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ISTRODUCTION

Evaporative watex; cooling was well. known to
ancient people. In India, Waporation was ugsed t0 make ice.
Shallow beds dug in the earth were filled with 1 % of straw
upon which éa.rthern pans were placed. On still frosty nights
eveﬁ when the temperature fell no less than 43° P or 11° mskx
above freesing ice would be formed. Evaporation plus radiation
into the night sky provided the refrigeration.' This method is

repbrtad to be.in use in Modern Iran also.

In Iran homes are frequently semi-underground to
escape solar heat and in some there is a pool oi running water
above Which a ventilation tower opens. The tower catéhes the
breeze and diverts it ocoross the water pool and then into the
room. An sncient Persisn practice was to cover tents with felt

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

In India, people developed the cocotatti . Doors
are replaced 121 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 f’rom which water

tickles down gradually.

Another Indisn evaporative air cooler is the
Thermantidote. Here the door is replacel by a wheel like frame
work covered with grass which is revolved and kept wet.




" p e o

The cooling effect of fallingwater 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 tut 413 not wat the benches near the
trunk.

American evaporative cooling developed ohiefly in
Arizong and seth®r California during the late 1920's and early
193%0's. However, actual nanufacture began from about 1936 and

‘ Aege
1937. As time passed, th® various methods developed and are
ligted as follows t-

1. The common desert cooler.

2. The Air-washer cooler

3. The unit humidifier eoolirig 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 i@ used in airconditioning work not only' for cleaning
but also for either humidifying or dehumidifying and cooling the
alr used for ventilation and for industrial airoonditioning. It
is generally cbserved that after a rainstrom the outddor air is
nuch tresha‘r and cleaner than it was before the storm, and this

fact was probably the basic i1dea 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 dank 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 1nlét 1ouvgralto prevent
water from Splaahing_out of the unit at the entering aide. Water
sprayed through the moszles is collected in a tank where 4%
passes through a strainer, into the pump and dakk up to the
nogzles. Thus 4f the water is neither heated nor chilled and
is recirculated the air is evaporatively cooled by intimate
contact with the water.

In aprlications with extremely high sensible heat
loads, cooling by means of refrigeration is out of quesfion beca-
use of the very high initial and operativecosts. At present the
use of airwashez/ evaporative cooler for éuch aéplioations has
been gaining mote and more £avour becausé they have proved |
able to provide satisfactory comfort conditions while being

economical to purchase, maintgin 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 unrefrigerated at
diffuse temperature from 76° F %o 80o P, even ﬁith.high outdoor
conditions prevailing. It has nowaecome possible to maiﬁxain
comfort conditions grd using 100 percent outdoor air which upto

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

An airwasher evaporative cooling system properly
des;gned requires the use of all outside air without recirculation
from within the cooled space.  In some cases direot or 'spot‘ |
cooliné',is the most practical method of air distribution. Thia
1s especially true in building in which the mmber of ﬁnrkers
is rela#ively few comparel to the sige of the building, or in
which the buildings have extremely high ceilings, in which ame
case it will be uneconomical to attempt cooling the entire space.
1t 1s also advaentageous when there are hot spots in the building
in which case 1t will be imperative to bring eooling just to
those areag. In such cases ducte can dlecharge the air to each
individual\-hereby cutting dowm the ocapacity of the system

requiréd 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 rurnahces, steam
presses, moften metal etc., is a common task for this unit. The
cooling of large electric motors and generators is accomplished
by supplying a large amount of air through the airwasher to the
windings to ocarry the heat that is generated.

Humidifiocation with airwasher can be accomplished
in three ways t- |

1. Use of recirculated spray water without prior
treatment of the air.
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2. Preheating the air and washing it with

recirculated spray water.

3. Using heated spray water in which case the
air 18 heated and humiaified, the wet bulb and dry bulbd

temperatures both inoreased.

Cooling and dehumidification can alsc be accom-
plished by the mimasher. Dehumidification will result if the

leaﬂng water temperature is below the ehtering dew point

tempergture of air,

Tre perfoxmance of air washer under different
conditions of spray water temperaturs?nmbe:-cf banks, dirgction
of sprayo;Mgir velocity have been investigated.

wiot=
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CHAPTER = 11,

AIRWASHER - TYPES AND CONSTRUCTIONAL DETAILS

2.1 SPFRAY TYPE WASHERS 1

2.1.1 SUMARY -

A spray type alr washer consists essentially of a
chamber or casing containing a spray nozzle system, & tank for
~ collecting the spray water as it falls, and a series of vertical
scrubber and elininator 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 copled or

heated flows successively..

1. Through a water spray from a group of small
nozzles and

2. over the wetted surface of a series of vertical
gorubber and eliminator plates. A pump recirculates water at a
rate greatly in excess of the evaporation rate. The water spray
from the nozzles must be suffiociently large in amount so that
it may bve 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
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setﬁ}ng tank. The water discharges over the scrubber and eli-

mina tor plates from a series of nozzles,

The nozzles for sprayihg water are placed in'a'row.
across the direction of flow of air so as to distribute the waber
in a fine spray or mist to thoroughly saturate the air. In
gome 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
dehunidification applicagtions requiring chilled water. Two
stage Washers are uged for dehumidification when the quantity
of chilled waterisllimited, or when the temperature of water
ig above that necessary for single stage design. Arranging the
“two stages for,counterfloﬁ of water permits the use of smaller

quantity of water with a higher temperature rise.

The most effective & cleaning of the air is

| obtained by the scrubber plates of the air washer which are

" designed to change the direction of the £loW of the alr so that
the dustis removed from the ailr by its inertia and by its contact
with the wet surface of the sorubber 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 tenk
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 4inlet to protect the water pipes and nozzles of the

air washer from freeging.
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It may appear apparently that most of the dirt
mixed with the air should be removed while the alr is in the
Spray chamber,:_(:his is not the case, practically all of the air
‘borne dirt ko renoved by the eliminators. Alr washer will not
always remove greasy particles such as goot. Tobacod smoke will
ordinarily pasa through an air washer.

. v ,
Most odor can be removed from alr in an air washer,

An paolx/' is usually due to the vapor of eome compound mixed with
the air. Many of these vapors will dissolve in water. In faoct
as the water becomes saturated with the soluble vapors, it be-
comes less and less able to remove adors from the air. Further-
more, the water itselfl acguires an odor due %o the material

in aolution,jtherefore, it must be changed frequmtly‘ uder
these conditions and the tank filled with fresh water,

Generally, the water in an air washer is recircu-
lated. When the air is to be humidified either the air or the
water or sometimes both are heated bvefore entering the washer,
If the air is to be cooled and dehumidified in the washer, the

water must first be cooled.

Occassionally, water that is cold enough so_that.
-no—further-cooling-t'sneeded, can be obtained from a city main
or well. In such a case, fresh water is supplied conﬁnuousiy
to the sprays and is then wasted to the sewer. When water is
used in g washer in this way, 1% should contain no substances in

solution that may give unpleasant odor to the alr. This must be
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checked very carefully because of the initimate contact of the
water and air in the washer. Well water occassionally contains

sulphur compounds in solution which impart an odor to the air,

The figurevz.l shows the'airVWaeher'cousisting
primarily of a spray chamber in which a number of spray nozzles

and water supply risers are installed.

2.1,2 WATER SUPPLY TANK i~

The air washer tank whieh is provided for holding
the water supply to the spray nozles is from 16" to 20" deep and
is built of galvanized sheet iron. It is thoroughly braced
on the outisde by 1% by 1&" by 1/4% galvéniéed steel.ahgles,
and 1s'provided with a frame around the top for connection to
the air washef casing. All 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
comparfments by a strainer of 12 mesh copper wire ¢loth rigidly
held on a removable galvenized iron frame. All of the water
flowing to the pump must first pass through this soreen. The
openings of the screen are made smapller than the nozzle openings
Although this minimizes difficulties with nozzle clogging it does
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 concen-
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trations 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
punp is connected, a hinged cover should be provided to prevent

any dust falling in as the alr passes over i+,

A float valve is provided in wasb;ars to automati-
cally adm;t make up water to replace any water lost through
entrainment or evaporation. There is g sealed overflow
connectionto the se¥wer to prevent flooding the tank in case
the float valve sticks or the rloaf becomes water logged. A
drain valve is needed at the bottom of the water supply tank
80 that all the water may be drawn off for cleaning the tank
or to prevent freezing if exposed to very cold air when not
1in use, The overflow consists of a removable length of the
Plpey, the top of which is slightly below the upper elge 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 fesding the float valve.
A hand operated valve is installed in the quick f11l line,

2.1.3 AIR WASHER CASING 1t~

The casing of an.air'washer may be constructed of
various metals but it is generall& made of 18 gage glavanigzed
sheet iron thoroughly stiffened and braced on the outeide by
1% by 1% by 1/4 inch galvanized steel angles, spaced not more
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than 3 feet apart. The top and sldes 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
suppiy tank.v All seams,exposed edges of sheets and rivet heads
should be soldered.

The length of the air washer is betweemn 4 feet to
10 feet depending upon the number of banks pro?ideé. The usual
alr washers are made of fime seven and either eight or nine feet
length. The five and seven foot alr washer have usually one bank
of sprays and the nine foot washer has two or three banks of
gprays. Two banke of sprays can be installed in seven foot
washer but the they are considered to be less effective than
the long washer, The fivevroot washer is least expensive, but
geven 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 purﬁoaes. In special ocases 1t is necesgsary to install
three or four banks ¢f sprays. They cén therefore, be made having
a8 many banks as are required. Such aﬁecial washers have some-
- times length as long as 15 feet. Cooling coils for the direot
expansion refrigerant are oocﬁssionally 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 gsprays, the washer is spoken as a two

stage washer. . o T PP VR N RSN PUL L AN
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Sometimes, a two stage washer may have three banks of sprays in

each stage,

In the smaller sized air washer one inspection door
is providad and in the long type two doors are installed. All
doors should be hinged and prefe:;bly of cast iron mounted on a
cast iron frame and closed by means of four ocams against a solid
rubber gaskets to make the door water and air tight. A glass
panel of not less than 9 by 12 inches ahouid be provided inthe
doors for observations of sprays. The door frame should be
provided with a lip on the outside to catoh any drip and retum
it to the washer for any reason, the door is not firmly olamped.
A water proof marine type light fixbure to {take g standard type
electric lignt bulb should be provided at the top of the washer

for inspection and observations.

2.1.4 DIFFUSER PIATES &~

The diffuser plate consisting of a series of
galVanizgd sheet iron louvers at the front of the air washer
are often though not alwaye, installed. These are so desiged
;that the atoﬁi;ed‘water will be entirely retained within the
spray chamber, even {f the fan 4s not in operation, and it
serves also for distributing the air uniformly and mainxaihing
equal velocities through the spray chaember. They also prevent
spray water from wetting the floor and walls ahead of the washer,

2.1.5 SPRAY NOZZLES AND SPRAY PIPING :-

Spray nozzles are designed to produce a finely
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atmoized spray and are aué%-snaced as to give uniform coverage
through which .the air must pass and thus compl etely fillisfg the
5Pf&¥,§h§@her' Spacing of the spray nozzles varies from about
‘75 %0 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 gquantity of water through these is of the order
of 20 to 40 psig. Small orifices at pressures upto 40 psig
~ produce a fine spray necessary for high humidifying efficiencies
while the larger orifices at preasﬁres around 25 psig are commgn
for dehumidification. Nozzles of the self oleaning type have
fecently become aveilable, In a single bank spray washer about
5 gom of water per 1000 ofm is usually provided. In a two bank
air washer twice as much water can be supplied in approximately
10 gom per 1000 ofm and 15 gpm per 1500 c¢fm 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 oentrifugal action which increases a%
the water approaches the point of discharge, and produces a very |
finely divided spray as the water leaves the nozzles. The nozele
ghould be designed to make it free from clogging with foreign
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material and the smalleat opening should be larger than the open-
ings in the suction strainei. The nozzles are constructed of
braés and are evenly spaced over the cross seection of the washer
to‘give a uniform distribution of wmater and are set'tb discharge
 'water along or againgt the aiyection of flow of air. Abqut 3
ﬂnogzles gshould be provided per 1000 cuft of air per minute pase=
2ing through the air washer . A%t the nozzles a gage pressure not
"axceeding as a rule 25 lbs/squarg inch is required to discharge

1% gallons per minute through each nozzle.

The spray nozzles are screwed into vertical risers
of galvanized steel pipe whioh in turn should be screwed into a
‘horizontal galvanized cast iron header. In the case of a washer
‘which is of ¥ less then 8 feet height, 1 in. riser should be
used5 and for a wash;r over 8 feet in height, 1% in risers .
The tops of the risers are sometimes provided with a special bap

fbr'seauring to guide rail at the top.

2.1,6 CAPACITY OF ATR WASHER i~

The cross sectional area of the washer is ietér—
minjed by the design veloeity of the air through the spray
chamber. Washers are commonly available from 2000 to 250,000
¢fm., ocapacity, however, there 4s no pfaotical 1imit to sigzes
‘specially constructed. The gross bross gectional area of air
washers (the areé perpendicular to the direction of the air f£low)
1s usually based on an air velocity of 500 fpm. If higher velo-

cities are used trowle 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 crmgs-
gsection, the commonly adopted air veloeity for rating of air
washers being 500 fpn. Thus an air washer having a gross
cross sectional area of 20 sq.ft. would have a capacity of

10,000 cfm.

Knowing the cross seoctional area the height and
width of the air washer can be known. Thus a a;r washer having
a cross gsectlonal area of 24 sq.ft. can have {is height and
width as 4 feot and 6 feet respectively. If the tank is 18 inches
deep the total height is then equal to 3 ft. 6 inches. From the
eoonomic point of view the washer having equal helght and width
is preferred although these proportions are not necessary. The
spacing between the two consequetive spray banks is between 2%
to 4% ft. The distance botween 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. 1f the air washer is furnished with the heating
a%d cooling coil within the chamber, the overall length of the

washer is changed.

2.1.7 ELIMINATOR PLATES 3~

The properly designed eliminator plates give
several advantages i~

1. It eliminates the small particles of water
that may be eafried away with the alr.
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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.

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

The el%éIEAtor plates are go 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
nust 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 defleetion of 60°, removes the particles of water more
effectively than a QO° angle with a 4 to € in. spacing of the

eliminator plates.

, The resistance in the eliminator plates depends more
oﬁ the éngle through which the air is baffled and the eddy
currents that the plates produce than upon the surface friction.
As a matter of faect the resistance of this surface frietion is
so small that it is difficult to measure it. The eliminator
plates can be arranged vertically or horigontally depending upon

the airwasher that isg used.

In the carrier air washer the eliminator plates
form an integrgl part with the sorubber plates. These consist
of series of corrugated galvaniged iron sheets spaced 1~1/8"
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apart, aoross the discharge end of the spray chamber. Each
eliminator plate is made of single sheet stamped with six corrus
gations, the last three corners having projecting lips or gutters
which remove entrained moisture from the air. The plates are
assembled in an iron frame attached by clipe 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 end
out. OSome designs of air washers use horizontal eliminator
Plates consisting of corrugated iron sheets with 4 currugationg
in each plate. The plates are punched to provide a serles of
pro jecting lips which cut the alr into a multitude of small str-
eams, thus bringing ell of it into contact with the wet surfaces
upon which any dirt remaining in the air is deposited.

In addition to removal of moisture,the eliminator
plates also serve the purpose =» cleaning 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 miat but direct 1t 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.ft. of this surface
| for 1000 cu.ft. of air per minute passing through the air washer.
Nozzles should be provided to supply, about 5 gal. of water per
 pinute 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 appraximately 1.0 gpm per nozzle with a
pregsure ranging between 3 to 5 psi., The climinator plates are
usually made up of galvanized sheet iron of 24 gage, although they

are ocoassionally built of copper or other non corrosive metals.

»

2,1.8 CIRCULATING WATER PUMP -

A centrifugal pump should be provided for circulation
of.water through the nozzles of the spray chamber. The pump
r;a.vmg doulhle. suction intake is preferred. Although this type
is more expensive than a pump with single suction intake connec=
tiog it exerts no end thrust on the bearing of an electric mqtor,
driving the pump. The pump should have @ brongze impeller, bronge |
covered steel shaft and bronze bushing to ensure maximum wear
and service. Provision should be made for priming the pump
with water from & supply distributed by pressure as from oity
water mains, an air cock V 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 small
centrifugal pumps have s low efficlency and the air washer pump
must run continuously during the operation of an air washer, the

service conditions are severe,
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2.2 OELL TYPE WASHERS t

~ The intimate contaot of air and water is obtained
by vassing the air through cdrk;packed with glass, metal or
fibre soreens. The cells arevarranged 1n tiers over which
the water is distributed. They are filkowed 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 siges in el ther 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 uni tary apparatus up to 33,000 ofm

complete with fan, motor pump and external spray piping.

V= _
The atpéization of the spray water is not required

‘for cell %ype wdshers. But good water distribution over the
faces of the cells is essential. The quantity of water required
_‘when the air 9. nearing paturation i 8 very low. The satura-
tion effectiveness of 90 to 97% is obtained. Water requirements
vary from 2% to 4 gpm per 1000 cfm with reaistance to air flow
ranging from 0.15 to 0.65 in depending upon the water circulated
and the éir veloeity through the‘cells.

Bach washer consists of a number of cells normally
20 ineh aquare arranged in tiers. A typical cell consists of o
metal frame packed with glass fiber stmands. The glass occupies
only 3 to 5 % of volume of the cell but represents s total wetted
area when sprayed of approximately 100 to 125 8q.ft, Viire mesh
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goreens are provided at both faces of the cell frame to retain

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

its own spray header.

Either a flat or sloping bottom is provided in the
tank whdch ser&es as a reservolr for circulating water and for
dirt flushed from the cells. The sprays congist of a pipe
header with nogzles with each tier of cells. These are usually
mani-folded extermally with a valve and pressure gage in connec-
tion to eamch header. The pressure required for the nozzles is
about 6 psig and delivers 2 gpm. Fliminators are provided down
stream from the cells to remove entrained molsture from the air
W étream. They may be of metal blade type providing 30° deflece
tion of the air'sfream with hooks for tmpping impinged droplets
or glass mat type arranged in tiers similar to the cell arrange-
ment. The glass mat type ie 2% deep and is packed with.glass

fivre in a nmetal frame.

Connections are provided for internal spray headéra
drain, overflow, steam injectors for cleaning the cells in place,
pump suction, water quick fill and make up water controlled by
a ééé%uigi?e. ‘A typicél cell type air washer is as shown in
Fig. 2.3. '

The cell type washers are efficient air cleaners.
They remove from 70 to 90 percent by weight of the air borne
g80lid matter, which includes most partieles'exceeding S 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 fibrouns or linty mate-risl are present in the air, unless

it 18 filtered out completely ahead of the washer.

In these type of washer it is necessary to clean the
glags media. 'A differential draft gage to measure the alr re-
sistance across the cells can be'hsed.to determine the frequency
of this cleaning. Mat type eliminatars 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 VELOCITY GSPRA-Y TYPE WASHER 1=

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 casing is c¢ylinderical and
the eliminator consists of a revolving assembly of sheet metal
blades extending radially from a cylinderical hub as shown in
Fig. 2.4,

- The highe; air velocities permissible with the
rotating design reduces the cross gectional 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 fpm have been employed.

. High velocity washers with axigl flow fans designed

for 1% external pressure are presently built in sizes from 10,000
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to 46,000 cfnm, nThay 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 psigy with a nominal water flow ranging from 80 to 400 gpm,
depending upon the size of air washer. The hgh veloocity air
d:ivea the rotating eliminator whioh discharges moisture by
eentrifugal force 80 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 veloeity of the order of 4 to 5 times those of
conventional washers substantially reduces space and weight

requirements.,

2.4 SPECIAL WASHERS t-

The problem of air washing are many ang 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
Be used to advantage. In some cases where the main purpose
of the washer is the elimination and recovery of valuable fine
dust, the spray nozzles have been omitted and a second and some
times a third set of eliminators spaced on 3/4 inch centres have
been usei. Each group of eliminator plates are provided with
flooding nozzles in order to flood the surface thoroughly. A
gage pressure of only 6 1bs/square inch is required on the
flooding headers, a considerable saving power for pumping 1s
affeoted,
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In some cases where the dust content of the air |
16 emall, and where it is desirafle to humidify the air as little
as possible, a single row of ® closely spaced properly flooded
scerubber plates is satisfactory and the investigations show
that this arrangement will do 90 percent of the cleaning that
can be done with a completely equipped air washer. The inecrease
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 sorubber plates is the most important
consideration, an& when cooling or complete saturation of the
air i8s required,thorough spraying of the eir and a sufficient
length of the travel through the spray shember are equally imp~-

ortant factors.

2.6 AIR WASHER TESTS 1~

The performance test of an airwasher include
the determination of i~

1. Camoity

2. Resistance of the air washer,

3. Humidifying Efficienocy,

4., Vigible entrainment of free moisture,

5. Cleaning effect.

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

of Practice of American Soeciety 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

elininat r plates.

The humidifying efficiency is calculated by the
average readings of the dry dbulbd and wet bulb temperatures

taken at air washer inlet and outlet.

The cleaning efficiency of an air washer ig geney-
ally based on factory tests where the nature of the qust 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 graine per 1000 cft of alr
uniformly distribujed over the entire area of the inlet of the
washer. It is desirable that a standard size dust is uged
preferably poreened and are floated vacuum cleaner dust. @ﬁe
dust should be distributed in the room in a cloud by an air blast
and carried by a current of air of whirch 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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alr 18 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 wniform owing to clogged nozzles,

air bound tempering coile or unequal room temperatures,

=302 =
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CHAPTER - III.

EVAPORATIVE  COOLING:

3.1 PRINCIPLE OF EVAPORATIVE COOLING 8-

The process of cooling alr by evaporation of water
can be considered as adiabatic since the construction df the
cooler is such that no appreciable amount of heat is transferred
to or from the surroundings. Heat energy is required to evaporate
the 11§uid and in the case of adiabatic cooling sensible heat
flows from air to water, lowering the dry dbulb 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 change of enthalpy of air vapour
mixture. Belng adiabatic the process follows a contact enthalpy
line on the psychrometric chart, dut there is no serious error
inwlved in charting it along a constant wet dulb line. Since
then the evaporative cooling process follows the coﬁ%ant wet
bulb line on the psychrometrie chart, the entering wet bulbd
+ temperature determines the lowest dry buldb temperature at which
the alr can be gupplied, The degree of saturation that is ob-
tained and the reduection in dry bulb temperature depends upon
the type of saturating device used. In some cases it is desired
that the air may be 100 percent saturated while in other cases,
the degree of saturation required may be limited to Best serve

the design requiremehts.




3.2 EVAPORATION FROM SURFACE :-

Evaporation from the surface ¢can be best 1llustrated
from the concept of mass transfer. When there is an exchange
of mass between a solid or liquid surface and a moving fluld,
the transfer is considered to take place by convection. If the
fluid motiqn 1s a forced motion, the procesﬁ?said to be forced
convéction, and 1t 1s called a free convection if the fluid
motion 1s due to gravity.

The theory of mass transfer by convection is ana-
logous to the theory of heat transfer by convection. Congider
an example of a heaﬁ transfer from a flat surface to a moving
alr stream. There being a f£film of hot air adjacent to the hot
surface, some of the air from fhis 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 movihg air strean.

The rate of heat transferred is usually expressed as

2/8
q = KV A A%

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

= Air velooity,

>
1]

Area in sq.f4t.
At = Temp. differenca in deg. PF.

K = Contant.
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Por evaporation from a similar wetted surface the

formula for mass transfer is ;

kv

-

Mass transfer per unit time = A x(vapor pressure
difference)

The two formulae: aré 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 dirference 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 bet&een water and
eir. In such cages hoth 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 spray chamber.

5.3 THERMODYNAMIC CHANGES BETWEEN AIR AND WATER -

1. In figure 3.1, the water is constantly re-
eirculated so that it soon reaches the equilibrium with the
thermodynamic wet btulb temperaturg, of the entering air, both
water temperature and the wet bu;b temperature of the air being
the same. ‘

The water temperature remsining constant, lowers the

drybuldb temperature of the entering air so that it approaches the
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vater temperature. This being an adiabatic procees, the wet bulb
temperature remains constant but as the humidity is increased,

the bt of air falls.

o 2. If the heated water is supplied to the appa-
ratus, 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 Pg. 3.2. In such & process in which
heating and humidification take place, the fingl'wetbulb tenp-

erature approaches the final water tempdrature,

3. If instead chilled water is supplied to the
apparatus, the ecold water will te heated up as the wet bulb
temperature ofthe air is lovered as shown in Pig, 3.3, In such
a cooling process the finel wet bulb tempefature of the air will
alvays be higher than the final water temperature. When the
spray water temperature is lower than the dew point temperature
of the incoming air, the air will be both oooied and dehumidified.
The lower the spray water tempergture, the greater will be the
condensation of moisture from the alr and greater will be the

latent heat removal.

3.4 EFFICIENCY OF AN EVAPORATIVE COOLER =

To evaluate the performance of an evaporative cooler
the terms saturating effective-tipss, or evaporative cooling
efficiency or humidifying efficiency are used. This relationship
can be defined as the ratio of the acfual lowering of eir tem-
perature £o the wet bulb dmpression - the difference between the
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entering dry and wet bulb temperatures.

The following formula for saturating efficiency

is given 1=~

whers E

21

Fd
-

t'=
a-

ta -‘tl

S S sl

ta - ta'

Saturating efficlency,
entering air drybulb temperature.
leaving air drybuldb temperature

entering air wetbuld temperature.

The above equation does not apply when there is

cooling with dehumidification. It is only applicable to an

evaporative cooling process in which the wet bulb temperature

remaineg constant and spray water is nelther heated nor chilled.

The saturating and heat transfer efficiencies of

air waghers are dependant upon the following main factors -

1.
2.
3.

4.
5.
6.

Air Veloeity,

Water to air ratio.

Spray nozzle design and pressure(fineness

of atmoization

No. of epray banks and no. of nozzles.

Entering air drybulb and wet bulb temperatures.

Entering water temperature and water temperature

range,
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3.5 TYPES OF EVAPORATIVE COOLING 3=

.5.5.1 DIRECT EVAPORATIVE COOLING ¢~

This will be discussed for outdoor alr entering
the cooler at one dry bulb temperature 95 F but two different
"~ wet bulb temperatures (65 F and 75 Deg. F) as shown in psychro-
metric chart of fig., 3.4. The ailr is brought into intimate
contaet 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 dépands upon the
evaporative or saturating efficiency of the device used.

In this case, we have gssumed the efficlency to be 80 percent.

The cooling load, the quantity of air delivered ny
the cooler, the dry bulb temperarure of the cooler outlet, deter-
mine the conditions of the alr leaving the cooled space, or the
air flow rate is determined from the sensible ocooling load and
allowable temperature rise oﬁ supply air in the space, if certain
design conditions are to be met. It 6° F temperature rise is
assuned in the space for the conditions selected as in Fig.3.4,
this will result in a room temperature of 85° P when the
cooler enteriqg W.B.T. 48 75 and a room temperature of 77 deg.

P when the entering wet bulb temperature is 65 deg. F. The
air flow rate per ton of sensible cooling is 1900 and 1756
ofm respectively., It ;e evident that air flow¥ rates are

high er when evaporati#e cooling is employed as compared to
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refrigerated ailr 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 i~

For the same two entering conditions as in Pig.3,4
the condition line is plotted on the paychrometric chart for
a two stage evaporatddecooling process . Two gtage evaporative
air cooling involves sensible cooling in first stage and
adiabatic saturation in second stage as shown in Fig. 3.6.
Indirect uaé of evaporative cooling in first stage permite
delivery of supply air at a wet bulb temperature below that
of enteriné air., In the Fig. 3.7, cooling tower and water %Xk
to air heat exchanger followed by a direct evaporative cooler
are shown. Inthe indirect stage 1t is assumed that the temper-
ature of outdoor supply asir is reduced to within 8° P 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 eirculated
through the coils in the supply air stream. The supply air
stream at a reduced dry and wet bulb temperature is then taken
fhrough a direct evaporative cooler having a saturation effici-
ency of 80% in this example. Comparing the two cases, it is
seen that in the indireot system, the reduction in dry and wet

buldb temperatures is much more, Assuming that the temperature
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leaving the cooled space is same l.e. 85 deg. F for W.B.T. of 78°F
and 77° P for W.B.T. of 65° P, the air flow rates for each ton

of sensible eooling comes out %o be 1050 and 665 ofm respectively.
This 18 in contrast with 1900 and 1755 ofm in the case of direct
cooling. The dew point temperature and relative humidity in

fhé space are lower in both the cases. The reduced air flow
rates and improvements in leaving condi tions are obtained at the
expense of the additional equipment i.e. cooling tower, coil

and piping system, fequired to accomplish the first stage of
cooling, If the air is %o be cooled approximgtely to the dew
point temperature, ofher stages can be added, however, diminishing
results are accomplished in the succeeding stages. PFrom the
econpmic point of view, one indirect and one direct stage is

uged,

3.5.3 MULTI-STAGE EVAPORATIVE COOLING -

As stated above there can be more than two stages
of cooling to reiuce the wet bulb temperature of the ailr deliver-
el from evaporative cooling system and thus increasing the over-
all efficiency. In the previdus example, the first stage cooling
was done by mesns 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 heats exchanger. As shown in Fig.3.8,
the outside air is first drewn through an air washer which

then evaporatively cools it. The moist cool air is then passed
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through another air to air heat exchanger which cools ‘another
8tream of outside air. The moist air after picking heat is
discharged to atmogphere. The dry cooled outside air is then
taken through a second air washer where it is evaporatively
cooled and then 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
desimed for 12° 7 approach to the moist air temperature rather
than 8 deg. F. approach to the entering wet ‘buldb temperature.
In greas where-the wet bulh temperature is high, this method

of cooling is less efficient.

Another type of multistage indirect cooling system
rgp;aces the air to air heat exchanger with a water to air heat
exchanger produeing tﬁe same results in the conditioned space.
When one side of the surface is wet a smaller heat exchanger

can be used due to better hest transfer,

8(5.4. THE REGENERATIVE DRY COOLING SYSTEM :-

This system bypasses the cooled air withdrawn from

" the oondd tioned 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 roém wet bulb rather than
the wet bulb temperature of the outside air. Alr is drawn from

the room by & fan end is discharged through a spray ohamber,
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\eooling water which is @irculated by a pump through an
extended surface heat exchanger. Outside air is drawn by
another £an which after fiowing over the coils is delivered

to0 the room.

3.5,5 PIATE TYPE HEAT EXCHANGER SYST®M i

This is a small variation from the previous
system described. In this system, the cool return air from
the conﬁitioned 8pace i8 passed through a spray chamber and
then passed through s large plate type air %o air heat ex- |
changer. In this exchanger the outaide air is cooled by conductio
and $8 then delivered to the conditioned room. The disadvantage
of this system is the bulk and high ocost.

3.5.6 COMBINATION OF EVAPCRATIVE COOLING WITH REFRIGERATION 1~

Indirect evaporative cooling may be used

effeetively with precooling with refrigeration.
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3.6.1. MAINTBIANCE OF EVAPORATIVE AIR COOLERS 1~

_ The condition of the evaporative cooler is the main
faotor in effecting the efriciehcy of these types of coolers.
If the water used ié hard'thereby foroing seale, 1t will elog
the pad and ooneeduently the efficiency will drop in proportion
to the degree in evaporation and airflow, The use of a bleed
off is thérefore, essential if minimum maintenance and good
performance are to be achieved. A portion of the sump water is
contihnally drawn off, This reduces themineral concentration

thus reducing scale deposits.

A bleed off rate for evaporative coolers may dbe

determined by the filowing equation 1«

B:-_- ' x E

where B = Bleed off rate gallons per hour.
0, = Hardness of supply water grains per gallon.

Cp = Hardness of sump water grains per gallon.

e
H

= Rate of evaporation gallons, per hour.

If the bleeding off rate is equivalent to one hglf
of the amount of water evaporated, satisfactory control of scaling

1s obtained. This is approximately 1 gallon per hour per 1000 ofu.

3.7 BVAPORATIVE COOLING AND (OMFORT 1~

3.7.1 GENERAL :=
Both dry bulb temperature and melative humidity




have sn effect on the comfort of an individual. There are
variéus combination of these two properties which 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 1t cmn be known whether the final condition that

is obtained by cooling falls within the limits of plfs/i'ological
cdmfort‘. Evaporative cooling has been found to be much useful

in maintaining conditions that fall well within these limits.

The inocreass in réla.‘kive hunidity is the najor draw-
back which prohibits the use of evaporative cooling systems in
some areas. To prediet whether evaporative cooling is feasible
in certain areas, actuslly it is more practicable to consider
wet bulb design temparature_ingtead of relative humidity. $Hnce
the wet bulb temperature governs the leaving air temperature
from the evaporative coolerya low wet'bul‘b assures a low

conditioned temperature. For example, near the Gulf of Mexico
.: the relative humidity 1s low, but the wet buld temperature are
4n1gh ranging from 80° T to 85° F. 'Although, the dry bulb tem-
Perature near these places is about 120 to 125 deg. P, the net
ooglingpmduced can not bring the conditioned air to the comfort
gone, In contrast,‘ some of the intermountain states where the
wet bulb design temperatures are of the order of 64 to 68 deg.F.
make evaporative cooling ideal.

The comfort level of the room conditions that can be

maintained must be prediocted 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 radient
temperature or the average temperature of the enclosing surface
on individuaI.OOmfort. The Amériean 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
¢omfort or edual discomfort. Dr. Bedford has modified the effec-
tive temperature chart to include the effects of mean radiant
temperature zs indicated by a globe thermometer. Thus this chart
is very useful in oonfort eooling installation as it gives all

four factors of concern necessary for comfort,

Due t¢ the changes that have cccured in standard
of living, dress etc., the comfort chart is under revision.
Recent studies have shown that below dry buld temperature of
80° P, effective temperature over emphasizes the effects of
relative humidity, while above this temperature, effective
temperature, more nearly represents the effects of relative
humidity,. PFor this reason, also it i1s seen that the eonditions
at Which mast sedentary are comfortable fall within a dry bulb
temperature range from 73 to 77 deg. P. and relative hunidi ty
from 25 to 60 percent, whem room alr velocities do not exceed
%5 to 36 fm. In a qualitative way these limits also take in
to account the effect of mean radiant temperature. The upper

limit i.e. drybuldb temperature of 77 def. P and 60%degxxBxr
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relative hunidity correspond to an effective temperature of 73°P.

3.7.2 AIR MOTION FOR COMPORT ;.

If the same eff sctive temperature is desired, the
V6thexv‘ conditions of dry bulb, wet bulb temperature and alr -
veloolty oan be obtained from the comfort chart. Selected combi-
nations of these variables corresponding to an effeetive temp=

‘arature of 73 deg. T are givén in table 3.1,

TABLE 3.1
ROOM CONDITIONS PROVIDING EFFECTIVE TEMPERATURE OF‘

73° F BASED UPON ASHAE EFFECTIVE TEMPERATURE OHART,

Dry Tet bulbd relative room air veloeity

igi‘;‘ temperature wz{ P.P.M,

k&4 87 Gb Less then 20

80 64,3 43 Less than 20 ’
80 70 61 170

80 - 43) 80 320

85 58 16 Less than 20

85 65 33 260

85 70 8 480

From the chart a signifiocant thing is noted that as
the wet and dry bulb temperatures are increased to maintain the
effective temp, of 73 F, the room alr motion increases appreciab-
iy. Thus the increased air motion can compensate if the dry and

woet bulb temperatures are high. This ie the main reason ¥y why

s

(S
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for cooling of sedentary individuals in regions where the wet
buldb temperature is moderately high. In some hot industry
appliocations 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 cgmfort cooling
of sedentary individual. This shows that higher velocites can
not always offset the higher temperatﬁres. The recent investi-
gation has shown that for higher temperatures and high humidity
the air velocities of 120 fpm produce the best results.
Velociti es of 200 fpm to 300 fpm have been found to give some
improvement on the comfort of sedentary individual.

3.7.3 EFFECTIVE TEMPERATUREY 3~

. The higher limit of effective temperature that
produces relief from sensible perspiration has been found to be
78 P, Por most sedentary individuals the envirorments at this
effective temperature is uncomfortably warm. But moderately
active.ﬁgjstanding person would feel such conditions as comfor-
table or comfortably warm. In such cases evaporative cooling
will be considered as sultable for relief cooling measure.
Lower room air velocities are allowed if a higher design
effeotive temperature is used or the higher design effective
temperature would permit the applications of evaporative cooling
in areas of higher wet bﬁlb 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 buldb temperature (65 to 70 F) the same room air velocitieﬂ
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will be desirable for evaporative cooling systems as for

refrigerated air conditioning,

3.7.4 RELIEF GOOLING IN HOT INDUSTRY -

The foregoing statements are for providing satis-
faqtory summer conditions by the use of evaporative cooling |
for sedentaryindividuals or slightly active individuals. In |
hot industrial applications, the‘ef:ective temperature is hot
applioaﬁle since the heat productionof the individual is greater
The Bélding 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-
rovement that can be made with evaporative cooling is illug=

trated by the following example.

Assume a plant located where the design dry bulb
and wet bulb temperatures are 95 and 78 respectively. It is
&ssumed.that the mean temperature of the solid surroundings
1s 105 P« The workers are standing and doing moderate work at
a machine or bench so that their matabolism is abowt 1000 BTU
per hour. Suppose that a ventilation system is piavided sov'
%hat in one case outdoor air at 95 F (assuming no temperature
rise in air) is directed on the worker. The wet bulb temperature
of thie air 1g 75 P, Evaporative cooling havbva saturating
efficiency of 80%, 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
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before the air impinges upon the worker, the dry and wet bulb
tempergture of the air will be E}S P and 76.5 respectively,
The Belding and Hatch heat stress index for these gr temperatures

conditions and for several air velocities is given in Tabdle 3.2
ZABLE 3,2

puted from Belding and Hatceh data
rial spot cooling problem for
ventilation with outdoor air and with outdoor air

evaporatively cooled, showlng improvements made
with evaporative cooling.

Heat Stress Indexes conm
for an assumed indust

of surre
ounding

ifean Temp .gé'iob e

hermo

Supply air temp. Yvelocity | Hea§ Comment.

eter { Dry bulbg
freadingl ¥

WathMb ﬁgg rf?éi

Lo

{

ong atr-g

ess
nde

106

106

106

106

106

106

100

89

97.8

93

o1

89,85

96

95

95

85

85

85

5

78

75

76.8

76.5

76.5

100

300

600

100

300

600

/i Moderate to

82 Very severs
gtrain only small
%age of workers
qualified for world

80 Jevere heat
strain,some dec-
rease in the per-
formance not
suitable where
mektal effort is
Tequired.

80 Same as for heat

otress index 60
but not as severe

65 Severe to very
severe strain

severe strain.Some
decrease in the
performance in
physical jobs
expected,.

28 Mild to moderate
strain.Some de-
¢rease in perfor-

mance in jobs
involving higher
intellectural
funections.
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Compering the heat stress indexes at the higkest
velocity considered (600 £pm) shows the improvement made by
evaporative cooling.When there is no cooliﬁg and the air
velocity is 600 £pm the heat stress index 1s 50 which is defined
as the severe heat strain. By employing evaporative cooling
device the heat stress index is reduced to 28 which epowa a
‘wild atrain only causing a slight deo§9%ase in performance.
Thié’shows the improvement done by employing evaporative cooling,

‘8.8 DESIGN OF EVAPORATIVE COOLING SYSTEMS 13-

In the preceeding chapter evaporative cooling for
the comfort of sedentary individual and relief cooling in hot
4ndustries have been discussed. TFor designing of evaporative
cooiihg system, the system should be well engineered as is done
in méchanically, refrigerated systems. The most common method
of caiculating the evaporative cooling system was to f£ind the
cubical content of the room and thenmz arbitrarily assuming
a2, 24 or 3 minute air ohange . Equipment was selected on
the basis of this air change.

3.8.1 EVAPORATIVE COOLING OF SPACE -

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, ete., by means of evaporative cooling requires a

. thorough knowledge of the history of wet and dry buldb temperatures

o£ the locality. From this history, o design wet buld tempera=-
ture is selected. Once the design wet bulb temperature is




selected, the condition ofthe air leaving the system can be
known by aseuming a certain value of saturating effeotiveness.
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 veloecity is not excessive and

that a suitable effective temperature is maintained.

The eapacity of the evaporative cooling system 1s
determined by the air flow rate and the skturating effectiveness.
A central air washer system may be selected In some cases. When
large air volumes are to be handled the atteﬁtion for the noise
generated in the duct system should be given. Inorder t& reduce
fhe temperature rise in the duct and reduce the duet size, the
highest air velocitles consistent with good practice is desirable.
To provide uniform air motion the proper supply outlets are

gelected so0 that they discharge at the correct level.

Since 100 percent outside alr is used and no
recirculation of the room air is allowed, the {mportant factor
in designing the evaporative cooling system is to provide
’a.proviaion for exhausting the same quantity of air as that
delivered by the evaporative cooling system. This is very
important otherwise the ailr flow rate will be reduced and the
relative humidity will rise %o an wnoomfortable level. Exhaust

can be of natural type or mechanical type.

The following table gives the air change rates
that have been found to provide acoceptable results with evaporatzv#
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cooling for various wet bulb depressions.

TABLE « 3,3
Time required for air Approximate wet buld
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+8.2 EEPKSTEIAL RELIEF COCLING =

While evaporative cooling using all outside air
finds its chief application in comfort cooling there are many
~uses ofit in industrial alroonditioning. Evaporative cooling

improves the working conditima or processes.

During the summer in the factory, even to Obtain
the omditions 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 & reasonable
air quantity the temperature can be reduced from 5§ to 10 7

below the temperatures prevailing outside.

In regions handling volatile and inflammabdle solvents
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evaporative cooling may be used to maintain sufficiently high
rumidity to prevent explosion. In printing, in which it is
desirable to maintain proper humidity contrel to size the paper

accurately, evaporative cooling can be effeotively uged.

3,8,3 SPOT RELIEF COOLING 3=

Many industrial processes create localigzed 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 s relatively large ares such as
areas where casting and remelting are done, target velocitlies -
of 600 fpm are used. For spot cooling each man receivgg 2000
ofm or less with supply air velocities rangines from 400 to 1000
fom. The natural air path is directed at the walst line at a
goint near the shoulder. This location was found to be most
sui table after research. Workers objected to an overhead blast
which impinges on the head or face. Some manual control is
provided. By means of adjustable ocutlets the worker if deeiree&—
directsany part of the air on his head or shoulders.

When the cooling is done at the hot areas maxiﬁum
saturation of the air is recommended. The temperature rise in
the ducts is minimized by the use of high duck velocitgae.
Velocitles of 3000 fym have been used. This is permiséble
geeing the average noise level in the plants. In extremely hot

temperatures the duet material should be such that it has low
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3.9 APPLICATIONS OF EVAPORATIVE COOLIYG 3~

3.9.1 LAUNDRIES AND DRY CLEANING 3~

Evaporative cooling of laundries and dry cleaning
establishments, requires the seme precautions as glven in indus-
trisl relief cooling. 1f the c'kiing height is more spot cooling
1s usually employed. The air flow rates vary from 500 fpm %o
1000 f£pm per worker. Target air velocities of 600 fm are used.
The supply veloecities range from 1000 to 1200 fom.

In areas where the celling height is low and the

number of workers is high, general space cooling may 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
‘&urin the summer is essential for developing high quality
ééé?S:kfélant growth is affected by the temperature because
1t influences the processes which occur within the plant.

Uptill now the green house temperatures were
controlled by natural ventilaetion and the application of shading
devices to protect from the solar heat. A properly sized and
installed evaporative cooling’redueea the temperature 10 to 15 ¥

below the outside temperature in summer without the use of any
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shading devices. Even if 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
lével and will range between 5 to 15 F above the outside tempe
erature. Bvaporative cooling improves and inoreases the produc~
tivity and reduces material and lsbour costs for the following

bagic reasons t-

1. It lowers summer temperatures by 15 to 2Q 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 cqntogtable working
conditions.

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

7. It reduces inseots, bacterial, dust eto.

8+ It keeps plants on achedule.

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 é%athe plant. 'Velocities
from 20 to 50 fpm are optimum. To compute the heat gain for
evaporative cooling, the solar heat gain is the most important
to be consldered. Of the total solar heat gain 50 percent must

be removed by cooling.

The evaporative system consists of aspen wood pads




on one side of the house, The exhaust fan is located on the
other side s0 that the air is drawn aec ioss 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 veloeity through the pads is about 123 fpm. The pads
are such that they oan be either covered in winter or can be
replaced by glass. With thle system 50 F are maintained in some
¥ew Englend installetions.

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 APPLICATIONS i~

TRe 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 places where the
persons are le ss active. This is also appliceble as a process

cooling device where comfort is of secondary importance.

The 1nduétrial applications include relief cooling
of individuals in various metal working operations, the rubber
industry around tire process and mills, laundry and>dry ¢leaning
eatabliahmenté, the textile‘induetry and other industrial
operations in which the heat gain from the process is the primary

heat source.

Process cooling applications would include cooling
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of parts leaving paint and enamelling ovens, hot extruded pro-

duets and similar processes.

Generators, motors and transformers nay ie cooled
directly by blowing cool alr through the windings. The air-
washer provides both dust free and cool aii for this
application. |

There are two general methods of alr-washer
application for generator cooling termed as the open and closed

gystems.

3.10 CONTROL OF EVAPORATIVE COOLING SYSTEMY :-

An evaporative cooling system should be designed
50 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 ecomplete unit off when the conditioned space
becomes too cool. It also controls the blower and water supply
on changes in room dry buldb temperature. Hodulating dampers
are also preferred in some designs. In these, the fan is stopped
at a predetermined minimum supply temperature. Since the
évaporative gooling can be used for ventilation, automatie
control ocan 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 cut off one or more. coolers to modulate air temp-

eraturd,

Two staée evaporative cooling system ¢an also be
controlled. A two gtage dry buld thermostat first starts the
direct evaporative cooling stage. At a preset higher tempera-
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 MAINTENANCE OF EVAPORATIVE COCLING SYSTEMS t~

Pl

For satisfactory operation 0f the evaporative
cooling system proper maintenance_is very lmportant. The
notor and blower should be frequently inspected to prevent
excessive noise. The most impoftant aspect of maintenance is
keeping the water distributing systems in perfect working ordér.
This includes pads, nozzles etc. For systems  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 eontrol 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
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dirty through collection of dust, leaves eto. Frequent
inspeetion should be maede 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 cells, nozzles and baffles should be done.

=108~
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CHAPTER - IV,
AIR__WASHER __ THEORY:

4,1 DIFFUSION 3~

| When a wet surface is dried by an airflow
the vapor escaping from the surface 15 carried away in the
air flow by conveetion. First, however, it must penetrate the
boundary layer on the surface by diffusion. The mass flow
arising by diffusion is given by Fick's law which is much the same
as the heat conduction equation. We describe a simple

experiment to wnderstand this lav.

/Pv Pal

T ,
; )
1 Wy
'1 1 4: a
27 -2 e LA
e it
] ! ’
. \'l
' | ’
L

. / \‘i ~

Figa0 P,o DPap

A glass tube closed on one end may be filled
at the bottom with a little water. Over the: open end of the
tube an air flow is blown with a certain concentration of water
vapour., THe air veloeity mey be small. The total pre-ssure 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
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Pressure of the water vapour over the water sﬁrface equals the
Saturation pressure at the surface temperature. The partial
pressure at the upper end of the tube is fixed by the partial
pressure in the airflow.Within the tube the partial pressure may
be as shown in Figure 4.0, The welght of water vapour per unit
of area l-1, the welght velocity connected with the #tffurmmen
.diffusion Process 1is according to Fick's law.

W, =- D doy/dx

-~

wvhere cv is the concentration of the vapour in the per
cubic ft, - A
D = diffusion coefficient

and dcv/a% = the gradientof the concentration alongthe

tube axis .«

The diffusidn depends upon both masses which
diffuse into each other,

| ~The concentration 8, c¢an be expressed by the
partial pressures Py -

ey = WV = pv/RvT

- Vhere Wy = 1bs of water vapor.
With this the Pick's lay bacomes,

wv = -:-«B-... L . “wmsumes A

e

Negative sign is becguse of the concentration

gradient being negative in the direction of diffusion. In this
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form only the Fick'e law is valid for great temperature difference
At extremely high temperature differences there is added to

the diffusion given by eéuation ~(A) a. éecond kind of diffu- 7
sion which arises atfcoéaant partial pressure and whiech is

called tbermodiffugion.

Since the sum of the partial pressures p* and
p, 1is conft. and equal to the total pressure p, theye corres-

ponds to a gradient of wvapor pressuré & gradient of the partial

pressure of air.

As equation ~(A) 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 conveotive flow
in upward direction must be present within the tube which |
compensates for the diffusive air flow. The velocity of this
convecfive flow may be v. The amount of vapor which is trans-
ported by this convective £low through the oross section 1-1
per mit area and time is voy . Therefore, the whole weight
velocity of the watef vapour in the oross section 1-1 is

Rvﬁ dx Rvﬂ

W, = =

1

The same relation must be valid for the resulting air flov. Since
the fiow is gero the resulting equation is

W

' dpq_ v P
- - welsca = O
8 R,T ax T RT




which gives
V= D ..6;12&....
pa dx

Since pa +DPy = contt.,
Pp = P~ Py

Differentiation gives ; dp,/dx =.dp./dx

Hence =~ v = = D | de.
(p-py) dx
and for the welght velocity of the vapor.
v R,T . ax RT
or Wv = - D , de - D dpv pv_
Ryt dx p-p, dx R,T
D P d
: B.vT PPy dx

This equation is called the Stefan's law.

When the cross-section of the tube is content
over x equation (B) can be integrated, since Wy is then
indépendent of x. Alpo the velocity 'v' is contt.

By separating the variablex and integrating
4

A a X = .
W
1

P~py p

x=0




D P P~py s
or W, e 108 L mme~{ 0)
vOERT PPy

~ From this equation the weight veloocity can be

caloulated from the partial pressures at both ends of the tube
when the diffusion coeffipsient is known. Inversely such an
experiment can be used to determine the diffusion coefficient
by measuring the partial pressuras and the weight evaporated
per hour,

A8 long as the difference in partial pressures
1o emall when compared with the total preseures equation (@)
can be simplified to

o= ; ;,@ RN

This equation io exactly of the same form as

the heat condustion equation in plane wall,

4,2 MASS TRANSPER THEORY 1=

Mass tranafer by diffusion or by comvection
is the transport of one component of a mixture due to a concen
tration gradient. Heat transfer by conduction or convection
is the transport of energy due to a tenperature gradiemt.
Heating or cooling of air involves only heat transfer result-
ing in temperature chamge of the air. In a true airconditioning
procese howevey, there is g simultaneous transfer of heat and
mass (water vapour) between the air stream amd a wetted
‘surface. The wetted surface may be water droplets in an air
wagher, wettel slafs of cooling tower, comdensate covering the

surfase of a dehumidifiying coil or wetted tubos of -om evaporative
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condunser.,

4.2.1 HEAT AND MASS TRANSPER IN o PAN HUMIDIFIER s~

Air flow '
ey tl! Ps'l 12 fl

Interface g, P

A

, ~
e
P
Heater
Pig. 4.1

Air at a temperature 'cl, flows steadily over
a Pan containing water at a bulk temperagture %, . The alr
Mg

contains a certain mass fraction of water Ws L
. 1 -

where m, = mass of water vapor,

and m =~ maas of mixture of air and water
vapor.

Subseript. 's' indieates properties of the
diffusing component (water vapor) subscript 'a' denotes the
properties of the nondiffusing components (dry air) and
symbols without Retter subseripts indicate properties gk of
the mixture.

The mater vapor content of the alr can be
expressed alternately in terms of its partial pressure Psy
mase density K, humldity ratio W= ny/ma

or mol  frgetlon Xgy-
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At the interface between the air stream and water
evaporation 1s taking place and g saturation state exists at
the interface temperature %3 ¢ Thus the partial pressure psp
at the interface is the saturated vapor pressure of water
corresponding to tamp. ty, +« The temperature t; alone
»fixes the properties of the interfaoce.

The heat transfer per unit of surface area between the air
Btream and the interface is expressed as the product of the
heat transfer coefficient 'h' and the difference between

the interface and air stream temperatures.
a - - 4 O s i wian P sl e
= = _h (ty %,) A (1)

where q, = heat transfer rate between air stream

and the interface BEU/nr.

it

‘hegt transfer surfgce area |
heat transfer soefficient BIU/hr/sq.ft./OF.

> 2
i

The corresponding msss transfer per unit area is

expressed in terms of the mass transfer coefficients hy or hg

as
..%_.. = np ( Csy gy ) o e 2)
1 |
but %1_ ,, wgi
hence M/ g.-ghp(wa_i -wsl) [ —r )
380, W/A = hg(pey = Bp)  meeeemmeen()

where M = mass transfer rate in lbe/hr,
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mass transfer ecoefficient -lbs/hr/ sq.ft.
(1vs/=g cu, £t.)

tP‘
3

partial mass density of water 1bs/c.Lt.

0
@
i

mase density of mixture lbs/c.ft.

Wy = mass fraction,af the water vapor in mixture
1bs of water vapor/ib. of mixture,
ng = Mass transfer coefficient, 1bs/(hr)(sq.tt)

\ 1be/sq.ft.)
p, = Dartial pressure of water vapor 1lbs/sft.

Thus partisl mess density (mass eongentration)
masg fraction or partial pressure may be used aa the driving

Potential for mass tranafer,

Since the wmater vapor trgnsferred to the air stream
must be supplied with its latent heat of vaporisation hfg,
the heat flux between the liguid and interface and consequently
the heat supplied by the heater is ;

oA = %2+ (M) e
A A

o a/A = Bty=t)) *hp( §o = $8) Bfg ~-on(5)

1]

hw(tW”tﬂ., e ()|

Mo

Also, /A

where q = heat transfer rgte between liquid and

interface.

1}

hfg = enthalpy of evaporation BTU/lb.
h, = heat transfer coefficlient for the liquid

side B.T.UAnr) (sq.ft) (oF)
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If the flow oconditions are specified so that the
heat and mass transfer coefficients can be predicted and the
air stream properties and pan water temperature are given,
squations (1) to (6) oan be solved simultaneously to f£ind (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 cases however, as in mmuk oo #nterflow cooling towers
the alr and water temperature vary throughout the process with

resultant variations as the interface state.

4.2.2 MOLECUIAR DIFFUSION 3=

Consider a quéntity of air in a c¢losed container where
the air at one end is glightly heated to cause a Vemperature
LR on a1 5058 & Fomits F panding of the ensney by a
random mixing of the air molecules. This is a familiar process
of heat conduction in a gas. Assume now that & small smount
of water vapor is intréduced at one eﬁd 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 diffu-

sion. The equations governing this process are analogous to

those for heat conduction.

The basic equation for molecular diffusion is
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usually referred to as Fick's law and can be derived from

the principles of Kinetie theory of gases. Depending upon the
parameter chosen for the deiving potential, the one dimensional
'diffusion rate per unit area in y direoction (normal to the

~transfer surface) is expressed as 3=~

M/a :.--nv( s_ ) e = 17)
dy
or  H/A == DAV /8y)  ememmeeeen(8)

or M/A

"

- (Dy/RgD) (dpg/dy) memmmemn(9)

The negative sign is there hecause the concen~
tration gradient is negative in the direction of diffusion .
The Quanxity D, 1s known as the mass diffusivity or the
diffusion coefficient amd is a property of the gas mixture,
Sinoce the mass flux M/A 1s expressed in lbs/hraft and the
partial-density T8 in 1bs/o.ft. the units of Dy from (7) is

I )
Dy =(1bs. per (hr)(£t%) i £2" per 1b.ft.; = £t%/nr

4,3 THE DIFFUSION OOEFEIGIEHT i~

Kinetic ges theory calculations show that D is

invarsely'pxoportional t0 the pressure and with temperature 1t

increases as Tl‘+n‘ where n has a value botweeno.5 to 1+ The

equations for diffusibn coefficifent in gases derived by several

investigators from Kinetic theory may be expressed by equation;

¢ 15
Dv = b

1/3

- N .1._

VAR

P&(‘MA * VMBl/s)

(10)
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where b eontant

Py

total pressure atmoshperes

MA & MB - molcular weights of thg tWo gases in the
gas mixfure lbs/lb.mol.

WA & Wy = molecular volumes of the two gases in

the mixture cu.ft. per pound mol.

Upon noting that several theories agreed upon™
this form Gilliland evaluated the contt. b emperically by
plotting the results of some 400 experimental determinations.
The resulting value was

b = 0,0089

The prinecipal weakness of equation (10) is the
temperature funetion '33‘1‘5 since Dy 1is more nearly propor-
tionsl to T2. Where experimental data are available for Dy
they should be preferred to the semitheoretical équation (10)
A few experimental values for &iffusion of some common gases
in air are as given below :-

Mass diffusivity for ggses in air.

Gas Dy in sq.ft./hr. ! gases at
1 atm & 77 P
Ammonia 1.08
Benzene 0.34
Carbon dioxide 0,64
Ethanol 0.48
Hydrogen 1,60
Oxygzen 0.80

Water vapor 0.90
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0f particular interest to alrconditioning is the
mass diffusivity of water vapor in air. Analysing the available
data, Bpalding found that upto a temperature of 2000 °F the
mass diffusivity of water vapor in alr may be expressed as

000146 - 128 X
Dy = By T % 441 | mmmme(11)

4,4 ANAIOGY TO GONDUCTION HEAT TRANSFER :~

| Moleculsr diffusion is direotly analogous to
conduction heat transfer, both phano*menon are a result of random
moleoular mixing in a stagnent £fluid or in a fluid in laminar.
flow. ‘In each case the equation govéring the mocess can be
expressed in the form |

Flux = _diffusivity x eoncentration gradient.

_Por g two component gaseous system (eq. water
vapor and air)onwhich the density of the gas € and the specific

heat e

P are contant,; the following equation can be written;

Piok's law for acngbant S ‘

| - 4y
Fourier law for contt. ep. ,
_ | d (P . . 4 |
A - K e 2w K ( S0 T) womreeeme 13
9/ s ay - ay P 4
where K = thermal conduetivity,

B.T.U./hr. (Sq_cftt) oR ft)a
® = thermal d1ffusivity sq.ft./hr.

8. heat at contt. pressure.
BiT.Ut/lbia (OF) R

Q
k-
(1]




The comparison of heat and mass transfer is shown
in RPable 4.1

TABLE = 4.1
Pransfer ‘.rivins iaa.w - Equation Diffusivity PFlux
potential
T —

Heat Tenperature or Fourders & . .F as - a/A
energy A Yy Qep
concentration : ,

Mass Mass oconcen~ | Feks ¥z AT D M/A

tration. A iy v

Equation (12) statee thetmass transfer occurs

because there is a gradlent in Mass Concentration and the mass

fiux equals the mass diffusivity Dy ‘times the mess cone-enti'aiion

gradient, Equation (1I3) otates that the heat transfer

Ziar occurs because there 18 a gradient in energy concentration

and the heat fiux equals the thermal diffusivity &« (= K/ S op)

times the energy concentration gradtent.

The equation for the viscous shear force in one

dimensional flow is
A
g

- - 4 !

or gTyp = ~8’~3§-- ( SV mmammemee(14)
| Bewton's law for Contt.
where Ty, = viscous force in the yx plane, pound
force per square foot.

g = gravitational acceleration = 4.17 x 108
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4 = gbsolute viscosity 1lbs per f{.hr.
Vx = loecal veloeity of gas in the x direction parallel
to the transfer surface ft./hr.

i

Kinematic viscosity or momentum diffusivity square
£4./nr.

BEquation (14) states that momentum transfer occurs
because thereis g gradient in momentum concentration and momen-
tum flux (g T yx) equals the momentum diffusivity (Kinematic

viscosity) ¢ times the momentum concentration gradient.

It will be noted that the mass, thermal, and momen=-
tum 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 identical.fthat is
if a fluid were in steady ome dimensional laminar flow over a
surface such that Dy = & = y  the partial pressure,
temiperature and velocity profiles would all be identical in

form. This is true i£{ 274 P are essentially contt. yhugn

the £1uid field and if the diffusivities are identioal.’

Stated in terms of dimensionless parameters the
condition is
o %y (Qep ok
e = () () _~5= =W, =1

£/v, = Ufop, = Wy, = 1

where Np, = Prandtl number = ¢p “K dimensionless
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| & ,
Hgg = Schmidt mumber = "7§D, dinensionl esy,

where the Prandtl number (Np » = op Afg) equals the

. Schmidt number (Ng, & M 7/ S Dy ) the temperature and partikl
pressure profiles are identical and if in addition both are
unitg» thess profiles are the some as the veloeity profile. For
alr and water vapour pt normal room oconditions, the Pranitl
number 46 71 and the Sc!m&dﬁ mumber 16 +60, & condition close
to that stated above.

4.8 EQUIMgrAT QOUNTER DIPPUSION -

Consider a mixture of air and water vapor in a
closel container the total presgure being Py ( in 1bs/aq.fts)
" and the absolute tempesrature T« A conomtration gradient
eziste through the mixture s that the partis) prescure s of
the water vapor 1o as shown in Pigs 4.2 below,

p _ ‘, N L, P
r, | " Diffusion of Alry we—d |
pgl . )
Partial
pressure of
alr or wvater
vapors '
‘ Psy

| e—diffusion of whber vapor

I : Fig«- 4.2




68

- - -

I+t 418 assumed Mere that both components behave as a perfect gas
and that the Gibbs Daltons law is valid hende,

Ps4Dy %= Py = conts, e §Y
where Py =  total pressure lb. force /sq.ft.

Thus the partial pressure of wafer vapor nmust dec-
rease 1f the partial pressure of air increases so that the

sumt of both memains constant and equal to Pg

Dividing both gides of the equation (9) by Mg =t
the molecular weight of water '

N - {Ir . ) % e e S . |

- = (Dv/Rgf)(dpe/dy) , (15a)

Similelry, Wo/A =z - (Dg/RgD)(dpy/dy)  ==----—(15D)

where, N, = mefal diffusion rate of water vapor pound

mols per hour.

113

universal gas contant
Ng = métal aiffusion rate of dry air s mols
per hour.
¥y = distance measured to .‘bhe transfer surface f£t.
Dy 15 the same as for diffusion of water vapor through air as
for air through water vapor. Equation (A) requires that,

(dpg/ay) = = (dp,/dy)

By integration between plane 1, & 2 of Pig. 4.2,

No/A = = Ng/A = _ Dy (s, - PBJ_.Z, e mmeemmcsmme( 1.6)
"Rg T (yg - ¥y)

3
N}
h1

i{
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This process 1s known as equimolal counterdiffusion
A4ffusions The rates of diffusion of alr and water vapor are

equal but in opposite ddrection.

4.6 LEWIS RELATION

Por air and water vapor mixture W.K. Lewls derived

the following relationship 3§

q,! . h w 1
by S ¢p
{.e. the ratio of heat transfer oo effieient to the mass
transfer coefficient ie equal to the specific heat per unit
volume at co!%tant pressure of the mixture. This relation was

firat derived by Lewis and 1s designated by Npe

‘ % | It 1s important %o mote that this relotion is
very mri; trne for elr and water vapor at low mass transfer
ratée. It is not in general true for cther gas mixture because
the ratio of thermal to vapor diffusivity ( x/ Dy) 48 ususlly

different from umd ty.

4.7 SIMUMMI‘DUS HEAT AHD MA.SSTBANSFEH )BEPWEEN WATER WEITED

For solving problems i,nvolving gimulbaneous hest

and mags transfer Lewls relation gives satisfactory resulis fo
most air conditioning ‘processes.

The quantity usually used to express the water
vapor concentration im fhe sir is the hunidity ratio ¥ defined

as 3
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w=-n/n = §a/ ﬁg
It is, therefore, sonvenient to define & mass transfer coef fi-
oient using W as the driving potential, hence,
M/A = KD (W, - ¥,)

where the coeffioient Kp has the units lbs per (hr) (eq.tt)
Using the definition of W and noting that for dilute mixtures
(g © Q& t.e. the partial mase density of dry air
changes very slightly between interface and free strean
conditions. We can write, '
u/p =Xp /Son (Cet - Cay)
where { am 18 the mean density of dry air Me/oft.

gomparing this with the previous equation (2)
#/a =by((sy - §,) we see that

by = K / §am
The humid specific heat®® opm of the gir sirean is by defi~
nption opp = (1t W,) op PIU/MOF (1b.of dry air)

oropg =( 5 /Fn) ope & 0D = OBy L?
Substituting in the Liwis relation,
h h h

e = by 6 ep ® Ky omcwy T TN

1 emee—e=(17)

Sinece ?s.m 2 ?"‘1 due to small change in dry air density.
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Using a mass fransfer coefficient with humidity ratio as the
driving force, the Lewis relation becomes,

| Ratio of heat to Mass transfer coefficient equals
humid specifie 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 ;-

/A =q,/A + (M/A) ne, |
Utilizing the d#finitions of mass transfer coefficients,

VA z N3y - 4)+ Ky (Fy - W) by,

Assuming the Lewis relation equation (17) to be

valid gives, v
va = KD[ Opm "‘1"“1)"'(”1"79 h’fg] -==(18)
The enthalpy of the ‘air is by defim tion ;

h = apat‘ 4+ th (BTU per 1b dry air)
where h = enthalpy of air BTU/1b.

h, = enthalpy of water vapor BIU/1bv.

The enthalpy of water vapor h8 may by the perfect
gas law be expreassed ags -

By = op, (8 = %) + hey

where the base of the enthalpy is taken as saturated water at
temperature to’ choosing tp, = OF to correspond with

the base of the dry air enthalpy,gives




h = cpat + th

ep,t+¥ep t - Wep _to Wht go:

= (epg + Wep,) t + Wntgo,

= eppt +Wnf, - -(19)

i Comparing squation (18) and (19) 1f the small
‘changes in the Mtent heat of vaporization of water with tempera-

ture ai'e‘ne‘glected, the total heat transfer can be written
?/A = Kp(hy - 1)
Thus where the driving potential for heat transfer

19 temperatuz'e difference and the driving potential for
mass transfer is mase concentration or partial pressure, the
driving potential for simultaneous heat and mass trgnsfer in
an air water mixture is enthalpy.

4.8 BASIC BQUATIONS FOR AIR WASHERS t-

For the direect contact epray chamber as shown in
the figure 43 of cross sectional area Ay and length 'P
the steady flow rate of dry air is Wa/ Ag = 9y
and the mass flow rate of water flowing marallel with the

air Wy =

where W, is mass flow rate of air 1lbs/hr.
S, is maes velocity or flow rate per unit
cross sectional area for air lbs/per hr(sqft
Wy, is mass flow rate of 11@116. ,1bs/hr,.

~——
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31, = mass velocity or flow rate per unit oross
gsectional area, for liquid 1bg per (hr)
(square f£%).

Since water is evaporating or condensing Sy changes
by an gmount &SL in & differential length 41 of the
chomber. Similar changes occur in temperature, humidity ratio,
enthalpy and other properties as shown in figure 4.3

ince in g direct contact equipment like airwasher
it 19 difficult to. eraluate true surface area it is convenient
to work on unit volume basis. If ag and sy Tepresent square
foot of the heat transfer and mass transfer surface per cubiec
foot of chamber volume respectively, the total surfacé areas for

heat and mass transfer are then ;

A_H uaHA_c t

and Ay = ay AC ?
The basic equations for the process occuring in the
differential length d1 may be written for

1. MEQS Erg;;g:er
| i i _ | ) | -,
Sy, =890 =Ky ey (F, -9 a1 (20)

that is the water evaporated, the moisture increase of air

and the mass transfer rates are all equal.

2. Hegt Transfer to the Air :~

‘ - - {
Sq Py 4%, =h 8y (t, - %) 41 - (21)
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3. Total energy transfer to the Air i-

Assume heat and mass .transfer areas are identigal

0
i

ay) vwhichis quite valid in case of spray chembers, Aleo
¥, =1 , then -
Sgdn = K g (h -ma - - 22)

4. Energy Balance $-

sadh = t+ 80 dtL - )]

A minus-sign refers to parallel flow of air and
water vapor and the pkus sign refers to counterflow.fhe
water £lov rate changes between inlet amd outlet due to mass
transfer . For exaot energy balance therefore, the term (Cp¥y a8p)
should be added to the right hand side of equation (23) . The

percentage change in 8 is quite small in all normal sppli=-

1
cations of girehditing and therefore, may be neglected.

5. Heat Tfansfervto the Water t-

SIJ OL dtL - h-L aﬂ (tL - ti ) dl ""“"'"""'""( 24)

Bquations (20 to (24) are the basic relations
necfssary to the solution of simultaneous heat and mags transfer

processes in direct contaet alreonditioning equippent.

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),
(23) and (24), gives  t-
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Equation (25) relates the enthalpy potential
for the total heat transfer thwough the gas fidm to the tamp-
erate potential for this same dransfer through the liquid film.

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

h
N = = i we get,
a 'h! - h
dga = KD 2 P ( )
h, ag (ti - 1)

since K, cpy | from (17), we get,

dn/dt, = B h /% -t - (26)

Similarly combination of equations (20, (21) and

the levis relation we get,

-g-;w;-— - i:—yj-‘-— -—--—-—u—-——n--n-( 27)

Equation (27) states that at any cross section in the
spray chamber, the instantaneous slope of the air path aW/dt,

on psychrometric chart is determined by a straight line connect-

ing the air atate with the interface saturation state at that

cross section.
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4.9 AIRWASHER HUMIDIFIOATTON PROCESS ON PSYCHROMETERIC OH T

In the Pigure 4.4 state 1 represents the state
of air entering the parallel flow air washer . The washer is
Operating as a heating and humidi fing appratus so that the
interface saturation state of the water at air inlet is the
state designated by 14+ The initial slope of the air path ig
then along a line direoted from state 1 to state 14+ As the
air is heated, water is cooled and the interface temperature
drops. Corresponding air states and interface saturation states
are indi cated by the letter ay by ¢, & 4in the Fig. In emch
case the air pathis directed towards the assooiated interface
state. The interface states are found from equations (23) and
(25). . Equation (23) desoribes how the air enthalpy changes
With water temperature and equation (28) how the interface
saturation state changes to accommodate this change in air
and water conditions. The solution for the interface state
on the normal psychrometric chart of the Pig. 44 shown must
be either by trial and error from equations (23) to (28) or by
a comPlux graphieal solution. This method utilizes g psychrg-
metric chart with enthalpy and temperature as coordinates . It

will be best illustrated by an example,

4.9.1 ILLUSTRATION :-

A parallel flow air washer has to be designed using

8 8pray chamber. The design conditions are as follows.

Water temperatureatimlet thy = 98° F
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¥ater temperature at outlet tug — 76° ¥
ALY tempersture at inlet . ta, = es® P
s’ 7

Air wet bulb at inlet tal' z

Ar mass £low rate/unit ares sa » 1200 1vs/(hr)(sq.ft)

i1

Spray Ratio gy, / 8y 0.7

Adr heat transfer coefficient

per cubic £t, of ohember volune h. e z 72 31U/ (hr)(F° )
(@tfta)

1iquid heat transfer cooffiofent

per cu.f%. of chambeyx v\'olﬁne.hkaag 800 ?TW( hr) £deg)
‘Gu-tt.}

" Alr volume flow rate = 8800 ofn.

Selution 1=
The alr mass flow rate ¥ = 6500/13.28 = 490
1bs./ min. and the required gpray chamber aross seotional area

ie then

'a
A B 490260/ 1200 = 24.5 sq.ft.
"5

The manos transfer rate is given by the Lewis relation,

Kpa, = L8 = 7224 = 200 Lbs/(nr)(c.tt)
)

Pig« 4.5 shows the enthalpy temp. psychrometrio
ohart with the graphiocal solution for the interface states and
the alr path through the washer spray chamber. The solution
prosecde ag followg 1w




18

1. Enter bottom of the chart with %' = 45°F ,
Pollow upto saturation curve to establish air enthalpy
by = 17.65 BIU/1b. . Extend this enthalpy line to intersect
initial eir temperature tai-=. 65° ¥ (state 1 of air) agd ini-
tial water temperature t;  of 95° F at pt A (Ve utilize the

temperature scale both for air and water texribeiature).
2, Tmbough point A,construct the ensrgy balance fiine AB with o

ga
Point B is determined by intersection with the

leaving water temp. ty,, = 756 P. The negative slope is

becavse of the para_lleg flow, whioch results in the air water
approaching but not reaching the common saturation state .3.

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 graphieal solution.

- 3. Through point A construsct the tie line. Ay,
having a slope of |

by -ty Ka 300

The inteérsection of this line with the saturation
ourve gives the initial interface state 1, at the chamber
inlet: The energy.balance line and tie line representing
equation (23 and (25) are combined to give a eimple graphi-
cal solution on the h = ¢ chart for the interface state.

4., The initial slope of the air path may now be
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constructed mccording to equation (20) by drawing line 1,
toward the initial interface 1,. The length of the line 1a
~depends upon the degree of agcuracy required in the solution.

5. Construct the horizontal line ay loeating the
point M in the energy balance line. Draw a new tie line with
the slope of -3. 0 as before from £t point M to &y locating
interface state ay,continue the air path from a to b by direoting

it toward the new interface state a,

6. OContinue in the manner of step 5 wuntil pt. 2
‘ 2 ‘ :
the final astate of the air leaving the chamber is reached, and

can

hence the temperature taz and corresponding enthalpy h2

be th&inﬁo _

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

Prom Eq. (20, 2 ‘
£z 2a f = ~=mm=-{ 28)

Ay B -

1
The integral is evaluated graphically by plotting

1/hi-h vs h as shown in the figure 4.6. By Yimpson's rule
if h is the equal increment and if there are 4 equal

increments, then, 2
A dh
1 h1- h
4n & +4y + v+
=3 (T WG 4‘”‘*"53

and hence the length can be obtained by means of equation (28).
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4,10 HUMIDIPICATION OF AIR i-

By spraying alr with a finely divided water stream
the state of that air may be greatly changed. Whethgr the
air is heated, cooled; humidified or dehumidified depends
upon the temp. of spray water in relation to the initial state
of air. |

For cross #low of air and water as shown in Fig. 4.7 in whioch

¥y = 1bs. of water /nr, Qll!

M, = Ds.of air/hr. -

hy = enthalpy of leaving air. ¥, _
— A g™

T, = entering temp. of water,

To = leaving temp. of water. : -

T

‘ (w. =w ) . | Ty
N = mw = o nMa '
| 7000 *

Fig. 4.7

the energy ‘balanoe éives» i
| _ - W)
e (- . )

Wy =¥,
b M, (7,-32)  memmn(1)

or ¥ (hbeh,) = MW('};‘ T )*f

No{w hb’: s 'b-t—wb ('1‘2 «~32) where 2 denotes sigma
" heat function.
by =58tV (1, = 32)

Mo - Y (1, = 32)
7000

Eqn. (1) 14 M, (Zb -Za) 4 ¥

ENTRAL Ulkﬂé;)ml&‘fk]}l% ROGRKES
ROORKEE,
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Wi =
-.‘l,mgi.( Tg - 3) M,

Hence the final equation is,

My (2d -%a) =iy (B = 1) ~mwmemmeme(2)

For parallel flow Ma A2 = = Mw aT

8ince there is no appreciable mmerical difference
between sigma heat function value and enthalpy for all
‘practical purposes enthalpy is used in equa. (2).

4.11  CONIACT MIXIURE THEORY W 3~

Assumptions t=

1. Air etream particles come in to contact with g
hypothetioalleurfaoe.
2. The contacted particles assume saturated state
at the temperature of the hypothetiocal surface.
3. Thege are equivalent members of air particles
which contset the surface and other particles do not contaot.
4. 7The condition of air after passing over the
surface 18 that of homogeneous mixture of contacted and
uncontacted particles.
If A = Area of contaet (surface area)
m = no. of particles contgeting /unit area/
wmit of time.
Z = no. of particles /unit time passing over

any section of the surface.
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y = no. of already contacted particles at that
section in unit time.

Then the above theory states i~ The increase in
wumber of contacted particles per unit time to ’tdtal number
of contacts per unit time is equal to the number of uncontacted
particles in the mixture passing that section divided by Total
¥o. of particles / unit time, o |

dy
10 G, - (u - f
3, = k= X = Bypass facotor

L

4 .11.1 CONTACT MIXTURE THEORY AS APPLIED T0 HUMIDIPICATION
PROCESS g~ '

If T = hypothetical surface temp.
Wy :-..- specific humidity at surface temp.
t+ = dry bulb temp., of air,

dt = ohange in dry buld temp. of air.
Then, |
mdA T by anology to contact mixture

Bheory) w=——w-( 4a)

Similarly, dv _ . WE - W

mdA - 7
and 4% = 2! -z e 41)
ndA 7 \
Prom Bqus (3) 4y . " Z-Y opBaas L _
Integrating, mdA % (/ % -y

L

| ——a = [ A

7 oy

0
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m snd 7 are constants.

ré A = - log (2Z-y) log 2

OI-%- A = = log .?.g... ==-logXe ___

M 4
0'0 @ = e
where X = % -z- ¥ is called the by pass factor.,
Equation ( 4a) then gy
A By
ef E‘..i._ dA = f at - #
0 ta 27~ :
or _m e o
z A = f %‘_‘,c. = -logf‘t‘;“’l%':-“l"gx
g, T
t o
v £ = b-1T where ty sleweing air abt
<7
® %o = entering air
dbt
ta =%
Bffieiency of Washer E = —%—-—:«-;f-—- :
. a /"
A ty, -~ ¢
R x - 1 - ta "th - t ST - 1"‘E
tg= T " T, T

4.11.2 HEATED WATER WITH 2ERQ BYPASS FACTOR t -

M, (Sp - Ta) = My ( ml—mz) from equation (2)

or (Zb-Sa) = gﬂ_ (14 =1
a

o)
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Temp. of spray water entering the washer.

T ~ Temp. of exi# spray water sigma function
S0 = Sigma funotion at a W.B.T. of Té
i.e. when W.‘B.’I‘. of 1veavi.'ng air. - '1%“@ véafer tenp.
Therefore, ('S o =Za) = ?{‘f'“ (ml - To)

Solving by Trial and error T, and thus $o are known. .

4.,11.3 HEATED SPRAY WATER WITH BYPASS FACTOR PROCESS OF
HUMIDIPIGATION POR ANY GENERAL PROCESS ;-

For parellel flow
M ds =~ Hyadl

and m = from eq. (4{p)
--Z-d.A - = ty q L

For the ‘bota_l area,

5 - a

Yl == M, _>_T->-_'
, dr

. fd& - - M’ﬂ j

2 | a T =%

For solution of the intergration assume,

(2P «%2) = a(T-Tq)

where To"‘ temp. obtained when there

is zero bypass factor.

a = oonstant’&ir washer.
To

B :—logX=~MW f dT
aﬁa 4 f:r..mo
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= -4 #— log .T..a...".'..&. = - L10g .T__2_’,.T...°_
a Tl - TO Tl""To
: M
Wwhere b ~ a . 8
' Mw
Hences b 10g X = logf =270
Ti - T ,
o
o Xb = Eg;:iﬂa
Ty -1,

. - 3D M o

The vdmes of T‘o and b areobiained from the
Mg, 4.8, in the mammer as illustrated in the figure $tself,

1 0} =
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8. a) Procedure of Experimentation.

5. b). . Observations recorded.




QHA.PTE'R - Vc

PROCEDURE  OF EXPERIMENTATION

5,1 RECIRCULATED WATER t-

The observations for caloulating the efficiency of
the air washer arse shown fron table'5.1 to 5.45. In the first
case the obeervations are recorded to obtain the relationship
between the water quantity discharged by each noszle i.e. gpm/
nogzle and the efficiency of the alr washer, These observations
are shown from table 5,1 to 5.36, In the seoond case %o f£ind
the relationship between the spray nozzle pressure end the
efficiency of he alr washer observations from table 5.37 4o 5.45,
have been recorded. In both cases the water 18 recirculated
80 thatits temperature remains constant and equal to the thermo-

dynamic wet buld temperature of the entering air .

The direction of apray water and the number of banks
is kept constant for g particular eir velooity. Then the pressure
is gradually inoregsed by the hand operated valves and read by
the pressure gauges és 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 vessels The water is collected in a

vessel for 3 mimtes and then the gpm per nogzle is caloulated.

The inlet dry and wet bulb temperatures are recorded

. by the sling psychrometer. The thermometer is revolved about




30 times to get the oorrect equilibrium wet bulb temperature

of the mdoming alr ia mux. The veloolty of the incoming air
is measurel by the velocity meter .

Por a particular air velocity the inlet dry and wet

leaving dry buldb

bulb and the/temperatures are recorded after running the equip-
ment for 5 minutes so that the process may attain the equilibrium
state. Pressures maximum upto 48 lbs per wqugre inch gauge are
shkeinable. | - | |

To get the second set of observation, the veloeity 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 velooitied
keeping the number of banks and the direction of spray water

constant,

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 ecan be elther upstream
or downstream when only one bank of epray is employed. If the
nunber of banks are two, the different combinations of spray
weter direction are made. Thus nogzles 0{ both the banks can
operate in the same direction as the direoﬁon of air, called
the downstream direction, #r they can both operate against the
flow of alr called the upstream direction. The third way |
of operating the nozzles is that they can b@ arranged so that they
spray the water ,tspposing each other i.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 :-

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 downgtream and £ banks
opergting upstream and finally,

4. All the banks operating upstreams i.e. all
banks are against the flow of air.

Thus different combinations of direstion of air and
water are encountered by the memnual 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 tab_ies from 5.1 to 5.45 are found.

It should be seen that the grester accuracy is ob-
served in taking the dry bulb temperature of the leaving air whieh
‘would otherwise effect the efficlency of the washer. The
wick of the wet bulb thermometer should glways be kept wet by

clean water.

5.2 HEATED WATHR =

For heating amd humidification of the air, the
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heated water is supplied external to the spray chamber and is
not recirculated., The tanks for heating the water areas showm
in fig. 5.4. The water is stirred frequently %o keep the temp-

erature of hot water uniform.

For a partioular arrengement of bank amd the direo-
tion of spray water, the velooity 19 kept contant. The apparatus
18 started after taking the initial temperature of hot water.

The equipment is allowed to run for three mimtes to stablige
and then the leaving temperature of the water and the leaving
dry and wet bulb temperatures of the air are recorded, The

pressure is gradually inoreased and the proeedure repeated.

'The'ubove 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 40 5.86.

5.3 QHILIED WATRR ;-

Por cooling. and dehumidifiocation dhilled water
is supplied. The entering air dry and wet bulb temperatures are
taken and from these the dew point temperature of the entering
alr 18 seen from the psychrometeric chart. For cooling and
dehumidifieation process %he 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 observations is the same




as in reoiroculated and heated water.

The observations using

chilled water are recorded from Table 8.46 %0 5.60 and the

Aarrangamehxs of spray banks and sir velooity are given in

each table,

Pigure 6.2 and Pig., 5.3 show the detaile of

the air washer,

0=

s o)
=~




Fig. 5.1

Showing Pressures gauges and Piping of the
air washer .,




TABLE - 5.1

RECIRCULATED WATER,

No. of Banks =~ 1, Directon of Spray = Upstream, Air Velocity;?OO
pn

S. Water Entering Leaving Entering Efficiency
No. Quantity alr dbt air abt air wbt as caloulated

R

1 0.2 82 80 72 20

2 0.5 82 78.5 72 35

3 0.85 82 77.8 72 42

4 0.85 82 77.0 72 60

5 .0 82 76.5 72 55

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 fpm

3., Water Entering Leaving Entering Efficiency

No. quantity air dbt air 4dbt air wbt percent as
gpm/ te ty twb caloulated
nogzle

1 0.2 82 19.7 72 23

2 0.5 82 78.0 72 40

3 0.85 82 7.2 72 48

4 0.85 82 76.3 72 57

5 1.0 82 75.8 72 62

6 1.2 82 76.0 72 70

7 1.3 82 74.6 72 74
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TABLE . 5,3
i Direction of Spray = Upstream
500 fpm

RECIRCULATED WATER, _
8.No. Water ©Entering Leaving Entering Efficiency as

No. of Banks
Air Velocity

nu

' quanti-~ air dbt air dbt air whbt calculated percent
, qlnqgggg ‘ :

1 0.2 80.5 7.4 0.5 26

2 0.5 " 75.9 " 46

3 0.65 " 75.1 " 54

4 0.85 " 74,3 " 62
5 1.0 " 73.6 " 89

6 1.2 " 72.9 o 76

7 1.3 L 72.7 . 79

TABLE - 5.4
RECIRCULATED WATER, .
No. of banks. = 1 Directon of spray = Upstream

Air velocity - 400 fpm

S.No. Water  Entering Leaving Entering Efficiency %
quantity air dbt air dbt air wbt as caleculated

- gon/ te L] twb

nozzle 1
1 0.2 81.0 7749 71.0 31
2 0.5 " 75.8 " 52
3 0.65 " 75.0 M 60
4 0.85 " P4.1 " 69
5 1.0 " 73.5 " 75
6 1.2 " 72.8 " 82
7

1.3 " 72.6 " 85
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Wo. of banks

Air velocity

TABLE - 05

RECIRCULATED WATER

—
3
-
-

700 fpm

1 Direction of spray = Downstrean

3.No0. Water

Entering leaving

Pntering Efficiency %

~ O O &+ 3 o

quantity air dbvt air dbt air wbt as caloculated.
gom/ te % twh
.[0zzle !
1 0.2 81 79.1 71 19
2 0.5 " 7.7 71 33
3 0.65 " 7¢.0 71 40
4 0.85 " 76.2 71 48
5 1.0 " 75.7 71 53.5
8 1.2 # 74,9 71 81
7 1.3 ! 74,6 71 64
TABLE . §.5
RECIRCULATED WATER, Doan
No. of banks =1 Direction of spray -~ [f#mstream
Alr veloeity = 600 fpm
S.No. Water Bntering leaving Engering Efficiency %
quantity air dbt air dbt air wot as caloulatel
gom/ te t, twb
nazzle
0.2 81 78.8 71 22
0.5 81 77.1 71 39
0.65 81 76.4 71 46
0.85 81 75.5 71 56
1.0 81 4.9 71 61
1.2 81 4.2 71 68
1.3 81 73.8 71 72
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TABLE - 5,7
RICIKCULATED  WATIER

No. of bgnks = 1

Direction of spray

Downstream

Air weloeity - 500 fum
S.No. Water Entering Eeaving Entering Efficiency %
quantity air dvt air dbt alr wtb as calculated.
gom/ te t b
nozzle
2 0.5 # 76.4 1 44
3 0.65 " 5.6 " 52
4 0.85 " 74,7 o 61
5 1.0 n 74.1 " 67
6 ) 1‘2 # '73;4 f 74
7 1.3 " 73.0 " 77.5
. EA;BLE - 5«8
RECLRCULATEDWATER.
No. of banks = 1 Direction of spray =~ Downstream
Air velocity - 400 fpm
S.No. Water BEntering lLeaving Entering Efficiency %
quantity air dbt air dbt air wbt as calculated
gon/ te %y twb
nozzle.

1 0.2 80.9 77.8 70.5 30
2 0.5 " 75.8 " 80
3 0.65 - 74,9 " 58
4 0.85 " 73.8 - " 68
5 1.0 " 73,2 " 74
6 1,2 " 72,5 " 80.8
7 1.3 " T2.2 "o 83.8




TABLE ~ 8.9
RECIRCULATED WATER |
¥o. of banks = B Direction of spray - Both ddwmstreanm
Air velocity - 700 fpm. . ,
S.  Vater Entering  Leaving Entering Efficiency %
No. quantity air dbt alr dbt air wtd as caludated
gon/ te tq twh
nogzle
1 0.2 81 78.9 pl 21
2 0.5 " 7.3 " 37
3 0.65 # 6.4 7 46
4 0.86 u 7549 7 51
5 1.0 " 75.2 71 58
6 1.2 e 0m 64
> oot -
TABLE - 5,10
Recirculated Water.
No. of bagnks = 2, Direction of spray -~ Doth downstream

Air velocity = 600 fpm.

S. Vater Entering Leaving “Entering Bfficiency %
No. quantity air dbt air dbt air wtb as calculated

grm/ to t1 twb

nozzies
1 0.2 81.1 789 71.3 22.5
2 0.5 " 76.8 o 43.8
3 0,66 " 75.9 L 52
4 0.85 " 75.4 " 58.2
5 1.0 " 74.7 L 65.3
6 1.2 " 74.1 " 71.5




TABLE - 5.11
RECIRCULATED  WATER,

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

Air velocity - 500 fpm.

S.  Water Entering Leaving Entering ZEfficiency as
No. quantity air dbt air dbt air wtb

caluculated %

. o2 80.6 786 0.6 26
2 0.5 " 75.6 " 50
> o0.65 4.8 " 58
* 0.0 " 74.0 ! 66
5 1.0 " 7343 o 73
6 1.2 k t 72.8 " 78
TABLE %o, 5.12
RBCIRCULATED WATER,
¥o. of banks. -« 2 Direction of spray - Both downstreanm

Air velocity -~ 400 fpm.

S. Water ﬁntefing ' Loaving ZImntering Efficiency %
No. quantity air abt air dbt air wtd a8 oaleculated
. gm/ te % twb
nozzle. 1
1 0.2 80.5 774 70.3 30.4
B 0.5 " 74.7 " 67
3 0.685 it 75’8 # 66 '
4 0.85 # 75;1 ' " 726
5 1.2 " 72.4 " 79.5
6 1.3 ] 71'.9 W 84
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TABLE - 5,13
> RECIRCULATED  WATER,
No. of banks -~ 2 Direotion of gpray - Both oppsoing
each other.

Alr velocity - 700 fpm.
S. Water Enterihg Leaving Entering Efficiency as
¥o. quantity air dbt air dvt adr wtd caloulated %

gon/ te ty twb
nozzle.
1 0.2 80.8 8.4 70.3 23
2 0.5 " 76.7 " 39
3 0.65 " 76.0 " 46
4 0.80 " 7543 " 52
5 1.0 " 74,5 " 60
6 1.2 " 3.8 " 66
TABLE-JE. 14
Recirculated Water.

No. of banks =2 Direction of Spray - Both opposing eachother

Air velocity ~ 800 fpm.

8. Water Entering Leaving Entering Bfficiency %

No. quantity airt dbt air dbt gir wtd as caleculated
gom/ te tq twb
nozzle. , ‘

1 0.2 81 78.5 70.9 24.8

2 005 " 76:4 " 4505

3 0.85 " 75.6 " 53.5

4 0480 " 4.9 " 60

5 1.8 " 74.2 o 67.3

6 1.2 o 73.6 " 73




TABLE - 5,15
Recirculated Water.
No. ¢f banks = 2 Direction of spray =~ Both opposing each
other,
Air veloeity - 500 fpm.
3, VWater Entering leaving Entering Efficiency %
Fo. quantity air dbt eir 4vt alr wtd as calculated
_gon/ te $1 twhe
Inagrale. U
0.2 80.6 77.8 70.8 28
1 Box&
C " 750
2 ofs * " 52
7 ﬂ. 74.5 !
3 0.65 . " 61
# 739
4 0.80 o 87
' # 73.
5 1.0 ‘ . 2 # 74
" 72.6
6 1.2 | " &
Regtrculated Water.
No. of banks. 2R Direction of spray - Both opposing eachothe;
Air veloeity ~ 400 fpm. ' :
8. Vater Entering leaving Entering Efficieney %
No. Quantity air dbt air dbt air twdb as caloulated
gpn/ te ty twb
nozzle,
1 0.2 80,6 7.2 70.3 32.4
2 0.5 " 74.5 " 58.9
3 0.65 " 73.7 L 66.8
4 0.80 " 73.0 " 73.5
6. 1.0 o 72.3 " 80.5
é 1.2 b 71.7 ) 86

NEJ
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KNo.

of banks

2

RECIRCULATED .

Alr velocity - 700 £pm

TABLE - 5,17

WABER,

Direction of spray = Both upstream

N

S.  Water Entering Leaking  Engbningeir Efficlency %
No:. quantity alr dbt air dvt wbt as calculated
gom/ te t twb
nozzle. .
1 0.35 81 78.0 71 30
2 0.50 " - 77.0 " 40
3 0.65 " 76.2 " 48.56
4 0.80 " 7545 " 55
5 1.0 " 74,75 " 62.5
6 1.2 " 4.1 " 69
TA‘BLE - 50 18
Redkcireulated  Water.
‘No. of banks - 2 Direction of spray - both upstream
Adr veloci%y - 600 fpm.
Water Entering Léavin Entering Efficiency %
No. quantity air dby air 4b air wht 88 calculated
gom/ tq t twb
nozzle. 1
1 0.35 80.8 M5 o 33.8
2 0.5 " . 76.2 " 47
3 0.65 " . 75,3 " 56
4 0.80 " - 4.6 " 63.2
5 1.0 f - 73.9 " 70.5
6 1.2 " + V3.3 ? 76.5
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TABLE _ 5.19
RECIRCULATED WATER,

No. of banks - 2 = Directiond spray
Air velocity - 500 fpm

Both upstream

8. VWater Enteriﬁg Leaviﬁg ‘Entering Efficiency %
Wo. quantity air abt alr dbt art wbt as caloulated
gpm/ te t, twh
nozzle. 1
1 0.35 80.6 76.6 70.6 40
2 0:5 " 76.3 " 53
3 0.85 " 4.3 " 63
4  0.80 " 73.6 # 70
5 1.0 " 72.9 " 77
6 1.2 o 72:4 y 82
TA'BLE had 5020 -
Recirculated Water.
No. 0B banks = 2 Direction of Spray = Both upstream

Air veloeity ~ 400 fpm.

S.  Water Entering Leaving Entering Bfficiency %
Noe. quantity air dbt alr ddt wbt ag calculated
nozgzle te tl twb
1 0.35 80.5 75.5 70.3 49
2 0.50 " 4.1 “ 62.7
72.5

3 0.88 " 73.1 i /

4 0.80 Y 72.5 H 78.3

5 1.0 ' n 71.9 " 84.5
6 1.2 " 1.4 - 89
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No., banks =~ 3

Air velocity - 700 fpm.

TABLE - 5,21
RuCIRCULATED WATER,

Direction of spray

- All downwkream

S. Water Entering Leaving  Entering Efficiency %
No. quantity air dbt air ddbt air wht as calculated
gom/nozzle  tg 1 twh
1 0.25 81 78.4 71 27
2 0.50 " 77.0 " 40
3 0.85 # 76.4 " 46
4 0.80 " 75.8 " 52
5 1.0 " 75.1 " 59
6 1.1 " 74.8 . 62
" TABLE - 5,09
Recirculated Water.
No. of banks - 3 Direction of spray ~All downstreanm

Air velocity =~ 600 fpm

S. VWater Entering Leaving Entering Efficiency %
No. quantity air dvt  alr dbt air whbt as calculated
gom/nozzle te t1 - twb
1 0.25 80.9 77.9 . 70,9 30
2 0.50 # 768.2 # 47
3 0.65 " 75.5 " 54
4 0.80 " 74.9 " 60
5 1.0 " 74.2 " 67
6 1.1 " - 73.8 b 7
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TABLE - 5,23

RECIRCULATED WALER,

No. of banks = 3  Direction of spray =~ All downsiream
Alr velocity = 500 fpm

S VWater Fntering Leaving Entering Bfficlency %
¥o. quantity air dbt air dbt air wbt as calculated
gpm/nozzle te ty twb

1 0.25 8l 7.5 70.3 34

2 0.50 82.2  75.2 " 55

3 0.65 " 74,4 " 62.4

4 " 0.80 " 73,7 " - 69

5 1.0 " 73,0 " 75.2

8 1.2 " 2.7 " | 78

TABLE . 5,24

| RECIRCULATED WATER
No. 82 banks «~ 3 Direction of spray =. All downstream
Air veloeity - 200 fpm. :

g, Water Entering Zeaving Entering Efficlency %
No. quantity air @bt air dbvd &ir wbt as salculaved
gpn/nozzle to 7] . twb »

1 0.25 80.7 76.6 0.4 40

2 0.80 " 74.3 " 622

3 0.65 " - M4 " 71

4 0.80 " I £ 2N " 775

5 1.0 N 2N " 82.5

6 1.1 " 71.9 " 85.5




TABLE - 5,26

RECIRCULATED WATER,

No. of banks = 3 Direction of spray = 1,upstream,2 downstre

Air velocity =~ 700 fpm

8. Water 'Entering Leaving Entering Efficiency %
No. quantity air dbt air dbt air wbt as calculated.
gom/nozzle te ty twb

1 0.25 81 7842 fi 28

2 0.50 " 77.0 " 40

3 0.65 " 76.3 " 47

4 6.80 " 75.7 " 53

5 1.0 " 74.9 " . 61

6 1.1 " 74.6 " 64

TABLE - 5,26

RECIRCULATED WATER,

No. of banks = 3 Direction of spray =~ 1 upstrean,

2 downstream
Air velocity = 600 fpm

3. Water Entering Leaving Entering Efficiency %

No. quantity air 4ot air dbt air wbt as calculated
gpn/ te ty twb
nozzle .

1 0.85 87.8 .8 70,6 32.4

2 0¢50 " 7600 " 47

3 0.65 " 75.2 " 55

4 0.80 " 74.5 " 61.8

5. 1.0 " 73,7 " 69.5

6

1.1 " 73.4 " 72.5
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TABLE . 5,27
RECIRCULATED WATER,

No. of banks = 3 Direction of spray = 1 upstreanm,
_ 2 downstream.
Air veloecity ~ 500 fpm.

S, Water Entering Leaving  Bntering Bfficiency %

No. quantity air dbt air dbt alr twd as caleulated
‘gom/nozzle %, ti twhb

1 0.25 80.7 76.9 70.7 38

2 0.50 " 76.3 " 54

3 0.65 " 74.5 " 82

4 0.80 " 3.7 " 70

5 1.0° " 7249 " 78

6 1.1° " 72,50 " 81.5

TABLE . 5,28
RECIRCULATED WATER,

¥o. of banks = 3 Direction of spray - 1 upstresnm,
2 downstream.
Alr velocity -~ 400 fom.
3. VWater Entering  Leaving Entering Efficiency %
No. quantity air dbt alr dbt air wbi as calculated
gom/nozzle te ty 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 " 7244 " 86

6 1.1 " 72.1 w89




TABLE . 5.09

RECIRCULATED WATER,

No. of banks - 3 Direction of spray -~ 2 upstream
1 downstrean.
Air veloeity.= 700 fpm,

8.No. Water Entering Leaving Entdng Efficiency %
quantity air dbt air dbt air wbt as caleulated.
gom/nozzle  te $,  twb
i 0.25 81 78 71 30
2 0.5 " 76.7 " 42.5
3 0.65 # 76.1 " 49
4 0.80 " 75.5 " 55
5 ¢.90 " 8.3 " 59
6 1.0 " 74,7 " 63
7 1.1 " 74.4 " 66
TABLE . 5.30
RECIRCULATED WATER.
No. of banks - 32 Direction of spray = 2 upstream,

, 1 downstrean.
Air velocity - 600 fpm.

S.No. Water Entering Leaving Bntering Efficiency %
quantity alr dbt air dbt air wbt as caleculated,
arm/nozzle te ty twb.

1 0.25 80.9 77.5 70,9 34

2 0.50 " 76.0 " 49

3 0.65 " 78.2 " 57

4 0.80 " 74.5 " | 63.5

3 0.90 " 74.0 " 68.2

6 1.0 " 73.7 " 72

7 1.1 " 73.5 " 74.5
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TABLE . 5,31

RECIRCULATED WATER,

Ro. of bgnks - 3 - Direction of spray - 2 upstream,
' 1 downstrean.
- Alr velocity =- 500 rfpnm. '

g.No. Water Entéring Leaving Entering | Efficiency %
: quantity air dbt alr dbt air whbt as cslculated

gom/nozzle  te ty b
1 0.25 81.2 7.3 71.3 39 .5
2 0.50 " " 75.6 " 56.5
3 0.65 " 74.7 " 5.6
4 0.80 " 7.0 " 72.7
5 0490 " 73.6 " 76.8
6 1.0 " 73.2 " 81.0
7 1.1 " 7.0 85.0

RECIRCULATED WAZER,

No. of banks = 3 Direction of sprsy ~ 2 upstrean,
1 downstream.
Air velocity = 400 fpm.

" 8.No. Water Entering Leaving BEntering Efficiency %
quantity air dbt air dbt air wbt as calculated

gpn/aozzle  te %y twb

1 0.25 80.5 75.8 70.4 46.9
2 0.50 " 74.0 H 64.3
3 0.65 " 73.1 " 73

4 0.80 " 72.4 " 80.5
5 0.90 " 7.9 " 85

6 1.0 L 71.6 " 88

7

1.1 o 71.4 " 90
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TABLE -~ 5,33
RECIRCULATED WATER.

No. of banks = 3 Direction of spray ~ all upstream.
Air velooity - 700 fom.

S.No. Water Bntering Leaving Bntering Effioclency %
quantity air dbt air dbt ait wdt as calowlated
gpm/nozzle te t twd

1 0.35 81 7.5 il 35

2 0.50 n 76.6 LI 44

3 0.65 " 75.9 " 51

4 0.80 " 75.3 " 57

5 1.0 " 74.5 " 64.5

6 1.1 " 74,2 " 68

TABLE - 5,34
Recirculated Vater.

Yo. of'banks -3 Direction of spray - All upstreanm.

Air velocity =~ 600 fpm.

S5 Vater Entering Leaving Entering Bffioiency %

¥o. guantity eir dbt  airdbt air wbt  as calculated.

W gom/nozzle te %, twb '

1 0.35 80.8  76.6 70,6 40.8

2 0.50 " 75.4 " 52.5

3 0.65 " 74,6 " 60.2
4 080 " 74,0 - ! 66

5 1.0 " 3.3 " 72.8

6

1.1 " 72.9 M 76
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TABLE -~ 5:35
RECIRCULATED WATER,

No. of bankse = 3 Direction of spray « 411l upstrean

Air velocity -~ 500 fpm.

g, Vater Tntering Leaving Entering  Efficiency %

No. quantity alr dbt agir dbt air wbt as ecaloulated
gen/nozzle  te t, twb

1 0.35 81.2 76,2 70.8 48

2 0.50 " 75.0 " 80

3 0.65 " 74.1 " 68.82

4 0.80 " 3.5 *" 74

5 1.0 | " 72.8 # - 80.8

6

1.1 " 72.5 " 83.5

TABLE - 5,36
RECIRCULATED WATER.
No. of banke. = 3 Direction of spray - All upstream.
Air veloedity - 400 fpm.

3. VWater Entering Leaving Entering Efficiency %

No. quantity air 4bvt air dbvt air wht as calculated
gpm/nozzle te ty twh
1 0.35 87 75.3 7 57
2 0.50 o 69
3 0.65 " 73 " 7
4 0.80 " B
5 1.0 " 20 90
6 1.1 " 7.8 L T




109

TABIE - 5,37
RECIRCULATED WATER.,
No. of banks - 1 Direoticn of spray - Downstresm
Air velocity - 800 fpm.
3.  Spray ﬁﬁtering ~ Entering Leaving Efficiancy'%
No. nozzle air dbt.  alr wht dr dbt as calculated
pressure. . t, . . twb i
« \ Be!
1 8 '80.8  T0.8  76.4 44
2 1 " L 75.6 52
3 20 : " " 7447 61
4 30 oo L 7] 87
5 40 - f 3.4 - 74
8 47.5 " " - 73,0 7.5
TABLE - 5.38 -
RECIRCULATED WATER,
Fo. 0f banks =~ 1 Direction of spray -~ Upstream
Alr velooity =~ 500 fpm.
8. Spmy “Entering  Entering  Leaving  BIficiency %
No. nozzle - eir dbt alr wbt air dbt as caleculated
pressure te twb tl
——pBig oo, —
1 5 . 806 - 70.5 7549 46
2 10 e n 75,4 9%
3 20 # I 7 62
4 30 . " : " - 13+6 89
6 40 o " " | 7249 . 76
6  4a7.5 . I 7N
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TABIE ~ 5.39

, RECIRCULATED WATER, _ '
No. of banks = 2 Direction of spray - both downstream

 Mr veloéity <« 500 fpm.

S, Spray nogzle Entering Entering Leaving  Efficiency %

. No. pressure _air dbt - ait wbt. air dbt as caloulated
peig te twd 17
1 6 80.6 7.6 . 75.6 80
2 10 " # : 74.8 58
3 20 " . on - w40 66
4 30 o " L £ 75 T £
B 40 oo v 72,8 78
TABLE - 5,40
} RECIRCULATED WATER,
Néa of banks - 2  Direction of spray ~ Both opposing

o eachother,
Alr veloeity « 600 fypm.

‘§7  Spray Inbering  Entering  Leaving  Eifioiency
Yo« nozzle air dbt alr wbt air 4bt as caloeulated

pressure te wb t
peig R
- ' - . ‘ . 82
‘. M0.6 - 75,4 |
‘ " ' 4.8 '
o 10 " . | 4.8 48
‘ ‘ # - 73,
3 X " 5.8 74
4 " 73,2
4 30 | " 80
8 40 #® " . ?2.6
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No. of banks
Air velocity

TABLE « 5,41
RECIRCULATED WATER,
- 2 Direction of spray - Both upstream.
- 500 fpm.

8. 'Spray“ Enteriné n@nfering Legking' Efficiency %
Yo. nozzle air dbt ailr wbt alr dbt¥ as calculated.
pressure te twd %
Peig.
1 5 80.6 70.6 74.9 57 "
2 10 " " 4.5 61 %?7
3 20 " " 73,6 ° 70
4 30 L " 729 ™
) 40 " # 7244 82
TABLE - 5,42
RECIRCULATED WATER
No, of banks - 8 Direction of spray = All. upstrean
ALy veloeity -~ 8500 fpm.

S.No. Spray

Entering Entering Leaving  Efficiency %

nozzle air 4bt air wbt air dbt as caleulated.
pressure te twd tl
psig
1 746 81,2 70,3 74,4 62,4
2 16 " " 73.7 89
3 23 L 73.0 75.2
4 30 # ” 72.4 81.0
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TABLE - 5043

RECIROCULATED WATER.

No, of banks -~ 3 Direction of spray - 1 upstrean,

AMr veloelty -~ 500 fpm.

2 downstream.

3. Spray Entering Entering  Leaving Bfficlency %
No. noggle a&,g Abt air wbt v air dbt es calculated.
pressure e twb ty
peig. '
1 B 80,7 7.7 74.5 62
2 13 " " .7507 70
3 £3 4 " 73.1 76
4 30 " " 72:3 84
TA.BI:E - 504{4
RECIRCULATED WVWATIR,
No. of banks =~ 3 Direction of spray -~ 2 upstrean.

Air velocity =- 500 fpm.

1 downstream.

S.  Spray Entering Entering Leaving Efficiency %

No. nogzle air dbt air wbt air dbt a9 caleulated.
pressure te twh ti
paig ,
1 5 80.5 70,2 75.8 65.8
o 13 # " 73.0 73
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IABLE = 6,45
RECIRCUIA TED WATER
lic. gf Banks =3 Adr velocity = 500 fpm

Dircction of spray = All upstream

8.N0. Spray nozzle Entering Entering Ieaving
pressure g dbt air wbt alr dbt

Effieloncy percenq
as calculated

psig te twb t;

 $1 5 80.4 70.1 73.4 €8.5

2, 10 " ge 7249 75

3. 15 " " 72,85 765

4, 20 " " 72.1 82

5. 30 " b 71,1 90

D HAT
Mrection"ﬂSpray = Dowmstreanm No«. of Banks = 1

Alr velocity = 700 fpm

S.No. Spray Entering Entering [Ieaving

nozzlo vater temp.air wbt aiyr wbt wator factor as

Leaving Performance

pressure tw OF twb OF twb' OF temp. calculated
B psig , _ tv'op
1. 10 69 80 78.8 73.1 = 0.48
2. 20 o N P81% 72,7 0.561
3. 30 " " 776 72.4 0.535
{ 4. 40 " " 76.9 72,1 0.57
5, 47.5 " ' 76.2 71.7 0.695
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No. of Banks =1

ZABLE 5,47

Direction of spray = Downstrean

Alr velocity =600 fpm,

S.Nos Spray

Entering Entering Leaving leaving FPerformance

ecssure Tomps oo U bwbr'0k femp;  caloulated
psig tw OF tw'' ¥
1. 10 70 80 791 74.2 0,516
2. 20 " 80 78.2 73.8 0.56
3. 30 " " 77,6 73.3 0.58
4. 40 " " 76,9 72,9 0.60
5. 47.5 al " 75.5 72,6 0.615
TABLE -5,48
CHILLED WATER
No. of Banks = 1

Direction of spray = Downstream

Alr velocity 500 fpm.

S.No. Spray Entering Entering leaving Leaving Performance
nozle water air wbt air wbt water factor as
pressure temp. twb F twb! F temp. catculated
psig tw! F _

1. 10 7045 80.5 79.3 74.9 0.56

2 20 " " 78.6 74.4 0.58

3. 30 " " 77.9 74.0 0.63

4, 40 " " 77.4 73.7 0.63

5. 47.5 " " 774 73,7 0.63
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ZABLE =5,5]

CHILLED WATER
No, of Banks = 1 | Alr velocity = 600 fom

Direction of spray = Upstream.

S.No. Spi*ay Entering Entering Ileaving Ieaving Performance
nozle water air wbt air wbt water factor as

pressure temp. twb °F  twb' OF emp,  calculated
psig tw oF tw' F
1 15 70 80 78?_8 7493 ' (.)‘.55
2 25 " " 78,0  73.8 0.8
3 35 " " 77.3 73.3 0.596
4 45 " " 76.4  72.55  0.614
ZABLE -5,52
ILIE D WAT
No. of Banks =1 |
Direction of Spray = Upstream | Alr velocity = 500 fpm

Ma.» Spray = Entering Entering Leaving Lleaving Performance

nozle wvater adr wbt air wbt water factor as
pressure temp. twb F twb' F temp. calefilated
e psig tw OF , tw! F .
3. 15 70 . 80 78,7  74.42  0.572
4. 25 " T 76.4 72,9 0.860
3 35 " " 76,3  72.565 0,625

%o 45 " " 75.8 72,15 0.635




LE =
IL WATE
No. Banks =2

Direction #f spray = Both Upstream

i

air Veloeity = 700 fpm

\ A
{

' ? CoA
Entering Ileaving Leaving Performhncé\\,

S.No. Spray Entering
nozle water air wbt air wbt water  factor as
pressure temp. twb ©OF twb' OF temp.,  calculated
psig tw OF tw! OF
1. 10 69.5 80 78,7 76,37 0.7
2. 20 1 " 78.0  75.7 0.78
3, 30 " " 7.1 75.3 0.825
4, 40 " " 76,4 74,9 0.86
TABLE -5,63
cHILfE D WATER
No. of Banks =l ‘ ’

Direction of spray = Upstream

Alr velocity =400 fpm

S.No, Spray

Entering Entering Leaving leaving ‘Performance

nozle wvater alr wbt air wbt water factor as
pressure temp., twb F twb' F temp calculated
psig tw! F \

L 15 70 80.4  79.5 75.65  0.62

2. 25 " 8" 79,0 76.15 0.63

3. 35 " " 78.3  74.65 0.65

4, 45 " " 9.7 74.15 0.66
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TABLE «5455
CHILLED WATER
of
HO.t,Banks = 2
Direction of spray = Both upstream. Alr velocity =600 fpn.

S.No, Spray Entering Entering Leaving Ieaving Performance

nozle water air wbt air wbt water  =mx factor as
pressure temp. twb °F twb! OF temp.  calculated
psig tw OF tw! OF
1. - 10 7 80  78.9 76.7 0.78
2, - 20 " " 78.0 76.3 0.825
3, 25 . " " 7.6 76.0 0.835
4, 35 " " 769 7547 0.875

5, 40 " " 76.5 75.4 0.89

TABLE - 5,56

- CHI?@D WATER |
No, of Banks =2 . ! Air veloclity=500 fpm.
Direction of spray= Both upstream

S.No. Spray Entering Entering Leaving Leaving Performance

nozle water air wvbt air wbt water factor as
pressure temp., twb OF twb' OF temp, calculated
psig o twt OF |
tw “F 7

1. 10 ' 68 80.2 78.3 76.1 1.815

2. 15 , " " ”i7 75.7 0.83

3. 20 " " 77.2 75.4 0.85

4, 30 " " 76.5 75.1 0.885

S. 40 " " 76.0 74.7 0.906
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IABLE = 5,59
CHILLED WATER
No. of Banks =3 Air velocity = 700 fpm

Direction of spray = 2 Upstream , 1 Downstream.

S.No. Spray Entering Entering Leaving Ieaving Performance

nozle water air wbt air wbt water factor as
ressure temp. twb  OF twb' OF temp. calculated
sig tw °F tw! OF

1, 5 67 80.3 76.5 73.9 0.80 .

2. 12 " " 75.7  73.5 0.83

8. 20 " " 75.2  73.2 0.85

4, 25 " " 74,9 73.0 0.855

5, 33 " " 743 727 0.88

TABLE - 5,58
| CHILIED WATER
No. of Banks = 3 | Alr velocity = 600 fpm.

Direction of spray = 2 Upstream, 1 Down stream

S«No- Spray Entering Entering leaving Ieaving Performance .

nozle water ar wbt air wbt water factor as
pressure temp. twb OF twb' OF temp. calculated
psig tw, OF tw! OF

1- 5 67 80.3 76-2 74:.1 0084

2. 12 " » 75.5 73,7 0.865

3. 20 " " 7542 73.5 0.87

4, 35 1 " 74.7  73.2  0.887

5. 33 " " 74,3 72,9  0.905
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TABLE - 9
CHILLED WATER
No. of Banks = 3 Alr veloeity = 500 fpm

Direction of spray = 2 Upstream , 1 Downstream.

S.No. Spray Entering Entering ILeaving ILeaving Perofrmance

hozle water air wbt air wbt water factor as
pressure temp, = twb O twb! OF temp. calevlated
psig tw F twtY F
1. 745 66 80.3 74,7 73.0 0.88
2, 15 " " 74,3 72,7 0.89
3. 20 " L 73,9 ?2.5I 0.90
4, a5 " " 73.6 72.8 0.91
5., 82 " " 73.2 72 .0 | 0.92
IABLE « 5,60
CHILLED WATER ‘
No. of Banks = 3 Air veloclty = 400 fpgm

Direction of spray = 2 Upstream , 1 Downstream

S.No. Spray Entering Entering Eeaving Leaving Peroformance |
nozle water alr wbt air wbt water factor as

pressure temp, twb °F  twb* OF temp.,  calculated
psig tw OF tw' OF

1. 7.5 66.5  80.5 74,8  73.3  0.905

2, 15 " "o 74,4 73,1  0.91

3. 20 " e 78,7 72,7 0.93

4, 25 " wo 73.7 . 727 0.93

5. 30 " "o 73.4 72.6 0.935




{21

Hé!ﬂ!ﬁ&ﬂ Z‘EQE - é!‘.!&
; ";I , IA" 1] :
o, of Banlis = 8 Imtoring dbt = 81,8
Both Upotroan MMy Voloeity o 500

8+110] ProDe] Y/ mz-» ngﬁb—agigg M£~ icovi X -~
Suro jnosejoringlubi] weds¥ jving jng © @
230 juator)tud gﬂb‘- miorjolr ' %

'

ttiz:p. ' . tvt  |dbt n

1 7.5 0035 B0 T 88 77,0 Bl.B 70
2 W 0,50 80 7L 7408 70l 821  o81
3 26 0,66 4 71 76.P 80,8 82.8 «B83
4 92 0,80 £4 71 79,56 B8l.9 88,9 886
6 40 1.0 ©4 7Y 80.2 3.6 83,7 +BGS

| RABLE HonSa

 BLATED VATER

0. of Dankn o 8 Afr VYoloceit = GOO fpno

Eatoring
Piroction of cpray = Roth Upstroonm oir 4dbt, e 80,7
, §

[y

Sollze |Pross|ppn / |Latore]Inzolloc=| Loce | iaoving t couht
© U0 mza/lo ing vrinolvingiving | oir ° w
mator {adr |odr Jwate | dbt tu «tud
ty  |ubt {ubt ¥ op
tud | tub! (30!3?1:
3

746 0,35 03 T0.8 717 77,2 82 756
3 15 0.80 W79,2 0.8 BB 77
0,65 " 95,1 7004 82,8 <03
0680 W 7.0 8103 88,6 o83
5 40 1O 63 " 78,9 82,4 02,9 -846

8

g &
8




TABLE NO.- 5,63
HEATED WATER

No. of Banks = 2

Direction of spray = Both Upstream

Alr Veloeity =700 fpm
Entering air

ddbt, =80.6
;“N ’ R ‘FnterijEnter)leavi-] Lea-] lea~|
+No, |Pressure}gpm ing ing ng ving|ving totuh?
: nozzlejwater | wbt | wbt Jwat-jair |1 - by otud
temp, |twb? | twb' |er |dbt tw ~twd
twi: tw!
1 7,5  0.35 92 70.5 711 77.15 807 718
2 15 ' 0.50 92 . 70.5 72.2 77.6 81.0 75
4 32 0.80 92 70.5 76.1 80.2 8l.6 .81
5 40 | 1.0 o2 70,6 77.8 8l.5 82.4 «83
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CHAPTER - ¥IX
CALCULATIONS, RESULTS AND GRAPHS

6.1 Efficiency of alr washer.
6.2 Performance factor of an air washer.
6.3 Graphs. |

6.31 G.p.n./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 - %%F_:%g%l

6.4 Path of Heating and Humidifleation Process.
6.4.1 Method of Plotting tho curve.
6.4.2 Illustrative example.
6.4,3 Theoretical Anglysis,

6.5 Path of cooling and dehumidification process.

6.6 Calculations for drawing the path 6f heating and
humnidification,

6.7 Calculations for cooling and dehumidification process,

6.8 Calculation for drawing the path of cooling and |
dehumidification.,

-? £
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CHAPTIR - VI,

CALOULATIONS, RESULTS AND GRAFHS

6.1 EFFICIENCY OF AIR WASHER :-

¥hen water is recireulated, the efficiencies
of air washer calculated under different arrangements of spray
banks, direction of spray water and alr velocity, are ghown from

tables 5.1 to 5.45.

These efficiencies have been calculated by the

formula given in 3.4, i.e.

g o |[ntering air abt - Leaving elr dbt

Entering air dbt - Entering air wbt

Sample Calculation s~

Prom table 5.37, at a pressure of 40 1lbs./sq.inch.

ty = entering air dbt .= 80.8 P

Wb entering air wbt = 70.8 ¥

]

tl leaving air dbt = 73.4

Hence,
80.8 -~ 73.4

= 80.8 ~ 70.8 = 74%

6.2 PERFORMANCE FACTOR OF AN AIR WASHER t-

The Performance factor of an air washer when

cooling and dehumidification process takes place is defined as;
- Aol
-~ Pth - (1 - tﬂb’ ' 'tw )
tyb - Ty




127

WHERE, ¢t

-4}

entering air wbt F
tyyt = leaving alr wbt F
tw = entering water temperature F

leaving water temperature F.

=
-
H

Sample Calculation :-

From table 5.55, at a pressure of 35 psig,
tw = 70
Yy’ 7649

_ 76,9 - 75.7
30 - 70

PFe =1

0.88

The performance factor for various combinations
of number of spray banks and direction of spray, have been
calculated likewise, and given in the observationm tables from .
6.46 to 5.60 for cooling and dehumidifiocation process.
Similarly, for heating and humidifi cation the factor

(- B0 =ty ) |
g - by 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 5.63.

6.3 GRAPHS :-

6.3.1 GPM per NOZZLE VS EFFICIENCY -

! <l431x5 7 To predict the performance of air washer, its efficie-

neies at different combinations of spray banks, direction of spray




p g
O\

é
M
-

, water and air veloeity 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 V8 EFFICIENCY AT CONTT. VELOCIT

Next the relation between spray nozzle pressure with
air washer efficiency has been plotted at different combinations
of number of banks, direetion of spray gnd at constant velooity

0of 500 fpm, This is as shown in Pig. 6.21.

6.,3.3 SPRAY NOZZLE PRESSURE VS PERFORMANGE FACTOR -

When cooling and dehmidiﬂcation, the performance
faector 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 Fig. 6.22 to 6.24

6.3.4 SPRAY NOZZLE PRESSURE V3 FACTOR 1 = t'~tyye/ty-t.

When heating and humidifieation, nunber of spray
banks 2, direction of spray both upstreem and at different air

velocities, the soray nozzle pressure has been plotted against

, e = b '
the factor (1 - bk ib_ ) This has been shown in Fig.6.24.
Ty = Y

6.4 PATH OF HEATING AND HUMIDIFXCATION PROCESS t-

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 direction of
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spray at various air velocities, with different hot water
temperatures,. These have been shown from Fig. 6.8 to Pig. ftx
6.150 |

6+4.1 METHOD OF 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 = heat given by hot
fluid.
or Mylhy - hy) = M, (14 - T'Z)

where Ma = weight rate of flow of air stream
1bs./min.
M, = weight rate of flow of water pér

minute. ‘

3
-
]

entering temperaturg of water o P
Tz = leaving temperature of water °F

hy = enthalpy of leaving air BTU/lb.
h, = enthalpy of entering air BTU/1b.

Since in this process the surface temperature is
continpously and progressively changing as the air streanm passes,
the variagble in thé above formula is the leaving temperature of
water. Denoting the varying surface temperature as T and corres-—
ﬁonding enthalpy a8 h we write the formula as

(h=n) = Mw

(TI'T)
a

We shall assume different wet buld temperastures

and corresponding surface temperatures will be obtained.
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6.4.2 ILLUSTRATIVE EXAMPLE ;-

For .drawing the hegating and humidification curve as
shown in Pig. 8411, the procedure is as follows :-

No. of banks = 2 both upstream.

Alr veloecity = 500 fmm

Entering air dbt = 81.5

Enteting air whbt = 71

Entering wa-tér temp, - 94

Water quantity per mogzzle = 8 1lbs/ min.

Specific volume at entering condition of

alr = 13.92

Area of cross section of airwasher = 12,25 sq.ft.

. M - Jelocity x area 500 x 12.25
*e "8 T Tspecific volume = 1315
= 440 1bs/min.

No. of nozzles = 18 per bank.
My = 16x2x8 = 258

., M M, = 440/286 = 1.715

b, = enthalpy of entering air = 34.92

(b-b,) = My (94 - 1)
Mg

Taking wet bulb temp. = 71 °F, h = 34.92,

Hence T = 94.
When W.B.T. = ?3, h = 36075’

~1___ (94 -
(36.75 - 34.92) = ~Toorg ( )

Hence 7T 90.86
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Then Wbt - 75' h - 38p6,
(38.6 - 34,92) = EWCIY; (38 - 1)

When wb =77P%, h = 40.6,
(80.6 - 54.j92) =1 '(94 - T)

1.715

Hence T = 84.25
When WBT = 79, h = &R2.6

1
» - - 04 ~T
(42.6 - 34.92) o715 (94 -1)
Hence T = 80.8

Whan WQB-T‘b - 80’ h - 43"7’

43.7 - 34.92) = —ie— (92 - M)
hence T = 79.0
Now the entering state of the air is located on the

psychrometric ohart as shown in Fgl. 6.11, denoted by 'a'. At
condition *a' the wet bulb temperature is 71 and the correspond-
ing surface tempera-fura 18 94 P as given by point a' on the
Pig. é:ll. ; -

Points a and a' are comnected by a straight line,
Next the wet bulb temperature of 73 F, is taken along this line as
located by point '1' and the corresponding surface temperature
18 90.86 as shown at point 1'. Points 1 and 1' are joimed by
a straight line. Proceeding like wise the next wet buld temp.
of 75 18 located on the line 11' as given by point 2. The

correapondingAsurface temperature 15 located by the point 2' on
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the saturation line. Then the points 2 and 2' are joined

and the next point taken along the line joining 22'. Thus the
procédure,is repeated until the point b is obtained which
gives the condition of the lea#ing air. When the wet buld temp-
erature of 80 P 18‘taken:1.e. point t'8' <the corresponding surface
temperature {s 79 as located by the point 'c'. The curve joining
the points a, 1,2,3,4,5 and ¢ gives the path of humidification
proocess when the water temperature is heated more than the dry
bulb teaperature of the entering air. The line joining the
points a and » and extanded cuts the saturation line at point 3
The ratio of 8b to Sa gives the bypass factor. In other way, if
the efficieney of the washer and the path of humidification are
known, the condition of the leaving air can be abtainei. The
method is that the line'ad' is adjusted in such a way that it
cuts the humidification curve at b such that.the ratio of 'ad!

to 'ag9' 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 deseribed above when the efficiency of alr washer is known,
and compared with the experimental and theoretiocal results (as
described below). The pomparison is shown in Table 6.2,

6.4.3 THEORBTICAL ANALYSIS 1=

This method of obtaining the leaving water témperature
and the conditionbof leéving air is described.with an illustra-
tion. ‘ o

Por the =same conditions as shown in Fig. 6.1%, the
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calculations are made as follows t-
Data :- No. of banks = 2
Direction of spfé.jr = both upstream
AiT velocity = 500 fpm
Entering water temps 94 F
Por the above arré.ngemenfb first fhe~ efficiency
. of the air washer is obtained, Thus,
entering air dbt = 81,5 P
entering air Wbt = (7 T
 leaving air dbt = 74.15
This gives the efficienéy 5
81.5 - 74.15 / B1.6 - 7L = 0%
Hence the bypass factor =1 - =0.3 =X

From the Fig. 4.8 (a)  assuming gero bypass factor
the temp. of leaving water. T, is obtained by the method
shown on the graph itself. Then the value 'b' ig obtained fvom
Fig. 4.8 (b) we get, ,

To = 79.9; b :.- 2.85

The value of leaving water temp. at bypass factor

= 0.3 41s then obtained by | -

b eqn.5 of 4.11.3,a88u~
TZ - To+ (X) ~(T1 - 'Eo) mingﬁe‘%ntlha,py instead of'sigma

. . fn
- 80 035
Next the leaving wet bulb temperature is obgained by

(hy = Bg) = ff&: (1, = T,)

hence hy, = by + (Ty=Tp) Mg,
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= 34.92 (94 - 80,35)
1.716

a 42,87
Gorrespondingzleaving wef bulb temp. from the
chart comeg out to be 79.48. ;
The exist wet bulb temperatureris the same as if a
constant surface temp, tg has been assm_éd with an equivalent

bypass factor X, where ty 1s defined by the following relation;

£ = %R
h, - ha.
hﬂ - hb - Xha
: (I-12X
_ 42.87 « ,3 x 34.92 - 46'4
-3

corfesponding surface temp. from charts ta - 82.4

The leaving air dry buld temp. is given by
ty = Xt, + (1-X) £, since X = to~t,/t -t

= 3 x81L6 + 7 x82.4
- 82 0'1 ‘
Comparing the experimental, graphical and theoretical values

we see

J.Wo. Enter~ Leaving Leaving ULeaving Hethod of
ing ‘water air wot air dbnt }reault obtained

FEPCPUSE T, APl

water , Ref.
T4 ‘
1 94 81.9 79.5 82.9 Experimen tal 0‘%8.64&
2 94 - 80 82.2 Graphical Flg. 6.1%

6

3 94 80.35 ° 79.18 82.1 Theoretical. SROWR
el above |




TABLE ~ 6.1

CALCULATIONS CHART FOR HEATING AND IDIFICATIO
'a o B ® F ¥ {Q«? gﬁ
219 S g;‘: 8 ’.’V | -g’” g% g\‘ oy
bE o 3 |25(25 *ole | [EaAEd |RaEees
) : s
eI B HP ﬁﬁ_ , =~ 18 |+ |83 E?E o B3 Fe
1 TUpstire 600 82 7 0.3 2.75 98 77.54 77.66¢
1 mfwnatruéam 800 80.8 73.4 70.8 74 0.28 229 96 79 3.4 79.17
2 Both oppro~ 800 80 3.2 70 68 0.32 1.65 85 79.8 2.9 80, 345
sing. ' '
2 Both Upstresa500 81.5 74,15 71 7 0.3 1.71594 79.9 2.85 80.356
3 Al D.streeng00 80 3.6 70 64 0.3 1.38 86 8L 2.6 B2.05
3 1 upstrean , ' ‘ -
2 dowmptream 500 81 72,427 - 78 0.2% .92 91 80.2 2.1 80.64
3 2 upstroam | o :
1 downstrems 500 81.2 73.8 7.3 75 0.2 1.47 93,56 81.2 2.3. 81.69
3 All upstream700 80.6 73.3 70,0 68.5 0.315 1,17 92, 80 2.3 80.84
} £ Both D/btaeamBO0 80.6 74.8 70.8 73 0.22 1.15 92 - 81.2 2.3 81.53
{ 2 DBoth oppoeingB500 80.6 73.2 70.8 74 0.2 1L.37598 81.5 2.8 81.74
2 2 Poth Ugetream 500 80.6 73.6 70.6 T0 0.230 1.72 93.580 2.9 80.40!
3 2 3Both Downe ' :
stream 500 80.6 74.0 70.6 66 0.34 1.72 95 79.9 2.95 80,566
4 2 Both oppsing 600 81 73.6 T0.9 73 0.27 1,75 94 9.7 2.9 80,02
B 2 Both Unbreem 00 80.6 735.0 70.8 77 0.23 1.38 85 8l.2 2,6 81.50¢
83 All 4o '
stream 400 80.7 72.2 70.4 82.5 0.1756 .738 90 ° 81.8 1.85 82.1
73 1 Upmstreanm ' '
2 Degtresm 800 80,7 72.9 70,7 78 0.22 .9i6 91 B1L.8 2.1 81,861
83 2 Ungiresm - , ‘
1 d.strean 600 80.9 78.5 ?0&9 T4.5 0.255 1 92.5 81.7 2.3 82.268
93 All Upstremm400 81 72.0 T 90 0.1 732 90 82 1.86 82.11
0% All DoWne - , ‘
gtream - 600 80.9 73.8 T0.9 71 0.29 1.0 92 81.6 .2.1582.33
13 1 upstream -~ - :
2 dﬂwnstrm 800 80-8 73.4 70.6 7T2.5 0.275 1’0 93 82&3 2.2 B2.8T
23 2 Upstrean
1 dmn@rm 500 8}!2 ’74: ?103 ?207 0&2?3 1045 91*5 80&9 204 81&401
338 All Up~ _
strean 500 81.2 72.8 70.8 80.8 0,192 915 94 82.8 2.3 83.05
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ABDE = 0.2

COUPARIBON OF RUSULY3 FOR HIARING AND HUIIDIPICARION,

[ od

Exporimon-
tal

ol ™
] 0 4
B, 055 |F, 52
pog g™ t& 4 2 3
5% 8y |4 g &
» ‘ 6 R = s 2 ‘ '
1 2 a9 calouw 96 79.17 7848 80.9 At por canplo oaloulae
lated t10n Gedsd
Graphical 86 - 79.5 81.9 Pigs 6.8
Exporimcne 96 82,8 78.3 81.7 Obporvation Hos 7 of
tal Tablo Hos 5.6.4
Ao oalou~ D0 T9.0 80.16 82.7 A8 por ennplo ealoulne
latod tion 64443
mehicﬂl 90 bd 8047 83.0 31&0 (e 18]
Exporimon~ 90 819 79.8 82.. Table 546.4, Cboorves
tal A thon Fos 1.
Coloulntef 98 80.348 79,8 82,1  As por pamplo caloulatio
of 6443,
Graphical ©5 = 80.1 B82.3 Pig. 6,10
Rxperinon=- 95 B82.9 80.7 82.6 Table B.6.4, Ohoorva=-
ta}.@ | tion ﬁo‘« '2.
Oaloulatcd 94 80435 7918 88«1 Ao per sample ealocula-
tion 644,53
Graphical 4 - 80 82.2 Pige. 6.1}
Exporimen~ 94 B1.0 7TD.0 82.9 Table 5,61, Observation
t&lt ﬂOu 4
Galoulated 96 82.085 80,56 82,3 A por pamole esloulge
tion B8.4.3
Craphieal 96 - 81 83.1 Pipe 6412
96 83.2 80,8 8B.0 Tablo Ho.0.64,

Observation Hoe 4.

"y
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ol fe &1 a
=l87slsen | ¥i | § |® § a2 %
D195 ol i B vl - Sl & b 5 4
EH o'gg O X H O~ 3 o
‘g:g-ﬂ-ﬂ.dﬂé’ v_,-'g'é 'E' }“ ;‘S O p 0 4
J(EesiEEE [ Ag|Esalig (68w 8 2
Da |= aE A ] o
.
8 7 Caleculated 91 80.84 8L.5 83.5 As per sgmple galculaw
tion 6.4,3
Graphi cal 91 - 81 83.2 Pig. 6.13
Experimeﬂt&l 91 81.9 8008 8506 Table NO» 5064’
: : Obser\ration No. 6.

" 8 Calculated 93.5 81.69 82.4 84.4 As per sample caloula-
Graphical 93-5 b 8210 84&1 Eigo 6-14 o
Experimen~- 93.5 82.9 82.1 84.7 Table No. 5.684,
ta‘{o ObserVation No. 5,

8 9 Caleulated 92 80.84 80 82 Ag per sample caloulation
Experimen~ 92 81.8 80.6 83.3 Table 6:64,
taf. Observation No, 8

9 10 Oaloulated 92 81,53 80+1 81.75 As per sample caloula-

‘ tion 6.4,3
Experimen=~ , '
tal 92 82.1 179.8 B81.9 Table 5.65, Observation
NO# 2-’ ’
10 11 Caloulated 96 81.74 81.1 8¢  As per mample caloules
tion .6'4'3
Experimen- 96 88,8 80.1 84.5 Tatle No. 6.65,
tal. : Obserw;‘tion _N_o. 3
11 12 Caloulated 93.5 80.805 78.6 81.38 As per sample caloula~-
: tion 6.4,3
Experimen- 93,5 81.2 78.1 B81.9 Table 5.85,
tal. . Ovservation No, 1.
12 13 Caleoulated 95 80.58 79.2 82,2 As per sample caloula-
tion
Experimen- 95 81.3 78.6 81.9 Table No, 5.686
tale Observation No, 4.
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3 14 Caleulated 94 80.@22 79.2 81.9 As per sample calcula~
. ~ tion 6.4.3.

Experimen- 94 8l.1 78,3 81.7 Table 5.66,
tal | ' N Observation No. b

1}.4 15 Calculated 956 81.204 80.6 82.5 ‘As per sample caloula-

. tion 64443
Experimen=- 95. 82.4 7.7 82,8 Table Fo. 5,66,
tal : Obaervation No, 4 6

15 16 Calowlated 90 82,128 81,1 82.6 As per sample calculg=
tion 5.4.8.

Experimen-. 90 82,6 81.8 83.1 TabieNo. B5.65,

tal.. | Observation No.4,
16 17 Caleulated 91 81.61 80,8 B82.8 As per sample ocaleoula-
. ‘ tion 6.4.3

tal o Observation No. 5.

17 18 Oalculated 92.5 82.26 81.2 83.2 A4s per sample caloula—
tion 6.4.3.

Experimen~ 92.5 82,60 81.50 83.6 T&Bl@ 5.65,
tal. Observation No. 6,

18 19 Caloulated 90  82.112 81.8 82.8 A8 per sample caleoula=
. +ion 6.4; s

Bx erimens :
taf 90 82.7 82.1 83.2 Table No. b.65,
: . Observation 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 lable No. 5.65,
~tal, Observation Yo, 8
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20 21 Calculated 93 8R2.872 81  83.2 %i per sample caloula=
O«

Experimen- 93 82.86 81.4 83.8 Table Nc.5.66,

tal. Observation No. 1.

21 22 OGaleulated 91.5 81.406 80.2 82.8 As per sample calcula~
tiono 6.4.59

Expérimen- 91.5 B82.1 80.9 B82.4 7Table No. 5.68,
tal, Observation No. 2.

22 23 Calculated 94 B83.062 82,7 64.4 As per sample aalcula~
tion 6.4.3.

Experimen- 94 83.3 82.3 84,1 Table No. 5.68,
tal. Observation Yo. 3,

23 1 Caloulated 98 77.668 79,3 82.2 As per sample caloula=-

tion 6.4.3
Experiment-

al. 98 8L.3 ™. 82.7 Table No. S 6%
04'!\}03
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FOEIE 4

The_ above three comparisdns are made for gll the 8
figures from 6.8 to 6.15 for heating and humidification. And
- for the other values for which the grabhs are nmot drawn only
- the experimental and theoreiically obtained values are compared

as given in Table 6,2. The calculations are as shown in Table
6.1. .
6.5 PATH OF COOLING AND DEHUMIDIFICATIOR PROCESS.

When the imitial temperature of water is below the
initial dew point temperature of the air, the water temperature
rises as 1% is brought in contact with the warm air. If
sufficient water s provided so that the final temperature of
the water is below the dewvpoint temperature of the emering air
ecooling of air along with dehumidiﬂoation will oécﬁr. |

The path of the eooling end dehunidification process
is plotted in a similar way as deseribed in 6.4.2 with the help
of the energy eciuation-

Illustratiwe Exguple i~

Taking the curve as showa in Pig. 6.5, for the con-

ditions stated =~ '

‘No. of banks 2

Direction of spray -~ both oppeeing eachother,

Mir velocity = 600 fpm
Enterj.nglwater temp. = 862 F
Initial air dbt . =85.5F
Initial air wbt =80 P

Quantity 6f vater xf

through each nozzle 10 1bs/min.

1]




Area of eross seetion of washer = 12.25 B8q.ft.

Specific volume at snter condition

of air o ' - 14,2 Oafto/lbo

There are 18 nozzles per dank,
hence M_ = 16 x 2% 10 = 320 lbs/min.
M 600 x 12.25/14.2 = 518

a

Hence M, /M, = 518/320 = 1.62

Now by the energy equation i

(h -n -N -
a ) _ﬁz__ (7 Tl)

h, = 43.68 = entering air enthalpy
(43.68 - n) e (7 - 62)

68 - h) = Tlez
when W.bt, - 80y h = 45.68, T - 62, .
when wbt =78, h =41.86,

(43.68 ~ 41.6) - "ii'e"' (T - 82

Hence T - 65.37
Vhen Wbt =76, h = 39,55

So (43.68 - 39.56) = 1. (T - 62)
1.62:
T - 6867

when Wbt « 74, h

37. 68,
| L
(43.68 - 37.68) = T3 (T - 02

Honse 1 - 71,7
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PRENRN

:

Procedure for drawing the cooling and dehumidification

curve is the same as explained iﬁ 6.4.2, excepting that the surfack
temperature in this case goes an imoreasing as the variable wet
bulb temperatures aretaken in deereasing order. In Fig. 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* 48 obtained.

The other graphs showing the path of cooling and
dehumidification process for different combinations of number
of spray banks, direction of spray and velocities are shown
from Fig. 6.1 to 6.7, |

-~} 0§ -
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6.6 CALCUIA TIONS FOR DRAWING THE PATHS OF
HEATING AND HUMIDIFICATION .

These curves have been pletted from fig.6.8 ggcd’fig.e.ls
The steps are listed as follows:

ATy
ggggitigns @ | Belov ¥:;p?ulb fngha‘by Surfac’e temp. Ma
table 6,1 | | T=1 " 3 ( heha)
1 7 22,8 96
e 7 36,75  91.8
, 3 7 38.6  87.6
s ™ 40.6 83
5 79 42.6  78.4
ZABLE No.6.4
;ﬁgﬁ:ﬁm ae S«No. wage;bng].'b Enghaply Surface temp. ﬁ
nTable 6.1 B To=Ty- %( heha )
1 73 .. 36.7 90
2 740 . 365 88,7
3 76X 39,55 8641
8 78\ ' 41.86  83.35
5 80 . 43.65  80.5
6 82 45.9 77.4
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TABLE Np26,5
Fipg Nos 6,10
ondition as | Enthalpy| Surface temp.
shown SeNo. | Wet bulb Ma \
Table 6.1 temp. h 1T =19 - W ( heha)
1 70 34.1 95
2 72 35.85 92,12
4 3 74 37.7 89,9
4 76 39.6 85,92
5 78 41.55 82.7
6 80 43.7 79.2
TABLE _NO,€,6
Fig, No, 6.1l
Condition as| S.No. Wet bulb |[Enthalpy |Surface tenp.
shown in Temp. . Ma
Table 6.1 h T =Ty - { h=ha)
1 71 34,92 94
2 73 36,75 90.86
- 3 76 38.6 87.7
4 7?7 40.6 84.25
5] 79 42,6 80.8
6 80 43,7 79




ZABLE No,6,.7
Fig. Ne.6.12

Condition as| - *|Wet bulb | Enthalpy| S*FTECe temp.
shown in temp. | g =Ty ~ o (heha)
Teble 6,1 & Wi
1 70 34.1 96
2 72 35,9 93.52
3 74 37.65 91.1
4 76 39,6 88,4
6 5 78 41.55 85,65
"8 %0 43.% 88.%6
7 81 44.8 80,2
IABLE [10,6,8
g, No,6,13
Condition as | S.No. Surface temp.
shown in Wet bulb |Enthalpy {T = Ty = Ma (heha)
Jable 6.1 temp., h My
1 70 34.1 01
2 "2 35.9 89,35
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




o

e ¥

" o

Eig. No. €.14
Condition as|S.No. |Wet bulb |Enthalpy] Surface temp.
oTe 6 } bemp. h T=1 - o (b-Da)
My
1 70.8 34,7 3.5
2 72 35.81 92.3
8 3 74 37.65 20,33
4 76 39,56 88.3
5 80 43.65 - 83,7
6 82 4549 81.5
ZABLE J0.6.10
Eize No,6.15
Condition as Enthalpyj Surface temp.
shown in S.No. |Wet bulb , Ma
Table' 6,1 temp. TET ( heha)
1 70 34.1 92
2 72 35.9 89,9
3 74 377 87.85
4 76 39.6 8555
° 5 78 41,6 83.22
6 80 43.7 80.8
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8.7 CALQﬁLATIONS FOR COOLING AND DEHUMIDIFICATION FROCESS.
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6.8
DRAWING ATH OF COOLING
AND
UMIDIFICATION
The curves for cooling and dehumidification have plotted as
shown from Fich.l and Figoﬁu’?
The,steps are tested asifollowsz
TABLE No,.612
g.gg. ofl S.No.lWet bulb| Enthalpy Surface temp. Ve
able temp. h = :
1 80 43,68 65
1 2 78 41.6 69,37
3 76 189.55  73.6
Table HOQ 6}:-115’ l-IG. NOO 605
| | Enthalpy Surface temp,
S.No. of}S.No.|Wet bulb a
Table temp. h T =Ty (ha=h)
. Mi
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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W

Fig, Noa 6L
| » Surface temp.
S«Nos off S.No. |Wet bulb Enthalpy | Ma
Table temp. h T=1)+ (ha-h) .
. W
1 80 43.68 €0
2 78 41,6 65.6
3
3 76 39,55 71.1
JABLE No,6.18
Pigs No.6.3
N fk oo ”w t buld} Enthal ! face t
S.No. o NG 4 Enthalpy Surface temp.
Table temp. b T=1 + (hah)
My
1 80 43,68 e
. 2 78 41 .6 64.58
3 76 39,56 68,1
4__ 74 37,68 713
IABLE No,6€,16
S«No. of]S.No. ] Enthalpy .
rarge | | vet buld " LR ey
temp, | - 1 My
1 80 43,18 - T
2 78 41.6 67.8:
8 3 76 39.65 - 70,6
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TABLE No,6,17
Flg. No, 6,7

Table

S. No. of! "SeNo. ' Wet bulb ‘ Enthalpy‘ Surface temp.
Table temp. h T =T, + (ha=h) gg_
| | =

80 43,18 63

78 41.6 65.62
6 .
76 39.55 68.23
74 37.68 70.55
LE N0.6.18
Eig, No.6.6

S.No.

of} SeNo. l Wet bulb 'Enthalpy‘ Surface temp.
h

temp. T =Ty + (ha-n) 22
, 1 v (ha-b) g

80 - 43,68 60 -
78 41.6 65.6
76 39.55 71.1
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CHAPTER - VII

DISCUSSION OF RESULTS,

7.1 REOIROULATED WATER 1~

‘ When the spray water is resirculated, it follows
- the path of constant enthalpy or conafit wet bulb on the
psyohrometrio ohart, -

Prom the thermodynamic stand point, if the
injection water is supplied at the wet buld temperature of the
entering air, then each entering drop is surrounded by a
£11m of vapour, a simultaneous transfer oecurs of vapour from
the drop to the air stream and of sensible heat from the air
stream to the drop. The drop remains at equilibriuvm wet buld
temperature and the process of humidification proceeds along a
constant enthalpy or wet buld line.

7.2 HEATED VWATER 13-
The temperatureof water is above the dry buldb
temperature of aly,

As explained in Chapter -~ IV, the equation - 27
indicates that at any oross seotion of fhe gpray chamber the
instantaneous slope of the air path 4W/dt, on the psychrometric
chart is determined by a straight line comnecting the air state
with the interfgee saturation state at that oross section. Thus
in Pig. 6.11, state 'a' represents the state of air entering

the washer chamber. The washer 1s operating as a heating and




humidifying apparatus so that the interface saturation state

is represented by a'. The initisl slope of thg air path is then
along a line dirested from <a to state a'. b;s ‘the air is heated
the water is cooled and the interface temperature drops, Cormes-
ponding eir states and interfeace saturation states are indicated
by letters 1, 2, 3 and 4. A% each instance the air path ie
directed towards the.associated interface states. The interface

states are found from the energy equation as explained in 6.4.1,

7.3 CHILLED WATER i

When the air is supplied with sufficient water
such that the final temperature of the water is below the dew
point temperature of the entering ailr, cooling and dehumidifiea-
tion will oeccur along thé complete air path. In such process
there is a transfer of both heat and vapour to the drop so
that the surface temperature rapidly rises as it is gaiming both
sensidble and lafent hegt. Since there is a transfer of both
hea{' and vapour , the process is one of dehumidiﬁoation rather
than humidification,

I£ the water Semperature 1is such that 1t equals the
dew point temprature of the entering air within the chember
then the flow 91’ vapour ceases when the dew point is reashed, but
the drop oW to gain sensible heat, its temperature rises
and the vapor flow now starts in the opposite direction and hence
eooling with hunidification etarts. In figure 6.5, the water
tenmperature 15 sufficiently lowered and hence the % leaving




temperature of water is below the dew point of entering air.
In this case the ocurve continuously drops showing cooling amd
complete dehunidifiocation.

7,4 EFPIGIENCY OF AIR WASHRR ;-

' The efficiency of the alr washer has been defined
earlier as the ratio of actual lowering of air temperature to
the wet bulb depression.

The efficiencies at different combinations of nusber
of spray banks, direction of spray and velociti es have been
plotted égainst the gpm per nozzle as shown from Fig; 6.16» to
8.20. Taking the Fig. 6.16 in which the efficiencies are drawn
for two different direction of the spray when operating one ’bank
only , we see that the efficlencies obtained when the direction
of spray is upstream {,e. against the flow of air, are more
than when the direction of spray is down stream. This 4s due
to the faet 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 18 not so effective.

Prom the curves of Fig. 6.16, we see that as the
Pressure is~inoreased with a subsequent ingrease of water quantity
per noggle, there is a sharp rise in the value of efficiency at
a partioular air velocity, This is beaause at lower pressures
the spray mist 48 not suffieient to effectively reduce the leaving
alr dry buld tempersture,
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Purther, we see that as the velocity of air is
redu,ced,v the efficlency increases for a partioular setting of
number of banks and spray direction. This {s dus to thefact
‘that decrease of air veloolty reduces the mase of alr and conse-
quentlys the ratio of mass of air to mass of water is reduced

and hence there is g more effective saturationd the alr.

Now referring to £igures 6.17 %o 6.0, We see that
the effieiency is greatly chenged by the mmberay of banks
operated, and the direotion of spray. The efficiency is
inoreased when for the same direection of spray, the mmber of
banks are inoreased since then 1t inereases the water quantity

compared to the air quantity.

In figure 6.81, the efficienocy is plotted with spray
nogzle pressure at a constant velocity of 500 fym at different
settings of spray nogzle direction and number of banks. From
these it is observed that the efficiency increases when the
nunber of banks is incressed, Also it is seen that for a parti-
oular number of banks the efficienoy is more when the mmber of
banks oberating on upstréam side sre more than the dgwnstrean
side. Thus out of the total number.of banks 3, if two banke are
operating upstream and 1 downstream, then the efficiency is
more thari when they coperate with 2 banks .downstremn and 1 bank
upstream. This 1s as previously stated due to the thorough
mixing of alr and water when operating on upstream side.

Thus we can summarise that the efficienoy of an
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alr washer depends upon the air velooity, air to water ratio,
pressure )fineness ot at@g@on, number of bgnks and the
direstion of spray and the finally the mumber of nozzles.

From the curves of Flg. 6.16 to 6,21, 1t is seen

that the value of efficiencies is mot too high, This is ‘because

the number of nozzles operated during the experiment was less,

¥.5 PIRPORMANCE PAOTOR ;-

7¢5.1 LLED WATER ;- A
 Wnen cooling and dehumidification process ocours
the performance faoto:_:' has been plotted against spray nozgzle

pressures ags shown from Fig. 6.22 to 6.24.

The performance factor for eingle Bpray bank is
lower than the performaxioe factor for 2 or 3 spray banks for
& particulsar eir velosity owing to the fact that the difference
between the leaving wet buld temperature of air and the lsaving

water temperature is more.

The reason for higher legving wet buld temperature
is because of the water quantity of the ohilled water being

less When the number of banks 41s one. Thus the ratio of mass of

air to water is inoreased.

When the number of banks is inoreased or the

velogity is decreasel, the ratio of mass of air to water deoreases

and hence the leaving wet buld temperatureof theair is reduced
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to a greater degree, which in effest gives a greater performance
faotor. VWhen the direction € spray is upstream there is more
thorough mixing gompared to downétreaq with a consequent decrease
in W.B. Temp. of leaving air. This increases the pe;fqmance

faotor,

7.502 HEATED WATER t L

The ocurves beiween the spray nogzle pressure and
the factor ( 1 - ' = typt
o Yy = Yy

Pressure is increased water quantity inereases and hence the

have been drawn. As the

ratio of alr to water decrecases with a aconsequent inecrease of

the above factor. This, therefore, gives a rising characteristio
of the ourve.When number of banks are inereased, the ratio of
masy of gir to water is degreased for a partisular air velooity
and hence the leaving wet bulb temperature inecreases more
oompared to redustion in hot water temperature., This gives a

hi gher value of the above fasctor. The same thing haprens when
the veloosity 15 deereased. T‘he given £ actor inereases with g
reduction in velocity,

The curves between spray nogzzle pfessure v8 perfor-
mance factor £or chilled water and between spray nozgzle pressure
and (1 - Eﬁ.'..:_tiu_b:_ ) ' for a partiocular grrangement of

%"
spray system have been superimposed ms shown in Pig. 6.24. The
curves for heated water iave a downward characteristios compared

to ourves for ohilled water,
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On the basis of above, the folloving conclusions

are drawn,

a) RECIRGULATED WATER 1~

‘, 1. The efﬁ; clency of air washer increases with an
increase of spray nozzle pressure for a marticular air veloecigy.

2. The ef;fieianey. of alr washer inereases with
an increase in number of banks,

3. The efficlency of an air washer inereases whem
the direction of spray is upstream and has a lower value when
the direstion of spray is dqwnetream;

| 4. Thne efficieney of an air washer insreases
with a reduction of air veloeity.

8. The process follows a constant enthalpy or

contant wet buld lines on the psychrometrioc chart,

b) ILED WATIR t=
6. When the temperature of spray water is lowered
such that the leaving water temperature is below the @ewpoint

temparature of the entering air, cooling along with dehumidifi~
eation occurs.

7. If initially the entering water témper-a’sure is
below the dewpoint of the entering air temperature, cooling with
dehund difjcation reswlts, but if tim after that during the
process, the water temperature is more than the dewpoint of
entering air cooling with humdifiocation results.

8. The performance factor of an air washer inoreases
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with an imorease in number of bam::e. o

9. The performance factor an air wesher inoreases
with the decrease in air velocity.

16. The performance factor is more when the direction
of spray is upstream than when it ia downstream.

i1, The performance factor inereases with an
inerease of sp-ray nogzle pressure for a particular velooity,
number of banks and direction of 8pray.
¢) HEATED WATER -

12+ When the temperature of water is inoreased
more than the dry bulb temperature of the entering air, heating
along with humidification results, |

13. The factor ( 1=~ ty' =~ tm’;) inoreases with

Y = Yy
an inorease of nozzle pressure, decreases with an inoremse of

- velocity and inoreases with the mumbar of banks,

14. The above faotor inoreases when &irection of
spray is upstream than when i1t is downstreanm.

16. The performance fastor for chilled water ig

more than the factor (1 = ty' ~ tg./ t,_ %) for a particulwr

arrangement of spray systenm.
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