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Pilot-scale cooling towers can be used to evaluate corrosion, scaling, and biofouling control strategies
when using particular cooling system makeup water and particular operating conditions. To study the
potential for using a number of different impaired waters as makeup water, a pilot-scale system capable of generating 27 000 kJ/h heat load and maintaining recirculating water flow with a Reynolds
number of 1.92 × 104 was designed to study these critical processes under conditions that are similar to full-scale systems. The pilot-scale cooling tower was equipped with an automatic makeup
water control system, automatic blowdown control system, semi-automatic biocide feeding system,
and corrosion, scaling, and biofouling monitoring systems. Observed operational data revealed that
the major operating parameters, including temperature change (6.6 ◦ C), cycles of concentration (N
= 4.6), water flow velocity (0.66 m/s), and air mass velocity (3660 kg/h m2 ), were controlled quite
well for an extended period of time (up to 2 months). Overall, the performance of the pilot-scale cooling towers using treated municipal wastewater was shown to be suitable to study critical processes
(corrosion, scaling, biofouling) and evaluate cooling water management strategies for makeup waters
of complex quality. © 2012 American Institute of Physics. [doi:10.1063/1.3680563]
I. INTRODUCTION

The availability of freshwater for use in industrial cooling water systems is becoming increasingly limited.1 Alternative lower quality water sources for industrial cooling are thus
of growing interest. However, cooling tower performance is
strongly related to the intake water quality, which may lead
to undesirable outcomes due to inappropriate cooling water
management.2–4 The main challenges when using alternative
cooling water sources of degraded water quality are enhanced
corrosion, scaling, and biological fouling processes.5 Evaluation of effective control strategies at bench- and pilot-scale is
necessary for such waters.
Preliminary evaluation can be performed through benchscale tests in a laboratory. Such tests can provide rapid evaluation of the corrosion, scaling, and biological fouling tendencies of the makeup water, as well as enable preliminary
screening of possible chemical control agents.6, 7 Laboratory
analysis may be helpful to understand the mechanisms involved with chemical and microbiological corrosion and fouling processes and their control. However, most industrial
cooling systems still require full-scale evaluation of water
quality management strategies due to the complexity and variability of recirculating water systems.8, 9
Site-specific validation of selected control strategies
can be performed using pilot-scale cooling tower testing
with operational conditions similar to those employed
in full-scale systems. The operational conditions include
water temperature entering and exiting the tower, cycles
a) Author to whom correspondence should be addressed. Electronic mail:
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of concentration, water chemistry, water mass velocity,
air mass velocity, and cooling tower packing height and
characteristics. Transportable pilot-scale cooling towers have
been used to evaluate the feasibility of using particular waters
as cooling water makeup, but no details regarding the design,
construction, and operation of pilot-scale cooling towers have
been provided.10, 11 There have been studies using pilot-scale
cooling towers to evaluate biofouling control strategies but
no information about the design of the cooling towers was
provided.12 A small-scale cooling tower has been designed
for thermal performance study but not for corrosion, scaling,
and biofouling evaluation.13
Numerous studies have focused on thermal analysis,
cooling performance, and simulation models for cooling
towers.14–17 These studies have shown how the theory of heat
exchanger design may be applied to cooling towers and thermal analysis of cooling towers, evaporative condensers, and
evaporative coolants.
The overall goal of this study was to establish a pilotscale method for the evaluation of strategies for control of
corrosion, scaling, and biofouling when using alternative, low
quality water sources as makeup water for recirculating cooling systems. The design of the pilot-scale cooling tower was
based on fundamental thermodynamic and heat transfer relationships for a wet recirculating cooling system with induced draft cooling in a thermoelectric power plant. Specifically, the study focused on (1) design and construction of
a pilot-scale cooling tower and (2) demonstrating the operational performance and utility of the pilot-scale cooling
tower to study the effectiveness of cooling water management
strategies relevant for successful operation of a full-scale
system.

83, 024101-1

© 2012 American Institute of Physics

Downloaded 06 Feb 2012 to 150.212.8.244. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

Chien et al.

024101-2

Rev. Sci. Instrum. 83, 024101 (2012)

Q H Q
Q T
Q,H
Z

Cooling
section

From
basin

Q T

Heat exchange tube

Q T
Q H T

h

q

To
tower
Q T

Hot water bath T

Q T

Q

Heating section
Basin
Q

FIG. 1. (Color online) Flow diagram of a cooling tower with a counter-flow
cooling system and a heating section.

(m2 /m3 ; ft2 /ft3 ), H is air enthalpy and H* is air enthalpy at
equilibrium with water, and cL is the specific heat of water
(Btu/lb ◦ F). Ky aZT /Gx is the cooling tower characteristic (dimensionless) and is mainly a function of packing type and
water-to-air mass loading ratio, R (defined as Gx /Gy ). The relationship between Ky aZT /Gx and R for a specific packing is
usually provided by the packing manufacturer. The right-hand
side of Eq. (1) can be approximated numerically using the
Chebyshev method18
 Txa
dTx ∼ Txa − Txb
=
∗
4
Txb H − H


1
1
1
1
,
×
+
+
+
H1
H2
H3
H4
(2)

II. DESIGN METHODOLOGY

In order to apply the results obtained from pilot-scale
testing to full-scale systems, the pilot-scale cooling tower
should have design features and operational conditions similar to those in a full-scale cooling system. A basic process
diagram for a counter-flow evaporative cooling tower is provided in Figure 1. Two critical components for a pilot-scale
cooling tower are: (1) the evaporative cooling system and (2)
the heating system.

where H1 is the value of H* − H at Txb + 0.1Tx , H2 is
the value of H* − H at Txb + 0.4Tx , H3 is the value of
H* − H at Txa − 0.4Tx , and H4 is the value of H* − H
at Txa − 0.1Tx . Tx is defined as Txa − Txb . With ambient
conditions (hb and Tyb ), cooling water temperatures (Txa and
Txb ), and cooling water and air mass flow velocity (Gx and
Gy ) given or assigned, Eq. (2) can be solved as follows:
Air enthalpy, H, is calculated using the following
equation:18
H = cS Ty + λ0 h,

A. Evaporative cooling system

In the cooling section of Figure 1, air at enthalpy Hb
(kJ/kg; Btu/lb), temperature Tyb (◦ C; ◦ F), and humidity hb
(unitless) with vapor-free air mass flow rate Qy (kg/h; lb/h)
enters the bottom of the tower and leaves at the top at enthalpy Ha (kJ/kg; Btu/lb). Water at temperature Txa with mass
flow rate Qx (kg/h; lb/h) enters the top of the tower and leaves
at the bottom at temperature Txb with flow rate Qx , assuming
that water evaporation, which is usually only 1% to 2% of Qx ,
can be neglected. At a distance Z (m; ft) from the bottom of
the cooling tower, the air enthalpy is H (kJ/kg; Btu/lb) and
the water temperature is Tx . The cooling tower packing crosssectional area is Ab (m2 ; ft2 ) and the packing height is ZT (m;
ft). The cooling water mass velocity is Gy (kg/h m2 ; lb/h ft2 ),
which is defined as Qx /Ab . The vapor-free air mass velocity is
Gx (kg/h m2 ; lb/h ft2 ), which is defined as Qy /Ab . The cooling
tower has makeup water flow rate of Qm (kg/h; lb/h), blowdown Qb (kg/h; lb/h), and evaporation Qe (kg/h; lb/h).
The main objective in cooling tower design is to determine the proper length of water/air contact zone, ZT , for particular packing type and given cooling tower cross-sectional
area (Ab ), cooling water temperatures (Txa and Txb ), cooling
water and air mass flow velocities (Gx and Gy ), and ambient
conditions (hb and Tyb ). These design constraints are usually
governed by the required heat removal rate, qT (kJ/h; Btu/h)
from the heat exchanger design.
The key cooling tower design equation is18
 Txa
Kya Z T
dTx
(1)
= cL
∗− H
Gx
H
Txb
where Ky is the overall water vapor mass transfer coefficient
(kg/h m2 ; lb/h ft2 ), a is the packing volumetric surface area

(3)

where cS is the specific heat of humid air (kJ/kg ◦ C; Btu/lb
F), λ0 is evaporation heat of water (kJ/kg; Btu/lb), h is humidity, and
◦

cS = 0.43 + 0.81h.

(4)

Equations (3) and (4) can be used to calculate H at Txb ,
that is, Hb . Further, the enthalpy balance for the tower in a
particular section is
G y H = G x cL Tx ,

(5)

where the cL is the specific heat of water (kJ/kg o C;
Btu/lb ◦ F). Equation (5) can be used to calculate H at Txb
+ 0.1Tx , Txb + 0.4Tx , Txa − 0.4Tx , and Txa − 0.1Tx .
Equations (3) and (4) can also be used to calculated H* at various temperature points (Txb , Txb + 0.1Tx , Txb + 0.4Tx ,
Txa − 0.4Tx , and Txa − 0.1Tx ) if saturated humidity at the
various temperature points are known. In this study, an empirical equation was used to describe the relationship between air
temperature (Ty ) and saturated vapor pressure, (P , atm)19
P  = 6.1121 exp{(18.678 − Tc /234.5)[Tc /(257.14 + Tc )]}
× 9.8692 × 10−4 ,

(6)

where, Tc is the dry-bulb air temperature in degrees Celsius.
It should be noted that the empirical equation was optimized
and limited to the temperature range 0 ◦ C to 100 ◦ C (32 ◦ F to
212 ◦ F). The saturated humidity, h* (unitless), is then related
to P through
h ∗ = P  Mw /[Ma (P − P  )],
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TABLE I. Counter-flow cooling tower design procedures and values of parameters used in this study.
Steps

Description

1

Determine heat removal rate (qT )

2

Determine Range, that is, cooling water
temperature difference (Tx )
Calculate cooling water flow rate (Qx )
Select a particular type of packing
Determine cooling water mass velocity
(Gx )
Determine water-air mass loading ratio
(R = Gx /Gy )
Calculate air mass velocity (Gy )

3
4
5
6
7
8
9
10
11

12

13

14

Calculate cooling tower base area (Ab )
Determine design ambient temperature
(Tyb )
Determine design ambient relative
humidity (hr )
Determine cooling water inlet
temperature (Txa )
Calculate cooling water outlet
temperature (Txb )
Use Chebyshev method to calculate
cooling tower characteristic:
T
Ky a ZT
x
= c L Txbxa HdT
∗ −H
Gx
Determine ZT through the plot of cooling
tower characteristic (Ky aZT /Gx ) vs.
water-air mass loading ratio (R, which is
defined as Gx /Gy ) provided from the
packing manufacturer.

General value or calculation equation

Pilot tower design value

Depending on the associated system to be
cooled.
5.6–16.7 ◦ Ca (10–30 ◦ F)

23 760 kJ/s (22 520 Btu/h)

H
Q x = cLqT
x
...
81.5–203.7 LPM/m2 (2–5 GPM/ft2 ), or
suggested by packing manufacturerb
Usually 1.5–2 for fill type packing, or
suggested by packing manufacturerc
Gy = Gx /R

680 kg/h (11.4 LPM) 1500 lb/h (3 GPM)
...
7320 kg/h m2 (122 LPM/m2 ) 1500 lb/h
ft2 (3 GPM/ft2 )
2

8.3 ◦ C (15 ◦ F)

Ab = Qx /Gx
Depending on locality

3660 kg/h m2 (0.86 m3 /s m2 ) 750 lb/h
ft2 (170 CFM/ft2 )
0.09 m2 (1 ft2 )
28.3 ◦ C (83 ◦ F)d

Depending on locality

0.83e

Depending on heat exchanger optimal
operational condition: power plant
condenser Txa of 110 ◦ F is general
Txb = Txa – Tx

43.3 ◦ C (110 ◦ F)

 Txa

dTx ∼ Txa −Txb
Txb H ∗ −H =  4
1
1
+ H
+ H
3
4



1
H1

+

35 ◦ C (95 ◦ F)

1
H2

0.83

...

0.91 m (3 ft)

a

Strigle.20
Green and Perry.18
c
UNEP.21
d
NCDC.22
e
NCDC.23
b

where P is the total air vapor pressure (atm), Mw and Ma are
the molecular weights (g/mol) of water and air, respectively.
After resolving the right-hand side of Eq. (1), ZT can
be determined through the plot of Ky aZT /Gx vs. R provided
from the packing manufacturer. A summary of cooling tower
design process is provided in the first three columns of
Table I.
The water mass balance in the system is
Qm = Qb + Qe,

(8)

and the cycles of concentration, N, is defined as
N = Q m /Q b .

(9)

Strictly speaking, Qe is the product of air mass flow
velocity and air humidity difference. However, the outlet
air humidity, hb , is an unknown parameter in the design of
a cooling tower. A general rule of thumb to estimate Qe,d
(Designated evaporation rate) is based on inline water mass
flow rate through the cooling section,18
Q e,d = β Q x ,
where β is 0.00085Tx (unitless) and Tx is Txa − Txb .

(10)

B. Heating system

Since the primary purpose of pilot-scale cooling tower is
to evaluate corrosion, scaling, and biofouling of metals and
metal alloy surfaces in the cooling side of the heat exchanger
and related piping, important design parameters for the heating system are the cooling water temperatures, Txb and Txa ,
and water flow velocity. A heater is needed in the pilot-scale
system to provide sufficient heat to increase the water temperature from Txb to Txa . Figure 1 shows a schematic of a heat exchange tube in a hot water bath. To simulate the heating process in a real heat exchanger, the cooling water is indirectly
heated by passing it through a heat exchange tube immersed
in a hot water bath with an immersed electric heater.
Heat removal rate in the heating section by the cooling
water can be expressed as
qT = Q x cL (Txa − Txb ),

(11)

where qT is the total rate of heat transfer into the cooling water
(kJ/h; Btu/h). At a particular point in the heat exchange tube,
the heat transfer rate in differential form can be expressed as
dq/d AC = U T,
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Evaporative cooling system
(1) Variable speed axial fan capable of 4.7x10-4 m3/s airflow
(2) Drift eliminator capable of 95% drift elimination
(3) 60 º full cone spray nozzle
(4) Offset vertical film packing material

0.31 meter
(1 feet)

0.31 meter
(1 feet)

(1)

0.13 meter
(5.25 inch)

(2)

(3)

T

P

(25)

(24)

(23)
(22)

(14)

0.92 meter
(3 feet)

(21)
(5)

(6)

(4)

(20)

999

(18)

T

T
(8)
(9)

(19)

Blowdown control system
(12)Normally closed solenoid well
(13)Inline totalizer capable of 0.49 ~ 49 lpm
(14)Conductivity monitor
Heating system
(15)Magnetic driven pump capable of 45 lpm
(16)(18) (19) Inline digital thermometer
(17)Insulated stainless steel heating bath equipped with
7500W immersion copper heater and 1/2” copper coil

T

(10)
(15)

(12)
(13)

Biocide feeding system
(10)10 gallon chemical resist HDPE water tank
(11)Chemical metering pump capable of 3.79 lpm

4.0

(7)

(11)

Makeup water control system
(5) 80 gallon low-density polyethylene water tank
(6) Inline totalizer capable of 0.49 ~ 49 lpm
(7) Normally closed solenoid well
(8) Hinged polypropylene float switch
(9) Cooling tower discharge basin

(16)

(17)

999

Monitoring system
(20)(22) Manual ball valve
(21)Sampling coupon rack and side stream
(23)Inline water flow meter capable of 0~19 lpm
(24)Inline pressure gauge
(25)Inline digital thermometer

FIG. 2. (Color online) Schematic of the pilot-scale cooling tower design.

where q is the rate of heat transfer into the cooling water (kJ/h;
Btu/h), AC is the inner surface area of the heat exchange tube
(m2 ; ft2 ), and U is the local overall heat-transfer coefficient
based on the inner surface area (kJ/h m2 ◦ C; Btu/h ft2 ◦ F), T
is Th − Tx (◦ C; ◦ F), where Th is the water temperature (◦ C;
◦
F) of the hot water bath.
Assuming that (1) the overall heat transfer coefficient U
is constant, (2) the heat exchange with the ambient air is negligible, and (3) steady state has been reached, the slope of a
graph of T vs. q is constant.24 Therefore,
dT /dq = (Ta − Tb )/qT,

(13)

where Ta and Tb are Th − Txa and Th − Txb (◦ C; ◦ F),
respectively. By solving Eqs. (11)–(13) simultaneously, the
following expression for U can be obtained,
U = Q x cL ln(Tb /Ta )/AC ,

system, and a power control system. Design and construction
details for these six systems are outlined below.
1. Evaporative cooling system

The values of the design parameters for a pilot-scale cooling tower were determined by following the design procedure
outlined in the first two columns of Table I and by considering
the general design parameters employed in full-scale evaporative cooling systems listed in the third column in Table I. Selected design parameters are presented in the fourth column
in Table I. The counter-flow evaporative cooling tower was

(14)

Equation (14) shows the relationship between the overall
heat-transfer coefficient and cooling water flow rate, cooling
water and hot water bath temperatures, and total inner surface
area of the heat exchanger tube.
III. RESULTS AND DISCUSSION
A. Pilot-scale cooling tower design

A schematic of the pilot-scale cooling tower design is
shown in Figure 2. Constructed pilot-scale cooling towers are
shown in Figure 3. In addition to evaporative cooling and
heating systems, each tower also includes a corrosion, scaling, and biofouling monitoring system, a makeup water control system, a blowdown control system, a biocide feeding

FIG. 3. (Color online) Pilot-scale cooling towers, which were modified to
withstand the outdoor environment.
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constructed of 0.95 cm (0.375 in.) thick Plexiglas acrylic. The
packing material (OF21-MA; Brentwood Industries, Reading, PA) was selected for water mass velocity of 11.4 LPM
(3 GPM) and maximal temperature allowance of 60 ◦ C
(140 ◦ F). This polyvinyl chloride (PVC) vertical counterflow packing was selected for the study due to its low
fouling tendency for cooling water with less than 200 mg/L
total suspended solids. The packing is comprised of 21 corrugated sheets and has a specific surface area of 147.8 m2 /m3
(45 ft2 /ft3 ). The evaporative cooling system was supported
on four 0.6 m (2-ft) long stainless steel legs of size 2.54 cm
× 2.54 cm (1-in. × 1-in.) inside a water collection basin.
The cross-section area (Ab ) of the cooling tower was 0.09 m2
(1 ft2 ). The evaporative cooling system was equipped with
a mist eliminator (CF80Max, 0.16 m (0.525 ft) in height,
Brentwood Industries, Reading, PA) to reduce the water loss
through drift. The fan (EBM Papst W3G250-CC54-01, Germany) was mounted on top of the tower and the fan speed
could be adjusted through a potentiometer in the electrical
control system. The variable speed axial fan is capable of generating 4.7 × 10−4 m3 /s (1000 CFM) of air flow. The cooling
system was mounted on a cart with brake-lock wheels, allowing for easy transportation.
2. Heating system

As indicated in Figure 2, the water was transported to
the heating system using a centrifugal pump. The water was
heated through a copper coil immersed in a hot water bath
which was heated by an immersion electric heater controlled
through a thermostat. Water was heated using an external
heater immersed in a heating bath (3656K117, McMasterCarr, OH) capable of generating 27 000 kJ/h (25 600 Btu/h).
The hot water bath was made of stainless steel and was filled
with de-ionized water (DI). Polyacrylic cover was installed
on the bath to reduce evaporative losses. In order to decrease
the heat loss from the direct heat conduction and to protect
the heating element, the stainless steel hot water bath was
installed inside an insulated plastic storage box. The insulation between the stainless steel bath and the walls of the plastic box was Owens Corning PINK R-19 Fiber Glass (Owens
Corning, USA).
A copper tube with inner diameter of 1.09 cm (0.43
in.), outer diameter of 1.27 cm (0.5 in.), and length of 13 m
(42.6 ft) was rolled into a coil and immersed in the heating
bath. The overall heat-transfer coefficient of the copper tube
was determined to be 505 kJ/h m2 ◦ C (80 Btu/h ft2 ◦ F) when
water flow rate was 11.4 LPM (3 GPM), which gives flow
velocity of 2.0 m/s (6.6 ft/s) in the tube. The low overall heattransfer coefficient was due to the fact that there was no mixing in the hot water bath. Based on Eq. (14), it was determined
that the hot water bath temperature had to be maintained at
71.1 ◦ C (160 ◦ F) to ensure proper heating of the recirculating
water in the pilot-scale cooling tower system. The copper coil
was replaceable and both ends of the copper coil had a 1.27 to
1.91 cm (0.5-in. to 0.75-in.) copper fitting reducer connected
to a chlorinated polyvinyl chloride (CPVC) union that can
withstand temperature up to 104.4 ◦ C (220 ◦ F) without any
deformation.

Rev. Sci. Instrum. 83, 024101 (2012)

3. Corrosion, scaling, and biofouling
monitoring system

Corrosion, scaling, and biofouling on metal components
of the piping and heat exchanger of a cooling system were
studied by immersing metal and metal alloy specimens in the
recirculating water after the heating system and before the
evaporative cooling system. The metal and metal alloy specimens for corrosion monitoring were cylinder-shaped with
a diameter of 0.95 cm (0.375-in.) and a length of 1.27 cm
(0.5-in.) (Metal Samples Company, Munford, AL). Metal
coupons for scaling and biofouling monitoring were circular
stainless steel discs with exposed surface area of 5.61 cm2 .
The metal specimen holders were designed for easy insertion into the pilot-scale cooling tower piping via a modified
tee-section. Figure 4(a) shows schematics of the metal specimens mounted on the corrosion and scaling/biofouling specimen rack.
After passing through the heating system, heated water
entered the specimen rack, which was divided into two 19.1
cm (0.75-in.) PVC pipe sections: one with several tee fittings
for the insertion of corrosion/scaling/biofouling specimens,
and another section which served as a by-pass during the specimen removal period. Thus, there was no interruption of the
operation of the cooling tower during the specimen sampling.
Both sections merged prior to the tower distribution nozzle
and each flow section could be isolated using ball valves. Detailed design of the coupon rack is depicted in Figure 4(b),
which shows the schematics of the monitoring rack with the
insertion of the specimen holders containing specimens.
4. Makeup water control system

Since precise and reliable flow measurements were
required to ensure appropriate makeup water supply for the
pilot-scale cooling tower, several monitoring and control
devices were integrated in the system to achieve automated
control. Figure 5 shows the design of the makeup water control system. The system included a water meter, a normally
closed solenoid valve, and two float switches. When the
water level reached float switch A, a signal was sent to cut
the power to the solenoid valve, thus discontinuing makeup
water flow into the water collecting basin. When the water
level triggered float switch B, the valve was energized thus
allowing the injection of makeup water. During the water
injection, the water totalizer recorded the total amount of
makeup water being injected. A water meter (4155K41,
McMaster-Carr) with the lowest recordable flow of 0.49 LPM
(0.13 GPM) was used to ensure accurate recording of the total
amount of makeup water addition. This dual-point control
approach together with the sensitive water meter recording
provided precise control of the amount of recirculating water
in the cooling system and measurement of the amount of
required makeup water for the cooling operation.
5. Blowdown control system

The blowdown control system was designed and constructed to provide automatic blowdown discharge based on
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(a)

Corrosion specimen
Teflon gasket

Scaling/biofouling
specimen
Plastic washer

PVC tube

Stainless steel nut
Stainless steel rod

Centering washer

(b)

Ball valve
Ball valve

Ball valve

Union

Union

50

50

50

FIG. 4. (a) Corrosion monitoring metal alloy specimen and the specimen holder (left) and scaling/biofouling metal alloy specimen and the specimen holder
(right). (b) Detailed design of the corrosion/scaling/biofouling monitoring system.

specified conductivity of the system water. A schematic design of the blowdown control system is shown in Figure 5.
Specific conductivity was used as the parameter to monitor
cycles of concentration in the cooling water. The system inLegends

Makeup water

999

Power cable
3/4” PVC pipe

(A)

Solenoid valve

999

Totalizer
(B)

999

Conductivity
electrode

Cooling tower
discharge basin

cluded an inline specific conductivity meter, a specific conductivity probe, and a normally closed solenoid valve. The
specific conductivity probe was located in the cooling tower
discharge basin. The specific conductivity meter had an internal set point which produced a signal to open the solenoid
valve for blowdown discharge. The cycles of concentration in
the cooling system were controlled based on the conductivity
of the makeup water by adjusting the discharge set point to a
desired conductivity value. Similar to the makeup water control system, a water totalizer (4155K41, McMaster-Carr) with
the measurement limit of 0.49 LPM (0.13 GPM) was used to
ensure accurate recording of the total amount of blowdown.

Blowdown
discharge
Conductivity
electrode

04.50

FIG. 5. (Color online) Schematic of dual-point makeup water control system based on water surface level and automatic blowdown discharge control
system based on conductivity measurement.

6. Biocide feeding system

The biocide feeding system consisted of a biocide
storage tank (7456500, C&H Distributors) and a chemical
metering pump with speed-adjustable knobs (PHP-501-G,
Omega). The biocide solution was injected directly into the
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cooling tower discharge basin through a flexible vinyl tube.
The metering pump was adjusted based on the desired disinfectant residual in the recirculating water and was verified
using the daily disinfectant measurements. The amount of
biocide stock solution consumed for each pilot-scale unit was
measured manually.

7. Power control system, cooling tower support,
performance monitoring

As shown in Figure 3, the main cooling tower column
was secured by a unistrut structure. Three beams and one pillar were combined to prevent the column from tilting and to
provide support for the electrical J-box.
The electrical J-box (15.2 × 15.2 × 30.4 cm3 /6 × 12
× 12 in.3 ) included three power switches, five terminal
blocks, one breaker, potentiometer for fan control, and integrated power system. Major power supply was 3 phase 230 V
power, transmitted through #4 wire rated for 50 A current.
Three switches controlled the power for solenoid valves,
float switches, conductivity meter, pump, and fan. The heater
had a separate power control and its temperature was controlled by a thermostat. A potentiometer was installed to control the airflow rate provided by the fan on top of the cooling
column.
The entire pilot-scale cooling tower was instrumented
with temperature sensors, pressure gauges, and flow sensors
at critical points in the system. The locations of these sensors and gauges are shown in Figure 2. The total water capacity (volume) of the pilot-scale cooling tower was about 83.27
liters (22 gal).

B. Pilot-scale cooling tower performance

The usefulness of employing pilot-scale cooling tower
testing to evaluate scaling, corrosion, and biofouling potential
when using a particular type of water was demonstrated over
a 2-month period. Treated municipal wastewater was selected
for testing since it is a readily available alternative cooling
water resource,25 which is likely to require precise control of
scaling, corrosion, and biofouling.
The treated wastewater was collected from the
Franklin Township Municipal Sanitary Authority (FTMSA,
Murrysville, PA). The facility employs a series of treatment
processes consisting of primary clarification, secondary
treatment by trickling filter, secondary clarification, nitrification, sand filtration, and UV disinfection in series. The
effluent used in three identical pilot towers (CTA, CTB,
and CTC) in this study was collected after sand filtration
but before UV disinfection. The testing period was from
May 21st to July 18th, 2010.
The main objectives of pilot testing were to test the pilotscale cooling tower performance as well as to evaluate corrosion, scaling, and biofouling control strategies when using a particular type of water for cooling (corrosion, scaling, and biofouling evaluation results are reported by Li
et al.3 and Hsieh et al.4 ). It was desired to maintain the
cooling water temperature (Txa and Txb ) in the range of
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32.2–43.3 ◦ C (90–110 ◦ F). After initial system shakedown,
the heating power was adjusted to approximately 20%–25%
below the designed value (23760 kJ/h or 22520 Btu/h) so that
Txa and Txb and other values of cooling tower operational parameters were within the designed range. The need for this
adjustment was due to the lower actual cooling tower characteristic (Ky aZT /Gx ) of the pilot towers than the design value,
as discussed below.
In the pilot testing, the three towers were operated almost identically (except that water chemistry was modified
to reflect different corrosion, scaling, and biofouling strategies). Most parameters were monitored on a daily basis for the
2-month testing period. Air flow mass velocity was monitored
approximately once every 4 days. The average values and
standard deviation of the parameters that characterize ambient conditions (temperature and ambient humidity), and system performance (water flow rate and cycles of concentration,
evaporative cooling, heating) are reported in Table II.

1. Ambient conditions

The ambient temperature (Tyb ) and relative humidity
(hr ) recorded daily at around 10 a.m. were lower than the
pilot tower design values, which were calculated based on
the average values in July in Pittsburgh, PA. Intuitively, the
lower Tyb and hr than the design values should cause the
water temperature to be lower. The Tyb observed throughout
the experiment was 27.8 ± 3.2 ◦ C (82.0 ± 5.8 ◦ F), which
was slightly lower than the designated criterion. As a result,
the average hot water temperature was 40.2 ± 1.8 ◦ C (104.3
± 3.3 ◦ F). Although the humidity may vary dramatically
through a 24-h period an average relative humidity of 61%
± 11% was observed throughout the testing period. Since the
design humidity was 82%, there was a measurable increase
in water temperature drop across the tower due to enhanced
cooling capacity.

2. Evaporative cooling system performance

Table II shows that water mass velocity (Gx ), air mass
velocity (Gy ), loading ratio (R), and cooling water temperature (Txa and Txb ) were within the range of the design values (the design values are listed in Table I). Cooling tower
characteristics calculated using Eqs. (1) and (2) were found to
be significantly lower than the design values. This might be
due to overestimation of the performance of the packing in
the pilot-scale cooling tower. For example, the cooling water might not be homogeneously distributed across the packing. However, other parameters can be adjusted to compensate for lower packing performance. In this study, heat input
from the heating system was adjusted to ∼20%–25% below
the design value to balance the reduction in cooling efficiency.
Thus, the value of Tx was also 20%–25% lower than the design value but still within the range of general industrial cooling system design values (5.6–16.7 ◦ C or 10–30 ◦ F). The Txa
and Txb were still in the range of interest (32.2–43.3 ◦ C or
90—110 ◦ F) for corrosion, scaling, and biofouling studies.
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TABLE II. Pilot-scale cooling tower performance (SI units).
Parameters

Unit

Method

CTA

CTB

CTC

Average

◦ C (◦ F)

Measured

...

...

...

...

Measured

...

...

...

20.6 ± 2.9
(69 ± 5)
0.61 ± 0.11

kg/h m2 (lb/h ft2 )

Measured

◦ C (◦ F)

Measured

Gy

kg/h m2 (lb/h ft2 )

Measured

R
Txa

...
◦ C (◦ F)

R = Gx /Gy
Measured

Txb

◦ C (◦ F)

Measured

6842 ± 98
(1400 ± 20)
6.3 ± 0.7
(11.3 ± 1.3)
5034 ± 733
(1030 ± 150)
1.4 ± 0.2
40.2 ± 1.2
(104.3 ± 2.2)
33.9 ± 1.2
(93.0 ± 2.2)
0.33 ±0.08

6940 ± 98
(1420 ± 20)
7.2 ± 0.7
(13.0 ± 1.3)
4642 ± 489
(950 ± 100)
1.5 ± 0.2
40.0 ± 1.5
(104.0 ± 2.7)
32.8 ± 1.3
(91.0 ± 2.4)
0.41 ± 0.09

7037 ± 195
(1440 ± 40)
6.3 ± 1.7
(11.3 ± 3.0)
3274 ± 977
(670 ± 200)
2.3 ± 0.6
40.4 ± 2.4
(104.8 ± 4.4)
34.2 ± 1.3
(93.5 ± 2.4)
0.34 ± 0.13

6940 ± 147
(1420 ± 30)
6.6 ± 1.2
(11.8 ± 2.2)
4301 ± 1075
(880 ± 220)
1.7 ± 0.6
40.2 ± 1.8
(104.3 ± 3.3)
33.6 ± 1.4
(92.5 ± 2.5)
0.36 ± 0.11

6.8 ± 0.6
(15.1 ± 1.4)
1.7 ± 0.3
(3.8 ± 0.6)
4.1 ± 0.6
5.2 ± 0.5
(11.4 ± 1.1)
6.1 ± 0.7
(13.5 ± 1.6)

7.9 ± 0.9
(17.5 ± 2.0)
1.5 ± 0.4
(3.4 ± 0.8)
5.2 ± 0.9
6.5 ± 0.9
(14.3 ± 1.9)
7.1 ± 0.7
(15.7 ± 1.5)

7.2 ± 1.5
(15.9 ± 3.4)
1.6 ± 0.4
(3.6 ± 0.9)
4.5 ± 1.1
5.9 ± 1.5
(12.9 ± 3.3)
6.3 ± 1.7
(13.8 ± 3.7)

7.3 ± 1.2
(16.2 ± 2.6)
1.6 ± 0.4
(3.6 ± 0.8)
4.6 ± 1.0
5.8 ± 1.2
(12.8 ± 2.6)
6.5 ± 1.2
(14.3 ± 2.6)

Ambient conditions
Tyb
hr
Evaporative system performance
Gx
Tx

Ky a ZT
Gx

Eqs. (1) and (2)
kg/h (lb/h)

Measured

Qb

kg/h (lb/h)

Measured

N
Qe

...
kg/h (lb/h)

Eq. (9)
Eq. (8)

Qe,d

kg/h (lb/h)

Eq. (10)

Heating system performance
qT

kJ/h (Btu/h)

Eq. (11)

Th

◦ C (◦ F)

Measured

U

kJ/h m2 ◦ C (Btu/h ft2 ◦ F)

Eq. (14)

3. Water flow rate and cycles of concentration

Measured makeup water flow rate (Qm ), blowdown flow
rate (Qb ), calculated evaporation flow rate (Qe ), and cycles
of concentration (N) are shown in Table II. Generally, N was
maintained in the range of 4–5 for corrosion, scaling, and biofouling studies. Average value of Qe derived from the empirical equation for actual cooling towers (Eq. (10)) was close
(less than 10% difference) to the average actual Qe derived
from Eq. (8). This observation indicates that the pilot-scale
cooling towers are representative of actual towers in terms of
water evaporation behavior.

4. Heating system performance

Hot water temperature (Th ) measurements and calculated
heat input (qT ) and overall heat transfer coefficient (U) are
also shown in Table II. As discussed, the heat input was purposely adjusted 20%–25% below the design value to compensate for the reduction in cooling tower performance to maintain water temperature in the range of interest. Values of U for
the three towers were close to the results found in tests listed
in Table II.

15071 ± 1706
17441 ± 1706
15 355 ± 4076
15924 ± 2938
(15 900 ± 1800) (18 400 ± 1800) (16 200 ± 4300) (16 800 ± 3100)
58.8 ± 1.7
61.8 ± 2.3
58.4 ± 3.8
59.7 ± 3.1
(137.9 ± 3.0)
(143.3 ± 4.1)
(137.2 ± 6.9)
(139.5 ± 5.6)
536 ± 63
530 ± 38
568 ± 139
543 ± 88
(85 ± 10)
(84 ± 6)
(90 ± 22)
(86 ± 14)

Figure 6 summarizes the deviation of actual pilot tower
parameters from the design values. Despite the fact that the
ambient conditions (Tyb and hr ) were lower than the design
values, most operational parameters were maintained fairly
well within the design range. The only exception was the
cooling tower characteristic (Ky aZT /Gx ) which was found to
160

% of actual to design values

Water flow rate and cycles of concentration
Qm

140
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FIG. 6. (Color online) Percentage of actual monitored results (average and
standard deviation) with respect to design values for pilot-scale cooling tower
parameters: (1) Tyb , (2) hr , (3) Gx , (4) Gy , (5) R, (6) Txa , (7) Txb , (8) Tx ,
(9) Ky aZT /Gx , (10) qT , (11) Th , (12) U.
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be lower than the design value. Therefore, the heat input (qT )
had to be adjusted lower. This adjustment resulted in lower
cooling water temperature difference (Tx ) and hot water
bath temperature (Th ).
As expected, the pilot-scale cooling systems reach steady
state performance after the adjustment of operating parameters based on precise measurement and assessment of system
performance. Therefore, the pilot-scale system can be used to
study corrosion, scaling, and biofouling problems and the effectiveness of chemical treatment approaches. Detailed evaluation of the use of field monitoring methods presented in
Figure 4 is discussed elsewhere.6, 7, 25–27
IV. CONCLUSIONS

A pilot-scale cooling tower was designed for the purpose of testing different scaling, corrosion, and biofouling
control strategies for potential use in full-scale recirculating cooling systems. The pilot-scale cooling tower includes a
counter-flow evaporative cooling system, heating system, corrosion/scaling/biofouling monitoring system, makeup control
system, blowdown control system, and power control system.
The pilot-scale cooling tower was successfully tested in the
study of corrosion, scaling, and biofouling control strategies
for use of treated municipal wastewater as cooling system
makeup water. The pilot-scale cooling system was demonstrated to be useful for evaluation of changing water conditions and a range of control strategies with a makeup water of
complex quality.
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NOMENCLATURE

Air
cS
Gx
Ha
Hb
H*
hb
h*
Ma
P
P
Qy

Specific heat of humid air (kJ/kg ◦ C (Btu/lb ◦ F))
Vapor-free air mass velocity (kg/h m2 (lb/h ft2 ))
Air enthalpy exiting the cooling section (kJ/kg
(Btu/lb))
Air enthalpy entering the cooling section (kJ/kg
(Btu/lb))
Air enthalpy at equilibrium with water (kJ/kg (Btu/lb))
Humidity (%)
Saturated humidity (%)
Molecular weight of air (g/mole)
Saturated air vapor pressure (atm)
Total air vapor pressure (atm)
Vapor-free air mass flow rate (kg/h (lb/h))
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Tyb

Air temperature entering the cooling section (C◦ (F◦ ))

Water
cL
Gy
Mw
N
Qx
Qb
Qm
Qe
Qe,d
Th
Txa
Txb

Specific heat of water (kJ/kg ◦ C (Btu/lb ◦ F))
Water mass velocity (kg/h m2 (lb/h ft2 ))
Molecular weight of water (g/mole)
Cycles of concentration (–)
Water mass flow rate (kg/h (lb/h))
Blowdown water flow rate (kg/h (lb/h))
Makeup water flow rate (kg/h (lb/h))
Evaporation water flow rate (kg/h (lb/h))
Designed evaporation water flow rate (kg/h (lb/h))
Water temperature in the heating bath (C◦ (F◦ ))
Water temperature entering the cooling section (exiting the heating bath) (C◦ (F◦ ))
Water temperature exiting the cooling section (entering the heating bath) (C◦ (F◦ ))

Packing
Ab
a
R
Z
ZT

Cross-sectional area (m2 (ft2 ))
Packing volumetric surface area (m2 /m3 (ft2 /ft3 ))
Water-to-air mass loading ratio (–)
Length of cooling zone (m (ft))
Height of packing material (m (ft))

Heat exchanger
AC
Ky
qT
U

Inner surface area of the heat exchanger tube (m2 (ft2 ))
Overall water vapor mass transfer coefficient (kg/h m2
(lb/h ft2 ))
Heat removal/transfer rate (kJ/h (Btu/h))
Local overall heat-transfer coefficient (kJ/h m2 ◦ C
(Btu/h ft2 ◦ F))
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