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A QUALITATIVE STUDY OF RECIRCULItTION IN COOLING IOWERS 

Cooling towers are a common eight in many parts of the world 

where the rouse of water for commercial processes i an economic 

necessity. Baica11y, a cooling tower i a device l'or the cooling of 

water by direct contact with the atmosphore. Obviously one would 

expect a reduction in the cooling potential of the air after it passes 

through the tower. The factors that influence the recirculation of 

this air is the subject to be investigated in this study. 

In general, water shortage has nothing to do with drought but 

can be attributed to overpopulation in cities and increased industrial 

and agricultural requirements. The requirements of the United States 
are 100 biflïon gaflons (ls, vol.73, p.1031) per day for everything 

from drinking and irrigation to making steel and watering the lawn; 

that is 700 gallons per day per person. This sum is more than double 

what it was a decade ago and may be anticipated to increase at an even 

greater rate in the futuro. 

The manufacturing industries are huge consumers of water, Some 

industries require up to 2OO pounds of water per pound of fiiisbed 

product. One of the most effective conservation measures available to 

these industries is the reuse of cooling water. Therefore, the most 

effective and hence econojcal water cooling method becomes more 

important as power demands increase and industries expand tbeir water 

usage. 



During the past forty years the prof ressive improvement of 

methods for cooling and subsequent reuse of water have becn utilized in 

the following sequence: o.) Rivers, lakes, wells and cooling ponds; 

(2) spray ponds; (3) evaporative condensers; (b) natural-draft cooling 

towers; (5) forced-draft cooling towers; and (6) induced-draft cooling 

towers. 

Prior to 1920, large water-cooling systems vere used only with 

steam-electric generating stations, usually located on the banks of 

rivers, lakes, or artificial cooling ponds. In some inta11ations it 

was expedient to use spray ponds. Refrigeration and ice making 

constituted the second largest usage, with roof-located natural draft 
towers and spray ponds. 

Since the year 1920, nunierous new apolications have arisen, 

others grown; and, with this siift, requirements have become increas- 

ingly varied and exacting, necessitating refinements and specialized 

adaptations of water-cooling equipment. The principal demand for large 

water-cooling systems in recent years has been from the petroleuni in- 
dustries, steam power plants, process industries, and chemical plants. 
Refrigeration, air conditionln ,, and engine-jacket cooling enploy a 

large percentage of the medium-sized and small cooling units installed 
today. 

Progress in the coaling-equipment industry is apparent when it is 
realized that for a definite need, a modern cooling tower requires only 
one square foot of ground area as conipared to fifty square feet for the 

spray pond and about one thousand square feet for a natural cooling lake 

or pond. The modern cooling tower is the result of a continuous search 



for a more compact doign, bett:r critruction, lower cost, larger 

capacity, greater flexibility of operation, independence from 

atmospheric uncertainties, and improved all-around performance. 

The develaprnent of cooling towers has evolved from the first 

crude designs to the currently favored, induced-draft towers. Natural 

draft towers, though still in use, are unattractive because of their 

high capital cost, dependency on atmospheric conditions, and because 

industrial plant economics often demand a close approach to the 

atmospheric wet-bulb temperature. The early mechanical draft towers 

wero of the forced air variety, Perhaps the principal disadvantages of 

forced draft arrangenent of blowing air in at the base of the tower 

were the uneven air d stribution through the packing and the tendency 

of recirculation of the warm exit air back Into the down-wind fans. 

A "conventional." Induced-draft cooling tower is an encloøed 

structure for the evaporative cooling of water contact with the air, 

consistin of one or moro individual adjacert ceils, each with its own 

induced-air.circulatIon fan, gear and motor drive mounted on top of the 

tower structure. Generally, wood filling is used to provide wetted 

cooling surface and water break-up. In many cases, a combination of 
the spray-filled and wood-filled design Is used. 

Water, when cooled by the evaporative effect in a cooling tower, 

transfors to the air about 1000 itu per pound of water evaporated. tn 

other words, lOO pounds of water can be cooled ton degrees Fahrenheit 

by the evaporation of one pound of water. Air, absorbing heat from 

water in this manner, is capable of cooling water below the atmospheric 

(dry-bulb) temperature. 



Theoretically, water may be cooled by the evaporative method 

until its teinperature is lowered to the air' wet-bulb temperature 

(i, p.793. In practice, however, water is cooled to a temperature 

approaching the wet-bulb; trie closer this taoproachn the larger the 

size of the cooling equipment required for a given duty. Generally, 

the wet-bulb teiperatures used for design are seventy to eighty 

degrees Fahrenheit, depending upon the service arid geographical 

location of the unit. 

"Cooling range" is the number of degrees Fahrenheit that the 

water is cooled with water cooling equipment. it is the difference 

between the temperature of the hot water coming to the cooling tower 

and the temperature of the cold water leaving the tower. It îs the 

cold water temperature suprlied by the cooling tower to the plant 

which determines plant efficiency and plant econonr. And this cold 

water temperature is established by the selected aporoach to the wet- 

bulb temperature. It is, therefore, necessary to examine closely 

this wet-bulb temperature. 

It should be apoarent that the heat rejected by the water must 

equal the heat absorbed by the air passing through the tower. The 

rato of heat transfer to the air depends primarily upon the enthalpy 

of the air, the latter being essentially dependent on the wet-bulb 

temperature of the air, This explains the common observation that 

cooling tower performance is independent of inlet dry-bulb temperature, 

and that adiabatic conditions exist. 

Selection of the most applicable wet-bulb temperature to use in 

the tower design is about the most difficult decision to make (lO,p.-7). 



The temperature level at which heat from a process can be rejected 

into the atxiosphere depends on the prevailing wet-bulb temperature, and 

the wet-bulb temnerature is seldom constant. It is in almost continu- 

ous fluctuation during the day and durtag every day of the year. As 

soon as a plant is built which requires various discharges of heat or 

steam into tue atmosphere or wrn the buildings binder the natural flow 

of air, even the normal fluctuations are altered. And to further corn- 

plicate the correct wet-bulb choice is the phenonienon known as 

recirculation. 

Reciroulation can be defined as an adulteration of the atmosphere 

entering the tower by a portion of the atmosphere leaving the tower, 

thereby increasing the enthalpy of the entering mixture . It follows 

that the recirculated portion can contribute little or nothing to the 
cooling process. The heat exchange is then entirely restricted to the 

ambient atnosphere flowing through the equipment and the perforniance 

can be seriously curtailed (9, vol.73, p.1037-1039). To illustrate 

how serious recirculation an be, consider a cooling tower designed to 

cool water froni 100 degrees Fahrenheit to 80 degrees Fahrenheit with a 

desIgn wet-bulb temperature of 78 degrees. Only lO. per cent 

rocirculation would make it impossible to meet the design water cooling 

specifications because a tower of infinito size would be required. 

Recircu].ation Is caused by air currents existing around the 

equ!pnient, so that portions of the exhaust atniosphere tend to flow 

toward points of low pressure, represented by the air emtrances of' the 

equipment located in the opposite direction to the prevailing wind.. 



Only if the mase of atnosphere surrounding the equipment were immobile 

would cooling tower dichargs trie exhaust atmosphere of lower 

den1ty straight upward where its heat would be dissipated into the 

ambient atmosohere, Hoever, more or less strong winds are always 

present. 

in addition to the discharge by the tower causing disturbances 

and air currents, ti. horizontal ovement of air duo to prevailing 

winds may tend to cause the exhaust portions to reenter the tower. 

Whether recirculation occurs, and to what degree, will depend upon the 

design and size of the equipnzent and its location in relation to its 

surroundings. The effect of the latter factor Is determined by the 

prevailing winds, nearby structures that can reflect the exhaust 

atmosphere back into the tower, and to other less definable influences. 

The consideration of the prevailing winds in relation to the tower and 

its surroundings will be investigated in this thesis. 

According to experts in the cooling tower field such as Joseph 

Lichtenstoln and 'T. 1, Lanoff, there has been a lot of comment among 

users and manufacturers about rocirculation, but very little information 

has been published. 1ost of the information that has been published 

concerns investigations that have been wwertaken in the field for 

specific types of towers or geographical locations. Mr. L. G. Smith and 

G. J. illiamson recently combined field and wind tunnel tests to dis- 

cover patentable design changes for new towers which incorporate 

baffles underneath the packing that allow controlled air flow through 

the tower to the downwind side to decrease the likelihood of re- 
circulation (17, vol.170, p.12O9-1210). 
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It is the purpose of this study to investigate the geometric 

cnsiìerati3ns in relation to variable prevailing winds th.t influence 

the tendency towards recirculation. 



EXPERfl4ENTAL IThJ VELOCIff WIND TUNNEL 

Theoretical Gonsideratins 

Two techniques have been employed in the last feu years to study 

dispersion patterns and air currents around buildings. One method is 

to use smoke grenades or smoke generators in conjunction with tne Lull- 

scale building. The main advantages of the full-scale approach is that 

observations can be made under many types of actual weather and 

turbulence conditions which cannot be reproduced in the wind tunnel. 

The main disadvantages are that the buildings of the type in question 

must be accessible, that the results Will be accurate for the local 

conditions only, that in most field studies of this type the siìioke 

source i a roint in space, hence the plume has no initial velocity, 

and finally, and likely the biggest deterrent, is that a great deal 

of time might elapse before the desired wind conditions can be 

observed (li, vol.2, p.109). 

To overcome or at least reduce the obstacles of full-scale 

building testing, low speed wind tunnels and models have been used. 

The tlume nath of smoke about small models may be observed or photo- 

graphed as it is affected by numerous variables such as the wind 

direction or the turbulent eddies caused by the geometry of adjacEnt 

buildings or other structures In some instances tire tunnel is design- 

ed to simulate certain specific conditions , but the úore corrnnon prac- 

tice Is to design the tunnel to be as flexible as possible. By means 

of static screens, temporary obstructions or heated surfaces, most 

geographical or geometrical situations can be closely approximated. 



For th study of cooling tQwers, a flexible, low velocity wind 

tunnel wa required. The preliminari design eonditins were investi- 
gted in literature and by correspondence with institutions using 

1ini1r tunnels and expeithnental tecirniqze*. The provisions most 

appropriate in view of the anticipated ue of this tumiel were iii- 
corporated in its design. The prime considerations iere c3ntrofled air 
flow of acceotab1e velocity and gradient, and adequate size to 
facilitate naodel vnipulation and photography. 

In expressing the design criteria it is impossible to divorce 

one consideration frot another because of tcic inter-related effects. 
If the size is first considered, the influencing factors, besides the 

physical limitation of available space for construction or desired 
uses, were the velocity gradient and constriction of the air stream. 
The latter factor ditted that the cross-section of the tunnel be 

large in comparison to the models used. Uy using relatively small 

models, the effects of the constriction upon the velocity would be 

negligible. 

Simulation of any desired velocity distribution in the flow 
¿wproaching a model can be attained by the use of successive upstream 

screens of the proper height and mesh (, vo?.th, p.221-228). However, 

the natural winds to be expected under actual operation are by no 

means steady. The mein flow is accompanied b usts of a magnitude 

which is predictable only statistically and even then for a limited 

geographical crea alone. ünd tunnel tests, therefore, are usually 

conducted in an air stream of constant velocity corresponding to the 
nominal meteorological value. 
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Since the basic prob1en involved in this study is the behavior 

of air patterns as the air passes over and around a structural form-- 

in this case a model cooling tower, it must be determined that these 

patterns are of the same typo that aro found around full-size cooling 

towers. These patterns are formed by the pressure and velocity 

distribution about test forms n accordance with the elementary 

pres sure-velocity relationship, 

p - p0 pO Joy2 

Evidently, as the velocity V increases above its initial value Ve,, the 

pressure p decreases, and vice versa in proportion to the density p 
and the square of the velocity. 

Just as the velocity variation depends on the pressure distribu- 

tion which the body produces, the velocity variation in turn is related 

to the pattern of tho surrounding flow. Thus according to the 

continuity principle, the velocity will decrease where the stream lines 

are caused to diverge and increase where the stream linos aro caused to 
converge. This flow pattern, finally is controlled by three independent 

groups of factors: the geometric dimensions of the body, the kinematic 

characteristics of the undisturbed flow, and dynamic properties of the 

fluid (3, p.2-3), Thus, the body and its orientation can be fully 

described by a series of linear dimensions and one or more angles, 

the oncoming flow by the distribution of velocity, and the fluid by its 

density o and viscosityp . These factors may be grouped together 

dimensionalessly for purposes of çeneralization. The relativo 
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proportions of the body may be represented by a series of geometric 

ratios (such as length to height 11H, width to height W/H). The ratio 

of the accelerative characteristics to the viscous characteristics of 

the flow takes the forni of the Reynolds number where R p Vc,}IJp 

Construction of a model to any given scale to attain geometrical 

similarity involves little difficulty, particularly if it is the 

effect of the overall proportions wrich is to be studied rather than 

that of the small details. Complete dynamic similarity between model 

and prototype is considerably more difficult to attain, because--if 

the same fluid is used at the sanie condition as it affects the prote- 

type--constancy of the Reynolds number requires a change in velocity 

which is inversely proportional to the change in linear scale. In 

studying industrial sized cooling towers the model would have to he 

reduced in scale at least sixty-fold to be accommodated in a 

reasonably sized wind tunnel without constriction effects, and since 

w:nds of at least twenty miles per hour would have to be examined, 

this would require a model air speed of at least twelve hundred miles 

per hour. Not only is such a value greater than Mach number 1.0 at 

test conditions, but rough computation will show that a mean air 

speed even as low as two hundred and fifty miles per hour can result 

in appreciable effects of compressibility. The possibility of 

conducting tests in a water channel would have the advantage of a ten- 

fold decrease in velocity as compared with tests in air, but such 

water speeds (with comparable cross sectional dimensions) are 

practically out of the question. 
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To comì,enaate for this apparent dilenima is the Lortunate 

clrctunstance that duplication of the protatipe Reno1ds number is not 

directly necessary unless the body under study is well tream1ined, 

since only then (for the velocity range in question) do viscous 

influences generally govern the flow pattern (3, p.3-li). The extent 

to 'which the Reynolds criterion of similarity can be disregarded thus 

depends largely upon the extent to which the body to be tested departs 

from the streamlined ideal. A cooling tower could hardly be less 

streamlined. 

A review of pertinent literature on this subject generally 

concedes that this type of test is one the most completely free of 

Reynolds number effects. Initial testing under this presumption in 

the case of the Empire State Building and the Rock o Gib'altar were 

subsequently verified by actual measurements (12, p.S7..SS8). Most 

buildings are so angular that the flow patterns around them are quite 

independent of viscous influence (asswning the velocity distribution 

of the approaching flow to be the same ) and it was found that dynamic 

similarity between model and prototype will be attained at velocities 

even well below that which is being simulated. 

Since the dynamic similarity is established by the inherent shape 

of the structure to be tested and the geometric similarity is an 

arbitrary scale ratio based on the prototype and tunnel size, the 

essentially uniform distribution of the aporoaching flow must be 

assured in the tunnel construction. The air was introduced directly to 

the tunnel through an entrance bell In this case because the entire 

assembly was in a closed room of negligible wind currents. If outside 
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air were used a stilling chamber would be required to dirth1sh external 

currents. It bas been proven that the s.pe of the entrance bell Is 

not critical. In general, the entrance bell should be approximte1y 

a largo throat dimension long arid flared very gradually at the down- 

stream end so that the flow has time to even out (13g p.60-61). The 

upstream end of the bel]. niay contract abruptly, bit pressure rises 

rapid enough to cause separation should be avoided. For the best 

tunnel the recommended value of a boil radius equal to i.S1 times the 

vertical dimension of the tunnel was used. This experimental value 

was used to nake the smoothest entrance along the ba9e Since the 

testIng would be near the floor oÍ the tunnel and placed well away 

from the sides. To further reduce turbulence of the IncomIng air, a 

honeycomb was placed at tie sma11 end of the bell at the irnriedíate 

tavt of the rectangular section of the tunnel, Honeycombs have been 

proved to reduce turbulence to a remarkable degree. They are most 

effective when the subdivisions are five to ten tes as long as they 
are wide (lit, p. (13, p.60). The plastic grids used in the test 

tunnel conformed to thì specification. 

Tunnel Description 

Before construction of the Lull size tunnel was attempted, a 

cardboard model was built on a scale of five to one One entire side 

was made transparent to allow unrestricted observation. The power was 

provided by an eight inch electric fan and cigarette smoke was used for 

air flow indication. 



The points of interest to be investigated were the effect of the 

entrance bel]. on the air 120w, the use of a honeycomb air straightener, 

and the type of shutters necessary for quantity control of the flow. 

fron this preliminary study the following conclusions were indicated: 

1. The air flow was less turbulent when the entrance bell 

wa used. 

2. The turbulence was further decreased by the addition of 

a honeycomb air straightener. 

3. The smoothest air flow occurred near the upstream end 

of the tunnel. This indicated the probable location of 

the test section in the first one-third o the tunnel 

length. 

14. roth the blade action of the fan and the obstruction 

caused by the shutters tended to increase the turbulence 

in the downstream end of the tunnel This turbulence 

appeared to increase gradually in the doimstreasn end of 

the tunnel. Changing the types of shutters failed to 

indicate a change of air flow patterns, 

Using the information provided by the model tunnel, components 



avoid constriction effects. Although the anticipated size of the 

models for this project u1d not be over one per cent of the croes 

ectinal area, it was deemed advisable to amke it large enough to 

accommodate any reasonably sized experiments that might be carried on 

in the future. 

The entrance beil was constructed first. Supporting ribs were 

cut froxn three-quarter inch plywood with a seventy-four inch radius. 

Points were projected onto four by eight foot sheets of one-quarter 

inch plywood to conform witi the correct curve. The plywood sections 

were then nailed to the ribs. Each side of the bell was built 

separately and joined with nails and glue as shown in figure 1. 

It was necessary to put the floor of the tunnel thirty inches 

from the rocm' s floor to allow the beil to extend an adequate length. 

A three inch space between the lip of the befl and the room' s floor 

was left to provide air entrance around its entire periphery. 

Framing for tha rectangular section of the tunnel was built of 

two by four inch lumber. Four by eight foot plywood sheets, butted 

closely, were nailed to the framing to conforiîì with the design cross 

sectional area. Froen the cardboard model tunnel it was anticIpated 

the test section would be in the first twelve feet of the rectangular 

section so the flooring in this length was reinforced enough to be 

walked upon. Ari enclosed control room oî four b eight foot dimensions 

was attached to the tunnel four feet from the small end of the bell. 

To allow easy access for equipment assembly, a trap door four feet wide 

and thirty-seven inches deep was out in the tunnel floor and side at 

the center of the control room. A four foot opening on the tunnel side 



Figure 1. Wird Tunnel Entrnee Bel]. 
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Laced the cntroi room for tthotograpftLc puroo. This type of 

arrangement a shown in figure 2 worked moco$fu11y in the Texas 

Engineering Experiment Station tunnel. 

The rectangular section continued twelve feet pazt the end of the 

control room to the fan asehly. Trunediatelr precedtng the fan, 

vertical steel shutters 'sere inetafled to control the quantity o' air 

flow. 

The fan assembly iinnediately followed the shutters in enlarged 

section as shown in Ligure 3. An eight foot, four-bladed fan as 

mounted in the center of the section. it was realized tMt th size 

fan would provide considerably riore air icving potential than e 

anticipated velociti ce required, but again the future ue of the 

tunnel were considered where larger velcoitie idght be neeced. The 

pedestal for the fan wa e.de of weil braced four by four and four by 

eight inch lumber. It was secured to the floor independent of the 

tunnel section t decrease vibrations. 

T'ower for the fan vas provided by a five horsepower, three pbaee 

electric motor. The motor speed was 1800 RM and the transmission 
ratio, through a double set of V bolts, was 6. to 1. 

'!hen all the basIc construction was conioleted, the inside joints 

were taped and the tunnel was spraypainted with flat black paint to 

provide a saltable background for photographs. Â photo-flood 1azp 

was instl1ed in the roof of the tost section and electrical connections 

were put ïn the control room. 

The last component to be installed was the air-straighteners. Two 

by four foot Fluor cooling tower plastie grid packings joined together 



Figure 2. Wind Timnel Control Room 
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'1 

Figure 3. Wind Tunnel Fan Assembly 
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to form a solid bank seven and a half inches thick across the front of 

the tunnel directly behind the end of the entrance bell. The location 

of the comionents arid overall dimensions of the tunnel are shown in 

figuro 14. 

Teste were then conducted to see if the desired velocity 

gradient could be obtained. Smoke tufts were first used to locate the 

most advantageous test section. The locality was defined within narrow 

limits by observation of the behavior of the smoke streams. At varied 

openings of the shutters a stop-watch was used in conjunction with the 

smoke to determine the approximate air velocity at various sections of 

the tunnel. The preliminary results indicated the test section should 

be in the area previously expected and the attainable velocity easily 

exceeded the velocities needed for this study. 

To obtain precise measurements of the velocity gradient of the 

small area to be actually used for the models, a calibrated 

Anemotherm air velocity meter was used. At the maximum velocity to 

be used (iS miles per hour) the gradient varied the most but was still 

less than six per cent. At ten miles per hour the gradient was about 

four per cent, that is, the velocities at any point within the two 

foot cube where tests would be made, did not vary more than four per 

cent. The variance at five miles per hour was slightly loss than four 

per cent. These results were most gratifying since the variance was 

within the limits established for similar investigations and was less 

than could be expected fri natural prevailing winds. The velocity 
gradient curves for the most used velocity of ten miles por hour are 

shown in figure f.. 
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SMOKE STUDY EXPERINENTS 

Equipment Description 

Investigations involving the use of smoke for 5tudyiflg flaw 

around obctructions have long been of recognized value. flow 

visualizations of tbis type have been used to give rough approxiniations 

of design adequacies and to make more detailed studies where intricate 

high speed camera apparatus record the data. 

evera1 different materials have been used as the smoke source. 

The researchers of the Collins Aeronautical Research Laboratory, thich 

have done some outstanding work in the field of flow visualization for 

aircraft studios, have used the combustion of rotted wood but prefer 

evaporation of oil into a fine oil mist for their studies. A more 

eoxmmon method is the use of chemical smoke where investigations are not 

as elaborate or at such high velocities as those of the aeronautical 

studies (11, vol.17, p.21i-27). 

For this investigation two types of chemical smoke were used. 

Animnoniumn hydroxide vapors bubbled through concentrated hydrochloric acid 

produced a dense, easily handled smoke that was used the most extensive- 

ly. For particular cases titanium tetrachioride was used. The fumes 

from the latter produced adequately dense smoke for photography but 

could not be directed as easily as the former. 

The equipment for smoke introduction may be seen in figure 6. 

In the foreground of the figure are time tube connected flasks which 

held the ammonium hydroxide and hydrochloric acid. The most expedient 

procedure for generating smoke from those chemicals was to blow air 
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through a tube submerged in the hydroxide and allow these vapors to 

bubble through the acid. The principal problem involved wa the 

necsity of frequently cleaning the tubes due to solids precipitating 

out of the sraoke. It was foid that the clogging could be somewhat 

curtailed by quickly removing the conduction tubes l'reni the flasks 

innediately after cach test. 

The smoke thus Droduced flowed through rubber tubing to the 

oint of introduction in the tunnel, hollow aluminum piping held the 

delivcr,; iibe i)1l101 to the air flow n the throat section. The 

smoke troam was further defined by a small glass tube nozzle in the 

end of te rubber tubing. 

When titanium tetrachioride was used, the compound itself was 

applied dlrectly to the modei. 

The mo1els used in this investigation were made of solid wood. 

They were designed on a basic increment of 3.6 inches which corres- 

ponds to a scale of siwty to one with an 18 foot prototype. Four dif- 

ferent height to width ratios were used: a cube of 1:1 ratio, a 3:1 

tall tower, a 2:1 medium-sized solid block, and a 2:1 model with a 

fan mtack on top and an internal passage to deliver the smoke 

directly out of the fan stack. The sizes selected were believed to 

be well representative of actual industrial tower ratios. The model 

units are shown in figure 6. 

In order that the testing area be in es'entiaUy constant 

velocity, the models were placed on a plate or one-eighth inch 

alwninmnn thirty inches square supported on slender posts eight inches 
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above the floor. In use, tbís plate tas centered between the walls and 

was f our feet downstream from the small end of the entrance bell. 

Testing 

The snoke generating equipment previously described was uaed for 

the observation of flow patterns 3f a number of geometric conftgura- 

tions and for the photography of the configurations considered most 

pertinent to the investigation. Besides varying the combinations of 

models and tceir angles of attack to the approaching wind, the wthd 

velocity was also varied by different settings on the tunnel shutters. 

By observation it was apparent that as the wind velocity increased 

over fifteen miles por hour, the tendency towards aplicable smoke 

patterns diminished. Since wïnds of this magnitude are usually not 

a daily occurrence in actual installations and since other investiga- 

tions of this nature have found the most deleterious conditions occur 

at velocities of 8 to 10 mph, this study was confined to wind speeds 

of S, 10, and 15 miles per hour (17, vol.170, p.1209). 

When a particular combination of model settings and wind 

velocity were deemed worthy of recording, photographs were taken. An 

additional photo flood lamp was placed downstream from the models being 

tested to suplernent the light from the overhead lamp built into the 

tunnel. The photographs were taken from the control room with a S by 

7 view camera. The distance from the model to the camera's lens was 

approximately four feet. 
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Ana].yi of Test Results 

The iritontion of this study was to investigate the geometric 

ratios and 1aoement of coolïrg towers in relation to varied winds that 

influence the tendency towards recirculation. Through the use of smoke 

patterns this study of the tendency towards recirculation took the form 

of combining the variables to produce observable dIfferences In te 

smoke eddies in the lee of the models. Since the degree of recircula. 

tion i determined by the amount of exhaust vapor fror the tower that 

tends to reenter the leeward intakes, it follows, that in a qualitative 

manner, the degree to which recirculation might occur can be judged by 

the flow of air from the top of the structure to the bottom Intake 

section. This flow of air was illustrated by the insertIon of smoke 

into the stream. It should be apparent then that the degree of re- 

circulation would take on the observable characteristics of more or less 

dense concentrations of smoke flowing from the top of the model to the 

base. The moro dense and violent eddies would thus be an indIcatIon of 

a greater ratio of recirculated air. 

For purposes of analysis, the series of tests that constituted 

this investigation will be discussed in groups contaIning sImilar 

variables. Hereafter, models will be described by the ratio of height 

to width to length. For Instance, M-2:l:3 would designate a height 

above the plate of 7.2 inches, a width of 3.6 Inches, and a length 

parallel to the plate of 10.8 Inches. The symbol for the model with 

the smoke exit in the fan stack will be N-2:lels. When a model is 

shown at an angle to the approaching wind, the angle of attack will 
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follow the model symbol in parentheses. The wind speed will be 

designated by the symbol V with the velocity following in milos per 

hour. To illustrate a completo example, M-l:l:l (1&5); V-10 mph means 

the model shown is a 3.6 inch cube set at an angle of )&% degrees to an 

approaching wind of ten miles per hour. 

Figures 7 through 12 show single mode1 with V-1 mph. The three 

views of M-3:l:l are different only in the level of the tube intro- 

ducing the smoke. Figure 8, with the tube level with the top, and 

figure 9, with the tube slightly below the top, show almost identical 

flow patterns while figure 7, with the tube considerably below the top, 

shows a flattened smoke pattern. Judging from the M-2:1ls and models 

treated with titanium tetrachioride, the most consistent patterns are 

those made with the smoke introduction tube just slightly below the 

level of the top. It was also noticed in the N-3:1:l that tiie smoke 

eddy did not reach to the ground level with any intensity. Figures 10 

through 12 show the smoke eddy closer to the ground level and appear 

to indicate that the recirculation danger becomes more pronounced as 

the height to width ratio is decreased. The plume over M-2:1:l and the 

plume from N-2:l:ls are almost identical which would seem to demon- 

strate that the vertical exit velocity from the tower has little effect 

on recirculation at higher wind velocities. However, it should be 

realized that the smoke from the N-2:1:ls does have an initial 

velocity perpendicular to the air stream, similar to the actual induced 

draft cooling tower, and this velocity component should be considered 
in quantitative studies. Only the observable effects of the leaving 



Figuro 7 M-3:1:1; V-1g mph 

Figrne 8. N-3:1:1; V-]. mph 
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Figure 9. Mw.3:1:1j V..1 mph 

Figure 10. M-2:1:1; V-iS ih 
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Figure ii. I-2:1:1s; V.-1S mph 

Figuro 12. M-1:1:1; S1ø1! mph 
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velocity as it tends to influence the flow patterns will be dicued 

in this qualitative study. 

In the next group, figures 13 through 17, at V-10 mph the 

intensity of the oke near the base of the mode1 i greaUy in- 

creased. The 14-2:1:1 and M-2:1:1 are again very similar and show a 

definite reciroulation tendency. Figure ]$ at M-2 :1:ls (1) has a 

distinct pattern from the rnodei at right angles to the approaching 

flow. A the photograph sbow and as was obervod in other tests, the 

plume retains it horizontal flow atoroxiate1y twice as far a models 

perpendicular to the prevailing wind. The condition is at a maxixnun 

at an angle of attack of 1.S degrees wiere it was photoaphed, and was 

observed to lessen as the angle approached zero. Figure 16 indicates 

that the M-l:l:l has greater recirculation tendencies at V-10 mph 

than V-iS mph. Figure 17 demonstrates that the M-l:1:l one width 

downwind from the M-l:l:3 has iinilar wind currents on both faces. 

Either or both models could be conrid.ered the cooling tower with the 

indication that recirculation would be increased due to the close 

proximity. The anarent increase in height of the plume is due to the 

angle from wiich it was photographed and because the titanium 

tetrachioride smoke was enerated along the entire loading edge of 

the N-l:l:3. 

The next group of pictures, figures 18 through 21, are at V-S 

mph and show the four basic models. The decreased velocity of the 

wind is aprarent in the feathery appearance of the smoke In general, 

the recirculation as indicated by the smoke patterns at'pears to be 
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Figure 13. N-2:1:i; V-10 mph 

Figure 1)4. M-2:1:ls; 1-1O mph 
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Figire 1. 14-2:1:ls (Ii); V-10 mph 

Figure 16. M-1:1:1; V..10 mph 



Figure 17. M..1:13 (1W); 14-1:1:1; V-10 mph 

Figure 18. M.3:1:1; Ve. mph 



çne 19. M2;1:1; V.. mph 

Figure 20. M-2;1:ls; V-S mph 
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Figure 21. N-1:1:1; V- mph 
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greater than V-]. rph with the exception of M-1:1:i wh.oh is about the 

same; nd slightly le than V-10 mph since the smoke eddies do not 

appear as dense or pronounced. It can be seen that a smaller amount 

of the smoke is involved in the downwind swirls while a larger percent- 

age flows smoothly past the model. 

Before proceeding further, it should be mentioned that the 

comments made previously and thoo that follow are based on many ob- 

servations of the smoke patterns and their interpretation as seen by 

the author. Proof of the analyses awaits a thorough quantitative study 

of the subject. 

In the last test group are combinations of models that represent 

several of the most interesting groupings investigated. The symbol 

description employed lists the upstream model first, next a tern 

designating the distance separating the models in basic widths, and the 

last texm is the donstroam model, For oxariple, figure 22 has the 

notation M-3:l:1; (1W): M-2:l:ls and means a model with a 3.6 inch 

square base and 10.8 inches tall is 3.6 inches upstream from a model 

having a 3.6 inch square base that is 7.2 inches tall and has a fan 

stack. The wind velocity in figures 22 through 33 is ten miles per 

hour. 

In figures 22 through 2L, the M-2:l:ls is shown at three incre- 

ments of 1w downwind from the M-3:l:l. Either model could be con- 

sidered the cooling tower with sirmilar analysts. In either case when 

the first model is l:J taller than the other, the recirculation 
tendency due to the air currents caused by the first obstacle decrease 
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Figure 22. M-3:1:1; (1W); M-2:1:ls; V-10 mph 
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FIgure 23. N-3:1:1; (2w); M-2:].:ls; V-10 mph 



Figure 2i4. M-3:1:1; (3w); M-2:1:ls; V-10 mph 



as the distance between them increases. At a stance of 3W the in- 

f!ience due to the frcnt model is almcst negligible. it was further 
observed. that increasing the height of tcie front obstacle in proportion 

to the following model served to decrease the recirculation tendency 

as one would exoect. 

Smoke was introduced tòrough the M-2:lls at 2w below the 

M-3:l:l in figure 2. The plume noticeably tended towards recircula- 
tion in the M-2:l:ls. 

The angle of attack for the N-3:l:2 was placed at liS degrees to 

the N-2:l:ls for figures 2 and 26. In both cases the distance 

between the rodels was lJ which previously appaared to be the distance 

of madmuin tendency towards recirculaton. Also in both cases, the 

front edge of the !_3:l:2 was even with the back e&e of the N-2:l:ls. 
The smoke plume of' figure 26 is moro nearly horizontal than figure 2L 

but was observed to curl back to the lee of the ¡4-3:1:2. This 

tendency was soening1y confirmed in figure 27 where the smoke was in- 

troduced over the M-3:1:2. Recirculation appears to be present in 
this case but not to the extent of figure 22. 

The ¡4-2:l:ls oiS) of figure 28, 2W directly behind tue M-3:l:l, 
shows more violent air currents and seìingly greater tendency towards 

rocirculation than the similar combination in figure 25. 

Figure 29 demonstrates the M-3:l:l has a lower ratio of recircu- 
lation when followed by a model proportionately shorter. 

Figure 30 illustrates the M-l:l:]. is inclined towards increased 

recirculation when followed b a downwind obstacle As might be 

anticipated, it was observed that tie recircuìation tendency increased 



Figure 2. M.3:1:1; (2w); ?4-'2:1:1; V..1O mph 



Figure 26. M3:1:2 (t$); ()M) W-2:1:ls; V-10 ?nph 



Figure 27. M-3:1:2 (Z); (1W); I42:1:is; 11O mph 



iigure 26. 4..3;1;1; (21e!); !4-2:1:is (.); 1-1O iTiph 



Figure 29. M3:iL; (2W); î1:1:I; V1O mph 



Figure 30. M1 :1:1; (2i); M-2:1:ls; V-10 mh 



greatly as the downwind model approached the M-l:l:l. It can be seen 

that the currents caused by the upstream obstacle have little effect 

on the M-2:l:ls if it is considered as the cooling tower. 

In figures 31 and 32, models of identical height are 2w apart. 
When smoke is introduced over the leading model the recirculation 
tendency in the M-2:1:1 is greater than if it were alone. however, 

when smoke is introduced from the I-2:l:ls as in figure 32, the pluie 
is thin and almost horizontal showing little or no recirculation 
pattern. This pleasant condition was most pronounced at 2w and 

decreased to a more normal condition as shown in figure lI when the 

distance was either increased or decreased. 

Perhaps the most interesting picture is figure 33. This 

illustrates the only method of tower alteration that showed a definite 
decrease in rocirculation tendencies. An inclined shi old was mounted 

around the fan stack on the N-2:1:ls. For best results the shield 
angle was 1j5 degrees from the horizontal and had a height of twice the 
fan stack. When this figure is compared to figure ib, (taken at the 
same wind velocity) the very advantageous effects on recirculation 
patterns are obvious. 



Figure 31. M-2:].:].; (2W) I4..2 :1 :1*j YiO *pb 



Figure 32. ?4-2:1:1; (2w); 2I1s; V-10 mph 



Figure 33. M-2:1:ls with Shield; V-10 mph 
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CONCLUSIONS AND RECONDATIONS 

Described in the foregoing pages are the considerations that led 

to the development of the test apparatus and test procedures for a 

qualitative study of recirculation in cooling towers. From the 

material presented the author feels that the following conclusions are 

warranted. 

1. The uefulne of model investigations in wind tunnels for 

t!ììs type of study must be accepted in view of their 

flexibility and because prototype agreement has been 

established by other investigators. 

2. The tendency torards recirculation of a given cooling 

tower is influenced by its location in relation to nearby 

structures and the direction of the prevailing winds. 

This tendency is greater as the distance decreases from 

a tower to an upwind structure of equal or greater height 

than the tower. Structures of less height than the tower 

have little effect. 

3. The geometric ratios of a cooling tower arid its angle, of 

attack to the prevailing wind are contributing factors in 

recirculation tendencies. It appeared that increasing 

the height or the rotation of the tower to a maximi angle 

of 15 degrees with the air flow direction produced air 

patterns indicating less recirculation. 

Ih The addition of a wind shield on the tower stack appears 

to be a possible means of decreasing recirculation through 

tower alteration. 



It nust again be stated tivit the comrnent arid conclusions stated 

in the context of this study are based upon the author's observation of 

numerous smoke patterns in relation to reciroulation. This study 

should be considered a preliminary investigation uhich has helped to 

develop the tools and to define the limits for future studies of the 

problem. 

The quantitative measurements of the recirculated portion of the 

exhaust air are, of course, the next step. The use of a tracer gas 

with appropriato measuring instruments, such as a CO2 tracer and an 

interferometer as used by Takashi Shoda, will enable the investïgator 

to determine the concentration of downwind stack gases (16, p.10). 

Such measurements should be made for many combinations of obstacles, 

towers, and wind speeds. Charts of the most connon combinations 

should be preDared to enable users and manufacturers to anticipate the 

degree of recirculation for their choice of installation sites. 

In addition to research into the tower location affecting its 

performance, the cooling tower itself must be subjected to intensive 

study. The effect of wind speed in relation to stack exit velocities 

should be studied. Quantitatively, models incorporating exit fans and 

heating coils with a tracer gas could be used, or qualitatively, proper 

buoyancy could be attained by injecting helium into the smoke supply. 

Based on the shown change of air flow due bo the experimental stack 

device, more tower adaptations, such as stack shields, supporting 

stilts, or internal baffling of upwind air, should be developed and 

tes ted. 



Let this study then, serve a the foundation upon which the 

further study of recirculation can be erected. 
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