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Taiwan. So, this deals with a very specific subjects, which were never written as of now. | prepared
the documents so that the engineers can easily understand the cooling tower theory and can make
Korean the design program by themselves through the actual examples. All were run on MS Excel and you
will see this new approach in computerizing the cooling tower thermal design. Y ou can download
all the examples through this homepage.

What's News

The major concern during | study the cooling tower theory was how to computerize the cooling
tower theory from the calculation of NTU to the cooling tower performance analysis. If you read
this book carefully, you can make any cooling tower design programs by yourself.

Again, thiswill be afirst issue releasing the actual engineering approach of cooling tower with the
examplesin the world. If any questions on thisissue, please send your mail to me.
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1. Psychrometrics
Mail to Us
Link Sites Psychrometrics deals with thermodynamic properties of moist air and uses these propertiesto

analyze conditions and process involving moist air. Atmospheric air contains many gases
components as well as water vapor and miscellaneous contaminants (e.g., smoke, pollen and
Korean gaseous pollutants). Dry air exists when all water vapor and contaminants have been removed
from atmospheric air. The composition of dry air is relatively constant, but small variationsin
the amounts of individual components occur with time, geographic location, and altitude. The
apparent molecular mass or weighted average molecular weight of all components, for dry air is
28.9645, based on the carbon-12 scale. The gas constant for dry air, based on the carbon-12

scale is 1545.32/28.9645 =53.352 ft Ibf / Ibm °R.

What's News

Moist air is abinary mixture of dry air and water vapor. The amount of water vapor in moist air
varies from zero (dry air) to a maximum that depends on temperature and pressure. The latter
condition refers to saturation, a state of neutral equilibrium between moist air and the condensed
water phase. Unless otherwise stated, saturation refers to aflat interface surface between the
moist air and the condensed phase. The molecular weight of water is 18.01528 on the carbon-12
scale. The gas constant for water vapor is 1545.32/18.01528 = 85.778 ft |bf / Ibm °R

The temperature and barometric pressure of atmospheric air vary considerably with altitude as
well aswith local geographic and weather conditions. The standard atmospheric gives a
standard of reference for estimating properties at various altitudes. At sealevel, standard
temperature is 59°F; standard barometric pressure is 29.921 inch Hg. The temperatureis
assumed to decrease linearly with increasing atitude throughout the troposphere (lower
atmosphere), and to be constant in the lower reaches of the stratosphere. The lower atmosphere
is assumed to constant of dry air that behaves as a perfect gas. Gravity is also assumed constant
at the standard value, 32.1740 ft/s2.

Humidity ratio (alternatively, the moisture content or mixing ratio) is defined as the ratio of the
mass of water vapor to the mass of dry air. Specific humidity is the ratio of the mass of water
vapor to the total mass of the moist air. Absolute humidity (alternatively, water vapor density) is
the ratio of the mass of water vapor to the total volume of the moist air. Saturation humidity
ratio is the humidity ratio of moist air saturated with respect to water at the same temperature
and pressure. Degree of saturation is the ratio of the air humidity ratio to humidity ratio of
saturated air at the same temperature and pressure. Relative humidity is the ratio of the mole
fraction of water vapor in agiven moist air to the mole fraction in an air saturated at the same
temperature and pressure.

The enthalpy of amixture air isthe sum of the individual partial enthalpiesfor dry air and for
saturated water vapor at the temperature of the mixture.

Example 1-1. Calculate the air density, specific volume, and enthalpy in US units at the ambient
conditions of DBT 87.8°F, RH 80% and sealevel.
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. Air Density: 0.0714 Lb/ft3
. Air Specific Volume: 14.3309 ft3/Lb dry air
. Air Enthalpy: 46.3774 Btu/Lb dry air

PSYCHROMETRICS

Altitucde

Relative Humidity

Ory Bullh Temperature g7.q0 (o

Barometric Pressure
Al Density L/t
Ajr Specific volume L0 o ry air

Alr Enthalpy BtusLb dry air

Download the example file (exel_1.zip)
Thisfile covers the examples of 1-1 through 1-4.

Example 1-2. Calculate the air density, specific volume, and enthalpy in US at the ambient
conditions of DBT 87.8°F, RH 0% (Dry Air), and sealevel.

. Air Density: 0.0723 Lby/ft3
. Air Specific Volume: 13.8224 ft3/Lb dry air
« Air Enthalpy: 21.1196 Btu/Lb dry air

Example 1-3. Calculate the air density, specific volume, and enthalpy in US at the ambient
conditions of DBT 87.8°F, RH 100%, and sea level.

. Air Density: 0.0711 Lb/ft3
. Air Specific Volume: 14.4639 ft3/Lb dry air
« Air Enthalpy: 52.9849 Btu/Lb dry air

Example 1-4. Calculate the air density, specific volume, and enthalpy in US at the ambient
conditions of DBT 87.8°F, RH 80%, and 1,000 feet in altitude.

. Air Density: 0.0688 Lb/ft3
. Air Specific Volume: 14.8824 ft3/Lb dry air
. Air Enthalpy: 47.3494 Btu/Lb dry air

Example 1-5. Find arelative humidity which the relationship of 1/ air density = specific volume
is established at an ambient condition of DBT 87.8°F and sea level.
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. Air Density: 0.0723 Lb/ft3
. 1/Air Density: 1/0.0723 = 13.8224 ft3/Lb dry air
. Air Specific Volume: 13.8224 ft3/Lb dry air

The relationship of 1/air density = specific volume isonly valid at the point that the relative
humidity is zero. That is, only valid for the dry air condition.

PSYCHROMETRICS

Altitude
Felative Humidity

Ory Bulb Temperature

Barometric Pressure
Air Den Eiitﬁll" LI:III,-.I:tE:

14 Air Density ft*/Lb dry air

Air Specific Wolume ft*/Lb dry air

Download the example file (exel_5.zip)
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2. Heat & Mass Transfer Fundamental
Mail to Us

Link Sites Many theories have been developed since the early 1900s describing the heat and mass transfer
phenomenon which takes place in several types of atmospheric water cooling devices. Most of
these theories are based on sound engineering principles. The cooling tower may be considered
Korean as a heat exchanger in which water and air are in direct contact with one another. Thereis no
acceptable method for accurately calculating the total contact surface between water and air.
Therefore, a"K" factor, or heat transfer coefficient, cannot be determined directly from test data
or by known heat transfer theories. The processis further complicated by mass transfer.
Experimental tests conducted on the specified equipment designs can be evaluated using
accepted and proven theories which have been developed using dimensional analysis
techniques. These same basic methods and theories can be used for thermal design and to
predict performance at the operating conditions other than the design point.

What's News

Many types of heat and mass transfer devices defined the solution by theoretical methods or
dimensional analysis. Design data must be obtained by the full-scale tests under the actual
operating conditions. Items such as evaporative condensers in which an internal heat load is
being applied, along with water and air being circulated over the condenser tubes in indefinable
flow patterns, presents a problem which cannot be solved directly by mathematical methods.
The boundary conditions have not been adequately defined and the fundamental equations
describing the variables have not been written. Other devices such as spray ponds, atmospheric
spray towers, and the newer spray cana systems have not been accurately evaluated solely by
mathematical means. Thistype of equipment utilizes mixed flow patterns of water and air.
Many attempts have been made to correlate performance using "drop theories’, "cooling
efficiency”, number of transfer units, all without proven results. Accurate design data are best
obtained by the actual tests over awide range of operating conditions with the specified
arrangement.

The devel opment of cooling tower theory seems to begin with Fitzgerald. The American Society
of Civil Engineers had asked Fitzerald to write a paper on evaporation, and what had appeared
to be asimple task resulted in a 2 year investigation. The result, probably in keeping with the
time, is more of an essay than a modern technical paper. Since the study of Fitzgerald, many
peoples like Mosscrop, Coffey & Horne, Robinson, and Walker, etc. tried to develop the theory.

1) Merkel Theory
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The early investigators of cooling tower theory grappled with the problem presented by the
dual transfer of heat and mass. The Merkel theory overcomes this by combining the two into
asingle process based on enthalpy potential. Dr. Frederick Merkel was on the faculty of the
Technical College of Dresden in Germany. He died untimely after publishing his cooling
tower paper. The theory had attracted little attention outside of Germany until it was
discovered in German literature by H.B. Nottage in 1938.

Cooling tower research had been conducted for a number of years at University of California
at Berkley under the direction of Professor L.K.M. Boelter. Nottage, a graduate student, was
assigned a cooling tower project which he began by making a search of the literature. He
found a number of referencesto Merkel, looked up the paper and was immediately struck by
its importance. It was brought to the attention of Mason and London who were also working
under Boelter and explains how they were able to use the Merkel theory in their paper.

Dr. Merkel developed a cooling tower theory for the mass (evaporation of asmall portion of
water) and sensible heat transfer between the air and water in a counter flow cooling tower.
The theory considers the flow of mass and energy from the bulk water to an interface, and
then from the interface to the surrounding air mass. The flow crosses these two boundaries,
each offering resistance resulting in gradients in temperature, enthal py, and humidity ratio.
For the details for the derivation of Merkel theory, refer to Cooling Tower Performance
edited by Donald Baker and the brief derivation isintroduced here. Merkel demonstrated that
the total heat transfer is directly proportional to the difference between the enthalpy of
saturated air at the water temperature and the enthalpy of air at the point of contact with
water.

Q=K x Sx (hw - ha)
where,

. Q=total heat transfer Btu/h

. K =overal enthalpy transfer coefficient Ib/hr.ft2

. S=heat transfer surface ft2. Sequalsto ax V, which "a' means area of transfer surface
per unit of tower volume. (ft2/ft3), and V means an effective tower volume (ft3).

. hw = enthalpy of air-water vapor mixture at the bulk water temperature, Btu/Lb dry air

. ha=enthalpy of air-water vapor mixture at the wet bulb temperature, Btu/Lb dry air

The water temperature and air enthal py are being changed along the fill and Merkel relation
can only be applied to a small element of heat transfer surface dS.

dQ =d[K x Sx (hw - ha)] =K x (hw - ha) x dS

The heat transfer rate from water sideis Q = Cw x L x Cooling Range, where Cw = specific
heat of water = 1, L = water flow rate. Therefore, dQ = d[Cw x L x (tw2 - twl)] = Cw x L X
dtw. Also, the heat transfer rate from air sideis Q = G x (ha2 - hal), where G = air mass flow
rate Therefore, dQ = d[G x (ha2 - hal)] = G x dha.

Then, the relation of K x (hw - ha) x dS= G x dhaor K x (hw - ha) x dS=Cw x L x dtw are
established, and these can be rewrittenin K x dAS=G/ (hw - ha) x dhaor K x dS/L =Cw /
(hw - ha) x dtw. By integration,

KS_KEIV_G ka2 ok E
L L L Tkal Jrg — By L
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Thisbasic heat transfer equation is integrated by the four point Tchebycheff, which uses
values of y at predetermined values of x within theinterval ato b in numerically evaluating

)
_[ ydx

theintegra *2 . The sum of these values of y multiplied by a constant times the

interval (b - a) givesthe desired value of theintegral. In its four-point form the values of y so

selected are taken at values of x of 0.102673.., 0.406204.., 0.593796.., and 0.897327..of the

interval (b - a). For the determination of KaV/L, rounding off these values to the nearest

tenth is entirely adequate. The approximate formula becomes:

J-b_pdx =ib-alxiy; +tyz +y; +yalld

'-.:fhere,yi- =value of yatx =a + 0. 1x(b-al=CWT + 0.1 x Range
yr=valueof yatx=a + 04 x(b-al=CWT + 04 x Range
vi=vaflueof yatx=b-04x(b-alorx=a+06x(b-al=CWT + 0.6 x Range
veg=valusof yatx=b-0ixb-alorx=a+09x(b-al=CWT +0.9x Range

For the evaluation of KaV/L,

Eab I'w‘ﬂ = [tz - twy) x [(1/ Dhyl + (1 / Dhg) + 1/ Dhg) + (1 / Dhall / 4
L el h — Mt
where, Dhy = value of [hw - hal at a ternperature of OWT + 0.1 x Range

Dhz = wvalue of (hw - ha) at a temperature of CWT + 0.4 x Range

Chs = value of (hw - hal at a termperature of CWT + 0.6 x Range

Dhy = walue of (hw - hal at a temperature of OWT + 0.9 x Range

2) Heat Balance

AlR OUT (G, hy, Xa)

T

L: A5 WATER FLOW, LB/HR
| || G ASS AR FLOW, LE DRY AIRHR
b; AR EMTHALRY, BETUAE DRY AIR

% ABSOLUTE HUMIDITY

el |

A, |
B e e e o g o g o

L (Y (N N

| a———— WATERIN Ly, t,5)

/ AIR M (G, hy, X4

os
W

!

WATER QUT [Ly, 1)

HEAT;, = HEAT gt
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WATER HEAT;, + AIRHEAT;, = WATER HEAT ;s + AIR HEAT .
CWthW2+Gha1=CWL1tW1+Gha2 Eq 2-1
(The difference between L, (entering water flow rate) and L, (leaving water flow rate) isa

loss of water due to the evaporation in the direct contact of water and air. This evaporation
lossisaresult of difference in the water vapor content between the inlet air and exit air of
cooling tower. Evaporation Loss is expressed in G x (w5 -wl) and isequal toL, - L.

Therefore, L1 = L, - G X (W5 -W,) is established.)

Let's replace the term of L4 in the right side of Eq. 2-1 with the equation of L1 =L, - G X (W,
-w4) and rewrite. Then, Cw L, tw, + G hag = Cw [L, - G X (Wy - Wwq)] X twy + G hay is
obtained. This equation could be rewritten in Cw x L, X (tws - twy) = G X (hay - hgy) - Cw X
twy X G X (W5 - wy). In general, the 2nd term of right side isignored to simplify the
calculation under the assumption of G x (w5 - wq) = 0.

Finaly, the relationship of Cw X L, x (tw, - twy) = G X (ha, - hay) is established and this can
be expressed to Cw x L x (tw, - twq) = G x (ha, - hay) again. Therefore, the enthalpy of exit
air, hap = hag + Cw x L / G x (tw,, - tw;) is obtained. The value of specific heat of water is
Eq. 2-1 and the term of tw, (entering water temperature) - tw, (leaving water temperature) is
called the cooling range.

Simply, hay, = hay + L/G x Range Eq. 2-2

Consequently, the enthalpy of exit air isa summation of the enthalpy of entering air
and the addition of enthalpy from water to air (thisisavalue of L/G x Range).

Example 2-1. Calculate the ratio of water and air rate for the 20,000 gpm of water flow and
1,600,000 acfm of air flow at DBT 87.8°F, 80% RH, and sealevel.

(Solution)

Water Flow Rate = GPM x (500 / 60) Ib/min = 20,000 x (500 / 60) =166,666.67 Ib/min
(The weight of 1 gallon of water at 60°F equals to 8.345238 pounds and 500 was obtained
from 8.345238 x 60 for simplifying the figure.)

Air Flow Rate = ACFM / Specific Volume =1,600,000 / 14.3309 =111,646.76 |b/min
(Specific Volume @ 87.8°F, 80% & sealevel = 14.3309 ft3/1b)

Ratio of Water to Air = Water Flow Rate/ Air Flow Rate =166,666.67 / 111,646.76 =1.4928

Example 2-2. Why isL/G in the equation of hay, = ha; + L/G x Range called a slope?

(Solution)
This curveis exactly same as alinear function of y = a+ b x. The ha; correspondsto "a" , L/

G corresponds to "b", and the cooling range corresponds to "x". So, L/G isaslope of linear
curve.
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ﬁ Saturation Curve [hw)
bz [ . ,ﬂf'f
% hay |- Air Operating Line [ha)
haz = ha, + L#J x Range
= L~ = 1
‘fhm - ]
=
m
=
= [ |
w |
| [ Enthalpy Driving Foree
ha, |-+—7 = hw - ha
L I'I L ‘r L 1 TI

tevy et air termp. Wz

dry bulb termp [°F)

Example 2-3. Calculate the enthal py and temperature of exit air for the following cooling
tower design conditions.

Given,

. Ambient Wet Bulb Temperature: 82.4°F
. Relative Humidity: 80%

. Site Altitude: sealevel

. L/GRatio: 1.4928

. Entering Water Temperature: 107.6°F
. Leaving Water Temperature: 89.6°F

(Solution)

The enthalpy of exit air is calculated from Eq. 2-2 which was derived above. That is, ha, =
ha; + L/G x Range. The enthalpy of inlet air (ha;) at 82.4°F WBT & sealevel is 46.3624 Btu/
Lbdry air.

The cooling range = Entering Water Temp. - Leaving Water Temp. = (tw,, - tw,) = 107.6 -
89.6 = 18°F

Therefore, the enthalpy of exit air (hay) is obtained as below.
ha, = ha; + L/G x Range = 46.3624 + 1.4928 x (107.6 - 89.6) = 73.2328 BTU/Ib

A temperature corresponding to this value of air enthalpy can be obtained from the table
published by Cooling Tower Institute or other psychrometric curve. However, this can be
computed from the computer program. The procedure of computing atemperature at a given
enthalpy is to find a temperature satisfying the same value of enthalpy varying atemperature
by means of iteration.
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CALCULATION OF TOWER EXIT AR TEMFERATURE
Altitude

Vet Bulb Temperature @inlet

L/ Ratio

Cooling Range

Enthalpy of Exit Air ft*sLb dry air

Equivalent Enthalpy ft*sLb dry air

Exit Temperature "F

Press Button to Run

Download the example file(exe2_3.zip)

3) NTU (Number of Transfer Unit) Calculation

Earr o g7 OF phe2  dha
=Cw| —— o =—| ———
L 2 e — ha Lokl lng — b

NTU =

Theright side of the above equations is obviously dimensionless factor. This can be
calculated using only the temperature and flows entering the cooling tower. It istotally
independent from the tower size and fill configuration and is often called, for lack of another
name, NTU. Plotting several values of NTU as afunction of L/G gives what is known as the
"Demand" curve. So, NTU is called Tower Demand too.
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Fy Average

1/ (hyhg) 1/ thyhg) 1/ thurha

@owT+o1x k17 thehg)
@ T+ 0.4 % R L/ Thaha) L/ thuha)

EOWT+0E X R @OwWT+ 09X R

ot “‘§\“\\\\\\\\\\
N?:i{:g;ufwh R \§
i

| RAMBGE w- TEMP.

As shown on above, NTU is an area of multiplying the cooling range by the average of 1/
(hy, - hy) at four pointsin the x axis (Temp.).

NTU or KaV/L = Cooling Rangex [Sum of 1/ (hw - ha)] / 4

Example 2-4. Determine the tower demand (called Number of Transfer Unit) for the below
given conditions.

Given,

. Water Circulation Rate: 16000 GPM

. Entering Air Flow Rate: 80848 Lb of dry air / min
. Ambient Wet Bulb Temperature: 80.0°F

. Site Altitude: sealevel

. Hot Water Temperature: 104.00F

. Cold Water Temperature: 89.00F

(Solution)
Water Flow Rate = 16,000 x (500 / 60) = 133,333 Lb/min
L/G Ratio = Water Flow Rate/ Air Flow Rate = 133,333/ 80,848 = 1.6492

It isvery convenient to use the below tool in calculating NTU.
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Altitude (feet) Water Termperature
Bulb Temperature @Inlet (°F) Cold Water Temperature
ater Flow Rate (gpm) LG
5 Flow Eate (Lib'Vmin) Cooling Range
WATER SIDE AlR SIDE ENTHALFY DIFF.
DESCRIPTIONS b °F1 | b (BTULEY) DESCRIPTIONS ha (BTU/LLY |  hw- ha 1ihw-ha)
by + 0.1 x Range o050 56 .647E hay + 0.1 x L' x Range | 451645 04233 00054
twy + 0.4 Range 95.00 3. 39426 hay + 0.4 = LG = Range 53.5858 9. 7567 0025
try + 0.6 Range 0200 522501 hay;+ 0.6 x /% x Range bat= el Q.7257 oAA0zs
try + 0.9 % Range 10250 FE 4013 hay; + 0.9 = LG = Range 55 9547 10,4466 0.0957
Sum oof T0Ch- hal. 0.3964
Tovarer Drernand (TN = Smmoof 1/ choar -ha) £ 4 SRAHGE i, 1 4366

Download the example file(exe2_4.zip)

Example 2-5. Compare NTU at the same given conditions as above example 2-4 excepting L/
G = 1.2540.

(Solution)

Altitude feef) N Hot\ater Temperature

Wwet Bulb Temperature @inlet (°F) Coldvyater Temperature
LG Ratio Cooling Range
WATER 5IDE #IR SIDE ENTHALFY DIFF.

DESCRIFTIONS | tw(*f) |hw(BTU/b|  DESCRIPTIONS ha (BTUALY | tw-ha | Aihusha)
twy + 0.1xRange | 8050 | 8585478 | ha,+0.1xL/GxRange | 465717 | 1107861 | 00903
toy + 0.4xRange | 9500 | 633428 | ha,+04xUGxRange | 512147 | 124278 | 00225
tw + 05 xRange | 8800 | 682501 | ha,+065xL/GxRange | 540767 | 132824 | 00753
fwy+ 0.9 xRange | 10250 | 784013 | ha,+08xL/GxRange | BOE197 | 157816 | 00834

=Ly I T T 03114
Tower Demand (HTUY = Sum of 1 £ (hw- ha)fd4™ RANGE ..., 11677

Download the example file(exe2_5.zip)
(Thisfile covers the examples of 2-6 & 2-7.)

TheNTU at L/G = 1.2540 issmaller than NTU at L/G = 1.6492 under the same design
conditions. What the L/G is reduced to 1.2540 from 1.6492 under the same water flow rate
means that the air mass is increased. In other word, the decrease of L/G for the same water
flow rate means the decrease of enthalpy inthe air ssideand avalue of 1/ (hw - ha) is
consequently decreased. Also, the exit enthalpy per pound dry air is decreased and the
temperature of exit air is reduced.
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Typical Slopa @ LS = 1.6432 Typical Slops @ LS = 1.2540
i / ) /
|
35 5
= &
_El_-hﬂz i
.E E ha,
T €
o o
hﬂ.| hﬂ.|
tary exitairtemp. ter)  exit airtemp. b,
dry bulb terp. F) dry bulb ternp. ['F)
<Example 2-4= <Example 2-5=

In the actual cooling tower, what the water is evenly distributed on the entire top of fill is
very rare. If the temperature is measured onto the top of drift eliminator, the temperature at
the area where the water is smaller than other locations is always lower than the water is
larger. Thisis because the air at the area where the water is small can go easily up dueto less
pressure drop with the water loading.

Example 2-6. Compare NTU at the same given conditions as above example 2-4 excepting
that the ambient wet bulb temperature has been changed to 81.0°F from 80.0°F.

(Solution)
WATER SIDE AIR SIDE ENTH DIFF.

Descriptions tw (°F) hw (But/Lb) Description ha (Btu/Lb) V/(hw-ha)
twy +0.1xR 90.50 56.6478 hag +0.1xL/GXR 47.2587 0.1065
tw, + 04X R 95.00 63.3426 hag + 0.4x L/IGXR 54.6800 0.1154
twy +0.6 xR 98.00 68.2591 ha; + 0.6 x L/IGX R 59.6276 0.1159
twy +0.9x R 102.50 76.4013 ha; + 0.9xL/GXxR 67.0489 0.1069
Sum of 1/ (hw - ha) 0daa7
Total Tower Demand (NTU) = Cooling Range x Sum of 1/ (hw - ha) 1.6677

Through this example, the higher ambient wet bulb temperature (approach is smaller), the
larger NTU. That is, the enthalpy driving force (hw - ha) is reduced as the ambient wet bulb
temperature isincreased. This means that less driving force requires more heat transfer area
or more air. (Sometimes, NTU calls "Degree of Difficulty".)

Example 2-7. Compare NTU at the same given conditions as above example 2-4 excepting
that the entering water temperature has been changed to 101.0°F from 104°F.
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(Solution)
WATER SIDE AIR SIDE ENTH DIFF.

Descriptions tw (°F) hw (But/Lb) Description ha (Btu/Lb) 1/(hw-ha)
twy +0.1xR 90.20 56.2283 ha; +0.1xL/GXR 45,6697 0.0947
twy; + 0.4x R 93.80 61.4808 ha; +0.4x L/GxR 51.6068 0.1013
tw; +0.6xR 96.20 65.2631 ha; +0.6x L/GXxR 55.5648 0.1031
tw; +09xR 99.80 71.4001 ha; +0.9x L/IGXx R 61.5019 0.1010
Sum of 1/ (hw - ha) o1
Total Tower Demand (NTU) = Cooling Range x Sum of 1/ (hw - ha) 1.2004

This example presents that the smaller range under the same approach, the smaller NTU.

Typical Slope @ L/G = 1.6492 Typical Slops @ /G = 1.6432

4 /

I"'IE._!

/

hﬂ;

anthalpy (BTULE)
snthalpy [ETUYLb)

/] d

hﬂ.|

hﬂ.|

ter, exit airtamp. b
dry bulb tamp. FF)

ter, exit airtamp. tw;
dry bulb termp. °F)

<Example 2-&= =Examiple 2-7=

COMPARISON TABLE
Descriptions Exe. 2-4 Exe. 2-5 Exe. 2-6 Exe. 2-7
Range (°F) 15.0 15.0 15.0 12.0
Approach(°F) 9.0 9.0 8.0 9.0
Wet Bulb Temp.(°F) 80.0 80.0 81.0 80.0
L/G Ratio 1.6492 1.2540 1.6492 1.6492
Kav/L 1.4866 1.1677 1.6677 1.2004
Driving Force (BTU/Lb) 10.1031 13.0670 9.0089 10.0073
Order of Cooling Difficulty 2nd 4th 1st 3rd
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P

http://myhome.hanaf os.com/~criok/english/publication/thermal/thermal 2eng.html (10 of 11)10/05/2004 12:01:07 p.m.

ublication]



Cooling Tower Thermal Design Manual

Copyright ©2000-2003
Daeil Aqua Co., Ltd. All rights reserved

http://myhome.hanaf os.com/~criok/english/publication/thermal/thermal 2eng.html (11 of 11)10/05/2004 12:01:07 p.m.



Cooling Tower Thermal Design Manual

Cooling Tower Technical Site of Daeil Aqua Co., Ltd. for
Cooling Tower Engineers, Operators and Purchasers
Home [Back to [Back to List of

Previ Next
[Previous] [Next] Index] Publication]

Publication o
3. Tower Demand & Characteristic Curves
Mail to Us

Link Sites 1) Tower Demand

What's News

Liechtenstein introduced the "Cooling Tower" equation in 1943 and he used Merkel theory
Korean in conjunction with differential and fundamental equations to define cooling tower boundary
conditions. The resulting dimensionless groups related the variables for heat and mass
transfer on the counter flow type tower. Liechtenstein determined by experimental testing
that his equation did not fully account for the air mass rate or velocity. He also impliesin the
original paper that tests conducted at the University of California suggested avariation in the
tower characteristic due to the inlet water temperature. A method is given for adjusting the
tower characteristic for the effect. Several investigators have substantiated the effect of hot
water temperature and air velocity on the counter flow tower.

The Merkel equation is used to calculate the thermal demand based on the design
temperature and selected liquid-to-gasratios (L/G). The value of KaV/L becomes a measure
of the order of difficulty for the liquid cooling requirements. The design temperature and L/G
relate the thermal demand to the MTD (Mean Temperature Difference) used in any heat
transfer problem. As stated by Liechtenstein the use of his method required alaborious trial-
and-error graphical integration solution for tower design. During his employment with the
Foster-Wheeler Corporation, he published alimited edition of "Cooling Tower Black Book"
in 1943. The tower demand cal culations were incorporated into a volume of curves
eliminating the need for tedious busy work. For many years the publication was the industry
standard for evaluating and predicting the performance of tower.

A similar publication entitled "Counter Flow Cooling Tower Performance” was released
during 1957 by J. F. Pritchard and Co. of California. The so-called "Brown Book™ presented
achange in format to amulti-cycle log plot. Thisformat allows the cooling tower
characteristic curves to be plotted as straight lines. The publication include cooling tower
design datafor various types of counter flow fill. Design procedures and factors affecting
cooling tower selection and performance are discussed.

With the advent of the computer age the Cooling Tower Institute published the "Blue Book™
entitled "Cooling Tower Performance Curves' in 1967. The availability and use of the
computer allowed the Performance and Technology Committee to investigate several
methods of numerical integration to solve the basic equation. The Tchebycheff method was
selected as being of adequate consistency and accuracy for the proposed volume. The CTI
curves were calculated and plotted by computer over alarge span of temperature and
operating conditions. The curves are plotted with the thermal demand, KaV/L as afunction
of the liquid-to-gasratio, L/G. The approach lines (tw, - WBT) are shown as parameters.

The curves contain a set of 821 curves, giving the values of KaV/L for 40 wet bulb
temperature, 21 cooling ranges and 35 approaches.
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2) Tower Characteristic

An equation form used to analyze the thermal performance capability of a specified cooling
tower was required. Currently, the following equation is widely accepted and is a very useful
to be able to superimpose on each demand curve, since KaV/L vs. L/G relationship isalinear
function on log-log demand curve.

Kav/L = C (L/G)™m
where,

KaV/L=Tower Characteristic, as determined by Merkel equation

C=Constant related to the cooling tower design, or the intercept of the characteristic curve at
L/G=1.0

m=Exponent related to the cooling tower design (called slope), determined from the test data

The characteristic curve may be determined in one of the following three ways,

(2) If still applicable and available, the vendor supplied characteristic curve may be used.
In all cases the slope of this curve can be taken as the slope of the operating curve.

(2) Determine by field testing one characteristic point and draw the characteristic curve
through this point parallel to the original characteristic curve, or aline through this point
with the proper slope (- 0.5to - 0.8).

(3) Determine by field testing at least two characteristic points at different L/G ratios. The
line through these two pointsis the characteristic curve. The slope of this line should fall
within the expected range, and serves as a check on the accuracy of the measurement.

A characteristic point is experimentally determined by first measuring the wet bulb
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temperature, air discharge temperature, and cooling water inlet and outlet temperature. The L/
G ratio isthen calculated as follows;

(1) It may be safely assumed that the air discharge is saturated. Therefore, the air
dischargeisat its wet bulb. Knowing wet bulb temperature at the inlet of tower, the
enthalpy increase of the air stream can be obtained from a psychrometric chart. Air and
water flow rates have to be in the proper range for uniform flow distribution. In case of
recirculation of the air discharge, the inlet wet bulb may be 1 or 2°F above the
atmospheric wet bulb temperature.

(2) From a heat and mass balance the dry air rate and the prevailing L/G ratio in the tower
can be calculated [L/G =D ha/ (Cw X (tws - twy))]

Next, the corresponding KaV/L value has to be established. Thisis simply done by plotting
the calculated L/G and approach on the demand curve for the proper wet bulb and range.

TOWER DEMAND & CHARACTERISTIC CURVE
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4. Cooling Tower Performance Variables
Mail to Us

Link Sites There are alot of parameters which effects to the cooling tower design and operation. Some will
be discussed here through the examples below.

What's News

Korean Example 4-1. The water circulating rate is one of most important primary variables. Obviously
itisakey number in the original design. A problem frequently encountered is the prediction of
the effects of changesin water circulation rate on the temperatures of the water entering and
leaving an existing cooling tower. Assume an existing mechanical draft cooling tower is
operating at the following conditions, and estimate the cold & hot water temperature when the
water flow rate isincreased to 20,000 GPM, assuming no change in the entering air mass flow
rate, wet bulb temperature, and heat load. (Actually, the air mass is decreased due to the increase
of pressure drop at the fill with the increase of water.)

Given,

. Water Flow Rate (L 1): 16000
. Entering Air Flow Rate (G;): 80848

. Ambient Wet Bulb Temperature: 80.0
. Site Altitude: sealevel
. Hot Water Temperature (HWT, tw,): 104.0

. Cold Water Temperature (CWT, tw,): 89.0

. Characteristic Curve Slope (m): -0.800
. Alternative Water Flow Rate (L,): 20000

(Solution)

Range, Ry = HWT - CWT = tw, - twq = 104 - 89 = 15F

Water Flow Rate in Pound, L, = Water Flow Rate x (500 / 60) = 16,000 x (500 / 60) =
133,333.3Ib/min

Heat Load, D; = L4 x Ry = 133,333.3 x 15 = 2,000,000 BTU/min

Air Mass Flow Rate, G; = 80,848 Ib/min

Liquid to Gas Ratio, L/G; = L4/ G = 133,333.3/ 80,848 = 1.6492

Water Flow Ratein Pound, L, = Water Flow Rate x (500 / 60) = 20,000 x (500 / 60) =
166,666.7 Ib/min

Heat Load, D, = D; = 2,000,000 BTU/min

Air Mass Flow Rate, G, = G; = 80,848 Ib/min

Liquid to Gas Ratio, L/G, = L,/ G, = 166,666.7 / 80,848 = 2.0615

Range, R, = D, / L, = 2,000,000/ 166,666.7 or = Ry X (L1 / L) = 120F

(The range must be calculated since the heat |oad is same as the design condition but water flow
rate was changed.)

In estimating the cold water temperature with the new water flow rate, there are two methods.

http://myhome.hanaf os.com/~criok/english/publication/thermal/thermal 4eng.html (1 of 8)10/05/2004 12:03:01 p.m.



Cooling Tower Thermal Design Manual

Oneisto find a new approach by means of the computer. Another isto find it using the CTI

performance curves. Two methods shall be discussed. With the use of the computer, the iteration

isrequired until the value of the new tower characteristic is exactly equal to the new KaV/L
(NTU) varying the approach by means of computer.

First Step: Calculate NTU at the design conditions as follows,

WATER SIDE AIR SIDE ENTH DIFF.

Descriptions tw (°F) hw (Btu/Lb) Description ha (Btu/Lb) 1/(hw-ha)
twy +0.1x R 90.50 56.6478 ha; +0.1xL/GXxR 46.1645 0.0954
tw; + 04 xR 95.00 63.3426 ha; + 0.4xL/IGX R 53.5858 0.1025
twy; +0.6X R 98.00 68.2591 ha; + 0.6 x L/IGX R 58.5334 0.1028
tw; +0.9x R 102.50 76.4013 ha; +0.9x L/GxR 65.9547 0.0957
Sum of 1/ (hw - ha) 0.3964
Total Tower Demand (NTU) = Cooling Range x Sum of 1/ (hw - ha) 1.4866

Second Step: Calculate avalue of "C" of tower characteristic for the design conditions as

follows;

C=KaV/L / (L/Gy)™ = KaV/L x (L/Gy)™ = 1.4866 x (1.6492)08 = 2.21825

Third Step: Calculate anew tower characteristic for the increased water flow as follows;

New Tower Characteristic = C x (L/G,)"™ = 2.21825 x (2.0615)- 0.8 = 1.2436

(Notethat "C" value is a constant value regardless the change of water flow rate in finding the
approach at the alternative temperature conditions.) The new tower characteristic for the
increased water flow rate can be calculated as above.

Forth Step: Iterate until the value of new characteristic is equal to the new NTU varying the
value of approach.

New Cold Water Temperature = Wet Bulb Temperature + New Approach
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CALCULATION OF KaV/L @ DESIGN

WATER SIDE| AIR SIDE | 1/(Hw-Ha]

DATA INPLIT

INPUT PARAMETERS
. Design L/G 1.6492
. Desizn HWT (°F) 104.00
. Desizn CWT (°F) $9.00
. Wet Bulb Temp. (°F) 50.00
. Characteristic Slope -0.800
. Altitude (Feet) 0
. Design Cooling Range

o om e Wk =

. Design Approach
. Design KaV/L
LCVALLUE IN CHA.

= Om

. New L/G

. Mew Cooling Range (°F)
. Mew Ka¥/L

Mew Cold Water Temperature

Mew Hot Water Temperature
Fifth Step: Compute the cold water temperature with the result of iteration as follows;

New CWT = WBT + New Approach = 80 + 10.45 = 90.45°F
New HWT = CWT + Range = 90.45 + 12 = 102.45°F

The following isaway to estimate the new cold water temperature with the use of CTI
performance curve. From the curve of 80 WBT and 15 range, the initial operating point is
located at the intersection of L/G = 1.6492 line and approach 9°F curve. The corresponding
value of KaV/L is1.502.

The point of intersecting with the values of KaV/L and L/G for new conditions is then plotted
on the curve of 80 WBT and 12 range, and the point of intersecting with the approach line and
this point is a new approach which intended to obtain.

The intersection of New KaV/L = 1.2436 and L/G = 2.0615 on of L/G2 = 2.0615 on the

approach line determines the new approach = 10.35°F, and then the water temperatures can be
predicted:

New CWT = WBT + New Approach = 80 + 10.35 = 90.35°F
New HWT = CWT + Range = 90.35 + 12 = 102.35%F

The reason that there is alittle difference in the values between the computer aid calculation and
the CTI graphical methodsis dueto avery little difference in the enthal py value between the
formula used by thisand CTI

Download the example file(exe4_1.zip)
Thisfile covers the examples of Example 4-2 through 4-5.

Example 4-2. Estimate the cold & hot water temperature when the water flow rate isincreased
to 20,000 GPM from 16,000 GPM and the slope of tower characteristic was changed to - 0.7
from - 0.8. Others are same as above example 4-1.
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(Solution)
First Step: Same as example 4-1.

Second Step: Calculate avalue of "C" of tower characteristic for the design conditions as
follows;

C=KaV/L/(L/IG)yM=KaV/L x (L/G)M = 1.4866 x (1.6492)0-7 = 2.11001
Third Step: Calculate a new tower characteristic for the increased water flow as follows;

New Tower Characteristic = C x (L/G)"™ = 2.11001 x (2.0615)0-7 = 1.2716

(Note that "C" value is a constant val ue regardless the change of water flow rate in finding the
approach at the alternative temperature conditions.) The new tower characteristic fourth
increased water flow rate can be calculated as above.

Forth Step: Iterate until the value of new characteristic is equal to the new NTU varying the
value of approach.

New Cold Water Temperature = Wet Bulb Temperature + New Approach

DATA INPLIT

CALCULATION OF KaV/L @ DESIGN

WATER SIDE| AIR SIDF | i/{(Hw-Ha)

INPUT PARAMETERS
. Design L/G 1.6492
. Desizn HWT ("F) 104.00
. Desizn CWT (°F) §9.00
. Wet Bulb Temp. (°F) 50.00
. Characteriztic Slope -0.700
. Altitude (Feet) 0
. Design Cooling Range

e o e ke =

. Design Approach
. Design KaV/L
LCVALUE IM CHA.

L]

. Mew L/G

. Mew Cooling Range [°F)
. Mew KaV/L

Mew Cold Water Temperature

Mew Hot Water Temperature
Fifth Step: Compute the cold water temperature with the result of iteration as follows;

New CWT = WBT + New Approach = 80 + 10.32 = 90.32°F
New HWT = CWT + Range = 90.32 + 12 = 102.32°F

Through this example, it was proven that the cold water temperature at the slope of - 0.7 is
dlightly lower than - 0.13.

Example 4-3. The example number 18 was based on the assumption that the heat load is
constant for the increase of water flow rate. Estimate the cold & hot water temperature under the
assumption that the cooling range is constant for the increase of water flow rate to 20,000 from
16,000 GPM.
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(Solution)
Range, Ry = R, = HWT - CWT =tw; - tw; = 104 - 89 = 15°F
Water Flow Rate in Pound, L, = Water Flow Rate x (500 / 60) = 16,000 x (500 / 60) =

133,333.3 Ib/min
Heat Load, Dy = L; X Ry = 133,333.3 x 15 = 2,000,000 BTU/min

Air Mass Flow Rate, G; = G, = 80,848 Ib/min
Liquid to Gas Ratio, L/Gy =L,/ G = 133,333.3/ 80,848 = 1.6492
Water Flow Rate in Pound, L, = Water Flow Rate x (500 / 60) = 20,000 x (500 / 60) =

166,666.7 lb/min
Heat Load, D, = L, X R, = 166,666.7 x 15 = 2,500,000 BTU/min

Liquid to Gas Ratio, L/G, = L,/ G, = 166,666.7 / 80,848 = 2.0615

The value of NTU at the design conditions is same as a value calculated in the example 4-1. The
value of "C" of tower characteristic for the design conditions same as the example 4-1. The new
tower characteristic for the increased water flow is also same as the example 4-1. Iterate until
the value of new characteristic is equal to the new NTU varying the value of approach.

New Cold Water Temperature = Wet Bulb Temperature + New Approach

DATA INPLIT

CALCULATION OF Ka¥/L @ DESIGN

H ATER SIDE| AIR SIDE |1/(Hw-Ha]

INPUT PARAMETERS
. Design LG 1.6492
. Design HWT (°F) 104.00
. Design CWT °F) £9.00
. Wet Bulb Temp. (°F) $0.00
. Characteristic Slope -0.500
. Altitude (Feet) 0
. Design Cooling Range

e NE-A NN =) I “O TN SR

. Design Approach
. Design Kav/L
LCVALUE IN CHA.

. Mew L/G

2. Mew Cooling Range °F)
. Mew KaV/L

Mew Cold Water Temperature

Mew Hot Water Temperature
Fifth Step: Compute the cold water temperature with the result of iteration as follows;

New CWT = WBT + New Approach = 80 + 12.01 = 92.01°F
New HWT = CWT + Range = 92.01 + 15 = 107.01°F

Example 4-4. Assume again the conditions of example 4-1 and determine the cold and hot
water temperature when the heat load is added to increase the cooling range from 15 to 20°F,
assuming no change in the water circulation rate or in entering air mass flow rate or wet bulb
temperature.
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(Solution)

Range, R; = HWT - CWT = tw, - tw; = 104 - 89 = 15°F

Water Flow Rate in Pound, L, = L, = Water Flow Rate x (500 / 60) = 16,000 x (500 / 60) =
133,333.3 Ib/min

Air Mass Flow Rate, G; = G, = 80,848 Ib/min

Liquid to Gas Ratio, L/Gy =L,/ G, = L/G, = 133,333.3/ 80,848 = 1.6492

Range, R, = 20°F

Thevalue of NTU, and "C" at the design conditions is same as a value calculated in the example
4-1. Also, the new tower characteristic for even aincreased cooling range is same as the

example 4-1. Iterate until the value of new characteristic is equal to the new NTU varying the
value of approach. (New Cold Water Temperature = Wet Bulb Temperature + New Approach)

CALCULATION OF Ka¥/L & DESIGM

'.-'l ATER SIDE| AIR SIDE |i/{Hw-Ha)

DATA INPUT

INPUT PARAMETERS
. Design L/G 1.6492
. Design HWT °F) 10400
. Design CWT (°F) &9.00
. Wet Bulb Temp. °F) £0.00
. Characteristic Slope -0.800
. Altitude (Feet) 0
. Design Cooling Range

e e e ke =

. Design Approach
. Design KaV¥/L
LCVYALUE IN CHA.

L]

. Mew L/G

2. Mew Cooling Range [°F)
. Mew KaV/L

Mew Cold Water Temperature

Mew Hot Water Temperature
Fifth Step: Compute the cold water temperature with the result of iteration as follows;

New CWT = WBT + New Approach = 80 + 10.65 = 90.65°F
New HWT = CWT + Range = 90.65 + 20 = 110.65°F

Example 4-5. Assume the existing mechanical-draft cooling tower is operating at the initial
conditions of example 4-1. Determine the cold & hot water temperature if the air mass flow rate
is reduced to 53,900 Ib/min by the adjustment of the fan pitch angle and/or fan speed.

(Solution)
Range, Ry = HWT - CWT = tw, - tw; = 104 - 89 = 150F
Water Flow Rate in Pound, L, = L, = Water Flow Rate x (500 / 60) = 16,000 x (500 / 60) =

133,333.3 [b/min
Air Mass Flow Rate, G, = 80,848 Ib/min

Liquid to Gas Ratio, L/G; =L,/ G; = 133,333.3/ 80,848 = 1.6492
Air Mass Flow Rate, G, = 53,900 Ib/min
Liquid to Gas Ratio, L/G, = L,/ G, = 133,333.3/ 53,900 = 2.4737
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Thevalueof NTU, and "C" at the design conditions is same as a value calculated in the example
4-1.Calculate anew tower characteristic for the decreased air mass flow.

New Tower Characteristic = C x (L/G)™ = 2.21825 x (2.4737)0-8 = 1.0748
Iterate until the value of new characteristic is equal to the new NTU varying the value of
approach. New Cold Water Temperature = Wet Bulb Temperature + New Approach

CALCULATION OF Ka¥/L @ DESIGN

'-'1. ATER SIDE| AIR SIDE | 1/{Hw-Ha)

DATA INPUT

INPUT PARAMETERS
. Design L/G 1.6492
. Design HWT (°F) 104.00
. Design CWT (°F) §9.00
. Wet Bulb Temp. °F) 50.00
. Characteristic Slope -0.500
. Altitude (Feet) 0
. Design Cooling Range

S o e e el

. Design Approach
. Design KaV/L
LCVALUE IM CHA.

=]

L

. Mew L/G

2. MNew Cooling Range (°F)
. Mew KaV/L
Mew Cold Water Temperature

Mew Hot Water Temperature
Fifth Step: Compute the cold water temperature with the result of iteration as follows;

New CWT = WBT + New Approach = 80 + 14.85 = 94.85°F
New HWT = CWT + Range = 94.85 + 15 = 109.85°F

Example 4-6. Assume that the cold & hot water temperature at the conditions where the wet
bulb temperature is decreased to 77°F from 80°F and the air mass flow is changed to 53,900 Ib/
min. Others remain unchanged from example 4-1.

(Solution)
Range, R; = R, = HWT - CWT =tw,, - twy = 104 - 89 = 15%F
Water Flow Rate in Pound, L, = Water Flow Rate x (500 / 60) = 16,000 x (500 / 60) =

133,333.3 Ib/min
Air Mass Flow Rate, G; = 80,848 Ib/min

Liquid to Gas Ratio, L/G; =L/ Gy =L, =133,333.3/ 80,848 = 1.6492
Air Mass Flow Rate, G, = 53,900 Ib/min
Liquid to Gas Ratio, L/G, = L,/ G, = 133,333.3/ 53,900 = 2.4737

Thevalue of NTU, and "C" at the design conditions is same as a value calculated in the example
4-1. Calculate a new tower characteristic for the decreased air mass flow.

New Tower Characteristic = C x (L/G)™™M = 2.21825 x (2.4737)08 = 1.0748

Forth Step: Iterate until the value of new characteristic is equal to the new NTU varying the
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value of approach. New Cold Water Temperature = Wet Bulb Temperature + New Approach

DATA INPLIT

CALCULATION OF Ka¥/L @ DESIGN

H ATER SIDE| AIR SIDF | i/{Hw-Ha)

INPUT PARAMETERS
. Design L/G 1.6492
. Design HWT ("F) 104.00
. Design CWT (F) &9.00
. Wet Bulb Temp. (°F) 80.00
. Characteriztic Slope -0.500
. Altitude 0

. Design Cooling Range (°F

Sl Mmoo W ke =

. Desizn Approach (°F)
. Design KaVv/L
10. C VALUE IN CHA.

L=

11. New LG

12. Mew Cooling Range (°F)
13. New Wet Bulh Temp. [*
14. New KaV/L

Mew Cold Water Temperature

Mew Hot Water Temperature
Fifth Step: Compute the cold water temperature with the result of iteration as follows;

New CWT = WBT + New Approach = 77.0 + 16.25 = 93.259F
New HWT = CWT + Range = 93.25 + 15 = 108.25°F

Download the example file(exe4_6.zip)
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5. Consider ation of By-Pass Wall Water

[Previous] [Next]
Publication

Mail to Us

Link Sites This factor accounts for the amount of water which unavoidably bypasses the fill along the
outside and partition walls, internal columns, internal risers etc. Thiswater is not cooled as
much as the water passing through the fill. This effect is well known and recognized as the
Korean WALL EFFECT but there is no precise theory on how to predict and account for it. Thisisnot a
reason for neglecting it in the calculations. It may be very large particularly in a small tower
where it can be as big as 20%. Even large towers can have 2% to 5% on the walls. The approach
to this problem is very simple. The by-pass wall water is assumed to be only half cooled.

What's News

How to estimate the by-pass wall water? Through an example, the estimation can be discussed.
A 36 x 36 ft tower cell has 144 nozzles. 40 nozzles are near to the four walls each projecting 10
% of their water onto those walls. 40 x 10% / 144 = 2.78 %. 4 nozzles are in the corners and
project 20% of their water into the wall. 4 x 20% / 144 = 0.56 %. There are 25 internal columns.
Each column receives 5% of the water from 4 adjacent nozzles 25 x 4 x 5% / 144 = 3.47 %.
Then total by-passis 6.81% and the water amount for being half cooled is6.81/ 2 = 3.4%. This
means that 3.4% of total water flow is passing through the wall under not being cooled. Thisis
not an exaggerated number. Obviously this evaluation largely depends on water distribution
design and the type of nozzles used. A lot of precautions can be taken to minimize this value but
it must be kept in mind that that it is better to have alittle water on the walls than leaving dry
spots with no water at al. Many cooling tower fills do not redistribute the water very well and
air will rush through a dry spot where there is less resistance.

If the tower was 18 x 18 ft the same type of evaluation would give:

16 x 10%/36=4.4%
4x20%/36=22%
4x4x5%/36=22%
Total =8.8%

This means that the total 4.4% of water flow is being passed through the cooling tower without
the heat exchange.

Example 5-1: Let's assume that the % by-pass wall water was 4% and compare the tower
demand using the example 4-1.

(Solution)

Since the 4% of water flow rate is considered not to be completely cooled, the cooling tower has
to remove the heat for the original heat load duty and reduced water flow rate. Therefore, itis
nature that the cooling range is increased and the tower demand must be based on these new
cooling range and cold water temperature.

Origina Range, R; = HWT - CWT =tw, - tw; = 104 - 89 = 15°F
Water Flow Ratein Pound, L, = Water Flow Rate x (500 / 60) = 16,000 x (500 / 60) =
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133,333.3 Ib/min
Heat Load, D; = L1 X Ry = 133,333.3 x 15 = 2,000,000 BTU/min

Heat Load, D, = D, = 2,000,000 BTU/min
Tower Water Flow Rate, L, = Water Circulation Rate x (1 - % By-Pass Wall Water / 100) x

(500 / 60)
= 16,000 x (1 - 4/ 100) x (500 / 60) = 128,000.0 Ib/min

Range, R, = D,/ L, = 2,000,000 / 128,000 = 15.625°F
=L; xRy /{L1 X (1-%By-Pass Wall Water / 100)}
=R1/(1- % By-Pass Wall Water / 100) = (104 - 89) / (1 - 4/ 100) = 15.625°F

Tower Cold Water Temp., CWT, = CWT, + R; - R, =89 + 15 - 15.625 = 88.375°F

(Thisrelation is obtained from the below derivations;

Heat Load, D; =Ly xRy =L X (HWT, - CWT,)
Heat Load, D, =L, X Ry =Ly x (HWT, - CWT))
From the relation of D, = D,,

Ly X (HWT,-CWT) =L, x (HWT, - CWT))
Ly /Ly x (HWT, - CWT,) = HWT, - CWT,

Therefore, CWT,  =HWT;-L;/Lyx (HWT; - CWT,)
= HWT; - L1/ [Ly X (1 - % By-Pass Wall Water / 100) x (HWT; -

CWT,]
= HWT; - 1/ (1 - % By-Pass Wall Water / 100) x (HWT; - CWT))
= HWT; - R,

[(HWT, - CWTy) / (1 - % By-Pass Wall Water / 100) = R,]
=CWT{+R;-R,

Or from the condition that the design hot water temperature must be equal regardiess By-
Pass Wall Water,

HWT = CWT, + R, = CWT, + R,
CWT2 = CWTl + Rl - RZ

Also, it is obvious that the cold water temperature through the cooling tower when by-pass
wall water isbeing considered will be lower than when not to consider the by-pass wall
water.)

Air Mass Flow Rate, G, = G; = 80,848 Ib/min, Liquid to Gas Ratio, L/G, =L,/ G, =
128,000.0/ 80,848 = 1.5832

WATER SIDE AIR SIDE ENTH DIFF.
Descriptions tw (°F) hw (But/Lb) Description ha (Btu/Lb) 1/(hw-ha)
twy +0.1xR 89.94 55.8639 ha; +0.1xL/GXx R 46.1645 0.1031
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twy + 04 xR 94.63 62.7545 ha; +04x L/GXxR 53.5858 0.1091
tw; +0.6 xR 97.75 67.8345 ha; +0.6x L/IGXx R 58.5334 0.1075
tw; +0.9x R 102.44 76.2814 ha; +09xL/GXxR 65.9547 0.0968
Sum of 1/ (hw - ha) 0.4165

Total Tower Demand (NTU) = Cooling Range x Sum of 1/ (hw - ha) 1.6270

This example shows that the tower demand is increased by about 9.44% when the by-pass wall
water is considered. That is, the degree of cooling difficulty with the consideration of by-pass
wall water is higher than the degree with the ignorance of by-pass wall water.

Example 5-2. The example number 18 was based on the assumption that the heat load is
constant for the increase of water flow rate. Estimate the cold & hot water temperature under the
assumption that the cooling range is constant for the increase of water flow rate to 20,000 from
16,000 GPM, and the assumption of 4% of total water is being by-passed without the heat
removal through the tower.

(Solution)

Range, R; = tw, - tw; = 104 - 89 = 15.0°F

Tower Water Flow Rate in Pound, L, = Water Flow Rate x (500 / 60) = 16,000 x (500 / 60) =
133,333.3 Ib/min

Liquid to Gas Ratio, L/G; = L4/ G = 133,333.3/ 80,848 = 1.6492

Air Mass Flow Rate, G, = G, = 80,848 Ib/min

Tower Water Flow Rate in Pound, L, = Water Flow Rate x (1 - % By-Pass Wall Water / 100) x

(500 / 60)
= 20,000 x (1 - 4/ 100) x (500 / 60) = 160,000.0 Ib/min
Liquid to Gas Ratio, L/G, = L, / G, = 160,000.0 / 80,848 = 1.9790

Range, R, = (tw, - twy) / (1 - % By-Pass Water / 100) = (104 - 89) / 0.96 = 15.6250F

The value of NTU is same as a value calculated in the example 4-1.
Calculate avalue of "C" of tower characteristic for the design conditions as follows;

C=KaV/L / (L/G)™ = KaV/L x (L/G)M = 1.4866 x (1.6492)0:8 = 2.21825

Calculate a new tower characteristic for the increased water flow.

New Tower Characteristic = C x (L/G)™™M = 2.21825 x (1.9790)-0-8 = 1.2848

Iterate until the value of new characteristic is equal to the new NTU varying the value of
approach. New Cold Water Temperature = Wet Bulb Temperature + New Approach
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DATA INPUT

CALCULATION OF Ka¥/L @ DESIGN

INPUT PARAMETERS
. Design LG 1.6492
. Desizn HWT (*F) 104.00
. Desizn CWT (°F) £9.00
. Wet Bulb Temp. (°F) §0.00
. Characteristic Slope -0.800
. Altitude (Feet) 0
. Design Cooling Range (°F
. Design Approach °F)
9. Design Ka¥/L

.CVYALUE IM CHA.

e - T [ U TR R

. By-Pas: Wall Water
2. Mew LG

3. Mew Cooling Range (°F)
4. Mew Kav/L

Mew Cold Water Temperature

Mew Hot Water Temperature
Finally, compute the cold water temperature with the result of iteration as follows;

New CWT through Tower = WBT + New Approach + Design Range - Actual Range = 80 +
12.331 + 15 - 15.625 = 91.706

Final CWT = (New CWT through Tower x Water Flow through Tower + New HWT x By-Pass
Wall Water Flow) / Total Water Flow Rate = (19,200 x 91.706 + 800 x 107.331) / 20,000 =
92.331°F

Water Flow Rate through Tower = Alternative Water Flow X (1 - % By-Pass) = 20,000 x (1 -
0.04) = 19,200 GPM

By-Pass Wall Water Flow = Alternative Water Flow x % By-Pass = 20,000 x 0.04 = 800 GPM

Final HWT = Final CWT + Heat Build Up from Heat Exchanger (Range) = 92.331 + 15.0 =
107.331°F

Or, Final HWT = New CWT through Tower + New Range through Tower = 91.706 + 15.625 =
107.331°9F

Therefore, the hot water temperature when to consider the by-pass wall water is higher than
example no. 4-3 by 0.321°F.

Download the example file (exe5_2.zip)
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6. Pressure Dropsin Cooling Tower
Mail to Us

Link Sites The air pressures are always dropped in the area where the direction of air flow is changed or
the velocity of air flow is decreased suddenly. Representative areas where the pressure |osses of
air are occurring in the induced draft counter flow cooling tower are as follows;

What's News

Korean

. Air Inlet (Entrance Loss)

. Fill

. Water Distribution Piping

. Drift Eliminator

. FanInlet (Sometimes called plenum | osses)

Most of air pressure drops at all the areas excepting fill section can be easily calculated as per
the well known formula of K x (Air Velocity / 4008.7)2 x Density Ratio. K is a pressure drop
coefficient and depends on the shape of obstruction laid in the air stream. Density ratio isan
actual air density divided by 0.075 Ib/ft3 @ 70°F dry air conditions. In cooling tower, these
pressure losses are called " Static Pressure Loss", just " Static Pressure”, or " System Resistance.
The performance of cooling tower fans depends on the calculation degree of static pressures at
the cooling tower.

The minimum value of pressure drop coefficient at the air inlet isincluding the two turns of air
stream directions and is 1.0 for a hypothetical perfect bell inlet. Asaguide line, K values at the
air inlet are as below;

A) Without Louvers

Square edge beams and square columns: 1.5
Rounded beams (R = 0.04 x H) and columns (R =0.04 x W): 1.3
Tapered beams and columns, 300, H=0.1x W: 1.2

B) With Louvers

Large, widely spaced louvers: 2.0to 3.0
Narrow, small louvers. 2.5t0 3.5

In most cases, the pressure drops at the water distribution piping zone are included into the
pressure drops at drift eliminators because the drift eliminators are installed onto the water
distribution pipes or within 2 feet from pipes. In this case, K valuesisin the range of 1.6 to 3.0.
Of course, it must be based on the data provided by manufacturer. The pressure drop coefficient
at the fan inlet will be discussed in the examples related to the fans later again, but it isin the
range of 0.1t0 0.3.
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Pressure Drop v’ _ _
= kz_g =k x (1/ 2) x Air Density x V2/ 115,820 (Ib/ft2)
=k x0.1922 x (1/ 2) x Air Density x V2/ 115,820 (inch WG = inch Ag. =
inch Water)
or,
=k x 0.1922 x (1/ 2) x (Density Ratio x 0.075) x V2/ 115,820 (inch WG =
inch Ag. = inch Water)
=k x 0.1922 x (1/ 2) x 0.075/ 115,820 x V2 x Density Ratio (inch WG = inch
Ag. = inch Water)
=k xV2x1/16,069,371 x Density Ratio
=k x V2 x 1/4008.72 x Density Ratio
=k x (V / 4008.7)2 x Density Ratio

where,

k: Pressure Drop Coefficient

r: Air Density Ib/ft3

V: Air Veocity, ft/min

g: Acceleration Gravity, ft/min2 (1g = 32.172 ft/sec? = 115,820 ft/min2)
Density Ratio: Actual Air Density / 0.075

(1 1b/ft2 = 0.1922 inch WG)

Therefore, a constant of 4008.7 is obtained from above in order to convert the unit of pressure
drop to inch Ag. using the ft/min unit of air velocity and Ib/ft3 unit of air density.

It isimportant to predict the obstructions in the air stream. The obstructions which must be
considered in designing the cooling tower are as follows,

. Obstruction at the air inlet area
. Obstruction at the fill

The obstructions at the air inlet area are the area of preventing the air flow and are a summation
of area projected to the air inlet with the columns, beams, or bracing, etc. There isno need to
consider the air flow obstruction due to the inlet louvers. The obstruction at thefill isaplain
areawhich is not filled due to the columns or bracing, etc.

Thetypes of air inlet for the counter flow induced draft cooling tower as below are being used.

. One Side Open: This arrangement is useful for the area where the obstruction to be able to
disturb the air flow or to increase the inlet wet bulb temperature due to the adjacent building
or the heat sources to be able to affect the entering wet bulb temperature are located to the
one side of cooling tower. When to design the cooling tower with this arrangement of air
inlet, aspecial attention is required for the even air distribution into the fill section.

. Two Side Open & Ends Closed: This arrangement is most general for the industrial cooling
towers.

« All Around Cell Group

. Back To Back & Open All Round: Thisisuseful for a case where the areais limited.
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One Side Cpen Two Sides Cpen
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Pt .

All Argund Cell Group Baclk to Bacl: & Qpen All Around Cell Group
Example 6-1. Determine the pressure drop at the air inlet for the below given conditions.

Given,

Cell Length: 42.0 feet

Cell Width: 42.0 feet

Air Inlet Height: 15.0 feet

Number of Spray Nozzle: 196 each (Center to Center Distance of Nozzles: 3 feet)
Water Flow Rate: 12500 GPM

Exit (Entering) Water Temperature: 89°F

Inlet (Leaving) Water Temperature: 104°F

Fill Depth: 4 feet

Fill Flute Size: 19 mm

Entering Wet Bulb Temperature: 80°F

Relative Humidity: 80.0%

Site Elevation: O feet

Exit Air Temperature: 97°F

Arrangement of Air Inlet: Two Sides Open & Ends Closed
Material of Tower Framework: Wood

Type of Air Inlet Louver: Large, Widely Spaced
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(Solution)

In order to obtain the air mass flow, the following cal culation must be first accomplished. The
actual cooling range through the tower must be cal culated because there is a by-pass wall water
in the tower.

New Tower Range = Design Range/ (1 - % by passwall water / 100)
(Note: Thiswas aready discussed in example 5-2.)
% By-Pass Water Calculation is as follows:

1) Water Flow Rate per Nozzle = Design Water Flow Rate/ Total Number of Nozzles= 12,500
GPM / 196 = 63.78 GPM/Nozzle

2) By-Pass Wall Water from Spray Nozzles,

By PassWall Water = [{(Cell Length / Center to Center Distance of Nozzle) - 2} x 2
+ {(Cell Width / Center to Center Distance of Nozzle) - 2} x 2] x 10%
x GPM / Nozzle
+ 4 Nozzles x 20% x GPM / Nozzle
=[{(42/3)-2} x2+{(42/3) - 2} x 2] x 10% X 63.776 + 4 X 20% X
63.776
= 357.14 GPM

3) By-Pass Column Water due to Spray Nozzles near to Tower Internal Columns

By-Pass Column Water = {(Cell Length / Bay Distance) - 1} x {(Cell Width / Bay Distance)
-1}
X 4 Nozzles x 5% x GPM / Nozzle
={(42/6)-1} x{(42/6) - 1} x 4 x 5% x 63.776
=459.18 GPM

% By-Pass Water = (By-Pass Wall Water + By-Pass Column Water) / GPM / 2 x 100
(%0)
= (357.14 + 459.18) / 12,500/ 2 x 100
= 3.265%

Therefore, the actual range through tower is obtained from relation of Design Range/ (1 - % By-
Pass Water / 100)

Actual Range = (104 - 89) / (1 - 3.265/ 100) = 15.5063
A value of L/G is obtained from the equation of ha, = ha; + L/G x New Tower Range.

L/G = (hay, - hay) / New Tower Range
Air Enthalpy at Exit (97°F) = 66.5773 Btu/lb

Air Enthalpy at Inlet (80°F) = 43.6907 Btu/lb
Therefore, L/G = (66.5773 - 43.6907) / 15.5063 = 1.4760

The air massis calculated from therelation of G =L / (L/G). Here the value of L is a net water
flow rate through the cooling tower. That is, L = Design Water Flow Rate x (500 / 60) x (1 - %
By-Pass Water / 100) = 12,500 x (500/ 60) x (1 - 3.265/ 100). (Note: (500 / 60) is a constant to
covert water flow ratein GPM to Ib/min unit.) Then, the value of air mass flow = 12,500 x
(500/60) x (1 - 3.265/ 100) / 1.4760 = 68,271.5 Ib/min
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Second, let's calculate the area of obstruction in the air inlet. In case of wood structure, one bay
(between center of columns) is based on 6 feet and the traversal member is based on 6 feet in the
height. Therefore, the number of bay for the 42 feet of cell length is 7 and the width of column
is4 inch. In the traversal member, two beams are required for this air inlet height.

Area of Obstruction due to Columns = No. of Bay x Width of Column x Air Inlet Height x No.
of Air Inlet =7 x (4/12) x 15 x 2= 70 ft2

Area of Obstruction due to Traversal Members = No. of Members x Height of Members x Cell
Length x No. of Air Inlet =2 x (4/ 12) x 42 x 2= 56 ft2

Total Areaof Obstructions = 70 + 56 = 126 ft2

Overall Areaof Air Inlet = Cell Length x Air Inlet Height x No. of Air Inlet =42 x 15 x 2=
1,260 ft2

% Obstruction @ Air Inlet = Total Area of Obstructions/ Overall Area of Air Inlet x 100 (%)=
126/ 1,260 x 100(%)= 10.0%

Net Areaof Air Inlet = 1,260 - 126 = 1,134 ft2

Air Density and Specific Volume @ Air Inlet must be based on the dry bulb temperature at a
relative humidity, not on wet bulb temperature. Let's find adry bulb temperature from
Psychrometric chart or from the following computer cal cul ation method.

CALCULATION OF INLET DEY BULE TEMPERATUEE

BtwIh dry air

BtwLh dry air

Lhift’

fi°(Lh dry air

.:.F.

The dry bulb temperature corresponding 80% RH at 80°F WBT is 85.24°F. (Note: Some
engineers are using the air density and specific volume at the air inlet using the web bulb
temperature. Thisistotally wrong and is quite different from the value at the dry bulb
temperature & relative humidity.)

Specific Volume @ 85.24 DBT & 80% RH = 14.2230 ft3/Ib
Airflow Volume @ Air Inlet = Air Mass Flow x Specific Volume @Air Inlet= 68,271.5 x
14.2230= 971,028 ft3/min
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(For reference, the specific volume at the given wet bulb temperature is 14.1126 ft3/1b and
airflow volume becomes 963,485 ft3/min. Compare this value with above airflow volume.)

Air Velocity @ Air Inlet = Airflow Volume @ Air Inlet / Net Area of Air Inlet= 971,028/ 1,134
= 856.29 ft/min (FPM)

Air Density @ 85.24 DBT & 80% RH = 0.0718 |b/ft3

Pressure Drop Coefficient for this arrangement = 2.5

Then, pressure drop is obtained from below:

Pressure Drop = K (V / 4008.7)2 x Density Ratio= 2.5 x (856.29 / 4008.7)2 x (0.0718 / 0.0750)=
0.1092 inch Ag.

(For reference, the air density at the given wet bulb temperature is 0.0724 |b/ft"3. Compare this
with the previous value of air density.)

Download the example file (exe6_1.zip)
Example 6-2. Determine the pressure drop at the fill for the same example 6-1.

(Solution)
Firgt, it isto calculate the average air velocity through the fill. The reasons why the average air
velocity must be calculated are based the assumptions below;

1) The heat exchange in the rain zone is negligible and there is no change in the air between the
entering air into the tower inlet and into the bottom of fill.

2) The heat is completely exchanged at the fill section & water distribution zone.

3) The exit air from the fill is 100% saturated and the heat of exit air transferred from the water
is considered as an adiabatic process.

To calculate the average air velocity, the average air volume and specific volume through the fill
must be calculated.

Average Specific Volume =2/ (1/ Specific Volume @ Tower Inlet Temp. + 1/ Specific
Volume @ Tower Exit Air Temp.)

Specific Volume @ 85.24 DBT & 80% RH = 14.2230 ft3/Ib
Specific Volume @ 97.0 DBT & 100% RH = 14.9362 ft3/Ib (The exit temp. was guessed.)

Therefore, the average specific volume at the fill = 14.5709 ft3/Ib

Then, the average air volume at the fill is obtained from Average Specific Volume x Air Mass
Flow. That is, the average air volume at the fill = 994,776.8 ft3/min

Average Air Velocity = Average Air Volume/ Net Fill Area

Net Fill Area= (Cell Length x Cell Width) x (1 - % Fill Obstruction / 100)

% Fill Obstruction = (Sectional Area of Column x Number of Columns) / (Cell Length x Cell
Width) x Margin x 100(%)= (4 x 4/ 144 x 7 x 7) | (42 x 42) x 3.6 x 100 (Note: Safety margin
for wood tower is about 3.6)= 1.11%

Therefore, the net fill area= (42 x 42) x (1 - 1.11/100) = 1,730.7 ft2

Average Air Velocity @Fill = Average Air Volume @Fill / Net Fill Area= 574.78 ft/min
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Second, the water loading calculation is required as follows;

Water Loading = Tower Water Flow Rate/ Net Fill Area
= Design Water Flow Rate x (1 - % By-Pass Water / 100) / Net Fill Area= 12,500 x (1 - 3.27/
100) / 1,730.7 = 6.99 GPM/ft2

Air Density @ 85.24 DBT & 80% RH = 0.0718lb/ft3
Air Density @ 97.0 DBT & 100% RH = 0.0696 |b/ft3
Then, average air density at fill = 0.0707 Ib/ft3

Now, al the parameters are ready to compute the pressure drop at the fill. The calculation of
pressure drop at thefill is very complicated and it isimpossible to predict the pressure drop if
the formulafor the pressure drop is not available. The formula of calculating the pressure drop
at thefill isaproprietary data of fill maker.

Pressure Drop @Fill = 0.3011 inch WG.

Example 6-3. Determine the pressure drop at the drift eliminator per the given conditionsin
example 6-1.

(Solution)

In general, the obstruction areain the drift eliminator is considered same as the fill obstruction
area. Therefore, the net drift eliminator area= (42 x 42) x (1- 1.11/100) = 1,730.7 ft2. Thereis
no change in the air mass flow through out the cooling tower. Therefore, the value of air mass
flow is same as the above obtained value of 68,271.47 Ib/min. The air density and specific
volume at 97°F 100% RH are 0.0696 b/ft3, 14.9362 ft3/Ib respectively.

Then, the air volume at the drift eliminator is obtained from Specific Volume x Air Mass Flow.
That is, the air volume at the drift eliminator = 1,019,716.3 ft3/min

Air Velocity @ Drift Eliminator = Airflow Volume @ Drift Eliminator / Net Area of Drift
Eliminator

Air Velocity @ Drift Eliminator = 589.19 ft/min

Pressure Drop Coefficient for a general module type of drift eliminator = 1.6 to 2.0

Then, pressure drop is obtained from below:

Pressure Drop = K (V / 4008.7)2 x Density Ratio= 1.8 x (589.19 / 4008.7)2 x (0.0696 / 0.0750)=
0.0361 inch Ag.

Example 6-4. Determine the pressure drop at the fan inlet of fan stack per the given conditions
in example 6-1. Let's assume that the 28 feet of fan in the diameter with the 88 inch of air seal
disk was used and the fan inlet shape is rounded. (R/D = 0.10)

(Solution)

The pressure drop is occurring at the fan inlet of fan stack unless the shape of fan inlet is
elliptical bell and no obstruction under the fan in case of induced draft fan arrangement. The
following table could be applied to the cooling tower fan stack as a guide line in choosing the
pressure drop coefficient.
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Inlet Shape K Extra Factor Total Factor
Elliptical (L/D = 1:1.5) 0.00 0.10 0.10
R/D =0.15 0.00 0.10 0.10
R/D =0.10 0.04 0.14 0.18
R/D = 0.05 0.13 0.15 0.28
R=0 0.40 0.20 0.60

In practice, it is quite essential to add some extra to the above K value since there are alot of
obstructions under the fan. It is considered that there is no change in the heat from the drift
eliminator to the fan. Accordingly, the specific volume at the fan is same as the value at the drift
eliminator. Let's calcul ate the net fan area.

Fan Net Area= 3.1416 / 4 x (Fan Dia2 -Air Seal Disk?)= 573.52 ft2
Air Velocity @ Fan = Airflow Volume @ Fan/ Net Fan Area= 1019716.3/ 573.52 = 1778.00
Air Velocity @ Fan = 1,778.00 ft/min

(Note: The air volume at fan is same as the air volume at the drift eliminator.)
Then, pressure drop is obtained from below:

Pressure Drop = K (V / 4008.7)2 x Density Ratio= 0.18 x (1778.0 / 4008.7)2 x (0.0696 / 0.0750)
=0.0329 inch Aq.
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7. Velocity Recovery at Fan Stack

The fan stacks are used for maximizing the fan efficiency, for preventing the reverse running of
fan, and for minimizing the discharge air recirculation. The fan stack consists of three major
parts as follows;

o — Welocity Recovery Zone

Straight Zone

\x Inlet Zone

Astheair isinduced out of the plenum chamber beneath the fan, it tendsto flow very
predictable streamline into the fan stack. The inlet section of fan stack must be designed to
induce the air smoothly and to minimize the air turbulence. In most cases, R/D = 0.15 or R/D =
0.10 is recommended.

The straight zone of fan stack is also very important to the fan performance. The fan blade are
deflected downward during the operation due to the axial load onto the fan blade surface.
Therefore, the movement of fan blade tips must be limited within the straight zone of fan stack.
The minimum height of straight zone in the fan stack is a summation of the vertical dimension
at the maximum blade pitch angle, the maximum deflection of fan blades tip, and some extra

alowance.
Trailing Edge of o .
Fan Elade Extra Dimension

fax. Wertical
Dimension
] ¥
7 A
.-":.rf fax. Deflection of
avTTmms - - Fan EBlade Tip

" s +
-
M e =

Oncethe air properly directed into the fan stack, the close tip clearance must be kept. The
greater the tip clearance the less efficient the fan. The space between the fan tip and fan stack
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allows the creation of air vortex at the blade tips which shorten the effective length of the blade,
reducing the fan performance. (A vortex from upper section of the fan blades back to the low
pressure area beneath the fan allows; this produces alowered air flow rate and reduced fan
efficiency.)

Close tip clearance minimizes the magnitude of the disturbances, maximizing the fan
performance. However, the tip clearance must be designed to accommodate the wind-affected
deformation of the fan stack, thermal expansion of the fan blades, and the possible build-up of
ice inside the fan stack under the reverse fan operation. Fans are often installed in cooling tower
with the tip clearance of up to 2 inches because of the manufacturing tolerances inherent in large
fiberglass stack segments.

If the tip clearanceis larger than the below maximum values, a pressure loss due to the increase
of fan stack sectional areawill occur. A rapid decline in the fan efficiency due to the decrease of
total pressure and airflow will be resulted in and the brake horsepower under this situation will
be dlightly decreased.

Fan Diameter Minimum Maximum
up to 9 feet 14" 12"
10- 14 feet 3/8" 3/4"
16 - 20 feet 2" 1"

22 - 30 feet 3/4" 1-1/4"

The power consumption is generally decreased as much as the tip clearance is increased, since
the volumetric air flow rate is significantly decreased. The efficiency at the larger tip clearance
is decreased. The efficiency of fan at the larger tip clearance is decreased, because the input
power is not reduced as much as the airflow is decreased.

At adlightly tapered exit cone the velocity pressure compared to the plane of fan is significantly
reduced. The recovery of velocity pressure is converted into static regain which lowers the total
pressure requirements of the fan.

A poorly designed and fabricated fan stack is a potential cause of poor air distribution, low fan
stack efficiency, and significant vibration of fan stack due to the resonant frequency of fan. For
high efficient fan stack design, the normal height of total fan stack isranged in the 0.6 to 1.0 to
the fan diameter. The taller height of fan stack than 1 x fan diameter does not useful for the
velocity recovery and only makes the problems like the heavy fan deck load and higher wind
load. The short height of fan stack is making a problem of the reverse running of fan due to the
external wind under the situation of the fan is off.
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External Wind through If the power is applied to the motor
Top of Fan Stack under the fan isreversibly running,
all the mechanical equipment as
well as fan, gear reducer, and
coupling shaft shall be broken.

So, the height of fan stack must be
taller than the fan diameter by at
least0.6 times and sometimes the
back stop device, which protects the
reverse running of fan, shall be

installed to the motor or gear
Rewverse Running of Fan reducer.

due to External Wind
»  through Top of Fan Stack

Example 7-1. Estimate the height of inlet, straight, and velocity recovery zones of fan stack for
the 28 feet of fan in the diameter and 10 feet of fan stack in the height.

(Solution)
1) Fan Inlet Zone

Let'susethe R/D =0.15.  Inlet Zone Height
=0.15x Fan Dia
— =0.15 x 28 feet
T =0.15x28x 12
=50.4inch

the air flows along the wall with a uniform velocity and to the

l Thisinlet shape was proven to be the ideal inlet shape, because
—— fan with the dlightest possible turbulence.

01D

2) Straight Zone

. Vertical Dimension of Blade Tip @ Max. Pitch Angle: 5.73 inch
. Maximum Deflection of Blade Tip: 14 inch

. ExtraDimension from the trailing edge of blade: 6 inch

« Then, the height of straight zoneis 25.73 inch (=5.73 + 13 + 6)

3) Velocity Recovery Zone

Velocity Recovery Zone Height = Total Fan Stack Height - Fan Inlet Zone Height - Straight
Zone Height =10 x 12 - 50.4 - 25.73 =43.87 inch

Example 7-2. Calculate the velocity recovery at the above given design conditions.
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(Solution)

Thereis no regulation in estimating the velocity recovery at the fan stack, which is generally
accepted by every one, and the designers have to decide it with the experience. For the angle of
taper, 7 degree is most efficient through the alot of tests. The following formulas could be used
for estimating the velocity recovery.

1) Formulated by Hudson Products Corp.

Basically, Hudson's velocity recovery formulais based on the 7 degree of taper angle and
70% of fan stack efficiency.

Velocity Recovery = 70% of Fan Stack Efficiency x (Velocity Pressure @Fan - Velocity
Pressure @Top of Fan Stack)

2) Formulated by MRL Corp.

The degree of taper at the venturi zone is same as Hudson, but the fan stack efficiency is
differently obtained as 0.8 - 0.2 x (Venturi Height / Fan Diameter)

Velocity Recovery = 0.8 - 0.2 x (Venturi Height / Fan Diameter)

x (Velocity Pressure @Fan - Velocity Pressure @Top of Fan Stack)

In order to obtain avelocity pressure at the top of fan stack for a given fan stack, the area at the
top of fan stack must be calculated first as follows;

Diameter of Fan Stack Top = Fan Diameter + 2 x Tan 7° x Venturi Height
Areaof Fan Stack Top = 0.7854 x (Diameter of Fan Stack Top? - Air Seal Disk?)
=0.7854 x [28 + 2 x Tan 70 x 43.87 / 12)2 - (88/ 12)?] = 613.6 ft2

Air Velocity @Fan Stack Top = Air Volume @ Fan / Area of Fan Stack Top = 1019716.289 /
613.6 = 1,661.86 ft/min

Velocity Pressure @Fan Stack Top = (Air Velocity @ Fan Stack Top / 4008.7)2 x (Air Density /
0.075) = (1661.86 / 4008.7)2 x (0.0696 / 0.0750) = 0.1594 inch Aq.

Let'sfan stack efficiency using the formula of MRL Corp.

Fan Stack Efficiency = [0.8 - 0.2 x (Venturi Height / Fan Diameter)] x 100(%) = {0.8 - 0.2 x
[(43.87/12)/ 28]} x 100 = 77.4%

Velocity Pressure @ Fan = (Air Velocity @Fan / 4008.7)2 x (Air Density @Fan / 0.075) =
(1778.0/ 4008.7)2 x (0.0696 / 0.0750) = 0.1825 inch Aq.

Velocity Recovery = Fan Stack Efficiency x (Velocity Pressure @Fan - Velocity Pressure @Fan
Stack Top) = 0.774 x (0.1825 - 0.1594) = 0.0178 inch Aq.

(Note: The reason why the area of air seal disk must be subtracted from the above equation in
calculating the area of fan stack top is because the air streamline does not exist above the air seal
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The fan BHP shown on the fan rating sheet is the net fan brake horsepower based on the ideal
conditions of fan test. The actual operating conditions of cooling tower is quite different from
the test conditions of fan maker and the actual fan efficiency will be different from the
environmental factor like the inlet and exit air flow conditions, tip clearance, obstructionsto air
flow, plenum geometry, etc. Therefore, a proper environmental correction factor should be
considered to both total pressure and horsepower.

Ventilatoren Sirroco Howden who is supplying the fans had published a paper about the
influence on the fan performance as follows,

1) Influence of Fan Inlet Shapes

Refer to example 6-4 how much the resistance is increased for the inlet shape other than R/D
=0.15.

2) Influence of Obstacles present in the air flow of the fan

The influence of fan performance due to the obstacles under the fan depends on the ratio of
distance of leading edge of fan blade from the obstacles and the fan stack throat diameter,
and on the ratio of area of obstacles and area of fan stack throat. The smaller of the ratio of
distance and the larger of the ratio of area, the higher of resistance correction factor. In most
cases, the additional pressure drop coefficient due to the obstaclesis within 0.1 to 0.15.

3) Influence of Tip Clearance
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V SH is describing that the tip clearance less than 1% to the fan diameter does not effect to
the fan performance. The author has a different opinion against the publication of VSH and
suggests to use the following guideline.

Tip Clearance Multiplying Factor Tip Clearance Multiplying Factor
<=0.1% to Fan Dia 1.000 <= 0.5% to Fan Dia 0.950
<= 0.2% to Fan Dia. 0.990 <= 0.6% to Fan Dia. 0.925
<=0.3%to Fan Dia. 0.975 <=0.7%to Fan Dia. 0.900
<= 0.4% to Fan Dia 0.965 <= 0.8% to Fan Dia 0.875

The additional static pressure increase due to the obstacles could be obtained as adding the
pressure drop factor due to the obstacles. The influence of fan performance dueto the tip
clearance could be achieved as adjusting the power transmission efficiency, which shall be
discussed.

Example 8-1. Determine the fan brake horsepower and fan static efficiency for the design
conditions dealt above under the assumption that the fan total efficiency is 80.1%.

(Solution)

Fan BHP = Air Volume @Fan in ACFM x Total Pressureininch Aqg. / (Fan Total Efficiency x
6356), or = Air Volume @Fan in ACFM x Static Pressurein inch Aqg. / (Fan Static Efficiency x
6356)

Tota Static Pressure = PD @A.ir Inlet + PD @Fill + PD @Drift Eliminator + PD @Fan Inlet =
0.1092 + 0.3011 + 0.0361 + 0.0329 = 0.4793 in AQ.

(Note that the static pressure for rating the fan must be avalue of Total Static Pressure -
Velocity Recovery unless the venturi height isinput to the fan rating program. The suggestion is
to use this method instead of inputting the venturi height into the fan rating program, since the
efficiency of fan stack used by the fan makers is different each other.)

Total Pressure = Total Static Pressure + Velocity Pressure - Velocity Recovery = 0.4793 +
0.1825 - 0.0178 = 0.6439 inch Aq.

Fan BHP = 1019716.28 x 0.6439 / (0.801 x 6356) = 128.98 BHP

Fan Static Efficiency = Air Volume @ Fan in ACFM x Static Pressureininch Ag. / (Fan BHP x
6356) = 1019716.28 x (0.4793 - 0.0178) / (128.98 x 6356) = 57.4%

Example 8-2. Determine the motor input power based on the example 8-1.

(Solution)

Actua Fan BHP = Net Fan BHP / System Environmental Correction Factor= 128.98 / 0.95=
135.77 BHP

Motor Shaft BHP = Actual Fan BHP / Efficiency of Power Transmission of Gear Reducer=
135.77 / 0.96= 141.43 BHP

The gear reducer wastes 3 to 5% of motor power, which depends on the number of reduction.
The factors influencing the efficiency of gear reducer are:
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. Frictiona lossin bearings
. Losses due to pumping or splashing the lubricant il
. Frictiona lossin gear tooth action.

All these losses shall be turned to the heat build up of lubricant oil and a proper cooling of
lubricant oil isrequired.

Motor Input Power = Motor Shaft BHP / Motor Efficiency= 141.43/ 0.89 (Motor Efficiency:
89%) = 158.91 BHP

Example 8-3. Determine the rated motor power for above examples.

(Solution)

Minimum Motor Power = Motor Shaft BHP x Motor Minimum Margin x Operation Safety =
14143 x 1.1 x 1.03 = 160.24 HP

The next available size of motor power is 175 HP. Note that the motor minimum margin
depends on the type of cooling tower operation and ambient conditions.
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9. Fan Components & Sizing
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1) Fan Components. The fan hub is a component to connect the fan blades and to be mounted to
the low speed shaft of gear reducer. The fan hubs must be enough strong to overcome the air
load imparted onto the fan blades and the centrifugal force due to the rotation of the fan blades.
The fan blades have a certain neck to be connected to the fan hub and the effective length of fan
blade is reduced as much as the radius of fan hub and the length of fan blade neck. Therefore,
the air is not delivered through such fan hub and blade neck and the air pressure at thisareais
less than the fan blade surface. The air delivered through the fan blades flows back through the
area of fan blade neck, where the air pressureisrelatively lower than the fan blade area. To
prevent this back flow (called recirculation) the aerodynamic seal disk is mounted onto the fan
hub.

Elade Neck

Effective Elade

Effective BElade Length Air Seal Disk Diameter

all

/_/\\\\. Fan Hub /
] ]

——_—_———_—_——‘———_

In general, the diameter of seal disk is about 20 to 25% to the fan diameter. If the hub istoo
large for the required performance, the result will be an increase in the velocity pressure due to
the smaller net opening, and subsequent waste of power. If the seal disk istoo small, the result
will be deterioration of the flow near the fan hub, possibly even areversal of flow in this area.

2) Fan Coverage: For an even air suction from the drift eliminator section and to have a smooth
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entrance of air into the fan, the fan coverage must not be smaller than 30% of the cross sectional
area of cell. Less fan coverage than 30% will returned to a poor intake from the entire drift
eliminator section. Therefore, the overall performance of cooling tower will be dramatically
reduced.

The fan diameter affects the performance of fan primarily because the magnitude of the velocity
pressure depends on the fan diameter. The pressure capability of the fan could be changed by
changing the number of fan blades, but the fan must be rated to overcome more static pressure,
which isacooling tower system resistance, as having less velocity pressure with keeping alow
air velocity through the fan.

Genera speaking, the velocity pressure through the fan should be within 0.14 to 0.25 inch Aq.
or the air velocity should be raged within 1600 to 2100 FPM for the optimum rating of fan.

3) Fan Sizing: The major factorsin deciding the number of fan blades are as below:

(1) Blade Strength

Thereisalimit of blade strength in bearing the torque or horsepower. In case of Hudson
Products Corp., the maximum and Trouble Free BHP/Blade by the fan diameter are as

follows;
FanDia  |Max. BHP/Blade Téi'”gglzeee Fan Dia. BHI\S/zIa;Iéje TéoHulg'gI;?
12t 8 4 21t 18 14
13t 9 5 24t 20 16
14 ft 10 6 26 ft 2 18
16 ft 12 8 281t 24 20
18t 14 10 301t 26 2
20t 16 12 2t 28 24

Asagenera rule, do not select the fans near to the limit of BHP/Blade specified like above.
The high BHP/Blade will cause a fatigue in a short period due to the high blade air loading,
and will make atrouble for the vibration noise. Author's experience is the less number of fan
blades causes the severe vibration (called Throat Flutter) in the fan stack, unless a special
attention in making the fan stack is paid.

Any fan that is effectively moving air at the tips of the blades will develop areduced
pressure area (or suction) on the fan throat at the tip of the blade. This suction tends to draw
the throat toward the tip of each blade, which means that a four blade fan would tend to draw
the throat into something approaching a square while asix blade fan would draw it into
something resembling a hexagon, etc. Since the fan is rotating, the effect on the throat is that
of continually drawing it into arotating polygon. The resulting throat flutter is frequently
mistaken for fan unbalance.

A substantial throat will be sufficiently rigid that flutter will not exist. A weak or flexible
throat, particularly when used with afan of alow number of blades, will be greatly affected
by thistype of vibration. Throat flutter is easily detected due to the fact that it isinvariably of
afrequency of the fan RPM times the number of blades on the fan. If in doubt that throat
flutter is the cause of vibration, reduce the angle of the blades until the fan is doing little or

http://myhome.hanaf os.com/~criok/english/publication/thermal/thermal 9eng.html (2 of 3)10/05/2004 12:06:03 p.m.



Cooling Tower Thermal Design Manual

no work. If the vibration ceases under this condition, it is certain that throat flutter is present
when the blades are loaded. Throat flutter will cause no damage to the fan so long as the
throat does not disintegrate and fall into the fan blades. It may be eliminated by stiffening or
bracing the throat.

(2) Material Constructions of Tower Structure and Fan Stack

Common practice in deciding the number of fan bladesisto maintain the level of vibration
below 80 micron at the gear reducer. A genera guideline with Hudson's fansis as below;

Structure Material Fan Stack Material Fan Diameter Minimum Blades No
7-141t 4 each
16 - 20 ft 5 each
Concrete Concrete or FRP
22 - 24 ft 6 each
26 - 32 ft 7 each
7-14ft 5 each
16 - 20 ft 6 each
Wood or Steel FRP
22 - 24 ft 7 each
26 - 32 ft 8 each

Example 9-1. Determine the axia thrust load produced from the fan using the above examples.

(Solution)

Thisisan axia force opposite the airflow direction and is necessary for engineering the
supporting beam of gear reducer and for checking if the bearing thrust capacity for the selected
size of gear reducer is larger than thisaxial load. Ignorance for checking the thrust capacity will
result in an early failure of bearings of gear reducer.

Axial Thrust Load = 5.202 x Total Pressureininch Ag. x Net Fan Areain ft2 + Fan Weight
=5.202 x 0.6439 x 573.52 + 1639 = 3,561.0 LB
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1) Water Distribution: The distribution of water to the top of counter flow fill is a key aspect of
assured performance. It is afunction of nozzle design, nozzle installation pattern, nozzle
distance, and the structural cleanliness of the spray chamber. The impact of water distribution on
performance is a combination of uniformity of water distribution, air-side pressure drop through
the spray chamber, and heat transfer occurring in the spray zone.

The challenge for a spray system designer is to accomplish an optimum balance of design
parameters with practical considerations such as resistance to silt build-up, and the ability to
pass objects from trash to Amertap balls. To provide the primary function of precise water
distribution, the nozzle must be designed with other considerationsin mind:

. Thelocation of counter flow nozzles and the potential for poor quality circulating water
demands that the nozzle system be designed to minimize fouling.

. Thenozzle must be capable of providing uniform distribution over awide range of flows,
without significant loss in nozzle performance.

. Thenozzle must be capable of efficient operation while consuming a minimum of expensive
pump energy.

The nozzle arrangement, and the design of the tower structure in the spray chamber, are critical
to provide uniform distribution to the top of thefill. The placement of the nozzles must
accommodate the tower geometry and still provide even coverage for al parts of the plan area.
In general, a criterion such as 90% of the plan area within 5% of the average gpm/square foot,
and no areas varying more than 10% from the average will still require several percent
conservatism in the thermal performance.

Structure in the spray chamber should be avoided, to prevent spray pattern interference and
because any water hitting it tends to fall in concentrated zones on the fill. The impact depends
entirely on the extent of structural blockage but can be very substantial for large elements like
distribution pipes placed within the spray zone.

Spray water which hits walls or partitions may bypass the fill altogether, with direct impact on
performance. Some hollow cone nozzle designs are more prone to structure and wall
interference due to the requirement for large overlapping spray patterns. Providing uniform
coverage to the edges of the fill requires nozzle placement near the walls to maintain the overlap
pattern. As aresult, asignificant part of the water from the edge nozzles becomes wall water.

The influence of the spray system design on performance is dramatic. Even small changesin the
layout of agood spray system, or variations on a nozzle design can have an effect on tower
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performance of 10% or more. For this reason, it is absolutely imperative that the performance of
the fill and spray system be tested as they will be installed. Fill performance datain only valid
with the exact spray system configuration used in the test.

2) Air Distribution: Three variables control the distribution of air to the fill in a counter flow
configuration. Thefirst isthe air inlet geometry. The second is called the pressure ratio. The
third is the fan coverage over the eliminators. Extensive aerodynamic modeling studies have
been conducted to evaluate the impact of the air inlet design on distribution, and therefore on
performance. It is especially important with film fill that air flow reach the entire plan area,
including the region adjacent the air entrance. Any region having significantly reduced air flow
will effectively allow abypass of hot water to the cold water basin.

Studies showed that the portion of fill plan area adjacent to the air inlet plan is substantially
starved from air flow. Since the air approaching the tower is coming from above the air inlet as
well as horizontally, the air has alarge downward component adjacent to the tower casing.
When this air stream passesthe air inlet plane, it is still moving downwards, and does not turn
into the fill nearest the inlet. In round tower, this can become a very significant percentage of the
total area. In arectangular tower the effect is still significant, but less.

Critical to the effectiveness of any design, even with aninlet air guide, is that structural
interference near the fill and air inlet be minimized. Since inlet velocity is highest in this zone,
the wakes behind structural elements can shadow significant areas of fill. Structural interference
in this areais meticulously avoided to maximize the effectiveness of adesign. The wakes
around structural elements at the air entrance also lead to growth of ice in freezing conditions, so
avoidance of structure in the air entrance reduces tendencies for icing problems as well. Baffles
used for the purpose of changing the direction of air flow in auniform parallel manner, also
utilized to prevent water droplets from splashing out of the tower on their descent through the
structure.

The second variable, the pressure ratio, isthe ratio of system pressure drop (from the air inlet to
the eliminator exit plane) to velocity pressure at the average entrance velocity. The pressure
ratio reflects the ratio of resistance to available entering air energy. The higher the ratio, the
better entering air will be spread out before entering the fill. The lower the pressure ratio, the
less uniform, and less stable the distribution of air flow becomes. The degradation of air flow
uniformity is readily apparent, particularly at the inlet.

(Pressure Ratio = Static Pressure / Velocity Pressure at Air Inlet)

It should be noted that ambient winds can decrease the effective pressure ratio in relation to the
square of wind speed. Added entering air velocity due to winds increases the velocity pressure
as the square of wind velocity. A safety margin is necessary to prevent moderate (10 mph = 4.47
m/s) winds from degrading air distribution. The chosen practice is not to apply towers below a
pressure ratio of 5, which is of importance particularly for highly evaluated cases.

The tendency for optimized selectionsis toward selections with low pressure drop (low fan
power, or draft requirement) and high entrance velocity (low pump head). The pressure ratio
limitation is a frequent limiting factor in optimization, so that a manufacturer who is unaware of
the limitation could have a better evaluated bid - which is not likely to perform as the
manufacturer might expect. A manufacturer who recognizes the limitation may be unable to
respond in this case, while an unaware manufacturer and the user may discover a serious
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performance problem after the tower isin service.

Modeling and full scale tower studies have shown that fan plenum pressure drop is related to fan
coverage, the third variable. Inadequate fan coverage has been shown to lead also to poor air
flow distribution over thefill plane area. Fan coverage is afunction of the size of the fan deck
opening, the cell size, and the plenum height.

An approximate rule of thumb which has been shown to provide good air distribution and alow
plenum pressure drop is as follows; If acircleis projected on the eliminator plan area at a 45
degree angle from the fan stack opening, the percentage of the eliminator are covered by the
projected circle is the percent fan coverage. A fan coverage percentage of 30% or greater
generaly limits the plenum pressure drop to about 10% of the total system pressure drop, and
provides good air distribution.

Ignoring this sort of guideline will allow a shorter plenum height, and lower cost tower, but
higher plenum pressure drops and uncertain air distribution lead to lower and |ess predictable
performance.

3) Exit Air Velocity: Low fan exit velocity have atwo-fold effect on susceptibility to influence
by ambient winds. First, at low exit velocity relative to ambient wind speed, the effect of wind is
greatest on the velocity profile leaving the fan stack. With tall velocity recovery stacks, the
effect islimited primarily to areduction of the velocity recovery stack. Depending on the
magnitude of recovery expected in relation to the total system head, this can be a significant

loss. The shorter the recovery stack, or the closer ambient wind can penetrate the cylinder
toward the fan itself, the greater will be the direct influence on the fan efficiency. For fans and
recovery stacks as commonly applied in industrial applications, a minimum stack exit velocity is
approximately 1.4 times the maximum wind speed for guaranteed tower performance (10 mph =
880 fpm). Use of any lower exit velocity requires substantial performance conservatism to
compensate for wind effects.

It should be noted also, that tower performance capacity at lower exit velocities relative to the
ambient wind speed becomes increasingly sensitive to the wind and inherently as unsteady as
the wind speed is variable. It is entirely in the tower owner? best interest to avoid atower
configuration which will have highly variable performance in winds from this effect alone.

The second consequence of excessively low stack exit velocity is the tendency for effluent air to
be caught in the ambient wind stream and entrained in the aerodynamic wake downstream of the
tower. Since the tower generally has an air entrance face on the downstream side, a portion of
the effluent air is recirculated back through the tower. The effluent air is, of course, at a higher
wet bulb temperature, so the tower asif subject to hotter ambient temperature.
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11. Recirculation of Exit Air

Many works had been studied by several institutes, but the study by CTI is most acceptable for
the tower designs. The recirculation in the cooling towers is defined as an adulteration of the
atmosphere entering the tower by a portion of the atmosphere leaving the tower. This
adulteration by the exhaust air raises the wet bulb temperature of the entering air above that of
the ambient air, reducing the tower overall performance.

The recirculation phenomenon arises primarily because of the negative pressure produced on the
leeward side of the cooling tower by the wind blowing across the structure. Thus, any factors
which enhances this | ee-side negative pressure will increase recirculation. At the same time,
those elements of tower design or meteorological phenomena which increase the amount of
ambient air which mixes with the exhaust air before entering the lee-side air inlets will reduce
the magnitude of recirculation. Recirculation is therefore a complex result of factors which
affect the lee-side negative pressure and the amount of exhaust air dilution.

From the mathematical standpoint recirculation can be expressed as the percent of the exhaust
air which reenters the tower at the air inlets. Thus, considering a heat balance on the air around
the tower:

Heat (Q) =G h; = G (1- R/100) h, + G (R./100) h,
This equation could be written as below:

Ghy=Gh,-GR.h,/ 100+ G R;h,/ 100
G (hy - hy) = G R, /100 (h, - h,)

Solving for R,
Re = (hy - hy) / (hy - hy) x 100

From the equation of h, = hl +

L/G Range, the enthalpy T
difference between hy and h, G €h;

can be obtained as follows;

¥

(hy-hy) 100=R. (hy + L/G G (R, /100) €hy
Range- hy)= R, h; + R, L/G
Range- R; h,=R. (hy-hy) +
R; L/G Range

oY clRr. 100 €h,
C €h,

(h;-hy) 100 (1-RY) =R, L/G
Range
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Solving for (hy - ha), (hy - hy) =
R. L/GRange/(1-R.) 100

[Previous] [Next] [Top] [Back to [Back to List of
H Index] Publication]
Copyright ©2000-2003

Daeil Agua Co., Ltd. All rights reserved

http://myhome.hanaf os.com/~criok/english/publication/thermal/thermal 11eng.html (2 of 2)10/05/2004 12:06:49 p.m.



Cooling Tower Thermal Design Manual

Cooling Tower Technical Site of Daeil Aqua Co., Ltd. for
Cooling Tower Engineers, Operators and Purchasers

Back to Back to List of
Fiome [Previous] [Next] [ [ o
- Index] Publication]
Publication _
12. Evaporation
Mail to Us
Link Sites When water is cooled in adirect contact cooling tower of air and water, some of the heat is

removed by the sensible heat of air in contact with the water. Most of the heat is removed by
evaporation of a portion of the circulating water. This mass transfer of water occurs normally
Korean from the water stream to the air stream. However, thistransfer will be in the opposite direction if
the entering water temperature is lower than the entering air wet bulb temperature. In the usual
cooling tower operation the water evaporation rate is essentially fixed by the rate of removal of
sensible heat from the water, and the evaporation loss can be roughly estimated as 0.1% of the
circulating water flow for each degree F of cooling range.

What's News

Sensible heat transfer involves an increase in the dry bulb temperature of mixture but
evaporation heat transfer involves a change in the humidity ratio of the mixture. Thus, asensible
heat transfer from water to air inside a cooling tower involves a horizontal change on the
psychrometric chart while evaporative transfer involves a vertical movement asisillustrated in
psychrometric curve. Sensible heat transfer refersto heat transferred by virtue of atemperature
difference between the water and air. Evaporative heat removal refersto the energy removal
from the water as latent heat of evaporation; this heat removal is the result of the evaporation of
water into air during the direct-contact cooling process. In awet cooling tower, where the
temperature of water is greater than the ambient wet bulb temperature, the air humidity always
increases as the air passes through the tower. Sensible heat transfer may be either positive or
negative. When the temperature is less than the ambient dry bulb temperature, the sensible heat
transfer may be negative and the air dry bulb temperature will be lowered as the air passes
through the tower; under these circumstance, the air as well as the water is cooled by
evaporative transfer in the cooling tower.

In normal cooling tower operation the amount of heat removal by the evaporation is about 60 to
95% to the total heat, and it varies upon the cooling range, air flow rate, relative humidity, and
dry bulb temperature, etc.

Example 12-1. Determine the evaporation loss in a percentage for the previous example 6-1.

(Solution)
Evaporation Loss Rate = (Absolute Humidity @ Tower Exit - Absolute Humidity @ Tower
Inlet) x 1/(L/G) x 100

Absolute Humidity @ Tower Exit (97°F WBT) = 0.039166
Absolute Humidity @ Tower Inlet (85.24°F DBT & 80% RH )=0.021117
Evaporation Loss Rate = (0.039166 - 0.021117) x 1/ 1.4760 x 100 = 1.22%
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EVAPORATION RATE

Altitude

Relative Humidity

wet Bulb Temperature ®Inlet
L/G Ratio

Cooling Range

Enthalpy of Air ®Inlet it’/Lb dry air
Equivalent Enthalpy @inlet it°/Lb dry air

Equivalent Dry Bulb Temperature °F

Absolute Humidity @iInlet

Enthalpy Air @ Exit it’/Lb dry air
Equivalent Enthalpy @Exit it’fLb dry air
Exit Wet Bulb Temperature °F

Absolute Humidity

| Ex-'auratiun Rate |

Download the example file (exel2_1.zip)

The above calculation is based on avalue of L/G , which was obtained from aresult of ignoring
the term of evaporation loss in the heat balance. In case of considering the loss of water due to
the evaporation, L/G must be computed again as follows;

Lo/G ={(hay - hay) - (tw; -32) X (W - Wq)} / (tw - twy) (tws - twq = Actual Range)
Air Enthalpy at Exit (97° F) = 66.5773 Btu/lb

Air Enthalpy at Inlet (80°F) = 43.6907 Btu/lb

Then, L,/G = {(66.5773 - 43.6907) - (89 - 32) x (0.039166 - 0.021117)} / 15.507 = 1.4096
Evaporation Loss Rate = (Absolute Humidity @ Tower Exit - Absolute Humidity @ Tower
Inlet) x 1/ (L,/G) x 100 = 1.28%
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EXACT EVAPORATION RATE
Altitude
Relative Humidity
Wet Bulb Temperature ®Inlet
L/G Ratio
Cooling Range
Cold water Temperature °F

Enthalpy of Air ®Inlet it’/Lh dry air
Equivalent Enthalpy @inlet it°/Lb dry air

Equivalent Dry Bulb Temperature °F

Ahsolute Humidity @inlet

Enthalpy Air @ Exit t’/Lb dry air
Equivalent Enthalpy ®Exit ft*fLb dry air
Exit Vet Bulb Temperature °F

Ahsolute Humidity

Exact L/G Ratio

Evaporation Rate

Download the example file (exel2_1A.zip)

Example 12-2. Determine the heat removal in the percentage by the evaporation for the
example 6-1.

(Solution)
Evaporation Rate = (W, - W) x Latent Heat of Water / (Enthalpy @ Exit - Enthalpy @ Inlet)

Latent Heat of Water: About 1,040 BTU/Lb of Water

(Note: For each pound of water that a cooling tower evaporates, it removes somewhere near
1,040 BTU from water. Evaporative heat removal refersto the energy removal from water as
latent heat of evaporation. This heat removal isthe result of the evaporation of water into air
stream during the direct contact cooling process.)

Evaporation Rate = (0.039166 - 0.021117) x 1040/ (66.5773 - 43.6907) x 100 (%) = 82.02%

Example 12-3. Determine the rate of heat removal by to the evaporation under the assumption
that the L/G ratio was changed to 1.600 for the initial conditions of example 6-1.

(Solution)
Firgt, let's calculate the enthal py of exit air.

Enthalpy of Exit Air = Enthalpy of Inlet Air + L/G x Actual Range = 43.6907 + 1.6 x 15.506
= 68.5019 BTU/Ib

Exit Air Temperature = 98.14°F
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TOWER EXIT AIR TEMPERATURE
Altitude

et Bulb Temperature ®inlet
L/ Ratio

Cooling Range

Enthalpy of Exit Air it’/Lb dry air

Equivalent Enthalpy it’/Lb dry air

Exit Vet Bulb Temperature “F

Download the example file (exel2_3.zip)

Absolute Humidity @ Tower Exit = 0.040639

Absolute Humidity @ Tower Inlet = 0.021117

Therefore, evaporation rate = (0.040639 - 0.021117) x 1040/ (68.5008 - 43.6907) x 100 (%) =
81.83%

HEAT REMOVAL RATE BY EVAPORATION

Altitude

Relative Humidity

Wet Bulb Temperature @Inlet
L/G Ratio

Cooling Range

Enthalpy of Air ®Inlet #t°/Lb dry air
Equivalent Enthalpy ®inlet it’/Lb dry air
Equivalent Dry Bulb Temperature °F
Absolute Humidity @Inlet
Enthalpy Air @ Exit it’/Lb dry air
Equivalent Enthalpy ®Exit ft’/Lb dry air
Exit Wet Bulb Temperature °F
Absolute Humidity

| Heat Removal Rate By Evaporation

Download the example file (exel2_3A.zip)

Through above two examples the heat removal rate by the evaporation varies with the ratio of
water and air mass flow rate. Under the same water flow rate, the higher L/G the smaller
evaporation rate.
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Example 12-4. Determine the rate of heat removal due to the evaporation under the assumption
that RH was changed to 60% from 80% for the example 6-1.

(Solution)
First, calculate the dry bulb temperature of inlet air and find the humidity ratio with the dry bulb
temperature & relative humidity.

Absolute Humidity @ Tower Exit = 0.039167

Absolute Humidity @ Tower Inlet = 0.019563

Therefore, evaporation rate = (0.039167 - 0.019563) x 1040/ (66.5780 - 43.6907) x 100 (%) =
89.08%

HEAT REMOVAL RATE BY EVAPORATION

Altitude

Relative Humidity

Wet Bulb Temperature @Inlet
L/G Ratio

Cooling Range

Enthalpy of Air ®Inlet
Equivalent Enthalpy ®Inlet

Equivalent Dry Bulb Temperature
Ahsolute Humidity @inlet
Enthalpy Air @ Exit

Equivalent Enthalpy ®Exit

Exit Vet Bulb Temperature
Ahsolute Humidity

Heat Removal Rate By Evaporation

Download the example file (exel2_ 4.zip)

Note that the evaporation rate of heat removal is being highly effected by the change of relative
humidity. Sensible heat transfer involves an increase in the dry bulb temperature of the mixture
but evaporative heat transfer involves a change in the humidity ratio of the mixture. Therefore, a
sensible heat transfer from water to air inside a cooling tower involves a horizontal change on
the psychometric chart while evaporative transfer involves a vertical movement on the
psychometric chart. In awet cooling tower, which the inlet water temperature is greater than the
ambient wet bulb temperature, the air humidity alwaysincrease as the air passes through the
tower. However, Sensible heat transfer may be either positive or negative. When the inlet water
temperature isless than the ambient air dry bulb temperature, the sensible heat transfer may be
negative and air dry bulb temperature will be lowered as the air passes through the tower. Under
these circumstances, the air as well as the water is cooled by evaporative transfer in the cooling
tower.
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13. Estimation of Actual Cold Water Temperature

Fiome [Previous] [Next]

Publication
Mail to Us

Link Sites The following steps are being practically applied to design the cooling tower and the current

computer thermal programs are based on this concept.

What's News

Korean Example 13-1. Determine the cold water temperature for the following conditions.

First Step: Find adry bulb temperature at the tower inlet.

Tower Design Conditions

Site Altitude 0 ft % By-Fazs Wall vater 2.27%
Wat Bulb Terparatume 20.00 °F PO Coafficient @D rift Eliminatar 1.80

e lative Humidity 20.0% Fan Total Efficiency Fe20
Murbar of Calls 1 Powar Tranzmizzion Efficiancy 91.2%
Dazign Yyatar Flow Rate 12,500 gpm thotor Power tdagin 12.3%
Call Langth 42.0 fi thotor Powar 175 hp
Cell Width 42.0 fi Fan Diametsr 28 ft
Typa of Air Inlat Two Sides Open | Mumberof Fan per Call 1

Air Inlat height 15.0 ft Seal Dizk Diamater 22.0 inch
% Obstruction @AIr Inlat 10.0% PD Coafficient @Fan Inlat n.1sa

PO Cosfficient @AIr Inlat 2.50 Yanturi Height of Stack 286 ft
Fill hodal CF 1800 Dezign Hot Watar Temparatum 104.00 °F
Fill Dapth 4.0 ft Dezign Cold Watar Tem paratures 29.00 °F
FD Fill thultiphying Factor 1.00 Dezign Cooling Ranga “F
Fill kavyL hultiplying Factor 1.00 Actual Rangs through Tower -DF
KaWiL Cormection Factar 0.02300

% Obatruction @Fill 1.11%

Inlet Dry Bulb Temperature Estimation

Altitude

Inlet Wet Bulb Temperature
Inlet Air Enthalpy i@ WBT

Relative Humidity

Inlet Air Enthalpy @ DBT & RH
Inlet Dxy Bulh Tenperature

Inlet Air Density

Inlet Air Specific Volume

Feet

°F
BTU/LB
%%
BTU/LB
F
Lh/FT?
FT¥LEB

Second Step: Find an exit air temperature and air volume of fan. The net fan power is
determined from the relation of Motor HP x (1 - Motor Margin) x Power Transmission

Efficiency. It isto iterate the calculation until the net fan power obtained from this equals to the
fan bhp which is formulated with (ACFM x Tota Pressure) / (6356 x Fan Efficiency). Two
variablesin the fan bhp equation are unknown, but can be computed from below rel ationships.

http://myhome.hanaf os.com/~criok/english/publication/thermal/thermal 13eng.html (1 of 6)10/05/2004 12:08:43 p.m.



Cooling Tower Thermal Design Manual

The main ideaisto iterate the calculation until the net fan power equals to the calculated fan bhp
varying the air volume, static pressure and tower exit temperature at the fan.

The air mass flow rate through the tower is always constant because the air massis being
considered as dry gas. Then, the air mass flow rate and L/G Ratio can be obtained as below:

Air Mass Flow Rate = Air Volume @ Fan / Specific Volume @ Fan

The L/G Ratio =Water Flow Rate in gpm through Tower x (500/60) / (Air Volume @ Fan/
Specific Volume @ Fan)

Water flow rate in gpm through tower in this formulais a net water flow rate considering the %
by-pass wall water. That is, Design Water Flow Rate x (1 - % By-Pass Water ).

In order to obtain the specific volume the tower exit temperature should be computed first. The
exit temperature requires L/G ratio as the exit air enthalpy (ha, = ha; + L/G x Range) isa

summation of tower inlet air enthalpy and L/G x cooling range. L/G ratio can be given or
calculated if the tower dimensions are given and the value of fill characteristic is known.

The air volume at each location of cooling tower is obtained from the relationship of Air Mass
Flow Rate x Specific at each location, and then the air velocity at each location is calculated by
dividing the air volume by the net area at each location. The total static pressure isasummation
of pressure drops obtained from each location.

Exit Air Wet Bulb Temperature Estimation

L/ Ratio

Cooling Range Through Tower

Exit Air Fnthalpy Based On Estimation
Equivalent Exit Air Enthalpy
Equivalent Exit Wet Bulb Temperature
Exit Air Density

Exit Specific Volume

Fan Air Volume Estimation
Fan Net Power (i Design
Total Pressure Drop
Velocity Pressure (@ Fan
Fan Efficiency

Fan Met Power
Predicted Air Volume

Third Step: Calculate the tower characteristic in accordance with above results. To calculate
this the performance data of fill manufacturer is required.

Fourth Step: Determine NTU(=KaV/L) satisfying the value of tower characteristic by the
method of iteration with changing the approach.
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Approach Estimation

Tower Characteristic

Water Side Lihw-ha)

NTU
NEW APPROACH

Download the example file, Version ID-THERMAL/TOWER (idthermal.zip)
Thisfile covers the example no. 13-4, too.

Therefore, Actual Cold Water Temperature = Wet Bulb Temperature + Approach = 80.00 +
8.633 = 88.63°F

Above the enthalpies for water side were computed at the below temperatures.

. Water Temperature @ 0.1 x Range = Wet Bulb Temperature + Approach + Range - New
Range + 0.1 x New Range

. Water Temperature @ 0.4 x Range = Wet Bulb Temperature + Approach + Range - New
Range + 0.4 x New Range

. Water Temperature @ 0.6 X Range = Wet Bulb Temperature + Approach + Range - New
Range + 0.6 x New Range

. Water Temperature @ 0.9 x Range = Wet Bulb Temperature + Approach + Range - New
Range + 0.9 x New Range

Also, the enthalpies for air side were based on the followings.

. Enthalpy @ 0.1 x Range = Inlet Air Enthalpy + L/G x 0.1 X New Range
. Enthalpy @ 0.4 x Range = Inlet Air Enthalpy + L/G x 0.4 x New Range
. Enthalpy @ 0.6 x Range = Inlet Air Enthalpy + L/G x 0.6 X New Range
. Enthalpy @ 0.9 x Range = Inlet Air Enthalpy + L/G x 0.9 x New Range

Example 13-2. Check the result if the cold water temperature obtained from example 13-1is
correct.

(Solution)

The actual cold water temperature obtained from example 13-1 is exactly same as the combine
temperature of cold water temperature through the tower and hot water temperature of by-pass
wall water.

Cold Water Temp. through Tower (Ctemp) = Wet Bulb Temp. + Approach + Design Range -
New Range

Hot Water Temp. of By-Pass Wall Water (Btemp) = Ctemp + New Range
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Final Cold Water = (Ctemp x Water Flow through Tower + Btemp x By-Pass Wall Water
Flow) / Water Flow

= (Ctemp x Water Flow x (1 - %BP) + Btemp x Water Flow x %BP)/ Water Flow
= Ctemp x (1 - %BP) + Btemp x %BP

= Ctemp x (1 - %BP) + (Ctemp + New Range) x %BP

= Ctemp - Ctemp x %BP + Ctemp x %BP + New Range x %BP

= Ctemp + New Range x %BP

=WABT + Approach + Design Range - New Range + New Range x %BP

=WBT + Approach + Design Range - New Range x (1 - %BP)

=WBT + Approach + Design Range - Design Range/ (1 - %BP) x (1 - %BP)
=WBT + Approach

. Cold Water Temperature Through Tower (Ctemp) = Actual Cold Water Temp. + Range -
Actual Range = 88.633 + 15.0 - 15.507 = 88.126°F

. Hot Water Temperature into Tower (Btemp) = Ctemp + Actual Range or = Actual Cold
Water Temp + Range = Ctemp + 15.507 = 103.633°F

. Water Flow Through Tower (W;) = Design Water Flow x ( 1 - % By-Pass/ 100) = 12,500 x

(1-3.27/100) = 12,091.25 GPM

. By-Pass Water Flow without Cooling (W,) =Design Water Flow x % By-Pass/ 100 =
12,500 x 3.27 / 100 = 408.75 GPM

. Cold Water Temperature at Water Basin = (W4 x Ctemp + W, x Btemp) / (W1 + W,) =

(12,091.25 x 88.126 + 408.75 x 103.633) / (12,091.25 + 408.75) = 88.633°F

Example 13-3. Check if the relation of HEATin = HEATout is established from the above
example

(Solution)

HEATIn = Total Heat Removal from Water

= Water Flow Ratein GPM x ( 500/ 60 ) x Cooling Range
=12,500x (500/60) x (104 -89)

= 1,562,500 BTU/Min

or = Water Flow Through Tower in GPM x (500 / 60) x Cooling Range Through Tower
=12500x (1- % By Pass/ 100) x (500 / 60) x Cooling Range/ ( 1 - % By Pass/ 100)
=12,500x (1-3.27/100) x (500/60) x 15/ ( 1-3.27/ 100)

= 1,562,500 BTU/Min

HEATout = Total Heat Gain from Air

= Air Mass Flow in LB/Min x (Exit Air Enthalpy - Inlet Air Enthalpy)
= 69,909.2 x (66.0411 - 43.6907)

= 1,562,500 BTU/Min

Example 13-4. Determine L/G ratio and cold water temperature when the wet bulb temperature
was downed to 70°F from design conditions described in the example 13-1.

(Solution)
First, find adry bulb temperature for 80% of relative humidity corresponding 70°F of wet bulb
temperature.
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Second, find an exit air temperature and air volume of fan until these are ultimately equal.
Water Through Tower in LB/Min = Water Through Tower in GPM x (500 / 60)
Air Massin LB/Min = Air Volume @ Fan/ Specific Volume @ Fan

L/G ratio is obtained from the relation of Water Through Tower in LB/Min/ Air Massin LB/
Min

Exit Air Enthalpy = Inlet Air Enthalpy + L/G x Range Through Tower = Inlet Air Enthalpy +
{Water Through Tower x (500/ 60) / (Air Volume @ Fan / Specific Volume @ Fan)} x Range
Through Tower

Net Fan Power = Motor HP x (1 - Motor Minimum Margin) x Power Transmission Efficiency
= Air Volume @ Fan x Tota Pressure/ (Fan Efficiency x 6356)

Third, calculate the tower characteristic in accordance with above computed results.

KaV/L =1.864 x {1/ (L/G)}0.8621 x Fill Air Velocity-0.1902 x Fill Height = 1.864 x (1/
1.4105)0-8621 x 578,9-0.1902 x 40,8764 = 1.3890

Total Kav/L = KaV/L @ Fill / (1 - % of Heat Transfer at Rain & Water Spray Zone/ 100) =
1.3890/ (1-9.9%/ 100) = 1.5416

Inlet Dry Bulb Temperature Estimation
Altitude
Inlet Wet Bulb Temperature
Inlet Air Enthalpy @ WBT
Relative Humidity
Inlet Air Enthalpy @ DBT & RH
Inlet Dxy Bulh Tenperature
Inlet Air Density
Inlet Air Specific Volume

Exit Air Wet Bulb Temperature Estimation
L/G Ratio
Cooling Range Through Tower
Exit Air Enthalpy Based On Estimation
Equivalent Exit Air Enthalpy
Equivalent Exit Wet Bulh Tenperature
Exdt Air Density
Exit Specific Volume
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Fan Air Volume Estimnation

Fan Net Power (@ Design

Total Pressure Drop

Velocity Pressure g Fan
Fan Efficiency

Fan Net Power

Predicied Air Volume

Fourth, determine the NTU satisfying the value of tower characteristic by the method of
iteration with the change of approach figure.

Approach Estimation

Tower Characteristic

Water Side 1i(hw-ha)

NTU
NEW AFPROACH

Therefore, Actual Cold Water Temperature = Wet Bulb Temperature + Approach = 70 + 11.891
=81.89deg. F
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14. Determination of L/G

Home [Previous] [Next]

Publication
Mail to Us

Link Sites The classical method of thermal rating of cooling tower is to estimate the ratio of liquid to gas
first and is to find the proper tower volume by the means of trial & error using the tower
performance curve. This was the most convenient solution when the computer was not readily
Korean accessible. The major problems with this solution are not to consider the actual geography. As
seen in the equations of NTU or Tower Demand, the right side of formulais obviously a
dimensionless factor. It can be calculated using only the temperatures and flows entering the
tower. It istotally independent from the tower size and fill configuration.

What's News

Now, the best way to design the cooling tower is based on the actual sizes of tower and isto find
aproper L/G satisfying such sizes of cooling tower. The L/G isthe most important factor in
designing the cooling tower and related to the construction & operating cost of cooling tower.
The fooling example will explain about the procedure of determining the L/G ratio.

Example 14-1. Determine the L/G ratio under the assumption that the water flow rate was
increased to 13,750 GPM and the wet bulb temperature remains unchanged from design
conditions given in the example 13-1.

(Solution)
Site Altitude 0 ft %o By-Pazz Wall Water 2 27%
Wat Bulb Temparaturs 20.00 °F PD Coafficient @O rift Eliminator 1.20
Relative Humidity 20,08 Fan Total Efficiency Ta.0%
Mumbar of Calls 1 Powrar Tranzmizzion Efficiancy 91.2%
Deszign vWatar Flow Rata 12,750 aprm thotar Fower idargin 12.2%
Call Lanath 42.0 ft totor Fowar 175 hp
Cell Width 42.0 fi Fan Dliameter 28 ft
Typa of Air Inlat Two Sides Open | Mumbarof Fan par Call 1
&ir Inlat height 150 ft Seal Disk Diametar 28.0 inch
% Obatruction @Air Inlat 10.0% PD Cosfficient @Fan Inlat n.1a
PD Coafficient @Air Inlat 2.50 “Yenturi Height of Stack 266 ft
Fill thodal CF g0 Dezign Hot YWatar Temperature 104.00 °F
Fill Dapth 4.0 ft Dezign Cold Watar Tem parature g9.00 °F
PD Fill thultiplying Factar 1.00 Dezign Cooling Range “F
Fill kat/L tultiplying Factor 1.00 Aetual Range through Tower -°F
kah /L Corection Factar 009900
% Obstruction @Fill 1.11%

First, find adry bulb temperature for 80% of relative humidity corresponding 80°F of wet bulb
temperature at the tower inlet.

First Step: Find adry bulb temperature at the tower inlet.
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Inlet Dry Bulb Temperature Estimation

Altitude

Inlet Wet Bulb Temperature
Inlet Air Enthalpy @ WBT
Relative Humidity

Inlet Air Enthalpy @ DBT & RH
Inlet Dxy Bulh Tenperature
Inlet Air Density

Inlet Air Specific Volume

Second Step: Find an exit air temperature and air volume of fan. The procedure is exactly same
as the contents described in the example 13-1.

Net Fan Power = Motor HP x (1 - Motor Margin) x Power Transmission Efficiency
Fan bhp = Air Volume @ Fan x Total Static Pressure/ (6356 x Fan Efficiency)
Exit Air Enthalpy = Inlet Air Enthalpy + L/G x Actua Cooling Range

Actua Cooling Range = Design Range/ (1 - % By-Pass Water)

The iteration is continued until the value of Net Fan Power equals to Fan bhp varying air
volume at the fan and the pressure drops corresponding to the air volume at each location of
cooling tower.

Net Fan Power = Fan bhp
That is, Motor HP x (1 - Motor Margin) x Power Transmission Efficiency = Air Volume @ Fan
X Total Static Pressure/ (6356 x Fan Efficiency)

The air volumeisfinally obtained from this relationship. Then, the L/G ratio is obtained from
below relations.

Water Flow Rate in gpm through Tower = Design Water Flow Rate x (1 - % By-Pass Water ).
Water Flow Rate in Lb/Min = Water Flow Rate in gpm through Tower x (500/60)

Air Mass Flow Rate = Air Volume @ Fan / Specific Volume @ Fan

The L/G Ratio =Water Flow Rate in Lb/Min/ Air Mass Flow Rate in Lb/Min

Water Flow Ratein Lb/Min = 13,300.4 x (500/60) = 110,836.7
Air Mass Flow Rate = 1,039,249.8 / 15.000 =69,283.3

L/G = 110,836.7 / 69,283.3 = 1.59976
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Exit Air Wet Bulh Temperature Estimation

L/ Ratio

Cooling Range Through Tower i 3

Exit Air Fnthalpy Based On Estimation BTU/LE
Equivalent Exit Air Enthalpy ETU/LE
Equivalent Exit Wet Bulb Temperature i 3

Exit Air Density LB/ TFT?

Exit Specific Volume IT3LE

Fan Air Volume Estimation
Fan Net Power (i Design
Total Pressure Drop
Velocity Pressure (@ Fan
Fan Efficiency

Fan Met Power
Predicted Air Volume

Baszic Thermal Rating Solving

Watar Through Tower 12,2004 gpm Met Fan Area par Fan 573.52
Computed WG Ratio 1.5993 AirWalocity @Fan 1,2121 fpm
Bir tviaz: Flow Rate 692825 Lbfmin [ Yelocity Prezzure @Fan 01220 inch Ag.
Towear Exit Air Temparatums 2214 °F Met Fan Power 12327 bhp
Air¥olume par Fan 1,039.250 acfm Total Fan Hatic Fraszum 04312 inch Ag.
11 Air Inlat 21 Drrift Elirinatar

- Total Mat Air Inlat 1,124.0 - Met Area 1,744.4

- Air Dansity 0.0718 Lkt - Air Density 0.0694 Lbit

- Spacific Yalume 142230 ft'Lb - bpacific Yolumea 15.0000 #Lb

- Total AirWalumes Q25 4232 anfm - B Walure 1,023,250 acfr

- Adr Yalocity 262.0 fpm - & Walocity 5858 fpm

- Prazzure Drop 01125 IMCH Ad - Fressum Drop 0.0263 inch Ag.
21 Fill 4] Fan Inlet

- Total Met Fill Area 1,744.4 1 - Air Density 0.0694 Lbit

- 'Watar Loading Ted gpm.l‘ﬂl - &irWalocity @Fan 12121 fpm

- Avarage Air Danzity 0.0706 Lbgfe - Prazzume Drop 0.0240 inch Ag.

- Avarage Air Specific Wolume 14,6012 ft'lb L. Yalocity Recoverny

- Avarage AirYolums par Call 1,011,621 acfm - Efficiancy of Fan Stack T4t

- Avarage Fill Adr e locity 5799 fpm - &ir Dansity 0.0694 Lkt

- Prazzure Drop 0.2154 inch Ag. - “Yelocity Recoverny 0.0174  inch Ag.

Download the example file, Version ID-THERMAL/TOWER (idthermal.zip)
Thisfileis same as the example file discussed in example 13-1.

Example 14-2. The value of slope in the tower characteristic was just estimated like the above
examples. Determine the actua slope using the design conditions of the example no.13-1 and 14-
1.
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(Solution)

NTU =Cx (L/G)™ Eq.14-1
Log(NTU) =Log C- mx Log(L/G) -------------- Eqg. 14-2
LogC=Log(NTU) + mx Log(L/G) -------------- Eq. 14-3

The fact, which that the value of C for a designed cooling condition is same regardless the
change of water flow rate, was aready mentioned previously. From thisrule, the value of slope
can be derived asfollows,

Log C @ 100% Water = Log(NTU @ 100% Water) + m x Log(L/G @ 100% Water) -- Eq. 14-4
Log C @ 110% Water = Log(NTU @ 110% Water) + m x Log(L/G @ 110% Water) -- Eq. 14-5

Eq. 14-4 and Eqg. 14-5 can be written as below using the relation of Log C @ 100% Water = Log
C @ 110% Water.

Log(NTU @100% Water) + m x Log(L/G @ 100% Water) = Log(NTU @ 110% Water) + m x
Log(L/G @ 110% Water)

Log(NTU @100% Water) - Log(NTU @ 110% Water) = m x Log(L/G @ 110% Water) - m X
Log(L/G @ 100% Water)

This form can be changed to:

Log(NTU @ 100% Water / NTU @ 110% Water) =m x Log (L/G @ 110% Water / L/IG @
100% Water)

Finally, this equation can be solved for m asfollows;

m=Log (NTU @ 100% Water / NTU @ 110% Water) / Log (L/G @ 110% Water / L/G @
100% Water)

100% OF WATER FLOW 110% OF WATER FLOW
L/G 1.4413 1.5998
NTU 1.5149 1.3863

Slope=Log (1.5149/ 1.3863) / Log (1.5998 / 1.4413) = 0.8506

[Back to [Back to List of

Index] Publication]
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15. Comparison of Tower Performance at Sea Level and Altitude
Mail to Us

Link Sites In regard to the volume of air required for a particular cooling tower requirement and a
particular tower at high atitude when compared to sealevel, the effect of atitudeistwo folds.
Sinceit isthe mass (or weight) of air and not the volume that is vital to the tower performance,
Korean the first effect isthat, because of altitude and corresponding reduction in air density, it takes a
larger volume to obtain the required pounds. On the other hand, because of the higher water
partial pressure which increases the evaporative tendency, the actual mass of air required for the
duty is reduced.

What's News

Although it has been recognized by most cooling tower manufacturers that, for the majority of
operating conditions, the more significant of these two effect is the evaporative effect, it is
generally assumed they are sufficiently canceling to ignore elevation in the calculation of the
volume of air, and consider only the reduced static pressure and corresponding reduction in
horsepower resulting from the lower air density.

At the reduced atmospheric pressure associated with high elevation, the higher partial pressure
of water resultsin a higher moisture content in the air at any temperature. This higher moisture
content increases the heat content of the air, or the temperature-enthalpy plot of saturated air at
high elevation is above the sea level curve.

Example 15-1. Discuss about the effect of altitude on cooling tower rating and performance at
2000 feet in the altitude using the example 13-1.

(Solution)
Site A ltituc 2000 ft % By-Pazz WWall Watar 2.27%
Wat Bulb Temparaturs 20.00 °F PD Coafficient @O rift Eliminator 1.20
Relative Humidity 20,08 Fan Total Efficiency Ta.0%
Mumbar of Calls 1 Powrar Tranzmizzion Efficiancy 91.2%
Deszign vWatar Flow Rata 12,500 apr thotar Fower idargin 12.2%
Call Lanath 42.0 ft totor Fowar 175 hp
Cell Width 42.0 fi Fan Dliameter 28 ft
Typa of Air Inlat Two Sides Open | Mumbarof Fan par Call 1
&ir Inlat height 150 ft Seal Disk Diametar 28.0 inch
% Obatruction @Air Inlat 10.0% PD Cosfficient @Fan Inlat n.1a
PD Coafficient @Air Inlat 2.50 “Yenturi Height of Stack 266 ft
Fill thodal CF g0 Dezign Hot YWatar Temperature 104.00 °F
Fill Dapth 4.0 ft Dezign Cold Watar Tem parature g9.00 °F
PD Fill thultiplying Factar 1.00 Dezign Cooling Range “F
Fill kat/L tultiplying Factor 1.00 Aetual Range through Tower -°F
kah /L Corection Factar 009900
% Obstruction @Fill 1.11%
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First, find adry bulb temperature at 2000 feet in the altitude for 80% of relative humidity
corresponding 80°F of wet bulb temperature.

First Step: find adry bulb temperature for 80% of relative humidity corresponding 80°F of wet
bulb temperature at the tower inlet.

Inlet Dry Bulh Temperature Estimation
Altitude Feet
Inlet Wet Bulb Temperature i 3
Inlet Air Enthalpy @ WEBT BTU/LB

Relative Humidity L1

Inlet Air Enthalpy @ DET & RH BTU/LB
Inlet Dxy Bulh Tenperature °F

Inlet Air Density LLTFT?
Ilet Air Specific Volume FT3LE

Second Step: Find an exit air temperature and air volume of fan. The procedure is exactly same
as the contents described in the example 14-1. Refer to it for the details.

Exit Air Wet Bulb Temperature Estimation
L/G Ratio
Cooling Range Through Tower °F
Exdt Air Enthalpy Based On Estimation BETU/LB
Equivalent Exit Air Enthalpy ETU/LB
Equivalent Exit Wet Bulb Temperature °F
Exit Air Density LB/ FT?
Exit Specific Volume FTLEB

Fan Air Volume Estimation
Fan MNet Power (@ Design
Total Pressure Drop

Velocity Pressure @ Fan

Fan Efficiency

Fan MNet Power
Predicted Air Volume

Third Step: Calculate the tower characteristic for the results obtained above per the
performance data provided by the fill manufacturer.

Fourth Step: Iterate until NTU satisfies the value of tower characteristic by changing of
approach figure.
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Approach Estimation

Tower Characteristic

Water Side Lichw-ha)

NTU
NEW APPROACH

Therefore, Actual Cold Water Temperature = Wet Bulb Temperature + Approach = 80 + 8.425
= 88.425%F

Download the example file, Version ID-THERMAL/TOWER (idthermal.zip)
Thisfileis same as the example file discussed in example 13-1.

[Previous] [Next] [Top] [Back to [Back to List of
H Index] Publication]
Copyright ©2000-2003
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16. Evaluation of Tower Performance at Design & Off Design

The prediction of cold water temperature at the off-design points (wet bulb temperature and
cooling range other than design conditions) is to find an approach satisfying the cooling tower
characteristic value at the design condition. In finding an approach at the off-design points, the
L/G at the off-design points must be first assumed. There are three methods in assuming L/G
ratio at the off-design point.

. Constant Fan BHP (BHP off = BHP dsn)
. Constant Fan Pitch (VOL off = VOL dsn)
. Constant Air Mass Flow Rate (GAS off = GAS dsn)

1) Relationship between Design & Off-Design L/G Ratio and Design & Off-Design BHP @
Constant Fan BHP

First, let's see the fan bhp formula.

Fan BHP

Where,

=VOL x TP/ (6356 x Fan Effi.)

=VOL x (VP + SP) / (6356 x Fan Effi.)

=VOL x (1/2g x Density x VEL2 + K x 1/2g x DEN x Vel2) / (6356 x Fan Effi.)
=VOL x DEN x VEL2 x (1 + K) /1/2g / (6356 x Fan Effi.)

=VOL x DEN x VEL2 x (Area? /Area?) x (1 + K) /1/2g / (6356 x Fan Effi.)
=VOL x DEN x VOL2x 1/ Area? x (1 + K) /1/2g/ (6356 x Fan Effi.)
=VOL3x DEN x 1/ Area x (1 + K) /1/2g/ (6357 x Fan Effi.)

(Thetermof 1/ Area2 x (1 + K) /1/2g/ (6357 x Fan Effi.) could be considered
as aconstant under the assumption that the fan efficiency at the design
conditions is equal to the fan efficiency at the off-design conditions.)

= Constant x VOL 3 x Density

VOL = Air Volume @ Fan (ACFM)

TP =Tota Pressure @ Fan (Inch Aq.)
VP = Velocity Pressure @ Fan (Inch Aq.)
SP = Static Pressure (Inch Aq.)

g = Acceleration Gravity (ft/min2)

DEN = Air Density @ Fan (Lb/ft3)

VEL = Air Velocity @ Fan (FPM)

K = Overall Pressure Drop Coefficient
Area= Net Fan Area (ft2)

Therelation of BHP off = BHP dsn is established under the assumption of constant fan BHP,
which means that the fan bhp at the off-design is always equal to the fan bhp at the design
regardless the off-design conditions.

BHP off = Const. x VOL off3 x DEN off
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BHP dsn = Const. x VOL dsn3 x DEN dsn
BHP off = BHP dsn Eq. 16-1

Since BHP off = BHP dsn, the Eq. 16-1 presenting the relation with VOL off and VOL dsn
can be written in the following form.

Const. X VOL off3x DEN off = Const. X VOL dsn3 x DEN dsn
VOL off =VOL dsn x (DEN dsn/ DEN off)V/3 Eq. 16-2
VOL dsn/ SV dsn= G dsn (SV = Specific Volume of Air at Fan)
VOL dsn=Gdsnx SV dsn
=L dsn/L/Gdsnx SV dsn (L = Water Flow in Pound)--------- Eg. 16-3

Substitute VOL dsn in theright side of Eq. 16-2 by EQ. 16-3. Then, the below form is
obtained.

VOL off =L dsnx (1/L/G dsn) x SV dsn x (DEN dsn/ DEN off)/3------ Eqg. 16-4
L/G off = L off / G off = L off / (VOL off / SV off) Eqg. 16-5

Substitute VOL off in the denominator of right side of Eq. 16-5 by Eq. 16-4.

L/G off = L off / [(L dsnx (1/L/G dsn) x SV dsn x (DEN dsn/ DEN off)1/3) / SV off]
=L/Gdsnx (L off / L dsn) x (DEN off / DEN dsn)¥3 x (SV off / SV dsn) --- Eq. 16-6

Therefore, L/G at off-design point can be obtained from Eg. 16-6.

2) Relationship between Design & Off-Design L/G Ratio Design & Off-Design BHP @
Constant Fan Pitch

Therelation of VOL off = VOL dsn is established under the assumption of constant fan
pitch, which means that the air volume at the off-design is always same as the air volume at
the design regardless the off-design conditions.

BHP off = Const. x VOL off3 x DEN off
VOL off3 = BHP off / (Const. x DEN off)
VOL off = BHP off1/3/ (Const. x DEN off)1/3 - Eq. 16-7

BHP dsn = Const. x VOL dsn3 x DEN dsn
VOL dsn3 =BHP dsn/ (Const. x DEN dsn)
VOL dsn = BHP dsn¥/3/ (Const. x DEN dsn)/3 Eq. 16-8

From the assumption of constant fan pitch, the relation of VOL off = VOL dsn is established
and the following forms are obtained.

BHP off13/ (Const. X DEN off)/3 = BHP dsn¥/3/ (Const. X DEN dsn)/3
BHP off = BHP dsn x (DEN off / DEN dsn) Eqg. 16-9

L/Gdsn=Ldsn/Gdsn=L dsn/(VOL dsn/ SV dsn) -- Eg. 16-10
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Solve Eq. 16-10 for VOL dsn and rewrite.

VOL dsn=(1/L/Gdsn) xL dsnx SV dsn Eq. 16-11
VOL off =VOL dsn=(1/L/Gdsn) x L dsnx SV dsn ------------=--=--=--- Eqg. 16-12
L/G off =L off / G off =L off / (VOL off / SV off) Eq. 16-13

Substitute VOL off in the denominator of right side of Eq. 16-13 by Eq. 16-12 and rewrite.

L/Goff =L off /[((1/L/Gdsn) x L dsnx SV dsn) / SV off]
=L/Gdsnx (L off /L dsn) x (SV off / SV dsn) -- -- Eq. 16-14

3) Relationship between Design & Off-Design L/G Ratio Design & Off-Design BHP @
Constant Gas

Therelation of GAS off = GAS dsn is established under the assumption of constant gas mass
flow rate, which means that the air mass flow rate at the off-design is always equal to the air
mass flow rate at the design regardless the off-design conditions.

BHP off = Const. x VOL off3 x DEN off
VOL off = GAS off x SV off

BHP off = Const. x (GAS off x SV off)3 x DEN off
GAS off3 = BHP off / (Const. x DEN off x SV off3)
GAS off = BHP off1/3/ (Const. x DEN off1/3 x SV off) Eqg. 16-15

BHP dsn = Const. x VOL dsn3 x DEN dsn
VOL dsn=GASdsn x SV dsn

BHP dsn = Const. x (GAS dsn x SV dsn)3 x DEN dsn
GAS dsn3 = BHP dsn/ (Const. x DEN dsn x SV dsn3d)
GASdsn = BHP dsnl/3/ (Const. x DEN dsn¥/3 x SV dsn) ------=--==-==------ Eq. 16-16

From the assumption of constant fan pitch, the relation of GAS off = GAS dsn is established
and the following forms are obtained.

BHP off/3/ (Const. x DEN off1/3 x SV off) = BHP dsnl/3/ (Const. x DEN dsn¥/3 x SV dsn)

Therefore, BHP off = BHP dsn x (DEN off / DEN dsn) x (SV off / SV dsn)3 --- Eq. 16-17

L/Gdsn=L dsn/ G dsn - Eq. 16-18
L/G off = L off / G off Eqg. 16-19
Eq. 16-19 can be written as Eq. 16-20 using the relation of G dsn = G off
L/Gdsn=L dsn/ G off ---- Eq. 16-20
Also, Eq. 16-20 can be solved for G off as Eq. 16-21.

Goff =(1/L/Gdsn) x L dsn - Eq. 16-21
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Substitute the G off of right side of Eq. 16-19 by Eq. 16-21 and rewrite it as below.

L/G off = L off / [(1/ L/G dsn) x L dsn] = L/G dsn x (L off / L dsn) ~------------ Eq. 16-22

Example 16-1: Determine the KaV/L, L/G, and Fan BHP at the off-design points (60, 72.50, and
85°F of wet bulb temperature) by the simple performance prediction and under the conditions of
constant fan bhp, constant fan pitch constant gas using example 13-1.

PERFORMANCE CURVE PLOTTING BY S5IMPLE METHOD

DESCRIPTIONS DESIGM UMIT
. Method of Performance Prediction Constant Fan Pitch
. Circulated Water Flow
. Range
. Cold Water Temperature
. Inlet Wet Bulh Temperature

. Minimuom WEBT for Curve

1
2
3
4
R
[

. Maximum WEBT for Curve
. Relative Humidity
. Altitude
. Design L/G Ratio
. Design Ka¥/L (Uncorrected)
2. Slope of Tower Characteristic
. Met Fan Horsepower
4. Mame of Customer Chungrok EMC Company
. Model of C/Tower Sample

. Person in Charge Oick Kwon

(Solution)
1) Tower Performance by Method of Constant Fan BHP
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12500 &0.00 63,097 1z.00 1.3813 1.3935 138.37
12500 66,25 70.63 12.00 1.3949 1.3827 138.37
12500 72.50 77.28 12.00 1.4095 1.370% 138.37
12500 78.75 §3.02 12.00 14264 1.3551 138.37
12500 50.00 85.24 12.00 14299 1.3555 138.37
12500 85.00 90,54 12.00 1.4450 13441 138.37
12500 &0.00 63,097 15.00 1.3957 1.3836 138.37
12500 66,25 70.63 15.00 1.4069 13752 138.37
12500 72.50 77.28 15.00 14215 1.361% 138.37
12500 78.75 §3.02 15.00 14375 1.3495 138.37
12500 50.00 85.24 15.00 14413 1.346% 138.37
12500 85.00 90,54 15.00 1.4561 1.335% 138.37
12500 &0.00 63,097 15.00 1.4059 1.3740 138.37
12500 66,25 70.63 15.00 14187 1.3640 138.37
12500 72.50 77.28 15.00 1.4331 1.3531 138.37
12500 78.75 §3.02 15.00 1.4491 1.3411 138.37
12500 50.00 85.24 15.00 1.4526 1.3385 138.37
12500 85.00 90,54 15.00 14673 1.3278 138.37

11250 60.00 6397 12.00 1.2587 1.5204 138.37
11250 06,25 f0.63 12.00 1.2510 1.5085 138.37
11250 F2.50 FT2E 12.00 1.2648 1.4955 138.37
11250 F3.75 g3.92 12.00 1.2798 1.4814 138.37
11250 g0.00 g5.24 12.00 1.2828 1.4734 138.37
11250 g5.00 20.54 12.00 1.2985 1.4660 138.37
11250 60.00 6397 15.00 1.2488 1.5106 138.37
11250 06,25 f0.63 15.00 1.2608 1.4991 138.37
11250 F2.50 FT2E 15.00 1.2741 1.4366 138.37
11250 F3.75 g3.92 15.00 1.2889 14729 138.37
11250 g0.00 g5.24 15.00 1.2921 1.4700 138.37
11250 g5.00 20.54 15.00 1.3055 14573 138.37
11250 60.00 6397 13.00 1.2587 1.5010 138.37
11250 06,25 f0.63 13.00 1.2705 1.4399 138.37
11250 F2.50 FT2E 13.00 1.2835 14773 138.37
11250 F3.75 g3.92 13.00 1.2981 1.4645 138.37
11250 g0.00 g5.24 13.00 1.5012 14617 138.37
11250 g5.00 20.54 13.00 1.5145 1.4435 138.37
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13750 a0.00 B3.97 12.00 1.5250 1.2875 138.37
13750 BB.25 063 12.00 1.5597 1.2776 138.37
13750 F2.50 f728 12.00 1.5558 1.2669 138.37
13750 F8.75 §3.92 12.00 1.5741 1.2552 138.37
13750 g0.00 g5.24 12.00 15779 1.2525 138.37
13750 g5.00 an0.54 12.00 1.5944 1.2424 138.37
13750 a0.00 B3.97 15.00 1.5598 1.2775 138.37
13750 BB.25 063 15.00 1.5541 1.2681 138.37
13750 F2.50 f728 15.00 1.5700 1.2575 138.37
13750 F8.75 §3.92 15.00 1.5878 1.2465 138.37
13750 g0.00 g5.24 15.00 1.5916 1.2441 138.37
13750 g5.00 an0.54 15.00 1.6079 1.2341 138.37
13750 a0.00 B3.97 15.00 1.5544 1.26789 138.37
13750 BB.25 063 15.00 1.5654 1.2589 138.37
13750 F2.50 f728 15.00 1.5840 1.2455 138.37
13750 F8.75 §3.92 15.00 1.6015 1.2380 138.37
13750 g0.00 g5.24 15.00 1.6053 1.2357 138.37
13750 g5.00 an0.54 15.00 1.6215 1.2258 138.37

Download the example file: Version IDPC/TOWER 2.01 (idpcsim.zip: 157Kb)

2)Tower Performance by Method of Constant Fan Pitch

12500 6000 63,97 12.00 1.3622 1.4091 14408
12500 66.25 70.63 12.00 1.3802 1.3944 142 66
12500 72.50 77.25 12.00 1.4000 1.3786 141.20
12500 75.75 53,92 12.00 14218 1.3616 13966
12500 80.00 8524 12.00 1 4265 1.3581 139,35
12500 85.00 90,54 12.00 1. 4461 1.3433 138.06
12500 6000 63,97 15.00 1.3785 1.3957 142,79
12500 66.25 70.63 15.00 1.30960 1.3817 141.48
12500 72.50 77.25 15.00 1.4153 1.3666 140.11
12500 75.75 53,92 15.00 1 4367 1.3503 138,67
12500 80.00 8524 15.00 14413 1.3469 138.57
12500 85.00 90,54 15.00 1 4606 1.3326 137.15
12500 6000 63,97 18.00 1.3046 1.3829 141,54
12500 66.25 70.63 18.00 14116 1.3695 140,57
12500 72.50 77.25 18.00 1 4305 1.3550 139.08
12500 75.75 53,92 18.00 1.4515 1.3393 137.72
12500 50.00 §5.24 18.00 1 4560 1.3360 137.43
12500 85.00 90,54 18.00 1.4751 1.3221 136.27
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11250 a0.00 b3 97 1z.00 1.2200 1.5590 144.61
11250 BE.25 f06e3 1z.00 1.2364 1.5226 14316
11250 F2.50 FrZ8 1z.00 1.2544 1.5051 141.65
11250 f8.75 §3.92 1z.00 1.27435 1.4564 140.07
11250 g0.00 8524 1z.00 1.2785 14525 139.75
11250 35.00 90.54 1z.00 1.2962 14662 135.44
11250 a0.00 b3 97 15.00 1.2334 1.5257 14342
11250 BE.25 f06e3 15.00 1.24935 1.510 14207
11250 F2.50 FrZ8 15.00 1.2669 1.4935 140.65
11250 f8.75 §3.92 15.00 1.2564 14752 13916
11250 g0.00 8524 15.00 1.2905 14714 135.85
11250 35.00 90.54 15.00 1.2080 1.4556 137.60
11250 a0.00 b3 97 15.00 1.2465 1.5128 14230
11250 BE.25 f06e3 15.00 1.2621 1.45749 141.03
11250 F2.50 FrZ8 15.00 1.2793 14817 139.69
11250 f8.75 §3.92 15.00 1.2954 14642 135.28
11250 g0.00 8524 15.00 1.2025 14606 137.99
11250 35.00 90.54 15.00 1.2195 1.4452 136.79

13750 60.00 6397 12.00 1.5057 1.5006 143.55
13750 66,25 F0.63 12.00 1.5252 1.2873 14218
13750 F2.50 FT2E 12.00 1.5468 1.27F29 140.75
13750 FE.75 g83.92 12.00 1.57086 1.2574 139.26
13750 g0.00 85.24 12.00 1.5757 1.2542 138.95
13750 g5.00 90.54 12.00 1.5971 1.2407 137.69
13750 60.00 6397 15.00 1.5252 1.2873 14218
13750 66,25 F0.63 15.00 1.5442 1.2746 140.92
13750 F2.50 FT2E 15.00 1.5652 1.260% 139.59
13750 FE.75 g83.92 15.00 1.58886 1.2481 13819
13750 g0.00 85.24 15.00 1.5935 1.24:29 137.90
13750 g5.00 90.54 15.00 1.6147 1.2299 136.71
13750 60.00 6397 18.00 1.5445 1.2744 140.90
13750 66,25 F0.63 18.00 1.5630 12623 139.73
13750 F2.50 FT2E 18.00 1.5835 1.2492 138.458
13750 FE.75 g83.92 18.00 1.6064 1.2549 13718
13750 g0.00 85.24 18.00 1.6113 1.2519 136.89
13750 g5.00 90.54 18.00 1.6522 1.2193 135.78

3) Tower Performance by Method of Constant Gas
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12500 &0.00 63,097 1z.00 1.4413 1.346% 122.36
12500 66,25 70.63 12.00 14413 1.346% 125.84
12500 72.50 77.28 12.00 14413 1.346% 12977
12500 78.75 §3.02 12.00 14413 1.346% 134.25
12500 50.00 85.24 12.00 14413 1.346% 135.22
12500 85.00 90,54 12.00 14413 1.346% 139.40
12500 &0.00 63,097 15.00 1.4413 1.346% 125.65
12500 66,25 70.63 15.00 14413 1.346% 129.07
12500 72.50 77.28 15.00 14413 1.346% 152.96
12500 78.75 §3.02 15.00 14413 1.346% 137.40
12500 50.00 85.24 15.00 14413 1.346% 138.37
12500 85.00 90,54 15.00 14413 1.346% 142.53
12500 &0.00 63,097 15.00 1.4413 1.346% 128.89
12500 66,25 70.63 15.00 14413 1.346% 132.27
12500 72.50 77.28 15.00 14413 1.346% 136,12
12500 78.75 §3.02 15.00 14413 1.346% 140.54
12500 50.00 85.24 15.00 1.4413 1.3469 141.50
12500 85.00 90,54 15.00 14413 1.346% 145.65

11250 60.00 6397 12.00 1.2972 1.4653 121.03
11250 06,25 f0.63 12.00 1.2972 1.4653 124.53
11250 F2.50 FT2E 12.00 1.2972 1.4653 125.49
11250 F3.75 g3.92 12.00 1.2972 1.4653 132.98
11250 g0.00 g5.24 12.00 1.2972 1.4653 133.98
11250 g5.00 20.54 12.00 1.2972 1.4653 138.15
11250 60.00 6397 15.00 1.2972 1.4653 124.01
11250 06,25 f0.63 15.00 1.2972 1.4653 127 .48
11250 F2.50 FT2E 15.00 1.2972 1.4653 131.37
11250 F3.75 g3.92 15.00 1.2972 1.4653 135.83
11250 g0.00 g5.24 15.00 1.2972 1.4653 136.30
11250 g5.00 20.54 15.00 1.2972 1.4653 140.97
11250 60.00 6397 13.00 1.2972 1.4653 126.95
11250 06,25 f0.63 13.00 1.2972 1.4653 130.38
11250 F2.50 FT2E 13.00 1.2972 1.4653 134.23
11250 F3.75 g3.92 13.00 1.2972 1.4653 135.68
11250 g0.00 g5.24 13.00 1.2972 1.4653 139.62
11250 g5.00 20.54 13.00 1.2972 1.4653 143.78
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13750 B0.00 B3.97 12.00 1.5854 1.2480 123.65
13750 bbE.25 B3 12.00 1.5854 1.2480 12714
13750 F2.50 F¥.Z28 12.00 1.5854 1.2480 131.05
13750 78.75 53.92 12.00 1.5854 1.2480 13552
13750 £0.00 85.24 12.00 1.5854 1.2480 13645
13750 85.00 90.54 12.00 1.5854 1.2480 140.66
13750 B0.00 B3.97 15.00 1.5854 1.2480 127 .27
13750 bbE.25 B3 15.00 1.5854 1.2480 13065
13750 F2.50 F¥.Z28 15.00 1.5854 1.2480 134.54
13750 78.75 53.92 15.00 1.5854 1.2480 1358.97
13750 £0.00 85.24 15.00 1.5854 1.2480 139.94
13750 85.00 90.54 15.00 1.5854 1.2480 144.09
13750 B0.00 B3.97 18.00 1.5854 1.2480 13081
13750 bbE.25 B3 18.00 1.5854 1.2480 13417
13750 F2.50 F¥.Z28 18.00 1.5854 1.2480 135.01
13750 78.75 53.92 18.00 1.5854 1.2480 142.41
13750 £0.00 85.24 18.00 1.5854 1.2480 14357
13750 85.00 90.54 18.00 1.5854 1.2480 147 .52
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17. Plotting of Tower Performance Curves
Mail to Us

Link Sites The performance curves consist of aminimum 3 sets of three curves each, which are presented as
aplot of wet bulb temperature as abscissa versus cold water temperature as ordinate with the
cooling range as parameter. According to CTlI ATC 105 (Acceptance Test Code for Water Cooling
Korean Tower), graphical scaling shall be incremented so as to provide a minimum of 0.5°F increments
and no more than 5°F per inch for both wet bulb and cold water temp.

What's News

The curves shall fully cover the range of variables specified in ATC 105 asfollows;

. Wet Bulb Temperature: +/- 15°F from Design WBT
. Dry Bulb Temperature: +/- 25°F from Design DBT
. Cooling Range: +/- 20% from Design Range

. Water Flow Rate: +/- 10% from Design Flow Rate

The performance curves could be prepared by the simple method and detail method, which shall
be discussed later. The performance (= cold water temperature) prediction of cooling tower by
means of the simple method is made by afew design parameters as well as water flow rate, L/G,
KaV/L, range, cold water temp., wet bulb tem., and fan bhp, while the performance prediction by
the detail method isrequiring all the actual cooling tower dimensions, thermal rating conditions,
and all the mechanical rating conditions.

Example 17-1: Plot the performance curve by the method of constant fan pitch and simple method
using the example 16-1.

(Solution)
The cold water summaries for the previous result of calculating the tower performance are as
follow and the performance curves are being plotted.

1) Performance Curve @100% of Design Water Flow Rate

FERFORMAMCE CURVED 100% OF WATER FLOW

RANMGE °F1 WET BULE TERPERATURE °F)
6l 66 25 F2.E0 Foa.7s 20.00 2500
12.00 7243 f7.al 21.95 2647 ar.ag |mar
1E5.00 TETZ foks g23.62 g2r.8k garz D220
18.00 frr2 1.0 2509 2008 0.9 Q320
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TOWER PERFORMANCE CURYE @100% (12500 GPA)

Customer: Chungrok EMC Company
Wiodel of Cooling Tower: Sample

hiethod of Plotting Performance Curve: Constant Fan Pitch

a4
.~
Design Point =1
20
prad
=~ e
L o4 nall I
5 L
l_ ‘f
5 e
E 7o -
9 1 i il
o 74 |
8}
60
55 a0 a5 70 75 20 25 an

EMTERIMG WWET BEULE TERWF. (°F)

Design Wiater Flow Rate: 12500 gpm
Design Wist Bulk Temperature: 80 deq. F
Design Cold Wigter Tempersture: 89 deg. F
Design Cooling Range: 15 deg. F

2) Performance Curve @90% of Design Water Flow Rate

FERFORMAMNCE CURVE D 20% OF WATER FLOW

RAMGCE (°F) WET BLUILE TERFERATURE (°F)
&l 6625 f2.50 Ta.TE 20.00 g2E.00
12.00 T1.88 .21 20,71 5.2 g26.23 o023
15.00 7a.94 Frar a2 26.59 ar.49 9119
18.00 TETG Fo.E3 .40 2766 2852 Qz.08

TOWER PERFORMANCE CURVE i@®0% (11250 GPM)

Customer: Chungrok EMC Company
hiodel of Cooling Tower: Sample

hiethod of Plotting Performance Curve: Constant Fan Pitch

a4
"
_‘f'
L
Ll
a0 "
[y o
-—
Lf "'l.r' - !
£ 54 e
= -
e i
oo ~
)
wl
_-.J"
I% o - =
3 e e T
o 4 i
U I
| 54
a0
55 a0 65 o 75 20 25 an

EMTERIMG WET BULE TEMF. °F

Design {Jh‘zner Flow Rate: 12500 gpm
Design Wit Bulk Temperature: 80 deg. F
Design Cold Wigter Temperature: 89 deg. F
Deszign Cooling Fange: 15 deg. F
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PERFORMAMNCE CURVE D 110% OF WATER FLOW

REMGE °F) WET BULE TEPERATURE °F)
L] hH 26 F2.EQ 7R.7E 20.00 25.00
12.00 7408 Taog 2317 27 EE 2844 oz
15.00 7745 21.14 2502 29.10 2004 Q310
12.00 7oz 2304 26.65 o047 o127 o4 52

TOWEER PERFORMANCE CURVE @110% (13750 GPA)
EES - =
g
o
T =
o e
3 34 il =
[
o
E s I3 i
g I b i e
! e
I Td
L
1]
55 an a5 o 75 S0 25 an
EMTERIMG “WET BUILE TEMF. °F)

Customer: Chungrok EMC Company Des=ign Viater Flow Rate: 12500 gpm

hodel of Cooling Tower: Sample Dezign et Bulb Temperature: 30 deg. F

fiethod of Plotting Performance Curve: Constant Fan Pitch  Design Cold Water Temperature: 39 deg. F

Deszign Cooling Range: 15 deg. F

Thefile used hereissame as one used for example 16-1.

Example 17-2. Plot a set of performance curves presenting the cold water temperature vs wet bulb
temperature by the constant fan pitch and the detail method using the same example 16-1.

(Solution)
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thathod of Farformanca Pradiction
Site Altituds

et Bulb Temparaturs
Ralative Humidity
Mumbar of Callz

Dexign Watar Flow Rate

Cell Length

Call Width

Typa of Air Inlat

&ir Inlet height

% Obetruction @AIr Inlat
PO Coefficient @Air Inlat
Fill Focdal

Fill Depth

PO Fill tultiplying Factor
Fill KaV{L kiultiplying Factor
Fah/L Cormection Factor

%o Obstruction @Fill

Tower Design Conditions

Zonstant Fan Pitch
o ft
Fo.nn °F
20,00
1
12,500 gpm
4.0 fi
420 ft
Two Sides Open
1.0 fi
10.0%
2.50
CFi1200
4.0 ft
1.00
1.00
0.09900
1.11%

% By-Faxs WWall \Watar

PO Coeffiziant @ Drift Eliminator
Fan Total Effiziancy

Powar Transmisizon Efficiancy
totor Fowaer targin

totor Powar

Fan Diamter

Mumbar of Fan per Call

Seal Dlisk Diarnetsr

PO Coefizient @Fan Inlat
YWenturi Height of Stack

Dezign Hot Watar Temparaturs
Dazign Cold ‘Water Tamparatura
Dezign Cooling Rangs

Actual Rangs through Tower

1.27%
1.20
7025,
91.2%
1235
175 hp
28 ft

28.0 inch

n.1a
366 ft
104.00 °F
ga.00 °F

Indicating of Wet Bulb Temperature

tinimur WET for Plotting Curva
thaximum YWET for Plotting Curve
Cuztomer

todal of Cooling Towear

&0.00 °F
g5.00 °F
Chungrok EMC

fampla

PERFORMAMNCE CURVE D 1 00% OF WATER FLOW

The curves are plotted for 80, 100 & 120% of cooling range on 90, 100 & 110% of design water
flow rate. Note that these performance curves are based on the constant fan pitch and are plotted
by the detail method. For further details of calculation, download the file.

R&MGE °F) WET BULE TEPERATURE °F)
f0.00 hH 26 F2.EQ 7R.7E 20.00 25.00
12.00 7a.26 7746 21.82 25,38 27.a2 o1z
15.00 7E.E3 7oAz 23 .49 ar.rv 2865 oz 25
12.00 7rEZ 21.14 24 96 29.00 20 84 o327
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TOWEER PERFORMANCE CURVE i@ 100% (12500 GPA)
o4
Design Point =t
L]
I =
' - il P
E 54 - 4
l_ - ol
5 el e
= 7o s
= [ 1 ] -
9 Ih —
I 74
5 1
-]
55 an -E] o 75 20 35 an
EMTERIMG “WET BULE TEMP. °F)
Customer: Chungrok EMC Design Wirater Flow Rate: 12500 gpm
hiadel of Cooling Tower: Sample Design Wizt Bulk Temperature: 80 deq. F
hethod of Plotting Performance Curve: Constant Fan Pitch Design Cold Wigter Tempersture: 89 deg. F
Design Cooling Range: 15 deg. F
PERFORMAMNCE CURVE D 20% OF WATER FLOW
RANMGE °F1 WET BULE TERWAPERATURE (°F)
G000 B6.25 F2.50 Ta.TE g0.00 g8E5.00
12.00 T1.66 fe.03 a0.5y BE2T ge6.24 Qode
1E5.00 ra.ro rrrr gz2.08 2648 g7.20 o114
18.00 TEED 9.8 f3.33 ar.Ed g8.43 Qzoz
TOWEER PERFORMANCE CURVE @90% (11250 GPA)
o4
o o
L] ol ] -
v -
E L¥) e
= T el B o
e e ||
'E Fa -
g ol ol
=
Ci I
o 74 1 -
[
I
-]
55 an -E] o 75 20 35 an
EMTERIMG “WET BULE TEWP. °F)
Customer: Chungrak EMC De=ign Wirster Flow Fate: 12500 gpm
hiadel of Cooling Tower: Sample De=ign Wiet Bulb Temperature: 80 deg. F
Wethod of Plotting Performance Curve: Constant Fan Pitch Deszign Cold Wiater Temperatune: 89 deg. F
De=ign Cooling Range: 15 deg. F
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FERFORMAMNCE CURYED 110% OF WATER FLOW

RaMGE °F) WET BULE TERAPERATURE (°F)
a0.00 06 25 F2.50 Fars 20.00 25.00
12.00 7482 Fo.ar 232.09 ar.4a g8.29 Q208
1E.00 Fr.an 21.03 g24.08 200k 20,80 oa.ar
18.00 .47 gz.az2 2657 o043 o1.23 o4 52

TOWER PERFORMANCE CURYE @110% (13750 GPA)

EES
-~ p_|
_‘F
= &
24 i P ol B
g - o
L Pl
D_. =
g a4 . . e
; - . il i il
—_
E 7o I - -
= I o
9 I il
TR 1x
8]
- %]
55 & a5 Bl 74 a0 a3 =]

Customer: Chungrok ENC ENTERING WET Bu"%lﬁ?ﬁ?‘npﬂlgt@r Flaw Rate: 12500 gpm

fodel of Cooling Tower: Sample De=ign Wiet Bulb Temperature: 80 deg. F
hdethod of Platting Performance Curwe: Constant Fan Pitch  Design Cold Wiater Temperature: 89 deg. F
De=ign Cooling Range: 15 deg. F

Please compare these results of cold water temperature obtained by detail method and simple
method. Y ou will see that the difference between these two resultsis very minor. So, the simple
method is strongly recommended to use in practice.
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Index] Publication]
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18. Estimation of Air Flow at No-L oad Condition

Home [Previous] [Next]

Publication
Mail to Us

Link Sites After finishing the construction of cooling tower and before running the cooling tower
commercialy, the cooling tower at no-load condition is tested. So, it isameaningful study to
estimate the fan brake horsepower and air volume at fan under the condition of no water flow.

L et's see these through the actual sample.

What's News

Korean
Example 18-1: Determine the fan bhp and air volume at the no-load condition under the

assumption that the fan efficiency remains unchanged from the design conditions. The ambient
dry bulb temperature is 63°F and relative humidity is 68%.

Tower Design Conditions

iathod of Parformancs Prediction| Conestant Ran Pitch | 96 Bw-Pazs wall atar 2.27%
Site Altitude 0 ft PD Cosfficient @Drift Eliminator 1.20
Wat Bulb Temparaturs 20.00 °F Fan Total Efficiancy T2
Relative Humidity 20,08 Paowear Transmizizon Efficiancy 91 .2%
Mumbar of Calls 1 totor Fower idargin 12.2%
Deszign vWatar Flow Rata 12,500 apr thotar Powar 175 hp
Call Lanath 42.0 ft Fan Diamtar 28 f
Cell Width 42.0 fi Murbar of Fan par Call 1
Typa of Air Inlat Two Sides Open | Seal Disk Diamater 22.0 inch
&ir Inlat height 150 ft PO Coaficient @Fan Inlet 01z

% Obatruction @Air Inlat 10.0% “enturi Height of Stack 266 ft
PD Coafficient @Air Inlat 2.50 Dezign Hot Watar Temparatu e 104.00 °F
Fill thodal CF g0 Dezign Cold ‘Watar Temperatura 29.00 °F
Fill Dapth 4.0 ft Dezign Cooling Range “F
PD Fill thultiplying Factar 1.00 Actual Rangs through Tower “F
Fill Ka%/ L miultiplying Factar 1.00 Mo Load Conditions

kah /L Corection Factar 009900 Ambiant Dry Bulb Temparature £3.00 °F
% Obstruction @Fill 1.11% Ralative Hurmidity 68.0%

(Solution)

The fan bhp at no-load condition could be estimated by three ways as described before. That is,
constant fan pitch, constant fan bhp or constant gas. The constant fan pitch would be most
proper choice of estimating the fan bhp and air volume at the no load condition. Below results
were obtained by the method of constant fan pitch. The fan bhp @no load condition is
considerably increased while the air volume is slightly increased. So, thisiswhy the fan test
must be carefully done at the no load and cold weather conditions.
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Bazic Thermal Rating Solving

Airivhazs Flow Rate 221528.9 Lbfmin | &ir¥elocity @Fan 1,157 fpm
AirWalume par Fan 1,098,683 acfm “Wealooity Fressure @Fan 02296 inch Ag.
Met Fan Area par Fan ETIED # Met Fan Powar 14885 bhp
Total Fan Satic Pressura 04570 inch Ag.

11 Air Inlet 2] Drrift Eliminatar

- Total Mat Air Inlet 1,134.0 # - Mat Area 1,744.4

- Air Danzity 0.0754 Lbfit - Air Danzity 0.0754 Lkt

- pecific Yaluma 12,2727 ffilb - Epacific Yaoluma 12,2727 fiilb

- Total &irYolumes 1,098 633 acfm - Airolume 1,093,633 acfm

- AirYalocity 9e2.9 fpm - AirYalocity 288 fpm

- Freszure Dop DAdes INMCHAQ - Frzzume Dop 00447 inch Ag.
Z) Fill 4] Fan Inlet

- Total Met Fill Area 1,744 4 f - Air Denzity 0.0754 Lkt

- WWater Loading 0.oo gpm.l'ftz - &irYalocity @Fan 1,157 fpm

- Average Air Denzity 0.0754  Lbif - Prezzure Dop 00412 inch Ag.

- Bvarage Adr §pacific Volume 12,2727 ffilb E. Walocity Recovany

- Average Airvoluma perCall 1,098,832 acfm - Efficiency of Fan tack Tr4%a

- fovaraga Fill Air e locity 6292 fpm - &ir Danzity 00754 Lbjtt

- Freszure Dop 02452 inch Ag| - Velocity Recovery 00211 inch Ag.

Download Example File: ID-NOLOAD/TOWER, Version 1.03, File Size (no_load.zip)
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19. Determination of Pumping Head

[Previous] [Next]

What to predict the pumping head at the design water flow rate from measurement made at the
test water flow rate is very important. The below example will show how to compute the
pumping head.

Example 19-1: Determine the pumping hesat for the assumption which the static lift (D) was 35
feet and vertical distance (h) of the pressure gauge above the basin curb was 5 feet. At this point,
the pressure gauge indicated 25 psig. The 24 inch of pipe was used and the inner diameter was
22.624 inch. Let's assume that the test water flow rate was 14,000 GPM.

& "_D I I I I I & Center of Inlet Pipe

D-h
“ / D (Static Lift)
(7 N /
N /
+ —¥ Basin Curb
T
Tatal Press. Static Press. Velacity Press.
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(Solution)
First, let's determine the equivalent length of piping and fittings between the point of pressure
gauge and the center of inlet pipe.

. Vertical Leg, Lengthof D - h=35-5=30.0ft

. Horizontal Leg from the center of riser pipe and inlet pipe =5 ft

. 24",900° Welding Elbow (r/d = 1), Equivalent Length = 37.7 ft (from table of friction lossin
term of length) Then, total equivalent length =30 + 5 + 37.7 = 72.7 ft (based on 24 inch pipe)

Second, determine the friction loss in piping and fitting between the point of pressure gauge and
center of inlet pipe. The head loss for 24 inch pipe per 100 feet and for 14,000 of test water flow

rate is 1.30 ft from the friction table of steel pipe. Then, the friction loss in the feet could be
obtained from below;

. Friction Loss = Head Loss per 100 ft x Equivalent Pipe Length = 1.30/ 100 x 72.7 = 0.95 ft
Third, determine the static pressure of test water flow at the center of inlet pipe.

. SPt=Test Pressure- (D - h) - Friction Loss= 25 psig x 2.309 - (35-5) - 0.95

(Note: 1 psi = 2.309 feet) = 26.78 ft

Fourth, determine the velocity pressure of test water flow at the enter of inlet pipe.

. Water Velocity @ 24 inch pipe = GPM x 0.1336798 / (0.7854 x (Inner Diameter / 12)2) =
14,000 x 0.1336798/ (0.7854 x (22.624 / 12)2 = 670.39 ft/min = 11.17 ft/sec
. Velocity Pressure = Velocity2 / 2g = 11.172/ (2 x 32.174) (1g = 32.174 ft/sec?) = 1.94 ft

Fifth, let's compute the test pumping head
Test Pumping Head = SPt + Velocity Pressure + Static Lift = 26.78 + 1.94 + 35 = 63.72 ft
Sixth, determine the corrected total pressure to the design water flow rate.

. Test Pumping Head = Test Static Pressure + Test Velocity Pressure + Static Lift

. Test Total Pressure = Test Static Pressure + Test Velocity Pressure

. Test Pumping Head = Test Total Pressure + Static Lift

. Test Total Pressure = Test Pumping Head - Static Lift

. Corrected Total Pressure = Test Total Pressure x (Design Water Flow Rate / Test Water

Flow Rate)2 = (Test Pumping Head - Static Lift) x (Design Water Flow Rate/ Test Water
Flow Rate)2 = (63.72 - 35) x (12,500 / 14,000)2 = 22.90 ft

Finally, determine the predicted pumping head at the design water flow rate.

. Corrected Pumping Head = Corrected Total Pressure + Static Lift = 22.90 + 35 = 57.90 ft

[Back to [Back to List of
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20. Deter mination of Line Voltage Drop
Mail to Us

Link Sites It isessential to measure the motor Kw input when to analysis the tower performance. This
measurement could be done at the motor terminal box, but it is sometime more reasonabl e to
measure the motor Kw input at the motor control center because the voltage and power factor
Korean indicators are usually not available at the tower fan deck. Now, the discussion will be focused
how to determine the line voltage drop from the motor control center to the motor terminal box.

What's News

Example 20-1: Determine the line voltage |oss for 1200 feet away from the motor control center
to the motor using the example 6-1. Let's assume that the 175HP of motor is applied for the
initial conditions of example 6-1 and the motor efficiency is 92.8% at the full load. The power
supply is460VAC, 60 Hz, 3 phases, and 4 poles. The cable between motor control center and
the motor is "Bare Copper, 250 AWG. The measured ampere at the motor control center was
203A.

(Solution)
First, find DC resistance in Ohm per 1000 ft of cable length from the table of properties of
conductors

- DC Resistance per 1000 feet = 0.0431 Ohms/ 1000 ft

Multiplying Factor for Converting DC Resistance to AC Resistance from the table = 1.06

Then, AC Resistance = DC Resistance x (Cable Length / 1000) x Multiplying Factor = 0.0431 x
(1,200/ 1,000) x 1.06 = 0.05482 Ohms

Second, determine the KW loss per the given power supply specifications.

- KW Lossfor 3 Phases= 3 x 12R / 1000 = 3 x 2032 x 0.05482 / 1000 = 6.78 KW

Third, compute the net KW input to motor.

- Net KW Input to Motor = Measured KW @ Motor Control Center

- KW Line Loss - Measured KW = 1.7321 x Ampere x Voltage x Power Factor / 1000 = 1.7321
x 189 x 460 x 0.86977 / 1000 (Power Factor = 0.86977) = 140.68 KW

(The KW could be measured with the wattmeter or calcul ated after measuring ampere, voltage,
and power factor.)

Finally, determine the motor shaft BHP. - Motor Shaft BHP = Measured KW @ Motor Control
Center x Motor Efficiency @Full Load / 0.746 = 140.68 x 0.928 / 0.746 = 174.77 HP

[Back to [Back to List of

Previ Next| |T
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21. Calculation of Tower Capability by Tower Characteristic Curve

[Previous] [Next]
Publication

Mail to Us

Link Sites The characteristic curve serves as a measure of the capability of the cooling tower to which it
applies. It relates the familiar design term of KaV/L and L/G, and is of the form;

What's News

Korean Kav/L =CL/G™M

C and m are constant for a given cooling tower and are determined by the characteristics of the
fill, while m is determined by end effects. The characteristic curveis used in conjunction with a
KaV/L vsL/G relationship to determine performance. This curve may be termed "Design
requirement” curve, sinceit isameasure of the degree of difficult of the design requirements,
and has nothing to to with the physical characteristics of the tower. It is constructed by assuming
values of L/G and computing the corresponding values of KaV/L using the following equations.

B _ (o _dos

---------------- Eq. 21.1
I Wl fw — b T

where, hw is the enthalpy of air-water vapor mixture at the bulk water temperature and hais the
enthalpy of air-water vapor mixture at the equilibrium wet bulb temperature.

The intersection of the characteristic and design requirements curves |locates the design point.
The manufacturer predicts that, when operating at the L/G value so located and at design water
circulation rate, inlet water temperature, and wet bulb temperature, design outlet water
temperature will be attained.

Thetest value of L/G is determined from Eq. 22-1, 22-10 & 22-12 which were derived in the
chapter 22. From these equations, L/G dsn isthe L/G value at the intersection of the
characteristic and design requirement curves. The corresponding value of KaV/L is computed
from above Eq. 63-1 using the test wet bulb and water temperatures. This point is then plotted,
and aline aparalel to the characteristic curve is drawn through it. The intersection of thisline
and design requirements curve locates the L/G capability at the design conditions.

Example 21-1: Determine the tower capability using the characteristic curve for the initial
design conditions and below test records.
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COOLING TOWER TEST DATA INPUT

DESCRIFTIONS DESIGM TEST

. Circulated Water How 10,000.00 9,150.00
. Hot Water Temperature 115.00 104.70
. Cold Water Temperature §5.00 79.30

. Inlet Wet Bulb Temperature 50.00

. Inlet Dry Bulb Temperature

. Barometrdc Pressure IMCH HG

. L/G Ratio

2
3
4
5
6. Relative Humidity
7
il
9

. Fill Characte risfic Slope

10. Fan Horsepower

(Solution)
First, let's compute the dry bulb temperature for the design and wet bulb temperature for the test
conditions.

Inlet Dry Bulb Temperature Estimation for Design Condition

Baromeiric Pressure Inch hg

Inlet Wet Bulb Tenperature i 3

Inlet Air Enthalpy @@ WET ETULE
Relative Humidity %0

Inlet Air Enthalpy @@ DET & RH ETU/LE
Inlet Drvy Bulb Tenperature °F

Inlet Air Density LhTT3
Inlet Air Specific Volume FT3LE

Inlet Wet Bulh Temperature Estimation for Test Condition

Baromeiric Pressure Inch hg
Inlet Dry Bulb Temperature i 3
Relative Humidity O
Inlet Air Enthalpy @ DBT & RH

Inlet Air Enthalpy @@ WET

Inlet Wet Bulb Tenperature

Inlet Air Density

Inlet Air Specific Volume

Exit Enthalpy @ Design = Inlet Enthalpy @ Design + L/G design x Range @ Design = 43.6907
+0.8600 x (115 - 85) =67.4907 BTU/LB
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Exit Air Wet Bulb Temperature Estimation for Design
Baromeiric Pressure
Design LG Ratio
Design Cooling Range
Exit Air Enthalpy

Equivalent Exit Air Enthalpy
Equivalent Exit Wet Bulb Temperature
Exit Air Density

Exit Specific Volume

Exit Enthalpy @ Test = Inlet Enthalpy @ Test + L/G test x Range @ Test
The L/G test is calculated from the below formula

L/Gtest = L/G design x (Water Flow test / Water Flow design) x (Fan BHP design / Fan BHP
test)/3 x (Exit Air Density test / Exit Air Density design)V/3 x (Exit Air Specific Volume test /
Exit Air Specific Volume design)

Derivation details of L/G Test are as below:

FanBHP =VOL x TP/ (6356 x Fan Effi.)
=VOL x (VP + SP) / (6356 x Fan Effi.)
=VOL x (1/2g x Density x Vel2 + K x 1/2g x Density x Vel2) / (6356 x Fan Effi.)
=VOL x Density x Vel2x (1 + K) / 1/2g/ (6356 x Fan Effi.)
=VOL x Density x Vel2 x (Area? / Area?) x (1 + K) /1/2g / (6356 x Fan Effi.)
=VOL x Density x VOL2x 1/ Area2 x (1 + K) /1/2g/ (6356 x Fan Effi.)
(Thetermof 1/ Area2 x (1 + K) / 1/2g/ (6357 x Fan Effi.) could be considered as
aconstant under the assumption that the fan efficiency at the design conditionsis
equal to the fan efficiency at the test conditions.)

Then, above equation could be expressed to Constant = Fan BHP / (VOL3 x Density).
Therefore, the following relationship is established.

Constant = BHP dsn/ (VOL dsn3 x Density dsn) = BHP test / (VOL test3 x Density test)
Let'srewrite this relationship for the term of Vol test.
VOL test3 = (BHPtest / BHP dsn) x (Density dsn/ Density test) x VOL dsn3

VOL test = (BHPtest/ BHP dsn)Y/3 x (Density dsn/ Density test)3 x VOL dsn
= (BHPtest / BHP dsn)Y3 x (Density dsn/ Density test)Y3 x L dsn/ (L/G dsn) x
SV dsn (VOL dsn=L dsn/ (L/G dsn) x SV dsn)
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L/Gtest =L test/G test
=L test/ (VOL test x SV test)
=L test x SV test/ VOL test
=L test x SV test/ ( (BHPtest / BHP dsn)Y3 x (Density dsn / Density test)V/3 x L
dsn/ (L/G dsn) x SV dsn)
=L/Gdsnx (L test/ L dsn) x (BHP dsn/ BHP test)3 x (Density test / Density dsn)
U3 x (SV test /SV dsn)

Then,

=0.860 x (9,150 / 10,000) x (240.0/ 216.0)1/3 x (Exit Air Density test / 0.0693)1/3
L/Gtest  x (Exit Air Specific Volume test / 15.0327)

The two factorsin the right side of above equation are unknown and these must be computed by
the method of try and error. The approximation of air temperature at the first step is an average
temperature of test hot and cold water temperatures. Density and S/V olume are computed per
the approximated exit air temperature, and L/G test is calculated as per the above equation
which isincluding two unknown factors. The enthalpy under the approximation is obtained and
then the new exit air temperature is computed when to iterate until the approximated enthal py
equals to the equivalent enthal py with varying the temperature.

Finding of L/G Test by Try & Error mehtod
&t Temgp | Density [ SV olwme | LiGtest | Enthalpy [ Al Temp |Ecgui Enth,
1st Trial | 5200000 | 007031 [ 1469718 | 02007% | 57.18830 | DOE3850 | 5718820
Ind Tral | P0E3230 | 007051 | 1443344 | 079832 [ 5712301 | Q0794428 | 5712591
3rd Teial | P0.79448 | 007051 | 1463624 | O0798Z3 | 5712357 | POT9EES | 5712357
Ath Trial | 079283 | 007051 | 1463615 | 079823 | 5712348 | Q070076 | 5712348
SthTral | 079276 | 007051 | 1463615 | 079823 [ 5712348 | Q079076 | 5712348
fth Teial | P0.79276 | 007051 | 1463615 | O798E3 | 5712348 | PO092T76 | 5712348

The L/G test calculated by thetry & error method is 0.79823.
Then,

Exit Enthalpy @ Test = 36.8485 + (104.7 - 79.3) x L/G test
= 36.8485 + 25.4 x 0.79823
=57.1235

Second, calculate of NTU at Design and Test respectively.
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WATER 5IDE IR 5IDE EMTHALFY DIFF.

DESCRIFTICNS tw °F1 | b (BTLGE) DESCRIPTIONS ha (BTUA) | hwo-ha | 1ihw-ha)
tw; +0.1 x Ranga 88.00 532477 | ha; +0.1 x UG x Rangs | 462707 | £.9770 0.1433
tw) +0.4 x Rangs 97.00 665773 | hay +04x WG x Rangs | 54.0107 | 125666 | 0.0796

twr) + 0.6 x Ranga 102.00 Frlefe ha) +0.6x LYC x Range | 591707 121969 0.0EED

tw +0.9 x Ranga 112.00 QF2029 hay + 0.9 x G x Ranga | £6.2107 0292 0.0220

Sum oot 1 FChw = Ma) e 02109
Towrar Damand (MTW = kum of 1 f(hw - hal f4* RAMGCE 23ME
WATER 5IDE AIR EIDE EMTHALPY DIFF.
DESCRIPTIOMS tee (°F] hwr (ETILE) DESCRIPTICME ha (ETU/) hwe - ha 1 ihwe-ha)
tw; + 0.1 x Ranga 21.84 45 7711 hay +0.1 x LfiS x Ranga | 328740 6.8951 01450

tee) + 0.4 x Range 20,46 EE2ETE ha) + 0.4 x LYC x Range | 44 3525 1030590 n.0ara
tw; + 0.6 x Ranga 94 .54 62 694 hay +0.6x /G = Rangs | 49.0125 136806 n.07a1
tw) + 0.9 x Ranga 102146 TE 8453 ha, + 0.9 x LfS x Ranga | 550960 20,7494 0.0482
B af 1 O = B n.2gaz
Towear Damand (MTU] = Sum of 1 ¢ Chw - hal £ 4 * RARNGE

Third, find a value of L/G which the test tower characteristic curve intersects with the design
NTU curve. Thetest C value of tower characteristic is obtained from the relationship of
NTUtest=Cx L/G™M.

Test CValue = NTUtest/ L/Gtestm
= NTUtest x L/Gtest™

= 2.3071 x 0.79820.600
=2.0153

It isto find the value of L/G intersection with the iteration until the test NTU equalsto Design
NTU varying L/C Intersection.

Test NTU = Test C x L/C Intersection'™m

Design NTU at L/G Intersection must be calculated using the below NTU calculation table. The
L/Gin Air Side of NTU calculation tableisto use L/C Intersection.

WHTER 5IDE &R 5IDE EMTHALPY DIFF.
DESCRIPTICNS ta 5F1 | ke GBTUMR) DESCRIPTICMS ha(gTik) | hw -ha | 1hw-ha)
tw| +0.1 x Rangs g2.00 53.2477 | ha; +0.1 & UG x Rangs | 4&.1535 F.On42 0.1410

twe) + 0.4 x Range QF.00 68 5F72 | ha; +04 =5 WG x Ranga | 53.5418 12.02E5 n.07al
tw; + 0.6 x Ranga 102.00 Fr2e¥e | ha +0.6x LYC x Ranga | 584673 129003 0.05za

twi) + 0.9 x Ranga 112.00 QF.20249 ha) +0.9 x LG = Ranga 65 BELT 31.3473 ooxe
T I T L - 1 0.3025
Towear Damand (MTU) = Sum of 1 f Chw - ha) f 4 * RAMGE
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L/i5 Intersection of Test Characteristic Curve to Design NTU

slope of Tower Characteristic Curve
Test NTU

Test C Value of Tower Characteristic
Test NTTU i@ Intersecied L/ G

Design N1T i@ Intersecied L/G

L/G Intersection

Finally, determine the tower capability as per the equation below.

Tower Capability = (L/G intersection/ L/G design) x 100 (%)

= (0.8209 / 0.8600) x 100 = 95.46%

The below curve represents the tower capability using Design NTU, Test NTU and Design
Characteristic curves.

TOWER PERFORMANCE CURVE
{(BY KaV/L. METHOD)
a.20 [ o AT T 9 L2
Test Chatacteristic ﬁ‘b
2.80 e ——
; - ‘-“""'--.‘ ._,...--""'-
[
. A :"':'"--E
1.80 P |
1.80
0.80
0.3 0.4 0.5 0.6 07 0.8 0s 1 1.1 1.2
Lo Test Water Flaw: 2150 gpm
Cresign Wrater Flowe: 10000 gpm TestWHT: 104.7 deg. F
Design WHT: 115 deg. F Test CHT: 79.3 deg. F
Cesign CHT: 85 deg. F Test Fan BHF: Z16hp
DE5!EI|" Fan BHF: 240hp Lf3 Intersection: 0.8200
Design LiG: 0.86 Tawer Capabiblity: 95.495%

1.8

Download File

Version CTI-KaVL/TOWER 2.05 (testkavl.zip) File Size: 78K
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22. Calculation of Tower Capability by Tower Performance Curve
Mail to Us

Link Sites When to calculate the tower capability by the method of tower performance curves, it isrequired
to convert the test water flow rate to the water flow rate at the design conditions.

What's News

Korean The equation is necessary to predict the amount of water that the tower can cool, at test
temperatures, if the fan drives were loaded to design power, and is based on the following
assumptions:

. The GPM capacity of a cooling tower is directly proportional to the air flow.
. Theair flow is proportional to the cube root of the power delivered to the fans.

Actually the GPM capacity of a cooling tower deviates from the straight line relationship with
air flow, due to changes in drop size, interfacial area, and distribution, but the error is small for
small changesin air flows. Also, air flow deviates from the cube root relationship with power,
due to the fact that a change in water loading is involved, and to the fact that fan efficiency does
not remain exactly constant as air and water flows, and hence static pressure, are changed. For
these reasons it is desirable that water circulation rate and fan power beheld reasonably close to
design during test.

In summary, the closer water circulation rate and fan power are to design, the less will be the
error due to the adjustment of test water circulation rate by means of equations below.

The determination of predicted GPM from the performance curves is accomplished in the
following manner:

. Outlet water temperatures at the test wet bulb temperature are read from the performance
curve. These values are shown on atabletitled "Cold Water Temp. @ Test WBT".

« Thedatafrom table are then plotted to obtain the curves shown in "Cold Water Temp. vs
Ranges'.

. The cold water temperatures at the test range are then read from the curves. These are shown
intabletitled "Cold Water Temp. @ Test WBT & Range".

. Thedatain table are plotted to produce the curve shown in "Water Flow Rate vs Cold Water
Temp.". The predicted GPM is found from this curve.

« Compute the adjusted test GPM.

. Compute the performance from the ratio of adjusted test GPM to predicted GPM.

There are three methods in converting the test water flow rate to the water flow of the design
conditions. They vary on the assumption as follows,

. Constant Fan BHP (BHP off = BHP dsn)
. Constant Fan Pitch (VOL off = VOL dsn)
. Constant Air Mass Flow Rate (GAS off = GAS dsn)
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1) Adjusted Test Water Flow Rate @ Constant Fan BHP

Therelation of L/G off at the constant fan bhp to L/G dsn was already discussed and is given
to Eq. 16-6. This equation could be expressed to the relation of L/G test and L/G dsn.

L/Gtest =L/Gdsnx (L test/L dsn) x (DEN test/ DEN test)/3x (SV test/ SV Eq. 22-1
dsn)

L/Gtest =L test/Gtest
=L test/ (Vol test/ SV test)
=L test x SV test/ Vol test
Eq. 22-2
BHPtest =VOL test3 x DEN test VOL test
VOL test = BHP test/3/ DEN testl/3 Eq. 22-3

Substitute VOL test of right side in Eq. 22-2 by Eq. 22-3.

L/Gtest =L testx SV test/ (BHPtestY3/ DEN test/3)

Eq. 22-4
L/Gdsn =L dsn/Gdsn
=L dsn/(Vol dsn/ SV dsn)
=L dsnx SV dsn/ Vol dsn
Eq. 22-5
BHPdsn =VOL dsn3x DEN dsn VOL dsn = BHP dsn¥/3/ DEN dsn?/3
Eq. 22-6
Substitute VOL dsn of right side in Eq. 22-5 by Eq. 22-6.
L/Gdsn =L dsnx SV dsn/(BHP dsn¥/3/ DEN dsnl/3)
Eq. 22-7
Substitute L/G test and L/G dsn in Eq. 22-1 by Eq. 22-4 and Eq. 22-7.
L test x SV test / (BHP test/3/ DEN testl/3)
=L dsnx SV dsn/ (BHP dsn¥/3/ DEN dsn¥/3) x (L test/ L dsn) x (DEN test /
DEN test)/3 x (SV test / SV dsn)
1= (BHPtest/ BHP dsn)V/3
Eqg. 22-8
Therefore, Eq. 22-8 can be rewritten to Eq. 22-9.
L adj = L test x (BHP dsn/ BHP test)V/3
Eq. 22-9

2) Adjusted Test Water Flow Rate @ Constant Fan Pitch
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Therelation of L/G off at the constant fan pitch to L/G dsn was discussed and is given to Eq.
16-14. Also, this equation could be expressed to the relation of L/G test and L/G dsn.

L/Gtest L/G dsnx (L test/L dsn)x (SV test/ SV dsn) Eq.22-10

Substitute L/G test and L/G dsn in Eq. 22-10 by Eq. 22-4 and Eq. 22-7 which were derived
previously.

L test x SV test / (BHP test/3/ DEN testl/3)
=L dsnx SV dsn/ (BHP dsn¥/3/ DEN dsn¥/3) x (L test/ L dsn) x (SV test/ SV
dsn)
1= (BHPtest / BHP dsn)¥/3 x (DEN dsn/ DEN test)V/3
Eq. 22-11
Therefore, Eg. 22-11 can be rewritten to Eq. 22-12.

L adj =L test x (BHP dsn/ BHP test)V/3 x (DEN test / DEN dsn)1/3

3) Adjusted Test Water Flow Rate @ Constant Gas

Therelation of L/G off at the constant gasto L/G dsn was discussed and is given to Eq. 16-
22. Also, this equation could be expressed to the relation of L/G test and L/G dsn.

L/Gtest =L/Gdsnx (L test/L dsn) Eq. 22-12

Substitute L/G test and L/G dsn in Eq. 64-12 by Eq. 64-4 and Eq. 64-7 which were derived
previoudly.

L test x SV test / (BHP test/3/ DEN test/3) = L dsn x SV dsn/ (BHP dsn¥/3/
DEN dsn¥/3) x (L test/ L dsn)

1= (BHP test / BHP dsn)3 x (DEN dsn/ DEN test)¥3 x (SV dsn/ SV test)

Eq. 22-13
Therefore, Eq. 22-13 can be rewritten to Eq. 22-14.
L adj L test x (BHP dsn/ BHP test)Y/3 x (DEN test / DEN dsn)Y/3 x (SV test /
SV dsn)
Eq. 22-14

Example 22-1: Determine the capability of cooling tower on the basis of Constant Fan Pitch by
the analysis method of performance curve using the same design and test conditions as example
21-1.

(Solution)
Sorry. Will add the solution later.
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