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I. THE ICON OF THE NUCLEAR POWER INDUSTRY 

Natural draft cooling towers, the gargantuan, curvaceous concrete structures seen in some electric 
power generation plants in many parts of the world, have become the universal icon for the global 
nuclear power industry.  However, cooling tower designers are somewhat mystified when 
television documentaries use natural draft cooling towers as a symbol of humankind’s 
technological assault on the natural environment or when cameras focus in on a nuclear power 
plant’s cooling tower while discussing a technical issue with the reactor.  The public’s apparent 
uneasiness with natural draft cooling towers may be because of their massive and otherworldly 
appearance.  For certain, the popular image of the natural draft cooling tower has been forever 
altered by the nuclear accident at Three Mile Island, where the towers are the most visible 
structures, and also by Homer Simpson’s widely-viewed cartoon cooling towers whose cracked 
structure oozes green toxic goop. 

The fact of the matter is that natural draft cooling towers are nothing more than chimneys that cool 
water, and lots of it.  One of the largest natural draft cooling tower in the world is a 502-foot 
diameter, 541-foot tall design that reduces the temperature of 951,050 gallons of water per minute 
by about 17.5 degrees Fahrenheit.  This mammoth structure services the 1,350 MW Isar Nuclear 
Power Station Unit 2 near Landshut, Germany (Figures 1 and 2). 

 
Figure 1: Isar Nuclear Unit 2 Cooling Tower 

 
Figure 2: Isar 2 Cooling Tower Interior

Before 1970, before the U.S. Environmental Protection Agency was created and before there were 
any nuclear power plant cooling towers in operation in the U.S., the preferred method of heat 
removal from power plants involved pumping millions of gallons of water each day from a nearby 
river or lake into the plant’s steam condenser, where the cooling water was heated and then 
discharged back into the river or lake at a point downstream from the cooling water intake. 
Unfortunately, when the temperature of a natural body of water is increased to abnormally high 
levels, the amount of dissolved oxygen in the water can be reduced to the extent that aquatic plants 
and animals such as fish and amphibians are harmed.
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With the enactment of the National Environmental Policy Act on January 1, 1970, construction of 
cooling towers became mandatory in some new and in some older existing power plants in order 
to curb thermal pollution. 
 
II. THE NATURE OF COOLING TOWER THERMODYNAMICS 

Mathematical modeling of the thermal energy transport processes that occur inside of an 
evaporative cooling tower is more complicated than the modeling of heat transfer in most other 
types of heat exchangers.  This is so because in cooling tower analysis, one must contend with 
simultaneous transfer of heat and mass (sensible and latent heat transfer) and the two processes 
cannot be quantified independently.  In simple terms, the thermal energy transfer involves 
simultaneous transfer of heat due to temperature differences between the air and water, and the 
transfer of heat due to evaporation of a portion of the water that passes through the tower.  
Typically, approximately 80% of the thermal energy transfer in cooling towers is via the 
evaporation mechanism.  It is the arduous task of the cooling tower designer to predict and 
oftentimes guarantee, at a fixed heat load, the temperature levels at which these processes occur.  

This is not unlike attempting to model the thermal energy transfer processes that take place in a 
violent thunderstorm.  How does one estimate, for example, the value for the surface area between 
the air and water droplets that should be used in the calculation of the heat transfer rates in a 
cooling tower? 

Natural draft cooling towers are physically very simple machines. With reference to Figure 3, 
conventional natural draft cooling towers typically include: 

• one or more vertical riser pipes that transport hot water to an appropriate elevation 
where it is distributed over a fixed plan area. 

• precast concrete water distribution flumes that transport hot water from the vertical 
riser pipes laterally to an array of lateral water distribution pipes 

• spray nozzles that break the water into droplet form. 

• fill material that enhances the interface area and contact time between the falling 
water droplets and cooling air stream. 

• a cast-in-place reinforced concrete shell that provides a means of driving ambient air 
through the cooling tower 

• drift eliminators that limit the amount of water that leaves the tower in the exit 
airstream. 

• a cold water basin where the cooled water is collected. 

• precast concrete structure that supports all of the above.
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Figure 3: Internal Components of a Conventional Counterflow Natural Draft Cooling Tower
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All of the above components are commercially available to anyone.  Consequently, anyone with 
structural engineering and concrete construction expertise can essentially build a natural draft 
cooling tower.  But to design even a small to medium-size cooling tower that can meet specified 
thermal design duty, the designer must have in his possession an enormous data base of thermal 
performance and pressure drop information that can only be acquired by field measurements in 
operating cooling towers.  It is for this reason that nearly all of the cooling tower companies that 
built hyperbolic cooling towers in the United States did so, at least for a time, under license 
agreement with European cooling tower companies, where natural draft cooling towers had been 
constructed extensively as early as 1894.1 

The way that natural draft cooling towers cool water is very simple. Visualize, if you will, a 500-
foot tall by 400-foot diameter empty vertical cylinder supported on a foundation by concrete stilts 
(diagonal legs), that may be 30 to 40 feet tall or so, so that air can flow into the underside of the 
cylinder. Now, if one suddenly begins to spray hot water droplets from nozzles that are located a 
few feet above the top of the diagonal support legs, then air in this rain zone below the cylinder 
will be heated and will begin to rise vertically into the cylinder. As the buoyant heated air rises 
upward into the cylinder, it “pulls” cool ambient air through the diagonal legs and a “naturally-
induced” flow of cooling airflow is established. The airflow created by this natural draft process, 
which is similar to the draft produced in a wood-burning chimney, cools and oxygenates the falling 
water droplets and then exits the top of the cylinder saturated with water vapor (yes, cooling towers 
are cloud-makers). After the falling hot water droplets are cooled by the air, they are collected in 
a walled concrete basin at ground level and either discharged to a natural body of water (in a once-
through cooling system) or piped back to the steam condenser for re-use (in a closed-loop power 
plant cooling system). 

Of course, natural draft cooling towers do not look like vertical cylinders. Structural engineers 
determined many years ago, that the cooling tower shape that requires the least amount of concrete 
and steel, while withstanding the force of cross-winds, is the hyperboloid (a surface that may be 
generated by rotating a hyperbola around one of its principal axes). 

So, in reality, natural draft cooling towers, also known as hyperbolic cooling towers, are simply 
very large water coolers that represent the “greenest” part of nuclear or fossil (fueled by coal or 
oil) power plants because they prevent thermal pollution while providing the cooling needed for 
generation of electricity. 
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III. TYPES OF NATURAL DRAFT COOLING TOWERS 

Natural draft cooling tower designs employ either crossflow or counterflow fill arrangements.  In 
crossflow cooling towers, water flows downward while the cooling air traverses a crosswise, 
horizontal path through the fill (see Figures 4 and 5).  In counterflow cooling towers the air and 
water flows are countercurrent, i.e., water flows downward and air flows upward through the fill 
system (see Figure 6). 

The first natural draft cooling tower constructed in the western hemisphere was a counterflow 
design completed in 1962 at Kentucky Power Company’s Big Sandy Power Plant Unit 1, a 260 
Mw subcritical pulverized coal fired generating unit. The 320-foot tall Big Sandy Unit 1 cooling 
tower was designed and constructed by The Marley Cooling Tower Company of Kansas City, 
Kansas under license agreement with L.G. Mouchel of London, England.  Mouchel’s first concrete 
natural draft cooling tower was installed in 1925 at the Lister Drive Power Station in Liverpool, 
England.2 

After construction of the Big Sandy Unit 1 counterflow cooling tower was completed, Marley 
abandoned the counterflow design and opted to design and construct crossflow natural draft 
cooling towers.  Between 1963 and 1979, Marley built 27 crossflow NDCTs in U.S. fossil and 
nuclear power plants (including 4 towers at the infamous Three Mile Island nuclear power plant). 

The crossflow natural draft cooling towers constructed by Marley and Ecokel included fill systems 
comprised of discrete splash bars supported in plastic, coated steel, or stainless-steel grids arranged 
in multiple staggered layers spaced several inches apart vertically and horizontally.  Water droplets 
falling through the array of impingement surfaces are repeatedly broken apart, enhancing the air 
to water interface.  Splash-type fills have been made from rectangular or triangular-sectioned wood 
slats, fiber cement and plastic splash bars in various shapes. 

Crossflow natural draft cooling towers are very rare in European power plants.  Consequently, 
counterflow natural draft cooling towers were constructed in U.S. power plants with increasing 
frequency beginning in 1967 when Research-Cottrell of Bound Brook, New Jersey entered the 
U.S. cooling tower market under license agreement with the Belgian cooling tower designer, 
Hamon-Sobelco.  Furthermore, when Zurn Industries, Inc. Cooling Tower Division of Tampa, 
Florida completed construction of their first counterflow natural draft cooling tower in 1980, under 
license agreement with the world’s oldest cooling tower company, Germany’s Balcke-Dürr 
Aktiengesellschaft, the day of the crossflow natural draft cooling tower was over.  Every natural 
draft cooling tower constructed in the United States after 1980 is a counterflow design. 
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Figure 4: Crossflow Natural Draft Cooling Tower Fill Arrangement 

 
Figure 5: Crossflow NDCT Splash Bar Fill System 

http://www.suncam.com/


 
Introduction to Natural Draft Cooling Towers 

A SunCam online continuing education course 
 

 
www.SunCam.com  Copyright 2018 John W. Cooper, Jr., P.E. Page 8 of 33 

 

 
Figure 6: Counterflow Natural Draft Cooling Tower Fill Arrangement 
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The selection of crossflow natural draft cooling tower designs for large power plant applications 
came to an abrupt end as the following advantages of counterflow designs became apparent: 

• Counterflow cooling tower designs proved to be much less susceptible to damage due to ice 
accumulation in cold weather.  One of the primary advantages of counterflow natural draft 
cooling tower designs over crossflow designs is that, in cold weather operation, the 
counterflow fill system is shielded from direct contact with the cold ambient air stream by 
virtue of the fact that the fill material is completely enclosed within the confines of the 
cooling tower shell, and by virtue of the preheating effects of the rain zone beneath the fill 
system. The fragile array of splash bars in crossflow towers, on the other hand, come into 
direct contact with the inflowing airstream, resulting in freezing and formation of ice 
accumulations that can damage cooling tower structures and components. 

• The elevation of the hot water distribution system in a crossflow NDCT design is typically 
20 feet (or more) higher than the elevation of the hot water distribution system of a 
counterflow design of comparable thermal performance duty.  Consequently, the water 
pumping head and pumping horsepower requirements for crossflow designs are significant 
greater than those of counterflow designs. 

• The emergence of film-type PVC fill designs in the early 1980s resulted in more thermally 
efficient counterflow designs.  This technological innovation permitted design and 
construction of physically smaller and less costly counterflow NDCT designs, in contrast to 
the larger size and cost of crossflow NDCT designs that incorporated splash-type fill systems. 

 
IV. NATURAL DRAFT COOLING TOWER SYSTEMS AND COMPONENTS 

We have already mentioned that all conventional natural draft cooling towers include a water 
distribution system, fill material, drift eliminators, etc.  Here we will look at each of these systems 
and components in more detail. 

IV.A. Water Distribution Systems 

A generic natural draft cooling tower water distribution system includes: 

IV.A.1. Inlet header piping:  This is the piping, which may be above or below grade elevation, 
that delivers hot water to the cooling tower and feeds the riser pipes (see Figure 7). 

IV.A.2. Riser pipes:  These pipes transport the hot water flow vertically upward to the water 
distribution elevation (see Figure 8). 
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Figure 7: Hot Water Inlet Header Piping in a Counterflow NDCT 

 

 
Figure 8: Riser Pipe at Flume Interface
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IV.A.3. Water Distribution Headers or Flumes:  These water conduits form the main water 
arteries at the distribution elevation, carrying the hot water from the riser pipes 
horizontally across the fill plan area.  Distribution headers may be either closed pipes or 
concrete flumes in crossflow or counterflow NDCT designs (see Figures 9 and 10). 

 
Figure 9: Hot Water Distribution Header in a Crossflow Natural Draft Cooling Tower 

 

 
Figure 10: Water Distribution Flume in a Counterflow Natural Draft Cooling Tower
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IV.A.4. Lateral Distribution Piping (Counterflow Designs Only):  Lateral distribution pipes 
receive hot water from water distribution flumes and distribute water to all parts of the 
cooling tower fill system plan area (see Figure 11). 

 
Figure 11: Lateral Distribution Piping and Nozzles in a Research Cottrell Counterflow NDCT 

IV.A.5. Spray Nozzles:  Spray nozzles are usually installed in the underside of lateral distribution 
pipes (counterflow) or in the floor of hot water basins (crossflow).  Modern power plant 
cooling towers employ large orifice (sometimes greater than 2" in diameter), low pressure 
discharge cones that rely on intricate splash plate geometries for formation of droplets.  
The ideal cooling tower spray nozzle design should provide the following features and 
characteristics: 

(a) The nozzle should provide the desired water flow rate under low static head conditions 
(≈1.5 feet of head). 

(b) The nozzle should generate droplets rather than sheets or jets of water. 

(c) The nozzle should provide a relatively uniform droplet distribution over a large area of 
the fill system. 

(d) The nozzle should be easy to inspect for pluggage without removal or disassembly. 

(e) Nozzle orifice inserts should be color-coded in order to facilitate easy identification of 
different orifice diameters. 

(f) Nozzles should feature a secure means of attachment to lateral pipes or hot water 
distribution basins. 

(g) Nozzles should be durable; splash-plates should be securely attached to the nozzle. 
(h) Nozzles should be easy to install and easy to remove. 

(i) Nozzles should be a low-cost design.
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Figures 12, 13, and 14, below, depict three of the numerous natural draft cooling tower nozzle 
designs in use today. 

 
Figure 12: Yoke Nozzle 

 
 
 
 

 

Figure 13: SFF Nozzle 
 
 

 
 
 

 

Figure 14: French Sprayer 
 
 

IV.B. Fill Systems 

The water droplets discharged from spray nozzles are further broken up in the cooling tower fill 
material which, as mentioned earlier, serves to enhance the interface area and contact time between 
the falling water and cooling airstream.  The first cooling tower fill to be put in service was 
comprised of wooden slats installed in rectangular wooden-framed natural draft cooling towers in 
Germany.  Fill materials in use today are normally classified as "film-type" or "splash-type", 
though some fill designs defy classification.  Film type fill designs are generally comprised of flat 
or corrugated sheets of asbestos cement (see Figures 8 and 11) or plastic, closely packed together 
to provide a large surface area for heat/mass transfer in a small volume (see Figure 15).  The 
cooling airstream passes over a thin film of water that is formed on the surface of the film fill.   

 
Figure 15: Film-Type PVC Cooling Tower Fill

http://www.suncam.com/


 
Introduction to Natural Draft Cooling Towers 

A SunCam online continuing education course 
 

 
www.SunCam.com  Copyright 2018 John W. Cooper, Jr., P.E. Page 14 of 33 

 

Splash-type fills are comprised of discrete impingement bars or grids arranged in multiple 
staggered layers spaced several inches apart vertically and horizontally.  Water droplets falling 
through the array of impingement surfaces are repeatedly broken apart, enhancing the air to water 
interface.  Splash-type fills have been made from rectangular or triangular-sectioned wood slats, 
asbestos cement or plastic splash bars of various shape (see Figure 16). 

 
Figure 16: PVC Splash Bars Supported in Stainless-Steel Grids 

Film type fills are, in general, more thermally efficient than splash type fills, requiring physically 
smaller cooling towers, for a given cooling duty, than cooling towers designed with splash-type 
fill systems. 

IV.C. Drift Eliminators 

A large amount of water is discharged from the natural draft cooling tower shell exit plane.  Most 
of this water is in the form of water vapor particles having diameters of 20 microns or less.  The 
number of larger water particles discharged from the tower is kept to a minimum through use of 
drift eliminators.  Drift eliminators essentially screen "drift" particles from the saturated exit air 
stream.  This is accomplished by forcing the airstream to change direction two or more times in 
rapid succession.  In the course of the sudden change in airflow direction, the momentum of the 
larger water droplets causes the droplets to impinge on the drift eliminator surfaces, where the 
water is carried by gravity back to the fill spray zone. 
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As seen in Figure 5, drift eliminators are installed vertically on the interior boundary of the splash-
type fill system in crossflow natural draft cooling towers. In counterflow natural draft cooling 
towers, drift eliminators are installed in a horizontal plane above the lateral distribution piping (see 
Figures 2 and 3). 

The drift eliminators installed in the first natural draft cooling tower constructed in the western 
hemisphere (Big Sandy Unit 1) were comprised of two layers of treated wood slats. However, the 
drift eliminators installed in most natural draft cooling towers constructed in U.S. power plants in 
the 1960s and 1970s were made of asbestos cement blades (see Figure 17). 

   
                                         Figure 17: Asbestos Cement Blade-Type Drift Eliminators 

The drift rate associated with blade-type drift eliminators, i.e. the volume flow of drift particles 
emitted from the cooling tower, is on the order of 0.01% of the cooling tower water flow rate. 

By the 1980s, when the hazards associated with asbestos-containing materials were well 
established, some cooling tower designers attempted to make blade-type drift eliminators out of 
extruding PVC.  The result of this effort was proven to be unsatisfactory, as the PVC blades tended 
to deform, warp, and sag in the hot cooling tower exit airstream.  By the mid-1980s, the drift 
eliminator design of choice in counterflow and crossflow natural draft cooling towers was the 
cellular-type PVC panel (see Figure 18).  The cellular-type PVC panel drift eliminator provided 
two significant advantages over all blade-type drift eliminators: 

• The airflow resistance of cellular-type PVC drift eliminators was less than half the airflow 
resistance of blade-type drift eliminators 

• The drift elimination characteristics of cellular-type PVC drift eliminators were much 
better than those of blade-type drift eliminators.  Drift rates of 0.0005% of the circulating 
water flow rate could be provided by properly installed cellular-type drift eliminator panels. 
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Figure 18: Typical Cellular-Type PVC Drift Eliminator Panel 

 

V. NATURAL DRAFT COOLING TOWER THERMAL PERFORMANCE 

Because natural draft cooling towers utilize ambient air to cool water, their thermal performance 
characteristics are quite variable.  Here we will lay down the foundation needed for engineering 
analysis relating to prediction of natural draft cooling tower thermal performance. 

V.A. Thermal Design Conditions 

For present purposes we will define the natural draft cooling tower functionally as a device whose 
sole purpose is to reduce the temperature of a large volume of flowing water.  The tallest cooling 
towers in the world (as of 2018) are the twin 663-foot tall, 492-foot base diameter counterflow 
natural draft towers at the Kalisindh Thermal Energy Plant near Jhalawar, Rajasthan, India.  The 
extremely large size of these cooling towers is not due to the volume of water that passes through 
them, but rather, it is a consequence of the very rigorous water cooling requirements specified for 
the towers.  The thermal design conditions for a natural draft cooling tower must include specified 
values for water flow rate in gpm, hot water (entering water) temperature, cold water (leaving 
water) temperature and design point inlet air properties including wet bulb temperature, relative 
humidity, and barometric pressure. 

The difference between the hot water temperature and the cold water temperature (the "delta-t" 
across the flowing water) is called the "cooling range" or simply the "range".  The difference 
between the cold water temperature and the wet bulb temperature is called the cooling tower 
"approach temperature" or simply the "approach".  In theory, a water cooling tower of infinite 
physical size is capable of producing a cold water temperature that is equal to the wet bulb 
temperature of the entering airstream.  However, since towers of infinite physical dimension are 
not very economical, it is customary to set the design point cold water temperature a few degrees 
higher than the design point wet bulb temperature.  An approach temperature of 12oF to 16oF is 
considered to be nominal for power plant cooling towers.  Approach temperatures of 5oF to 9oF 
are considered to be "tight" approaches.  
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The closer the design point cold water temperature value "approaches" the value of the design 
point wet bulb temperature, the larger the tower will be in physical size.  It should also be realized 
that, although a 14oF approach design is larger than a 15oF approach design, a 5oF approach design 
is much larger than a 6oF approach design. 

The thermal design conditions for the mammoth Kalisindh Thermal Energy Plant cooling towers, 
are as follows: 

   Circulating water flow rate = 330,250 gpm 

   Hot water temperature = 105.8oF 

   Cold water temperature =   87.8oF 

   Wet bulb temperature  =   80.6oF 

   Relative humidity  =   45.0% 

   Barometric pressure  =   29.9212 in. Hg 

For these thermal design conditions: 

   Cooling range   = 105.8oF – 87.8oF = 18.0oF 

   Approach temperature  =   87.8oF – 80.6oF = 7.2oF. 

The Kalisindh Plant natural draft cooling towers are the largest cooling towers in the world 
because their specified design point approach temperature is the tightest of any natural draft 
cooling tower in the world. 
 
V.B. Natural Draft Cooling Tower Smoke Signals: A First-Person Narrative 

On the morning of July 7, 1987, the writer was driving west on Highway 2 from Toledo, Ohio en 
route to the Davis-Besse Nuclear Power Plant to conduct the first day of a two-day Cooling Tower 
Thermal Performance Seminar.  Several miles away from the power plant, with the early morning 
sun in my face, the Davis-Besse cooling tower and water vapor plume appeared as nothing more 
than a dark silhouette against a hazy, bright orange sky.  After some minutes I noticed that the 
vapor plume leaving the top of the cooling tower was behaving in a very unusual manner.  Instead 
of the usual vertical cloud formation or the typical bent-over double vortex cloud formation, the 
plume was being emitted in discrete, discontinuous, sphere-shaped parcels.  The distances between 
the individual plume spheres appeared to be fairly significant and equal in magnitude.  I mused, 
reminiscent of the Cowboys and Indians movies that I had watched in my youth, that the Davis-
Besse Plant was sending out “smoke signals”. 
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On the afternoon of the following day after the seminar was concluded, I had an opportunity to 
walk around the base of the cooling tower for a cursory inspection of the rain zone and the 
underside of the outer perimeter of the fill system.  It was then that I discovered the mechanism 
that was responsible for the generation of the cooling tower smoke signals.  On the north side of 
the cooling tower, immediately adjacent to the shoreline of Lake Erie, I noticed that all of the fill 
in several perimeter fill bays was missing, providing an unobstructed view of the underside of the 
lateral distribution piping and the spray nozzles in those bays.  I observed that cool, ambient air 
was rushing through the large hole in the cooling tower fill system and then, after a minute or two, 
all airflow into the cooling tower would cease completely.  Then, after a few more minutes, the 
rate of airflow into the open hole in the fill system would gradually accelerate, completing a 
repetitive cycle of on-again, off-again airflow into the cooling tower.  
 
V.C. The Draft Equation 

The cyclic airflow phenomenon observed in the Davis-Besse cooling tower can be explained in 
terms of a switching on and off of the cooling tower’s available draft, the means by which airflow 
is induced in natural draft cooling towers.  The magnitude of the draft may be computed from: 

 
where: Hshell is the height of the shell (top of the air inlet to top of tower; see Figure 6) in feet 

 ρambient is the density of the ambient air-vapor mixture in lbs mixture per cubic foot 
 ρexit is the air-vapor density of the cooling tower exit airstream in lbs mixture/ft3 
 Draft is the available draft in units of inches of water gauge (IWG) 

In metric units, where the draft is computed in units of N/m2 (Newtons per square meter): 

 
where: g is the acceleration due to gravity = 9.8 m/sec2 

 Hshell is in meters 
 ρambient and ρexit are in units of Kg/m3 

From the draft equation, it can be seen that the driving force for airflow through the natural draft 
cooling tower is the density gradient that exists between the ambient environment and the 
environment inside the cooling tower shell above the drift eliminators.  Recalling from elementary 
physics that the density of warm air is lower than the density of cool air, it is immediately obvious 
that for maximum draft and maximum airflow rate, the cooling tower exit air temperature must be 
maintained as high as possible at all times.

( )exitambient
shell ρρ

IWG/PSF2.5
HDraft −








=

( )exitambientshell ρρgHDraft −=
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From this we may deduce that any anomalous condition in the cooling tower water distribution 
system or fill system that allows cool airflow to enter the natural draft cooling tower exit airstream 
represents a source of thermal performance deficiency. 

The cyclic on-again, off-again airflow rate observed in the Davis-Besse cooling tower may then 
be interpreted in terms of a diminishing and re-emerging draft.  As the cool, ambient airstream 
enters the plenum area above the drift eliminators, the temperature of the exit airstream is reduced 
and the available draft is reduced to the point that airflow through the cooling tower ceases.  With 
a cessation of cold air intrusion into the cooling tower plenum, the temperature of the stagnant air 
inside the cooling tower is allowed to gradually increase until the draft effect and airflow is 
temporarily restored. 

V.D. The Hyperbolic Shape and Tower Height 

Here we will attempt to gain a more intuitive understanding of the nature of the cooling tower draft 
and, in the process, correlate the magnitude of the draft with the geometry of the cooling tower 
shell (or veil, as some call it).  Let us again visualize, as we did in Section II, the cooling tower 
shell as a vertical cylinder, supported above grade elevation by diagonal legs that allow fairly 
unobstructed access to the underside of the cylinder.  If we spray hot water droplets over the entire 
circular plan area of the cylinder at an elevation that is just above the diagonal legs, then the air in 
the vicinity of the rain zone becomes heated and begins to expand as its temperature increases.  
We all know from 7th grade science that hot air rises.  As the heated air rises within the confines 
of the cylinder wall, an area of negative pressure is formed immediately above the elevation where 
the water droplets are introduced.  The lowest static pressure in natural draft cooling towers 
actually exists downstream of the drift eliminators.  This region of negative pressure then draws 
ambient air into the under-side of the cylinder…naturally.  One may consider the resulting air 
movement as the consequence of a column of uniformly cool, dense ambient air, having a height 
equal to the height of the cylinder, pushing the warm, less dense confined air through the cylinder.  

If the height of the vertical cylinder, Hshell, is increased, then the height of the surrounding column 
of cool, dense air is increased likewise and, due to the effect of gravity, the net pressure differential 
that exists near the base of the cylinder is increased. 

Under steady state conditions, the available draft is equal to the sum of the composite internal 
airside pressure drops (normally including the inlet pressure drop, the fill and rain zone pressure 
drop, and the drift eliminator pressure drop) and the velocity pressure (v2/2g) at the throat of the 
shell (where the inside diameter of the shell is a minimum; see Figure 6).
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Draft =  �
Hshell

5.2 psf
IWG

� (ρambient −  ρexit) =  Pstatic +  Pv,   throat =  Ptotal 

 
where Pstatic = ΔPinlet + ΔPfill+rain + ΔPDE 

Noting that the magnitude of the available draft is established solely by the magnitude of the 
density gradient and the height of the shell, we may observe that, if we increase the velocity 
pressure inside the shell, Pv, throat, by changing the shape of the cylinder to the shape of a 
hyperboloid, then the magnitude of the static pressure, Pstatic is reduced.  This means that a 
cylindrical-shaped natural draft cooling tower provides a larger static pressure differential and a 
higher cooling airflow rate than does a hyperboloid-shaped natural draft cooling tower. 

Why, then, are natural draft cooling towers constructed in the shape of a hyperboloid rather than 
in the more thermally efficient shape of a cylinder?  The explanation is related purely to economic 
considerations.  If natural draft cooling towers were cylindrical, all of the loading on the 
foundations would be in the vertical axis; whereas, with hyperbolic-shaped structures, a portion of 
the loading on the foundations is horizontally applied.  It has long been established that the cooling 
tower structural shape that requires the minimum quantity of concrete and steel, and costs the least 
amount to construct, is the hyperboloid.  In short, the hyperbolic shape of the natural draft cooling 
tower is used solely for structural reasons, even though it is not the optimum shape for thermal 
performance efficiency. 
 
V.E. Air-Vapor Density Relations 

The atmospheric air that enters the air inlet of a cooling tower is a mixture of dry air (comprised 
of nitrogen, oxygen, argon, etc.) and water vapor, excluding from consideration any and all 
pollutants, salt spray, and dust.  In our discussion of the cooling tower draft, the densities, ρambient 
and ρexit are air-vapor densities, the densities of mixtures of dry air and water vapor expressed in 
units of pounds of mixture per cubic foot of volume.  In simple terms: 

ρmixture = ρdry air + ρwater vapor 

where the dry air density, ρdry air, in units of pounds of dry air per cubic foot of volume, is the 
inverse of the specific volume, υ, in units of ft3/lb dry air.  The water vapor density, ρwater vapor, is 
expressed in units of pounds of water vapor per cubic foot of volume. 

A useful relationship for computing air vapor density values as a function of the specific volume, 
υ, in ft3/lb dry air and the humidity ratio, W, in lb vapor per lb dry air (also known as absolute 
humidity) may be derived as follows: 
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ρmixture = ρdry air + ρvapor =  

 

Noting that   υρvapor =  

 

Then:          ρmixture =  

 
V.F. Draft and Airflow Rate Comparisons 

The rate of airflow through natural draft cooling towers varies considerable from season to season 
(summer to winter), from day to day depending on changes in the weather, and from hour to hour 
as the ambient temperature changes from day to night.  Because cool air is denser than warm air, 
the available draft and rates of airflow are enhanced at night (in the absence of temperature 
inversions and crosswinds).  For the same reason, natural draft cooling tower airflow rates in cold 
winter weather are much higher than airflow rates in hot summer weather. 

Natural draft cooling towers provide efficient water cooling performance in cool or high humidity 
ambient environments.  It is for this reason that no natural draft cooling towers have been 
constructed in areas of the southwest United States that are typically hot and dry. 
 

V.F.1. Summer to Winter Comparison 

The tabulation given below compares the available draft and airflow rate for a typical natural draft 
cooling tower, having a shell height of about 400 feet, when operating at full heat load in a 91.9oF 
environment and in a 34.3oF environment. 

Dry Bulb 
Temp. 

Relative 
Humidity 

Ambient Air 
Density 

Exit Air 
Density 

Exit Air 
Temp. 

Available 
Draft 

Exit Air Flow Rate 

91.9oF 60% 0.07112 lb/ft3 0.06780 lb/ft3 107.62oF 0.2542 IWG 17,844,800 cfm 
34.3oF 60% 0.08020 lb/ft3 0.07351 lb/ft3 74.26oF 0.5122 IWG 25,484,300 cfm 

From the above, it can be seen that the available draft more than doubles from summer to winter 
resulting in an increase in volumetric airflow rate of 43%.  In a very cold winter environment, 
where the ambient temperature drops to -20oF (20 below zero), the airflow rate through a natural 
draft cooling tower can be as much as twice the airflow rate that normally occurs in the heat of the 
summer.  The observed increase in draft and airflow rate is due solely to the increase in ambient 
air-vapor density that occurs in cold weather.

υ
υρ

υ
ρ

υ
vapor+=+

11
vaporwater

W
airdrylb

vaporlb
ft
vaporlb

airdrylb
ft

3

3
=








=
















υυυ
1WW1 +

=+

http://www.suncam.com/


 
Introduction to Natural Draft Cooling Towers 

A SunCam online continuing education course 
 

 
www.SunCam.com  Copyright 2018 John W. Cooper, Jr., P.E. Page 22 of 33 

 

V.F.2. Low Humidity to High Humidity Comparison 

The tabulation below compares the available draft and airflow rate for a typical natural draft 
cooling tower, having a shell height of 400 feet, when operating at full heat load at 20% relative 
humidity and in a 100% relative humidity environment at the same ambient dry bulb temperature. 

Dry Bulb 
Temp. 

Relative 
Humidity 

Ambient Air 
Density 

Exit Air 
Density 

Exit Air 
Temp. 

Available 
Draft 

Exit Air Flow Rate 

70.0oF 20% 0.07478 lb/ft3 0.07073 lb/ft3 90.97oF 0.3101 IWG 19,567,800 cfm 
70.0oF 100% 0.07421 lb/ft3 0.06949 lb/ft3 98.15oF 0.3614 IWG 21,582,900 cfm 

From the above, it can be seen that the available draft and volumetric airflow rate both increase 
with increasing relative humidity.  The increase in draft and airflow rate yields a reduction in cold 
water temperature even though the ambient air-vapor density is reduced with increasing relative 
humidity.  The observed increase in draft and airflow rate is due the fact that the heat content 
(enthalpy) of the high humidity ambient air is greater than the heat content of the low humidity 
ambient air.  Consequently, the exit air temperature for the high humidity ambient condition is 
significantly greater than the exit air temperature for the low humidity ambient condition.  
 

V.G. Micrometeorological Effects on the Draft 

The natural draft cooling tower is a fickle machine, whose thermal performance efficiency is at 
the complete mercy of ambient micrometeorology.  Because of the extreme variability of natural 
draft cooling tower thermal performance, repeatability of thermal performance testing results is 
extremely difficult to achieve.  In this section, we will examine the effects of temperature inversion 
and crosswinds on the thermal performance of natural draft cooling towers.3  

V.G.1. Temperature Inversions 

As mentioned previously, we may consider movement of air through natural draft cooling towers 
to be the consequence of a column of uniformly cool, dense ambient air, having a height equal to 
the height of the cooling tower shell, pushing the warm, less dense confined air through the shell.  
In reality the density and temperature of the ambient air vary with elevation above ground level. 
Air is compressible, which implies that atmospheric density decreases with height. 

In meteorological literature, lapse rate is defined as the rate of temperature decrease with height 
in the atmosphere.  The various classes of lapse rate are the inversion (negative lapse rate), 
isothermal (zero lapse rate), weak lapse (less than 5.4oF/1000 ft), dry adiabatic (5.4oF/1,000 ft), 
and super adiabatic (greater than 5.4oF/1,000 ft). 

Another frequently used term is the vertical temperature gradient, which is the lapse rate with 
reversed sign.  For example, an inversion is a negative lapse rate but a positive temperature 
gradient.
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During an inversion (where the temperature of the air increases with elevation), the thermal 
performance of natural draft cooling towers is reduced due to the reduced draft and the higher 
effective inlet air temperature when compared to conditions measured near ground level (see 
Figure 19).  For this reason, test data acquired in the course of cooling tower thermal performance 
testing should be screened for inversion conditions.  Meteorological towers that provide 
temperature measurements at various elevations provide the information necessary for determining 
the existence of inversion conditions. 

 
Figure 19: Inversion and adiabatic lapse rate (meters elevation vs. oC deviation from ground level temperature) 

Under some combinations of meteorological conditions, altitude inversions may occur.  Here, as 
shown in Figure 20, the negative lapse rate occurs at an elevation well above the top elevation of 
the cooling tower shell.  Depending on the distance ratio A/B, the static pressure and airflow rate 
may be adversely affected at the cooling tower outlet cross-section.  The presence of altitude 
inversions can be determined by visual observation of the plume coming into contact with a barrier 
layer which causes the plume to spread out horizontally. 

Inversions occur frequently, especially near large bodies of water.  It should be noted further that: 

• Maximum inversion frequency occurs in summer months 
• Early morning and late evening hours are favored times for inversions 
• Maximum duration for inversion conditions is 10 – 12 hours 
• In the majority of cases the magnitude of the inversion is between 1.7oF/1000 ft and 

5.1oF/1000 ft

http://www.suncam.com/


 
Introduction to Natural Draft Cooling Towers 

A SunCam online continuing education course 
 

 
www.SunCam.com  Copyright 2018 John W. Cooper, Jr., P.E. Page 24 of 33 

 

 
       Figure 20: Altitude Inversion Conditions 

V.G.2. Crosswind Effects 

It has been well established that cross winds exert a significant negative influence on the thermal 
performance efficiency of natural draft cooling towers.  This influence is exerted at the cooling 
tower air inlet and at the cooling tower exit.  At the cooling tower inlet, increased turbulence results 
in an increase in the inlet pressure drop.  At the top of the cooling tower cold air intrusion into the 
cooling tower shell causes an increase in the exit air velocity due to the asymmetric reduced 
effective cross-sectional flow area and a reduction in the draft in natural draft towers due to the 
mixing of ambient air with the cooling tower plume. 
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The effect of crosswinds on the natural draft cooling tower plume at various wind velocities is 
depicted in Figure 21 below.4 

 
Figure 21: Effect of Crosswinds on Natural Draft Cooling Tower Plumes 

Cooling tower shell geometries that flare outward at the top (true hyperboloids) are more 
susceptible to reductions in thermal performance deficiency caused by cold air intrusion.  For this 
reason, some of the most recently constructed natural draft cooling towers have no outward flaring 
exits at all.  Some designs actually feature shell geometries that fold inward at the top (Figure 22). 

 
Figure 22: Natural Draft Cooling Tower with Converging Shell Exit
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Figure 23 shows the increase in cold water temperature vs. ambient wind speed for a typical natural 
draft cooling tower. 

COLD WATER TEMPERATURE CORRECTION VERSUS 
AMBIENT WIND SPEED
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Figure 23: Increase in Cold Water Temperature (oF) vs. Wind Speed (MPH) 

In the 1980s German cooling tower designers determined that the negative effects of crosswinds 
on natural draft cooling tower thermal performance can be reduced by reducing the hyperbolic 
shell exit diameter by inclusion of a cast-in-place concrete walkway at the top of the tower (see 
Figures 24 and 25).  In this configuration the shell exit diameter is equal to the throat diameter. 

German cooling tower researchers also determined that, by increasing the velocity of the airstream 
leaving the top of the natural draft cooling tower, the susceptibility to thermal performance 
deficiencies caused by crosswinds can be reduced.  Increases in cooling tower airflow rate can be 
realized by incorporating fill designs that exhibit a lower airflow resistance, such as today’s 
modern vertical-fluted, low-fouling PVC fill designs. 

In the complete absence of temperature inversions and crosswinds, when the vapor plume exiting 
the natural draft cooling tower is observed to be rising absolutely vertical from the plane of the 
shell exit opening, the exit airstream cannot sense how tall the hyperbolic shell actually is.  Under 
these circumstances the cold water temperature provided by the cooling tower can be lower than 
the cold water temperature value predicted by the cooling tower designer. 
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Figure 24: Reduction of the Hyperbolic Shell Exit Diameter by Installing a Walkway 

 

 
Figure 25: Photo of a Typical Walkway at the Top of a Natural Draft Cooling Tower Shell 
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VI. NATURAL DRAFT COOLING TOWER ICE PREVENTION5 

VI.A. Limits of Normal Operation in Cold Weather 

Effective ice prevention in natural draft cooling towers requires that elevated water temperatures 
be maintained even though the rate of airflow through the cooling tower in very cold weather is 
much higher than the airflow rate in warm weather.  It is not enough for the temperature of the 
water returning to the condenser to be maintained at an elevated level.  It is also important for the 
temperature of the water leaving the fill at every location in the fill system to be elevated as well. 
 

Counterflow natural draft cooling towers in 
good repair, operating with nominal heat 
loads and water flow rates, are capable of 
performing in moderately cold environments 
without significant accumulations of ice.  
This is illustrated in Figure 26, which depicts 
the theoretical variation of average basin 
water temperature of a typical Zurn natural 
draft cooling tower with wet bulb 
temperature, at 100% and 50% of design heat 
load and at 100% and 82% of design water 
flow rate.  It can be seen that at full heat load 
and water flow, an average basin water 
temperature of 40oF can be maintained for 
wet bulb temperatures as low as -9.0oF and 
for wet bulb temperatures as low as +7.0oF at 
full flow and 50% heat load.

 

 
Figure 26: Limits of Normal Tower Operation 

VI.B. Hot Water Bypass 

Figure 26 also shows that a reduction in the circulating water flow rate significantly increases the 
susceptibility of the tower to localized freezing.  Reduction of the water flow rate to the fill reduces 
the tower impedance to airflow, causing an increased rate of cold ambient airflow into the tower. 
In general, it is advisable to maintain a high fill water loading (gpm per square foot of fill plan 
area) when operating in very cold weather.  For this reason, it is not usually good practice to open 
the hot water bypass valves during steady state cold weather operation.  

As seen in Figure 27, as larger percentages of the total water flow rate bypass the fill system, the 
average basin water temperature increases while the temperature of the water leaving the fill 
decreases.  The reduction in fill water temperature is due to decreased fill water loading and 
reduction in total thermal energy available to the fill.  
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It is evident that steady-state bypass operation is an effective means of increasing the return water 
temperature in cold weather. However, it is also evident that bypassing too much water can result 
in freezing of the fill system. 

In some older natural draft cooling towers, it is normal operating procedure to open and close the 
bypass valves in a cyclic manner in order to maintain a desired basin water temperature level. 

However, cycling of the bypass valve requires continuous operator attention and often contributes 
to ice formation on peripheral fill sections.  The main value of the hot water bypass system is 
realized during cold weather start-up of the cooling tower. 

 
Figure 27 Thermal Performance Characteristics of the Hot Water Bypass 

 
VI.C. Fill Zoning 

One of the most effective means of preventing ice accumulations on the fill of counterflow natural 
draft cooling towers is “fill zoning”.  In the “zoned” operating mode, the hot water flow to the 
center portion of the cooling tower fill system is discontinued and diverted to peripheral fill 
sections (Figure 28).  In this operating mode, most of the cold inflowing air bypasses the wetted 
peripheral fill, favoring the dry fill in the interior of the cooling tower (the path of least resistance). 
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Figure 29 shows the thermal performance of a counterflow natural draft cooling tower in the zoned 
mode of operation. 

 
Figure 28: Schematic of a State-of-the-Art Ice 

Prevention System

 
Figure 29: Thermal Performance in Zoned Mode of 

Operation

Figure 29 shows that, with full heat load at -20oF wet bulb temperature, the average fill and basin 
water temperature of a counterflow natural draft cooling tower in the fill zoning mode of operation 
is a relatively warm 50oF. 

Figure 30 is a photograph of a counterflow natural draft cooling tower operating in the fill zoning 
mode when the ambient temperature is about -2.0oF. 

 
Figure 30: Counterflow NDCT in Fill Zoning Mode at -2oF Ambient Temperature 
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Although a significant amount of ice accumulation is seen at the air inlet, very little ice is actually 
on the fill.  The ice sheets at the upper portion of the air inlet are beneficial in that they tend to 
throttle the flow of air into the cooling tower and divert the inflowing air to the lower portion of 
the air inlet and away from the perimeter fill. 
 
VI.D. The Nine Mile Point Nuclear Station Unit 2 Cooling Tower Ice Prevention Ring 
 

Although many of the counterflow natural draft cooling 
towers in U.S. power plants include the fill zoning feature, 
the Nine Mile Point Nuclear Station Unit 2 cooling tower is   
one of only three U.S. cooling towers to include a state-of-
the-art ice prevention ring.  The ice prevention ring, 
designed by the writer in 1978, is a circumferential hot water 
pipe installed above and adjacent to the top inside face of the 
cooling tower air inlet (Figure 31).  Ice prevention rings 
differ from the de-icing pipes installed in early-design 
Research Cottrell natural draft towers in flow capacity, ring 
diameter, and philosophy of operation.  The 18-inch 
diameter fiberglass ice prevention ring of the NMPNS2 
cooling tower is designed to distribute 20% of the total 
circulating flow across the air inlet opening.  The function of 
the ice prevention ring is not to melt peripheral ice, but rather 
to preheat the air that enters the fill. 

 
Figure 31: Ice Prevention Ring

VI.E. Low Heat Load Operation in Cold Weather 

Operation of most natural draft cooling towers in sub-zero temperatures at 50% heat load or less 
generally results in very significant ice accumulations on the fill and internal support structures 
(Figure 32).  There are, however, three counterflow natural draft cooling towers in the United 
States that are designed to operate steady-state at 50% heat load in ambient air temperatures as low 
as 20oF below zero (-20oF) without significant ice accumulations.  These three Zurn cooling towers 
(FirstEnergy’s Beaver Valley Nuclear Unit 2, Exelon’s Nine Mile Point Nuclear Unit 2, and 
Louisville Gas & Electric’s Trimble County Unit 1) can be operated with all water flow diverted 
from the fill system to an ice prevention ring and the fill bypass.
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Figure 32: Consequence of Low Heat Load Operation 

This is accomplished by opening the bypass valves to the point that the water level in the water 
distribution flumes falls beneath the inverts of the lateral distribution pipes.  With this reduced flume 
water depth, no water can be transported to the fill, and a substantial head exists over the open valves 
that control flow from the flumes to the ice prevention ring (Figure 33).  With the fill system effectively 
short-circuited, all heat rejection occurs in the curtain of water generated by the ice prevention ring. In 
this operating mode the basin water temperature can be maintained between 45oF and 95oF for heat loads 
between 10% and 30% of full load in a -20oF ambient environment.  Heat loads in excess of 30% can 
be accommodated in this operating mode without overheating by reducing the bypass flow rate while 
maintaining the flow rate through the ice prevention ring.  This, of course, requires that the total 
circulating water flow rate be reduced by shutting down one or more circulating water pumps. 

 
Figure 33: Low Heat Load Operation with Flow Removed from the Fill System\
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