would also have to apply a correction factor to calculate
the enthalpy of compressed liquid. However, this correction is negligible in our experiment, so you
can safely use the values directly from Appendix 7.

Humidity Definitions
There is more than one way of reporting the water vapor content in air: partial pressure (pw), absolute
(specific) humidity, percentage saturation, and relative humidity.
Absolute (specific) humidity (ω)

Relative humidity (φ) =

mass of water vapor
mass of dry air

p
partial pressure of water vapor
= w
saturation pressure of water vapor p *
=

Percentage Saturation

=

mass of water vapor in air
×100% ≈ φ × 100%
mass of water vapor at saturation

Regnault, August, & Apjohn Equation
Instead of using a psychrometric chart, we can obtain relative humidity by the following eqn.:

pw = p * −6.666 ×10 P(Td − Tw )
−4

Td = dry bulb temperature
Tw = wet bulb temperature
P = total air pressure in mbar
p* is the saturation pressure at Tw

Note: atmospheric pressure ≈ 101,325 Pa ≈ 1,013 mbar

Heat Capacity & Specific Enthalpy Calculations
We will occasionally need to know the (constant pressure) heat capacity of the water for our
calculations. The heat capacity is the amount of energy needed to raise the temperature of 1 kg of the
material by 1 °C.
Values of Cp (and p* as well) are tabulated for liquid water in the handout posted on the course website
(water properties.pdf). Over the operating temperature range of the cooling tower, Cp is almost constant
at 4.2 kJ/kg⋅K. More precise values can be obtained by looking at the charts. For water vapor, take
Cp≈1.9 kJ/kg⋅K at 20 °C and 2.08 kJ/kg⋅K at 100 °C.
The specific enthalpy of saturated water vapor (steam) can just be looked up in a chart. However, we
often want to calculate the specific enthalpy of superheated water vapor, meaning it is not saturated
vapor. The partial pressure is pw, which is less than the value of p* at Td. The specific enthalpy is
found from the following approximate equation:

h ≈ ho + C p

steam

(Td − To )

where To is the temperature at which the saturation pressure would be equal to pw
Cpsteam is the constant-pressure heat capacity of steam at a temperature
halfway between To and Td
ho is the specific enthalpy of steam at T=To

Energy Balance on the Cooling Tower
• Heat transfer is occurring primarily in the load tank, where the water is brought up to the feed
temperature.
• A small amount of heat is also lost to the surroundings by radiation/conduction/convection.
• Work is done on the water by the pump.
• Energy is transferred along with mass loss, because dry air enters, and humid air leaves.
Now let's set up the energy equation for the portion of the
process illustrated at the right:

Q& = the rate of heating added to the system
P& = rate of work done by the pump on the water
H& exit = rate of enthalpy loss in exiting vapor

H& entry = rate of enthalpy gain due to entering air and
entering water from make-up tank

Q& + P& = H& exit − H& entry
[work done =
on system]

P& = 100 Watts

at steady state

[energy loss due
to enthalpy change]

Q& = 1000 Watts or 500 Watts

Now let's define some mass flow rates and enthalpies:

m& E

the rate of (liquid) water addition from the "make-up" tank

m& a

the mass flow rate of air

m& s

hda the specific enthalpy of (dry) air
hs

the mass flow rate of steam

the specific enthalpy of steam

subscript A -------- entering the chamber
subscript B -------- leaving the chamber

The energy balance equation is now written:

Q& + P& = (m& a hda + m& s hs )B − (m& a hda + m& s hs )A − m& E hE
steam/air leaving

steam/air entering

water entering from
make-up tank

Note that there are no terms for the water stream that is circulating through the system. It is
being heated and cooled, but no energy is leaving the system through this stream because it
circulates.

Mass Balance on the Cooling Tower
Conservation of mass gives us the following simple equations at steady state:

(m& a )A = (m& a )B

Air in = air out
Water in = water out

(m& s )A + m& E = (m& s )B

This equation simply says that the mass flow rate of water entering the system
(because the entering air is humid) plus the mass flow rate of water entering from the
make-up tank equals the mass flow rate of water leaving the system as vapor/steam.

The ratio of water vapor to air can be determined if the humidity is known.

(m& s )A
(m& a )A

= ωA

and

(m& s )B
(m& a )B

= ωB

Inserting these equations into the mass balance and solving for

m& E

m& E = m& a (ωa − ωb )
We will need to figure out how to convert between ω and φ to verify the mass balance
(homework exercise).

Adapted from Rules of Thumb for
Chemical Engineers by K. Branan.

t = temperature in degrees F.

Cooling Tower Theory
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Heat is transferred from water drops to the surrounding air by the transfer of sensible and latent heat.
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