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SUMMARY 

The industrial cooling tower is a device for cooling water 

by energy transfer into a passing air stream, Such a device is 

mechanically simple but analysis and selection are relatively 

difficult because of the many possible combinations of operating 

conditions. For these latter reasons a comprehensive selection 

chart is fundamental to the correct sizing of cooling towers. 

Ideally it is the purpose of the selection chart to represent all 

probable cooling duties whilst remaining easy to use. In practice 

more than one chart is necessary to satisfy these requirements. 

Unfortunately, few detailed selection techniques have been published 

and no standard method of presentation formated, although most 

attempts have been based upon the Merkel Method, Some Authors have 

used the development of the Merkel Method in the form of the 

Merkel Diagram and its derivatives to plot selection curves. 

Others, mainly within the cooling tower industry use the Merkel 

Method in combination with their own techniques of presentation. 

For evaluation of the Merkel Method, knowledge of the bulk air 

enthalpy and the equilibrium enthalpy temperature relationship is 

required, 

It is the object of this work to consider. the published 

cooling tower theory and selection techniques, to explore the 

theoretical analysis of cooling towers and ultimately to propose 

easily used common techniques for presenting selection data for 

counterflow and crossflow cooling.towers. Each method is 

considered for its accuracy, scope and usefulness with particular 

reference to its day-to-day use in industry. A short section of 

the work has been devoted to surveying the enthalpy temperature 

relationships which appear in the literature as well as developing



  

several new ones. The relationships were considered for accuracy 

over the desired temperature range and the time required for 

computation and as a result one of the available relationships 

and also one of the newly developed ones were selected for use 

in the computer program. 

To obtain the large amount of information necessary to plot 

the selection charts, computing methods were used to evaluate the 

enthalpy temperature relationships, the energy balance and driving 

force equations and hence the Number of Diffusion Units (NDU). 
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INTRODUCTION 

In the past 30 years the rapid growth of industry, 

particularly the oil and chemical industry and more recently 

the widespread adoption of air conditioning systems has 

resulted in a great increase in demand for water cooling 

units. This upward trend still continues particularly 

as conservation of water is now a mtter of economics and 

national concern, in many cases justifying investment in water 

cooling equipment. 

Increasing cooling tower demand is also connected with 

a change in the type of equipment specified. Spray ponds and 

natural draught cooling towers have long been superseded by 

mechanical draught towers in all, except the largest applications 

where natural draught towers still remain economic. Mechanical 

draught towers use fans to increase their air throughput, and 

the corresponding higher heat and mss transfer rate brings 

about significant reductions in the tower size. The use of fans 

also allows high pressure drop packings to be used which in turn 

give increased air water contact resulting in physically smaller 

towers. The smiller towers require lower pumping heads which 

with the development of more efficient fans and tower packings has 

led to lower overall power requirements. It is the mechanical 

draught cooling tower with particular reference to equipment 

having a counterflow a crossflow pack arrangement which forms 

the subject of discussion in this work. Until 1955 the counter- 

flow arrangement predominated but recently, the crossflow tower 

has become more widely accepted. 

With the widespread use of cooling towers has come the 

need to provide a ready means of selecting and comparing the 

performance of the many types of tower packings available, so



that the true economics based upon both capital cost and running 

cost can be quickly assessed. 

To satisfy the needs of the user and supplier, selection 

charts for predicting cooling tower performance for a miltitude 

of duties should be both comprehensive and easy to use. In the 

absence of standardised methods of presenting this data most 

tower manufacturers keep their selection technique secret. Some 

do publish performance charts but these in the main are of limited 

application because of their sales orientation. 

Experimental tests have been carried out on cooling tower. 

packs and a large quantity of data obtained enabling empirical 

formulae to be developed for relating the mss transfer coefficient 

to the packing characteristic represented by the air and water flow 

rates. It is not intended to discuss these formilae in the present 

work which is solely concerned with the NDU integral for providing 

results which can be used in the preparation of suitable selection 

charts, for any type of packing including those mentioned above. 

Furthermore it is not the purpose of this work to introduce a new 

cooling tower theory. In fact, most workers have long adopted the 

basic theory first developed by Merkel; it is their individual 

techniques for analysing and presenting performance data which is 

of interest. 

The various methods available are reviewed to establish 

those which can be used with ease and reliability by persons whose 

knowledge of cooling towers and their operating principles, is 

limited. 

In trying to arrive at information that has wide application, 

original methods of presenting the selection data have been 

developed. 

The differential equations, when first developed by 

Merkel for representing the counterflow cooling tower process and



  

as used by many other authors since, were originally solved 

using graphical techniques. Recently the use of the computer 

has enabled more accurate and detailed information to be 

obtained, 

It is important to note that the mechanism of overall 

energy transfer is the same for both the counterflow and the 

erossflow process. The difference between the processes arises 

from the different temperature and enthalpy distributions within 

the cooling tower pack. For instance, the analysis of a counter- 

flow tower is a one-dimensional problem because the water and air 

conditions are considered functions of only their vertical position 

in the tower, for given flow rates and energy transfer coefficients. 

In contrast the crossflow tower mst be treated as a two-dimensional 

problem because the horizontal air flow results in temperature 

variations across the tower as well as over its height. Thus the 

principles applied to the counterflow system have in recent years 

been applied to crossflow towers where the crossflow process can 

be represented by partial differential equations. 

The process equations for both the counterflow and cross- 

flow cooling towers express the energy balance and the enthalpy 

difference driving force between the air and water phases. The 

advent of computers has enabled these equations to be evaluated 

easily and quickly. 

In order that the driving force can be found and the 

differential equations analysed, the relationships for the 

enthalpy of the saturated water film and the enthalpy of the bulk 

air have to be established. Equilibrium at the air-water interface 

is assumed and hence the enthalpy of the saturated water film is 

represented by an equilibrium line which can be expressed 

empirically or in the form of a fundamental equation mde up of 

two principal components, namely the sensible heat of air and the



enthalpy of waterivapour. The many derivations of both types 

of equation are considered, to establish the one most suited to 

cooling tower analysis by computer. Desirable features of this 

equation include sufficient accuracy for the temperature range 

50°R to 435°R and:a, term which enables variations in atmospheric 

pressure to be accommodated. The selected enthalpy temperature 

equation is then used for evaluation of the equations representing 

the cooling tower process. 

The content of the thesis is divided into six principal 

subjects for discussion, namely: 

i) Introduction   ii) Literature Survey Chapters One and Two 

iii) The Enthalpy Temperature 

Relationship Chapters Three and Four 

iv) Counterflow Selection 

Technique Chapters Five to Eight 

v) Crossflow Selection 

Technique Chapters Nine to Twelve 

vi) Conclusions Chapter Thirteen
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The first requirement for the study of any process of 

direct contact between air and water is the phase equilibrium line. 

This will be referred to as the enthalpy temperature relationship. 

For the concise statement of enthalpy, four conditions need to be 

defined for the working fluid. These are the pressure, temperature 

and physical state of the fluid in question and the choice of datum. 

The curve relating the equilibrium enthalpy condition of a 

system of air water contact is a non-linear function of the water 

temperature, The enthalpy temperature relationship is generally 

expressed as a fundamental equation or an empirical equation, the 

latter being represented as an exponential function or a poly- 

nomial expression. 

A simple exponential of the form: 

hy, = expe(t,) (4-4) 
is used by Mikyska and Reinisch (413) who found it suitable for 

showing how the enthalpy can be calculated from temperature. 

This equation is accurate only for short temperature ranges, say 

70°F to 90°F, Suitable accuracy over a longer range can be 

obtained from the relationship used by Fuller (1) ;: 

a, = exp(constant + e(t,) ) (4.2) 

For accuracy over even greater range, Gardner (44) and 

(45) expressed the enthalpy equation in terms of a linear 

relationship combined with an exponential relationship : 

h, = B+ Bt + Fexpf(Dt, ) (4:53) 

It is interesting to note that this equation is a further develop- 

ment of the one used by Mikyska and Reinisch. 

Polynomial expressions of the second order are suggested 

by Zivi and Brand (2) : 

h, = Sty Pt, +O (41.4) 

‘but these are found to apply only for short temperature ranges.



  

During the course of the present work higher order poly- 

nomials using the forward backward difference formilae have been 

developed from tabulated values. 

The fundamental equation linking the specific enthalpy of 

saturated air and its temperature can be expressed for 1 1b sample 

of dry air as : 

h = sensible heat of air and enthalpy of water vapour 

present. (1.5) 

The many authors who considered the fundamental equation, 

applied their own assumptions and approximations to the final 

details of the equation. The equations can be considered as three 

separate parts, namely : 

a) Sensible heat of 1 1b dry air 

b) Mass of water vapour present in the 1 1b of dry air 

c) Enthalpy of *vaporisation plus the rise in sensible 

heat of the vapour in the 1 1b of dry air. 

All the fundamental equations, either directly or indirectly, 

are based upon a convenient enthalpy datum, namely zero Fahrenheit 

(0°F) or zero Centigrade (0°C = 32°F). ‘The former is the datum 

commonly used in the United States whilst the 32°F datum is that 

generally employed in the United Kingdom, The different choices of 

datum cause significant differences in the actual enthalpy values. 

The more important enthalpy difference, commonly referred to as 

ariving force is not influenced significantly. Nevertheless, 

care mst be taken when using enthalpy tables, to ensure that they 

are based upon the appropriate temperature datum. Both 

Lichtenstein (3) and Zahn (12) use a zero Fahrenheit datum for the 

enthaipy temperature relationship. The work in this paper has been 

based on the 32°F temperature datum. 

As shown above the fundamental equation consists of two 

specific heats, a latent heat and superheat term. Zahn shows that



  

the specific heat of dry air can be represented by a second order 

polynomial function of temperature but this specific heat is often 

taken as a constant value for cooling tower application. 

The specific heat of water vapour is also considered a 

constant by mny workers: it is given the value 0.45 by Gurney 

and Cotter (7), McKelvey and Brooke (10) and the British Standard (5). 

The appropriate summtion of these specific heats gives the specific 

heat of moist air commonly called the humid heat. 

The Smithsonian Tables (6) give an equation for latent 

heat as a function of the temperature at which vaporisation takes 

place. Gurney and Cotter use the value 1035 Btu/1b (assuming 

vaporisation at about 400° F) and McKelvey and Brooke the value 

4075 Btu/Ib (assuming vaporisation at 32° F) to quote two examples 

of the many values in use. 

The difference in temperature between the bulk water and 

the saturated interfacial film is considered small enough to assume 

that the film has the bulk water temperature and so the effect of 

superheat can be neglected, = 

The British Standard (5) shows an equation relating partial 

pressure to the mss of vapour in the moist air. Both Mikyska and 

Reinisch (13), and Zahn (12) quote an exponential equation for the 

vapour pressure, whilst MacDonald (4) uses @ third order polynomial, 

Because of the importance of the enthalpy temperature 

relationship in the analysis of cooling towers, a full discussion 

of the various enthalpy temperature equations and the corresponding 

variables together with their cumlative effect on accuracy is 

considered in Chapter Three.
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201 General 

There can be no question of the desirable and useful nature 

of a general correlation for an air water evaporative cooling 

system applicable to a wide range of possible operating conditions. 

Such a correlation mst contain all those factors which influence 

the performance of a cooling tower. 

Jackson (9) prepared the following list of factors which 

affect the performance of mechanical draught towers. 

Item No. Quantity Symbol 

41 Mass rate of water flowing L 

2 Cooling Range At 

3 Outlet Water temperature the 

4 Wet bulb temperature of the inlet air  *WB 

5 Mass rate of air flowing per hour G 

6 Water to air ratio L/e 

7 Tower characteristic KavAL 

8 Height of packing in tower y 

9 Atmospheric pressure Pp 

The specification of a cooling tower is such that items 

4 to 3 in the above table are usually specified by the client as 

is the wet bulb temperature, which will be dictated by the tower 

location in combination with economic considerations. An optimm 

height of packing 'y' and mss air flow G will also he selected 

on economic grounds and/or site restrictions. If the tower 

characteristic KaV/L is know, the one remaining variable is the 

water to air ratio L/G-or G, as L is nominated. Like the wet 

bulb temperature, the atmospheric pressure P will be dependent 

upon the tower location. 

So that all probable cooling tower selections are 

accommodated, a series of graphs will need to be prepared arranged 

so that some of the above parameters are held constant. Obviously 

10



the more parameters which the graph can accommodate the more 

universal it will become. 

In recent times the widespread application of cooling 

towers, at various heights above sea level, has led to the need 

for performance charts, based on various atmospheric pressures, 

to be prepared since a change in altitude can have a significant 

effect upon the tower size. Increasing altitude makes a given 

tower more effective. In the past, authors considered the effect 

of varying atmospheric pressure to be relatively unimportant when 

compared with the other assumptions employed. The use of computers 

and more sophisticated numerical methods, enable more accurate 

selections to be prepared such as those required by a more competitive 

market which demands towers sized accurately for specific duties 

particularly as their application becomes mre universal and their 

locations more widespread, 

Stanford and Hill (23) give a graph, Fig. 2.1 showing the 

effect of altitude on enthalpy which in turn will influence the 

driving force available. 

2.2 Historical background 

One of the first performance charts to be devised was the 

Merkel Cooling Diagram which resulted from Merkel's work on the 

study of evaporative cooling towers. In 1925 Frederick Merkel 

developed the fundamental differential equation for the cooling 

process, which today forms the basis of analysis for cooling tower 

performance and the method for many of the more recently developed 

charts. The equation is fully developed in Chapter Five but can 

be written as : 

ty 

o/h, - hg)at = Kav/L (2.4) 

L2 

11
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Both sides of the equation are dimensionless and the 

value of this integral is referred to as the Number of Diffusion 

Units (NDU). The left hand side of the equation contains the 

thermodynamic conditions for the cooling process. The equation 

is shown graphically on Fig. 2.2 where integration of the left 

hand side is represented by the area ABCD, 

To solve the area ABCD for a known tower characteristic 

KaV/L, would be tedious as trial and error techniques would be 

necessary. Some early authors use approximte methods normally 

adopting the analogy with the heat exchanger to introduce a log- 

mean potential. The log-mean potential would be correct if the 

enthalpy potential (hy, - hy) were a straight line function of 

temperature t,. This would be true if the enthalpy temperature 

relationship were straight (Fig. 2.2 illustrates that this is not 

the case) but reasonable approximations can be made giving a value 

for the log-mean potential over short ranges of the equilibrium 

line, where straightness can be assumed. As the temperature 

increases the rapid rise in enthalpy will dictate that an ever 

reducing temperature range can be used in order that the approx- 

imations are valid. 

It is interesting to note that prior to 1955 all authors 

used manual and graphical methods for solving the integral given 

by equation (2.1). Thereafter the availability of digital 

computers made detailed analysis and solution a quick, simple and 

accurate feature of subsequent work. The paper by Fuller (1) 

published in 1956 appears to be one of the first to illustrate 

the use of computer techniques and the more sophisticated 

numerical methods which could now be employed. 

no
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2.3 Counterflow Perrormance 

2.3.1 Discussion 

4A review of the principles necessary to develop the Merkel 

Cooling Diagram are shown in the paper by Nottage, where the 

approximate solution of the Merkel Integral given by equation (2.1) 

is shown to be: 

(yy - b/c At = Waele = XA (2.2) 

where X = Merkel's Cooling Factor. 

This equation is represented as a chart (Fig.2.3) showing 

a family of curves for enthalpy bys plotted against the cooling 

range At and a series of hot water temperatures 14 °Cross plots 

of outlet water temperature tio are also given to uncrease the 

wefulness of the graph. On the right hand ordinate the Cooling 

Factor A is plotted to enable this quantity to be found, rrom 

which the L/G value can be calculated. 

Errors resuiting from the use of the Merkel Cooling Diagran 

will be slight when the air operating line and the equilibrium line 

are roughly parallel and when the cooling range is smill. The 

following examples illustrate the use of the Merkel Cooling Diagram 

for two very different conditions of the operating line. 

Example 1 

tyes = OOF th, = 70°R ty = 90°F th, = 80°F A + = 20deg F 

IG = 0.5 

The wet bulb temperature typ is plotted as a point E on the 

enthalpy ordinate, and the condition t,, = 90°F, At = 20 deg F 

on the grid as point F » These points are linked with a straight 

line EF - Through the reference point P, a line FQ is drawn 

parallel to EF cutting the cooling factor ordinate at the point 

Q, where A = 0.68. 

From equation (2.2) : 

A =1/2e + Kav 

15
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For the values 1/G = 0.5 and = 0.68 : 

KeV/L = 2.32 

The correct NDU (KaV/L) value as found by computer is 1.28 

Using the Mean Driving Force Method (see equation 5.24.) the NDU 

value is 1.32 

Note the discrepancy between the NDU values and also the difference 

in slope between the air operating line and the equilibrium line as 

shown on Fig. 2.4 

Example 2 

ty, = 05°F ty. = 75°F try = OF ty = 65°F At = 20 deg F 

1/G = 1.0 

The wet bulb temperature ty is plotted as the point E on the 

enthalpy ordinate, and the condition thy = 95°R, At = 20 deg F 

on the grid as point F". These points are linked with a straight 

line EF", Through the reference point P, a line PR is dram 

parallel to the line EF" cutting the cooling factor ordinate at 

the point R where ~ = 0.98. From equation (2.2) and the values 

1/G = 1.0 ando<= 0.98 give : 

KaV/L = 2.4 

The correct NDU value as found by computer is 2.0 

Similarity in these two values can be related to the fact 

that the operating line EF" and the equilibrium line KL are 

approximately parallel as shown on Fig. 2.4. Using the Mean 

Driving Force Method, the NDU value is 2.03. 

It can be seen from the examples considered, that the Merkel 

Cooling Diagram can be applied with confidence only when the 

operating line is approximately parallel to the equilibrium line. 

For all other conditions of the air operating line, errors in the 

NDU value can be significant. It can also be shown that the 

same type of error will be obtained when the cooling ranucvercests 

20°R, 
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fo enable the ratio 1/G to be identified directly on the 

Merkel Diagram, Wood and Betts (2) in 1950 developed a Modified 

Gooling Diagram so that the parameters 1/G and KaV/L could be 

shown separately. The parameters L/G and KeV/L are shown as 

ordinates, one on each side of the graph, see Fig 2.5. The 

seale of wet bulb temperature typ is actually a suitable graduated 

enthalpy scale bus, The graph is plotted in oblique ordinates to 

give it a mre convenient shape and so mke it easier to read. 

Again, errors will be slight when the air operating line 

and the equilibrium line are roughly parallel, and when the 

cooling range is small, It is to be noted that Wood and Betts 

limit their graph to a 20 deg F temperature range whilst Nottage 

limited his graph to a temperature range of 60 deg F, the latter 

giving rise to significant errors. 

The following examples illustrate the use of the Wood and 

Betts version of the Modified Cooling Diagram, 

Example 4 

Sage SO Rg I A, (= Eke 
, deg PF, 

G = 0.5 

The wet bulb temperature typ is plotted as a point E on the 

enthalpy ordinate of Fig 2,5 and the condition the = 70° F, 

At = 20 deg F on the grid as point F', These points are linked 

with a straight line EF’, 

From the known value of L/G = 0.5, a straight line TS is 

drawn parallel to the line EF’, The corresponding value of the 

NDU (KaV/L) is read from the left hand ordinate as : 

KaV/L = 2.4 

This velue compares with the Nottage value for the same example, 

poth of which are incorrect. It is of interest to note the 

difference in slope between the operating line EF’ and the 

equilibrium line KL on Fig 2.4. 
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Example 2: 

typ = OSPF t,,= 75°F t, = 95°F ty = OF At = 2 aegF 

L/G = 1.0 

The wet bulb temperature ty is plotted as the point E on the 

enthalpy ordinate and the condition t,, = 75° F ana At = 20 deg F 

on the grid as point F. These points are linked with a straight 

line EF", 

A line W parallel to EF" is drawn through the know value 

of 1/6 = 1.0. The corresponding NDU value (KaV/L) is read from 

the left hand ordinate as : 

KaV/L = 1.95 

This value compares favourably with that of the Nottage example and 

that found using a computer program and the Mean Driving Force 

Method. 

The Wood and Betts graph can be made easier to use by 

adding lines of inlet water temperature. The redrawn graph is 

shown as Fig 2.6. 

The Cooling Chart Pig 2.7 developed by Jackson (9) in 1951 

using the Mean Driving Force Method to solve the integral shows 

similarities to the Modified Cooling Diagram described by Wood and 

Betts (24). Again oblique co-ordinates are used to plot a series 

of curves showing successive values of the cooling range At and 

cross plots of constant pack height. The abscissa is calibrated 

to give the corresponding recooled temperature the and water to air 

ratio 1/G, This graph is plotted for a standard wet bulb 

temperature of 62.8° F, For other wet bulb temperatures, Jackson 

devised a method utilising a Temperature Adjustment Diagram Fig 2.8 

to adjust the outlet water temperature condition to other wet bulb 

temperatures and so extend the usefulness of his Cooling Chart 

Fig 27+
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Consider the application of Jackson's Method to the 

example : 

typ = 65°F tp = 70°F t, = 90°F At = 20 deg FP 1/6 = 0.5 

To obtain a solution for these conditions using the chart Fig. 2.7, 

a first guess of the outlet water temperature t,, = 68.5°F is 

suggested. This gives the line Wwhich when extrapolated cuts 

the 20 deg F range at about 8 to 9 ft. This implies that the 

performance of the packing described by the grid will require a 

depth of 9 ft at the 62.8°F wet bulb temperature, To revise the 

duty to a 65°R wet bulb temperature the Temperature Adjustment 

Diagram, Fig. 2.8 is used, A 20 deg F cooling range and a 68.5°F 

outlet water temperature give the following value for the ratio 

Atyz Artis = 73 
At tho = 68.5°R and A ty, = 65 - 62.8 = 2.2 deg F, then : 

Atys = 0.73 X 2.2 = 1264 deg F 

therefore t, = 68.5 + 1464. =70°R. 

Thus the conditions of the above example are met with a pack 

depth of 9 ft and t,, = 68.5°F. 

Consider the example : 

ty, = OOF tp = TSP ty = PF ty . O5°F At = 20 deg P 

L/e = 1.0 

Because of the relatively large L/G value for the graph, it can be 

seen that this condition is not plottable on Fig. 27 and hence 

highlights one of the shortcomings of the Jackson Cooling Chart. 

Besides the limited scope of the L/G value which can be 

accommodated, it is also worth noting that the meximum recooled 

temperature t,, which can be applied is 78°F. 

Jackson also shows a chart similar to Fig 2.7 with the 

height lines calibrated in transfer units. This enables the 

water/air ratio for any type of cooling tower to be determined



provided the number of transfer units is known, 

The A.S.H,R.A.E, Guide and Data Book (21) presents a series 

of charts obtained by using asmall temperature increment for 

which the approximate NDU value is calculated from St / (try, - Heys 

This relationship uses the driving force at the mean water temper- 

ature for the interval. NDU values for all successive temperature 

intervals are calculated and the resulting summation gives the 

total NDU and thus the value of the Integral for the conditions 

considered, This technique is thenalopted for many other 

conditions and the results plotted to give the Rating Chart, Fig 2.9. 

The term Rating Factor is used as the ordinate, wet bulb temperature 

tu as the abscissa with lines of constant outlet water temperature 

tho and cross plots of constant approach shown upon them, They 

are useful for checking the alternative cooling duties possible 

with a particular cooling tower. The ratio, tower area (#¢7) to 

water flow rate (gpm) at the condition ty = 90°F, to® 80°F, 

typ = 70°F is made unity andell other duties are related to this 

condition by a term called the Rating Factor. 

Graphical methods are employed by Lichtenstein (3) who 

considered the arithmetic methods used by others to be both tedious 

andireccurate. Lichtenstein in 1943 co-ordinated his graphical 

results into curves, forming a curve book which could be used to 

predict the performance ofa cooling tower under widely varying 

conditions of operation, From the many variables, Lichtenstein 

plots the tower characteristic KaV/L as the ordinate and L/e 

as the abscissa with curves of various approaches on a graph 

for a particular range. The performance curves are plotted 

for ranges from 8 to 50 deg F in intervals of 2 deg to 20 deg F 

and intervals or 5 deg from 20 deg F to 50 deg F giving 13 graphs 

per wet bulb temperature. To restrict tne numper:of Pesforuance
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Charts a constant value of the air flow rate G is chosen for 

optimum power requirements. Lichtenstein has also shown that 

for a given cooling tower a plot of KaV/L on log-log paper with 

G as a parameter results in a closely spaced family of nearly 

straight parallel lines, as shown on Fig 2.12. 

The Performance Chart shown inlithtenstein's paper is 

that for an 80°F air wet bulb temperature and a temperature range 

of 35 deg F. See Fig 2.10. Considering an example with a 10 

deg F approach and an 1/G = 1.0 the corresponding NDU (KaV/L) 

value from the chart is : 

KaV/L = 105 

Using the Mean Driving Force Method the NDU value obtained is : 

NOU PS 4551 

Lichtenstein's method is an easy to apply direct means of 

finding the NDU value, suffering from the disadvantage that a 

great number of charts are necessary to cover all selection 

possibilities. 

Having represented the solution of a particular integral 

as a point on the Performance Chart,lichtenstein (3) then shows 

how the charts can be fully utilised. From the appropriate 

Performance Charts, values for a particular duty and corresponding 

1/G are read and plotted as a curve on a Tower Selection Graph; 

this is referred to as the performance curve and an example is 

shown on Fig. 2.11. The chosen tower characteristic KaV/L is 

also plotted on the graph. The intersection of these two lines 

indicates the L/G ratio at which the chosen tower will operate 

for the conditions specified by the performance curve. 

From the literature surveyed this method of presentation 

would seem to be one of the most suitable for use in the cooling 

tower industry. It satisfies most of the requirements for a 

performance chart mentioned earlier and as further evidence of 
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its usefulness, it has been incorporated into the recent British 

Standard (25) for Cooling Towers, ‘This Standard uses the 

lichtenstein Tower Selection Graph for showing on-site test results 

and comparison with the manufacturers characteristic curve so that 

a tower capability can be readily determined. 

In 1956 Fuller (1) used a digital computer to solve 

Simpson's Rule applied to the evaluation of the Merkel Integral. 

The program is developed to process data froma test unit to 

obtain a heat balance around a test apparatus, and to establish 

its characteristic KaV/L for a variety of air and water mss flow 

rates; he does not give an example of his performance chart. 

A paper presented in 1967 by Mikyska and Reinisch (13) also 

uses a digital computer to compute cooling curves. With a 

nominated tower characteristic, various design points are 

calculated using Simpson's Rule on 30 trapezoidal elements to 

evaluate the Merkel Integral. A plot of outlet water temperature 

tho versus an enthalpy scale marked off in wet bulb temperature 

ty, is shown on Fig. 2.13 for curves of constant L/G and ND, 

for a nominated range. A series of graphs is prepared for 

different values of A+ from 17 to 25 deg F. 

The Mikyska and Reinisch chart, see Fig. 2.13 is of 

restricted use because a separate chart is required for each set 

of temperature conditions. To illustrate how it can be utilised 

the following example for a 65°R wet bulb temperature is 

considered. Using the upper performance curve the conditions 

read from the chart are as follows : 

typ = 95°R At =17 degF for I/@ = 1.33 

For an NDU value = 2.183 the corresponding outlet water 

temperature is: 

te
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This value of NDU is somewhat less than that calculated using 

the Mean Driving Force Method for the above example. This 

gives : 

NOU = 2.5 

In 1966 Gardner (14)and (15) presented charts for the 

determination of the Number of Transfer Units in countercurrent 

flow where the equilibrium line can be represented by 

h, = B+ Bt + Fexp(D?) (2.3) 

for B, E, F and D as constants chosen to make a suitably accurate 

fit with the equilibrium line. He expresses the number of 

transfer. units as ; 

e 

NTU = o1/eR' | a0fexp(8)-H,, - @) = (0,1/6R")I (204) 

0 

for @ = D (t - t,) = Dt - log, (R'/FD) (2.5) 

R's o1/e +B (2.6) 

Ee (DAR') (ng -E-Bt)-0@ (2.7) 

For hg = hip = hao » use 8, value calculated together with 

temperature t,, for H,. and 

for hg = Dey? use 0, value calculated together with temperature 

try for Hs 

Where a reduced curve of the form exp 6 is used to represent the 

equilibrium line. 

The integral is evaluated for a wide range of conditions 

and plotted as a series of curves, see Fig. 2.15 with © as the 

abscissa and (o,1/eR" )I, as the ordinate for lines of constant 

Hog? To obtain the desired accuracy, the mny ee are 

arranged in a series of charts. 

The equation (2.7) is also developed into a more general 

solution to represent a curved equilibrium line with four 

possible operating lines as shown on Fig. 2.1h. 
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Consider the Gardner method applied to the example : 

tys = 65°F, t= 75°F, ty = 95°F, ty = 85°F, At = 20 deg F, 

1/G = 1.0 and by, = 22.6 Btu/Ib. 

Using the equations (2.5), (2.6) and (2.7) together with the 

constants E = -10, B= 0, D= 0.02352 and F = exp1.954, 

substitution gives : 

R' =1/G=RforB=0 

@, = (0.02352 x 95)- log, (4..0/0.02352exp 1-954.) 

@, = 2+23500- 1.79840 = 004346 

@, = 0.02352 x 75 - log, (1.0/0.02352exp 1.954) 

@ = 1476500 1479840 = ~0.0554 

Hy, = (0-02352/10)(22.6 ~ (~10))-(-0.0354) 

Hoo = 0.7670+0.0354 = +0.802) 

From Fig. 2.15 the integral value at ;: 

Oe 0.0354 and H,, = 0.8024 is I, = -0.15 where R' = 1/6 and 

ae 1.0. The integral value at : 

@, = 0.4346 and Ee = 0.8024 is I, = 1.85 

Now since Gardner's paper is based upon the Number of Transfer 

Units the corresponding value of the integral is : 

NTU = 1.85 - (-0.15) = 2.0 

fo obtain the equivalent NDU value the NTU is divided by the 1/G 

ratio. Thus : 

NDU = NTU/(1/G) = 2.0/1.0 = 2.0 

The computer value is : 

NDU = 2.0 

The Mean Driving Force value is : 

NDU = 2.03 

The many mathematical operations necessary to solve this 

integral using the Gardner Method are tedious and prone to human 

error, Unless adequate care is taken mistakes can be made in 
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reading the graphs. This is particularly true for the previous 

example. For the numerous rapid selections which a performance 

chart should provide, this method is considered too slow and 

involved to apply frequently besides being subject to human 

errors 

To complete the analysis of the Gardner method a computer 

program was written, see Fig. 2.16 to give the Gardner parameters 

8,» 8 and aS for known operating conditions. 

Manufacturers of cooling towers prepare selection charts 

usually based upon their own unique methods of presentation 

developed from the analysis of the Merkel Integral. The Mean 

Driving Force Method is used by Stanford and Hill (23) of Carter 

Thermal Engineering Limited in their work on Performance Charts. 

Fig. 2.17 shows an example of their chart which applies to a 

particular tower characteristic for which a series of curves at 

constant recooled temperature tho is plotted for co-ordinates of 

water loading per unit area (Q/A) and the water inlet temperature 

tye Each chart applies to a particular wet bulb temperature 

tys and unit mass flow rate of air C/A, 

An example of the use of this chart is as follows. 

Consider the cooling duty : 

ty = 95°F ty, = 75°P at ty, = 65°F and 1/C = 1.0. 

The operating condition is given by point A on Fig 2.17 which 

corresponds to a water loading per unit area of about 168 gall/h 

et? (namely L/A = 1680 1b/h ft”) for the particular tower 

considered. Knowing the water quantity to be cooled Q, and the 

liquid loading Q/A = 168, the area of tower A required can be 

calculated. 

A similar chart, see Fig 2.18 is plotted by Film Cooling 

Towers, They show curves of constant approach on a chart with 
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PROGRAM 

::TITLE TAPE 123 M A PENDERY JULY 4968 
:GARDNERS NTU METHOD 

SETV CDH(3)LS(2)T(4) 
SETF EXP LOG 
SETR 2 
2)L INE 
SPACES 6 
eke TAPE 123(04)eceee M A PENDERY AUG 1968 
LINE 
LINE 
SPACES 4 
TITLE T ON 
SPACES 5 
TITLE T OFF 

SPACES 5 
TITLE L/G 
SPACES 5 
TITLE H WB 

SPACES 5 
TITLE TH4 
SPACES 5 
TITLE TH2 
SPACES 5 
TITLE HOO 

LINE 
4)READ T4 
READ T2 
READ L::RATIO OF LIQUID FLOW L/G 
READ H   C=EXP 16954 
  

PRINTOUT OF RESULTS 

T ON T OFF 7G H WB THI 

92-0 75-0 2-00 2266 9-0-7254 
99°5 50-0 0-69 2459 02022 
74°5 700 2-32 48-9 -0.9944 
7820 70-0 1°35 18-9 -0-4496 
8065 70-0 1-06 18-9 042076 
8565 700 0-77 16-9 0-1119 
93-5 700 0-54 48.9 0+ 4667 

106-0 70+0 0-39 1609 0-7921 
92-0 75*0 0-62 266 0+ 4461 
9200 75*0 0-62 2429 0+ 4461 
92-0 75*0 0-62 2206 0.4461 
92-0 75°0 0-50 2206 0-6612 
92-0 75-0 4°00 2226 9-0-0319 
9220 7520 1-50 2266 = =-9.4374 
7220 70-0 2-67 2206 = 4.1346 

CHECK C 

D=L/0.02352 
D=D/C 
CHECK D 
D=LOG D 
CHECK D 
ero goo cel 
S4=T3~D 
CHECK S4 
T4=0s02352eT2 
S2=T4-D 
CHECK S2 
H1=0.02352/L 
H2=H+410 
H3=H19H2 
H3=H3-S 4 
CHECK H3 
LINE 
PRINT T2,324 
SPACES 2 
PRINT 74,324 
SPACES 2 
PRINT L, 4:2 
SPACES 2 
PRINT H,2:4 
SPACES 2 
PRINT S41, 424 
SPACES 2 
PRINT $2,424 
SPACES 2 
PRINT H3,4:4 
JUMP @1 
STOP 

START 2 

TH2 HOO 

—0+ 3252 
0+6609 

-0+6052 
-0+2614 
0-0392 
0-4764 
100194 
41-6368 

0+6460 
0-8460 
0-5460 
41-0641 
0+ 3679 

70*0375 
7100845 

121084 
0+7201 
42641 
0+9531 
0-8450 
0+770$ 
0-7921 
0+9505 
0+ 9423 
0+8778 
0+ 7906 
00-5723 
0+ 7987 
09465 
1°4106 

COMPUTER PROGRAM FOR USE WITH GARDNERS METHOD 

Fig 2.16 
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co-ordinates of water loading and cooling rangeAt for a 

particular size of cooling tower. An example illustrating the 

use of this chart is as follows, Consider the cooling duty : 

ty = 95°F, t= 75° R, At = 20 deg F 

tyz = 65° F, Approach = 10 deg F 

The operating condition is given by the Point A on Fig 2.18 which 

corresponds to a water flow of 800 gallons per hour, for a 

particular configuration and size of cooling tower. 

Yet another design chart is used by Gurney and Cotter (7), 

see Pig 2.19 who plotted lines of constant range At and wet bulb 

temperature ty, for a graph with the water outlet temperature 

tho and Duty Conversion Factor as ordinates. The use of this 

Approxinete Design Chart is show in the following example for 

the cooling duty given by : 

t= 95°F t,575°R At = 20 deg P 

typ = 65° F Approach = 10 deg F 

Referring to Fig 2.19 and starting on the left hand scale 

with an outlet water temperature from the tower of tho = 75° F, a 

horizontal line is drawn to cut the 65° F wet bulb temperature line. 

A vertical line is drawn from this intersection to meet the 20 deg F 

cooling range line, and then horizontally to give a duty conversion 

factory (D.C.F.) equal to about 0.57. ‘This D.C,F. value 

represents a given tower design. 

McKelvey and Brooke (10) mention performance curves used by 

the Marley Company of U.S.A, The application of these curves is 

based upon the use of a rating factor. However further consid- 

eration is not given because the method applies to one particular 

design of cooling tower. 

The performance charts prepared by the Industrial Companies 

are based upon providing a graph describing a particular type of
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tower,which give rapid duty selections. Yor a variety of cooling 

tower coufigurations and packings a great many of these charts 

are necessary. To reduce the number of charts it is thus 

desirable to have a more general presentation method which can 

be applied to any cooling tower design. Those charts giving an 

NDU (KaV/L) value obviously satisfy this need. 

  

203522 of C Se 

Number 
Author of Scope Comment 

charts. 

Nottage 4 Various wet bulb temp-| Read a Merkel Cooling 

atures and operating Factor, Satisfactory 

condi tions. results obtained only 

when the operating line 

is approximtely 

parallel to the equil- 

ibrium line. Range 

limited to 20 deg F 

maximum, 

Wood & 4 Accommdates the Read a NDU value. 

Betts operating conditions | Range limited to 20 

for a variety of wet deg F maximm, 

bulb. temperatures. 

Jackson 4 Applicable to one wet | Oblique co-ordinates 

bulb temperature, make it difficult to 

namely 62.8° F.W.B, read. Incorporates 

Restricted by small various pack heights 

range of WG (0.4 < put required additional 

1/G<1.1) and outlet chart to enable conver- 

water temperature sions to other wet bulb 

(67< t,5<78)- temperatures to be made.       
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Number 

  

Author of Scope Comments 

charts 

A,S.HR. A, E. (gubes) Require a separate Relates a standard set 

chart for each of conditions to the 

temperature range Rating Factor. 

but accommodates 

a variety of wet 

bulb temperatures. 

Lichenstein 13 Thirteen charts per These charts are used to 

per wet bulb temperature plot the performance 

WET (wBT), each one for curve against the tower 

a@ constant approach characteristic. Inter- 

temperature. section of the curve 

establishes the oper- 

ating conditions. 

Mikyska and Many| A separate chart is Uses a computer pro- 

Reinisch required for each gram to give results 

set of temperature which are plotted on a 

conditions. unique performance 

chart for each set of 

operating conditions. 

Gardner 10 The reduced process Interpolation can 

equations are shown produce significant 

as the parameters of errors. Method 

the graphs indirect and not easy 

to use. 

Carter 20 Unique performance Easy to use, applies to 

Thermal. per chart required for a range of base areas 

type each pack section of one type of cooling 

of per wet bulb temp- tower. 

tower| erature and constant 

gas flow rate. 

Gurney & 4 Limited range of Allows performance to 

Cotter application. be expressed as a Duty       Conversion Factor which 

can be related to the 

pack performance of 

the cooling tower 

concerned,



    
  

Number 
Author of Scope Comment 

charts 

Film Many Unique performance Assumes a constant gas 

Cooling charts required for flow rate. 

Towers each pack section 

and tower size. 

Applicable to any 

wet bulb temperature. 

Approach limited to 

14 deg F. 

2.3.3 Accuracy 

Although numerical analysis and computer methods enable 

accurate solution of the integral this has not always been achieved. 

Nottage (8) in 1941 maintains that the inaccuracy involved in the 

substitution : 

(hy - pez, At = Ifa + Lav (2.2) 

is of the same order as that accompanying the log-mean enthalpy 

which presupposes that both lines on the driving force diagram are 

approximately straight. Wood and Betts (24) in 1950 made further 

qualifications by indicating that the error will be small when the 

operating line and equilibrium curve are roughly parallel and the 

cooling range At is small. 

Tye assumption that the equilibrium curve is straight for 

a limited temperature range is not considered by Jackson (9) to 

be entirely suitable. He found the method presented by Garey and 

Williamson (27) to be more satisfactory. This depends upon the 

use of a chart for reading the enthalpy correction factor 'f' to 

correct the driving force value. Tye use of this method gives 

more accurate results provided the range for which it applies is 
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restricted to about 30 deg F and a maximum inlet water temperature 

to 125°R. 

Lichtenstein (3) in 1943 considered the approximtions 

used by Nottage as unsatisfactory. This led him to use the mre 

accurate though tedious graphical integration method to prepare a 

series of charts, 

The A.S.H.R.A.E, Guide and Data Book (21) of 1967 uses the 

trapezoidal rule applied to small temperature increments of 1 deg F 

for which the enthalpy difference at the inlet and outlet of each 

increment is determined. This is an approximate method but 

sufficiently accurate for the requirements of the rating charts. 

Fuller (1) used Simpson's Rule to solve the integral with 

the temperature range divided into 10 equal temperature increments 

to obtain a suitable degree of accuracy. 

Mikyska and Reinisch (13) used Simpson's Rule and iterative 

means to obtain graphs for a set of mown conditions. To achieve 

the required accuracy necessitated three to nine iterations for 

every computed point. 

With Gardner's method the accuracy is dependent upon the 

fit of the polynomial equation to the enthalpy temperature equil- 

ibrium curve, which with the chosen constants is acourate to 0.1% 

of the enthalpy for the specified temperature range 60 to 90°F. 

Phe method also depends upon accurate interpretation. This range 

of temperature is somewhat limited for normal commercial require- 

ments where a range of 50°F to 135°R would be considered necessary. 

2.3.4 Summary 

From the charts and graphs described certain facts emerge. 

These are ; 

a) Merkel's integral is the accepted means of 

representing the cooling process, and this integral 
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is evaluated by one of the following three methods : 

b) Graphical Integration. 

¢c) Summation of incremental values. 

ad) Modification to the integral by use of a second 

degree polynomial to approximate the equilibrium 

curve. 

The accuracy required for solving the integral will be 

influenced by the method employed to plot the results and the 

technique for using the graph. With the use of numerical 

methods of integration and the advent of computers the degree of 

accuracy can easily be controlled and regulated to suit the 

graphical presentation required. These methods readily enable 

additional parameters to be accommodated within the calculation, 

including the effect of a varying atmospheric pressure which to 

date has been ignored by other workers but it is included in the 

present work. 

Another desirable feature of a performance chart is the 

ease and speed with which it can be used. For this reason the 

variables and parameters plotted should be those which directly 

influence the tower performance and not be obscure parameters 

as employed with Gardner's (14) and (15) method, Ideally, all 

variables should be represented on the minimum number of 

performance charts compatible with ease of use and the required 

acouracy. It is also desirable that the charts be of universal 

application. 

Much of the computer work included the we of the enthalpy 

temperature relationship represented by a forward backward 

difference equation. This proved a mst satisfactory method 

for calculating enthalpies from a known temperature but for 

other pressure conditions it would be necessary to analyse fresh 

data and evaluate alternative forward backward difference equations.



Since industry, particularly in South Africa and Central America 

is located high above sea level some means of accommodating the 

atmospheric pressure is deemed necessary. The fundamental 

equation includes the atmospheric pressure making the equation 

ideal for a general computer program capable of giving performance 

data at any of the desired atmospheric pressures. The use of this 

equation can enable this effect to be investigated to see what 

significance it has on cooling tower selection. 

From the methods reviewed, the charts presented by 

Lichtenstein (3) are considered the most suitable for further 

development towards universal performance charts incorporating 

those variables listed by Jackson (9) mentioned earlier, to 

obtain the minimum number of useful charts. 

The Lichtenstein graph includes the parameters NDU, 1/G, 

approach but requires a large number of graphs to cover all the 

likely temperature ranges (At) and wet bulb temperatures (typ) 

It is therefore the intention to develop a series of charts 

capable of containing more information and yet retaining the 

accuracy and ease of use, associated with the Lichtenstein 

graph, for both the counterflow and crossflow process. 

204 Crossflow Perforwance 

2e4e1 Discussion 

The crossflow cooling tower is a development of the 

counterflow tower. In contrast to the rising air and falling 

water of the counterflow arrangement, the crossflow tower has 

air flowing horizontally and water falling vertically. The 

counterflow tower has much greater use than the crossflow one, 

although the latter has the advantage of low overall height and 

low power consumption but generally it suffers from a reduced 

cooling performance per unit volume of packing, and usually a



larger base area than an equivalent counterflow tower. 

Since 1956 more attention has been focused upon the 

erossflow cooling tower. Whilst there is nothing revolutionary 

in the crossflow arrangement, interest has probably been gener- 

ated by a more selective customer, a wider range of cooling 

tower application, and the use of computers for obtaining 

performance data. This last comment is of particular signif- 

icance since the calculation of crossflow performance data was a 

very tedious task using hand calculation methods. 

In 1956 Fuller (1) made one of the first references to 

the computer evaluation of the crossflow cooling tower. His 

computer program for the crossflow correlation is an extension 

of the counterflow theory but using two simultaneous differential 

equations, one in the direction of water flow and the other in the 

direction of air flow. 

To appreciate the process within a section of crossflow 

tower it mst be understood that conditions across a horizontal 

section of packing are not constant as in a counterflow tower. 

Observation shows that the air flowing horizontally moves towards 

progressively warmer water as the water falls towards colder air, 

as shown graphically on Fig. 2.20. It is this two directional 

change in conditions which makes the crossflow analysis more 

difficult than the counterflow one. Gurney and Cotter (7) 

concluded that the temperature and enthalpy gradients in a 

crossflow tower are so complicated that the number of diffusion 

units cannot be calculated using the counterflow method and to 

obtain a solution they use the mean driving force method applied 

to each elemental pert of a pack. 

Gurney and Cotter (7) and the A.S.H.R.A,E, Guide and 

Date Book (21) before them, Zammer (30) and, Zivi and Brand (2.) 

give a description of this techniqie. In detail they consider 
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a@ cross section of packing broken down into elemental volumes 

of unit width, with the dimensions dx and dy arranged in size 

so that the overall L/G ratio (L/A)/(G/A') applies to each 

element. The section is then divided up to have the same 

number of elements in both directions, The calculations start 

at the top left hand corner of Fig. 2.21. The temperature 

change in each element is determined by trial and error from 

the energy transfer equation : 

See to (Oa Bei) * (h,, ie bo) 2 (2.9) 

and the heat balance equation : 

B (ty mith) = (gr = Meo) (2.10) 

the suffix 'i' indicating inlet conditions to the element and 

suffix 'o' indicating the outlet conditions from the element for 

a known NDU value. The calculated outlet conditions are then 

used for calculations on adjacent elements in order to find their 

air and water leaving conditions. This procedure continues down 

and across the pack for all of the elements. The outlet temper- 

atures from the end elements give leaving air and water profiles 

as shown on Fig. 2.22 which are similar to those of the heat 

exchanger, described by Rogers and Mayhew (22), ‘The average 

outlet water temperature is the arithmetic mean of the individual 

water temperatures leaving each of the elements at the bottom of 

the pack, and in a similar way the average outlet air conditions 

can be found from the air leaving each of the horizontal elements. 

The method of solution for an element can be summarised 

in the following way : 

Consider a section of packing subjected to the hot water temper- 

ature thy = 90°F at inlet, with inlet air at the wet bulb 

temperature of ty, = 65°F, a@ nominated NDU value of 0.15 for each 

element and an overall 1/G value of 1.25. Starting with the 

element in the top left hand corner, where the air and water inlet 
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conditions are known, it is necessary to guess a value of the 

water temperature drop across the element in order to start the 

iteration. This value is then used to establish the leaving 

air enthalpy, using equation (2.10) and the driving force at 

outlet. Equation (2.9) is then solved to obtain a value of the 

exit water temperature, which is compared with the guessed value 

of water temperature to determine the completion of the iteration, 

If not, the guessed water temperature drop is adjusted and the 

calculation repeated. Further iterations may be necessary to 

achieve satisfactory agreement. An example of the iterations 

is shown by Gurney and Cotter (7) as follows : 

Starting from the top left hand corner of the section on Fig 2.21 

where all the conditions are known the driving force between the 

water film at 90°F and the inlet air at 65°F WB for h_.=h,, and 

Bete ee 

hy ; ~ Boy = 48-6 - 22.6 = 26.0 Btu/Ib 

Guess (t,, - t,,) = 5-275 deg F 

Hence the water temperature at outlet = 90 - 3-275 

dees ty, = 966725°F 

The corresponding enthalpy at outlet is 2 

hyo = Hee? Btu/ld 

From equation (2.10) 

hay - Beg (Le) (5 - 1) = 1.25 x 3.275 

4.09 Btu/1b 

The air enthalpy at outlet h,, = 22.6 + 4.09 = 26.69 Btu/hr 

" 

Hence the corresponding driving force at outlet is 

tg — Bag = Mte2 — 26-69 = 17-51 Btu/1b. 

Using equation (2.9) to check the temperature drop 

(tyg — tye) = ( (17-51 + 26) x 0.15) /2 

(ty - t,,) = 3-27 deg F 
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This value of temperature drop (ty - ,,) gives satisfactory 

agreement with the guessed value for a sliderule calculation. 

The final leaving conditions are used for calculations on 

adjacent elements, which enables the evaluation to proceed down 

and across the colums and rows of elements, A record of the 

leaving conditions from each of the elements is shown on Fig.2.21. 

Zivi and Brand (2), Gurney and Cotter (7), McKelvey and 

Brooke (10) and the A.S.H.R.A,E. Guide and Data Book (21) use the 

graphical presentation shown on Fig.2.20 to illustrate for a 

section of packing the lines of constant water temperature, which 

are plotted using results obtained from the previous method. 

The A.S.H.R,A.E, Guide and Data Book superimposes lines 

of constant air temperature enthalpy on this graph to give the 

presentation as shown on Fig 2.23, which is then used to plot 

the information contained on Fig.2.24. This indicates that the 

air enthalpy follows the family of curves radiating from the 

point A, with the air moving across the top of the tower tending 

to coincide with OA, The air flowing across the bottom of the 

tower of infinite height will follow a line which tends to 

coincide with the equilibrium curve AB, The water temperature 

will follow the family of curves radiating from the point B. 

The curves will fall between the limits of BO at the air inlet 

to BA at the air outlet, for a tower of infinite depth. 

The line CD represents a counterflow tower operating at 

similar conditions to the crossflow tower. Instead of the 

single operating line the A,.S,H.R,A.E, Guide and Data Book 

suggests that the equivalent crossflow diagram be considered as 

an area corresponding to the region of overlap of the two 

families of curves shown on Fig 2.2). 

A slightly different approach is used by Gardner (15) 
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who develops his reduced equilibrium curve method to accommodate 

the crossflow process, With water falling in a y direction and 

air travelling horizontally in an x direction he gives the heat 

balance as ; 

dhe/dx + 0, (1/4)(J4/dy) = 0 (2.11) 

for an overall L/G value (L/A)/(8/A'). The transfer rate 

equation is ; 

Gd ho/J x = K (h, = bg) (2.12) 

where K is the overall energy transfer coefficient and h, represents 

the reduced equilibrium line. Gardner represented hy, by the 

equation : 

h, = E + Fexp(Dt,) (2.43) 

To obtain a useful result he uses the following definitions. 

@ the dimensionless temperature as : 

@ =D (t, - t,,) (2.44) 

and a dimensionless enthalpy % as : 

P= (ly ~ Rgg)/Pexe(Dt,,,) (2415) 
the subscript o referring to an arbitrary position in the tower. 

Thus the dimensionless enthalpy difference is : 

Bro = (Bug - Beg)/Fexp( Dt.) (2.16) 

Also X = xK/G (2.17) 

and Y = KFD exp (Dt, ,)¥/ey, L (2.18) 

where h,, = E + P exp (Dt,,,) (2.19) 

By substitution the heat balance equation becomes : 

)p/2X +d3e/dy = 0 (2.20) 

and the transfer equation is 

O/Bx = exp(o) - 9 +4, -1 (2.24) 

These equations are solved by computer program, The results are 

plotted by Gardner to give the chart shown on Fig. 2.25. This 

chart shows lines of constant reduced mixed water temperature &, 

plotted on X-Y¥ co-ordinates for: 
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A. = 005 (2.22) 
where: x 

@, = ((1/x)| © ax) (2.23) 
a Y=Constanr 

The number of charts required for cooling tower selection is 

said to be not mre than ten. 

The significance of different values of he can be 

seen from Fig. 2.26 in which the equilibrium curve of equation 

(2.13) has been put in the reduced form? 

g,= 6, + exp()-1 (2.24) 

and Gis plotted versus 6, The origin of the graph represents 

the boundary condition X = 0 and &= 0, Y=OandO=0 

Gardner suggests that conditions inside the tower lie within the 

shaded area of Fig.2.26, which is approximtely triangular with 

one curved side. The A.S.H.R.A.E, Guide and Data Book (21) also 

suggests a similar shaped area of operation as shown on Fig. 2.24. 

In a later paper presented jointly by Gardner and MacDonald 

(31), Gardner's earlier method for estimating the energy transfer 

in a crossflow cooling tower is considerably simplified. This 

involved a presentation using three graphs from which the mean 

mixed water temperature leaving the cross-flow tower can be read 

directly. These charts are shown on Figs. 2.27 and 2.28. 

See P. 59 

2402, Summary 

By inspection of Fig. 2.21 it can be seen that increasing 

the pack depth in the direction of air flow, results in a greater 

volume of water to be cooled whilst the quantity of air remins 

the same. Furthermore the air becomes progressively warmer as 

it passes through the increased depth of pack and less effective 

for cooling the water. A rise in pack height will result in an 

increased air flow available to cool a constant quantity of water. 

Thus a situation develops where the physical shape in two 
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directions of the pack as well as the pack volume will 

influence the performance of a crossflow tower, 

The results would be applicable to relatively eect) 

units and to film flow situations rather than to splash 

packing. 

2.4.1. (Continued): 

The crossflow tower equations were put into finite 

difference form by Schechter and Kang (34) and their 

solution resulted in the presentation of a set of selection 

curves which enabled exit water temperature to be obtained for 

nominated inlet conditions and tower operating parameters. A 

significant limitation of the method as it stands is that the 

graphs presented have the ratio of inlet air enthalpy to inlet 

water enthalpy as a parameter and to cover the full range of 

possibilities for this ratio, many more graphs would need to 

be available, 
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DISCUSSION OF THE ENTHALPY TEMPERATURE RELATIONSHIP 

FOR MOIST AIR 
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3-1 Introduction 

The analysis of the energy transfer in a cooling tower 

can be obtained by evaluation of the Merkel Integral. Solution 

of this integral requires a suitable enthalpy temperature 

relationship for moist air, which mst be capable of being 

accurate for the commercially important temperature range 50°F 

to 135°R. fo produce the comprehensive performance data 

necessary, the enthalpy temperature relationship must be used 

many times and so computation time can be a significant factor 

in the choice of relationship. 

The following discussion sets out to describe the 

various types of equation available for use. Since they are 

all related to a temperature datum for enthalpy this aspect is 

considered first. 

3.2 ra! hi 

Two temperature datum values are in common use for 

calculating the enthalpy of moist air. They are a zero 

Fahrenheit (0°F) and a zero Centigrade (0°C, 32°F) datum. 

Zahm (12) like all other American workers uses a Zero Fahrenheit 

temperature datum for enthalpy (and an atmospheric pressure of 

4013 millibars) to simplify the calculation of the fundamental 

temperature enthalpy equation. In Britain and most other 

countries except the United States of America the zero Centigrade 

enthalpy datum (0°C, 32°F) and 1000 millibar atmospheric pressure 

are employed. The Tables of Hygrometric Data in the I.H.V.E. 

Guide (16) are based on the 32°F datum. The A,S,HRAE, Guide 

and Data Book (21) uses the zero Fahrenheit enthalpy datum. 

At the datum conditions a small quantity of water is 

present as vapour. This has an enthalpy resulting from the 

latent heat necessary to produce evaporation. Furthermore the 
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atmospheric pressure value will also be of importance since it 

will influence the partial pressure of the vapour and hence its 

mass, which in turn will influence the enthalpy of the vapour 

present in a given volum of air at the datum condition. In 

the case of the I.H.V.E, Guide the enthalpy at 32°F ana 1000 

millibars is 3.26 Btu/lb. The enthalpy at the datum temperature 

is referred to as hp. 

3.3 Empirical Equation for Calculating the Enthalpy of Moist Air 

3.3.1 Polynomial 
The enthalpy temperature relationship can be closely 

fitted to a second order polynomial equation as used by Zivi 

and Brand (2), namely : 

h, = &t, +Bt, + ¥ (364) 

for €, & and& as constants. Zivi and Brand proposed sets of 

constants for each of the temperature ranges 83°F to 95°F and 90°F 

to 11 5°r which he states as temperature ranges applicable to most 

water cooling problems met with in the U.S.A,, where high ambients 

are experienced. Inthe U.K. lower ambients are the norm and so 

the scope of the above equation is not sufficient to satisfy 

selection needs. 

First, second and third order polynomial equations were 

devised for the present work. These equations, shown below, are 

limited to the temperature range 60°F to 90°r, 

by = 1.51 + 0.9818t), (3.2) 

hy, = 22619 = 0.7428, + 06115 a (3.3) 

ty, = Qbe33 + 10152 ty, - 0.01t,? + 0.00014 33¢,7 (3.4) 

Higher order polynomials could have been found but those 

of the second order gave adequate accuracy for the temperature 

range considered. To obtain relationships which embrace a 

wider range of temperature a higher order polynomial equation in 

the form of a forward backward difference formula was developed 
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for the present work. The equation was limited to differences 

up to the fifth order which in turn were calculated from the 

tabulated hygrometric data published in the I.H.V.E. Guide (16). 

The equations were suitable for the temperature range 50°F to 

470°F. ‘The Appendix 3.1 shows these equations, (3.5) and (3.6), 

in full detail. They are time consuming to solve by hand 

calculation but ideally suited for computer evaluation, 

3.3.2. Exponential 

A straightforward expression for relating saturated air 

enthalpy to temperature is used by Fuller (1) : 

b, = exp (1.77 + 0.025t,) (3.7) 

who attributed this enthalpy equation to Butcher, The equation 

holds good for water temperatures in the range 40°F to 430°F. 

It is based upon an atmospheric pressure of 1013 millibars and 

a zero Fahrenheit enthalpy datum, 

4n improved exponential equation is used by Gardner (44) 

and (15) who expressed the enthalpy as a linear expression plus 

an exponential function of the form : 

b= (B+ Bt, ) + FexpDt, (3.8) 

where E, B, F, D are constants. 

To simplify the solution of this derived enthalpy equation, 

Gardner chose a zero value for B and so the other constants then 

gave : 

hy, = 10 + exp(1.954+ 0.0235t, ) (3.9) 

This equation applies to a range of water temperature 60 to 90°F, 

A good fit over a larger range can be obtained if B is chosen to 

be non-zero as in: 

hy = 902 + Mt, + exp(0.9075 + 0.03056t, ) (3.10) 

Both these equations are based upon an atmospheric pressure of 

1000 millibars and a 32¥ enthalpy datum, 
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3.4  Bundamental Houations for Calculating the Enthalpy of 

Mo: Air 

3.4e1e Introduction 

Any normal sample of moist air contains two components, a 

water component and a dry air component, each with a unique enthalpy 

value. The enthalpy of the moist air is the sum of the enthalpy 

of dry air (sensible heat) plus the enthalpy of the water vapour 

present in the dry air, both calculated relative to the same 

temperature datum ty: This is a fundamental statement which can 

be represented by an equation made up of the following parts : 

a) Sensible heat of dry air oon above the datum temperature. 

b) Sensible heat of water c, (ty - tp) above the datum 

temperature plus the latent heat of vaporisation (L) and the 

superheat of the vapour Kony (4, - t,)) 

c) Mass of water vapour (w), normally expressed 1b per 1b 

of dry air. 

a) Datum, a value chosen for convenience, 

Hence the enthalpy of the vapour is given by the equation : 

h, =o, (ty - ty) +f +0 (t, - ty) per Ib vapour (3.11) 

and the complete fundamental enthalpy equation for moist air 

becomes : 

ty, = Sp (ty, = ty) + wey, (ty - ty) 2+ oy (ty, Hy) (5-42) 
Zahn (42) uses an enthalpy equation based on a zero 

temperature datum, a known latent heat value, a second order 

polynomial expression (3.19) for caleulating the specific heat 

of dry air and the Magnus formla (3,29) used to find the mss of 

water vapour. Ignoring the superheat component ( discussed 

later) his equation becomes : 

b= Coe +, + 0.622 p. (ony t+ 1061) /(P ~ Pys) (3.43) 

Since the constants available for use in the fundamental 

equation are so numerous, equation (3.12) is often simplified 

6h.



by choosing an appropriate set of constants, Hence the equation 

can be interpreted in various ways depending on the constants 

chosen, which in turn will influence the enthalpy value obtained. 

Some authors might consider constants at 32°R while others my 

choose those for 212°F or some other suitable temperature, A 

better interpretation would be to use the constants at the 

temperature for which the enthalpy is to be calculated but this 

is not practical. The Table 3.1 lists some of the constants for 

various temperatures. 

To date a common procedure is not available for selecting 

the appropriate constants. This has resulted in a liberal 

interpretation of the constants together with an author's indiv- 

idual assumptions. 

The following equation indicates the influence different 

constants can have on tle calculated enthalpy value. Ignoring 

the effect of superheat the fundamental equation for a 32°R 

enthalpy datum becomes : 

By, = pq (4, ~ 32) + (ony (ty, - 52) +f) (3.14) 

For those constants corresponding to a temperature of 32°R the 

equation can be written as : 

2? = 0.2402 (+, = 32) + w(OoK5 (t, - 52) + 107542) (5.15) 

For constants at 150°R the equation is : 

wy, 1% = 0.2h09 (+, = 32) + w(O6K5 (t, - 32) + 1009) (3.16) 
The use of these and other derived equations illustrating how 

the chosen constants affect the calculated enthalpy values are 

shown in Appendix 3.2. 

Often those constants corresponding to the temperature 

datum for enthalpy are considered satisfactory, as illustrated 

by equation (3.15) which is identical to that mentioned in the 

British Standard (5). 

65



Ve 
Sider 

 
 

NOLIVAOG 
ADIVAGNE 

TVONGNVONN 
GH, 

HdiM 
Sn 

Wa 
SINVISNOO 

 
 

 
 

  
  

      

= 
= 

= 
= 

= 
ole 

Lo*L 
= 

= 
= 

S 
= 

061 

= 
= 

9SzS° 
e
v
e
 

i 
O8t 

2 
= 

seene 
b
e
e
 

4 
Olt 

= 
a 

o0s¢* 
6ote* 

06°0 
O9b 

200°+ 
= 

6001 
ecce* 

60% 
* 

7 
OSt 

= 
= 

Slog 
gote* 

Sr . 
o
n
 

008 
S*610b 

692° 
L
o
r
*
 

68°0 
O
b
 

9lS 
£°SZOL 

e9lz* 
gore 

* 
= 

OZL 

00% 
O
L
 

9992° 
G
o
r
"
 

= 
O
L
 

S00°t 
SOE 

L*9€or 
G6S2° 

Sore* 
= 

oor 

02% 
W
S
N
O
L
 

Vinge 
o
r
 

88*0 
06 

g° 
ct 

b°shOr 
30S2° 

none* 
= 

08 

6° 
bbb 

L°ESOL 
clne* 

cote* 
2 

ol 

w
e
l
 

€°6S01 
2gte° 

core* 
= 

09 

O° 
beng 

S901 
ogre 

zore* 
43°0 

0S 

6°98 
9
°
0
O
L
 

S
e
r
e
*
 

z
o
r
?
 

= 
on 

0°92 
= 

o
t
e
?
 

2
0
°
 

= 
Ge 

8°92 
2°SLOL 

= 
zore* 

= 
ee 

W
e
e
 

£601 
L
i
e
s
 

2
0
%
 

* 
= 

of 

Ht 
o
e
 

=
 

<
5
 

4 
‘exeydsomgy 

ouo 
foot 

+8 
| 

AT/ngg 
u0Ts 

Sty 
YSTON 

av 
dtysuo 

e 
qe 

tefZem 
Jo 

s
u
p
e
r
s
 

-
v
r
o
d
e
a
e
 

jo 
“
—
“
S
a
n
s
s
e
d
g
 
j
u
e
}
s
u
c
o
 
f
e
 

-
T
y
e
T
8
t
 

‘O 

yeoy 
oTZToeds 

gO 
°ON 

|
 

Feoy 
JuSZeT 

d, 
at /nyg 

y
e
n
 

oygtoodg 
sypue'T 

G
n
 y, 

    
  

 
 

2 a] 

66



3.4.2 Sensible Heat of Dry Air (c.,) 

The specific heat of dry air is a function of the air 

temperature. That is : 

on, a(t) (3-17) 

end to be rigorous the equation for the sensible heat of dry air 

should be set up in differential form and integrated between the 

appropriate limits giving : 

h, = oe Je = [aoe (3.18) 

Zahn (12) uses a second order polynomial equation to 

express the specific heat of air at any temperature in the range 

10°F to 300°F, This is : 
8 ©. = 0.201457 + 20487 x 107" + 2.9907 x 10°? (3.19) 

‘pa 

In the temperature range applied to cooling towers, namely 50°F 

to 135°F the specific heat variation is smll., This fact is 

shown clearly in Table 3.1. Thus a reasonable approximation 

for specific heat in this temperature range would be 0.2405. 

Thus equation (3.18) can be rewritten as : 

h, = 0.2405 hae = 0.2405 (+, - 32) (3-20) 
32 

3.4.3  Enthalpy of Water Vapour (h,) 

The Smithsonian Tables (6) quote a second order polynomial 

equation : 

hy, = 638.9 + 063745 (7 = 100) - 0.00099 (1 - 100)* cal/g (3.21) 

for the water temperature expressed in degrees Centigrade. This 

equation, based upon a zero Centigrade enthalpy datum is used to 

calculate the enthalpy values shown in the Smithsonian Tables. 

The equation (3.11) is the fundamental equation for the 

enthalpy of water vapour hy although it is often simplified. 

Lichtenstein (3) neglects the superheat and the sensible heat of 

the vapour which he considers small compared with the latent heat 

required for evaporation. He represents the water vapour 
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enthalpy equation in the form: 

et 
which assumes a constant value for the latent heat. The 

component parts of these equations are discussed in the following 

subsections. 

Latent Heat (£) 

McKelvey and Brooke (10) assume that the difference in 

temperature between the air and water interface is so small that 

the latent heat value can be considered constant, as assumed by 

Lichtenstein (3). The value given to the latent heat will 

depend upon the temperature at which evaporation takes place but 

often the value at the temperature datum for enthalpy is taken. 

The Smithsonian Tables (6) express the latent heat{ as 

an equation obeying a non-integer power law of the form: 

Le 94.210 (365 - 2)! car/g (3.22) 

for temperature T expressed in degrees Centigrade. 

Specific Heat of Water Vapour (oe) 

The value of the specific heat of water vapour is 

influenced by temperature. Most workers consider it constant 

for the purposes of cooling tower work since its effect upon the 

final enthalpy value is small. Zahn (12) uses : 

Coe Obs. 

Gurney and Cotter (7), McKelvey and Brooke, the British Standard 

(5) and others use : 

Cw = 0.45 

Specific Heat of Moist Air | Specific Heat of Mois (oe) 

Often referred to as the humid heat but consisting of the 

specific heat of dry air plus the specific heat of water vapour 

described by the equation : 

c.=cll +we (3.23) 
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Zahn (12) analyses the above equation by mking use of his 

quadratic equation (3.19) for calculating the specific heat of air 

oat On the basis of this equation and the value of ony = 0.45, 

the humid heat can be found but for those temperatures in excess of 

435°R the equation should be reappraised. Zahn and McKelvey and 

Brooke quote a similar equation for humid heat, namely : 

Cg = Ov Bit + 0645 w (3-24) 

where the specific heats are assumed constant for the range of 

temperature encountered in cooling tower work. 

Superheat 

The enthalpy of water vapour at a known temperature can be 

found by considering water heated from 32°F to the temperature t 

and then vaporised at this temperature, shown as route AFED on 

Fig. 3.1 and represented by the equation : 

(m,)® = wW(a,)* (+ - 32) + (£)* ) (3.25) 
for constants taken at temperature t, Alternatively the water 

can be heated to some intermediate temperature te and then 

vaporised at this temperature. The vapour is then heated from 

ty to temperature t i.e. superheated. The final enthalpy of 

the water vapour is given by : 

(hy) = w ( (0,)° (50 - 52) + (£)°° + Co,)* (#-50) ) (3.26) 
which is shown as route AFCD on Fig. 3.1. 

This equation can be simplified by vaporising at the 

datum temperature ty = 32°R, followed by superheating from the 

datum to temperature t. his is shown as route ABCD on Fige3e1 

such that +: 

(h)° = w ( tog (+-32) + (£)7* ) (3.27) 

In reality the fluid probably follows the route AD. 

Using the equations (3.25), (3.26), (3.27) and selecting 

the appropriate constants from Table 3.1, it is shown in the 
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following example that the choice of route does not have any 

appreciable effect upon the final enthalpy value calculated, 

For the example where the specific heat of water vapour 

is o., = 0445 anda final temperature t= 1 50°F the above equations 

for 1 Ib of water become : 

(n,)* = 4 ( (450-32) + 1009) = 1127.0 Btu 
(my)? = 4 ( (50-32) + 1065 + 0.45(150-50) ) = 1128.0 Btu 

(m,)° = 4 ( (4075.2) + 0.45 (150-32) ) = 1128.3 Btu 

These values show very close agreement for all three equations 

and hence confirm the above comment. The equation (3.27) is 

utilised in the subsequent computer analysis. This is also the 

equation used to compile the enthalpy temperature tables in the 

LH.V.E, Guide (16). 

Mass of Water Vapour w 

The specific humidities w are proportional to the partial 

pressures p, and the humidity differences are proportional to the 

partial pressure differences. More particularly the mss of the 

water vapour is expressed as a function of the vapour pressure of 

water by the equation for specific humidity (or moisture content) 

as used by the British Standard (5), Zahn (12) and Mikyaska and 

Reinisch (13), given by ¢ 

w= (18 p) / (28.969 (P-p,) ) 
In cooling tower work, saturated vapour pressures apply and 

hence ;: 

w = 0.622 (p,, /(P-p,,)) (3.28) 

where the water vapour and dry air are expressed in the same units, 

namely pounds of water vapour per pound of dry air or grammes of 

water vapour per gramme of dry air. 

The tables of saturation vapour pressure given in the 

British Standard (5) have been computed from the forma of Goff 

71



and Gratch, and quoted therein. A close approximation to the 

saturation vapour pressure at a given temperature can be obtained 

from the Magnus forma of 1844, which is as follows : 

10g 49 Pys = IT/(H+T) + I’ willibers (3.29) 

H, I’ and J are constants with the values as shown in Appendix 

301. 

Zahn (12) devised a more complicated exponential form of 

the vapour pressure equation, namely : 

Pye = OP(-Ba(u? = 4N0)°°?/aN)ins Hg (3.30) 

Where O and M are functions of temperature and N is a constant. 

M, N and O have the values shown in Appendix 3.1. The results 

from this equation agree with the AS.H.R,A.E, Guide (21) for 

temperatures in the range 0°F to 300°F. 

An exponential equation is used by Mikyska and Reinisch 

(43) to indicate the relationship between the pressure of water 

vapour and its temperature as shown by : 

Pyg = OP (-5056(4/(460 + t) - 1/(460 + 212)+ 8.2 log, 272/(460+t) 

-0.00138 (212-t) - 1.139) psig (3.31) 

It is claimed that this equation is valid for temperatures in the 

range 32 to 302°F. 

An exponential equation using a third order polynomial is 

used by MacDonald (4) who claims good accuracy for the range of 

cooling tower application : 

Piya = 820( 12.054 + 5770417/t = 64359x10°/¢4995x10°/4?) (5.52) 

3.5 Summary 

The choice of the 32°R enthalpy datum figure is fortunate 

in view of the forthcoming change from the Imperial system of 

units to the International System of units in the early 1970's. 

A 32°R datum will then become a 0° datum, and a 1000 millibar 

atmospheric pressure will be taken as the bar, the standard value 
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for barometric pressure. Thus air enthalpy in Btu units can 

easily be converted to a Chu unit without any need to consider 

the datum levels. 

The accuracy of the fundamental equation will depend 

upon the assumptions mde in its simplification and the constants 

chosen for its analysis, If the full equation is used, in 

conjunction with the appropriate constants and an accurate 

equation to Pind the mass of water vapour employed, then a high 

degree of accuracy can be achieved. Most authors choose to 

simplify the equation, and in this form, sufficient accuracy can 

be obtained for cooling tower purposes. 

The abbreviated enthalpy equation adopted for use in this 

paper is the same as that used inithe I.H,V.E, Guide (16), namely 

equation (3.15) which is based upon constants taken at 32°R. 

This equation is similar to the equation used by MacDonald (4), 

which is : 

h = 0.24 (+32) + w (1061.2 + 0.438t) (3.33) 

where w is found from his saturated vapour pressure equation (3.32) 

and the equation (3.28). If the Megnus forma is used in 

equation (3.33) to find w then this becomes the revised equation 

(3.34) as referred to in Chapter Four, Table 4.3 and 4.6. 

McKelvey and Brooke (10) use the following equation : 

h = 0,24 (4-32) + w (1075 + 0.45t) (3.35) 

The forward backward difference equations (3.5) and (3.6) 

are also used but these equations are not suitable for more than 

one atmospheric pressure without first revising the difference 

values, whilst the fundamental equation can be readily used for 

any nominated atmospheric pressure provided equation (3.28) is 

applied correctly in equation (3.15). 

The accuracy of these equations is discussed in Chapter 
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APPENDIX 34 

FURTHER DETAILS OF EQUATIONS PRESENTED IN CHAPTER THREE 

a) Saturated Vapour Pressure 

Equation 3.29 

J = 75 

H = 25/3 

») 

r = 0.78571 

(+ - 32) (5/9)°F 

such that : 

Pyg = OxP (9-594 (+-32)/( 257-3 + 0-5555(t-52) +1 6091) 
millibars. (3.29) 

2° 

Equation 3.30 

-0.07086745 

0.001626943¢ - 1.0 M 

0 -0,00004286517¢" + 0.03533457t = 2.5191 2h 

Enthaloy 

Equation 3.1 

2 Range. ees. ge € B x 

83 F = 95 F 0.01742 -1.74.60 71.97 

90°F - 115°F 0.02408 -2..9825 429.23 

Equations (3,5) and (3.6) 

The forward backward difference equation is based upon 

that given by Bull (28). When reduced to the fifth order 

the forward difference formula is : 

het + zAf, + z(z-1)A *2/2t + 2( 2-1 )(2-2)A 72 /3t 

+ a not) (2-2)(2-3) Ae /ut +2( 2-1 )( 242) (2-3) (zo)A 26/54 

abd the backward formula is : 

h=f,+ zVf,+ 2(2+1)V 2p /2t = a(2+1)(242)V 72/3! 

+ a(zet)(a42)(203) He Jud + 2(z41)(242)(243)( ma) 77 L/5! 

Th.



These equations are reduced to 

forward : 

h=X, + 2 + 2( 2-1 )X, + 2(2-1)(2-2)K, + 2(za4)(2-2)(2-3)X, 

+ 2(2-1)(2-2)(2-3)(2-l)X, (3.5) 

backward : 

had 2k, + 2(z41)X, + 2( a1 )(242)K, + 2( +41 )( 242) (243)X,, 

+ 2( 241 )(2+2)(243)(ath)K, (3.6) 

where the constants z and X in equations (3.5) and (3.6) have 

the values shown in Table 3.2. These values are obtained 

from the derived difference table based on the equivalent 

enthalpies appropriate to a temperature range 50 to 470°F 

taken at five degree intervals. 
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APPENDIX 3-2 

EFFECT OF CONSTANTS ON THE ENTHALPY VALUE. 

From equation (3.15) the enthalpy for a temperature of 

132°F is : 

(,77)4 59 = O+2h02 (132-52) + (840/7000)( 0445 (132-32)+1075.2) 

= 158.52 Btu per lb ary air 

From equation (3.16) the enthalpy for 132°F is 

(i = 0.2409 (132-32) +(840/7000)( 1.0.(132=32) +1009) 

= 157.17 Btu per Ib dry air 

where the equivalent moisture content is 840 grains per lb of 

dry air and 7000 grains of water vapour weighs one pound, The 

I.H.V.E, Guide (16) gives an enthalpy for a temperature of 132°F 

as: 

(hy )450 = 158.3 Btu per lb ary air. 

Sivilarly from equation (3.15) the enthalpies at a 

temperature of 60°F are : 

(B24 )eq = 042402 (60-52)+( 7844/7000) (06145( 60-52)+107542) 
18.92 Btu per lb dry air 

while equation (3.16) for 60°F gives the enthalpy : 

(14,129) 56, = 042409 (60-32)+(78-4/7000)( 0.45(60-32)+4009) 

= 18.22 Btu per 1b ary air 

where the equivalent moisture content is 78.4. grains per 1b of 

ary air at a temperature of 60°F, The I.H.V.E, Guide gives an 

enthalpy of : 

(aE = 18.92 Btu per 1b dry air 

For a rise in saturated air temperature from 60°F to 

432°F the change in enthalpy + 

a) for constants at 32°F is : 

Ah = 158.52 - 18.92 

Ah = 139.60 Btu per 1b dry air



b) for constants at 450°R 

Anh 

Bie 18299 
From the values tabulated in the I,H.V.E, Guide the 

157-17 = 18,22 

138.95 Btu per lb dry air 

enthalpy difference is ; 

Ah = 158.3 - 18.92 

Ah = 139.38 Btu per Ib dry air 

Comparison of these enthalpy differences suggests that 

the fundamental enthalpy equation as used in the I.H.V.E. Guide 

is based upon constants taken at a temperature of 32°R, which is 

in fact the case. 
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CHAPTER FOUR 

COMPUTATION TIME AND ACCURACY OF EQUATIONS 
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4e1 Caleulating Techniques 

The equations to be considered are many and of Varying 

complexity. To carry out a satisfactory investigation into 

their suitability, a reliable method of analysis is needed. 

This can best be satisfied by using a calculating machine, such 

as a computer. 

4.2 Choice of Computer Language 

In the first instance an Elliott 803 mchine was used. 

Of the three languages available (Algol, Machine Code, Autocode) 

the Autocode language was chosen as the most suitable for the many 

arithmetic operations since it was easy to use and gave an optimm 

computer operating time. In consequence this section is based 

upon the use of this language. 

4.3 Computation Time 

4.3.1 Introduction 

A computer program is written for each of the equations 

considered. Each program uses the same input data; the programs 

are arranged to give similar output information. The results of 

timed computer runs are shown in the following tables (4.1), (42) 

and (4.3). The time required to perform tnese calculations is 

directly related to the program length and complexity. The times 

quoted are not a measure of the true calculation time (since an 

increment of input and output time is included) but serve only to 

compare one program operating time with another, 

4.35.2 § Vi ure Ri 

Equations (3.29), (3.30) and (3.32) each represent an 

exponential equation in temperature t for which a computer 

program is available. Each program takes between 0.78 and 0.90 

seconds +o obtain a solution for a particular temperature.
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Further details are shown in Table 4.1. These same equations are 

used in the program written for the fundamental enthalpy temper- 

ature relationships that follow. 

4.33  Enthalpy Relationship 

Bwirical Emation 
The program based on equations (3.1), (3-7), (3-9) and 

(3.10) required between 10 and 17 seconds for entry into the 

machine, The program for the forward backward difference 

equations (3.5) and (3.6) is the exception requiring 70 seconds; 

this is due to the physical length of the program indicating the 

large number of choices, cycles and arithmetic instructions 

necessary for its evaluation. 

Using a standard piece of data the computing time for each 

program reveals that the exponential and polynomial equations (3.1), 

(3.7), (3.9) and (3.10) require about 0.75 seconds to solve each 

piece of data, whilst the forward backward difference equation (3.5) 

and (3.6) require 0.5 seconds for a solution to be obtained, See 

Table 4.2 for further details. 

Eundamental Equation 

The computer programs corresponding to these equations 

took between 18 and 25 seconds for the program to be read into 

the mchine. To obtain a solution for one piece of data requires 

about 1.1 seconds. Details are as shown on Table 4.3. 

4h Accuracy of Equations 

hele Reference Equations 

The expression for the saturated vapour pressure, namely 

the Magnus forma (3.29) is used as a reference equation. The 

values obtained from the corresponding computer program are 

compared with the values published in the I,H.V.E. Guide (16) 

which themselves are based on the Magnus formula, Deviations 

between the table values and those obtained from the computer 
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program are of the: order of * 0.1%. ‘This smll deviation 

justifies the use of this program to compile a comprehensive i f 

list of reference data for use in comparing the accuracy ocitine ae 

various saturated vapour pressure relationships. 

It is interesting to note that the tabulated saturated 

vapour pressures published in Perry (19) and the 4.S.H.RA LE, 

Guide and Data Book (21) show close agreement with the values 

obtained from the Magnus formula. 

The enthalpy tables appearing in Kern (20) are used 
date ftom the 

for comparing the accuracy of the [three enthalpy equations (3.1), 

(3.7) and (3.13), the latter using ce 0.44 and rate 0. be 

Tyese equations are based upon a zero Fahrenheit temperature 

datum for enthalpy. 

The enthalpy relationship based upon a 32°R temperature 

datum are checked for accuracy by comparing their answers with 

those of a set of reference values. The reference values are 

calculated from the enthalpy equation (3.15) together with 

equations(3.28) and (3.29). The values check closely with the 

tabulated data in the I.H,V.E, Guide, and hence these equations 

are used for obtaining the reference values referred to on Table 

4.6. 

To compare the accuracy of the calculated vapour pressure 

or enthalpy values with the reference values the following 

equation is used and the term deviation 'd' adopted, where : 

Ca) (Py) 

d= hy reference equation - H x 100% 

Pr reference equation. 

Aete2 Standard Data 

To check the accuracies of the pressure and enthalpy 

expressions a standard piece of data is used. This consists 
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of temperatures in the range 30 to 180°F for intervals of 

40 deg. F. 

Aske} Accuracy of the Saturated Vapour Pressure Relationship Data 

fhe quadratic equation (3.30) prepared by Zahn (12) shows 

masiation at soon oF 2.67% and at LO°F of 1%. From 40°F to 

180°F the maximm deviation is * 0.71%. 

MacDonald's (4) saturated vapour pressure equation (3.32) 

shows negligible deviation (d less than 0.14) for the temperature 

range 30 to 110°F, At 120°F the deviation is 0.3% which rises 

rapidly to 3.25% at 180°F. 

Purther details are shown on Table 4.4. 

heheh Accuracy of the Enthalpy Equation Data 

Empirical Relationships 0°F Enthalpy Datum 

Fuller (1) found equation (3.7) to be valid for temper- 

atures in the range 40 to 430°F, Outside this range the accuracy 

of the equation falls off rapidly. 

Zivi and Brand (2) use a second order polynomial equation 

(3.1) for which they specified two sets of constants to cover the 

temperature range 83 to 115°F, Within this range a deviation of 

less than 1.9% is achieved, but beyond this range very large 

deviations occur, See Table 4.5 for details. 

Empirical Relationships 32°F Enthalpy Datum 

The equations (3.2), (3.3) and (3.4) check to within 

0.1 Btu/lb of those values given in the I,H.V.E, Guide (16) for 

the specified temperature range 60 to 90°F. 

The equation (3.9) as used by Gardner (15) expresses the 

enthalpy/with a deviation less than 0.2 in the temperature range 

60 to 90°: F. Beyond this range large deviations are experienced. 

Gardner obtained an acceptable fit over the temperature range 50 

+0 140°" by designating to B a non-zero value to give equation 
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(3.10). In the range 30 to 440°F the maximum deviation does 

not exceed 0.29%. As the temperature increased beyond this top 

value the deviation rose sharply, such that at 180°F a 21 0% 

deviation occurred. 

The forward backward difference equations (3.5) and (3.6) 

are developed for a specific range of temperature, namely 50 to 

470°F. For ease of use the equation is terminated at the fifth 

term without jeopardising accuracy, which enables a deviation 

better than 0.2% within the temperature range 50 to 130°F to be 

achieved. From 130 to 470°F a maxim deviation of 3.5% is 

experienced. At 180°, which is just outside the specified range, 

the deviation is - 56%. 

Fundamental Relationship 0°F Enthalpy Datum 
The saturated vapour pressure equation (3.30) is built 

into the fundamental enthalpy equation (3.13) used by Zahn (12) 

as well as the second order polynomial equation (3.19) to calculate 

the specific heat of dry air, With a value of ooe = 0.44 the 

Zahn equation (3.13) gives deviations less than 2.5% for the 

temperature range 0 to 200°F when compared with tabulated values 

shown in Kern (20). See Table 4.5. 

‘Fundamental Relationship 32° Enthalpy Datum 

The enthalpy equation (3.33) as used by MacDonald (4) 

includes his vapour pressure relationship (3.32) as an exponen- 

tial equation in temperature t. The deviation ot(tnis enthelzy 

equation within the temperature range 30 to 420°F is less than 

0.25%. | For the range 130 to 180°F the deviation rises to 6.25%. 

If the Magnus forma is used to calculate the vapour 

pressure in the MacDonald enthalpy equation (3.33), this gives 

equation (3.34) which achieves a deviation less than 0.8% for 

° 
the temperature range 40 to 70 F, whilst the deviation in the 
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range 70 to 170°F does not exceed 2, 33. Further details are 

shown on Table 4.6. 

4e5 SUMMARY 

Time 

With the exception of the program representing equations 

(3.5) and (3.6) which each require 70 seconds, all the other 

programs considered needed 10 to 25 seconds for computer reading. 

The calculation time required for a piece of data depends 

upon the number and difficulty of the equations to be solved. 

The fundamental enthalpy equation consists of three separate 

equations (calculation of vapour pressure, mass of water vapour 

and enthalpy) which require significantly more computing time 

than the numerical relationships based on the solution of only 

one equation. See the results shown in Tables 4.2 and 4.3. 

Accuracy 

The forward backward difference equation (3.5) and (3.6) 

and the mential equation (3.10) for enthalpy give satisfactory 

soncrecgiith teyiations less than 0.2% over the range 40 to 
a 2 sesults with 

130 F. The former equation gives/an accuracy of 3.5% for the 

temperature range 130 to 170°F. 

The modified MacDonald equation (3.34) gives satisfactory 

agreement with a deviation less than 2.0 jf for the temperature 

range 30 to 170°F.
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CHAPTER FIVE 

OF THE COUNTERFLOW COOLING TOWER 
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Sot roducti 

In those countries where cooling towers are used the design 

perfornence will normally fall into the following categories : 

i) Awet bulb temperature in the range 50 to 400°F. 

ii) Outlet water temperatures in the band 55 to 135°R, 

iii) Approaches greater than 5°F. 

iv) A ratio for L/G in the range 0.5 to 3.0. 

As a result of scasonel weather fluctuations, a cooling 

tower will probably operate at temperatures below those mentioned 

in i) and ii) above for most of the tine. 

5.2 Theory 

So that a method of calculating performances can be 

prepared, it is necessary to consider what happens inside a cooling 

tower. For this purpose, consider a water droplet with air 

flowing past as shown on Fig. 5.1. 

For water cooling to take place the bulk air mst have a 

lower vapour pressure than the bulk water surface. Thus the 

higher vapour pressure in the water film will cause the transfer 

of vapour to the air film at the lower vapour pressure. This 

change in state, converting the liquid to vapour, requires heat 

(approximately 1000 Btu per 1b of water evaporated) which can only 

come from the min body of water at the expense of reducing its 

temperature. At the same time, direct heat transfer between the 

air and water, based on temperature difference, also contributes 

to the total heat flow. 

Between the bulk water and bulk air there is an air - water 

film, arbitarily separated by an interface. The filmis show on 

Fig. 5.2. Badger and Banchero (29) consider the interface to be a 

thin layer of saturated air with a temperature gradient across it. 

They ultimately delegate this layer to have mean conditions 

(tx hy, w,) assuming that no resistance across the interface 
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occurs, and that the two phases are in equilibrium. 

Consider a cooling tower having a base area A, where 

A= 1 square foot, a cooling volume V, containing 'a' square feet 

of transfer surface per unit volume of packed tower, with water 

fed to the top of the tower at a rate L, and air in at the bottom 
4 

at a rate Go» each with the units 1b per h 2t. L and G are the 

mass flow rates at any point within the tower. Water at 

temperature t, is surrounded by an air-water film which is in 

turn surrounded by air at the dry bulb temperature te with an 

enthalpy hg and a humidity w,. The interface is considered as a 

thin layer of saturated air with an intermediate temperature ty, 

an enthalpy hy, and humidity w.. 

Fig. 2.2 shows a section of cooling tower pack. A mass 

balance across it gives : 

dL = Gdw 

and an energy balance : 

oLat = Gdh 

Assuming a constant mass of water flowing through the 

tower the total rate of energy transfer from the water to the 

interfacial layer is : 

dg, = oLat = ky (adv)(t, - t,) (5.1) 

and the rate of sensible heat transfer from the interface to the 

air stream is ;: 

ag, = k, (adv)(t, - tg) (5.2) 

The mass rate of water vapour transferred by evaporation from the 

interface to the air is : 

an =k, (aav)(w, - %) (5.3) 

where w is the mss of vapour present in 1 lb of dry air and hence 

(wy, - ic) is a moisture content driving force per unit mass of 

dry air, Considering the latent heat of evaporation to be a 

constant fe » the corresponding evaporative heat transfer is : 
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da, =[ (an) =] (aav)(w, - ¥) (5.4) 

i.e. 

dg, =k, (aav)(Lm, ~ £m) (5.5) 

For the interface to be at equilibrium conditions the total heat 

gained by the interface is equal to the sum of the sensible and 

evaporative heats leaving the interface, assuming the radiation 

and convection effects are negligible. Thus : 

aq, 2 aq, + aqy (5.6) 

dg, =o,Lat = ky (adv)(t, - +;) (5.7) 

day, = k, (adv)(t, - ty)+ &, (aav)(Cu, —Lw,) (5.8) 

Now Merkel utilises the Lewis relationship as mentioned by Gurney 

and Cotter (7), McKelvey and Brooke (10), Kern (20), and others 

namely : 

r= ky, / kK, one (5.9) 

to give the total energy transfer resulting from the heat and mss 

transfer processes. Assuming Com to be constant, a solution based 

upon enthalpy difference as driving force may be obtained. For 

temperatures applicable to cooling tower operation, \ has a value 

in the range 0.87 to 0.90 but for simplification of the above 

equation a value of unity is adopted for », so that : 

kg Som, * (5.40) 
Ths : 

oat = 0, k, (aav)(t, - + k,(aav) Aw, ~Lw,) (5.44) 

oyEat = k,(2av) Em, + oa(t; ty)ohun,g - Cm(tgntp)) (5-42) 

where t,, is a datum temperature given the value of 32°F, with the 

enthalpy of the operating line defined by : 

n=dkow + Cy, (# = 52) (5.13) 

Simplification gives : 

oLdt = k, (aav)(h, - hg) (5.14) 

The equation (5.14) considers the transfer from the interface 
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to the air stream. The interface conditions are difficult to 

determine. This difficulty is overcome by assuming the water 

film and interfacial layer to have the same temperature as the 

bulk water. Since the film resistance to mass transfer is 

small, then : 

Se Satp 

An overall system coefficient K, can then be considered to 

include these assumptions. This enables the driving force to 

be related to the enthalpy h, at the bulk water temperature 

t,- ‘Thus equation (5.14) becomes ; 

oLat = K (aav)(h, - hg) 

Integrating and rearranging gives the Merkel Integral 

ravf = fir/r, = re) ~G (5445) 
Since the energy balance is : 

Ldt=Gdh for = 4 

then substitution in equation (5.15) gives : 

Kav/G = fobs, - by) (5.16) 

For a known water temperature range defined by thy and tho the 

first integral equation (5.15) can be written as : 

“UA at/(, = Bg) (5.17) 
"ye 

If V, the pack volume is the product of the plan area A of 

KaV/L = 

packing and the height of packing y i.e. 

VsaAy (5.18) 

the above equation can be rearranged to yield ; 

Ka (Ay)/L = 4 at/(hy, - hg) (5.19) 

*h2 

so that : 

thy 
y = (L/Kaa) at/(h, = hg) (5.20) 

the 
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The numerical value of the integral on the right of equation 

(5.20) is the Number of Diffusion Units (NDU) characteristic 

of the process and is determined wholly by the set of operating 

conditions. Thus such an integral can be calculated independ- 

ently of the nature and height of the tower that is to perform 

the process. However, it appears from equation (5.20) that, 

whatever the tower may be its height is proportional to the 

NDU. Inspection of the equation reveals two distinct groups 

identified as : 

i) L/KaA = (1/Ka)(L/A) = Height of a Diffusion Unit (HDU) (5.21) 

where L/A is the water mss flow rate per unit area, 

and ii) 4 ta at/(b, - hg) = | Number of Diffusion Units (DU) 

tha otherwise called the Merkel 

Integral (5.22) 

The term Diffusion Unit is used by Kern (20) 

Thus the pack height is given by : : 

y = (HOU) (NDU) (5.23) 

The NDU integral shown above as equation (5.22) is non-dimensional 

and hence the group 1/KaA has the dimension of height to satisfy 

the equation (5.20) and (5.23). 

The NDU equation (5.22) described above cannot be solved 

simply but it can be considered to have an approximate solution 

represented by the equation : 

NOU = (ty = tp)/Pl ly, — Hey) (5.24) 
Where the enthalpy correction factor 'f' is found from the Steven's 

Chart shown by Stanford and Hill (23); the mean driving force 

is represented by f(h,,, - bea) 

Since steady state conditions prevail at any point inside 

the tower packing, the heat lost by the water equals the heat 

gained by the air. Thus the energy balance is ; 

Gdh = o, L dt 
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For Sy, equal to unity the above equation can be integrated from 

the water outlet condition to an intermediate condition tO give : 

G (hg - hyp) = 1(t, - t,5) (5.25) 

and this equation rearranged to yield : 

hg = bgp + (1/6)(t, - t,5) (5-26) 
This is a straight line passing through the points (tyshg)» 

(thos hg>) and with a slope L/G as shown on Fig. 2.2, ‘The 

line represents the conditions through which the air passes 

during its rise through the cooling tower. The line is often 

referred to as the operating line. 

The less useful term Transfer Unit can be obtained 

from a development of equation (5.16). Substituting 

V= Ay 
the equation can be rearranged to give : 

Ka (ty) /@ = Jan/(ry, ~ %) 
so that : 

y = (G/kaa) fan/(m, - b) 
Inspection of this equation again reveals two distinct groups 

identified as : 

i) G/Kaa = (1/Ka)(G/A) = Height of a Transfer Unit (HIU) 

where G/A is the mass flow rate of air per unit area and 

ii) ah/( hy, - hg) = Number of Transfer Units (NIU) 

such that the pack height is given by : 

y = (HIU)(NIv) 

Furthermore the relationship between the Number of Diffusion 

Units and Number of Transfer Units is : 

NIU = (1/G) NDU 

The NIU equation is not very convenient to use in cooling tower 

calculations where the principal interest lies in the temperature 

of the water at inlet and outlet to the tower, Hence the NDU 

integral is used exclusively in the subsequent work. 
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5.3 Presentation of Equation (5.20) 

Because of complications with the solution of the NDU 

integral in equation (5.20) it is necessary to consider the 

equation in two parts identified by the terms HDU and NDU as 

defined by equations (5.21) and (5.22). These equations will 

require separate analysis. 

The presentation of satisfactory performance data will 

depend upon the analysis: of these two equations and the method 

employed to record the data. In this instance the use of two 

charts is considered necessary, one to represent each of the 

equations, so that all possible selection alternatives are 

adequately recorded, 

The solution of the integral in equation (5.20) is 

complicated by the presence of two variables, enthalpy and 

temperature which are not easily related. To define the 

integral completely the ratio 1/G, tyr t,4 and t,. mst be 

known. The various methods for solving the integral are 

listed in Chapter Two; the chosen method of analysis will be 

the subject of Chapter Six. 

54 Assumptions. 

In developing the theory the main short cuts and 

simplifications included the following : 

a) Specific heat of water is taken as unity. 

bd) Latent heat of evaporation is taken as constant. 

c) The specific heat of moist air is taken as constant. 

a) The Lewis relationship is taken as unity. 

e) ‘The liquid and gas mss flow rates vary slightly as a 

result of evaporation, resulting in a varying value 

for the 1/G ratio. This ratio is assumed constant. 

f) The driving force is a vertical distance on the 
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Process Diagram Fig. 2.2. 

Where considered necessary the above remarks have been 

elaborated in Appendix 5.1. 
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APPENDIX 5.4 

JUSTIFICATION OF THE ASSUMPTIONS MADE IN CHAPTER FIVE 

a) Specific Heat 

From Table 3.1 of Chapter Three it can be seen that the 

variation in the specific heat of water at atmospheric pressure 

is so small it can be ignored and a constant value used. 

b) Latent Heat of Evaporation 

Table 3.1 shows a small variation in latent heat for 

those temperatures up to 430°F, ‘This justifies the we of a 

constant value. For further evidence, see the calculations 

performed in Appendix 3.2. 

c) Specific Heat of Moist Air 

For the industrially useful range 50°F to 135°F, the 

variation in specific heat of moist air (see Table 3.1) is 

considered small enough to be ignored and so a constant value 

is adopted. 

a) Lewis Relationship 

ef Baten = > (5.10) 

Experimentation over a wide range of temperature has 

contributed to the accurate analysis of the Lewis Relationship, 

whose value for the air-water system is unity at 570°F, 0.9 at 

460°F and 0.86 at O°F. Further values can be extracted from the 

graph shown by Kern (20). For the purposes of simplification 

only, a value of unity is used for in the above equation so 

that the energy transfer equations can be readily solved. 

If for the sake of argument, the mean specific heat of 

moist air osm is 0.25 Btu/lb °F, then the heat transfer rate 

k, will be one quarter of the mass transfer rate Kn on the basis 

of the above assumption. 
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Kern discusses a method of solving the performance 

equations for a Lewis Number not equal to unity particularly 

relevent for the diffusion of gases (Hy & co,) into water. 

e) Zoshow the Effect of Evaporation upon the L/G Value 

Consider a section of packing having a base area of one 

square foot. For the section of packing shown on Fig. 2.2 a 

mass balance gives : 

aL = aG (5.27) 

integrating between the limits 1 and 2 gives : 

fz = [= (5.28) 

and L, -L es Be Seam (5.29) 

Where L, and. Go are the known conditions. 

If the mass flow rate of dry air passing through the 

tower is Sp» then the mass flow rate of wet air at outlet is : 

G = & (1 +4) (5.30) 

and the mass of wet air at inlet is : 

G = G& (1 +) (5.31) 

Combining equations (5.30) and (5.31) 

G =G, (1+) / (1 + wy) (5.32) 

The change in the mass of air passing through the packing is : 

L, - 1, =@, -G@, = G (w, -w,) (5.34) 

.G, -G,= 6, (w, - ¥) J (A+ ¥) (5.35) 

The ratio of water to air on top of the pack, at position (1) 

on Fig. 2.2 is : 

R, =1,/¢, =(L, [By (4 +1) (A+ Wy) ) (5.36) 

R,=L, (1+ wy) Jey (1 + w,) (5.37) 

The ratio of water to air at the bottom of the pack, or 

position (2) on Mg. 2.2 is: 

R, = L, /e, = (Ly - (G - G5) ) / Ge (5.38) 
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Ry = (L, - & (w, - wo) / (1 + 5) ) / Gy (5.39) 

R= QL, ee &,) = (w, - Wy) 7+ Py) (5.40) 

The ratio L,/e, is the liqiid to gas ratio based upon 

the inlet gas rate Go at the bottom of the tower and the inlet 

liquid rate Ly at the top of the tower. This value of the 

ratio is used for the solution of all the appropriate equations 

mentioned in this thesis. 

The results obtained for various values of the equatiow 

R,» (5.37) end Ry, (5-40) are shown on Fig 5.3. From these 

graphs it can be seen that the phenomenon of mass transfer by 

evaporation within the system gives mass values of the liquid 

and gas phases which are continually changing as the air 

condition through the tower changes but the total mass of the 

system will always remain at steady state for all points within 

the system. In consequence, the true I/G value at the top of 

the tower will be Jess sc than the L,/e, values and at the 

pottom of the tower the true value will be less than the 

b/s, value, thus : 

L,/t, <4,/¢, ad/c, < t/a, (5.44) 

Furthermore, the ariving force value becomes 

progressively influenced at the higher water inlet temperature 

due to curvature inithe operating line arising from variations 

in the 1,/e, values. Even so, a low L,/é, value will reduce 

the temperature at which this effect becoms significent, 
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particularly for those values of L,/e, less than unity. 

These comments are summrised on Fig. 5.4. 

The use of the L,/¢, value instead of the true value, see 

equation (5.41) tends to reduce the driving force and hence give 

a slightly pessimistic result which leads to limited oversizing 

of cooling towers. This effect is generally smll, and within 

the context of cooling tower sizing selection it can be ignored. 
See P. 109 

f) o show that the Driving Force is a Vertical Difference 

on Pig. 5.5 

The overall energy transfer equation for the liquid 

phase is : 

Lat =k, (aav) (t, - t,) (5.1) 

and for the gas phase : 

Lat =k, (adv) (hy - hy) (5.14) 

Combining these equations gives : 

gfe, = (hy - Bg) / (ty, = #5) = = (hy - hg) / (4; - ty) 

ise. - ky/k, = (hy - hg) / (4, - t) (5.42) 

Fig. 5.5 shows a curve of hy as a function of ty repres- 

enting the enthalpy of a saturated air-vapour mixture, The 

equation for the operating line relates hy and t The point 

(h, t,) lies on the equilibrium curve, and the point (hg t,) 

represents a point on the operating line. A straight line 

linking (hy, t,) with (hg, t,) is represented by the equation 

(5.42) shown above. This line has the slope @ where : 

@=-k /k, (5243) 

In the absence of information for the values of the 

coefficients I> kK, since it is known that the cooling process 

is controlled by the gas phase, and since, it is also generally 

accepted that the heat energy transfer rate in the liquid phase 

is much greater than the mass transfer rate in the gas phase, a 
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first approximation is for the ratio to be infinite such that : 

k, /k, = oO= tane 

Hence : 

@ = 90° 

and t, is equal to ty that is the temperature drop through the 

liquid phase is assumed negligible; hence hy = hye In such & 

case, a point on the operating line has a corresponding point 

on the equilibrium curve directly above it. This is shown on 

Fig. 5.5 which implies that the driving force is represented 

by the vertical distance (h, - hy). 

e) (Continued): 

The extent of variation of the L/G ratio throughout the 

tower has been developed above, It must be emphasised, 

however, that such considerations would be necessary in the 

analysis only if point or differential mass transfer data were 

to be used. In fact the data as normally presented is 

obtained from integral results which will have involved the 

relevant L/G variation in the determining tests. 
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c SIX 

EVALUATION OF THE NDU INTEGRAL FOR THE COUNTERFLOW PROCESS 
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6.1 Introduction 

Pigure 2,2 illustrates the principles and shows the 

relationships involved in the evaporative cooling process. It 

also shows the air water enthalpy temperature equilibrium line 

KL, the cooling tower inlet and outlet air and water conditions, 

and the operating line EF, with slope l/c. 

The operating line EF can be assumed to be described 

completely by a straight line originating at the point Chaos t,o) 

with slope L/G and terminated by the inlet water temperature thas 

The temperature tis fixes hep since the enthalpy of moist air is 

a function of the wet bulb temperature. 

The conditions at the top and bottom of the tower are 

completely represented by the points (hg, » t,,) and (hgos to) 

the end conditions of the operating line. The driving force at 

the top of the tower is shown as the difference between hh, and 

hey? and at any other level between the top and the bottom of the 

tower as the difference between hy, and hg: 

ta The integral at/ (hy, - ic) would then be described 

the 
by the area under the curve of 1 / (hy, - by) versus temperature, 

between the limits thy and thos This area ABCD is identified 

with cross hatching on Fig. 2.2. The area may be evaluated by 

any one of the methods described earlier. 

All of these methods when evaluated by hand techniques 

are laborious and time consuming. A quick and accurate method 

for solving the integral is desirable and essential for design 

and selection of evaporative cooling equipment. 

Since the integral cannot be solved directly, an 

approximate method is necessary. This will involve the use of 

iterative techniques which make it ideally suited for computer 

analysis. 

144



The Trapezoidal Rule is used for the approximate 

evaluation of the integral, Although less accurate than 

quadrature formilae, this shortcoming can be reduced by using 

very small temperature increments. The small temperature 

increment also lends itself to the type of calculation envisaged, 

where advancing by sm1l intervals the temperature increased until 

it satisfied a nominated NDU value. Mikyska and Reinisch (13) 

and Fuller (1) use the Simpson Rule with the temperature range of 

the integral broken down into 30 and 10 intervals respectively, 

to give the required accuracy. 

In applying the Trapezoidal Rule to this work it is 

necessary to consider the smallest commercially practical cooling 

range, namely 5 deg F and then perform. an exercise to decide on 

the number of intervals necessary to give the desired accuracy. 

By this means the number of intervals and hence their size can 

be selected to give the minimum tolerable deviation in the 

calculated temperature value for the 5 deg F range. 

The accuracy required of the integral is dependent upon 

reading from the performance charts an acceptable inlet temper- 

ature to the tower, If the temperature can be read from the 

chart to = 0.5 deg F then satisfactory accuracy can be achieved 

for normal commercial usage. 

To achieve an accuracy of this order it is necessary to 

plot Fig. 6.1 from the performance results discussed in Chapter 

Eight, using data based on temperature increments of 0.05, 0.1, 

0.25 and 0.5. The Figure shows that increments of 0.05, 0.1, 

0.25 and 0.5 give the desired accuracy, and hence to keep the 

iterations to a minimum, an increment of 0.5 is chosen for use 

in the following work.
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6.2 Method 

Knowing the conditions which define the starting point 

of the operating line namely hgo» te, and a nominated slope L/¢, 

and using a known incremental value dt = 0.5 the area EFGH on 

Fig. 6.2 is fully defined. 

Considering the small area ECMH, the enthalpies hy os hy 

and hea are computed from the enthalpy temperature equation, 

whilst the enthalpy hy is caleulated from the definition of the 

operating line given by equation (5,26) as : 

hg = bgp + at i/e (6.1) 

The driving forces are calculated ani their reciprocals found 

to give the values 1/ (hy, - co) and 1/(h,- hg). Using the 

Trapezoidal Rule, the first incremental area ANPD is calculated 

from : 

a (NDU) = at (1/(h, 5 = bgp) + 1/(, - hg) )/2 (6.2) 

The integral value for the adjacent area is. found by 

calculating the new enthalpy values hy and hg from the enthalpy 

temperature relationship and the equation for the operating line : 

hy = hg + (1/G)at = hgs + 2 (1/e) at (6.3) 
' ' ' ' 

From the driving force (h, - hg), the reciprocal value 1/(h, - ny 

can be found, and knowing the earlier Ae - hg) reciprocal the 

integral value equivalent to the area NQRP can be computed. The 

second integral value is added to the first. 

This technique is continued along the operating line until 

the summation of all incremental integral values becomes equal to 

@ nominated NDU value. Summtion of the corresponding temperature 

increments establishes the final inlet water temperature thy 

equivalent to the summed NDU value. The nominated NDU value 

is used to control the integration advance; it is also an 

important feature of the performance charts presented in Chapter 

Bight. 
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The computer is capable of performing these many 

iterative calculations for a wide variety of NDU and operating 

line values as starting conditions. Although many thousands 

of iterations are involved the speed of the computer is such 

that comprehensive data can be obtained in seconds. 
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CHAPTER SEVEN 

COMPUTER PROGRAM FOR COUNTERFLOW OPERATION 

Ati,



7-1 Deseription 

The-iterative method for solving the integral is laborious 

by hand calculation, whilst it is of ideal form for computer 

solution... Knowing the problem to be solved as outlined in 

Chapter Six, the task of writing a computer program can be 

facilitated by the preparation of a Flow Diagram, which summrises 

systematically in block and line form the sequence of computer 

operations. 

An example of such a Flow Diagram is shown on Fig.7.1 

The steps are represented by boxes with pseudo Autocode 

descriptions written into them to describe each step. 

A further elaboration of the program is as follows. 

The sequence of instructions is : 

Start 

Read the wet bulb temperature fT (0) 

Print the program title and headings 

Enter subroutine 8 to find the enthalpy H(0) corresponding 

to the wet bulb temperature 1(0), 

Caloulate the starting temperature at outlet (1) = 1(0) + 5 

Enter cycle C to find the first T(1) value C=1(1):5:90 

Enter subroutine 8 to find the outlet water enthalpy H(1) 

corresponding to temperature 1(1) 

Enter cycle D to find the first 1/G value D=0.5:0.5:2 

Set N(2), the summation of NDU, to zero N(2)=0 

Find the inlet water temperature (2)=1(4)+at 

where dt the incremental temperature has the value 0.5. 

Enter cycle F to find the first value of N F20.5:0.5:2 

Enter sutroutine 8 to find the inlet water enthalpy H(2) 

corresponding to the inlet water temperature T(2) 

The air outlet enthalpy is calculated from H(3)=H(0)+at L/e 

Caleulate the driving forces (H(2)-H(3) Jana(H(1)-H(0) ) 

118



  

  I Print program titles. 

Read first value of top? the air 

inlet temperature. 

  

    

  

  

  

  

  

  

  

  

  

  

  

  

      
  

  

    

  

        
  

  

  

    

  

  

  

  

  

      

  

      

  

  
  

Find enthalpy H(2) corresponding 
to latest T(2) value. 
  

  

  

      
  

  

  

  
  

  

  

    
  

  

      Print results. 

Cycle F to get next 
value of N. 

Cycle D to get next 

    bw Not complete—™@—j 

  

    == Not complete —<a— 

      Cycle C to get next 
value of T(1). 

Read next : 

value of T(0). 

Not complete—-—*—j     
     
  

    

Complete 

  Fig. 7.1 
7(0) (4) 12) 

p—e—j enthalpy 
| __g__| Subroutine 

  

1 Subr. 8. 

Calculate H(3) = H(0) + dkxL/c. 

 Gatemate HC.) = 1/84) = #(0)) 
, Calculate H(5) = 1/(H(2) - H(3)) 

Fina N(1) = dtx(H(5) + H(4))/2- 

Yes N(1) > 0.0005. No——~ 

3 N(2)_= N(2) +N). ] | 

prs N(2) SN. No 

(Set H(4) = H(2) and H(o) = H(3). neat t 

{ Set TU =e). | ! 

y ~ 
{ Set 1(2) = 11) +dt. = 

—Yes If 1(2) 165, NOMS ae 

Print FAIL 
EXCESS (2) 

A 

  

Print titles and headings. 

y. t — 

Set ty, = T(0)> 

{ Enter 

ind enthalpy H(0) corresponding to TO} | cna ey 
> ine 

| Subr. 8. 

Set T(1) = 2(0) + 5 and C = T(1). 

Cycle C to get first value. 

> i 
Put 1(1) = C. 

i jEnter 
Find enthalpy H(1) corresponding to T(1 enthalpy 

subroutine 

j Subr. 8. 

| Cycle D to get first value. aI . 

Put 1/G = D, 

fe Set N(2) = 0. ] 

Calculate 1(2) = (1) +dt. | 

{ Cycle F to get first value. | - 

{ Set N= F, | 
—<tt- 

<< ————-“j Enter 

      

    
—*— Complete 

value of L/G. Complete 

|—m=——— Complete 

Not complete ————>———— 

FLOW DIAGRAM FOR THE COUNTERFLOW 

COOLING TOWER - AUTOCODE PROGRAM. 

 



Calculate the reciprocals of the driving forces 

Calculate the incremental NDU value N(4) 

Conditional statement jump if M1 < 0.0005 

+o print the title "FAIL Ni = " as well as the corresponding 

results, and then continue the F cycle instruction to select 

the next value of N. Otherwise add this NDU value to the 

summtion of all previous NDU values N(2)=N(2)4N(4) 

Conditional statement, Jump if N(2) >N to print the corres- 

ponding results and then continue F cycle instruction to 

get next value of N, 

Otherwise update the enthalpy and temperature conditions so 

that : H(1) = H(2) 
H(O) = H(3) 
2(4) = 2(2) 

Add a further increment of temperature to the inlet water 

temperature which becomes : T(2)=(1) + at. 

Check to see if this value is less than 165, before finding 

the enthalpy H(2) corresponding to 1(2). If greater than 

165 go to next cycle value. 

Galculate the reciprocals of driving force, the incremental 

NDU value and hence the cummlative NDU. Repeat this 

cycling process until a value of 1(2) satisfies the selected 

N value. 

The results are printed and then a new value of N is fod 

from the cycle F, and the sequence repeated. 

When the N values are exhausted, a new value of I/G is found 

from cycle D, ‘This sequence continues until the I/G cycle 

is completed whereupon the final cycle C is entered to find 

a new start condition, the outlet water temperature T(1). 

When the 1(1) values ‘have been exhausted, the machine returns 

to read a new value of the input data, namely wet bulb 
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temperature 1(0), otherwise it will obey the stop instruction. 

7.2 Commuter Language 

More recently the Elliott Machine has been phased out and 

replaced by an International Computer's (I.C.1.) Machine. This 

has necessitated a change in language since the Autocode facility 

was no longer available, In consequence the original Autocode 

cooling tower performance program has been re-written in the 

Fortran language. 

The I,C,L, Machine computes the equivalent Fortran 

performance program in about one percent of the time required by 

the Elliott computer for the Autocode program. 

7-3  Autocode Program 

This is a program written in the Autocode language to 

solve the integral using the Trapezoidal Rule, iterative 

techniques and the enthalpy temperature relationship. Analysis 

of run time and accuracy, as discussed in Chapter Four, showed 

that the enthalpy temperature relationship in the form of the 

forward backward difference equation (based on P = 1000 millibar) 

should be employed with the Autocode cooling tower performance 

program. 

The program is prepared as a five hole punched tape with 

a@ printout which can be broken down into its component perts as 

follows : 

a) Introduction indicating the facilities which the mchine 

will employ during the program analysis, 

b) Subroutine 8 which embraces all the equations, constants 

and conditions necessary to solve the forward backward 

difference enthalpy temperature equations, 

c) Titles, for identifying the colums of printout. 

a) Cycle instructions to obtain successive values for a 

particular variable. 
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e) Arithmetic operations to find the inlet water temperature 

for a nominated NDU value and kmown atmospheric conditions. 

f) Printout of the results. 

Examples of the computer program and results are shown on Figs 

7.2 and 7.3. 

7-4 Fortran Program. 

This program is the Fortran equivalent of the previous 

Autocode cooling tower performance program The programis 

produced on IBM punched cards. 

The printout of the Fortran program is shown on Fig 74. 

Down the right hand side of the printout a list of numbers is 

recorded. The list shows the identity of the line, for each 

line of instruction has a separate card and number, A breakdown 

of the program is similar to that describing the Autocode 

program. 

To satisfy the present needs of world industry, perform 

ance charts at various heights above sea level would be a 

significant contribution to the correct cooling tower selection. 

These can be provided by introducing the parameter atmospheric 

pressure into the enthalpy temperature relationship contained in 

the performance program described earlier. This requirement 

involves replacing the forward backward difference equations 

(3.5 and 3.6) with a formla containing a term in atmospheric 

pressure, such as the fundamental enthalpy eqiation (3.15). 

From experiments undertaken with the original Autocode 

program the use of the fundamental enthalpy equation requires 

additional calculation time to obtain an enthalpy value. This 

fact is not significant, when using this equation as part of the 

Fortran program which is run on the fast 1.0.1, Machine. Thus 

a further program is mde differing only from the previous 
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program in its utilisation of a subroutine for the fundamentel 

enthalpy temperature relationship, A copy of this subroutine 

is shown on sheet 3 of Fig 7.4. Fig 7.5 illustrates a typical Brtran printout, 

7-5 Program Operating Times. 

With the Autocode cooling tower performance program the 

choice of enthalpy temperature relationship had a significant 

effect upon the computing time required for its evaluation. 

With the Fortran program, the choice of equation has no 

significance. Thus, to contain the time necessary to analyse 

the Autocode program, the forward backward difference equation 

was used, 

The final Fortran program utilises the fundamental 

enthalpy equation. This latter equation gives greater scope 

since results can be obtained for more than one atmospheric 

pressure and hence altitude, Furthermore, its use had little 

effect upon the computing time. 

Experience with the Fortran program shows that 400 data 

points can be calculated in 1 to 2 minutes whereas the equivaient 

Autodode program took about 100 to 200 minutes; dependent upon 

the enthalpy equation employed. 

Pig 7.6 shows a Fortran computer program for the 

forward backward enthalpy temperature relationship. 
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81 SS ‘ec! 

The presentation mst have a wide range of application, 

be easy to apply and accurate in use, The many Lichtenstein (3) 

charts satisfy these requirements but do not compare with the 

compactness of Merkel's less accurate method using a single 

Cooling Diagram. A technique based upon Lichtenstein's method 

put requiring fewer charts, would be a significant improvement. 

It is also desirable that the chosen technique be applicable for 

demonstrating the performance of crossflow cooling towers, These 

requirements suggest the type of presentation to be achieved. 

The main variables to be accommodated on a chart are 

those listed by Jackson (9) in Chapter Two. 

Considering atmospheric pressure P as constant, the 

remaining variables six in all, are difficult to handle, ‘Their 

number can be reduced by relating KaA/L and y to the single 

variable NDU, the Number of Diffusion Units as given by equation 

(5.22). This reduced the number of variables to five, which are 

ty, tho» type 1/G and NDU, The variables KaA/L and y will be 

reidentified in a later analysis of the Selection Technique. 

Preliminary plots of these variables were not successful 

pecause of the large number of curves required, their steepness 

and spacing. Fig 8.1 illustrates some of these comments in 

more detail. This led to the development of alternative 

parameters, in the form of non-dimensional groups, namely ratios 

of approach/range end approach/potential range where : 

Potential Range PR = thy - ty 

Range At = ty - tye 
Approach App = tho - twp 

Examples of these plots are shown on Fig 8.2, It can be seen 

that this technique does not improve the presentation. 
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The use of the Schack and the Gurney-Lurie charts 

were considered for the plot of the non-dimensional groups 

of temperature and NIU. The latter grouping proved difficult 

to arrange. This fact together with tle desirability of 

performance curves plotted on linear axes indicated that the 

Schack and Gurney-Lurie presentation would be unsatisfactory. 

Hence, this type of chart was abandoned, 

From the plots considered it became apparent that a 

single chart to record all the data was not possible and so 

graphs with one or more of the six variables held constant would 

be a feature of the performance charts. Further plotting of the 

results indicated that it was not possible to plot the four 

variables thy? tho 1/G and NDU on one graph and hence it was 

concluded that a number of graphs would be necessary. 

fo improve upon the Lichtenstein method of thirteen graphs 

for each wet bulb temperature and to reduce the amount of interpol- 

ation necessary for their use, the following presentation was 

consi dered, Plots of the ratio L/¢ versus inlet water temper- 

ature ty for lines of constant outlet water temperature the 

resulted in the graphs shown on Fig 8.3 where the wet bulb 

temperature and NDU value were held constant. This presentation 

looked promising, 

Further development revealed that four graphs per wet 

bulb temperature were necessary, each for a different NDU value. 

In this form the Performance Charts were not of direct application 

since to achieve their full utilisation, an auxilliary graph 

called the Performance Diagram has to be prepared, 

8.2 Use of the Counterflow Performance Charts 

The Performance Diagram is obtained by selecting a wet 

bulb temperature, a cooling duty and from the corresponding set 

of Performance Charts Fig 8.3 a value of 1/G is read from each 
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of the four NDU graphs. These results are plotted on the 

Performance Diagram, see Fig 8.4 as a performance curve 

represented by the line ST, The line UV which describes the 

tower characteristic KaV/L for the specified operating conditions 

and packing arrangements is also plotted on the Diagram, The 

intersection of the tower characteristic UV with the performance 

curve ST gives the corresponding cooling tower operating 

condition, called the Design Duty Point. 

The Performance Diagram can be extended to accommodate 

other cooling duties and tower characteristics to give a series 

of operating conditions for a particular selection. The ability 

of the Diagram to accommodate a variety of curves and hence a 

series of operating conditions makes this method of significant 

use despite the necessity of an indirect plot to get the 

desired result. In this form the Diagram acts as a permanent, 

concise record of the final cooling tower selection, Each 

selection should be prepared on a new Performance Diagram. 

This Selection Technique serves as a useful extension to 

the method proposed by Lichtenstein. Since the Performance 

Charts are unique, only one set per wet bulb temperature is 

required) to represent 211 selection possibilities for a large 

variety of counterflow pack and tower arrangements, One set of 

Performance Charts consists of four graphs compared to the 

thirteen graphs used by Lichtenstein. 

A further development of the Performance Diagram is shown 

as Graph I on Fig 8.5 where the ordinate 1/G is used as the axis 

of a secondary graph (Graph II), The secondary graph leads into 

a further graph (Graph III) for relating tower base areas. The 

Graphs, I, IZ and III relate cooling duty, circulating water flow 

rate Q, and the 1/G value to cooling towers of particular base 

areas and performance characteristic. 
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From the established Performance Diagram and the chosen 

Design Duty shown as point (1) of Graph I on Fig 8.5, the use 

of Graph II and the air flow line represented by G/A = 2000 1b/nee? 

and identified as point (2) enables a value of the water mss 

flow rate to be read, shown as point (3) on the L/A abscissa. 

From this value of L/A, point (3) and the lmow circulating water 

flow shown as point (5) on the Q ordinate of Graph III interpol- 

ation establishes point (4), the area of cooling tower with the 

performance characteristic U"V" necessary to satisfy the cooling 

duty represented by the Design Duty Point, point (1). 

8.5 Comparison of the Selection Technique 

This selection method is also a significant improvement 

upon the method used by Carter Therm Engineering (23) and Mim 

Cooling Towers (26) who prepare unique selection graphs for each 

air flow rate, performance characteristic, type of cooling tower 

and wet bulb temperature. Usually four to six different wet bulb 

temperatures are provided for. This results in a great mny 

selection graphs, particularly if a variety of pack depths and 

types of packings are available. 

A summary of the previous method is shown as a Sequence 

of Operations on Fig 8.6. This in block diagram form illustrates 

the technique used, to establish the Charts and Diagrams necessary 

to obtain a cooling tower selection. 

8.4 Performance Data 

During the development of the work necessary to arrive at 

the Selection Technique described earlier, many sets of Performance 

Data were obtained (each capable of giving a unique set of 

Performance Charts). These include data at the following 

conditions where the air inlet wet bulb temperature typ? 

incremental temperature dt and atmospheric pressure P were the 

parameters considered. 
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Develope a method to solve the 
  NDU Integral and prepare a 

Computer program. See Fig 7.1.     
  

  

      Computer 
  

Performance Data. 
  

  

  

   
Plot Performance Data to 
Performance Charts Fig.8.     

  

By interpolation obtain results 
from the performance chart for 

a known cooling duty. 
  

  

Plot results as a performance 
curve on a Performance Diagram 
Fig. 8.4.     

  

Select the operating conditions 
for the cooling duty.See Fig.8.5 
  

  

Size the cooling tower using 

Fig. 8.5.   
  

SEQUENCE OF 
EVOLVE     s    
  

 



ty OF at °F _P millibars 
  

a) 65 0.05 4000 (Sea Level) 

b) 65 0.4 4000 % 

ce) 65 0.25 4000 U 

a) 65 0.5 4000 * 

e) 65 1.0 4000 " 

f) 68 05 4000 : 

s) 62 0.5 4000 ® 

h) 60 0.5 1000 * 

i) 65 0.5 847 (5000! above sea 
level). 

The results used to plot the Intermediate Charts shown 

on Fig 8.7 were taken from the tabulated data listed on Fig 8.8. 

From the intermediate graphs, ocrossplotting enables the Perform- 

ance Charts as show on Fig 8.3 to be prepared. The data listed 

on Fig 8.8 constitutes a typical table of Performance Data based 

on the parameters identified as a) above. 

It is also a simple task to obtain numerical data for a 

variety of operating conditions other than those mentioned above. 

The scope of the computer program could also be expanded or 

altered to accommodate additional parameters, or extend the range 

of the existing parameters. 

Variations to the computer program are achieved by 

replacing the appropriate IBM card, This is a simple operation 

enabling a vast amount of data to be caloulated, 

The results and charts should be used with caution, if 

at all, in the case of large units because the air distribution 

in particular would deviate from true counterflow. Furthermore 

the cross-flow of air in the upper region of the tower would 

distort the water flow pattern and give an wmeven distribution. 
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APPENDIX 824 

EVALUATION OF THE COUNTERFLOW TOWER CHARACTERISTIC 

The tower characteristic Ka (mass transfer coefficient 

X area) defines the simltaneous heat and mss transfer taking 

place within the confines of a cooling tower, The characteristic 

can be represented by an empirical equation expressed as a function 

of L/A and G/A as an equation of the form : 

Ka = 0(1/a)%c/a)” (8-1) 
which represents a forced draught cooling tower, where typical 

values of the constants are : 

a=0.5 n=0.8 C= 1/80 

For a particular pack type and height a value of n = 1.0 is used 

in the calculations to facilitate evaluation of the equation (8.1) 

when establishing the Performance Diagrams Fig 8.4 and Fig 8.5. 

In order to plot the characteristic on the Diagram a value for 

the mass rate of air flowing per unit area, G/A has to be 

nominated. To aid calculation the values used are : 

G/A = 1500 1b/h ft ana G/A = 2000 Ib/h ft” 

In pratice a mich used air velocity through a mechanical draught 

tower is 500 FFM. This gives a corresponding value for the mss 

flow rate of air as : 

G/A = 2200 1b/ h tt” 

whose actual value is dependent upon the air comitions chosen. 

With a known value of G/A and a nominated value of L/G the 

corresponding L/A value can be obtained. The overall transfer 

coefficient can then be calculated for these values using 

equation (8.1). The results are plotted as the Tower 

Characteristic, lines U'V', and U"V" on Fig 8.4 and Fig 8.5. 
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THEORETICAL TREATMENT OF THE CROSSFLOW PROCESS, 
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From the examination of a crossflow cooling tower it is 

found that the temperature conditions vary in two directions 

(unlike the one direction for the counterflow tower) as the air 

passes through the packing, hence the driving force becomes 

progressively less. This results in the isothermls (solid) and 

lines of constant enthalpy (dotted) as shown on Fig 2.23. 

With the air and water conditions varying vertically and 

horizontally the pack section has to be divided into many 

elemental volumes to enable a solution to be developed. The 

section is divided into elemental volumes SVof unit width, 

where Sy and $x are the vertical and horizontal dimensions of 

the element. See Fig 9.1. 

Referring to Fig 9.1 it is necessary to analyse completely 

the elemental volume ABCD within the section of packing. This 

element has ithe air and water conditions at inlet of Sy? hex and 

at outlet (thy +Q t/ dy) Sy): (ho + (dhp,/dx)bx)- For 

air and water flow rates through the element represented by 

SyG/t ana Sxi/X, the energy balence becomes : 

SyC/L)hg,, + (Sx 17x), 

= Sy(G/T) (gy, + Oy/de) Sx) + Sx(T/A(t,, + Dt, /y)Sy) (9-1) 

which reduced to a partial differential equation relating ‘the rate 

of water temperature decrease with the rate of air enthalpy 

increase, namely ; 

(Sy G/L) Qty, /dx)bx = 0, (SxI/X) (dt, /A)b¥ (9.2) 

The corresponding rate equation for energy transfer is : 

(Sy G/L)(Ohg,/* Sx = Ka Sxby (hy, ~ hy) (9.5) 
where K is the overall energy transfer coefficient and (hy, - hy) 

is the average driving force within the element. 

Referring to Fig 9.2 in which the vertical section is 

divided into distance increuents/Ay; let t(njm) Topresent the 
° 
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water temperature at n distanceincrements from the origin 

t + dista ° and t,, Geta: (n + 1) distance increments from the origin 

For the section divided into horizontal distance increments 4 x 

let he(n, ~ represent the air enthalpy at m distance increments 

from the origin and *e(nym fA) at (m+ 1) distance increments 

from the origin, 

Expressing the partial derivatives in finite difference 

form gives : 

dhex/ dx = (g(a ym +4) > ¥e(nym)? /ax (9h) 

diy/by = n(n + tym) ~ *nym)) AY um 
By substitution the equations (9,2) and (9.3) can be written 

in finite difference form as : 

9) AWG) (Hen m + 4) 7 *e(njm) 4/4 

= o,0 (YE) 44 ym) = ti (n,m) AWAY e 

% Bx(O/N (ayn + 4) ~ Pon) 7% 
=Kalxdy ( (Cnet ym) * (nym) 2 ee (he( n,m) . he(njm)/2e 

©) op Ax(t7X)(t 44m) “(n,m AVA 

= = Bade Ay ( (nstym)* Mi(aym)”/2o(aymet)* (nga)? 
For an element arranged to haveAx =Ay the above equations can 

be simplified to give : 

(G/r) aha, = ~%y, G/x)at (9.6) 

(s/2) aha. a Kadx(hy a Po) svanave (9.7) 

oy, (T/X) ath, ir -Keay(hy, * Sy averane (9.8) 

Solving the equations for the element with the limits 

‘in' end toutt idéntified with the suffix 'i' and 'o' gives : 

(G/¥) (tons - Bexo) = Wo, (E/E) (4 e try) (9.9) 

Kad = pe ol (9.10) 
€ Co + hy - Bes a) 

= 2 
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~ qt Sel (9.41) 
(ong * Bro) - Bey * Meo) 

2 2 
Rearranging the eqaation (9.11) ignoring the sign and putting 

o = 4 gives ;: 

ay = _L _ oe (9.12) 
Kak (hy * Bho ia (ex + Bao) 

2 

Since the Number of Diffusion Units characteristic of a 

process is determined wholly by the operating conditions, then 

the Number of Diffusion Units can be calculated independently 

of the height, depth and type of pack that is to perform the 

process. Thus comparing emation (9.12) with equations (5.20) 

and (5.22), the Number of Diffusion Units (NDU) within the 

element of height dy is represented by : 

wo a ___(tyin - Samat) (9.43) 
(hy + - hein t Ye ) 

2 2 

such that the element's height dy for known values of Ka the 

tower characteristic and 1/x the water flow rate per unit area 

is given by : 

dy = (1/KaX)(NDU) (9.14) 

The NDU equation (9.13) shown’above is non-dimensional 

and hence the group 1/KeX has the dimensions of height, to 

satisfy the equation (9.14), for an element of unit width. 
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EVALUATION OF THE NDU INTEGRAL FOR THE CROSSFLOW PROCESS 
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The method used to analyse the crossflow cooling tower 

involves the use of equations (9,9) and (9.13) to evaluate the 

outlet conditions for each elemental volume within a cross- 

section of packing. The first element to be solved will be 

that in the top corner of the packing where it is exposed to air 

at the inlet wet bulb temperature typ? and water at the inlet 

temperature tye The outlet conditions obtained are then used 

as the inlet conditions for evaluation of adjacent elements. 

This procedure results in a step-wise calculation down and across 

the packing. 

In order to evaluate equations (9.9) and (9.13) for a 

set of operating conditions at inlet to a section of crossflow 

packing, a method similar to that discussed in Chapter Two, 

Section 2.4 is employed. In the first instance this involves 

the use of a guessed value for the outlet water temperature tho 

from the element. This value is then used to find the leaving 

air enthalpy hg, by using the equation (9.9). With all the 

Jmown and calculated values substituted into equation (9.13) the 

NDU value equivalent to the nominated outlet temperature can be 

obtained. This NDU value is compared with the nominated NDU 

value for the element and the temperature drop adjusted to 

achieve better agreement between the calculated and nominated 

NDU values, Successive adjustments to the estimate of the 

temperature drop are mde using the following relationship : 

(ty ~ tho new value)” Ce NOG )/NDU) c te gieevioas 
value 

(10.1) 

for the nominated value NDU, and the calculated value NC, The 

equation (10.1) gives a new value for the outlet water temperature 

toe A satisfactory exit water temperature is obtained when the 

ratio : 

159



(NDU - NDUC)/NDU <0. (10.2) 

is satisfied. The value 0.01 for termination of the iteration 

was selected after investigation using the ratio values 0.005, 

0.01, 0.05 and 0.1 to give low computer usage consistent with 

one decimal place accuracy, considered adequate for commercial 

application. A list of results is shown on Table 10.1. 

For the purpose of evaluation, the cross section of 

packing is considered to be a box containing 64. elements as shown 

on Fig 10.1. Element No. 1 is the first to be solved since all 

the conditions at inlet to it are known, namely type 44 (an)? 

1/X, G/Y and the nominated NDU value. The calculated outlet 

conditions are used to solve elements No.2 and No.9. This 

enables successive evaluation down and across the box to be 

performed. The overall outlet water temperature conditions the 

for various box arrangements are calculated as shown below. For 

a box made up of elements No. 1 to 416 inclusive and identified 

as 1Hx,V on Fig 10.2, the mean outlet water temperature is : 

MOF = t= ( (tro)g t (tiolag ) /2 (10.1) 

with the outlet water temperatures identified by the appropriate 

element number, For the pack arrangement ixV as shown on 

Fig 10.2 which includes elements No. 1 to No.32 inclusive, the 

mean outlet water temperature from the pack section is given 

by : 

T.OFF2 = t5 5 ((toglg * (tio)46'* (toa, * (45.5) 50)/ (10-2) 

For the pack arrangement 3Hx4\V as shown on Fig 10.2 which includes 

elements No. 1 to No.48 inclusive, the man outlet water teuper- 

ature from the pack section is given by : 

TOPPS = tp = ((tro)pt( to) 46*( tho) an" tro) 32 

* (46) n0% tro) 1.8) /s (10.3) 
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Cooling Duty: I/G = 0.5, ty, = 65°F, t,, = 80°F 

  

  

  

  

P = 1000mb NDU, = 0.05. 

Water temperature at outlet, +5 °F 

Ratio. VHx4v QHxav 3Hx4V U3). 

0.100 69.47 69.96 70044 70.83 

0.050 69.37 69.85 70634 70.75 

0.010 69.37 69.83 10027 70.69 

0.005 69.36 69.83 10.27 70.69         
  

Where Ratio = (NDU, - NDU,)/NDUy , suffix N refers to 

the nominated NDU value,suffix C refers to the 

calculated NDU value. 

  

Table 

164 

1024 

 



  

  

  

  

  

  

  

                  

oy 9 LT p25: 52 tak 49 57 

2 10 18 | 26 34 1 42 50 58 

Selsey 27 550) 45 Bee oo. 

£ hoe | 20/7428 36 | 44 52) 1/60 

G1 Ie) el feo 4 137] 45 551. 16h 

6 14 22 430 38 46 54 62 

7 16 25,151. 39 47 55 63 

*8)-16 24.132 | 40 | 48 56 | 64     

GROSS SEC’ 

  

ION OF PACKING. SHOWING IT 

  

  

  

                              

iH x 4V 

CROSSFLOW PACK ARRANGEMENTS 

2H x 4V 3H _x_ 4V 

Fig 10.2 
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For the pack arrangement 4Hx4V as shown on Fig 10,2 which 

includes elements No. 1 to No.64. inclusive, the mean outlet 

water temperature from the pack section is given by : 

TOF = th. = ((trodg + (todas * (trola, + (tro) 52 * (tro) a0 

+ (tag + (to) 56 , (46) 6,,)1/8 (10.4) 
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COMPUTER FOR THE GROSSFLOW PROCESS 
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41614 riptio 

From the method described in the previous Chapter the 

evaluation of the crossflow cooling tower requires a solution 

for all the elements in the pack, each element solved by a 

series of iterations. Since 6). elements have to be computed 

for the analysis of the pack at any one set of conditions, it 

can be seen that such an evaluation is long and tedious. 

fo enable a computer program to be written a Flow 

Diagram for the sequence of operations mst be prepared. Such 

a diagram for the crossflow cooling tower is shown on Fig 11.1. 

To keep the Diagram relatively simple the element counting 

routine is not shown. In detail, this routine consists of 

three parts, considered in the following order, and as shown 

on Fig 11.2. 

a) Count for the vertical elements 1 to 8 inclusive. 

b) Count for the horizontal elements 9, 17, 25, 33, 41, 49 

and 57+ 

c) Count for the remaining elements, working down the colums 

headed by elements 10, 18, 26, 34, 42, 50 and 58, 

An elaboration of the program is as follows: 

Read the wet bulb temperature WB (ie t,,) 

Set the wet bulb temperature, the inlet water temperature, 

water to air ratio L/G and the nominated NDU value. 

Print the program headings. 

Calculate the air inlet enthalpy from the subroutine TTOH, 

Enter the subroutine and carry out the following instructions, 

Make first guess of outlet water temperature and calculate 

its equivalent enthalpy HWOFF using subroutine TTOH, 

From the energy balance equation (9.9) find the air 

condition HAOFF at outlet from the element. 
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Stary | Fe 
  

Read air inlet temperature tos 

j 
  

Set £ stun NDU,, . 
N 

  

  

Print titles and headings. 
  

    Calculate the enthalpy at the air   inlet temperature t. 1B, i 
  

  

  

  

t~   

  

Make gecond 
and 
subsequent 
guess of dt     

  
  

Make first guess of dt. 

  

te outlet water temperature, 

  

  

| 
  

No.   
    Solve sinultaneous equation, 
  

  

  

If NDU, is found to be same as ND! > 

Yes 

Record the outlet air and water 
conditions W(K) and A(K).   
  

Is K = 6h. Box I Yes 

  

  

NDU,, a Nominated Value 

NDU, a Calculated Value 
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Proceed to the next element and select 
the appropriate inlet air and water 
conditions from those calculated 
previously, Continue for all elements 
upto K = 6h, Box II 
  

  

Calculate average exit conditions 
for various sections, Box III 
  

  
  

Printout results 

  

Cycle NDU, 

¥ 
    

  

Cycle ty 4 

  
pos 

  

Cycle L/G, 

  
  

  

    Stop.     

DPIAW DTAADAM RoR mip frpneew wow annt Tin mnasn   

 



     

   

Set last calculated water 

    

  

new inlet condition for 
K   
condition W (K-1) as the LNo 

If K = 64 

Box I 

NE ae eens, nN Mn a me Se 
No 

  

  
  

  

Reset inlet water condition 
as W (1) and the air inlet 
condition as A (K-8) and 
calculate the outlet conditions| 

for K = 9, 57, 8       

  

    
  

  

Reset inlet conditions for 
water as W (K-1) and air 
as.A (K-8) for K = J, Ji, 1 
where Jl = J + 6 and 

J = 10, 58, 8 

  

    

  

  

Calculate average 
values of pack outlet 

water temperatures K} 

Yes 

      

  
K = 8, 16, 8 
K = 8, 32, 8 
K = 6, 46, 8 
K = 8, 64, 8 Box IIT 
  

467 

f 
COUNTING ROUTINE     



Use the known and calculated conditions to evaluate the 

NDU value shown by equation (9.13). 

Compare the evaluated NDU (DUNC) with the nominated NDU value 

(DUN), adjust the outlet water temperature to suit, and 

calculate its equivalent enthalpy HWOFF using subroutine TTOH, 

Repeat the above instructions until NDU agreement is achieved, 

whereupon the appropriate outlet air and water conditions are 

stored. 

Leave the subroutine SOLUTION, 

Proceed through the cycle instructions to find the outlet air 

and water conditions for each of the sixty four elements. 

Calculate the average outlet water conditions at the bottom 

of the pack T,0FM, T.OFF2, T.OFF3 and T. OFF, 

Print the average water outlet temperatures T,OFM, T.OFF2, 

T.,OFF3 and T. OFF. 

Cyele to the next nominated NDU value, 

Cycle to the next inlet water temperature TWON 

Cycle 1/G 

Stop. 

Note, The 1/e ratio used in crossflow is obtained from 

(t/a)Me/a'). 

11.2 Computer Language 

The Fortran language was used for writing the program 

represented by the Plow Diagram shown on Fig 11-1. It consists 

of four parts, the introduction, the main program 'Master 

Crossflow! and two subroutines, one for the calculation of the 

exit conditions from each of the elements, called SOLUTION and 

the other called TTOH for calculating the enthalpy of saturated 

air using the fundamental equation (3.15). 

41.3 Example of the Fortran program. 

Before the min program was finalised a subsidiary 
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program was required to give a printout of the outlet conditions 

from each of the 6). elements, for one set of inlet conditions. 

The program consists of four parts, namely an introduction, @ 

subsidiary program and two subroutines all of which are shown 

on Fig 11.3. The subsidiary program was arranged to give a 

printout of all the exit water temperatures and air enthalpies 

leaving each element, see Fig 11.4. The results obtained were 

plotted on a grid, see Fig 11.5, to illustrate the outlet 

conditions from-each of the sixty four elements. 

The program operation was tested by carrying out a heat 

palance check on selected elements taken from the results shown 

on Fig 11.4. They were found to give heat balance agreement 

to better than 0.5%. 

The main program, see Fig 11.6 sheet 1, consists of the 

subsidiary program suitably modified to incorporate three cycle 

procedures. The cycles provide a series of operating conditions 

based on different inlet water temperatures *, ? liguid to gas 

ratios 1/6 and nominated NDU values. To accommodate the min 

program, the subroutine Solution required modification to that 

shown on sheet 2 of Fig 11.6. 

11.4 Results 

Fig 11.7 shows a typical printout of the results 

obtained from the main program mentioned above. 

11.5 Computer Operating Time 

The computer required 105 seconds to produce the 112 

results shown on Fig 11.7 which is a typical computer printout 

for this program. 
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CHAPTER TWELVE 

PRESENTATION OF PERFORMANCE DATA FOR THE CROSSFLOW 

COOLING TOWER 
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12.1 Introduction 

The technique should be easy to use and consist of a 

minimam number of performance charts compatible with the ; 

required accuracy. 

"the variables to be accommodated by the method are as 

outlined in Chapter Two, ‘To achieve a presentation similar to 

the counterflow one requires the wet bulb temperature and the 

atmospheric pressure to be kept constant leaving four variables, 

namely ty4» ty99 L/G and NDUGyKaX/1) to be accommodated on a 

chart similar to the Counterflow Performance Charts shown on 

Fig 8.3. 

12.2 Preparation of the Crossflow Performance Chart 

The computer method used to analyse the crossflow 

equations to obtain performance data requires a’constant inlet 

water temperature thy +o enable the corresponding outlet water 

temperature tho to be calculated for a known NDU value. In 

counterflow the method of calculating temperature is reversed 

such that a varying inlet water temperature ty is calculated 

for a constant outlet water temperature tho for a known NDU 

values 

Tables of results were obtained for individual elements 

with the NDU values 0.0065, 0.0075, 040100, 0.0175, 0.0250, 0.0375, 

0.0500 and 0.0650 of which Fig 11.7 is a typical example. The 

2ixkV configuration was chosen for analysis and plotting since 

it would be of commercial interest. 

The first attempt to plot a chart, see Fig 12.1 similar 

to that for the counterflow performance charts was not 

successful since initial plots of the L/G ratio versus outlet 

water temperature the for curves of constant inlet water 

temperature thy gave nearly vertical straight lines. A plot 
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of NDU and outlet water temperature tio gave an acceptable 

chart, see Fig 12,2 called the Intermediate Crossflow Perform 

ance Chart. A better presentation was obtained by interpolation 

of Fig 12.2 to give a chart of NDU per element versus inlet water 

temperature thy for lines of constant outlet water temperature 

thos See Fig 12.3, These Performance Charts give the better 

presentation, besides being suitable for superimposing lines of 

constant cooling rangeMt. See sheet 3 of Fig 12.3. A 

similarity between this chart and the counterflow equivalent on 

Fig 8.3 can be seen. Although the charts have different 

abscissae Fig 12.3 is perfectly suitable as a Performance Chart 

for interpolation to obtain the Performance Curve, 

Four Intermediate Performance Charts, of which Fig 12.2 

is a typical example are necessary for plotting the four (L/G = 

0.5, 1.0, 1.5 and 2.0) Performance Charts shown on Fig 12.3. 

Additional Performance Charts can be obtained for other wet 

bulb temperatures, pack configaration and atmospheric pressures, 

With the conditions already nominated as constant the 

Performance Diagram is obtained by reading from the Performance 

Charts the NDU and L/G values satisfying the nominated cooling 

duty. These results are plotted on the Performance Diagram see 

Fig 12.4 as a Performance Curve represented by the Line st, 

The tower characteristicdKaX/L versus 1/G is also plotted on the 

Diagram as the line UV, Intersection of the Performance Curve 

with the Tower Characteristic gives the Design Duty Point which 

is the corresponding cooling tower operating condition. Other 

cooling duties for the same parameters can be plotted on this 

Diagram to obtain alternative operating conditions. 

As in the counterflow method a useful extension to the 

Performance Diagram can be obtained by using the secondary 

Graphs II and III to relate cooling duty, circulating waterflow 
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rate Q, and the overall i/e value to cooling towers of 

particular base areas and performance characteristics as 

shown on Fig 12.5. The base area is a function of the pack 

vertical cross section which is fixed by the notation Zix,V, 

and so the area of tower will be dependent upon the width of 

packing (since 21 deep to air flow) required to satisfy the 

area indicated by the chart. 

12.3 Use of the Crossflow Performance Charts 

An example using the Expanded Performance Diagram is 

shown on Fig 12.5. For the duty t,4 = 100°F, t,, = 80°R, 

typ = 65°F and Q = 6000 gall/h i.e. L = 60,000 1b/h the 

performance curve SI is plotted for the appropriate results 

read from the Performance Charts on Fig 12.3. The tower 

characteristic UV for the 2Hx4V pack configuration where 

A= 2 ft, W=4 ft is also shown calculated for G/A = 2000 1b/ 

h et? The point (1) is the Design Duty giving the required 

L/G value which is then converted to an L/A value, point (3) 

on Graph II. Graph III allows the tower width, point (5) to 

be established for the known liquid loading Q, point (4) since 

the depth to air flow is 2H = 2 ft. 

This Selection Technique is quite unique for crossflow 

application. In addition it is identical to the counterflow 

method, A typical crossflow tower characteristic is analysed 

in Appendix 12.1. 
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APPENDIX 12.1 

EVALUATION OF THE CROSSFLOW TOWER CHARACTERISTIC. 

A typical crossflow performance characteristic is 

represented by an empirical equation expressed as a function of 

L/A and c/a’ giving a relationship of the form : 

Kody = @ (1/A)* (6/a' )® (1261) 
where typical values of the constants for a 2HxkV pack configur- 

ation and a unit element with the dimensions 0.5 ft x 0.5 ft are : 

C=1/f8 g=0.5 n= 0.35 

With G/A" = 2000 Ib/h ft* and using L/G values in the range 0.5 

+o 2.0 enables equation (12.1) to be solved to give a selection 

of Kagy values. These results are plotted on the Performance 

Diagram to give the tower characteristic UV. Characteristics 

for other c/a’ values can be plotted on the Diagram to give 

alternative Duty Points. 

NOTE: Area a = y x Width of packing exposed to air flow (where 

y = 4v) 

Vertical area of cooling tower in direction of 

horizontal air flow. 

Area A 2H x Width of packing exposed to air flow uw 
" Base area of cooling tower 

The overall 1/G ratio used in crossflow is obtained from 

(2/a)/(6/a') 
In a counterflow process air and water conditions vary 

in one direction (height) only and hence a heat transfer 

coefficient per unit height can be obtained, namely Ka where 

Ka = (1/A)(A+/yAh) = ¢' (1/A)%{o/a)” 
In a crossflow process water and air conditions vary 

in two directions (height and depth) and so the measured heat 

transfer coefficient is applicable to that particular section 

489



   

190



   



13.1 erature 

Almost without exception all workers use the Method 

first recorded by Merkel for counterflow analysis. Many of 

the early counterflow selection charts are in fact a development 

of the Merkel Cooling Diagram shown on Fig 2.3 in which all 

possible combinations of cooling duties are recorded on one 

chart. In the early days of cooling tower selections these 

charts were adequate but for present day requirements they have 

the limitations of difficulty in use, restricted scope and 

general inaccuracy. ‘To improve upon the accuracy of these 

charts most workers developed a series of counterflow perform 

ance charts or crossflow temperature contours for a nondimensional 

height and depth of pack to cover operating conditions. However, 

the large number of charts required mkes them inconvenient for 

tower selection. 

The conclusion drawn from the Literature Survey suggests 

that a single chart to represent all the many combinations of 

operating condition was not compatible with commercial accuracy; 

and of the many selection methods surveyed none satisfied all 

the requirements outlined in the Introduction. 

It is worth recording that the Gardner Method was the 

only technique reviewed which could be applied to both counter- 

flow and crossflow operation but as a method it is not easy to 

apply. 

In contrast, the Lichtenstein method whilst applying 

only to the counterflow process was very easy to use even though 

an auxilliary graph was necessary to obtain the final selection. 

The writer considered this method provided scope for improvement, 

including application to the crossflow process, It is of 

interest to recora that the British Standard BS.4485 (25) 

published in 1969, suggests the use of the Lichtenstein method 
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for presenting cooling tower test results. This reinforced 

the writer's decision to investigate, apply and extend this 

method, 

The Lichtenstein Method was not only applied success- 

fully to both processes but the number of Performance Charts 

required for counterflow selection was reduced from thirteen 

to four per wet bulb temperature, whilst only four Performance 

Charts were required for crossflow operation. In addition the 

Performance Diagrams (Figs 8.4. and 12.4.) were incorporated into 

Expanded Diagrams (Figs 8.5 and 12.5) from which the tower base 

area can be established for a known cooling water load Q. The 

Expanded Performance Diagram gives a complete history for the 

entire selection procedure and because of its versatility can 

be used for a variety of alternative performance curves and 

tower characteristics so enabling an optimised tower base area 

to be obtained and permanently recorded. 

43.2 Datum Temperature for Enthalpy Caloulation 

Of the two enthalpy temperature datums considered, the 

32°R datum enables a straight conversion from Btu's to Chu's 

to be performed without the need to consider datum levels. 

Also, this datum level is generally accepted in Britain and on 

the Continent. For these two reasons the work is based upon 

the use of a 32°F enthalpy temperature datum, 

13.3  Enthalpy Equation for Saturated Air 

The analysis of equations to represent the equilibrium 

line for the enthalpy of saturated air finally led to the use 

of the fundamental enthalpy temperature relationship. Although 

requiring a greater computation time than the other relationships 

considered the use of the new 1.C.L, 1905 computer eliminated 

computation time as the problem it had been when using the 

Elliott 803 computer. In addition, this relationship was used 
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by the I.H.V.E, Guide (16) and other well established British 

organisations, namely the C,E.G.B, and B.S.I. The equation 

can also accommodate changes in atmospheric pressure which 

enables performance charts to be obtained for any elevation 

above sea level. This is considered an important feature of 

the Selection Technique. 

13-4  Counterflow Performance Charts 

The Counterflow Performance Charts Fig 8.3 were easy 

to use although they were found to have their limitations. This 

was particularly true for selections involving short approaches 

(less than 45°: F) to the wet bulb temperature. This difficulty 

can be overcome by plotting two additional Performance Charts, 

for NDU = 2.5 and NDU = 3,0 so increasing their number from four 

to six, The curves of constant outlet water temperature tho 

should also be extended to give cooling curves up to tho = 100°R, 

This can be achieved by extending the computer program to give 

results for additional 1/G values and plotting the corresponding 

intermediate charts to obtain the desired extension to the 

Performance Charts. A maximum L/G value of 3.0 is considered 

adequate since the air and water mass flow rates will normally 

lie in the ranges : 

4000 <1/A <5000 1b/h ft” and 1500 <<G/A < 2500 Ib/h Ft 

The Performance Charts can be mde easier to use by incorporating 

additional outlet water temperature curves for intervals of 2 deg 

F, and adding lines of constant cooling range at intervals of 5 

deg F from 5 to 50 deg F, Interpolation to ee 0.5°F accuracy 

should then be possible. 

For certain conditions the Intermediate Performance 

Charts, Fig 8.7 would appear to be more useful but only 

exhaustive practical application would establish which is the 

better presentation. 
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For the selection of smaller towers Graph III of the 

Expanded Performance Diagram Fig 8.5 should be extended or 

duplicated to accommodate towers in the range of base areas 

5 to 200 rt’, A log-linear plot my be suitable for Graph 

III such that it can be applied to the areas in the range 

5 to 1600 ft? or more. 

13.5  Grossflow Performance Charts 

Observation of the crossflow computer results for a 

complete cross section of packing, Fig 11.5 shows that the 

differential temperature drop for the various pack sections 

does not reduce significantly in the direction of increasing 

pack depth. This is due to choosing a large NDU value, 0.15 

for each element. A more realistic value would be in the 

range 0.005 to 0.05. This also accounts for the very small 

approach temperature (between 0.5 and 4.5 deg F) achieved 

for the water at outlet from the pack. 

When using the Crossflow Performance Chart Fig 12.3 it 

is important to remember the area A' in the direction of air 

flow lies in the vertical plane and the area A in the direction 

of water flow lies in the horizontal plane and so the overall 

1/G ratio based on L/A and G/A' should be calculated with care 

such that : 

Overall 1/G = (1/A)(G/A') 

Errors in some of the plotted points did occur but they 

were relatively small when related to the projected curve which 

always followed the expected trend. The errors were eliminated 

by more careful plotting of the results. 

As with the counterflow method a useful extension to the 

Crossflow Performance Charts is the addition of extra constant 

outlet water temperature curves, say at 2 deg F intervals and 
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the plotting of lines showing the cooling range at 5 deg F 

intervals from 5 to 50 deg F as shown on sheet 3 of Fig 12.3. 

The temperature ranges indicated on the Counterflow 

and Crossflow Performance Charts are applicable to wet bulb 

temperatures in the range 60 to 70°F. For other wet bulb 

temperatures an approach temperature of 5 to 10 deg F should 

be established and all other temperatures set accordingly. 

A similar technique can be used for plotting Counterflow 

and Crossflow Performance Charts based on the Number of Transfer 

Units where 

NIU = (L/G) NDU, 

For general commercial application it would be 

necessary to carry out development work on the Counterflow and 

Crossflow Performance Charts to identify their usefulness and 

overcome any limitations. 
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SYMBOL 
  

F
O
 
e
e
 

A
e
r
 

<
 

=<
 

TABLE OF SYMBOLS AND UNITS 

QUANTITY 

Area of transfer surface per unit of 

tower packed volume 

Effective packed volume 

Base area of cooling tower 

Vertical ercss-sectional area of cooling 

tower in direction of horizontaliair flow 

Height of packing 

Mass rate of water flowing 

Mass rate of air flowing 

Water to eir retio giving the slope 

of the operating line 

Mass of ary air flowing 

Water to air ratio at either inlet 

or outlet conditions 

Enthalpy of saturated air in contact 

with and at the temperature of the 

water passing through the packing 

(i.e. at interface). 

Enthalpy of saturated air at the mean 

water temperature ty 

Enthalpy of Water Vapour 

Enthalpy of air water vapour mixture 

passing through the pack. 

Enthalpy of air water vapour mixture 

at the mean water temperature ty 

Change in airenthalpy i.e. driving force. 

Enthalpy of dry air 

Enthalpy at the datum temperature 

Rate of heat transfer, bulk water to 

interface 

Base area of crossflow twer per unit width 

Vertical crost-Sectional area of evosctlow tawer 

porunit width in direction OF horizontal aiv How 
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Ib/h 

Dimensionless 

Btu/tb 

Btu/1b 

Btu/1b 

Btu/Ib 

Btu/1b 

Btu/Ib 

Btu/Ib 

Btu/1b 

Btu/h 

52/ ft 

ft / tc



Rate of sensible heat transfer, 

interface to the air stream, 

Evaporative heat transfer 

Film coefficient, bulk water to 

interface. 

Film coefficient for sensible heat 

transfer between the interface and the 

main air stream 

Mass transfer coefficient, interface to 

the air stream 

Overall mass transfer coefficient 

Number of Transfer Units 

Number of Diffusion Units otherwise 

ealled the Merkel integral 

Height of a Transfer Unit 

Height of a Diffusion Unit 

Merkel Cooling Factor 

Enthalpy correction factor 

Refers to any Centigrade temperature 

Refers to any Fahrenheit temperature 

Bulk air at the wet bulb temperature 

Bulk air at the dry bulb temperature 

Saturated air temperature at the 

interface. 

Bulk water temperature 

Temperature at which evaporation 

takes place 

Datum temperature of air 

Hot water temperature at inlet 

Mean water temperature 

Water temperature at outlet 

Temperature at an arbitrary position 

in the tower. 
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Btu/h 

btu/h 

Btu/h et? deg F 

Btu/h ft? deg F 

o/h rt? 1b water 
vapour/lb dry air 

lb/h ft? Ib water 

vapour/lb dry air 

Dimensionless 

Dimensionless 

rt 

rt 

Dimensionless 

Dimensionless 

°c 

op 

y
w
 

o
w
 

L
n
}
 

rf
 

uP
 

ty
 

° 
ws
 

tg



Freezing point of water 

Cooling range (t,, - tro) 

Incremental interval of temperature 

Approach (t, - typ) 

Potential range (4 - tup) 

Grains of water vapour present in 

4 lb ary air 

Mass of water vapour present in 1 1b 

dry air 

Mass of vapour transfer, interface 

to air stream 

Circulating water flow 

Specific heat of water 

Specific heat of dry air at constant 

pressure 

Specific heat of water vapour at 

constant press 

Specific heat of humid air at 

constant pressure 

Latent heat of evaporation at 

temperature t, 

Atmospheric pressure 

Partial pressure of water vepour in 

the air 

Partial pressure of saturated vapour 

at the dry bulb temperature 

Density of air 

Pencentage deviation 

See equation defined in text 

NIU Integral 

See equation defined in text 

See equation defined in text 
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op 

deg F 

deg F 

deg F 

deg F 

grains/1b dry air 

1b/ib ary air 

1b/h 

gali/h 

Btu/lb deg F 

Btu/lb deg F 

Btu/lb deg F 

Btu/lb deg F 

Btu/1b 

millibers 

millibars 

millibars 

1v/er?



tS
 
S
e
 

chat
) 

tt
 

ee
 

6 
S
e
y
 
S 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Cons tant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

defined in the 

defined in the 

defined in the 

defined in the 

defined in the 

defined in the 

defined in the 

defined in the 

defined in the 

defined in the 

defined in the 

text 

text 

text 

text 

text 

text 

text 

text 

text 

text 

text 

defined in the text 

defined in the text 

defined in the text
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