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"TEST OP AN EVAPORATIVE CONDENSER FOR

THE DETERMINATION OF THE COEFFICIENT OF

HEAT TRANSMISSION"

Object.

The object of this investigation is the

determination of the value of u, the coeffi-

cient of heat transmission, for various velo-

oltles of the cooling medium and for different

degrees of saturation of the cooling medium.

It is also proposed to obtain curves to

show the horse power necessary to mave the air

and water vapor used as the cooling, medium,

and to show the relative amounts of the air

and vapor necessary to condense given amounts

of steajn at various vacuua.

Preliminary Calculations.

Before starting the test of the condenser

it was thought advisable to. make calculations

and draw curves to aid in the calculation of

the data from the test. The curves thus
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obtained are shown in Figures 1 to 7 Inclusive.

Figure 1. shows the vapor contents of air

at various toraperatures and degrees of sat-

uration. The higher the temperature of the air

the more water vapor It will absorb. As the

temperature of the air Increases the greater

Is the pressure of the vapor and as the total

or barometric pressure Is the sum of the vap-

or pressure and the pressure of the air, the

preissure of the air Is less at high temperat-

ure. In the curves the unit Is taken as one

cubic foot of air at zero degrees Fahrenheit

and 29.921 Inches of mercury. Therefore the

water vapor contents Is obtained In the follow-

ing manner. From the steam tables the pressxxre

of the vapor Is found for any given temperature

and art ed to the standard barometric pressure.

The voulme of the air and therefore the vapor

contents will Increase by the amount of the

ratio of the pressure thus obtained to the bar-

ometric pressure, and also by an amount equal

to the absolute tenqperature to the absolute
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zero. The combined ratio is then multiplied

Into the weight per cubic foot as taken from

the steam tables for the given temperature.

This gives a point on the cxirve for the vapor

contents of saturated air. The curves for the

various degrees of satiiratlon are obtained

from this one.

Figure 2. shows the heat absorbed by one

cubic foot of dry air In becoming saturated at

various temperatures with the barometer at

29.921 inches of mercuiy. Curve 1 shows the

B.T.U. absorbed by the dry air contents and

Ourv-3 2 the B.T.U. absorbed by the vapor

contents In becoming superheated. Curve 3 shows

the total heat absorbed. The weight of one

cubic foot of dry air at zero Fahrenheit and

29.921 Inehes of mercury was taten as .0864#

and the specific heats of the dry air and the

water vapor were tai:en as .2375 and .5 res-

pectively. The head absorbed by the dry air

contents was found by multiplying the weight

of the air by the rise In temperature and by

the specific heat. The heat absorbed by the

vapor contents was found In the same manner.
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As the unit was taken as one cubic foot of

dry air at zero It was first necessary to find

the volumes at the various temperatures and

then from Figure 1. the vapor contents. The

heat absorbed by the two elements of the mix-

ture were found and plotted and the added to-

gether and plotted.

Figure 5. shows the relative volumes of

air and water vapor contents at various temp-

eratures for saturated air at 29,921 Inches

of mercury. The voliane of the dry air contents

was found In the same manner as explained In

Figure 1. taking Into consideration the pres-

sure of the vapor and the barometric pressure

and the absolute teraperatiire. The volume of

the vapor was found from the steam tables for

the various temperatures, by multiplying the

weight of the vapor contents by the specific

volume

.

Figure 4 shows the heat and water vapor

absorbed by one cubic foot of dry air In

becoming saturated at various higher temper-

atures. Two standards were taken and the

results computed for each. One standard was
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one cubic foot of dry air at zero, and the

other was one cubic foot of dry air at 70° P.

and both at 20.921 Inches of mercury. The

water vapor absorbed by the air was foiind from

Figure 1. The heat absorbed was found In the

same way. as that described for Figure 2. The

heat absorbed by both the dry air contents and

water vapor contents were found and the two

added together and plotted as shown.

Figure 5 shows the effect of humidity

upon the water and heat absorbtlon of air.

Curves 1 and 2 show the vapor and the B.T.U.

absorbed by one cubic foot of dry air at VO"

F. In becoming 70^ saturated at various temp-

eratures, curves 3 and 4 show the water vapor

and B.T.U. absorbed by one cubic foot of dry

air at 70° P. in becoming saturated at various

teiqperatures. The pressure of the barometer

was assumed to be 29.921 Inches of mercury In

both cases.

Figure 6 shows the volume of air and

water vapor necessary to contain one pound

of vaopr at various temperatures and degrees
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of saturation. These curves are the recip-

rocals of the curves In Figure 1. which show

the vaopr contents of air at the same terap-

eratTJires and degrees of saturation.

Figure 7 shows the volume of air and

vapor necessary to absorb one B.T.U. In be-

coming saturated, and 70^5 saturated at

various temperatures. Curves 1 and 3 are for

the air dry at 70o F. and becoming satiorated

and 7ofo saturated respectively. Oiurve 2 Is

for the air dry at zero and becoming sat-

urated. These curves are the reciprocals of

the curves showing the B.T.U. absorbed by on»

cubic foot of air In becoming saturated at

various temperatures shown in Figures 4 and 5.





Figure 1.

Vapor Contents of Air at Various Temper-

atures and Degrees of Saturation.

xusnnmt
iJJaXXX'WXJi OJ> 'J.'JSCJJU«MAH>«IX



'iif\ *#»«rf^ .firt fpr"-/



VJSight 0/ Water Vapcir. Poundi per Cubic /^oaf bfA/r.



i.n""*-«-



Figure 2.

B.T.U. Absorbed by One Cubic Foot of

Dry Air In Becoming Saturated at Various

Temperatures.
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Figure 3.

Relative Volumes of Air and Water Vapor

Contents at Various Temperatures.
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Figure 4

Water Vapor & B.T.U. Absorbed by 1

Cubic Foot of Dry Air In Becoming-Sat-

urated at Higher Temperatxires
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Figure 5.

Effect of Humidity on Water and Heat

Absorbtlon.
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Figure 6.

Volume of Air and Water Vapor

Necessary to Oontaln one Pound

of Vapor at Saturation For

Different Temperatures.
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Figure 7.

Volume of Air and Vapor Neoessary to

Absorb One B.T.U. In Becoming Saturated

at Various Temperatiores.
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Apparatus.

In Figure 9 Is shown a sl:etoh of the arr-

angement of the apparatus as it was used in the

test. The condenser Is shown at N. It Is of

the same design as those used for water cooling

except that "both ends of the tubes were open

Into two galvanized Iron funnels. The body of

the condenser Is made of cast orlo and has two

supports on the bottom for fastening the conden-

ser to the foundation. The cooling medium

consisting of air and vaopr and water in vary-

ing proportions comes through the condenser

tubes at varying velocities. The air at

various degrees of saturation came through

the tin pipe L from the outside air and the

spary water was injected at if. The steam used

in the condenser for the test was taXen from

the live steam line and entered the condenser

through the pipe at the left side of the draw-

ing. The steam was throttled to a pressure of

2.7# gauge in the pipe before the condenser.

As the steam entered at the left end and the

cooling medium at the right end the flow of
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each was counter to t; e other and the cold

air cooled the steam Just before It was exhaust-

ed through the pipe D to the air pump. There

Is a baffle plate v/lth numerous holes in It

directly under the Inlet pipe of the steam.

The heads of the condenser are of "brass and the

tubes are fastened into them by means of caps

into which the tubes are expanden slightly.

The tHbe sheet of the condenser is shown in

Figure 11. There are 204 tubes of hard drawn

seamless tubing about 68 3/8 inches long. The

internal diameter of the tubes is .52" and the

external diameter is .60". This gives an inter-

nal area of 160.768 square feet and an enter-

nal area of 182.478 Square feet.

In the pipe L there was a window of cel-

luloid at a level so that it might readily be

seen into. On the inside of the pipe at this

point there was a wet and dry b\ilb hygrometer

to determine the humidity of the entering air

As there was a rapid current of air in the

pipe the reservoir of the hygrometer would not
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Figure 11.

Head of Condenser.
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last long and a small tube was put through the

window and entered a large long glass tube

through a rubber stopper. The glass tube was

fastened to the autslde of the pipe by means

of friction tape and had another rubber stopper

in the top of it. This tube was filled with

water and when the water in the reservoir ran

out the top stopper was taken out long enough

for the reservoir to fill.

The velocity of the air was measured by

means of a pitot tube at a short distance from

the condenser to get as far away from the bend

in the pipe as possible to avoid eddy currents.

The velocity head was measured on a differen

tiid gauge and the static head on an ordinary

U-tube. These were mounted on a stant ;)ust

back of the pipe.

The water was first let into a tank at

H in Figure 0, which rested on scales. Prom

there the water was taken by means of the

small steam pump E and pumped through the

pipe OE to the spray nozzle M. There was

a transparent air tight window at E to watch

the spray nozzle and this was removed to make

the ad;)ustments of the nozzle to get different
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Figure 9.

Arrangement of Apparatus.
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amounts of water. The nozzle gave some trouble

at first In getting the correct adjustments

and several different diameters of opening were

tried. The first nozzle tried had a hole In

a thin plate about a thirty second of an Inch

In diameter with vanes bacli: of It to give the

water a whirling motion. This was fairly sat-

is factory for large quantities of water but

when It was shut down to give small quantities

of water the spray would become coarser and

finally squirt out In t straight stream. The

next scheme tried was to plug up the hole In

the center of the nozzle and drill four smaM

holes In place of It. This did not work right

as there were four straight streams and the

holes were so small that they plugged up with

any small amount of dirt In the water. The

next and final trial was with a nozzle made

lite a garden hose nozzle. It had a cap with

a circular hole In It which screwed over a

cone so that the spray was alwasy thrown out

to the edlfes of the pipe. This was fairly

satisfactory and the only objection to It was
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that In the coiirse of fifteen to twenty minutes

the cap would worfc down on the cone and nearly

close the hole.

The air pump used In the test was an

Edwards pump and as It was new and the bearings

were not worn down there was some difficulty

experienced in keeping It running. on the first

few runs. The pump exhausted the steam from the

condenser and threw It Into the tank B, Figure

9. which rested on scales.

The coftllng medium was moved hy an exliaust-

er shown at T In the drawing. The exhmuster

was made by the Buffalo Blower Co. and had a

twenty Inch wheel. It was run at speeds valu-

ing from 800 to 2500 r.p.ra. The hot air was

blown through the pipe U to the sewer where

the water was carried away, and the hot air

blew out Into the boiler room.

The exhauster was driven by a variable

speed motor V. of fifteen h.p. capacity.

The power put Into the motor was measiired on

the voltmeter and ammeter shown at X. The speed
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Of the motor was oontrolled by ad;]ustlng the

field rheostats shown at W,

There was a calorimeter in the steam pipe

at Q to get the quality of the steam in the pipe,

There were thermometers in the condensed steam

pipe. In the discharge air pipe, the wet and

dry bulb thermometers, and in the calorimeter.

These thermometers with the exception of the

wet and dry bulb thermometers were calibrated

and found to indicate correctly at the temper-

atiires for which they were used. There was a

pressure gauge at the point R to give the

pressure of the steam in the pipe. This was

calibrated and founfi to read .3# too high.

The apparatus was blocked in place from

the foundations of the engines in the engine

room where it was set up.
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Method of Running Test.

When all the apparatus was In position

and the thermometers Inserted In the cups the

air pump was started and It was found that It

gave only sixteen of seventeen Inches of vacuum

when running with no steam flowing Into the

condenser. This showed that there was a leak

In the pipes ofthe condenser. The leak was

found to be around the paklng of the pump.

When this was fixed the blower was started and

the air was found to be too warm so the pipe '

was run to the outside air. The steam '.vas then

turned Into the condenser and several trial

runs were made. When everythlnlc was In good

order the test was started.

To start the run It was first necessary

that all conditions be constant. It was decided

to run the first series of tests at a vacuum

of about six Inches of mercury. The valves

and P were then manipulated to get the desired

conditions. It was found that when the press-

ure In the pipe Q was 2.7# gauge that the steam

was dry and saturated, and that the pressure

In the condenser could be controlled much more

easily than it could be when the pressure was
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higher. The pressure was therefore tept at thia

point In the runs. When the required pressure

was obtained In the condenser and all conditions

were seen to he constant by observing the ther-

mometers the gauges and the mercury column

which showed the pressure In the condenser, the

run was started.

First the weights of the condensed steam

tanfc and the water barrel were taken. Next the

readings of the discharged air temperature, then

the mercury column, the differential gauge,

the static head, the -.vet and dry bulb thermom-

eters, the condensed steam temperature, the p

pressure In the pipe Q, the voltage and the

current were read In the order named. These

observations were tafcen In the same order at

Intervals of five minutes.

The first runs were made with no sprair

water being Injected and were one hour runs.

It was seen from t e observations that all

conditions could be raantalned constant and

that the same results could be obtained In

half hour runs so the runs were shortened to.
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that length of time. Later it was seen that

the same results could be obtained in a fif-

teen minute run and the balance of the runs

were made of that length.

There were thirty five runs made with

varying conditions of velocity of fclr and with

different amounts of water flowing through

the spray nozzle. There were two series of

runs made. One was made at a vacuum of about

six Inches of mercury and the other v^as made

at about twenty Inches. At the higher vacuian

It was more difficult to keep the conditions

constant.

To get the weight of the water which was

sprayed and which went through the tubes of

the condenser there was a drain put In the

funnel at the Inlet end of the tubes so that

the water which strucK against the sides and

on the head between the tubes would not run

through the tubes, if this water was allow-

ed to run through the tubes It would not be

evenly distributed and the results would not
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sh0w the amount of spray. The water from the

drain was collected In a bucket and poured back

Into the water barrel before the final weight

of the barrel was taken. In this way the

weights gave the amount of water that was sucked

through the tubes.

During each run a small plug in the bot-

tom of the funnel at the outlet end of the

tubes was removed to see if all of the water

was being sucked through the tubes or whether

it was running through the lower tubes. No

water was seon in any of the runs so it is

certain that all the water was drawn through

mixed with the air.

The reservoir of the hygrometer was

watched and filled when necessary as described

under Apparatus.

The data from the runs is given at the

conclusion of this report.

The Pitot tube in all the runs was put in

the center of thepipe and therefore in getting

the velocity of the air in the pipe there was

a coricBotion factor necessary. This was foiind
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Figure 8.

Determination of Mean Radius.
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by taking readings with the tube In different

positions across the pipe and then plotting the

velocities as they are shown In Figure 8.

The velocltiesare shown as the ordlnates and

are all laid off on the center line. The

distance of the tube from the center of the

pipe Is shows as the abscissae and lines were

drawn from the zero point to the value of the

velocity on the vertical center line. The

points where the last lines drawn cut the

perpendiculars to the points on the horizontal

axlx were points on the corve. The area under

the curve was then Integrated and a triangle

drawn with the same base and same area. The

point where the hypothenus of the t¥l angle aut

the cur»e projected down gave the mean radius

of the pipe. It may be seen from the curve

that the mean radius for the top Is not the

same as that for the bottom. This Is due

probably to eddy ciirrents caused by the bend

In the pipe. The velocity at the center of the

pipe was greater than at the sides and by the

curves was seen to be too great by Z.sfa.
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Calculations.

The following oalculatlons apply to run

Number 1.

Power to the motor = 112 X 17 = 1900 Watts.

Quality Of Stean. = H . .48( ti - t.
)
- q

_1 146.5 + .48(219 - 211.2) - 189.4 _ iqO'^
959.9 '^

Total weight of steam. per "hour = 121#

Heat in steam per hour above temperature of

leaving condensed steam = V!r(x-|^r'j^ + q^" ^a ^

= 121(959.9 + 189.4 * 168.2) = 118900B.T.U.

Heat absorbed by the air per hour. B.T.U.

Dynamic head = (5.5 - 2.15 + 1) = 3.55" water

Velocity at center = \/"2gh = V&4.4 X 5.84 X 3.35

= 35.5 ft per sec. Mean velocity = .967 X 55.5

= 34.3 ft per sec.

The a±r was 38 percent saturated and the

barometer was 29.42" hg. Static head = l^water.

Weight of water perc ubic foot of air at 85° P.

and 29.98 " hg. = .006# . v^'eight of one cubic

foot of air at 85° F. and 29.92" hg. = .07^

Prom steam tables vapor pressure = .591#/sq.in.

= 1.199 » hg. Static head 1" water = .0714" hg.

Pressure of air in duct = 29.42 - 1.199 - .0734

« 88.148 » hg. = 13.89#/ sq.in.
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Weight of one oublc foot of dry air at 85°F.

and 28.148 " hg = 28.148 i- 29.921 X .0730 = .

.0685# per cubic foot.

Weight of moisture per cubic foot of all?

In the duct = .00181 from steam tables.

Weight of one cubic foot ofi moist air In duct

S3 .00181 + .0685 = .07301# Area of duct = .441

Square feet.

Cubic feet of air and vapor per hour

=5 .441 X 34.3 X 3600 = 54400

Pounds of dry air per hour = 54400X.0685 = 3730

Pounds vapor per hr. = 54400 X .00181 = 98i6#

Rise of temperature = 186-85 = 101«P.

B.T.U. absorbed by air = lOlx. 2375X3730=89500

B.T.U. absorbed by vapor =101X.5X98.6 =4980

Total Heat absorbed = 94480 B.T.U. per hour.

When spray water was used It was assumed

that the air became saturated ata mean temper-

ature In the condenser. The calculation for run

nraiber 5 follows.

Spray water absorbed by the air per hour.

Total spray water =7.^ Temperature of enter-

ing air = 85® P. Leaving air = 186°?.
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Assume that the air was satiirated when It left

the condenser. Water vapor per cublo foot

of air at 186° P. = .02170# Weight of water

per hour » .0217 X 54400 - 98.6 = 1081. 4#

since there was only 7.2 pounds of apray water

and the air was capable of absorbing 1081. 4#

all of the water was absorbed by the air. This

was the caae in all of the runs.

The results of the test are given on the

table in figure 10. as they mere calculated.

Curves were then plotted and are discussed

in the "conclusion of this report.

The calibration ciirves for the electric

motor used are given in Figure 12 on page 31.
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Conclusion.

When all of the results had "been computed

as explained before curves were plotted to

shOT7 the results obtained. These ciorves are

shovm In figures 13 to 17 Inclusive.

The values of U, the coefficient of heat

transmission are given In the table of calcu-

lations and It may be seen that the value of

the coefficient varies from 5.64 at a velocity

of the cooling medium of 1223 f*et per minute

through the tubes and a saturation of 36^.

to a maxlmimi value of 44.2 at a velocity of

4125 feet per minute of the cooling medium and

a saturation of 45^ and with 138.4 pounds

of spray water per hour. It Is seen tha the

value of U Increases with the velocity and

with the relative humidity, though no law could

be determined from the results obtained. In

Figure IS the value of U Is seen to Increase

wlthnthe saturation as the cxirves A, B, C, D,

and E, are for Increasing degrees of saturation.

The exact saturation of the air at the points

was determined but as spray water was used It

vras absorbed by the air and no exact knowledge
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PlgTire 10.

Table of Oaloulations.

•\HiUiMltI
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.0730 29.42

.0743 20.40
,0731 29.40
.0735 29.40
,0750 29.20
,0743 29.20
,0750 89.67
,0741 28.92

121 118600
112 110000
61 59300
82 80300

200 196100
114 11200
180 176500
202 198000
126 123500
122 119600
100 98100
202 200000
174 170600
130 127500
88 86200

516 309900
284 278300
252 247000
192 188200
280 284500
340 344300
308 314000
304 309000
268 272000
184 188300
176 182500
80 81700
68 69700
60 61400

128 131000
128 130800
76 78600

108 106000
75 78000
48 49000

SteaE Vaa Dry and Saturated in All Rims.

.0756 29.27

.0756 29.27

.0756 29.27

.0755 29.27
,0753 29.27
,0747 29.27

:. 00181
1.00219
1.00217
.00199

;. 00197
'.00153
.00220
.00271

.-. 00235
.00192

;. 00172
(.00155
;. 00156
1.0 3156
.00156
u 00169
.00169
.00169
-,00169
.00203
; 03203
i 00205,
[00187
00166

I

00141
00141
100141
001 49

} 00149
f 00171
: 00171
i 00154
i 00154

,i 00154
*00220

98.6 3730
102.0 3286
47.7 1518
70.2 2440

136.0 4870
72.5 3331

37.9 1545
106.6 4850
72.4 3267
53.8 2440
29,4 1330
88.3 3640

67.5 3380

89700
86660
37480
62700

131800
88600

131900
116700
82550
60950
41800

120000
83800
63700
35080
74300
42250
22200
S0600
96000
99400
95400
99000
44550
40500
40150
58550
43000
45300
26500
21210
23330
22610
20610
23300

60.2 40
55.8 40

138.4 40
121.6 40
99.2 40

124.0 40
120.0 40
17.6 40
18.0 40
5.6 40

80.0 40
64.4 40
44.0 40
66.4 40
32.4 40
2.5 40

142 26900
142 70380
144 32100
146 23200
146 18700
138 70200
142 75800

122 221000
99 222000
85 178200

144 135500
102 132500
107 200000
100 158000
106 139300
85 112000
85 140000
82 135000

105 20100
107 88500
112 6430
81 90000
72 72150

liD7 50400
105 78100
109 36900
112 2750

I8ni '-f

81. '3

65":!
55 7 i

117'-:-5J
94'- - 3i

74769
997"^ d
584'''-

276r:l.
.

48.0
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of the araovint absorbed could be obtained. For

the curve A no spray water was used and the

saturation of the air was from 32^ to 42^5 as

may be seen In the table. Figure 13 shows the

results for a vacuum of 6"hg.

Figure 14 was plotted with the same

coordinates as Figure 13 for a vacuum of about

20" hg. It will be seen tha the cuorves

follow the same law after the first point.

Sorafcthlng must have caused an error in the

results there for there Is no reason why the

value of U should decrease first and then

Increase. It may be seen from the curves that

a change in the velocity of the air through

the tubes of 1000 feet per minute gave a change

of about fifteen for the value of u on all

degrees of saturation. At 4000 feet per minute

the value of U ranged from about 33 to 45.

The degree of saturation of the air was not

Ijiown after the spray water was Introduced

and therefore the valuation of the value of

U with a change in the relative htaaldlty could

not be determined.
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In Figure 13 the change of 1000 feet per

minute made a change of about 7 In the value

of U. This shows that the higher the vaauum

the greater will "be the change in the value

of the coefficient of heat transmission for

the same change in the velocity of the cooling

raedlian in the tubes.

Pigiore 15 shows the beginning of many

curves to show the relation of the Spray water

to the condensed steam. The ration of the

spray water to the condensed steam was plotted

as the abscissae and the weight of condensed

steam per 1000 cubic feet of the cooling

medium was plotted as the ordinate.

As the degree of saturation couftd not

be determined for the various runs with any

degree of acciiracy the results are of little

value and merely go to show that the method

of obtaining them was not satisfactory.

From the figure of the ciiirves it may be seen

that the general tendency of the cxirves is

to run up in a ciirve increasing as the ratio

of the water to the steam incroased. Curves

of tils nature have been obtained for water

cooled condensers and run In this way.
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The results shown In figure 15 are for a vaouum

of about 6" hg. and those In Figure 16 are for

a 20" vacuum. The ratio ' In the higher vacuum

l3 higher but the amount of steam condensed was

approximately the same.

Figure 17 shows the horse power necessary

to move the cooling medium through the tubes

and discharge It through the pipe. As both the

Inlet pipe and the outlet pipe han several

bends there Is some friction In them but this

probably did not amount to a great deal, and

could be neglected. The curves on the whole

show that the horse power Increased with the

ratio of the water to the condensed steam.

Wherever the saturation of the air makes any

difference In the results, a marked Irregularity

occurs Hnd therefore there should have been

some method of controlling the saturation of

tlie entering air and mixing the walrer with the

air In some positive way before the air came

to the condenser. One method that could be

employed for this wo\ild be to have a large

chamber for the air to pass through and to have
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the water spread over a large siirface In this

chamher so that the air would absorb It there.

The humidity of the air could then be controlled

and more satisfactory results obtained.

If the water is to be sprayed into the

pipe it was found that it would mix much more

satisfactorily if the nozzle was turned up

the current of air. Ih this series of tests

this coxxld not be done as the water then came

In contact with the pitot tube and effected the

readings of this.

The changes in ti e apparatus then for a

test of this nature would be to have a mixing

chamber for the air aid water and if this was

not available to place the pitot tube so that

the nozzle could be pointed up the stream of

air.
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