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T_ T R d D 	Z I O $. 

Evaporative water cooling was - well , known to 

ancient people. In India, evaporation was used to make ice. 

Shallow We dug in the earth were filled with I ft of straw 

upon which earthen pans were placed. On still frosty nights 

even when the temperature fell no , less than 430  P or iio  ubs 

above freesing ice would be formed. Evaporation plus radiation 

into the night sky provided the refrigeration. This method is 

reported to be in usein Modern Iran also. 

In Iran homes are frequently oemiiundergroi. d to 

escape solar heat and in some there is a pool of running water 

above whi t, a ventilation tower opens. The tower catches the 

breeze and diverts it ocoross the water pool and then into the 

room. An ancient Persian practice was to cover tents with felt 

which was kept wet$, a practice used by American Indians also. 

In India, people developed the c0004atti . Doors 

are replaced in summer by Tattis or frameworks similar to screen 

doors, covered with dry grass and kept watered by hand. In some 

forms there is a trough provided at the top from which water 

tickles down gradually. 

Another Indian evaporative air cooler is the 

Thermantidote. Here the door is replaced by a wheel like frame 

work covered with grass which is revolved and kept wet. 
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The cooling effect of falls ng w ater has also been 
used. It is reported that Peter the great in one of his Leningrad 
gardens had a tree piped so that the curtain of water fell from 

its outer most branches _but did not wet the benches near the 

trunk. 
• American , evaporative cooling developed ohi efly in 

Arizona andCalifornia -during  the late 19 2© 0  s and early 

1950' a. However, actual manufacture began from about 1936 and 

1937. As time passed, tbé<various methods developed and are 

listed as follows *- 

1. The common desert cooler. 
2. The Air-washer cooler 
3. Theunit humidifier cooling system. 
4. The exhaust type window pad cooler. 
5. The rotating pad.  cooler. 
6. The portable desert cooler. 
7. The indirect evaporative cooling systems. 

As the name suggests the primary purpose of air-

washer in the initial stages was the cleaning of air. Later on, 

however, it is used in airconditioning work not only for cleaning 

but also for either humidifying or dehumidifying and cooling the 

air used for ventilation and for industrial airoonditioning. It 
is generally observed that after a rainstrom the outdoor air is 

much fresher and cleaner than it was before the storm, and this 
fact was probably the basic.idea that led to the application of 
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airwasher for this service. 

Basically airwasher consists of a 'casing with a 

tank, a single or multiple bank of spray nozzles for producing 

fine spray in the form of mist, an eliminator section at the leav-

ing end to remove entrained moisture, and inlet louvers to prevent 

water from splashing out of the unit at the entering side. Water 

sprayed through the nozzles is collected in a tank where it 

passes , through a strainer, into the pump and bas[ up to the 

nozzles. Thus if the water is neither heated nor chilled and 

is recirculated the air is evaporatively cooled by intimate 
contact with the water. 

In applications with extremely high sensible heat 

loads, cooling by means of refrigeration is out of question beoa-

use of the very high initial and operativecosts. At present the 

use of airwasher evaporative cooler for such applications has 

been gaining mo a and more favour because they have proved 

able to provide satisfactory comfort conditions while being 

economical to purchase, maintain and operate. 

In laundries and dry cleaning plants and also 

In a large number of industrial applications these airwasher 

cooling systems are delivering air though unrefrigerat ed at 

diffuse temperature from 750  F to 800  F, even with high outdoor 

conditions prevailing. It has now become possible to maintain 
comfort conditions 	using 100 percent outdoor air which upto 

this time were considered unsuitable for workers to remain in 
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during summer conditions.. 

An airwasher evaporative cooling system properly 
designed requires the use of all outside air without reoireulati 
from within the cooled space. - In some cases direct or 'spot 

cooling' is the most practical method of air distribution. This 
is especially true in building in which the number of workers 

is relatively few compared to the size of the building, or in 

which the buildings have extremely high ceilings, in which c *a 
case it will be uneconomical to attempt cooling the entire space. 
It is also advantageous when there are hot spots in the building 
in whirl, case it will be imperative to bring cooling just to 
those areas. In such eases ducts can discharge the air to each 
individual hereby cutting down the capacity of the system 

required and assuring cooling only at these critical spots. 

Airwashers are also used to a great extent in 
textile mills where accurate and rather high humidity conditions 
are required. Heat relief for workmen around furnances, steam 
presses, mo$ten metal etc., is a common task for this unit, The 

cooling of large electric motors and generators is accomplished 
by supplying a large amount o f air through the airwasher to the 
windings to carry the heat that is generated. 

Humidification with airwasher can be accomplished 
in three ways 1-- 

I. Use of recirculated spray water without prior 
treatment of the air. 



2. Preheating the air and washing it with 

recirculated spray water. 

3. Using heated spray water in which case the 

air is heated and humidif'i'ed, the wet bulb and dry bulb 

temperatures both increased. 

Cooling and dehumidification can also be acoom- 
plashed by the airwasher. Dehumidifi cation will result if the 

leaving water temperature is below the entering dew point 

temperature of air. 

The performance of air w asher under different 

conditions of spray water temperature numberof banks, direction 

of spray, air velocity have been investigated. 
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CHAPTER — II. 

AIRWASHER TYPES AND CONSTRUCTIONAL DETAILS 

2.1,  SPRAY TYPE WASHERS  : 

2.1.1 	ga 

A spray type air washer consists essentially of a 

chamber or casing containing a spray nozzle system, a tank for 

collecting the spray water as it falls, and a series of vertical 

scrubber and eliminator plates at the discharge end, for removal 

of dust and entrained drops of water from the air. In the 

operation of an air washer the air to be cleaned and cooled or 

heated flows successively., 

If Through a water spray from a group of small 

nozzles and 
2. over the wetted surface of a senf. es of vertical 

scrubber and eliminator plates. A pump reciroulates water at a 

rate greatly in excess of the evaporation rate. The water spray 

from the nozzles must be sufficiently large in amount so that 

it may be mixed thoroughly with the air. Intimate contact between. 

the spray water and flowing air causes heat and mass transfer 

between the air and the water. The scrubber and eliminator plates 

are provided with deflectors to direct the flow of air through 

them. Dust and other solid particles of matter that are carried 

by the air to be cleaned when coming in contact with the wetted 

surface of the scrubber and eliminator plates are caught up by 

the water on the surface of the plates and carried away to the 

0 
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a, setting tank. The water discharges over the scrubber and eli-

mina tor plates from a series of nozzles. 

The nozzles for spraying water are placed in a row 
across the direction of flow of air so as to distribute the water 

in a fine spray or mist to thoroughly saturate the air. In 
some designs of air washers more than one row of nozzles is 

used. Two or more spray banks are usually used where a very 

high degree of saturation is required, and for cooling and 

dehumidification applications requiring chilled water. Two 
stage washers are used for dehumidification when the quantity 
of chilled wateris limited, or when the temperature of water 

is above that necessary for single stage design. Arranging the 

two stages for coumterflow of water permits the use of smaller 

quantity of water with a higher temperature rise. 

The most effective is cleaning of the air is 

obtained by the scrubber plates of the air washer which are 
designed to change the direction of the flow of the air so that 
the duetis removed from the air by its inertia and by its contact 
with the wet surface of the scrubber plates. The eliminator 
plates are provided to remove the drops of water from the leaving 
air. The accumulated dirt must be removed from the setting tank 
at frequent intervals. Sometimes the temperature of the outside 

air• entering the air washer is lower than the freezing tempera-

ture of the water. A tempering heater must then be placed at 
the air inlet to protect the water pipes and nozzles of the 

air washer from freezing. 



It may appear apparently that most of the dirt 

mixed with the air should be removed while the air is in the 

spray ohamb er f  'his is not the case, practically all of the air 
borne dirt -redioved by the eliminators. Lir washer will not 
always remove greasy particles such as soot. Tobacod smoke will 
ordinarily pass through an air washer. 

L 
Most odor can be removed from air in an air washer. 

if 
An odor is usually due to the vapor of some compound mixed with 
the air. Many of these vapors will dissolve in water. In fact 
as the water becomes saturated with the soluble vapors, it be-
comes less and less able to remove adore from the air. Further-
more, the water itself acquires an odor due to the material 
in solution, ierefore, it must be changed frequently under 
these conditions and the tank filled with fresh water. 

Generally;  the water in an air washer is reoircu-
laced. When the air is to be humidified either the air or the 
water or sometimes both are heated before entering the washer. 
If the air is to be cooled and dehumidified in the washer, the 
water must first be cooled. 

O coal si onal ly, water that is cold enough at_ 
-fi -o o it g-ter-needed.  can be obtained from a city main 

or well. In such a case,, fresh water is supplied continuously 
to the sprays and is then wasted to the sewer. When water is 
used in a washer in this way, it should contain no substances in 
solution that may give unpleasant odor to the air. This must be 

no 



checked very carefully because of the initimate contact of the 
water and air in the washer. Well water 000asaionally contains 
sulphur compounds in solution which impart an odor to the air. 

The figure 2.1 shows the air washer consisting 
primarily of a spray chamber in which a number of spray nozzles 
and water supply risers are installed. 

2.1.12  WATER SUPPLY TANK  I 

The air washer tank which is provided for holding 
the water supply to the spray nozzles is from 16" to 20" deep and 
is built of galvanized sheet iron. It is thoroughly braced 

on the outiode by 1* by 1 '1  by 1/40  galvanized steel angles, 
and is provided with a frame around the top for connection to 

the air washer easing. Al . seams of the tank should be rivetted 
and soldered and all rivet heads should be soldered to make the 
tank tight. 

The water supply tank is usually divided into two 
compartments by a strainer of 12 mesh copper wire cloth rigLdly 
held on a removable galvanized iron frame. All of the water 
flowing to the pump must first pass through this screen. The 
openings of the screen are made smaller than the nozzle openings • 
Although this minimizes difficulties with nozzle clogging it do es 
not entirely eliminate clogging. Strainers should be readily 

removable for inspection and cleaning. Belt type, automatic 
and other specially designed strainers are available for use in 

textile mills and other industries where lint and heavy conoen'. 
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tratione of dust are present, 

Over the top of the compartment formed between the 
strainer and the end of the tank to which the suction of the 

pump is connected, a hinged cover should be provided to prevent 
any dust falling in as -the air passes over it. 

A float valve is provided in was1 eris to automati~- 
tally admit make up water to replace any water lost through 
entrainment or evaporation. There is a sealed overflow 
conneotionto the serer to prevent flooding the tank in case 
the float valve sticks or the float becomes water logged. A 
drain valve is needed at the bottom of the water supply tank 
so that all the water may be drawn off for cleaning the tank 

or to prevent freezing if exposed to very cold air when not 
in use. The overflow consists of a removable length of the 
pipet the top of which is slightly below the upper edge of 
the tank. In order to fill the tank quickly after it is emptied 

a quick fill connection Is provided. This is nothing but a 
second water connection to the tank. This connection is 

supplied with water from the same line feeding the float valve. 
A hand operated valve is installed in the quick fill line. 

2.1.3 All WASHER CASING o 

The casing of an air washer may be constructed of 
various metals but it is generally made of 18 gage glavanized 
sheet iron thoroughly stiffened and braced on the outside by 
l* by 1 	by 1/4 inch galvanized steel angles, spaced not more 



than 3 feet apart. The top and sides of the casing are made 

separately and 	bolted together. The casing should be attached 

by similar means and with rubber gaskets to the top of the water 

supply tank. All eeams,expoe:ed edges of sheets and rivet heads 

should be soldered. 

The length of the air washer is between 4 feet to 

10 feet depending upon the number of banks provided. The usual 

air washers are made of five seven and either eight or nine feet 

length. The five and seven foot air washer have usually one bank 

of sprays and the nine foot washer has two or three banks of 

sprays. Two banks of sprays can be installed in seven foot 

washer but the they are considered to be less effective than 

the long washer. The five foot washer is least expensive, but 

eleven foot washer is commonly used. However, where there is 
any substantial air conditioning load two banks of sprays are 
generally used in order to provide sufficient water for condi-

tioning purposes. In special oases it is necessary to install 
three or four banks of sprays. They can therefore, be made having 

as many banks as are required. Such special washers have some-

timee length as long as 15 feet. Cooling coils for the direct 

expansion refrigerant are ocoaeeionally installed in the spray 
chamber of such washers. This practice was quite common a few 

years ago but is rarely adopted today. 

If a set of eliminator plates is installed after 

each group of two banks of sprays, the washer is spoken as a two 

stage washer.  
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Sometimes, a two stage washer may have three'ganke of sprays in 

each stage. 

In the smaller sized air washer one inspection door 

Is provided and in ih e long type o doors are installed. 

doors should be hinged and preferably of east iron mounted. on a 

cast iron frame and do aed  by means of four came against a solid 
rubber gaskets to make the door water and air tight. A glass 
panel of not less than 9 by 12 inches should be provided inthe 

doors for observations of sprays. The door frame should be 

provided with a lip on the outside to catch any drip and return 
it to the washer for any reason, the door is not firmly clamped. 
A water proof marine type lift fixture to take a standard type 

electric light bulb should be provided at the top of the washer 

for inspection and observations. 

2.1.4  DIFPUSER PLATES  $ 

The diffuser plate consisting of a series of 

galvanized sheet iron louvers at the front of the air washer 

are often though not always, installed. These are so designed 

that the a1  zed water will be entirely retained within the 

spray chamber, even if the fan is not in operation, and it 

serves also for distributing the air uniformly and maintaining 

equal velocities through the spray chamber. They also prevent 

spray water from wetting the floor and walls ahead of the washer. 

2.1.5  SPRAY NOZZLES AND SPRAY PIPING  x 

Spray nozzles are designed to produce a finely 

d 

n 
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atmoized spray and are s -spaced as to give uniform coverage 

through which the air must pass and thus completely fillMTF the 

spray -c ber. Spacing of the spray nozzles varies from about 

.75 to 2.5 nozzles per square foot per bank. For poor spray 

densities it is recommended that the small orifice should be 

used for avoiding bypassing of air because of a poor spray cover-
age. Nozzles used for air washers ordinarily have a capacity of 

approximately 1 to 2 gpm per nozzle. The pressure required 

to force this quantity of water through these is of the order 

of 20 to 40 paig. Small orifices at pressures upto 40 psig 

produce a fine spray necessary for high humidifying efficiencies 

while the larger orifices at pressures around 25 psig are eomm9n 
for dehumidification. Nozzles of the self cleaning type have 

recently become available. In a single bank spray washer about 

8 gpm of water per 1000 cfm is usually provided. In a two bank 

air washer twice as much water can be supplied in approximately 

10 gpm per 1000 ofm and 15 gpm per 1.500 ofm in a three bank 
washer. The quantity of water delivered by each bank can be 

varied by installing a larger or smaller number of nozzles. 

The method used for breaking up the water into very 

fine spray varies with the make of the air washer, but a common 

method is to provide a small chamber in the ndzzle casing which 

gives the water a whirling or centrifugal action which increases 

the water approaches the point of discharge, and produces a very 

finely divided spray as the water leaves the nozzles. The nozzle 

should be designed to make it free from clogging with foreign 
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material and the smallest opening should be larger than the open- 

Inge in the suction strainer. The nozzles are constructed of 
brass and are evenly spaced over the cross section of the washer 
to give a uniform distribution of water and are set to discharge 
Wt er along or against the direction of flow of air. About 3 
nozzles should be provided per 1000 tuft of air per minute pass-
ing through the air washer . At the nozzles a gage pressure not 

exceeding as a rule 25 lbs/square inch is required to discharge 

11 gallons per minute through each nozzle. 

The spray nozzles are screwed into vertical risers 

of galvanized steel pipe which in turn should be screwed into a 
horizontal galvanized cast iron header. In the case of a washer 
which is of $ less than 8 feet height, I in. riser should be 
used, and for a washer over 8 feet in height, ll in risers 
The tops of the risers are sometimes provided with a special tap 
for securing to guide rail at the top. 

2.1.6  CAPACITY OP AIR WASHER  s - 

The cross sectional. area of the washer is deter-
mini e1 by the design velocity of the air through the spray 
chamber. Washers are commonly available from 2000 to 250,000 
cfm. capacity$  however, there is no practical limit to sizes 
specially constructed. The gross cross sectional area of air 
washers (the area perpendicular to the direction of the air flow) 
is usually based on an air velocity of 500 fpm. If higher velo-
citi es are used trouble may be experienced with entrained moisture 
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being carried out of the washer. The capacity of air washer 

is determined by multiplying the velocity by the area.of cross-

section, the commonly adopted air velocity for rating of air 

washers being 500 fpm. ' Thus an air washer having a gross 

cross sectional area of 20 sq.ft. would have a capacity of 

10,000 efm. 

Knowing the cross sectional area the height and 

width of the air washer can be known. Thus a air washer having 
a cross sectional area of 24 sq.ft. can have its height and 

width as 4 feet and 6 feet respectively. If the tank is 18 inches 

deep the total height is then equal to 5 ft. 6 inches. From the 

economic point of view the washer having equal height and width 
is preferred although these proportions are not necessary. The 

spacing between the two oonsequetive spray banks is between 2~ 

to 4e ft. The distance between the first bank and the entering 

end of the washer is about one feet and a distance of 1* feet 

is provided between the last spray bank and the leaving end of 
the washer. If the air washer is furnished with the heating 
as d cooling coil within the chamber, the overall length of the 
washer is changed. 

2.1.7 ELIMINATOR PLATES :- 

The  properly designed eliminator plates give 
several advantages :» 

1. It eliminates the small particles of water 

that may be carried away with the air. 
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2, It offers the minimum resistance to the air. 
3. It provides the wetting surface as large as 

possible to obtain the best cleaning effects. 	 .e 

4. Simplicity of construction so that these plates 
may easily be taken out for inspection, repairs and painting 

The el orator plates are so designed and installed 
that the direction of the air current changes abruptly in order 
to throw out the entrained moisture against the eliminator plates. 
The direction of air current changes about 6 times as it passes 
through them. The wider the space between the plates, the greater 

must be the necessary angle through which the air must be baffled. 
The eliminator plates spaced 1-1/8 inch apart and having an angle 
of deflection on of 600,  ranoves the particles of water more 
effectively than a 900  angle with a 4 to 6 in. spacing of the 
eliminator plates. 

The resistance in the eliminator plates depends more 
on the angle through which the air is baffled and the eddy 
currents that the plates produce than upon the surface friction• 
As a matter of fact the resistance of this surface friction is 
so small that it is difficult to measure it. The eliminator 
plates can be arranged vertically or horizntally depending upon 
the airwasher that is used. 

In the carrier air washer the eliminator plates 
firm an integral, part with the scrubber plates. These consist 

of series of corrugated galvanized iron sheets spaced 1-1/811 
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apart, across the discharge end of the spray chamber. Each 
eliminator plate is made Of single sheet stamped with six corru-
gations, the last three corners having projecting lips or gutters 
which remove entrained moisture from the air. The plates are 
assgmbled in an iron frame attached by clips to the sides of the 
air washer casing. The frame is provided with slots into which 
the edges of the eliminator plates are readily slipped, in and 
out. Some designs of air washers use horizontal eliminator 
plates consisting of corrugated iron sheets with 4 currugatione 
in each plate. The plates are punched to provide a series of 
projecting lips which cut the air into a multitude of small str- 
earns, thus bringing all of it into contact with the wet surfaces 
upon which any dirt remaining in the air is deposited. 

In addition to re al of molsture,the eliminator 
plates also serve the purpose we clearing surfaces for removal 
of dust which impinges on them. Eliminator flooding nozzles 

are provided to keep a considerable portion of the eliminator 
plated flooded with a stream of water. These nozzles are of 
the rain spray type which do not break up the particles into 

fine mist but direct it in the form of constant shower over 
the plates. When comparing the amount of eliminator plate surface 
in different air washers, only one side of the plate should be 
considered and there should be about 20 sq. tt. of this surface 
for 1,000 au. ft. of air per minute passing through the air washer. 
tozzles should be provided to supply, about 5 gal. of water per 
Minute for each foot of width of the eliminator plates. The 
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flooding nozzles are installed on a headeron three inch centres 

and have a capacity of approximately 1.0 gpm per nozzle with a 

pressure ranging between 3 to 5 psi. The eliminator plates are 

usually made up of galvanized sheet iron of 24 gage, although they 

are ocoasslonally built of copper or other non corrosive metals. 

2.1.8  CIRCULATING WATER PUMP  a.- 

A centrifugal pump should be provided for circulation 

of water through the nozzles of the spray chamber. The pump 

having dpi suoti on intake is preferred. Although thi a type 
is more expensive than a pump with single auction intake connecs 
tion it exerts no end thrust on the bearing of an electric motor, 
driving the pump. The Pump should have a bronze impeller, bronze 
covered steel shaft and bronze bushing to ensure maximum wear 

and service. Provision should be made for priming the pump 
with water from a supply distributed by pressure as from city 

water mains, an air cock 	provided at the top of the 
pump casing for the removal of air from the casing when priming. 
The pump should be directly connected through a flexible coupling 
to a suitable electric motor mounted on the same base. The base 

should be rigidly constructed to , prevent distortion when handling. 
The size of the motor should be correctly determined so that 
there is no danger of the motor 'being overloaded. Since squall 
centrifugal pumps have a low efficiency and the air washer pump 

must run continuously during the operation of an air washer, the 

service conditions are severe. 



2.2 	CELL TYPE WASHERS 	t 

The intimate contact of air and water is obtained 

by passing the air through cell packed with glass, metal or 

fibre screens. The cells are arranged in tiers over which 
the water is distributed. They are lowed by conventional 

blade type, or glass mat eliminators. Generally the cell type 

washers are arranged for counter current air and water flow. 

Cell washers are made in a range of sizes in either insulated 

or Uninsulated construction. standard washers are available 
upto 10 cells high by 12 cells wide with a capacity of 130,000 

cfm• They are also made in a unitary apparatus up to 33#000 ofm 
complete with fan, motor pump and external spray piping. 

The 76ization of the spray water is not required 

for cell type washers. But good water distribution over the 

faces of the cells is essential. The quantity of water required 

when the air li nearing saturation i s very low. The satura-

tion effectiveness of 90 to 97% is obtaiined. Water requirements 

vary from 22 to 4 gpm per 1000 ofm with resistance to air flow 
ranging from 0.15 to 0.65 in depending upon the water circulated 
and the air velocity through the cells. 

Each washer consists of a number of cells normally 

20 inch square arranged in tiers. A typical cell consists of a 
metal frame packed with glass fiber stmande. The glass occupies 

only 3 to 5 % of volume of the cell but represents a total wetted 

area when sprayed of approximately 100 to 125 eq.ft. Wire mesh 

19 



20 

screens are provided at both faces of the cell frame to retain 

the glass pack. Each tier is independent of the other and has 

its own spray header. 

Either a flat or sloping bottom is provided in the 

tank which serves as a reservoir for circulating water and for 

dirt flushed from the cells. The sprays consist of a pipe 
header with nozzles with each tier of cells. These are usually 

mani-folded externally with a valve and pressure gage in connec-
tion to each header. The pressure required for the nozzles is 

about 6 psig and delivers 2 gpm. Eliminators are provided down 
stream from the cells to remove entrained moisture from the air 

stream. They may be of meta. blade type providing 30 d+efieo -
tian of the air stream with hooks for gipping impinged droplets 
or glass mat type arranged in tiers similar to the cell arrange-

ment. The glass mat type is 2" deep and is packed with glass 
fibre in a metal frame. 

Connections are provided for internal spray headers 

drain, overflow, steam injectors for cleaning the cells in place, 

pum suction, water quick fill and make up water controlled by 
a 	t valve. A typical cell type air washer is as shown in 
Pig. 2.3. 

The cell type washers are efficient air cleaners. 

They remove from "70 to 90 percent by weight of the air borne 
solid matter, which includes most partial es exceeding 5 microns 
in size and many down to 1 micron. However, they should not be 
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used in cotton mills and other installations where large volumes 

of fibrous or linty mat~✓rial are present in the air, unless 

it is filtered out completely ahead of the washer. 

In these type of washer it is necessary to clean the 
glass media. A differential draft gage to measure the air re-
sletance across the cells can be used. to determine the frequency 
of this cleaning. Rat type eliminat&ra in these washers should 
be removed and cleaned with suitable detergent solution. Any 
glass mats that have been eroded by the sprays should be replaced. 

2.3 HIGH V LOc TY SPRA-Y TYPE WASHER i 

Recently a high velocity type of air washer has 

come into use which employs a rotating eliminator. The unit 
operates on the same general principles as the conventional 

spray type washer. However, the easing is cylinderical and 
the eliminator consists of a revolving assembly of sheet metal 
blades extending radially from a cylinderical hub as shown in 
Pig. 2.4. 

The higher air velocities permissible with the 
rotating design reduces the cross sectional area of the unit 

while a high degree of efficiency is obtained by use of more 
spray banks and a deeper spray path. Velocities as high as 
2400 flu have been employed. 

High velocity washers with axial flow fans designed 
for 1" external pressure are presently built in sizes from 10,000 
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to 45,000 ofm. They are furnished with 1. to 6 :spray banks, 

making possible the humidifying efficiency as large as 98$. 

The pressure that is commonly recommended is between 30 and 

40 p si g, with a nominal water flow ranging from 80 to 400 gpm, 

depending upon the size of air washer. The hi& velocity air 

drives the rotating eliminator which discharges moisture by 

centrifugal force so that the water and its entrained material 

drain from the unit into a central storage tank. Return and 

outdoor air dampers are built into this unitary design of washer. 
The use of high velocity of the order of 4 to 5 'times those of 

conventional washers substantially reduces space and weight 
requirements. 

2.4  SPECIAL WASHERS  z- 

The problem of air washing are many and varied, 

Particularly in the industrial field and the experience of 

air washer manufacturers has shown that there are many places 

where variations from the standard designs of air washers can 
ate Used to advantage. In some cases where the main purpose 

of the w4sher is the elimination and recovery of valuable fine 

dust, the spray nozzles have been omitted and a second and some--

tinmes a third set of eliminators spaced on 3/4 inch centres have 

been used. Each group of eliminator plates are provided with 
flooding nozzles In order to flood the surface thoroughly. A 

gage pressure of only 5 lbs/square inch is required on the 

flooding headers, a considerable saving power for pumping is 
affected. 
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In some cases where the dust content of the air 

is small, and where it is deli a le to humidify the air as little 
as possible, a single row of * closely spaced properly flooded 

scrubber plates is satisfactory and the investigations show 
that this arrangement will do 90 percent of the cleaning that 
can to done with a completely equipped air washer. The increase 

in humidity under ordinary conditions will amount to the equiva-

lent of the absorption of 1/3 grain of. water per cubic foot of 
air. 

When the primary purpose is the cleaning of air 

ample surface of the scrubber plates is the most important 

coneiderati on, and when cooling or complete eaturati on of the 
air is required, thorough spraying of the air and a suffi ci en,t 
length of the travel through the spray chamber are equally imp-
ortant factors, 

2.5  AIR WASHER TESTS  s- 

The performance test of an airwasher include 
the determination of :- 

1,  Capacity 
2. Resistance of the air washer, 

3. Humidifying Effi of enoy, 
4. Visible entrainment of free moisture, 
5. Cleaning effect. 

Capacity and resistance determinations of an air 
washer are made by tests in accordance with the standard Code 

of Practice of American Society of Heating and Ventilation 
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Engineers. 

Visible entrainment is observed by means of a mirror 

not over 6 inches square held at right angle to the air flow 

and at a distance not over 6 inches from the outlet end of the 
eliminate r plates. 

The humidifying efficiency is calculated by the 

average readings of the dry bulb and wet bulb temperatures 
taken at air washer inlet and outlet. 

The cleaning efficiency of an air washer is gener-

ally based on factory tests where the nature of the dust and 
average size and density of dust particles is under the control 
of the testers and where the air washer can be operated at 

exactly its rated capacity. Apart from the factory/' tests, 
other tebs must be made at the rated capacity of the air washer 
and the dust density of 4 to 10 grains per 1000 aft of air 
uniformly distributed over the entire area of the inlet of the 
washer. It is desirable -that a standard size- duet is used 
preferably pereened and are floated vacuum cleaner dust. The 
dust should be distributed in the room in a cloud by an air- blast 
and carried by a current of air Ôf'which the velocity should 
not exceed 25 ft. Per minute. 

It should be observed that the temperature of air 

leaving the humidifier are taken very accurately compared to the 
inlet temperature of air. This is specially important when the 
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air is near the saturated state. The mirror should be exposed 

to the test air for considerable time before the readings are 

taken. Conditions may not be uniform owing to clogged nozzles, 

air bound tempering coils or unequal room temperatures. 

-; of - 
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97APORAT 1'E COOLING; 

3.1  ?RINOIPL E OPEVAPORATIVE OOOLIN(  s 

The process of cooling air by evaporation of water 
can be considered as adiabatic since the construction of the 

cooler is such that no appreciable amount of heat is transferred 
to or from the surroundings. Heat energy is required to evaporat 
the liquid and in the case of adiabatic cooling sensible heat 
flows from air to water, lowering the dry bulb temperature, 

thereby supplying the latent heat of evaporation which in turn 

increases the humidity. Thus a transfer from sensible to latent 

heat has taken place with no ohcnge of enthalpy of air vapour 

mixture. Being adiabatic the process follows a contact enthalpy 

line on the psychrometric chart, but there is no serious error 

involved in charting it along a constant wet bulb line. Since 

then the evaporative cooling process follows the eontant wet 
bulb line on the psychrometric chart, the entering wet bulb 
temperature determines the lowest dry bulb temperature at which 
the air can be supplied, The degree of saturation that is ob-
tamped and the reduction in dry bulb temperature depends upon 

the type of saturating device used. In some cases it is desired 
that the air may be x.00 percent saturated why in other cases, 
the degree of saturation required may be limited to `best serve 
the design requirements. 

26 
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3.2  EVAPORATION PROM SURFACE  t- 

Evaporation from the surface can be beat illustrated 

from the concept of mass transfer. When there is an exchange 
of mass between a solid or liquid surface and a. moving fluid, 
the transfer is considered to take place by convection. If the 

fluid motion is a forced motion, the process4said to be forced 

convection, and it is called a free convection if the fluid 
motion is due to gravity. 

The theory of mass transfer by convection is ana-
logous to the theory of heat transfer by convection. Consider 

an example of a heat transfer from a flat surface to a moving 

air stream. There being a film of hot air adjacent to the hot 

surface, some of the air from this film is picked. up and trans-

porated by the air stream. In the case of evaporation from a 
wetted surface the process is similar. There is a film of 
saturated air at the surface and some of the saturated air is 

picked up by the moving air stream. 

The rate of heat transferred is usually expressed as 
2/3 

4 

where 	q 	Rate of heat transfer B.T.U./hr. 

it velocity, 

A z Area in eq. ft. 
A t = Temp. difference in deg. F. 

K = Contant. 
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For evaporation from a similar wetted surface the 
formula for mass transfer is ; 

Mass transfer per unit time ,:: KY2,3 A x( vapor pressure 
r ' 

difference) 
The, two fort u1 ae- are similar. 

We see that both mass transfer and heat transfer 
vary approximately as 2/3 power of the air velocity, In the 

case of heat transfer difference in temperature is the driving 
force while in case of mass transfer the driving force is the 
vapour pressure difference. 

There are so many other processes In which there 

is a simultaneous transfer of heat and mass between water and 
air. In such cases both the water and air change temperature 
during the process. This is true for evaporative condensers, 
cooling tower and for air washers in which either the water is 
heated or chilled external to the spiray chamber. 

3.3 THERMODYNANIO CHANGES BETWEEN AIR AND WATER ;- 

1 •  In figure 3.1 , the water is constantly re-

circulated so that it soon reaches the equilibrium with the 

thermodynamic wet bulb temperature, of the entering air, both 
water temperature and the wet bulb temperature  of the air being 
the same. 

The water temperature remaining constant, lowers the 
drybulb temperature of the entering air so that it approaches the 

W 
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water temperature. This being an adiabatic process, the wet bulb 

temperature remains constant but as the humidity is increased., 

the dbt of air falls. 

2. If the heated water is supplied to the appa-
rates, the air will be heated. The water temperature is lowered 

as the wet bulb temperature of the air is increased. This is 

illustrated as shown in Fig. 3.2. In such a process in which 
heating and humidification take place, the final wetbulb temp-
erature approaches the final water temperature. 

3. If instead chilled water is supplied to the 
apparatus, the cold water will be heated up as the wet bulb 
temperature ofthe air is lowered as shown in Fig. 3.3. In such 
a cooling process the final wet bulb temperature of the air will 
always be higher than the final water temperature. 47hen, the 
spray water temperature is lower than the dew point temperature 
of the incoming air, the air will be both cooled and dehumidified.I 
The lower the spray water temperature, the greater will be the 
condensation of moisture from the air and greater will be the 
latent heat removal. 

3.4  pFI0 WY OF AN 'VAPORATWE COOLER  a - 

To evaluate the performance of an evaporative cooler 
the terms saturating effective-aaee, or evaporative cooling 
efficiency or humidifying efficiency are used. This relationship 
can be defined as the ratio of the actual lowering of air tem-
perature fo the wet bulb depression - the difference between the 

0 



entering dry and wet bulb temperatures, 

The following formula for saturating efficiency 
is given : 

ta - ti 
ta - tat 

where 9 	Saturating effi oiency, 
entering air drybulb temperature. 

ti 	leaving air drybulb temperature  
to"- entering air wetbulb temperature. 

The above equation does not apply, when there is 
cooling with dehumidification. It is only applicable to an 
evaporative cooling pro ceee in which the wet bulb temperature 
remains constant and spray water is neither heated nor chilled. 

The saturating and heat transfer efficiencies of 
air wadhere are dependant upon #h a following main factors s - 

1. Air Velocity, 
2. Pater to air ratio* 
3. Spray nozzle design and pressure fineness 

of atmoization 
4. No. of spray banks and no. of nozzles. 
5. Entering air drybulb and wet bulb temperatures. 
6. Entering water temperature and water temperature 

range. 
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3.5 TYPES OP EVAPORATIVE COOLING t -~ 

.3.5.1 DIRECT EVAPORATIVE 000LINGF :- 

This  will be discussed for outdoor air entering 
the cooler at one dry bulb temperature 95 F but two different 

wet bulb temperatures (65 P and 75 Deg. P) as shown in psychro-
metric chart of fig. 3.4. The air is brought into intimate 
contact with water in a number of ways, one way being by the 
drip type evaporative cooler as shown in Fig. 3.5. As the 
process is plotted along the wet bulb line it tends to become 
saturated. The final condition of the air depends upon the 
evaporative or saturating efficiency of the device used. 
In this case, we have assumed the efficiency to be 80 percent. 

The cooling load, the quantity of air delivered by 
the cooler, the dry bulb temperarure of the cooler outlet, deter-
mine the conditions of the air leaving the cooled space, or the 
air flow rate is determined from the sensible cooling load and 
allowable temperature rise of supply air in the space, if certain 
design conditions are to be met. If 6° P temperature rise is 
assumed in the space for the conditions selected as in. Fig.3.4, 
this will result in a room temperature of 85° F when the 
cooler entering W B.T. is 75 and a room temperature of 77 deg. 
F when the entering wet bulb temperature is 65 deg. P. The 
air flow rate per ton of sensible cooling is 1900 and 1755 
ofm respectively. It is evident that air flow rates are 
higher then evaporative cooling is employed as compared to 
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refrigerated air conditioning. Since there is no dehumidification 

the internal latent load does not in any way effect the sizing 
of the' evaporative cooling device. Moreover the evaporative 
cooling system uses 100 percent outside air. 

3.5.2  TWO STAGE COOLING  :- 

For the same two entering conditions as in Fig.3.4 
the condition line is plotted on the psychrometric chart for 

a two stage evaporattte cooling process . Two stage evaporative 

air cooling involves sensible cooling in first stage and 
adiabatic saturation in second stage as shown in Fig. 3.6. 
Indirect use of evaporative cooling in first stage permits 
delivery of supply air at a wet bulb temperature below that 
of entering air. In the Fig. 3.7, cooling tower and water tk 
to air heat exchanger followed by a direct evaporative cooler 
are shorn. Inthe indirect stage it is assumed that the temper-
ature of outdoor supply air is reduced to within 8c F of the 
outdoor wet bulb temperature by employing a cooling tower and 
a dry extended surface coil. The reduction will require an 8 
row coil operated in counterflow. ' In the first stage, the 

evaporative cooling effect is used to cool water circulated 
through the coils in the supply air stream. The supply air 

stream at a reduced dry' and wet bulb temperature is then taken 

through a direct evaporative cooler having a saturation effici-
ency of 6O in this example. Comparing the two cases, it is 
seen that in the indirect system, the reduction in dry and wet 
bulb temperatures is much more. Assuming that the temperature 
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leaving the cooled space is same i.e. 55 deg. F for SV.B.T. of 76°FI 

and 770  P for W.B.T. of 850  F, the air flow rates for each ton 

of sensible cooling comes out to be 1050 and 665 ofm respectively. 

This is in contrast with 1900 and 1755 afm ,in the case of direct 

cooling. The dew point temperature and relative humidity in 

the space are lower in both the cases. The reduced air flow 
rates and improvements in leaving conditions are obtained at the 
expense of the additional equipment i.e. cooling tower$  coil 
and piping system, required to accomplish the first stage of 
cooling. If the air is to be cooled approximately to the drip 
point temperature#  other stages can be added #  however, dim .nishing 
results are accomplished in the succeeding stages. From the 
economic point of view, one indirect and one direct stage is 

used. 

3.5.3  MULTI-STAGE EVAPORATIVE COALING  s 

As stated above there can be more than two stages 
of cooling to reluoe the wet bulb temperature of the air deliver-
ed from evaporative cooling system and thus increasing the over-
all efficiency. In the previbue example, the first stage cooling 
was done by means of a cooling tower and water to air heat ex-
changer,, which was followed by a direct cooling system. 

• Another type of stage cooling utilizes two air-

washers and an air to air beat, exchanger. As shown in Fig.3.5, 
the outside air is first draw, through an air washer which 
then evaparatively cools it. The moist cool air is then passed 



through another air to air heat exchanger which cools another 
stream of outside air. The moist air after picking heat is 
discharged to atmosphere. The dry cooled outside air is then 
taken through a second air washer where it is evaaoratively 
cooled and than delivered to conditioned space. The drawback 
of this type of stage cooling is that since air to air heat 
exchanger is used instead of water to air heat exchanger, which 
results in a lower heat transfer rate. This requires a greater 
heat transfer area. Consequently, the dry cooling state is 
designed for L2o  F approach to the moist air temperature rather 
than 8 deg. P. approach to the entering wet bulb temperature. 
In areas where the wet bulb temperature is high, this method 
of cooling is less efficient. 

Another type of multistage indirect cooling system 
replaces the air to air heat exchanger with a water to air heat 

exchanger producing the same results in the conditioned space. 
When one side of the surface is wet a smaller heat exchanger 
can be used due to better heat transfer. 

S5,4. i E REGENERATIVE DRY COOLING SY$Ti, s ,. 

This system bypasses the cooled air withdrawn from 
the conditioned space through the spray chamber instead ofthe 
outside air. This will result in lowering the spray water 
temperature to within 4 deg. P of the room wet bulb rather than 
the wet bulb temperature of the outside air. Air is drawn from 
the room by a fan and is discharged through a spray chamber, 



cooling water which is. +dirt lat ed by a pump through  an, 

extended surface heat exchanger. Outside air is drawn by 

another fan which after flowing over the coils is delivered 

to the room. 

3.5.5 ' 	TYPE H1M EX GI .NGtA 5YSTiM i - 

This is a small variation from the previous 

system deac`ibea. In this system, the cool return air from 
the conditioned space is passed through a spray Ohember and 
then passed through a, large plate type air to air heat ex-
changer. In this exchanger the outside air is cooled by conducti 

and s then delivered to the conditioned room. The disadvantage 

of this system is the bulk and high cost. 

3.5.6 OO!BI3TtON ' 'G',A,PC?R ,TIVE COOLING WITH R RIGRATION * - 

Indirect evaporative cooling may be used 

effectively with precooling with refrigeration. 
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3.6. lr MAINTINANOE OF EVAPORATIVE AIR COOLERS $- 

The condition of the evaporative cooler is the main 

factor in effecting the efficiency of these types of coolers. 
If the water used is hard thereby forcing scale$ it will clog 
the pad and consequently the efficiency will drop in proportion 
to the degree in evaporation and airflow. The use of a bleed 
off is therefore, essential if minimum mainten toe and good 
performance are to be achieved. A portion of the sump water is 
continually drawn off. This reduces themineral concentration 
thus reducing scale deposits. 

A bleed off rate for evaporative coolers may be 
determined by the filowing equation i 

of 

where 	B ,r Bleed off rate gallons per hour. 
Hardness of supply water grans per gallon. 

C2 # Hardness of sump water grains per gallon. 
R 	Rate of evaporation gallons, per hour. 

If the bleeding off rate Is equivalent to one half 
of the amount of water evaporated, satisfactory control of scaling 
to obtained. This is approximately 1 gallon per hour per 1000 ofu. 

3.7 EVAPORATIVE 000LIINt AND 0©MFORT 

3.7.1 C#E_.. E~ to 

Both dry bulb temperature and 3selative humidity 
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have an effect on the comfort of an individual. There are 
various combination of these two properties wbich result in 
equally desirable conditions for comfort. The American Society 
of Heating and Ventilating Engineers have published data showing 

the comfort zone super-imposed on the psychrometric chart. From 
this chart it ean be known whether the final condition that 
is obtained by cooling falls within the limits of p ologioal 
comfort. Evaporative cooling has been found to be much useful 
in maintaining conditions that fall well within these l .mits. 

The increase in relative humidity to the major draw-
back which prohibits the use of evaporative cooling systems in 
some areas. To predict whether evaporative cooling is feasible 
in certain areas, actually it is more practicable to consider 
wet ° bulb design temperature instead of relative humidity. once 
the wet bulb temperature governs the leaving air temperature 
from the evaporative 000ler,a low wet bulb assures a low 
conditioned temperature. For example, near the Gulf of Mexico 
the relatve humidity is low, but the wet bulb temperature are 
high ranging from 800  P to 850  F. Although, the dry bulb tem-
perature near these places is about 120 to 125 deg. p, the net 
oolingprodueed can not bring the conditioned air to the comfort 

zone. In contrast, some of the intermountain states where the 
wet bulb design temperatures are of the order of 64 to 68 deg. '. 
make evaporative cooling ideal. 

The comfort level of the room conditions that can be 
maintained must be predicted in evaluating whether evaporative 
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cooling can be used. It is, however, difficult to relate the 

environmental factors of dry bulb temperature, wet bulb tempera-
ture, or relative humidity, room air motion and mean radivnt 
temperature or the average temperature of the enclosing surface 

on individual comfort. The American Society of Heating and. 
Airconditioning engineers have given the effective temperature 
which is at present the only index available for correlating the 
first three of these variables to determine environments of equal 
comfort or equal discomfort. Dr. Bedford has modified the effec-
tive temperature chart to include the effects of mean radiant 
temperature as indicated by a globe thermometer. Thus this chart 
is very useful in comfort cooling installation as it gives all 
four factors of concern necessary for comfort. 

Due to #a a changes that have o ccured in standard 
of living, dress etc., the comfort chart Is under revision. 
Recent studies have shown that below dry bulb temperature of 
800 P, effective temperature over emphasizes the effects of 
relative humidity, while above this temperature, effective 
temperature, more nearly represents the effects of relative 
humidity,,. For this reason, also it is seen that the conditions 

at which most sedentary are comfortable fall within a dry bulb 
temperature range from 73 to 77 deg. P. and relative humidity 
from 25 to 60 percent, when room air velocities do not exceed 
25 to 35 fpm. In a qualitative way these limits also take in 
to account the effect of mean radiant temperature. The upper 
limit I.e. d.rybulb temperature of 77 def, P and 60%ig~t jt 
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relative humidity correspond to an effective temperature of ?30P. 

3.7.2  AIR MOTION P0R COMPORT 

If the same effective temperature is desired, the 

other conditions of dry bulb, wet bulb temperature and air -

veloaity can be obtained from the comfort chart. Selected oombi-
nations of these variables corresponding to an effective tamp- 
arature of 73 deg. 2 are given in table 3.1. 

ALE 3.1 
ROC OO1.WITION8 PR0YIDI 	PE0TIVEFFECTIVE T1&PATURE 0 

BASED UPON A$F!AE Ef'FEGTIVE TEMPERATURE CHAT. 

Dry 	Wet bulb 	relative room air velocity 
bulb 	temperature humidity 	r.P.M. 

ercent,  

77 	 67 	60 	Less than 20 
80 64.3 43 Lees than 

80 70 61 170 

80 75 80 320 
85 58 16 Less than. 20 
85 65 33 260 
85 70 48 480 

From the chart a significant thing is noted that as 

the wet and dry bulb temperatures are increased to maintain the 

effective temp. of '73 , the room air motion increases appreoiab-
ly. Thus the increased air motion can compensate if the dry and 
wet bulb temperatures are high. Thieis the main reason 3 c why 

0 
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for cooling of sedentary individuals in regions where the wet 

bulb temperature is moderately high. In some hot industry 
applications the target velocity (the velocity of the air 
impinging upon the worker) of more than 300 fpm has been 
used with success. But this is too high for the comfort cooling 
of sedentary individual. This shows that higher velocitee can 
not always offset the higher temperatures. The recent inveeti-

gation has shown that for higher temperatures and high humidity 
the air velocities of 120 fpm produce the beet results. 
Velocities of 200 fpm to 300 fpm have been found to give some 
improvement on the comfort of sedentary individual. 

3.7.3 F, 'FECTIVE TE 'ERATURES s - 
~i+1~11~~1 A t 

The higher limit of effective temperature that 

produces relief from sensible perspiration has been found to be 

78 F. For most sedentary individuals the environments at this 
effective temperature is uncomfortably warm:. But moderately 

active .irk- standing person would feel. such conditions as comfor-
table or comfortably warm. In such cases evaporative cooling 

will be considered as suitable for relief cooling measure. 

Lower room air velocities are allowed if a higher design 

effective temperature is used or the higher design effective 

temperature would permit the applications of evaporative cooling 
in areas of higher wet bulb temperature. It should be noted 

that the conditions maintained would not be satisfactory for 

all the persons, but would provide some relief, In areas of 

low wet bulb temperature (65 to 70 F) the same room air veloeiti 



will be desirable for evaporative cooling systems as for 

refrigerated, air conditioning. 

3.7.4 Rte Q0OIiING N HOT' fl DUSTR : - 

The foregoing statements are for providing satis-
factory summer conditions by the use of evaporative cooling 

for sedentaryindividuai.s .or slightly active individuals. In 
hot industrial applications, the effective temperature is not 

applicable since the heat productionof the individual is greater 
The Belding and Hatch heat stress index affords one means of 

evaluating the effectiveness of evaporative cooling in providing 
relief cooling to minimize heat strains in hot areas. The imp-
.rovemea t that can be made with evaporative cooling is illus-
trated by the following example. 

Assume a plant located where the design dry bulb 
and' v et bulb temperatures are 9F and 75 respectively. it is 
assumed that the mean temperature of the solid' eurrouadinge 
is 105 F. The workers are standing and doing moderate work at 
a machine or bench ,so that their matabolism is about t000 BTU 

per hour. Suppose that a ventilation system is provided so 

that in one case outdoor air at 95 P (assuming no temperature 

rise in air) is directed on the worker. The wet bulb temperature 

of this air is 75 F. Evaporative cooling hav6► a saturating 

efficiency of 8O, is then added. The condition of the air 
leaving the evaporative cooler will be 79 P dry bulb and 
75 F wet bulb temperatures. Assuming a 6 F temperature rise 

41 
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before the air impinges upon the worker, the dry and wet . bulb 

temperature of the air will be 88 F and 76.5 respectively. 

The Belding and Hatch heat stress index for these g temperatures 

conditions and for several air velooities is give, in Table 3.2 
TI 3 

Heat Stress Indexes computed from Belding and Hatch data 
for an aeet ed industrial spot cooling problem for 
ventilation with outdoor air and with outdoor air 

evaporatively cooled, showing improvements made 
with evaporative cooling. 

 can +p. Globe_8up-p y air temp. Velocity Heaof surr-  h$~o 	Oomment. 
ounding 	eter Dry bulb Wet bulb ~f k air 	ese 

( 	 I worker 	ess I eadi 	
t 	n fPm 	~ndej  

106 100 95 75 100 82 	Very a evere 
strain only 	nall 
%age of workers 
qualified for wor 

108 99 95 76 300 60 	Severe heat 
strain, some dec- 
rease in the p er- 
formanoe not 
suitable where 
mental effort is 
required. 

106 97,5 95 75 600 50 Same as for heat 
stress index 60 
but not as severe 

106 93 85 76.5 100 65 Severe to very 
severestrain 

106 91 85 76.5 300 37 Moderate to 
severe strain.Som 
decrease in the 
performance in 
physical jobs 
expected.. 

106 89.5 85 76.5 600 28 Mild to moderate 
strain. Some de. 

crease in perfor- 
mance in jobs 
involving higher 
intellectural 
functions. 



Comparing the heat stress indexes at the highest 

velocity considered (600 fpm) shows the improvement made by 

evaporative 000ling.When there is no cooling and the air 

velocity is 600 fpm the heat stress index is 50 which is defined 

as the severe beat strain. 3y employing evaporative cooling 

device the heat stress index is reduced to 28 which shows a 

mild strain only causing a slight deor ase in performance. 

This shows the improvement done by employing evaporative Cooling. 

3.8  DBSIG11 CAF 'EVAPORATIVE COOLING SYST II$  :- 

In the preoeeding chapter evaporative cooling for 

the comfort of sedentary individual and relief cooling in hot 

industries have been discussed. For designing of evaporative 
cooling system, the system should be well engineered as Is done 

in mechanically, refrigerated systems. The most common method 

of calculating the evaporative cooling system was to find the 

cubical content of the room and thenam arbitrarily assuming 

a.'2, .2. or 3.minute air change . Equipment was selected on 

the bash. s of this air change. 

S. a. i EVAPORATIVE COOLING 0 ' 8PAC1 a - 

Knowledge of the local wet bulb and dry bulb 

temperature is very important in the application of evaporative 

cooling systems. Conditioning of stores, small offices, 

churches, etc., by means of evaporative cooling requires a 

thorough knowledge of the history of wet and dry bulb temperatu 

of the locality. Prom this history$  a design wet bulb tempera-

ture is selected. Once the design wet bulb temperature is 

u 
r 
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selected, the condition ofthe air leaving the system can be 

known by assuming a certain value of saturating effectiveness. 

While selecting the temperature of the air leaving the cooled 

space it should be seen that the relative humidity does not 

exceed 60 to 70 percent, the air velocity is not excessive and 

that a suitable effective temperature is maintained. 

The capacity of the evaporative cooling system is 

determined by the air flow rate and the a cturating effectiveness. 

A central air washer systen may be selected to some cases. When 

large air volumes are to be handled the attention for the noise 

generated in tl duct system should be given. Inorder tO reduce 

the temperature rise in the duct and reduce the duct size, the 

highest air velocities consistent with good practice is desirable. 

To provide uniform air motion the proper supply outlets are 

selected so that they discharge at the correct level. 

Since 100 percent outside air is used and no 

recirculation of the room air is allowed, the important factor 
in designing the evaporative cooling system is to provide 
a provision for exhausting the same quantity of air as that 
delivered by the evaporative cooling system. This is very 

important otherwise the air flow rate will be reduced and the 
relative humidity will rise to an uncomfortable level. Exhaust 

can be of natural type or mechanical type. 

The following table gives the air change rates 

that have been found to provide acceptable results with evaporati 



cooling for various wet bulb depressions. 

''ABLE - 3.3 

mime required for air 	Approximate wet bulb 
change, minute. 	 depression 

3 	 31.35 
2 	 25.30 
1* 	 20.25 

These values do not take Into account the 

variations in heat gain and thus are only useful as a guide. 

3,5.2  INDUSTRIAL RELIEF 000LING  t- 

Chile evaporative cooling using all outside air 

finds its chief application in comfort cooling there are many 
uses ofit in industrial airoonditioning. Evaporative cooling 
improves the working conditi as a or processes. 

During the summer in the factory, even to obtain 
the ors ditions prevailing outdoors will require a huge quantity 

of outside air, because of a large internal load created inside 

the factory. Through evaporative cooling and using a reasonable 
air quantity the temperature can be reduced from 5 to 10 F 
below the temperatures prevailing outside. 

In regions handling volatile and inflammable eolventel 



evaporative cooling may be used to maintain 'sufficiently high 

humidity to prevent explosion. In printing, in which it is 

desirable to maintain proper humidity control to size the paper 
accurately, evaporative cooling can be effectively used. 

3.8.3  !'QT RELIP'' QQQ rING  %- 
Many industrial processes create localized hot 

areas which present exceeding difficult working conditions • 
Evaporative cooling applied at these hot spots where the workers 
are required to stand provides relief and improves the efficiency. 

When cooling a relatively large area such as 

areas where casting and remelting are done, target velocities 
of 600 fpm are used. For spot cooling each man receiv 2000 
ofm or lees with supply air velocitiesrangira from 400 to 1000 
fpm. The natural air path is directed at the waist line at a 
point near the shoulder. This location was found to be most 

suitable after research. Workers objected to an overhead blast 

which impinges on the head or face. Some manual control is 
provided. By means of adjustable outlets the worker if desireeL 

directsany part of the air on is head or shoulders. 

When the cooling is done at the hot areas maximum 

saturation of the air is recommended. The temperature rise in 

the ducts is minimized by the use of high due* velocities. 

Velocities of 3000 fpm have been used. This is permisstble 

seeing the average noise level in the plants. In extremely hot 
temperatures the duct material should be such that it has low 
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emissivity. 

3.9 APPLICATIONS OF EVAPORATIVE 0O0L1 'G :- 

3.9.1 LAUNDRIES AND DRY CLEANING t -~ 

Evaporative cooling of laundries and dry cleaning 
establishments, requires the same precautions as given in indus-
trial relief cooling. If the c ling height is more spot cooling 
is usually employed. The air flow rates vary from 500 fpm to 
1000 fpm per worker. Target air velocities of 600 fpm are used.. 
The supply velocities range from 1000 to 1200 fpm. 

In areas where the ceiling height is low and the 

number of workers is, high, general space cooling niay be employed. 

Mechanical exhaust is preferred to natural 
exhaust to prevent possible increase of humidity. 

3.9.2 GREEN HOUSE COOLING :- 

Proper regulation of green house temperatures 
durin the summer is essential for developing high quality 

Plant growth is affected by the temperature because 

it influences the processes which occur within the plant. 

Uptill now the green house' temperatures were 
controlled by natural ventilation and the application of shading 

devices to protect from the solar heat. A properly sized and 

installed evaporative cooling reduces the temperature 10 to 15 P` 

below the outside temperature in summer without the use of any 
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shading devices. Even it the natural ventilation system is very 

effective and the air is moving at rate equal to one air change 

each minute, temperature cannot be held down, to satisfactory 

level and will range between 5 to 15 F above the outside temp-

erature. evaporative cooling improves and increases the produo. 

tivity and reduces material and labour costs for the following 
basic reasons %. 

I. It lowers summer temperatures by 15 to 30 F. 
2. It improves the humidity conditions. 
3. It reduces the need for watering the plants. 
4. It eliminates stagnant green house air. 
5. It provides cooler and more comfortable working 

conditions. 

6. It eliminates the use of shading devices 
except for light control. 

7. It reduces insects, bacterial $  duet etc. 
8. It keeps plants on schedule. 

Uniform air motion is important because all sur-

faces of the plant are to be cooled. Velocities should be held 

as low as possible to prevent the damage f the plant. Velocities 
from 20 to 50 fpm are optimum. To compute the heat gain for 
evaporative cooling, the solar beat gain is the most important 

to be considered. Of the total solar heat gain 50 percent must 
be removed by cooling. 

The evaporative system consists of aspen wood pads 



o, one side of the house. The exhaust fan is located on the 

other side so that the air is drawn ao toss the beds of the 

plant. Pads are wetted by troughs at the top. Water is supplied 

to the pads at the rate of 1/3 gpm per linear foot of the pad. 

The air velocity through the pads is about 123 fpm. The pads, 
are such that they can be either covered in winter or can be 

replaced by glass. With this system 90 P are maintained in some 
New England installations. 

Other uses of evaporative cooling are the condi-
tioning of common storage of fruits and vegetables, animal 
shelters and dairy houses. 

3.9.3.  INDUSTRIAL APPLIQATI©N$  :- 

Tie  field of application of evaporative cooling 
is much more vide in relief cooling of industrial places than 
the comfort cooling in office spaces or other placedview the 
persons are le as active. This is also applicable as a process 
cooling device where comfort is of secondary importance. 

The industrial applications include relief cooling 

of individuals in various metal working operations, the rubber 
industry around tire process and miller  laundry and dry cleaning 

establishments, the textile industry and other industrial 

operations in which the heat gain from the process is the primary 
heat source. 
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Process cooling applications would include cooling 
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of parts leaving paint and enamelling ovens, hot extruded pro-

ducts and similar processes. 

Generators, motors and transformers may be cooled 

directly by blowing cool air through the windings. The air-

washer provides both duet free and cool air for this 

application. 
There are two general methods of air-washer 

application for generator cooling termed as the open and closed 

systems. 

3.3.0 CONTROL OF EVAPORATIVE COOLING SYSTEMS :- 

n evaporative cooling system should be designed. 

so that it can be used for straight ventilation only at the 
beginning and end of the cooling season. Thus full use of the 
cooler is obtained when the outside temperature is high. It gives 
good ventilation when no cooling is required. The most effective 

method of control which has proved most practical is a thermostat 

that turns the complete unit off when the conditioned space 
becomes too cool. It also controls the blower and water supply 

on changes in room dry bulb temperature. Modulating dampers 

are also preferred in some designs. In these, the fan is stopped 
at a predetermined minimum supply temperature. Since the 
evaporative cooling can be used for ventilation, automatic 
control can. be used to shut down the water supply during mild 

weather and at nights when evaporative cooling is not needed. 
When several units are used in parallel, the control can be 
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arranged to out off one or more. coolers to modulate air temp-

eraturge. 

Two stage evaporative cooling system can also be 

controlled. A two stage dry bulb thermostat first starts the 

direct evaporative cooling stage.. At a preset higher temperar-
ture the dry cooling stage is included to provide maximum 

cooling. 
Humidity control can be supplied where it is 

desired so that in case the humidity rises too high, the evapo-

rator can be turned off. A humidistat is employed to keep down 

fhe humidity within acceptable limits. 

3.11 MAINTENAN03 OF EVAPORATIVE C0OLItTG SYSTEMS  s 

For satisfactory operation of 'tbo evaporative 

cooling system proper maintenance is very important. The 

motor and blower should be frequently inspected to prevent 
excessive noise. The most important aspect of maintenance is 
keeping the water distributing systems in perSect working order. 
This includes pads, nozzles etc. ?or systeas- using recirculated 
water, the mineral concentration increases as the water is 
evaporated. Scale deposits form that plug or clog the wetted 
surfaces and reduce the air flow. The control is effected 

by bleeding sufficient water to keep re-concentration of solids 

to a minimum. in some cases water is bled continuously. 

Pads exposed to outdoor air will gradually become 



dirty through collection of duet, leaves etc. frequent 

inspection should be made and they should be replaced when 
they are seen to give indication of deterioration or plugging. 
The pads should be replaced annually. 

When spray equipment is used, periodical 
cleaning of oelle, nozzles and baffles should be done. 

52 

-$o:- 



G PTER •• IV. 

AIRWASHER 	THEORY, 

4.1 Diffusion. 
4.2 Mass Transfer Theory. 

4.2.1. Heat and Mass Transfer in a pan Humidifier. 
4.2.2 Molecular Diffusion. 

4.3 The Diffusion Coefficient. 
4.4 Analogy to conduction Heat Transfer. 
4.8 Equimolal Counter Diffusion. 
4.6 Lewis Relation. 
4.7 Simultaneous H eat and Mass T ranster Between Water 

Wetted Surface and Air 
4.8 Basic Equations for Airwasher  a. 

i 
	 4.9 Airwasher Humidification Process on Psychrometric 

chart. 
4.9.1 Illustration. 

440 Httnidification of air 
4.11 Contact Mixture Theory. 

4.11.1 Contact Mixture theory as applied to Humidification 
Process. 

4.11.2 Heated Water with zero bypass factor, 

4.11.3 Heated Spray water with bypass factor — Process 
of Humidification for any general process. 

i 



CHAP'T'ER - Iv. 

ATR WASHER 'HMS 

4*1 I F, Z LSION s. 

When a wet surface is dried by an airflow 
the vapor escaping from the surface is carried away in the 
air flow by convection. First f  however, It must penetrate the 
boundary layer on the surface by diffusion. The mass flow 
arising by diffusion is given by Pick's law which Is much the same 
as,  the heat conduction equation. We describe a simple 
experiment to understand this law. 

A glass tube closed on one end may be filled 
at the bottom with a little water. Over thee'  open end of the 
tube an air flow is blown with a certain concentration of water 
vapour, T1e air velocity may be small. The total pre-s.sure within 
the tube is then constant and equal to the outside pressure. The 
partial pressure Of the water vapour outside the tube is genera-
lly different from that over the water surface. The partial 

3 
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Pressure of the water vapour over the water surface equals the 
saturation pressure at the surface temperature. The partial 
pressure at the upper and of the tube is fixed by the partial 

pressure in the airflow.Vithin the tube the partial pressure may 
be as shown in Figure 4,..C„ The weight of water vapour per unit 

of area l~l, the weight velocity connected with the fza=* 
diffusion process is according to Pick's law. 

Wv D d0v/cc 
where cv Is the concentration of the vapour in te per 

cubic ft, 

D = diffusion coefficientt 
and d0 /dx 12  the  gradientof the concentration along the 

tube axis. 

The diffusj t depends upon both masses which 
diffuse Into each other, 

p,  The concentration 0. Can be expressed by the 
partial pressures pv  

v 	/V 	= py,/RyT 

where WV 	lbs of water vapor. 
With this the Pick's law becomes#  

y 

RT c 

Negative sign is because of the concentration 
gradient being negative in the direction of diffusi ,n. In this 
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form only the Pick' a law is valid for great temperature difference 

At extremely high temperature differences there is added to 
the diffusion given by equation -(A) a'. second kind of diffu- "' 
lion which arises at ,contant partial pressure and which is 
called thermodiffusion. 

Since the sum of the partial pressures P. and 

pp  is oonnt. and equal to the total pressure p, they* corres-
ponds to a gradient of vapor pressure a gradient of the partial 
pressure of air. 

As equation -(AA) must also be valid for air, a 
mass flow of the air must arise which is in opposite direction 
to the vapor flow. Since the tube is sealed from the bottom 

no air can leave from the bdttom. Therefore, a convective flaw 
in upward direction must be present within the tube which 
compensates for the diffusive air flow. The velocity of this 
convective flow may be v. The amount of vapor which is trans-
ported by this convective f IaN through the crow section 1-1. 
per unit area and time is vov • Therefore, the whole weight 
velocity of the water vapour in the cross section 1-1 is 

D 	p 	p. v 	S,T 	do 	R,T' 

The same relation must be valid for the resulting air flaw. Since 
the flow is zero the resulting equation is 

e  - 	RaT 
+ v  d 	R T a 

0 



which gives 

D 

pa  dx 

Since pa + pv = oontt. , 

Pa ~ P.Pv 

Differentiation gives ; dpa/dZ 	-dWdx 

Hence, v D 	dpr 

	

_.ter...... 	.... ~.... ~.... 
P-pv) 	dx 

and for the weight velocity of the vapor. 

- D 	 t v pp
2 222 

	

BVT' 	I dx 	RVT 

or 	W = 	 D 	dp7 D 	dpv ~r 	 ..r..rrw 	.~rrrrwr r w.wrr.r r.~r.w. • RQT dx p-p.4 dm 
D

w it wrra.. +1.rpw.+wr.s 

.,. 	
RVT pwpv 

This equation is called the $tef ants law. 

When the cross-section of the tube is contant 
over x equmt .on (B) can be integrated, since WV. Is then 
independent of X. Also the velocity 'v' is contt. 

By separating the varia'bleE and integrating 

	

2 	a: It 

v 	 p 

	

log 	_ 	= WV it ~T 
p v~ 

	

D 	p 
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RT 

-'ra 	 4 dx 	 1 f 
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or W 	r 	 » log 	—. . 0) 
Y 	V2 

Prom this equation the weight velocity can be 

oaloulated from the partial press es at both ends of the tube. 
when the diffusion coefficient is known., Inversely such are 
experiment can be used to determine the diffusion ooetficje t 

by measuring the partial pressures and the weight evaporated 
Per hour4  

As long as the difference in partial pressures 
to small when compared with the total pressure equationra (0) 
can be simplified to 

This equation is exactly of the same fora as 
the heat conduction equation in plane wail. 

4.2 VMS TRAUSPER THEORY 

Mass transfer by diffusion or by convection 
is the transport of 040 component of a mixture clue to a conoen  
tration gradient. Heat transfer by conduction or convection 

is the transport of energy due to a to perature gradient. 

Heating or cooling of air involves only heat transfer result.. 

i in temperature ohetge of the air. In a 'true airfooraduiorai rag 

pros see howevex, there is a simultaneous transf or of heat an& 
mass (water vapour) between the air stream and a vetted 
• surface. The wetted surface may be water droplets In an air 

washer# wetted e3.aEo of cooling tower, condensate covering the 
surface of a dehumidif .ying coil or wetted tubes of -o eaporati 



oonduneer. 

4.2.1 BEAT' AND MASS TRAMPER IN A PAN , MIDI'IS'R t 

Air flow -- . t1,,, Pel  • 

Interface t4, P., 

Heater 

Pig. 4.1 
Air at a temperature t1, flows steadily over 

a pan containing water at a bulk temperature t . The air 

contains a certain mass fraction of water W 
m 

where ma  = mass of water vapor#  

and m 	mass of mixture of air and water 

vapor. 

Subs eript.. ' a' indicates properties of the 

diffusing component (wator vapor) subscript 'a' denotes the 

properties of the nondiffueing components (dry air) and 

symbols without I' tter subscripts indicate properties g of 
the mixture. 

The stater vapor content of the air can be 

expressed alternately in terms of its partial pressure pal  
mass density Q i, humidity ratio ' = mjma 
or col fraction xer 

58 



At the interface between the air stream and water 

evaporation is taking place and a saturation state exists at 
the interface temperature ti.  Thus the partial pressure psi. 

at the interface is the saturated vapor pressure of water 
corresponding to temp. tit « The temperature ti alone 
fixes the properties of the interface. 
The heat transfer per unit of surface area between the air 
streamt and the interface is expressed as the product of the 
beat, transfer coefficient 'h' and the difference between 
the interface and air stream temperatures. 

ca A 	h tti - 'i) -.-.~~..w__ ( 1 

where ,a ; heat transfer rate .between air stream 
and the interface BTU/hr. 

A 	= 	het transfer surface area 
h 	= 	heat transfer co efficient .B'T'U/hr/sc .ft./°?. 

The corresponding mass transfer per unit area is 
expressed in trine of the mass transfer coefficients hD or hg 
as 

f 0. 	( >11 -- 	-  i 

but Qe 	W 

hence WA 	=~ hD{ i ei - 	3 	., .....,»..~...._....,,( ) 
also, WA 	hG (P8  

where K 	= mass transfer rate in lbo/hr. 
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mass trap filer coefficient Elbe/hr/sq•ft. 
lbs/* cu. ft. ) 

- partial mass density of wager lbs/c.ft. 

mass density of mixture bs/c.ft, 
mass fraction of the water vapor in mixture 

The of water vapor/lb. of mixture. 

ho = 1 ass transfer coefficient, lbs/(hr) (sq.tt) 

lbs/eq. ft. ) 

pa 	partial pressure of water vapor lbs/eft. 

Theo Partial mass density (mass concentration) 
mass fraction or partial pressure may be used as the driving 
potential for mass transfer. 

Since the water vapor transferred to the sir stream 
must be supplied with its latent heat of vaporisation beg, 
the heat flux between the liquid and interface and oonsequ ,tly 
the heat supplied by the heater is ; 

+ ( M..,) h g 
A 	A, 

	

or 	q/A = h(ti--t1 )+ hD( I ei  .. rely htg  --c 5) 

	

Also, 	q/- 	h (tw, — )  

where q = heat transfer rate between liquid and 
interface. 

hfg = enthalpy of evaporation BT1J/lb. 
heat transfer coefficient for the liquid 
side LT.tJ/(br) (st .ft) (or) 



If the flow conditions are specified so that the 

heat and mass transfer coefficients can be pre6ioted and the 

air stream properties and pan water temperature are given, 
equations (1) to (6) can be solved sImul.taneo usly. to. find (1) 

the interface saturation state (2) the mass transfer rate (3) the 

heat transfer to the air (4) the total heat transfer .supplied 
to the water by the heater. 

In the previous discussion the water temperature 
and the air temprature remained contant throughout the process. 
In many oases however, as in w.t co *nterf .ow cooling tow era 
the air and water temperature vary throughout the process with 
resultant variations as the interface state, 

4.2.2  MOLECUI►R DI `PtY$ION  s-. 

Consider a quantity of air in a closed container where 
the air at one end is slightly heated to cause a temps ature 

gradient. If the container is isolated, the temperature 
,. will soon equalize as a result of passing of the energy by a 

random mixing of the air molecules. This is a familiar process 
of heat conduction in a gas. Assume now that a small amount 
of water vapor is introduced at one end of the container which 
is again isolated. After some time the water vapor. will be 
equally distributed throughout the air by same molecular move-

ments. The mass transfer process is known as molecular dif 'u- 
eion. The equations governing this process are analogous to 
those for heat conduction. 
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The basic equation for molecular diffusion is 



usually referred to as Fick' $ law and can be derived from 

the principles of Kinetic theory of gases. Depending upon the 
parameter chosen for the driving. potential # the one dimensions]. 
diffusion rate per unit area in y direction (normal to the 
transfer surface) is expressed as ; 

MIA 	- Dv (ds.) 	.___... s___(7) 
dy 

or 	X/ , 	D( dW5/dy'y 	.....~.. ... ,....,(g) 

or 	X/ 	(Dr/R5T) (dp5/ ') 	..»........( g} 

The negative sign is there because the concen-
tration gradient is negative in the direction of diffusion 
The quantity DV is known as the mass diffusiv*ty or the 
diffusion ooeffioient and is a property of the gas mixture. 
Since the mass flux M/A is expressed in lbe/hr t and the 
partial*' density 's in lbe/o.ft-. the units of Dy' from (7) is 

Dy lba. per (hr)(ft2) ft3 per lb.ft.) w ft2/hr 

4.3 1 rnE DI IOU 00 EF 'I OI  

Kinetic gas theory calculations show that D is 
inversely proportional to the pressure and with temperature it 
increases as Tt +n where n has a value botweeno*5 to is The 
equations for diffuei , co of fioient in gases derived by several 
investigators from Kinetic theory may be expressed by equation; 

Dy' 	
P( LY +MB1'3)2 / 

!w~rrr MMrirW+Mrrr4w (to) 
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where b 	content 
PT  : total pressure atmoahperee 

MA & 	r moicular weights of the two gases in the 

gas mixture lbs/lb.mol. 

	

E , & vEB 	molecular iolt nes of the two gases in 

the mixture cu. ft. per pound mol. 

Upon noting that several theories agreed jpon''-
this form Gilliland evaluated the contt. b empirically by 
plotting the results of some 400 experimental det erminatione. 
The resulting value was 

b w 0.0069 

The principal weakness of equation (10) is the 
temperature function T "r5  since Dv is more nearly propor-
tional to T 2. Where experimental data are available for D' 

they should be preferred to the semitheoretioal oquation (10) 
A few experimental values for diffusion of some common gases 
in air are as given below : - 

Mass diffusivity for gees in air. 

Gas 	 Dy in sq. ft./hr. 

Ammonia 	 1.08 

Benzene 	 0.34 
Caibon dioxide 	0.64 
Ethanol 0.46 
Hydrogen 1.60 
Oxygen 0.80 
Water vapor 0.90 

gases at 
1 atm&77F 



Of particular interest to airconditioning is the 
mass diffusivity of water vapor in air. Analysing the available 
data# Spe3.ding found that upto a temperature of 2000 ' ' the 
mass diffusivity of water vapor in. air may be expressed as 

.000t46 	T2.5 

4.4 AGY TO CONDUCTION HT TRANSFER s -. 
Molecular diffusion is directly analogous to 

conduction heat transfer, both p}no1ert are a result of random 
moleoularmixing in a etagnent fluid or in a fluid in laminar. 
flow. In each case the equation goviring the coo eee can be 
expressed in the form 

Flux :: diffusivity x concentration gradient. 

For a 'brio component gaseous system (Sc. water 
vapor and air) -wbjah the density of the gas q and the specific 
heat Op are oontantt the followingequation can be written; 

Pick' a law for oa tent 

IA/A : —t 	~'s) 	-............». ( 9.2) 
... dy 

Fourier law for contt. 	op. 
q/'A = 	K 	(T) 	_L(  4 Op T) ___.__•-_c1) dy  

where IC 	: thermal conductivity, 
B.P.U./hr. (eq. ft.) eP ft) . 

thermal di ftisivitg eq.Zt./hr.. 
op = Op. heat at oontt. pressure. 

B.T.U./lb. (a'),. 



The comparison of heat and m ,as transfer is shown 
in sable 4#1 

'TABU - 4i1 

Transfer 	Driving 	Law 	Equation Diffusivity flux  
Potential 

Heat 	Temperature or Pourters 	= 	q/A 
energy 	 A 	y' 	op concentration 

Mass 	Mass can can- 	F cka 	- -D d40 	DKf, 
Mien, 	 A 

Equation (12) states thatinass transfer occurs 
because there is a gradient in Maas Oono trat1on a the mass 
flux equals the mass diffuelvity D. times the mass coneentra4ton 

a&i erg, Squatio:z (13) states that the heat transfer 
±±z* occurs because there is a gradient in energy conoentration 
and the heat flux equals the thermal &tfcusivLty cc 	(cap: K/ op) 
times the energy concentration ad ent. 

The equation for the viscous shear force in one 
dtnertsional flow Is 

or g13►c 	«~ a ..  

V +vtorO a law for Conti, 
where l'y 	viscous force to the yx plane, pound 

force per square root.  
9 	gravitational acceleration a 4.1? x 108 
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_ absolute viscosity The per ft.hr. 
Px = local velocity of gas in the x direction parallel 

to the transfer surface ft./hr. 
Kinematic viscosityr or momentum diffusivity square 
ft. /hr. 

Equation (14) states that momentum transfer occurs 
because therein a gradient in momentum concentration and momen-
tum flux (g `T yj) equals the momentum diffusivity (Kinematic 
viscosity) 	times the momentum concentration gradient. 

It will be noted that the mass, thermal., and momen-
tun diffusivities all have the same units ft sq. per hr., and 
that the concentration gradients are linear for a uniform medium 
of steady state. If these diffusivities all have the same 
value the concentration gradients would be identi cal .hat is 
if a fluid were in steady one dimensional laminar flow over a 
surface such that Dv ct V e the partial pressure, 
temperature and velocity profiles would all be identical in 
form. This is true ifaM op are essentially contt. t 
the fluid field and if the diffusivities are identical. 

Stated in terms of dimensionless parameters the 
condition is 

~/at ; ( 	)tom) : 	:I4Pr =1 

where Tp , : Prandtl number - op A/K dimensionless 
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a 	8ohnidt number 	 dimensionless., 

where the Prdtl number (Np r ' op 'G/) equals the 

Schmidt number (N5 , g '1̀  Apr) the temperature and p€ "ttb 

pressure profiles are tdenttoal and if to addition both are 
untt. these profiles are the same as the voI oo t y profile. Per 

air and water vapour at normal room ooMitiOne: the Prandfl 

number is .?t and the Schmidt number to .40, a ocndition close 
to that stated above* 

Consider * mixture of air and water vapor in a 
close container the total pressure being Pt ( i ► lbs/sq fts) 

and the absolute temperature re To A concentration adie t 
exists through the mixture so that the partial pressure P of 
the water vapor to as shown in Vigo 4.2 below. 

p 
	

p 

Diffusion of air -w--~ 
pat 
 

pat 
Part' l 
pressure of. 
air or water vapor. 

pat 

dtffuoicoit of w*ter vapor 

'I 	Pigs 4# 
	 2 
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It is assumed tere that both components behave as a perfect gas 

and that the Gibbs Dalton $ law is valid henOe, 

't OOltt. ----(A) 

where Pt total pressure lb. force /sq.ft. 

Thus the partial pressure of water vapor must dee-
reaee it the partial pressure of air increases so that the 
sum of both nematne , constant and equal to Pt . 

Dividing both sides of the equation (9) by Me at 
the molecular weight of water 

( V/RgT) (dpe/dy) -'---w-ft5a) 

S milairyr N8/A: 	(D /Rgg) (dpd'CLY) 	-.w._...w'(1.5b) 

where# Ne * metal diffusion rate of water vapor pound 
mole per hour, 

Eg 	universal gas contant 
Na 	mdal diffusion rat a of dry air be mole 

per hour. 
r - distance measured to the transfer surface ft. 

D is the same as for diffusion of water vapor through air as 
for air through water Vapor. Equation (,A) requires that, 

dp5`dy) a - (dp,/dY) 

By i tegration between plane I t & 2 of Pig. 4.20 
Na/A 	- Na/A ; - Dv t P82 ~` P8 ,) -------_-(is) ,. g T (72 ,~ Yl ) 



This process is known as equimolal oounterdi ffuoion 

The rates of diffusion of air and water vapor are 

equal but in opposite direction,, 

466 	ELATIi  sao 

For air 'and water vapor mixture W*X, Lewis derived 

the followingrelationship ; 

,. e. the ratio of heat transfer co efficient to the mass 

transfer coefficient is equal to the apecifIc heat per unit 

volume at cditant pressure of the mixture. This relation was 

first derived by Lewis a .d Is designated by Nye 

It is important to note that this relation is 

very 	rif true for air and water vapor at lowss transfer 

retie. It is not in general true for other gas mixture because 
the ratio of thermal to vapor diffusivity ( cc/ D ') is usually 

different  from unity. 

4,7 	$1 	N 	jS HEAT D MASSTRA $ 	R f] 	N WA' ER WET ED 

For solving pZ0hlOm$ involving simultaneous heat 

and mace transfer Lewis relation gives satisfactory results for 

most a .r conditioning processes. 
The quantity usually used to express the water 

vapor concentration 	the air is the humidity ratio W defined 



It ie , theref ore, cony enient to define a mass tranef er 00 of fi-
dent using I as the driving potential, hence, 

M/A, : KD (Wj - V1i) 

where the coefficient Xi has the Unite The per (hr) (sq.tt) 
'sing the definition of W and noting that for dilute mixtures 

i.e. the partial mass density of dry air 

Changes very slightly between interface and free strew 

condition e. We can write, 
M/ 1 :ID/ c am (c' 	e~ ) 

where ~ en is the mean density of dry air The/oft. 

Oomparing this with the previous equation (2) 
MfA = bD(cej `,) we see that 

b, = 
 

/ 
The humid specific heats* 0pm of the air stream is by defi-

tioh cp= (i t ) op BTU/°P (lb.of dry air) 

0D 0p 	( 	/ ? ) op• 

Substituting in the ]is relation, 
h 	b.~.. 

r~ 	 ~ 	aIr rF r Nrirrirrlw~ ~" 

La 	 '" 	e ai 	KD apm 

1. .--(ii) 
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Since 	am 	~aj 	due to entail change in dry air density. 



Using a, mass transfer coefficient with humidity ratio as the 

driving Porte, the Lewis relation becomes, 

Ratio of heat to Lass transfer coefficient equals 
humid specific heat. 

For the pan humidifier illustrated in fig. 4.1, it 
has been shown that the total heat transfer from the liquid to 
the interface is ;- 

q/A m ca/'A t (MAA) hf g 
Ut .li zing the d*finiti ons of mass transfer coefficients, 

q/A =b($i - ' ,3+D (Wi --W1) hf g 

Assuming the Lewis relation equation (17) to be 
valid gives,  

0pm( ti ti) +(W',i-W 	hgg 	-.~--{ 18) 

The enthalpy of the 'air f e by defixd. tion ; 

h 	spat t Who (BTU per lb dry air) 
where h: enthalpy of air BTU/lb. 

ha : enthalpy of water vapor BTU/lb. 

The enthalpy of water vapor h may by the perfect 
s 

.gas law be expressed as ;- 

he : epe (t - to) + b'f90 

where the base of the enthalpy is taken as saturated water at 
temperature t0. choosing to = OF 	to correspond with 
the base of the dry air enthalpy,gives 
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Ii = OPat * Who  
Cpat+ WCpst - Wopsto Ago. 

:. oPmt t Whf 	 r( 19 

Comparing equation (18) and (19) if the small 
changes in the ]tent heat of vaporization of water with tempera-
ture are neglected $ the total heat transfer can be written ;  

VA  = 1(D(hj - 	) 

Thus where the driving potential for heat transfer 

is temperature difference and the driving potential for 
mass transfer it m*se concentration or partial pressure, the 
driving potential for Simultaneous heat and mass transfer in 
an air water mixture is enthalpy. 

4.8 1ASIC U TIt N$ POR iR' SH]RS 3 

For the direct contact spray chamber as shown in 
the figure 4.3 of cross sectional area AC  and length 'Z' 
the steady flow rate of dry air is Wa/A© - Sa 
and the mass flow rate of water flowing rallel with the 
air 	W A .• = SL 

where pia  is mass flow rate of air lbs/hr. 
Sa  is mass velocity or flow rate per unit 

cross sectional area for air lbs/per hr(egf 
Wy is mass flow rate of liquid ,lbs/hr. 
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3L : mass velocity. or flow rate per unit cross 
sectional area, for liquid The per (hr) 
(square ft) . 

Since water is evaporating or condensing SL changes 
by an amount dSL  in a differential length dl of the 
chamber. Similar changes occur in temperature, humidity ratio, 
enthalpy and other properties as shown in figure 4.3 

Since in a direct contact equipment like airwasher 
it -i is difficult to, e aluate true surface area it is conveai eut 
to work on it volume basis. If e, and aye  represent square 
foot of the heat transfer and mass transfer surface per cubic 

foot of chamber volume respectively, the total surface areas for 
heat and mass transfer are then ; 

A aaH AC t  

and 	= a A(3  f 
The basic equations for the process oocuring in the 

differential length dl may be written for 

1. Mass Transfer 

dSL _ 2a W = KD ai (Wi  - w) di ..__..... (0) 

that is the water evaporated, the moisture increase of air 
and the mass transfer rates are all equal. 

2. Beat Transfer to the Aj r z  - 

Sa  cpm  dt = ha  as  (ti  — ta) dl _,....,.....—..._( 21) 



3• Total energy transfer to the Air :- 

Assume heat and mass .transfer areas are identiaal 
(as : aM) which is quite valid in case of spray chambers. Also 
Nye : 1 , then 

S dh = %. aM ( hi - h) dl 	 22) 

4. Energy Balance :- 

±  S11C dtL 

A minus sign refers to parallel flow of air and 
water vapor and the p]~ue sign ref ere to count erf low . he 
water flow rate changes between inlet and outlet due to mass 
transfer . For exact energy balance therefore, the term (QLtL d$L) 
should be added to the right hand side of equation (23) . The 

	

Percentage change in 3 	is quite small in all normal apply.- 
cations of airehdjting and therefore, may be neglected. 

• .- „t Transfer to the Water :-
• 

	

OL O dtL 	W hL an (tL - j ) d], ---.~---( 24) 

Equations (20 to (24) are the basic relations 

necessary to the solution of simultaneous heat and mass transfer 
4 

processes in direct contact airoonditioning equip,ent. 

To facilitate the use of these relations in 

equipment design or performance three other equations may be 
obtained from the above set. Combination of equations (.22), 
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(23) and (24), gives 	r.. 
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hh 
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Equation (25) relates the enthalpy potential 
for the total heat transfer through the gas filet to the temp-
erate potential for this same transfer through the liquid film. 

Also from equation (21.) , and (22) and the Lewis relation, 

gle = 	h --»-- % 1 	we get, 
h e ap 

dh 	 ( - h) 
~ ar 	 ~ r----"'----'r'~ 	 m. ~r~wwr~r.rrr. 

he aH 	(t - ta) 

since cpffi q I from (1?), 	we get, 

dh/d,4p : 	j r hi / ta - ti 	 -rirYyMirwi.ww.rr( 26) 

Similarly combination of equations (2(3, (21) and 

the Leviselation we get, 

M 	w 	rw arrrr+rwr •.-r_~rrwwwl 27I 

dt,g 	 to .r ti 	 ♦ 	/// 

Equation (27) states that at any cross section in the 
spray chamber, the instantaneous slope of the air path dW/dta 
on psychrometric chart is determined by a straight line connect-
ing the air state with the interface saturation state at that 

Dross section. 
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4.9 AIRWASHER HUMID]y OATIOIJ PROQES9 ON PSYgHROMETERIC f333 Tt 

In the Figure 4.4 	state 1 represents the state 
of air entering the parallel flow air washer . The washer is 
Operating as a heating and hwaidjflng appratus so that the 
interface saturation state of the water at air inlet is the 
state designated by 11. The initial elope of the air path is 
then along a line directed from state 1 to state Ii. As the 
air is heated, water is cooled and the interface temperature 

drops. Corresponding air state and interface saturation states 
are indicated by the letter at  b, o, d in the Fig. In each 
case the air path i e directed towards the associated interface 
State. The interface states are found from equations (23) and 
(25) • Equation (24) describes how the air enthalpy changes 
with water temperature and equation ( 	how the interface 
saturation state changes to accommodate this change in air 
oind water conditions. The solution for the interface state 
on the normal Psychrometric chart of the Fig. 4.4 shown must 
be either by trial and error from equations (23) to (2S) or by 
a com lVX graphical solution. This method utilizes a psychro-
metric chart with enthalpy and temperature as coordinates . It 
will be beet illustrated by an example. 

4.9.1 ILLUSTRATION :.. 

A parallel flow air washer has to be designed using 
a spray chamber. The design conditions are as follows. 

Water temperatureat talet tk1  _ 95c  p 



Water temperature at outlet 

Air temperature at inlet .: 

Air wet bulb at inlet 

tL2  : VP P 

tat = 85  p 
t 	450 p n1 

r rj 

Air mass flow rate/uiit area 3 i 1200 lbe/(hr)(eq.ft) 

Spray Ratio OI4 I s 	 0.1 

Air heat transfer coefficient 
per cubic ft. of ohamber vole bps a 72 BTU/( )(° ) 

Li qu14 beat transfer co effi of +ant 
per Duff. of Dumber volume hta 	900 3T3/(hr)ft e& 

(Cu.ft.) 

Air volume flow rate 	 : 6500 atm. 

2Q 	n 

The air mss flow rate ►4 	6504/13.25 : 490 

lbe./ min. an the required epray obeaiber arose sectional area 

is then 

	

490x60/ 1200 	24.5 aq.ft, 

The mass tanof er rate is given by the Lewis relation#  

e =1 	 '72/.24 : 313  

P tg. 4.5 shows the enthalpy tamp * payobrom,trio 

of q►rt with the ,graphical aolltton for the interface states and 
the air path through the washer spray chamber. The solution 
-proceeds ac follows ;- 



HKi 

1. Enter bottom of the chart with ta' ; 

Follow upto saturation curve to establish air enthalpy' 
17.85•BP J/lb. bttend this enthalpy line to intersect 

initial air temperature t 	65c  ' (Mate I of air) and ini- 

tial water temperature t 	of Sao E at Pt A (We utilize the 

temperature scale both for air and water to tperature). 
g. Though point A, construct the ennrgy balance tine AB with a 
slope of dwelt -  L..,  - -0.70 

a 

point B is deteruinei by intersection with the 

leaving water temp. ty 	75 L The negative slope is 
because of the parallel flow, which results in the air water 
approaching but not reaching the common saturation state S. 
The line AB has no physical significance as far as representing 
any air state on the psychrometric chart, It is merely used 
as a construction line in the graphical solution. 

3. Through point A construct the tie line. 

having a elope of 

tL  .»ti 	lD am 	3®8 

The, intersection of this line with the saturation 

curare gives the tnitial interface state 1i 	at the chamber 

inlet. The energy balance line and tie line representing 
equation (2; and (25) are combined to give a simple graphi-
coal solution on the h - t chart for the interface state. 

4. The initial elope of the air path may now be 
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constructed according to equation (26) by drawing line la 
toward the initial interface l. The length of the line 14 
depends upon the degree of accuracy required in the solution. 

5. Construct the horizontal line am locating the 
point M in the energy balance line. Draw a now tie line with 
the elope of -3. 0 as before from ft point M to ai locating 
interface state ai, continue the air path from a to b by directing 
it toward the now interface state I, 

6. Continue in the manner of step 5 until pb. 2 

the final state of the air leaving the chamber is reached, and 
hence the temperature tat and corresponding enthalpy h2 can 

be obtained. 

7. The final step is to calculate the required 
length of the spray chamber, 

From Eq. (?) , 	2 

1 

The integral is evaluated, graphically by plotting 
1/b1-.h 	vs h as shown in the figure 4.6. By Simpson' s rule 
if 	h is the equal increment and if there are 4 equal 
increments, then, 	2 

dh 
~ c 

++ 	+ 414 3 ( 1 y2 	y3 	y` 15 

and hence the length can be obtained by means of equation (29) . 
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4.10 HUMIDttFICA` ION OF AIR t.. 

By spraying air with a• finely divided water stream 
the state of that air may be greatly changed. Whether the 

air is heated # cooled# humidified or dehumidified depends 

upon the temp. of spray water in relation to the ird t ial state 
of air. 

For prose Slow of air and water as shown in Fig. 4.7 in which 

Mw : lbs. of water /hr. T1 iw, 
Ma : lb s. of ' air/hr. 
fib : enthalpy of leaving air. 	Vie, 
T1 w entering temp. of water, 
T2 = leaving temp., of water. 

g)T2 
7000 Fig. 4 

the energy balance gives, 	•7 

Mahe + MW (T~ .- a2) 9 & b ..( M 	- 1. ) T 3Q 700Q 	t 2-- ) 

or A~$ (hb-ha) 	M (T1 T2 1 	a~a (T2-32)  
7000 

Now hb : 	b +Wb (T2 -32) where :, denotes sigma 
heat f unction. 

ha, :fat 	(T2 - 32) 
a 

Eqn. (1) 1a Ma b .. a) 4 Mg r (T2 - 32) 

+ WML LIIVW~iab+ iPr of M 
aoowc 
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M (i+i -T 2) `y` 	r 'fib 	Wa 	32} M a 

Hence the final equation Is, 

Ma ( b -'Ja) = 1W (Ti " T2) ----(2) .....~, —(2) 

For parallel flow M d . - - M dT 

Since there is no appreciable n merical difference 
between sigma heat function value and enthalpy for all 
practical purposes enthalpy is used in equa. (2) . 

4, ii. .t UIpm MIX 	T , ED&% 

Assumptions I 

1. Air stream particles come in to contact with a 
hypothetical surface. 

2. The contacted particles assume saturated state 
at the temperature of the hpotbetioai surface. 

3. Thege are equivalent m nbers of air particles 

which contact the surface and other particles do not contact. 
4.  The condition of air after passing over the 

surface is that of homogeneous mixture of contacted and 
unoontact ed particles. 

if A 	Area of contact (surface area) 
in : no. of particles contacting /unit area/ 

unit of time. 
Z -- no. of particles /unit time passing over 

any section of the surface" 



Uz 

r 	no. of already contacted particles at that 

section in unit time. 

Then the above theory states I - The increase in 

umber of contacted particles Per ui..t time to total number 
of contacts per unit time is equal to the rrnmber of uncontaoted 
particles in the mixture passing that section divided by Total 

1o. of particles / unit time. 

dy &.e, 	 X a Bypaoa factor 
...,.r....rr,., (3) 

4.11.1 CONTACT MIXTURE TH: RY AS  A APPLIED TO EUMIDIFI CATION 
PROCESS ; 

wllrrrWrl~rW.rirYrrrrr.riwinrw lean 1 

If T 	hypothetical surface temp. 

WT 	specific humidity at surface temp. 

t 	dry bulb temp. of air. 

dt 	change in .dry bulb temp. of air. 

Then, 
--t A 	 (.'by apology to contact mixture 

theory) ..---.(4a) 

Similariy,d ,,,, : 	w 
mdA  z 

and 	' 	T 	 {/ 4b// ~rr~r+W wrrw7rwr~+P#IRr~\ 

mdA 	7  

From Ecru. (3) 	dy 	Z y 	p 	d 4 	d 
Integrating, 	 mdA, r 	 Z 	Z '" I 

A 

0 
f  (i •z"y 



m and Z are constants. 

....~ ■. A 	- log (Z-y) 	log Z 

or , ., Alog 	= - log X + ' 

_rn A 

where X = Z - 	is called the by pass factor.,; 
Equation (4a) then 

i 	 tb 

dA 	dt 

S~ 

or .■ .,. A = 
z 

• 

b 	 b- 	_ «'logX 
t T~t  a a 

tb " T 	where tb 1eWng air dbt 
e, = entering air 

dbt 

	

`fiei.enoy of Washer E = 	tb to -T 
t ~ T 

and 	X-• 	T 
a 

t .. 	- to -T 

4.11.2 IAT'ED WAT ft WITH ZERO BYPASS ?AOTOR a -• 

	

r..~r.a rr ■ .r..rr■ 	 - ---- — ---..rrrrrri.uw.~~ 

Ma (~ b -- i a) M ( T1-T2) from equation (2) 

or 	( b 	a) 	_ L (Tj. 
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Let 	Tl : 	Temp. of spray water entering the washer. 

To : 	Temp. of exit spray water sigma function 

f o : Sigma function at a W.H.T. of To 

i.e. when W.E.T• of leaving air: leaving water temp. 

Therefore, { ` 0 	.0 z a) = 	~a 	T0)  

	

Solving by Trial and error To and thus 	c are knownn. 
r 

4.11.3 SEATED SPRAY WATER WITH BYPASS FACTOR PROCESS OF 
HUMID IaATION FOR Ai Y GENERAI± PROCESS t  

For parallel flow 
Mad 

and 	dA 	$ 	 from ec.. (4( ~) 
Z 	 'T - 

For the total area, 

...m_._ 	dA 	d 	_ - 	--- ` 

~ 	 i 	 ` T - 

dT 
dA 1T-. 

For solution of the intergration assume* 

(T 	:) 	= a (T- T, 

where To ~ temp. obtained when there 
18 zero bypass factor. 

a = oonstant(air washer. 

aM 

T2 

A -logS~,~- 	 dTT 
a T . 
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' a 	"" log 	,Q.., _ .» 1 log T........ 
a 	 T I . Ta 	b  

a  
w  

Hence, b log X 	.a 	9 	0 
T : TO  

'2 : X ' 1-T0 
)t. ....____() 

The vee of P and b areobtai ned from the 0 
Pig, 4.8, In the manner as illustrated in the figure itself. 

10$: 

r 





CHAPTER -v. 

PROCEDURE O EXP ERI ME 

5.1  REC XRCULATED WATER  a - 

The observations for calculating the efficiency of 
the air washer are shown from table 5.1 to 5.45. to the first 

case the observations are recorded to  obtain the relationship 

between the water quantity discharged by each nozzle ife.. gpm/ 

nozzle and the efficiency of the air washer. These observations 

are shown from table 5.1 to 5.36. In the second oaee to find 

the relationship between the spray nozzle pressure and the 

efficiency of te air washer observations from table 5.37 to 5.46, 

have been recorded. In both oases the water is recirculated 

so that its temperature remains constant and equal to the thermo-

dynamic wet bulb temperature of the entering air . 

The direction of spray water and the number of bra 
is kept constant for a, particular air velocity. Then the pressure 

is gradually increased by the hand operated valves and read by 

the pressure gauges as shown in Fig. 5.1. This increases the 

rate of flow of water. The water quantity per nozzle is measured 

by means of a stop valve and a. vessel. The water is collected in 

vessel for 3 minates and then the gpm per nozzle is calculated. 

The inlet dry and wet bulb temperatures are recorded 

by the sling psychrometer. The thermometer is revolved about 

86 



30 times to get the correct equilibrium wet bulb temperature 

of the 	antug air ta mis. The velocity of the incoming air 

is measured by the velocity, meter . 

Pox' a particular air velocity the inlet dry and wet 
leafing dry bulb 

bulb and the temperatures are recorded after running the equipr- 
mert for 5 minutes so that the process may attain the equilibrium 
state. Pressures maximum upto 48 The per vgtqqre inch gauge are 
cibtainable. 

To get the second set of observation, the velocity of 
the fan is changed . Again the pressure is gradually increased, 
water quantity of gpm/nozzle measured and the temperatures 
recorded. This procedure is repeated for different air volocitie 
keeping the number of banks and the direction of spray water 

conetant. 

Next, the number of banks is kept same but the 

direction of the spray water is changed by reversing the 

nozzles. Thus the direction of spray can be either upstream 

or downstream when only one bank of spray is employed. If the 

number of banks are two, the different combinations of spray 

water direction are made. Thus nozzles of both the banks can 

operate in the same direction as the direction of airs  called 
the downstream direction, ibr they can both operate against the 

flow of air called the upstream direction. The third way 
of operating the nozzles is that they can be arranged so that tWey 

8 

spray the water opposing each other g. e. the operation is 1 bank 



upstream and 1 bank downstream. 

If the number of banks is 3, four different ways 

are employed to change the direction of spray. They are: M- 

1. All the banks operating downstream i.e. 

along the direction of flow of air. 
2. 1 Bank operates on upstream and the remaining 

2 banks downstream. 

3. 1 bank operating downstream and 2 banks 

operating upstream and finally:  
4. All the banks operating upstreams i.e.  all 

banks are against the flaw of air. 

Thus different combinations of direction of air and 
water are encountered by the mannual change of direction of 

spray banks. This changes the air to water ratio)  and hence 

the efficiencies of air washer at different combinations as gi-

ven in the observation tables from 5.1 to 6.46 are found. 

It should be seen that the greater accuracy is ob-
e erred. in taking the dry bulb temperature o f the le airing air whi 

would otherwise effect the efficiency of the washer. The 
wick of the wet bulb thermometer should always be kept wet by 

clean water. 

5.2 	D WATER  :- 

For  heating and biidifieation of the air, the 



heated water is supplied external to the spray chamber and is 

not recirculated. The tanks for heating the water are as shores 
in fig. 5.4. ¶he water is stirred frequently to keep the temp-
erature of hot water uniform. 

or a 'partioular arrangement of bank and the dirso-

tion of spray water, the velocity is kept contant. The apparatus 
is started after taking the initial temperature of hot water. 
The equipment is allowed to run for three mutes to etablize 
awl then the leaving temperature of the water and. the leaving 
dry and wet bulb temperatures of the air are recorded. The 
pressure is gradually increased and the procedure repeated. 

The above procedure is repeated for different combi-
nations of number of spray banks and the direction of spray 
water as given in tables from 5.61 to 5.66. 

5.3 	IkL!A W .T 	s-» 

or cooling and . dehumjdifioation dhil3.ed water 
is supplied. The entering air dry and wet bulb temperatures are 

taken and from these the deny point temperature of the entering 
air is seen from the psychrom,.eteric chart. For cooling and 

dehumidifioation process the leaving water temperature should 
be less than the entering dew point temperature of the air. 
keeping this in view the water temperature is sufficiently 
lowered than the dew point temperature of the entering air. 

The procedure for taking obser~ratjons is the same 



ae in reoiroulated and heated water. The observations using 

chilled water are recorded from Table 5.46 to 5.60 and the 
arrs,n eneh s of spray banks and air velocity are given in 
each table. 

Figure 5.2 and Pig. 5.3 show the details of 
the air washer, 



Fig. 5.1  airOng pressures gauges 	 piping of th washer . 	 ll and pip 	the 



TABLE - 5.1 

REOIRCULATED WATER. 

No. of Banks 	t 1, 	Direction of Spray -- Upstream, Air Velocitym700 
fpm 

S. Water Entering Leaving Entering Efficiency 
No. Quantity air dbt. air dbt air wbt as calculated 

gpm per to - 	ti  twb 
nozzle 

1 0.2 82 80 72 20 

2 0.5 82 78.5 72 35 
3 0.65 82 77.8 72 42 

4 0.85 82 77.0 72 30 

5 -4.0 82 76.5 72 35 

6 1.2 82 75.7 72 63 

7 1.3 82 75.4 72 66 

TABLE - 5.2 
No. of banks = 1, Direction of spray 	: Upstream 
Velocity of air 	= 600 f pm 
S. Water Entering Leaving Entering Efficiency 
No. quantity air dbt air dbt air wbt percent a 

gpm/ to t1  twb calculated 
nozzle 

1 0.2 82 19.7 72 23 
2 0.5 82 78.0 72 40 
3 0.65 82 77.2 72 48 

4 0.85 82 76.3 72 57 

5 1.0 82 75.8 72 62 

6 1.2 82 75.0 72 70 

7 1.3 82 74.6 72 74 



-_5.3 
No. of Banks : i Direction of $pray = Upstream 
Air Velocity z 500 fPm 

R 	IR0UTATE ? 4WATER 
$.Ho. Water 	Entering. Leaving 	Entering Efficiency as 

quanti- air dbt air dbt 	air wbt calculated percent 
ty gpm te t1  twb 

nozzle 

1 0.2 80.5 77.4 	70.5 26 

2 0.5 " 75.9   46 

3 0.65 't 75.1 	" 54 

4 0.85 74.3 	ti 62 

5 1.0 " 73.6 	t' 69 

6 1.2 " 72.9 	" 76 

7 1.3 " 72.7 79 

RECIRCULATED WATER. 
No. of 	banks. M 	1 Direotbm of spray 	Upstream 
Air velocity 400 fpm 
&.No. 	Water Entering Leaving 	Entering Efficiency ~6 

quantity air dbt air dbt 	air wbt as calculated 
gpnl te t  tvb 
nozzle 

1 0.2 81.0 77.9 	71.0 31 

2 0.5 '' 75.8 	" 52 

3 0.65 75.0 60 

4 0.85 " 74.1 	0 69 

5 1.0 " 73.5 	" 75 
6 1.2 72.8 	" 82 

7 1.3 " 72.5 85 
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TABLE - J 5 
B.ECIROULATED 	WATER 

No. of 	banks = 	1 Direction of spray 	u 	Dopnotream 
Air velocity 700 fpm 
M .No  . Water Entering Leaving Entering Efficiency % 

quantity air dbt air dbt air wbt as calculated. 
gpm/ to t1  twb 
nozzle 

1 0.2 81. 79.1 71. 19 
2  0.5  " 77.7 71, 33 
3 0.65 " 72`.0 71 40 
4 0.85 " 76.2 71 48 
5 1.0 " '75.7 71 53.5 

1.2 # 74.99 71 61 

7  1.3  ft  74.6 71 64 

RECIRCULATED 	WATER. Dasn 
go. of banks 1 Direction of spray -- Astream 
Air velocity 	o 600 fpm 

Si c. Water ntering Leaving Entering Efficiency % 
quantity air dbt air dbt air wbt as oaloulatel 
gpm/ t e t1  twb 

1 0.2  81. 78.8 71 22 

2 0.5 81 77.1 71 39 

3 0.65 81. 76.4 71 46 

4 0.85 81 75.5 71 55 

5 1.0 81 74.9 71. 61 

6 1.2 81 74.2 71 68 
7 1.3 81 7S.8 71 72 
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TABLE . 5.7 
REI1ULAT,M WATER 

No. of banks 	- 1 	Direction of spray Downstream 
Ai elocity -- 500 fpm 

"later Fitering 	Leaving 	Entering Efficiency % quantity air dbt 	air dbt 	air wtb as calculated. gam/ te 	tI 	twb 
nozzle 

1 0.2 80.8 	78.3 	70.8 25 

2 0.5 +!. 	76.4 	" 44 
3 0.05 " 	75.6 	" 52 
4 0.85 74.7 61 
5 1.0 " 	74..1. 	" 67 
6 1.2 73.4 	" 74 
7  1.3 " 	73.0 	" 77.5 

TABLE .r 8.8 
RECIROULATEDTATER. 

No. of banks 1 	Direction of spray 	- 	Downstream 
Air velocity 	- 400 fpm 
S.N0. Water 	Entering 	Leaving 	Entering 	Efficiency 

quantity air dbt 	air dbt 	air wbt 	as oalculat ed 
spin/ te 	ti 	twb 

1 0.2 80.9 	77.8 	70.5 30 
2 0.5 " 	75.8 50 

3 0.65 " 	74.9 	" 58 

4 0.85 " 	73.8 	'I 68 
5 1«0 " 	.73.2 74 
6 1.2 " 	.72.5 	" 80.5 
7 1.3 " 	-72.2 	" 83»8 
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TBLE-8.9_ 
REOIRCULATED 	GNAT . 

No. of banks - 	2 	Direction of spray - Both dAwastream 
Air velocity - 	700 fpm. 
S. Water Entering 	Leaving 'Entering Efficiency % 
No. quantity air dbt 	air dbt air wtb as caluiated 

gpm/ to 	ti  twb 
nozzle 

1 0.2 81 	 78.9 79. 21 

2 0.5 0 	77.3 37 

3 0,65 76.4 71 46 

4 0.85 " 	75.9 71 51 

5 1.0 75.2 '71 58 

6 1.2 +! 	74.6 71 64 

TABLE 

 

- 5.10 

Recirculated 	Water. 
No. of banks - 2, 	Direction of spray 	-- 	Both downstream 
Air velocity -600 fpm. 
S. Water Entering 	Leaving Batering Efficiencyy 
No. quantity air dbt 	air dbt air wtb as calculated 

gpm/ to 	t3. twb 

1 0.2 81.1 	70.9 71.3 22.5 

2 0.5 76.8 Iti 43,8 

3 0.65 " 	75.9 }t 52 

4 0.85 75.4 +1  58.2 

5 1.0 74.7 ft +5.3 

6 1.2 '' 	74.1 71.5 
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TOT  . 

t~GIRCULATED WATER• 
go. of banks - 2 	Direction of spray 	- Both downstream 
Air velocity - 500 fpr . 
S; Water Entering Leaving Entering Efficiency as 
No. quantity air dbt air dbt air wtb caluculated 

gpm/ to ti twb 
nozzle. 

1 . 0.2 80•.6 78.6 70.6 26 
2 0.5 11 75.6 0 50 
3 0.85 74.8 " 58 
4 4.85 +{ 74.0 66 
5 1. 73.3 !1 73 
8 1.2 72.8 " 78 

TABLE So • 5.12 
RMIRCUiA ED V JVT R0 

No. of banks. 2 	Direction of spray 	- Both downstream 
Air velocity -- 440 fpm. 
S. Water taring Leaving ter .ng Efficiency 
No,. ' quantity air dbt air dbt air wtb ae calculated 

to g9m1 
 

ti twb 
nozzle. 

1 0.2 80.5 77*4 70.3 30.4 
2 0.5 1t 74;7 57 

3 0.65 ft 13.8 66 

4 0.85 7$.I. 72.5 
5 1.2 ++ 72.,E ft 79.5 
6 1.3 71.9 84 



9'7 

TABLE - 5.13 
RECIRCULATED 	WATER. 

No. of banks -- 	2 Direction of spray - Both oppsoing 
each other. 

Air velocity - 700 fpm. 
S. Water Enterift Leaving Entering Efficiency as 
1Q. quantity air. dbt air dbt atr wtb calculated 

gpm/ te t1 twb 
nozzle. 

1  0•2 80.8 78.4 70.3 23 
2 0.5 ft 76.7 39 

3  0.65 " 76.0 46 
4  0.80 " 75.3 " 52 

5 1.0 " 74.5 60 
6 1.2 " .73.8 " 86 

i'ABLB„ ,.14 

Recirculated 	Water. 
No. of banks -2 	Direction of Spray 	- Both opposing eachothe 
Air velocity 600 fpm. 
S. Water Entering Leaving Entering Efficiency ency % 
No. quantity airt dbt air dbt air wtb as calculated 

gpm/ te ti twb 

1 0.2 81 78.5 70.9 24.8 

2 0.5 76.4 ' 45.5 

3 0.65 75.6 f1  53.5 

4 0.80 " 74.9 60 

5 1.+ " 74.2 ft 67.3 

6 1.2 " 73.6 U 73 
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TABLE - 5.15 
Recirculated Water. 

No. of banks 2 	Direction of spray 	Both opposing each 
other. 

Air velocity 	-- 500 fpm,. 
Entering Leaving Entering Efficiency % 

No. quantity air dbt air dbt air wtb as calculated 
gpm/ to ti twb. 

0.2 80.6 77.8 70..5 28 
1 " '75.4 52 2 0, b " 

'I 74,5 
3 0.65 61 

" '73.9 
.4 0.80 . 67  

13.2 74  5 ..0 i 
72.6 n 80 .6 1.2 

TABLE - 5.16 
Reftrculated 	Water. 

No. of banks. 2 	Direction of spray 	Both opposing each©the 
Air velocity 400 fp a. 
8. Water Entering Leaving Entering Efficiency % 
No. Quantity air,  dbt air dbt air twb as calculates 

gpm/ te t1  twb 
nozzle. 

1 0.2 80.5 77.2 70.3 32.4 

2 0.5 ft 74.5 0 , 58.9 

3 0.65 0  73.7 66.8 

4 0.80 " 73.0  

5 . 1.0 " 72.3 " 80.5 
6 1.2 " 71.7 . 0  86 
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• TABLE - 5.17 

RECIRCULATED • WADER * 
No. of banks 	- 2 	Direction of spray 	- Both upstream 
Air velocity .. - '700 f'pm 
B. Water Entering Loairing Ennbntng er Efficiency 1o. quantity air dbt air dbt wbt as calculated 

gpm/ te ti  twb 
nozzle. 

1 0.35 81 78.0 71 30 
2 0.50 " 77.0 " 40 
3 0.65 " 76.2 't 48.5 
4 0.80 '' 1755 

of 55 
5 1.0 " 74.75 " 62.5 
6 1.2 .r 74.1 69 

TABLE - 5.18 
Re4otreulated • Water. 

`No. of banks 2 Direction of spray - 	both upstream 
Air velocity 	- 600 fpm. 
S. Water Entering Leaving Entering Efficiency No. quantity air dbt air Ibt air wbt as calculated 

gpnr te  t twb 
nozzle. 

1 0.35 80.8 77.5 71 33.8 

2 05 " 76.2 " 47 
3 0.65 " 75.3 " 56 
4 080 ft 74.6 63.2 
5 1.0 zf 73.9 70.5 
6 1.2 ft 73.3 4t 78.5 
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TABLE 	 i9 

BEVIRO 	TF1 WA ER. 
No. of banks 	- 2 Direction.cf 	spray Both upstream 

Air velocity 	- 500 fpm 

3. Water Entering Leaving 	Entering Efficiency 
go. quantity air dbt air dbt 	art wbt as calci4ated 

gpfl/ to  t 	twb 
nozzle. 

1 0.35 80.6 76.6 	70.6 40 

2 0.5 H 75.3 	II 53 

3 0.65 " 74.3 	$1  63 
4 0.80 !' 73.6 	11 70 
5 1.0 U 72.9 	3a 77 
C 1.2 72.4 82 

TABLE - 5.20 
Reoirculated 	Water. 

No. o 3 banks - 2 Direction of Spray 	Both upstream 

Air velocity - 400 fpm. 
S. Watir nter1ng Leaving 	Entering Efficiency 
No. quantity air dbt air dbt 	wbt as calculated 

gpm/no z zl a to  t1 	twb 

1 0.35 80.5 75.5 	70.3 49 

2 0.50 't 74.1 	0  62.7 

3 0.85 'a 73.1 	+a 
X72.5 

4 0480 °t 72.5 78.3 

5 1.0 at 71.9 84.6 

6 1.2 It 71.4 	0  89 



TABLE 	521 
R&CIRCULATF.~) +E ATER, 

No. banks 	- 	3 Direction of spray - 	All down~rtream 
Air velocity - 700 	fpm, 

S. Water Entering Leaving Entering Efficiency $ 
No. quantity air dbt air dbt air wbt as calculated 

gpm/nozzle te ti twb 

1 0.25 81 78.4 71 27 

2 0.50 0 77.0 40 

3 0.65 76.4 '" 46 

4 0.80 " 75.8 52 

5 1.0 " 75.1 " 59 

6 1.1 'f 74.8 62 

TABLE - 5.22 

Recirculated Water. 

No. of banks - 	3 Direction of spray -All downstream 
Air velocity 	- 600 fpm 
S. Water Entering 	Leaving Entering Efficiency % 
No. quantity air dbt air dbt air wbt as calculated 

.gpr/nozzle te ti twb 

1 0.25 80.9 77.9 70.9 30 

2 0.50 76,2 " 47 

3 0.65 " 75.5 " 54 
4 4.80 '1 74.9 60 

5 1.0 " 74.2 " 67 
6 1..1 n 73.8 ~t 71 
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TABLE 

 

-5.23 

RECIRCULATED WATER. 

No. of banks 	- 3 	Direoti6n of spray 	- All downstream 

Air velocity 	- 500 fpm 

» a er nt eying Leaving 	ntering Efficiency  
'o, quantity air dbt 	air dbt 	air wbt as calculated 

gpm/no zzl a tc 	ti 	twb 

1 0.25 812 	77.5 	70.3 34 

2 0.50 81.2 	75.2 55 

3 0.65 " 	74.4 	" 62.4 

4 0.80 i' 	73.7 69 

5 t.0 73.0 	" 75.2 

6 1.2 "' 	72.7 	" 78 

TOLD .. 5.24 
RECIRCULATED 	WATER 

No. if banks 	- 3 	Direction of spray'  .downstream 

Air velocity 	- 4d0 fpm. 

, later intering 	Leaving 	Entering Efficiency 
No. quantity air 	bt 	air dbt 	*.IV wbt as ealoulaued 

gpm/no zzie to 	ti 	twb 

0.25 80.7 	76.6 	70.4 40 

2 0.50 " 	74.3 62.2 

3 0.65 " 	?3.4 	t' 71 

4 0.80 " 	72.7 	" 77.5 

5 (~ 
 1.0 

72.2 82.5 

6 1.1 " 	!1.9 85.5 
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!L__ 6.25 
RECIRCULATED WATER, 

No. of banks - 3 	Direeiion of spray = 1,upstream,2 downstrei 
Air velocity - 700 fpm 
S. 	Water 	Entering Leaving Entering 	Efficiency gb 
No. quantity 	air dbt air dbt air wbt 	as calculated. 

gpm/nozzle 	te 	ti 	twb 

78.2 71 28 
77.0 " 40 

76.3 " 47 

75.7 " 53 

74.9 4  61 

74.6 '# 64 

1 	0.25 	81 

2 	0.50 	" 
3 	0.65 	Ii 

4 	0.80 	" 

5 	1.0 	" 
6 	1.1 	4, 

TABLE 5.26 
RECIRCULATED WATEIt, 

No. of banks 	- 3 	Direction of spray 	- 1 upstream, 
2 downstream 

Air velocity 	- 600 fpm 
5« Water Entering Leaving Entering Efficiency % 
No. quantity air dbt air dbt air wbt as calculated 

gpm/ te  t1  twb 

1 0,25 6.8 fl  .5 70.6 32.4 

2 0.50 " 76.0 " 47 

3 0.65 " 75.2 55 

4 0.80 " 74.5 61.8 

5 1.0 ', 73.7 4' 69.5 

6 1.1 " 73.4 44 72.5 
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TABLE - 5.27 
RECIRCULATED 	WATER, 

No. of banks 	- 3 Direction of spray 	- 1 upstream, 
2 downstream. 

Air 'velocity 	- 500 fpm. 
8, Water Entering 	Leaving 	Entering Efficiency 
No. quantity air d.bt air dbt 	air twb as calculated. 

gpm/zoo zzl e t e  t1 	twb 

1 0.25 80.7 76.9 	70.7 38 

2 0.50 75.3 	" 54 

3 0.65 " 74.5 	" 62 
4 0.80 " 73.7 70 

5 1.0' " 72.9 	" 78 

6 1.1 " It 72.50 	" 81.5 

TABLE _ 5.28 
RECIRCULATED WATER•  

No. of banks - 3 Direction of spray - I upstream, 
2 downstream. 

Air velocity 	- 400 fpm. 
S. Water 	Entering Leaving 	Entering Efficiency % 
No. quantity air dbt air dbt 	air wbt as calculated 

gpm/nozzle to t1 	twb 

1 0.25 81 76.6 	71 44 
2 0.50 74.8 62 

3 0.65 74.0 	" 70 

4 0.80 "' 73.2 	" 78 
5 1.0 " 72.4 	" 86 

6 1.1 It 72.1 	't 89 



TABLE - 5.29 

RECIRCULATED 	WATER. 
No. of banks - 	3 Direction of spray 	- 2 upstream 

I downstream. Air velocity. = 700 fps. 

8 • No . 	Water Entering 	Leaving Entdng Efficiency % 
quantity air dbt 	air dbt air wbt as calculated. 
gpm/nozzle to 	4i twb 

1 0.25 81. 	78 71 30 

21 0.50 0 	76.7 " 42.5 
3 0.65 76.1 a 49 
4 0.80 " 	75.5 55 
5 0.90 " 	?8•i' " 59 
6 1.0 " 	74.1. " 63 
7 1.1 " 	14.4 " 66 

TABLE .. 	_ 

RECIRCULATED WATER. 
No. of banks - 	3 Direction of spray - 2 upstream, 
Air velocity - 600 fpm. 1 downstream. 

3.No. Water Entering 	Leaving Entering Efficiency y~ quantity 
9PWn©zzle 

air dbt 	air dbt 
to 

air wbt as calculated, ti twb. 

1 0.25 80.9 	77.5 70.9 34 
2 0.50 " 	76.0 0 49 
3 0.65 " 	75.2 t' 57 
4 0.80 0 	74.5 " 63.5 
5 0.`90 74.0 " 68.2 
6 1.0 73..7 " 72 
7 1.1 " 	73.5 " 74.5 



TABLE - 5.31 

RECIRCULATED 	WATER. 
No. of banks 	- 3 	Direction of spray -. 2 upstream, 

.1 downstream. 
• Air velocity 	- 500 rf pm. 

8. 'o . 	Water Entering 	Leaving Entering Efficiency 
quantity air dbt 	air dbt air wbt as calculated 
gpm/nozzle to 	ti twb 

1 0.25 81.2 	77.3 71.3 39.5 

2 0.50 " 	75.6 " 56.5 

3 0.65 " 	74.7 +l 65.6 

4 0.80 " 	74.0 " 72.7 

5 0.90 " 	73.6 " 76.8 

6 1.0 73.2 " 81.0 
7 1.1 73.0 " 85.0 

TABLE - 5.32 
RECIRCULATED WATER, 

No. of banks 3 	Direction of spray '- 2 upstream, 
1 downstream. 

Air velocity 	- 400 f pm. 
S.No. 	Water Entering 	Leaving 

r•w- 	r 

Entering Efficiency 
quantity air dbt 	air dbt air wbt as calculated 
gpm/nozzle 	to 	ti  twb 

1 0.25 80.5 	75.8 70.4 46.5 

2 0.50 "' 	74.0 " 64.3 

3 0.65 " 	73..1 " 73 
4 0.80 " 	72.4 " 80.5 
5 0.90 71.9 " 85 
6 1.0 f} 	71.6 88 
7 1.9. 71.4 90 
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TOLE - 5.33 
RECIRCUI TED WATER. 

go. of banks 	- 3 Direction of spray'-- all upstream. 
Airvelocity 	- 700 fpm. 

8.No. 	Water Entering Leaving Entering Effioiency 
quantity air dbt air dbt ait wbt as calculated 
gpm/nozzle to ti  twb 

1 0.55 81. 77.5 71. 35 

2 0.50 ft 76.6 n 44 

3 0.85 " 75.•9 't 51 

4 0.80 75.5 ft 57 
5 1.0 " 74.5 64.5 

6 1.1• 74.2 68, 

TABLE - 5.34 

Recirculated 	Water. 

No. of banks 	- 3 	Direction of spray 	- 	All upstream. 

Air velocity 	•- 600 fpm. 

• Water Entering Leaving Entering Efficiency 
lo. quantity air dbt airdbt air wbt as calculated. 

gpm/nozzle to t twb 

1 0.35 80.8 76.6 70.6 40.8 

2 0.50 +r 75.4 0  52.5 

3 0.65 " 74.6 '' 60.2 

4 0.B6 " 74.0 " 68 
5 1.0 " 73.3 72.8 

1.1 't 72.9 " 76 



TABLE - M5 
RECIRCULATED 	WATER. 

No. of banks 	- 3 	Direction of spray - 	11 upstream 
Air velocity  - 500 fpm. 

s. ater i nterjng 	LeavingEntering Efficiency 
No. quantity air dbt 	- air dbt air wbt 	as calculated gpm/nd zzle te 	t1 twb 

1 	0.35 81.2 76.2 70.8 48 

2  0.50 "  . 75.0 go 

3 	0.65 ft 74.1 " 68.9 
4 	0.80 73.5 74 

5 	1.0 " 73.8 " 80.8 
6 	1.1 ~  72.5 83.5 

TABLE - 5.38 
REOIROUTATED WATER. 

No. of banks.  - 3  Direction of spray - All upstream. 

Air velocity 	- 400 fpm. 

S. Water Entering 	Leaving Entering Efficiency 
TO. quantity air dbt 	air dbt air wbt as calculated gpm/nozzle te. 	tl twb 

9. 0.35 87 	75 3 71 57 

2 0.50 " 	74.1 69 
3 0.65 " 	73.2 II 78 
4 0.80 " 	72.7 " 83 
5 1.0 72.0 , ii 90 
6 1.1 71.8 " 92 
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TABLE - 5.37 

RECIRCULAITE.A WATER, 
No. of banks 1 Direction of spray - Downstream 

Air velocity - 500 .fpm. 

S. Spray tering Entering Leaving EffloienoY 
No. nozzle air dbt air wbt r dbt as calculated 

pressure.. to 	. twb ti  
psi g 

1 5 80.8 70.8 76.4 44 

2 10 75.6 52 

3 74.7 61 
4 30 . 	it 74.1 87 
5 40 " 73, 4 74 
8 47.8 'i '73.0 77.5 

TABLE • 5.38 
REOIRCtJLAITED WATER. 

No. of banks - 	I D section of spray - Upstream 

Air velocity - 	500 fpm. 
tang tering e , 	ng thoieney%  

No. nozzle air dbt air wbt air dbt as oal oul at ed 
pressure to twb ti  

e3 

5 80.5 10.5 75.9 46 

2 10 75.1 S4 

3  20 't I' 74.3 +.2 

4 30 a 1 . 	73.6 69 

5 40 ft 't 72.9 7 

6 47.5 " 72.' ' 9 



Ito 

TABLE - 8.39 
RL0I CUI D W TER* 

No i of + banks - 	2 	Direction of spray - both downstream 
. Air velocity 5030 £pm. 

8. Spray nozzle 	Entering 	Entering Leaving Efficiency 
No, pressure air dbt 	tit wbt air dbt as calculated 

p aig to 	tWb ti 

1 5 80,6 	70.6 75.6 00 

2 10 ft 	ft 74.8 58 

3 20 f 74.0 66 

4 30 " 73.3 73 

5 40 ft 72.8 '8 

TABLE 	5.40 

• &BUIRCULp,TED 	WATER„ 

No. of banks . - 	2 	Direction of spray Both opposing 
eachother, 

, Air velocity - 	500 	fpm. 
S Ef f i v1ency S pray Entering 	ter ,n8 Leaving 
No, no z zl a air dbt 	air wbt air dbt as calculated 

pressure to 	twb t 
prig 

5 80.6 	70.6 7 i4 
88 

2 10 tt 	n ?4.8' 
68 

3 20 ++ 	f► 	:?38 74 

4 30 
 

ft "~ 73.2 
80 

5 40 72,6 



TaBLE » 5.41 
REOIA0ULATED WATER, 

No. of banks = 	2 Direction of spray 	- Both upstream. 

Air velocity - 	500 fpm. 

~. spray nter E~.n,~ entering Leaving Efficiency f 
No. nozzle air dbt air wbt air dbt as calculated. 

pressure to twb tl 
psigw 

1 5 60.6 70.6 74.9 57 	uy; 

2 10 t ti 74.5 63. 
3 20 a 73.6 70 

4 30 ti tt 72.9 77 

0 40 " " 72.4 82 

TABLE - 5.42 
R0IRCULAD WATER 

Now of banks - Direction of spray - 	All.,. upstream 

Air velocity - 	500 fpm. 

S.Jo . 	Spray Entering Entering Leaving Efficiency-% - 
nozzle air dbt air wbt air dbt as calculatedL. 
pressure to twb tl 

prig 

i 7.5 81.2 70.5 74.4 62.4 

2 15 0 " 73.7 69 
3 23 ft ft 73.0 75,2 

4 30 	- tt 72.4 81.0 
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TABLE - 5.43 

R)IB0UILTED WATER. 
No. of 	banks - 	3 	Direction of sprig - I upstream, 
Air veloci ty - 	500 fprn. 2 downstream* 

S r  8pry anteing 	nr1 Leaving Eff .ci@nay 
No. nozzle a 	dbt 	air wbt v air dbt as calculated. 

pressure te 	twb ti 
psig.  

1 5 80.7 	70.7 74.5 62 

2 Is " 	" 13.7. 70 
3 23 73,1 78 

4 30 ft 72.3 84 

TABLE - 5.44 
RECIRCULATED 	VATJ . 

No. of banks 	- 	3 	Direotion of spray 	2 upstream. 
1 clownatream, 

Air velocity 	- 	500 fprn. 

S. Spray Entering 	Entering Leaving Efficiency % 
ga. nozzle air dbt 	air wbt air dbt as calculated. 

pressure to 	twb  
prig 

1 8 80.5 	70..2 73.8 65.5 
2 13 ft 	 ft 73..0 73 
3  23  0 	 1t  72.2 80 
4  71.7 85.5 



ABLE .1 § 

„ _IRC UL TED ] ER 

No. of Banks =3 	 Air velocity = 500 fpm 
Direction of spray = All upstream 

9. t¢.. 'Spray nozzle Entering Entering Leaving 	Efficiency pereen 
pressure 	. r dbt air ubt air dbt 	as calculated 
paig 	to 	twb 	tl 

2t 0 80.4 	7001 73.4 68.5 
2, 10 8 2W 75 

3. 15 : 	 9 72.6 76,5 

4, 20 72.E 1 82 

54 30 ?l'.l 90 

't U +fir 4f 

QMLD 'EATER 

Diroctio&Spray = Dounstreaxa 	 No. of Banks = I 
Air velocity = 700 fpm 

S.No. Spray 	Entering Entering 
nozzle 	crater temp.atr wbt 
pressure ter ep' 	twb OF 
prig  

1.  10 	69 	80 
2.  20 	a 	a 

3.  30 	It 	 11 

4.  40 	9 	 1r 

Si 47.5 	 11 

saving Leaving Performance 
air tbt vator factor as 
twb' OP temp. calculated 

ttr'Op 

	

78.8 	73.1 	0,48 

	

72.7 	0.61 

	

77.6 	72.4 	0,.535 

	

76,9 	72.1 	0.57 

	

76.2 	71.7 	0¢595 
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No. of Banks =1 

TABLE. 5.47 

Air velocity 	600 fpm. 
Direction of spray = Downstream 

S`No. Spray Entering Entering  Leaving Leaving Performance 
nozle water air wbt air wbt water factor as 
pressure  temp. twb OF twb' of temp. calculated 
prig tw 	or  

1.  10 70 80 794 74.2 0.515 
2.  00 a' 80 78.2 75.8 0.56 
3.  30 t 77.5 73.3 0.58 
4.  40 " ft 76.9 72.9 0.60 
5.  47..5 H 75.5 72.6 0.615 

TABLE -5.43 

GRILLED WATER 

No. of Banks = 1 

Direction of 
~IIIWIW.,iIIIIIWif YI1fWYY1fR1U./YI~R~RYYII 

spray = Downstream 
.I Yfili//~WIYii1Rf/W/Y~IY~~R _ 

Air velocity 500 fpm. 
-_ 	_ 	_ 

S.No. Spray Entering Entering Leaving Leaving Performance 
nozle water air wbt air wbt water factor as 
pressure  temp. twb  P twb'  F temp. calculated 

Y.. 	psig tw' 	F 
1.  10 70.5 80.5 79,3 74.9 0.56 

2.  20 " 78.6 74.4 0.58 

3.  30 " 'i 77.9 74.0 0.63 
4.  40 ft ,r 77.4 73,.7 0.53 
5.  47.5 '' " 77..4 73.7 0.63 



116 

TABLE -5.51 
CIIILLE?L W .TFIR 

No. of Banks = 1 Air velocity 	= 600 fpm 
Direction of spray = Upstream. 

S.No. Spray Entering Btitering Leaving Leaving Performance 
nozie water air wbt air wbt water factor as 
pressure temp. twb 	OF  twb' fly' temp calculated 
prig two! tw' 'F 

1 15 70 80 78.8 74.3 0.55 

2 25 n •s 78.0 73.8 0.58 

3 35 " 't 77.3 73.3 0.595 
4 45 :r ,t 76.4 72.55 0.614 

TABLE- -5.52 

lT1 P  WATER  
No. of Banks =1 
Direction of Spray = Upstream Air velocity = 500 fpm 

SJci, Spray Entering 	Entering Leaving Leaving Performance 
nozle water al, r wbt air wbt water factor as 
pressure temp. twb 	F tiab' 	F temp. ealcfilated sig tw OF A 

• 15 70 80 78.7 74.42 0..572 

25 it Ti 76.4 72.9 0.60 

3• 35 II  it  76.3 72.55 0.625 
40 45 75,8 72.15 0.635 
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TABLE -.5.54 
CHID WATER  

No. Banks =2 
Direction of spray - Both Upstream Air Velocity = ?;0a ,fpm 

S.No. Spray Entering Entering Leaving Leaving, Performance,,, N 
nozie water air vbt 	air wbt water factor 4-a 
pressure 	temp. twb 	OF 	twb' OF temp. .calculated 
psig tv 	or tw' °P 

1.  10 69.5 80 	78.7 75.%7 0.74 

2.  20 't ro 	'78.0 75.7 0.78 

3.  30 1' 77.1 75.3 0.825 

4.  40 " " 	76.4 74.9 0.86 

ABLE -&.5 
CHIL D WATER 

No. of Banks =1 1  

Direction of spray = Upstream Air velocity 	=400 fpm 

S.No, Spray Entering Entering 	Leaving Leaving \Performance 
nozle water air wbt 	air vbt water factor 	as 
pressure temp. twb 	F 	twb' 	F temp calculated 
psig two 	F  

15 70 80.4 	79.5 75.65 0.62 

2.  Z5 " 811 	79.0 75.15 0«63 

3.  35 'f o' 	78.3 74.65 0.65 

4.  45 " 1  s 	7p.7 74.15 0.66 
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TABLE- 55 
CH I LLED RATER 

of 
No. 	arks 	= 2 
Direction of spray = Both upstream. 	Air velocity 	=600 fpm. 

S,No, Spray Entering Entering Leaving Leaving Performance 
nozle water air wbt 	air wbt water. ,tu factor as 
pressure temp. twb 	OF 	twb' OF temp. calculated 
psig tw 	OF tw' 	OF 

1. 10 70 80 	78.9 76.7 0.78 

2„ 20 " r' 	78.0 ?6.3 0.825 

3. 25 " " 	77.6 76.0 0.835 

4, 35 " " 	76.9 75.7 0.8w 

5. 40 " " 	76.5 75.4 0.89 

TA3LE-.556 

CHID WATER 
No. of Banks = 2 1 Air velocity=500 fpm. 
Direction of spray= Both upstream 

S.No. Spray Entering Entering 	Leaving Leaving Performance 
nozle water air wbt 	air wbt water factor as 
pressure temp, twb of 	twb' of temp. calculated 
psig  tw °F tw' 	OF 

1.  10 68 80.2 	78.3 76.1 2.815 

2.  15 n " 	171? 75.7 0.83 

3.  20 " " 	77.2 76.4 0.85 
4.  30 " " 	76.5 75.1 0.885 

5.  40 " " 	76.0 74.7 0.905 
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TAB  .. 

C LED WATER 

No. of Banks = 3 Air velocity = 700 fpm 

Direction of spray 	= 2 Upstream $ 1 Downstream. 

S.No. Spray Entering Entering Leaving Leaving Performance 
nozle water air wbt air wbt water factor as 
ressure 	temp. twb 	OF twb' IF temp. calculated 
sig tw 	OF tw' OF 

1.  5 67 80.3 76.5 73.9 0.80 

2.  12 " " 75.7 73.5 0.83 

3.  20 t' " 75.2 73.2 0.85 

4.  25 " r' 74.9 73.0 0.855 

33 'r " 74.3 72.7 0.88 

TABLE - 5.58 

CHILlED WATER 

No. of Banks 	= 3 Air velocity = 600 fpm. 

Direction of spray 	= 2 Upstream, 1 Down stream 

S.No- Spray Entering Entering Leaving Leaving Performance. 
nozie water air wbt air wbt water factor as 
pressure temp. tvb 	OF twb' OF temp. calculated 
psig tw. 	of tw' 	OF 

1.  5, 67 80.3 76.2 74.1 0.84 

2.  12 " " 75.5 73.7 0.865 

3.  20 " " 75.2 73.5 0.87 

4.  35 " 't 74.7 73.2 .0.88? 

5, 33 't " 7.4.3 72.9 .0.905 



TABJLE - 5.59 ■r 	.~rrrr 

J{ILLED  

No. of Banks = 3  Air velocity = 500 fpm 

Direction of spray = 2 Upstream $ 1 Downstream. 

S.No. Spray  Entering Entering Leaving Leaving Perofrmance 
tiozle  water  air wbt air wbt water  factor as 
pressure temp.  twb of twb' OF temp,  calculated 
psig  tw OF  two F 

1.  7,5 66 	80..3 	74.7 73.0 0.88 

2.  15 tf 	1t 	74.3 72.7 0.89 

3.  20 • it 	11 	73.9 72.5 0.90 

4.  25 rr 	H 	73.6 72.3 0.91 

5.  32 U 	73.2 72 .0 0.92 

TABLE - 5.60 1n~ it ~rr.r r~+rrrwrrr. 

- 
CHILLED W Ei rir~ rr ri r•rrrrrr 	r. 

No. of Banks = 3  Air velocity = 400 

Direction of spray = 2 Upstream , 1 Downstream 

S.No. Spray  Entering Entering Leaving Leaving Perotormance 
nozle water air wbt air wbt water factor as 
pressure temp. twb  OF tvb' of temp. calculated 
psig tv or two  of 

1.  7,.5 66.5 80.5 74.8 73.3. 0.905 

2.  15 " " 74.4 73.1 0.91 

3.  20 " ' 	' 73.7 72.7 0.93 

4.  25 " "S 73.7 72.7 0.93 

5.  30 H " 73.4 72.5 0.935 

12 
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TABLE N©S- 5.63 

HEATED WATER 

No. of Banks = 2 	 Air Velocity 700 fpa 
Direction of spray = Both Upstream 	 Entering air 

dbt. 	=80.6 

Fnteri Enter Leavi- Lea • lea- $ 	o. Pressure gprn ing ing ns ving ving tv'-twb' nozzle water wbt wbt vat- air I - --- 	--- 
temp. twb;` tvb' er dbt tw -twb 
tw tw' 

1 .7.5 0.35 92 70.5 71.1 77.15 80.7 .718 

2 15 0.50 92 70.5 72.2 77.6 81.0 .75 

3 25 0-.65 92 70.5 74.1 78.6 81.3 .79 

4 32 0.80 92 70.5 76.1 80.2 81.6 .81 

5 	40 	1.0 	92 	70.5 77.8 81.5 82.4 	.83 
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TABLE ~- 5.64 
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TABLE — 5.66 
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CHAPTER - VJ 

CAICDLATIORS, RESULTS AND GR,APJIS 

	

6.1 	Efficiency of air washer. 

	

6.2 	Performance factor of an air washer. 

	

6,3 	Graphs. 

6.31. G.p.D../Nozzlo V'S. Efficiency. 

6.3.2 Pressure v.s, Efficiency of contant velocity. 

6.3.3 Spray nozzle pressure vs. performance factor. 

6.3.4 Spray nozzle pressure vs. Factor 1 - twr' -twb' 
t17- two 

	

6.4 	Path of Heating and Humidification Process. 

6.4.1 Method of Plotting tho curve. 

6.4.2 Illustrative exanplo. 

6.4.3 Theoretical Analysis, 

	

6.6 	Path of cooling and dehumidification process. 

	

6.6 	Calculations for drawing the path of heating and 

humidification. 

	

6.7 	Calculations for cooling and dehumidification process. 

	

6.8 	Calculation for drawing the path of cooling and 

dehumidification. 
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CHAPTER - VI. 

CALOULATI0N,  RESULTS  AND GRA2RB : 

g.1 EFFICIENCY OF  AIR WASHER :- 

When  water is recirculated, the efficiencies 
of air washer calculated Under different arrangements of spray 

banks, direction of spray water and air velocity, are shown from 

tables €.1 to 5.45. 

These efficiencies have been calculated by the 

formula given in 3.4, i.e.  
Entering air dbt - Leaving air dbt 

Entering air dbt - Entering air wbt 

Sample Calculation ;- 

From table 5.3?, at a pressure of 40 lbs./sq.inah. 

is 	a entering air dbt • : 80.8 F 

twb entering air wbt = 70.8 F 

t1 	leaving air dbt = 73.4 

Hence, 
80.8 - '73.4  '" 80.8 - 70.8 

8.2 PERFORMANCE FACTOR CF AN AIR WASHER :- 

The 3erformanoe factor of an air washer when 

cooling and dehumidification process takes place is defined as; 

tWb - t-W 
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WHERE, tWb - entering air wbt P 
twb t 	leaving air wbt P 

entering water temperature P 

t. : leaving water temperature P. 
Sample Calculation : - 

Prom table 5.55, at a pressure of 35 psig, 
tWb = 80 

tW :70 
t r 76.9 

75.? 

P.P. = I . 76.9 - 75.7  

f~/~ ~j  
w 0.88 

So - `0 

The performance factor for various combinations 

of number of spray banks and direction of spray, have been 

calculated likewise, and given in the observation tables from. 
5.46 to 5.60 for cooling and dehumidification process. 

Similarly, for heating and humidification the factor 

( - 	tWb 	has been calculated for upstream direc- 

tion of spray, the number of banks being 2 and with different 

air velocities. These observations have been shown from Table 
5.61 to 5.53. 

6.3 GRAPHS :- 

6.3 • 1 GPM per NOZZLE VS 'PI CI NCY' - 

7 	To predict the performance of air washer, its efficie- 
ncies at different combinations of spray banks, direction of spray 



water and air velocity have been plotted against gpm per nozzle 

as shown from Fig. 6.16 to 6.20# The arrangement of flow 

has been shown on each graph. 

6.3.2 PRESSURE VS 	'FICIE+TCY AT OONTT.. VELOCITY :- 

Next  the relation between spray nozzle pressure with 
air washer efficiency has been plotted at different combinations 
of number of banks, direction of spray and at constant velocity 
of 500 fpm. This is as shown in Pig. 6.21,. 

6.3.3  SPRAY NOZZLE PR SURE V5 PE]OEMANCE FACTOR:- 

When 000li'ng and de'h:umid.ification, the performance 

factor for different combinations of spray banks and directions 

of spray at different air velocities, has been plotted against 
spray nozzle pressure. These are shown from Pig. 6.22 to 6..2t 

6.3.4 SPRAY NOZZLE PRESSURE VS FACTOR 2 y- 
b#  

When heating and humidification$  number of spray 

banks 2, direction of spray both upstream and at different air 

velocities, the spray nozzle pressure has been plotted against 
the factor (1 _ 	) This has been shown in Fi g. 6.24. 

t w  tWb 
6.4  PATH OF HEATING AND HUMIDIFICATION PROCESS  :- 

The  heating and humidification process, when hot 
water is supplied to the nozzles from a source external to the 
spray chamber, has been plotted on psychrometric charts at 

different combinations of no of spray banks # and direct ion of 
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spray at various air velocities, with different hot water 
temperatures,. These have been shown from Fig. 6.8 to Fig. etX 
6.1g. 

6.4.1  METHOD OP PLOTTING THE CURVE  :- 

Prom the law of conservation of energy :- 
Heat  absorbed by the air .: heat given by water 

i.e. enthalpy change of air stream a heat given by hot 
fluid. 

or Ma(hb - ha ) = MW (T1 - T,2 ) 

where Ma r weight rate of flow of air stream 

lbs./mmn. 
MW  = weight rate of flow of water per 

minute. 
T1, = entering temperature of water o F 
T2 = leaving temperature of water Or 
hb = enthalpy of leaving air BTU/1b. 
ha  = enthalpy of entering air BTTJ/1b. 

Since in this process the surface temperature is 
oontinOLouely and progressively changing as the air stream passes, 
the variable in the above formula is the leaving temperature of 
water. Denoting the varying surface temperature as T and corree-
ponding enthalpy as h we write the formula as 

We shall assume different wet bulb temperatures 
and  corresponding surface temperatures will be obtained. 
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6.4.2  ILLUSTRATIVE EXAMPLE  s - 

For drawing the heating and humidification curve as 
shown in pig. 6.411, the procedure is as follows 

No. of banks = 2 both upstream. 
Air velocity ; 500 fpm 
Entering air dbt : 81.5 
EntetAng air wbt = 71. 
Entering water temp._ 	94 

Water quantity per nozzle : 8 lbs/ min. 
Specific volune at entering condition of 
air = 13.92 
Area of cross section of ai rwasher = 12.25 sq. ft. 

Velocity x area 	500 x 12.25 
• a 

 
specificc volume 13.12 

440 lbs/min. 

No. of nozzles = 16 per bank. 
Mw  - 16x2a8 : 256 

:. M a/M 440/256 a 1.715 

ba 	enthalpy of entering air : 34.92 

(94 - T) 
Ma  

Taking wet bulb temp. _ 71 of , h - 34.9 2, 

Hence T = 94. 
When W.B.T. : 7 3, h = 36.7 5, 

(36.75-34.92' = 1.715 94-T) 

Hence 7 	90.86 
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When Wbt = 75• h = 38.6, 
(38.6 - 34.92 : 	(94 -• T) 

•hencee T 	87.7 

When wb*. 	 77 P, .h 	40.6, 

(40.6- 34.92) 	1 	(94 - T) 
1.?1S 

Hence T : 84.25 

'When WBT ;. 79, h 	12.6 

1  (42.6 - 34.92) 	1,
'."' 

?1~ 
(94 -T) 

Hence T _ 80.8 

when fit. B.T, _ 80, 	h = 43.9, 

43.7 - 34.92 = --  (94 - T)  ii 
hence T = 79.0 

Now the entering state of the air is located on the 

psychrometric chart. as shown in Pgi, 6.11, denoted by 'a',  At 

condition 'a' the wet bulb temperature is 71 and the correspond-

ing surface temperature is 94 P as given by point a' on the 

pig. 6.11. 

Points a and a' are connected by a straight line, 
Next the wet bulb temperature of 73 P, is taken along this line as 

located by, point '1' and the corresponding surface temperature 

is 90.86 as shown at point 1' . Points I and 1' are joined by 

a straight line. Proceeding like wise the next wet bulb temp. 

of 75 is located an the line It' as given by point 2. The 

corresponding surface temperature is located by the point 2' on 
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the a turation line. Then the points 2 and 2' are joined 

and the next point taken along the line joining 22'. Thus the 
procedure is repeated until the point b is obtained which 

given the condition of the leaving air. When the wet bulb temp-

erature of 8q F is taken i.e. point '5' the corresponding surfa 

temperature is 79 as located by the point p0'.  The curve joining 

the points a t  1,2,3,4,5 and o gives the path of humidification 

process when the water temperature is heated more than the dry 

bulb temperature of the entering air. The line joining the 

points a and b and extended cuts the saturation line at point 3 
The ratio of Sb to Sa gives the bypass factor. In other way, if 
the efficiency of the washer and the path of humidification are 
known, the condition of the leaving air can be abtained. The 
method is that the line' aS' is adjusted in such a way that it 

cuts the humidifi cation curve at b such that ; the ratio of 'ab' 

to 'a6' gives the efficiency or the ratio of Sb to Sa gives the 
bypass factor. 

The condition of the leaving air is obtained in the 

way described above when the efficiency of air washer is ;known, 
and compared with the experimental and theoretical results (as 
described below). The comparison is shown in Table 6.2. 

6.4.3'}tE0RETIOA ► ANALYSIS s- 

This method of obtaining the leaving water temperature 
and the condition of leaving air is described with an illustra-
tion. 

For the same conditions as shown in Pig. 6.1i, the 
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calculations are made as follows :-
Data s - lo. of banks ; 2 

Direction of spray _ both upstream 

	

Air velocity 	= 500 fpm 
Entering water temp 94 'P 

For the above arrangement first the efficiency 

of the air washer is obtained, Thus, 

entering air dbt 	81.5 F 
entering air wbt 	71 	F.  
leaving air dbt i 74.14 

This gives the efficiency ; 

	

81.5 - 74.15/81.5--`71 	7O 

Hence the bypass factor = 1 - , - 0.3 ` I 

From the Pig.' 4.8 (a) assuming zero bypass factor 
the temp. of leaving water. 	To 	is obtained by the method 
shown on the graph itself. 	Then the value 'b' 	is obtained fray 
Fig. 4.8 (b) 	we get# 

To 	= 	79.9-, 	b 2,85 

The value of leaving water temp. at bypass factor 
0.3 	1a then obtained by 

2 = 	o 	( 	1 	T  o  (x) 	(T1 T 	T 	(T from a n.5 of 4.11»3,assu-
Ming enthalpy instead of sign 

?9.9. 	(0.3) 2.85 (94 f - 79.9) 	 n 

:80.38 

Next the leaving wet bulb temperature is obtained by 
(hb  -- ha) 	= 	(T1  - ' 2) 

Ma 
hence 	hb 	= hi f- (T1-T2) Mw/Me 
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r 34.92 (94 - 80.35) 
1. 1 W  

a 42.87 

Corresponding leaving wet bulb temp. from the 
chart comes out to be 794. 

The exist wet bulb temperature is the same as if a 
constant surface temp, to has been assumed with an equivalent 
bypass factor X, where to  is defined by the following relation; 

x 
hs  _ a  

he ; bb à  
(I -x)  

42.87- ,3x34.92 	 46.4 X  

Oorresponding surface temp. from charts is  82.4 

The leaving air dry bulb temp. is given by 
tb  = Xta  + (1-X) to  since .X ; ts-tb/te-»ta  

= .3x81.5 -1-  .7 x82.4 

82.1' 

Comparing the experimental, grapb1cal and theoretical values 
we see ; 

13 .No, Nnter- Leaving heaving Leaving-  Meth©d df 
ing water air wbt air dbt result obtained 
water Ref. 
t anp.F T2  tb' tb 
Ti  

1 94 81.9 79.5 82.9 Ex erime, tal p a 	e 	6 
0be. 4 

2 94 - 80 82.•2 Graphical pig. 6.ii 
3 9.4 80.35 79.18 "82.1 82.1 Theoretical. st°? 

. 3 4 
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0 

i Upstrsw 	800 82. 
I rinw f5t e9rn 	000 80.8 
2 Both Ij. attar 600 82 
2 Both oppo- 	600 80 

sing. 
Q Both 1JEtreri500 81.5 
3 An D.strsam600 80 
3 1 iapst~?~ ys_ c 

2 	o 	500 dMimteam 500 81 

3 2 upst'e  
1 do nsiiie ar500 81.2 

3 LU pat a ?00 80.5 

2 Both D/sty 5O0 80.6 
1 9 Both oppng500 80.6 
2 2 Both Sauk 590 80.6 
5 2 Both Down.. 

stream ' 	500 80.6 
4 2 Both fah$ 600 81 
5 2 Both Tr 	►0 80.6 
63 1118 	w- 

stream 	400 80.7 
7 3 1 1Jpstrem  

2 1htiYesm 	500 $0.7 
8 3 2 Upstr 	, 	-- 

1 d.,strean 	600 80.9 
9 3 All Upatre400 81. 
03 All DOWn- I 	- 

str eam 	600 80.9 
1 3 1 upstream. 	-- 

2 downstreamm600 80.8 
23 2 upstream 

1 down 	ream 500 81.2 
35 A11Up. 

r1cl 44 	4' 

;4 	vl 

TABLE = 6.1. 
AU OWS CHART FOE $TA!f ING AND 	IDI PI CAT IO 

43 I 

$4 	b-' it 0 	d 
0+ A r 	I+ 

70 0.3 2.75 98 77.5 4 17.66E 
74 0.26 2.29 96 79 3.4 79,1? 
72.3 0,277 1.3? 90 79.5 3.55 79.9 
68 0.32 1.65 95 79.8 2.9- 8O.34 

	

74.15 71 	70 0.3 1.715 94 79.9 2.85 80.35 

	

73.6 70 	64 0.36 .1.38 96 81 2.6 82.05 

	

72.42 10 	78 O-. ' ..92 91 80.2 2.1. 80.64 

73.8 71.3 75 0.21 1..0,7 93.5 81.2 2.3. 81.69 
13.3 70.0 68.5 0.315 1.1.7 92. 80 2.3 80.84  
72.8 70.6 '13 0.22 1.15 92 	' 81.2 2.3 81.53 
73.2 10.6 74 0.26 1.375 96 81.3 2.8 81.74 
73.6 70,6 70 0.30 1.72 93.5 80 2.9 80.401 

74.0 70.6 66 0.34 1.72 95 79.9 2.95 80.56 
16 70.9 73 0.21 1..73 94 19.7 2.9 80.02; 
13.0 70.8 77 0.23 1.36 95 81.2 2.6 81.504 

72.2 70.4 82.5 0.175 .738 90 - 81.8 1.85 02.10 

72.9 70.7 78 0.22 .916 91 	01.0 2.1 81.61 

75.5 5 70.9 74.5 0.255 3. 92.5 81.7 2.3 82.26  
72.0 71 00 0.1 .732 90 	82 1.86 82.11 

73.8 70.9 71 0.29 1.0 92 	81.6 __ Z.1582.35 

73.4 70.6 72..5 0.215 1.0 93 	82.3 2.2 82.87 

74 71.3 72.7 0.273 1.45 91.5 80.9 2.4 81.401 

75• 72 
73.4 70.8 
75.5 73 
73.2 70 

stream 500 81.2 72..8 70.8 80.8 0.192 .915 94 82.8 2.3 83.05 
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GI 	 cik 
Ilq 	 t # 	r1 !'?c3 '! 	► +l 	rat  

9 Aa cic 	96 79.17 '78.6 80.9 	Ac par campl o calcu3 a 
.at+ 	 tion 6.4.3 

Graphical 96 	719..5 61.9 	Pig* 6.8 

	

px ortmt 96 82.2 18,3 81*7 	Oboozp*ction go# 7 of 
tl 	 Tablo Uo* 5. G4 

3 Ao oal 	90 79.9 80.tB 82.7 	As per eumplo cal .r 
3.r ad 	 tion 6,4.3 
Graphical 90 	- 04.7 831#0 	pig# 0,9 
Ecp c~vz - 90 81,9 19.8 62.. 	Table .6 A, 0borvc  
ta► 	 ti on, Noel.  

	

3 4 .O latc d '!O 80.348 79.2 624 	Aa por o aplo oeloul v 
off" 6.4..3. 

Grôhtc3. 95 	8044 82.3 Pig" 640 

1zDorto 	95 32.9 80.? 82.6 	"'able 5.6,4 Observe- 
t . 	 tion ITO, '2.. 

4 6 Dal flat 	94 80.35 19.18 824 As per ecimplo calculai 
Lion 6.4.3 

Graphical 9 	-80 	82.2 	pig,* 6.11 
Ex%+D Cn" 94 Slog 79.6 82.9 	Table 6*610 Observation 
tel.,. 	 Ito, 4 

	

6 6 0aloulatc 96 82.05 80.5 82.5 	AS par oniaole caloult 
tion M * 3 

Graphical 96 - at 834 Pt.g. 642 

	

porlmon-' 96 83.2 80.9 82.9 	?ably N'o.8r64, 
Observation Ila4 4. 
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6 7 Calculated 91 80.64 81.6 83.5 As per sample aal oulai 
Lion 6.4.3 

Graphical 	91 	-& 	 81 	83.2 Pig. 6.15 
Experimental 91 81.9 80.8 83.6 Table No. 5.64, 

Observation No. 6. 

8 Calculated 93.5 81.69 82.4 84.4 As per sample calcULa- 
tion 6.4.3 

Grapbjoa. 93.5 - 	82.0 84.1. fig. 6.14 
Expa rim en- 93.8 82.9 82.1 84.7 Table No. 5.64 , 
tal. 	 Observation No. 5. 

8 9 Calculated 92 80.84 80 82 	As per Sample caloulati 
6.4.3 

Graphical 	92 	w 	 80.1, 82.9 Fig. 643 
Euperimen. 92 81.8 80.6 83.5 Table 6,.64, tal. 	 Observation No. 8 

9 10 Calculated 92 81.53 80.1 81.75 As per sample caleula. 
Lion 6.4.3 

Experimen- 
tali 	92 82#9. 79.8 81.9 Table 5.68, Observation 

No 2. 

10 11 Calculated 96 81.74 81.1 84 	As per sample caloulal 
tion 6.4.3 

Experjmen- 96 82. t 80.1 84.5 Table No. 5.650  tal. 	 Observation No, 3 

11 12 Cal calla t ed 93.5 80.505 78,6 81.38 As per sample cal oula- 
ti on 6.4.8 

Eaperime - 93.5 81.2 78.1 81.9 Table 5.65, 
tal. 	 Observation No, 1. 

12 13 Calculated 95 80.56 79.2 82.2 As per sample calcula- 
tion 

Experimen- 95 81.3 78.6 81.9 Table No.. 5.66 
tal- 	 Observation No. 4. 
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M !mod •~q' 
~~i , 

y 	~ qj 	O4 
r1 .oCi p 

N r-i 
430.4 

 m 
i+ A~1 v 

0 ,0 c 

3 14 Calculated 94 80.1022 19.2 81.9 As per sample caloula- 
tion 6.4.3. 

Experimen- 94 81.1 78.3 81..? Table 5.66 0 
tai. Observation No 	6 

4 	15 	Caleulatet 95 81.804 80.6 82.5 As per sample oaloul.a- 
tion 6.4, 3 

Ecperimen- 95. 82.4 79..7 82.8 Table No. 5.66, 
tar Observation Nod, ~k 6 

5 	16 	Cal cula t ec 90 82.128 81.1 82.6 As p or eample calcula- 
tion 0.4.3. 

XPerimen- 90 82..6 81.8 83..1 Table No.. 5.65, 
tal., Observation No.4. 

6 1.7 	Calculate 91 81.61 80.8 82.8 As per sample caloula- 
tion 5.4.3 

Experimen- 91 81.2 80.3 82.9 Table No. 5.65, 
tal • Observation go. 5. 

17 	18 	Calculated 92.5 82.26 81.2 83.2 As per sample caloula- 
tion 6.4.3. 

Experimen-- 92.5 82.60 81.60 83.6 Ta
ble 3.65, ' al• Observation No. 5• 

I18 19 Calculated 90 	82.112 81.8 82.8 As per sample caloula- 
tion 8.4.3. 

Sx erimen- tal 	90 82.? 	82.1 83.2 Table No. 5.65, 
t bser~'a' ion No. 7 

19 20 Calculated 92 82.33 80..7 83.2 As per sample calcula- 
tion 6.4.3. 

Experimen- .92 82.7 	81.5 83.7 labla No. 5.65, 
~.tal. 	 Observation No. 8 
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20 	21 	Calculated 93 82.872 81 83.2 As per sample calcula- 
tion. 

Experimen-. 93 82.5 81.4 83.8 Table Ic.5. 66, 
tall Observation No. 1, 

1 	22 	Calculated 91.5 81.406 80.2 82.8 As per sample calcula- 
tion. 	6.4.3. 

Exp 	,men- 91.5 82.1 80.9 82.4 Table No. 5.66, 
tail Observation No. 2. 

22 23 Calculated 94 83.052 82,7 84.4 As per sample calcula- 
tion 6.4.3. 

Experimen- 94 83.3 	82.3 84.1. Table No. 5.66, 
taI.. 	 Observation No. 3, 

23 1 0al*ulated 98 77.668 79,3 82.2 As per sample oalou3.a- 
tion 6.4.3 

Exp+ riment- 
a1. 	98 81.3 	77.9 82.7 Table No. 
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The above three oomparis&ns are made for all the 8 

figures from 6.8 to 6.45 for heating and humidification. And 
for the other values for which the grabhe are not drawn only 

the experimental and theoretically obtained values are compared 
as given in Table 6.2. The calculations are as shown in Table 
6.].. 

6.5 PATH OF COOLING AND DEHUMIDTPICATION P'ROCES$. 

When the initia temperature of water is below the 
initial dew point temperature of the air, the water temperature 
rises as it is brought in contact with the warm air. If 
sufficient water is provided so that the final temperature of 
the water is below the d point temperature of the entering air 
cooling of air along with dehumidification will occur. 

The path of the cooling and dehumidification process 
is plotted in a similar way as described- in 6.4.2 with the help 
of the energy eq ation• 

Illuatratje Ez, pl e 1- 
Taking  the curve as shown in Fig. 6.5, for the con-

ditions stated - 
Nos of banks 
	

2 

Direction o f spray 	~- both oppeeing eaehother. 
Air velocity 	 600 fpm 
Entering water temp. : 62 7 

Initial air dbt 

Initial air wbt 
Quantity of rater xf 
through each nozzle 

85.5 -F 
80 P 

10 lbs/min. 



Area of cross section of washer = 12.255 sq.ft. 
Specific volume at enter condition 
of air 	 14.2 c.ft./lb. 
There are 16 nozzles per bank, 

hence MW  _ 16 x 2 x 10 	320 lbs/min. 
Ma  = 600 x 12.25/14.2 	518 

Hence pia/!, ; 518/320 :, 1.62 

NOW by the energy equation ; 

	

 
:M 	( 

Ma 

ha  : 43.69 ;, entering air enthalpy 

(43.68 - h)  1  (T - 62) 
when W.bt. .. 80, h «. 43.68, T : 62, 
when wbt 	; • 78, h ; 41.6, 

(43.68-41.6). 	` ., ' T -62) 1.62 

It ene e T : 65.37 
When Wbt 	: 76, It - 39.3 

:. (43.68 - 39.55) : 1 ( P.0  62) 
1.62 

T -68.7 
when Wbt .: 74, It .- 37.68; 

(43.+ -.37.68) 	62 ( T` 62) 

	

Hence T 	: 71.7 

.41 
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Procedure for drawing the cooling and dehumidifieati. 

curve is the same as explained in 6.4.2, excepting that the surf 

temperature in this case goes an inoreasing as the variable wet 

bulb temperatures aretaken in decreasing order. In Pig. 6.5, 

corresponding surface temperatures are a', 1', 2', 3'. 
The procedure is repeated until the final state of the air as 

indicated by point 'b' is obtained. 

The other graphs showing the path of cooling and 

dehumidification process for different combinations of number 

of spray barks, direction of spray and velocities are shown 
from Fig. 6.1 to 6.7. 

—so$— 
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6.6 	CALCUTA TIONS FOR DRAWING THE PATHS OF 
HEATING AND HUMIDI lCATION  

These curves have been platted from flg.6.8 4fig.6.l5 
The steps are listed as follows:  

AB15E.+J' ~q - 'Q 
ZjG.Noi6i8 

Conditions as S.No. Wet bulb Enth43r 
shown in 	 temp. 	h 	Surface temp. 	h ha 
table 6.1 	 T = T, 	w 

1 71 21.8 96 

2 73 36*75 91.8 

3 75 38.6 87.6 
2 

4 77 40.6 83 

5 79 42.6 78.4 

Conditions as 
§xft=1x inTable 6.1 

S.No. 
Wet bulb 

temp,: 
Enthaply 

h Surface temp. 
I T 	= T1 - 	( h'. ha ) 

,  f 

1 73 36.7 90 

2 
{ 

74 ', ' 	L 87.65 88.7 

3 7:6 39.55 86.1 

4 78, . 41.55 83.35 

6 84 43.855 80.5 

6 S2. 45.9 77.4 
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PL 

~ 	o 	i 

onditlon as 	 nthalpy Surface temp. 
harm. 	S+No. Wet bulb 	 Ma able 6.1 	 temp. 	h 	T = T1 	 ( h`ha) 

1 70 34.1 95 

2 72 85.85 92.12 

3 74 4 37.7 89.9 

4 76 39.6 85.98 

5 78 41.55 82.7 

6 80 42.7 79.2 

ondition as S.No. 	Wet bulb -Enthalpy Surface temp. 
shoran in 	 Temp. 	 Ma Table6.1 	 h 	T  

1 71 34.92 94 

2 73 
36.75 90.86 

3 76 38.6 87.7 

4 77 40.6 84.25 

5 79 42.6 80.8 

6 80 43.7 79 



x. 4 

TABLE No.617 

Fig. No.6.12 

B.NQ. surface temp. 
Condition as Wet bulb enthalpy ~h~  ~ 
shown in temp. h T  T1 

1 70 34.1 96 

2 72 35.9 93.52 

3 74 37.65 91.1 

4 76 39.6 88.4.. 

5 78 41.55 85.66 

6 'Se 43.  

7 81 44.8 80.2 

TABLE No.6,8 
Fig.. Ne.6.13 

Condition as S.No. J8urface temp. 
shown in Wet bulb Enthalpy T = Tl - 	Ia 	(h-ha) 
a 	6 MW 

1 70 34.1 91 

2 72 35.9 89035 

3 74 37.7 87.7 

7 4 76 39.6 85.95 

5 78 41.6 84.1 

6 80 43.7 82.2 

7 81 44.8 81.15 
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Condition as S.No. iWet bulb Enthalpy Surface temp. 
shown in 
Table 541 

temp. 
h 

_ 	M 	h_ ha T 	Ti 

1 70..8 3407 93.5 
2 72 35,81 92.3 

9 3 74 37.65 90.33 
4 76 39.55 88.3 
5 80 43.65 83.7 
6 82 45.9 81.5 

TABLE N®6 
No.6.15 

Condition as Enthalpy Surface temp. 
shown in 
Table 6.1 

S.No. Wet bulb 
temp. h 

Ma 
T = T, 	( h•ha) 

MW 

1 
a. 

70 34.1. 92  
2 72 35.9 89.9 
3 74 37.7 87.85 
4 76 39.6 85.55 

9 5 78 41.6 83.22 
6 80 43.7 80.8 
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6.7 OALOV+AT1OO8 FOR COOLING AND D .HUMIDIFICATION PROCESS. 

T;BLB-6.1i 

as c2 10 m c~ c~ is ra ca d+ 
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6.8 
CATZ f~ TIQN 	WING THE PATH OF COOL 

.DIdUMIDIFICATION 

The curves for cooling and dehumidification have plotted as 

shown from Fig.6.1 and Fig.6.7 
The steps are tested as follows: 

S.No« ofS.No. Wet bulb Enthalpy  Surface temp. Table 	I temp. h 	 Ufa 

1  80  43.68  65 

1. 	2 	78 	41.6 	69,37 

3 76 	39.55 73.6 

	

Table No. 	6'x..13, 	IIG. No. 6.8 
Enthalpy  Surface temp S.No• Of S.No. Wet bulb 1 Table 	temp. 	h . 	T = Tl ( ha-h) .... 

1  80 43.68 62 

78 41.6 65.37 

2 	 76 39.55 68.7 

74 37.68 71.7 
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.._..._.. 

 

Surface temp. 
S.No, of  S.No. Wet bulb  Enthalpy Ma 
Table temp. h T = Ti + ( ha-h)  . 

MV 

1 80 43.68 60 

2 78 41.6 65.6 
2 

3 76 39.55 

T 	LE ilo.6Ja7 

Zia, BTo.8.3 

71.1 

S.No. 
 .No. of Wet bulb, Enthalpy Surface temp. 	Ma 

Table temp, h T = Ti + 	( 	.-h) 

1 80 43.68 61 

2 78 41.6 64.58 
4 

3 76 39,55 684 

4 ?4 3?68 71.3  

ABL 

®r ,~.cu©. ~napy~ Surface temp. 	Ma Table 	Wet bulb 	b; 	T . = Tl + (bah) 

1 s© 43.18 

2 78 41.6  

8 	3 76 39.65 ,• 6 

4 74. 87.x$  
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S. No. of SAO. Wet bulb I Enthalpy Surface temp. 
Table 	 temp. 	h 	T = T j  + (ha-h) Ma 

1 	80 	43,18 	63 

2 	78 	41.6 	65.62 

3 	76 39.55 68.23 

4 	74 37.68 70.55 

XAPLE-NO&A  
jg. No.6.6 

S.No. of 	S.No. 
-------- 

Wet bulb 
--. 

Enthalpy 
------ 

Surface temp. 
Table I I 	temp. h T 	= T1 + ( ha-h , — NW 

1 80 43.68 60 
2 78 41.6 65.6 

7 
3 76 39.65 71.1 

If 
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ClHAPTER - TI' 

DI OU8SION O RESULT. 

7.1 R,MI 7VLATED WATT i I 

When the spray water is reoirculated, it follows 

the path of oonetant enthalpy or oognt 	wet bulb on the 

psyohrometrio chart. 

'From the thermodynamic, stand point, if the 

injection water is supplied at the wet bulb temperature of the 

entering air, then each entering drop is surrounded by a. 

film of vapour, a simultaneous transf or occurs of vapour from 

the drop to the air stream and of sensible heat from the air 
stream to the drop. The drop remains at equilibrium wet bulb 

temperature and the process of hmidifioation proceeds along a 

constant enthalpl or wet bulb line. 

7.2 HEATED WATER t - 

The temperatureof water is above the dry bulb 

temperature of air, 
As explained in Chapter IV, the equation - 27 

indicates that at any cross section of the spray ohember the 

instantaneous slope of the air path dW/dta  on the psychrometric 

chart is determined by a straight line connecting the air state 
with the interface saturation state at that cross section. Thus 

in Pig. 6.11, state 'a' represents the state of air entering 

the washer chamber. he washer is operating as a heating and 
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humidifying apparatus so that the interface saturation state 
is represented by a'. The initial slope of the air path is then 
along a line directed from a to state a' . As the air is heated 
the water is cooled and the interface temperature drops. Cor~eee-
pondijng air states and interface saturation etatee}are indicated 
by letters I t 2, 3 and 4. At each instance the air path is 
directed towards the:aeeooiated interface states. The interface 
states are found from the energy equation as explained in 6.4.1. 

7.3 CALLED WATER .• 

When the air Is euppli ed with sufficient water 
such that the final temperature of the water is below the dvrw 
point temperature of the entering air, cooling and dehumidifioa-
tion will occur along the complete air path. In such process 
there is a transfer of both beat and vapour to the drop so 
that the surface temperature rapidly rises as it is gaining both 
sensible and latent heat. Since there is a transfer of both 
heat and vapour , the process is one of dehumidification rather 
than humidification. 

Xf the water temperature is such that it equals the 
dew point t+ prature of the entering air within the chamber 

then the flow of vapour ceases when the dew point is reached, but 
9 

the drop .00 	i 	to gain sensible heat, its temperature rises 
and the vapor flow now starts in the opposite direction and hence 
cooling with humidifioati'on starts. Zn figure 6.5, the water 
temperature is sufficiently lowered and hence the Jo leaving 



4 
~j 

temperature of water is below the dew point of entering air. 

In this case the curve continuously drops showing cooling ad 

complete dehumidification. 

7.4 EE'PICI NOY OAIRWASHER s. 

The efficiency of the air washer has ,been defined 
earlier as the ratio of actual lowering of air temperature to 
the wet bulb depression. 

The efficiencies at different ooml4natioae of number 
of spray banks, direction of spray and vetoUzi.ti es have been 
plotted against the gpm per nozzle as shown from Pig. 646 to 
6.20. Taking the Big. 6.16 in which the efficiencies are drawn 
for two different direction of the spray when operating one bank 
only , we see that the effici encies obtained when the direction 
of spray is upstream i.e. against the flow of air# are more 
than when the direction of spray 18 down stream. This is due 

to the fact that when the spray Is against the air flow, there 
is a thorough mixing of air and water which, therefore, reduces 

the temperatureof air more effectively, In downstream spray 
the mixing is not so effective, 

Prom the curves of Pig. 6.16, we see that as the 

pressure is'tnoreased with a subsequent increase of water quantity 
per nozzle, there is a sharp rise in the value of efficiency at 
a particular air velocity, This is bemause at' lower pressures 
the spray mist to not sufficient to effectively reduce the leaving 
air dry bulb temperature. 



Further, ire see that as the velocity of air is 

reduced# the efficiency increases for a particular setting of 
number of banks and spray direction. This is due to the f act 

that decrease of air velocity reduces the mass of air and conse-
quently, the ratio of mass of air to mass of water is reduced 

and hence there, is a more effective saturationct the air. 

'ow ref erring to figures 6.17 to 8.20, we see that 
the efficiency is greatly changed by the numberag of banks 

operated, and , the direction of spray. The efficiency is 
increased when for the same direction of spray, the r. mber of 
banks are increased since then it Increases the water quantity 
compared to the air quantity.« 

n figure 8. *t, the efficiency is plotted with spray 
nozzle pressure at a constant velocity of 500 f t at different 
settings of spray nozzle direction and number of banks. 'prom 
these it is observed that the efficiency increases when the 
number of banks is increase.. Also it is assn that for a parti-
oular number of banks the efficiency is more when the number of 

banks operating on upstream side are more than the d rnstream 
side. Thus out of the total number. ot, banks 3, if two banks are 
operating upstream and I downstream, then the off Icienoy is 
more than when they operate with 2 banks downstream and I bank 
upstream. This is as previously stated due to the thorough 
mixing of air and water when operating on upstream side. 

Thus we can summarise that the effici encyof an 
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air washer depends upon the air velocity, air to water ratio, 
pressure fineness of at t~i"setion, number of banks and the 
direction of spray and the finally the number of nozzles. 

Prom the curves of iga 6.16 to 6,21, it is seen 
that the value of efficiencies is not too high, rhie ta because 
the Aber of nozzles operated during the experiment wa' a less, 

1* 5 	MPORMI N P AOTQ 4 1 ~. 

7.5.1 C ,LED 3 &TER J .. 

When cooling and dehumidification process occurs 
the performance factor has been plotted against spray nozzle 
pressures as shown from Big. 6.22 to 6.24. 

The performance factor for single spray bank is 

lower than the performance factor for 2 or 3 spray banks for 
a particular air velocity owing to the fact that the difference 
between the leaving wet b21b temperature of air and the leaving 
water temperature is more. 

The reason for higher leaving wet bulb temperature 
is because of the water quantity Of the ohilled water being 
lose when the number o/ banks is one. Thus the ratio of mass of 
air to water is increased. 

When the number of banks is increased or the 
velocity is decreased, the ratio of mass of air to water decreases 
and hence the leaving wet bulb temperatur, f their is reduced 
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to a greater degree, which in effect gives a greater performance 

faetor. When the direction f spray is upstream there is more 
thorough mixing compared to downstream with a consequent decrease 
in W.B. Tema. of leaving air. 
factor. 

This increases the. performance 

7.5.2  

The curves between the spray nozzle pressure aM 
the factor ( I - 	tW' "` bo ) 	have been drawn. As the ' b 
pressure to increased water quantity increases and hence the 
ratio of air to water decreases with a consequent increase of 
the above factor. 'hie, therefore, gives a rising characteristic 
of the ourveWhen number of banks are increased, the ratio of 
mass of air to water is decreased for a particular air velocity 
and hence the leaving wet bulb temperature increases more 
compared to reduction in hot water temperature. This gives a 
higher value of the above factor. The same thing happens when 
the velocity Is decreased. The give, f actor increases with a. 
reduction in velocity. 

The curves between spray nozzle pressure vs perfor~- 
manse factor for chilled water and between spray nozzle pressure 
and (I — 	 W.. ,».,) 	for a particular arrangement of 

lb 
spray System have been superimposed as shown in Pig. 6.24. T ,e 
curves for heated water have a dow Ir*rd characteristics compared 
to curves for chilled water. 



On the basis o f above, the following conclusions 
are drawn. 

a)  RMIR LAT 	WATER  t 

I. The efficiency of air washer increases with an 
increase of epra nozzle pressure for a particular air velocl . 

2.. The eflcienoy of air washer increases with 
an increase in number of banks. 

3. The ± ffic ency of an sir washer increases when 
the direction of spray is upstream and has a lower value whtn 
the direction of spray is downstream. 

4. The efficiency of an air washer increases 
with at. reduction of air velocity. 

5. The process follows a constant enthalpy or 
content wet bulb lines on the payehrometrio chart, 

b)  t I L' k W&T 	a - 
6. When the temperature of spray water is lowered 

such that the leaving water temperature is below the 4ewpoint 

temperature of the entering air, cooling along with dehumidifi.- 
Cation occurs. 

7. Zf initially the entering water temperature is 

below the dewpoint of the entering air temperature, cooling with 
dehumidification results, but it tks after that during the 

process, the water temperature is more than the dewpoint of 
entering air cools ng With humdifioation results. 

B. The performance factor of an air washer increases 



with an jitorease in number of banks. Ar 
9. The performance factorait air washer increases 

with the decrease in air velocity. 
10. The performance factor is more when the direction 

of spray is upstream than when it is downstream. 
It. The performance factor increases with an 

increase of spray nozzle pressure for a particular velocity# 
number of banks and direction of spray. 
e) KATE3WAT tom. 

2* When the temperature of water is increased 
more than the dry bulb temperature of the entering air, heating 
along with humidification results. 

13. The factor { t - 	+•. 	+ 	incsreas es with 
r4+~WriilYl( p+iiiiYi~1 

tw   t~tb 
an increase of nozzle pressure# decreases with an increase of 
velocity and increases with the number of banks* 

14. The above factor increases when direction of 
spray is upstream than when it is downstream. , 

15. The performance f actor for chilled water is 
more than the factor (1 — tW' t,/ to_ ' ) for a partiour 
arrangement of spray system. 
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