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THESIS

TEST OF A 30 TON REFRIGERATION PLANT.

The plant under test is situated in Holland, Michigan
on the edge of Black Lake.

The equipment consists of:-

l - 100 H. P. horozontal fire-tube Boiler, méde by the
Muskegon Boiler Works. See sketch 2.

1l - 20 ton Ammonia Compressor, made by the Cleveland
Ice Machine Co. See picture 3 and sketch 2.

l - 80 H. P. Nagle Corliss Steam Engine, direet con-
nected to above compressor. See picture 3 and sketch 2.

1l - 10 ton Ice Tank 14 ft. 6 in. X 36 ft. X 4 ft. deep
containing 154 - 300 lb. ice cans and 96 - 2 in. ammonia
expansion pipes 30 ft. long and connected three groups in
parallel to a proper header. See sketches 2 and 3.

1 - 10 ton Ammonia Compressor, made by the york Mfg.
Company. See sketches 2 and 3 and picture 4.

1- 40 H. P. Slide Valve Steam Engine, bhelt connected
to‘ahove compressor. See picture 4 and sketches 2 and 3.

l - 5 ton Ice Tank 11 ft. X 22 ft. X 3 ft. deep
containing 82 - 200 1lb. ice cans and a 20 in. dia. X 6 ft.
long ammonia drum with 2 in. tubes. See sketch 2.

1 - Q% X 3 X 4 Single Cylinder Double Acting Feed Water
Pump. See sketch 2.

1l -5X 3 X 3 Duplex Double Acting lake water Pump

designated as pump No. 1. See sketch 2.
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l -5X4X 5 Single Cylinder Double Acting well water
Pump, designated as pump No. 2. See sketch 2.

1l -6 X 4 X 5 Duplex Double Acting lake water Pump,
designated as pump No. 3. See sketch 2.

1 - 5 H. P. Slide Valve Steam Engine, belt connected
to two brine agitators, one in each tank. See sketches
2 anu 3. |

1 Open Air Condenser, situated on the roof and consist- '
ing of two stands in parallel of 2 in. pipes, 20 pipes
high and 20 ft. long. See picture 1 and sketch 3.

1 Double Tube Condenser, situated inside the engine
room, connected in series with the Open Air Condenser and
consisting of two stands in parallel of 2 in. pipe outside
with 1-1/4 in. inside, 8 pipes high and 15 ft. long.

See sketch 2.

1l Flat Cooler, situated inside the engine room and
consisting of 4 - 2% in. pipes and 4 - 2 in. pipes outside
with 1-1/4 in. pipes inside, 8 pipes high and 18 ft. 10 in.
long. See sketch 2.

2 Ammonia traps, 1 Steam 0il Trap, I Pure Water
Reboiler, 1 Skimmer, Q4 Pure Water Storage Tank (see sketch
2 ), 1 Ammonia Storage Tank, and many other small necessities
not dealt with in this thesis.






SIGNIFICANT ITEMS AND PECULIAR CONDITIONS PERTAINING
TO THIS PLANT.

All ice is made from condensed steam, reboiled,
skimmed, filtered and cooled after leaving the exhaust
from the engines and pumps.

The boiler feed water 1s obtained from two open wells
about 22 ft. deep, at an average temperature of 53.20 F.
It is forced through the double pipe condenser and flat
cooler before being pumped into the boiler by the boiler
feed water pump. Its temperature as it enters the boiler
is about 110°F.

The open air condenser is partly protected from winds
from the south by the upright portion of the building and
the windbrake built above the building, and from the west
by a windbrake built between it and the smoke stack.

See photo 1 and sketch 3.

The cooling water for the single tubhe condenser is
pumped directly from the lake by pumps 1 and 3. The tem-
perature of the water varies with the temperature of the
lake. During the test it varied from 72 to 80° P,

See log sheets la and 1lb.






OBJECT OF TEST.

The object of the test was to determine;-

A. The direct cost of manufacturing ice at this plant.

B. The rate of heat transfer from the pure water thru
the various stages until it finally reaches the cooling water.

C. The influence of air temperatures and wind
directions and velocities on the condensing properties of
the single tube condenser.

D. The influence of cooling water temperatures on the
condensaing properties of the condenssrs.

From the required data taken many empirical plant
constants were determined which are of value in comparing
the plant performance of this plant with that of other plants.
It was found necessary to take separate data on both ice
tanks and on both ammonia compressors. From this data
comparative values were deduced. These values on the ice
tanks are of interest in that they show the comparative
performance of the 5 ton ammonia drum tank with the 10
ton ammonia pipe tank.

A. DIRECT COST.

In determining the direct cost of manufacturing ice
only these three items were considered:- Fuel, labor
and oil. To determine the cost’per ton of ice produced,
it was necessary to determine the amount of ice produced
per unit of time.

From &0 to 65 tests wcre taken to determine; first, the

amount of fuel used and cost of same per hour; second, the



amount of ice produced per day for each day of the test.
The oil used was approximated over several days and an
average taken. Cup grease and three kinds of oil were
used, and the amounts used, price and price per hour are
given below.

Cost per Hr.

Kind Amt. Used Time Cost in dollars.
Compressor oil 1 pint 9 hrs. 42¢ per gal. 0.006
Cylinder oil 3 qts. 14 hrs. 85¢ per gal. 0.046
Machine oil 1l gal, 24 hrs. 42¢ per gal. 0.018
Cup grease 1/4 1b. 24 hrs. 15¢ per lb. _0.001

Total cost per hour $0.071

Labor costs cover the wages of three engineers and
two ice pullers per day of 24 hours. Their wages are as
follows:-

Chief Engineer's salary is {1300.00 per year.

First Assistant Engineer receives $5.00 per day of 9 hrs.
Second Assistant Engineer receives $4.00 per day of © hrs.
Ice Pullers each receive $3.75 per day for 12 hours pull.

Total labor cost per 24 hour day is $20.85 (the sum
of three engineers and two ice pullers'’ daily wages).

Labor cost per hour 18 §$20.85 / 24 = $0.869

The table showing fuel consumed is givenm on B. P. 1.
The general averages show that 460 pounds of coal were
consumed per hour at an average cost of $1.662 per hour.

The amount of ice produced is shown on B. P. 2.
This shows that during the test 1,983,000 pounds or 991.5
tons of ice were produced.l This was at an average rate

of 1858 pounds per hour or 22.3 tons per day of 24 hours.






DIRECT COSTS PER TON OF ICE.

0il cost pep ton of ice is 0.071 X 2000 / 1858 = $0.076
Labor cost per ton of ice is 0.869 X 2000 / 1858 = 0.93&
Fuel cost per ton of ice is 1.662 X 2000 / 1858 = _1.789

Total direct cost per ton of ice is $2.800

Bs HEAT TRANSFER.
The well water 1is pumped frfom the wells by pump No. 2.

It passes through the double tube ammonia condenser, through
the flat cooler, through the preheater, and through the boiler
feed pump into the boiler. On this part of its journey it
absorbs heat. It leaves the boliler as steam, passes through
the engines and pumps, through the steam condenser where it
is condensed into water, through the reboiler and skimmer,
through the flat cooler and into the pure water storage tank.
Here an ammonia c¢oil removes heat from it and reduces its
temperature from 87.7°F. to 46.7°F. ( see page 10) From

the storage tank the water is drawn into the ice cans and

is frozen into ice. The brine in the ice tank absorbs the
heat from the pure water through the cans, and it in turn
gives up its heat to the ammonia in the ammonia pipes or
drum through which it is caused to circulate by the brine
agitators. Hence all the heat, including that taken directly
from the water in the storage tank, that absorbed from the
brine in both the ice tanks and that absorbed by the ammonia
coils in cooling the cold storage room, must pass into the

ammonia before it reaches the compressors.



In passing through the compressors the ammonia absorbs
still more heat from the energy of compression. However the
ammonia in the 10 ton compressor gives up a small amount of
its heat to the water in the water jacket around its cyl-
inders. The rest of the heat must be removed from the
ammonia by the cooling waters in the single tube condenser
and in the double tube condenser.

In order to determine the heat transfer per unit from
the pure water to the brine, from the brine to the ammonia,
from the ammonia to the eooling water, it was necessary to
take the temperature and pressure measurements as tabulated
below. Many of these values vary somewhat during the day
so it was thought advisable to take the readings as near
the same time each day as possible. The time chosen was
between 2 and 3 P. M.

Temperature readings were taken of the following:-

1. Pure water as it enters the storage tank.

2. Pure water as it enters the ice cans to be frozen.

3. Outside air taken in the shade.

4. Cooling water from the lake as it leaves the pump
to flow over the single tube condenser.

5. Cooling water as it leaves the single tube condenser.

6. Cooling water from the well as it enters the double
tube condenser.

7. Cooling water as it leaves the double tube condenser.

8. Liquid ammonia as it enters the expansion coils and
drum in the ice tanks.

9. Ammonia gas as it leaves the expansion coils and
drum and enters the compressors.

10 & 11. Ammonia gas as it leaves each compressor.
12 & 13. The brine in each tank.



The high and low ammonia pressures were taken each day.
The high shows the pressure of the ammonia entering the
condenser pipes. The low shows the pressure of the ammonia
leaving the expansion coils and drum.

The R. P. M. of both compressors and the doubhle strokes
of the three pumps pumping cooling water were taken for
47 days.

Temperatures 1, 6. and 7 of the water were taken by
obtaining water through a valve at the desired location and
by reading the temperature directly from a thermometer placed
in it. Temperatures 2, 4 and 5 were taken by thrusting the the
thermometer directly into the water where it was exposed.

AMNMONIA TEMPERATURES. A flat place was flled on one
side 6£ the pipe through which the ammonia was passing.

A piece of copper tuhing about 4 inches long and big enough
to easily hold a thermometer was filed flat on one side,
plugged at the lower end and partly filled with mercury.
This was tied to the pipe with the flat sides together.
A plece of woolen cloth was bound round and round the tube
and pipe together until it formed a covering about 1 or
1-1/2 inches thiek. The cloth at the top was left slightly
loose so that a thermometer could be thrust down into the
mercury well and the temperature taken. See photo No. 2
and sketch No. 1.

| The first readings of the temperatures showed that the
cooler cooling water was flowing over the single tube
condenser whereas the double tube condensers, where the
final ammonia cooling took place, was receiying the warmer
water. This condition was caused by pumping both the well
water through pump No. 2 and the lake water through pump

No. 1 onto the single tube condenser and using only lake



water through pump No. 3 in the double tube condenser.

The temperature of the well water was 52°F., of the lake
water was 73°F. and of the well and lake water combined

was 66°F. The pumps were changed about during the afternoon
so that the cold w#ter from the well was used in the

double tube condenser and the lake water on the single tube
condenser. There was an immediate drop of 10 pounds in the
high ammonia pressure showing that there had been an improve-
ment in the plant performance.

Readings of the various items given above were taken
nearly every day from June 28th to August 31lst. This data
is given on log sheets la, lb, 2a and 2b. The different
readings of any one item fluctuated somewhat from day to
day due to the varying conditions prevalent; when the brine
temperature went up less ice was pulled, when the lake
water was cold the liquid ammonia temperature was reduced
causing a drop in nearly all temperatures as well as in the
ammonia pressures. Hence these individual values do not
furnish a satisfactory basis for thermodynamic computations,
but the general averages of these values will show the
average conditions and will form a very satisfactory basis
for computations. The arithmetical averages of these items
are given below. All readings of June 28th 2 P. M. were

omitted due to the change in pumps.
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AVERAGES.

Average temperature of pure water entering storage tank = 87.
Average temperature of pure water entering ice cans = 46.
Average temperature of cooling water entering single

tube condenser = 76.
Average temperature of cooling water leaving single

tube condenser = 80.
Average temperature of cooling water entering double

tube condenser = 53.
Average temperature of cooling water leaving double

tube condenser = 8l.
Average temperature of ammonia liquid entering

expansion coils and drum = _ 69.

- Average temperature of ammonia gas leaving

expansion coils and drum = 12.
Average temperature of ammonia gas leaving 20 ton

compressor = 240.
Average temperature of ammonia gas leaving 10 ton

conpressor = 188.
Average temperature of brine in 10 ton tank = 15.
Average temperature of brine in 5§ ton tank = 13.
Average low ammonia pressure = 22.5 lbs. per sq. in.
Average high ammonia pressure = 163.1 lbs. per sq. in.
Average R. P. M. of 20 ton compressor = 101.5
Average R. P. M. of 10 ton compressor = 175.6
Average double strokes of pump No. 1 = 113.0
Average double strokes of pump No. 2 = 47.0
Average double strokes of pump No. 3 = 50.5
Total number of hours plant was under

operation during test = 1067

HEAT TRANSFER FROM PURE WATER TO BRINE.

The total amount of heat transferred from the pure water
to the brine per hour is equivalent to the heat lost by the
water in changing from water at 46.7°F to ice at 15.0°F. in
the 10 ton tank or to ice at 13.9°F. in the 5 ton tank.

THe =W (t =32 fL#s (32-1;))

Where T.H. 18 the total heat transferred from the pure
water to the brine.

W is the weight of ice frozen.

t is the temperature of the water entering the ice cand.

L is the latent heat of fusion of ice = 144 B. T. U.

8 18 the specific heat of ice = 0.5

t. is the temperature of the ice taken from the brine
and equals the temperature of the brine.

7OF
7°F

29F
9°F
2°F
1°F
6°F
9°F
6°F
cop
9°F

gage
gage
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W for the 10 ton tank is equal to 300 X N. Where N is
the number of 300 lb. cakes produced divided by the number of
hours the plant was in operation. See log sheets 2a and 2b.

W for the 5 ton tank is equal to 200 X Nl’ Where N, 18
the number of 200 1lb. cakes produced divided by the number
of hours the plant was in operation.

W for 10 ton tank
W for 5 ton tank

1387 1lbs.
471 lbs.

Total heat transferred from pure water to brine in the
10 ton tank per hour = 1387 ( 46.7 - 32 # 144 # 0.5 (32 - 15)})
= 231,906 B. T. U.

Total heat transferred from pure water to brine in the
5 ton tank per hour is 471 ( 46.7 - 32 ¥ 144 ¥ 0.5 (32 - 13.9))
= 79,010 B. T. U.

The rate of heat transfer through the ice cans = T.H./nA

Where T.H. 18 the total heat transferred, n is the number
of ice cans in the tank and A is the area of each can where

it is exposed to the brine..

n is 154 for the 10 ton tank and 82 for the 5 ton tank.
See page 1 of this thesis.

Area of ice can exposed to brine = 1/2 L(BfDfbfd)/ bd.

Where L is the length of the can exposed to the brine,
B and D are width and thickness of the can at the upper
surface of the brine and b ahd d are the width and thickness
at the small end of the can. See sketch No. 4 for these
values.

A for 300 1lb. can = 40.5/2 ( 22 # 11 # 20.5 £ 9.5) £
20.5 X 9.5 = 1470.5 8q. in, or 10.21 sq. ft.

A for 200 1b. can = 26.5/2 ( 22 # 11.5 # 21 £ 10.25) #

21 X 10.25 = 1073.2 8q. in. or 7.45 8q. ft.
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Rate of heat transfer through ice cans in 10 ton tank
= 231,906 /( 154 X 10.21) = 141 B. T. U. per sq. ft. per hr.

Rate of heat transfer through ice cans in 5 ton tank

79,010 /( 82 X 7.45) = 120 B. T. U. per sq. ft. per hr.

HEAT TRANSFER TO AMMONIA.

The ammonia abhsorbs heat at four different places before
it reaches the compressors:- in the pure water storage tank,
in both ice tanks and in the cold storage room.

In the pure water storage tank the heat passes diréctly
from the pure water through the ammonia pipes of the ammonia
coll into the ammonia. The amount absorbed by the ammonia
equals the amount lost by the pure water.

Heat lost by the water in the storage tank per hour
=W (t'-1t)

Where W 18 the weight of water passing through the tank
per hour and is equivalent to the weight of ice frozen =
1858 1lbs. per hour. See B. P. 2.

t" 1s the temperature of the water entering the tank
= 87.7°F. See page 10 item 1.

t is the temperature of the water leaving the tank and
entering the ice cans = 46.7°F. See page 10 item 2.

Heat lost by water in storage tank = 1858 ( 87.7 - 46.7)
= 76,178 B. T. U. per hour.

Heat absorbed by the ammonia in the 10 ton tank = heat
transferred from the pure water to the brine. The brine
gives up to the ammonia as much as it absorbs from the water
in the ice cans, for it remains at a fairly constant temp-
erature. Therefore the heét absorbed by the ammonia in the
10 ton tank = 231,906 B.T.U. per hour. See page 1l item 5.

Heat absorbed by the ammonia in the 5 ton tank =

79,010 B.T.U. per hour. See page 11 item 6.
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Heat absorbed by ammonia in the cold storage room is
estimated at 10% of the total heat taken up by the ammonia
in the plant = 10/90 ( 231,906 # 79,010 # 76,178 ) =
43,010 B. T. U. per hour.

Total heat absorbed by the armonia = 231,906 f 79,010
7 76,178 # 43,010 = 430,104 B. T. U. per hour.

Rate of heat transfer through the ammonia pipes in the
10 ton tank per sq. ft. of pipe surface = T.H. / A,

Where T.H. i8 the total heat transferred per hour =
231,906 B. T. U. See page 11 item §.

A = area of the ammonia pipes in sq. ft. in the tank
= N, XP2 X 3.1416 X RL / 12

Where N_is the number of pipes in the tank = ©6.

See page 1 1Bem 4 under equipment.

R 18 the radius of the pipes or half the diameter =
1l inch. See page 1 item 4 under equipment.

, L is the length of each pipe in feet = 30 ft. See
page 1 item 4 under equipment.

Ap =96 X 2 X 3.1416 X 1 X 30 / 12 = 1,508 8q. ft.

Rate of heat transfer through the ammonia pipes in the
10 ton tank = 231,90€ / 1,508 = 154 B. T. U. per hour per
sq. ft. of pipe surface.

Total heat extracted from the pure water by the armonia
= 231,906 # 79,010 f 76,178 = 387,094 B. T. U. per hour.

Percent extracted in storage tank = 76,178/387,084 = 19.7
Percent extracted in the 10 ton ice tank =

231,906 / 387,094 = - - - = = - - - = - = = 59.9
Percent extracted in 5 ton ice tank =
79,010 s 387,004 = - - - - - - - - - = - - 20.4

Note: The total amount of heat absorbed by the ammonia
is somewhat in excess of the amounts shown above due to the
slow leak of heat from the surrounding atmosphere through the
insulation into the tanks and from the atmosphere into the
uninsulated pipes leading to the compressors. Some heat is
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given up to the atmosphere from the discharge p§pes from the
compressors. These heat losses are comparatively small and
will not be used in these calculations.

While teing compréseed in the ammonia compressors the
ammonia absorbs heat from the energy of cormpression. The
amount thus absorbed can be determined by a comparison of
the total heat contained in the ammonia before and after
compression. The total heat contained in a pound of ammonia
depends upon its pressure and temperature. The total heat
gained then equals the change in heat content per pound of
armonia multiplied by the total weight of ammonia pumped per
hour. The superheated ammonia gas enters the compressors
at 22.5 lbs. per 8q. in. gage pressure and 12.9°F. and leaves
the 20 ton compressor at 1€63.1 lbs. per 8q. in. gage pressure
and 240.6°F., and leaves the 10 ton compressor at 163.1 lbs.
per sq. in, and 188.0°F. See averages on page 1l0.

4 lb. ammonia gas at 22.5 lbs. per sq. in. gage pressure
and a temperature of 12.9°F. contains &35 B. T. U. using
the atmospheric pressure as 14.7 lbs. per Sqg. IN. See Marks'
Mechanical Engineers Handbook Page 334.

1 lb. superheated ammonia gas at 163.1 gage pressure and
240.6°F. contains €55 B. T. U.

1 Lb. superheated ammonia gas at 163.1 gage pressure and
188.0°F. contains 625 B. T. U.

1 1b. ammonia liguid at 6¢.6°F, temperature contains 42.1
B. T. U. and, if it is at the saturation point it will have

an absolute pressure of 129.2 1lbs. per sq. in.
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Amount of ammonia pumped per hour = total heat absorbed
by the ammonia / heat abhsorbed per 1lb. of ammonia = 430,104
/ ( 535 - 42.1 ) = 872.6 1bs.

The amount. of ammonia pumped by each compressor equals
its percentage of total volumetric displacement times 872.6
This supposes the efficiencies of the two machines to be
the same.

Volumetric displacement of compressor piston per minute
= 3.1416 X R* X S X D X C X R.P.M. / 1728

Where R 18 the ragius of the cylinder in inches.

S is the stroke in inches.

D is 1 for single acting and 2 for double acting.

C is the number of cylinders.

R.P.M. is the speed of the compressor in revolutions
per minute. For values see page 10.

The 20 ton compressor is 9" X 16" single cylinder and
double acting. The 10 ton compressor is 7-1/2 X 7-1/2"
double cylinder and single acting.

Volumetric displacement of 20 ton compressor piston
3.1416 X 92/2° X 16 X 2 X 1 X 101.5 / 1728 = 120 cu. ft.
Volumetric displacement of 10 ton compressor piston =
3.1416 X (3-3/4)2 X 7-1/2 X 1 X 2 X 176.6 / 1728 = 67 cu.ft.
Weight of ammonia pumped by 20 ton compressor is
120 / ( 120 # 67 ) X 872.6 = 560 1lbs. per hour.
‘ Weight of ammonia pumped by 10 ton comjpressor is
67 / ( 120 § 67 ) X e72.e-= 312.6 lbs. per hour.
Part of gas pumped by 20 ton compressor = 560 / 872.6
64.1 %.

Part of gas pumped by 10 ton compressor = 312.6 / 872.6
= 35.9 cﬁo

Heat absorbed by ammonia from the energy of compresesion

872.6 ( 655 - 535 ) = 104,712 B. T. U. per hour.
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HEAT TRANSFER TO COOLING WATER.

The amount of heat extracted in the 10 ton compressor
by the cooling water in its water jacket = weight of ammonia
pumped times loss in heat content below that of the 20 ton
compressor = 312.6 ( 655 - 625 ) = 9,378 B. T. U. per hour.
This is true hecause both compressors have the same suction
pressure and temperature and the same compression pressure,
hence the difference in the compression temperatures must
be due to the cooling effect of the water in the water jacket.

Total heat extracted from the ammonia by the sooling
water = 430,104 # 104,712 = 534,816 B. T. U. per hour.

The amount of heat extracted in each of the condensers
depends directly upon the amount of cooling water supplied
to each. It was impossible to measure the amounts of water
supplied by each pump each day. I1f we assume the efficiencies
of the pumps to be the same, then the volumetric displace-
ments will bhe in direct proportion to the weight of water
pumped. The volumetric efficiency of a pump depends upon
its condition and length of stroke. The longer the stroke
the higher the efficiency. Pump No. 1 has the shorter stroke
(3") but it was in slightly better condition than Nos. 2
and 3, so it seems fair to assume the efficiencies the same.

Efficiencies of Cooling Water Pumps.

Volumetric displacement of the pistone of a pump =

2 X 3.1416 X R®* X L X C X D.S.

Where R is the radius of the cylinders in inches.
L is the length of the stroke in inches.
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C is the number of cylinders.

D.S. 18 the number of double strokes per minute.

For values see pages 1, 2 and 10.

Volumetric displacement of pistons of pump No. 1 =
2 X 3.1416 X 1.5° X 3 X 2 X 113 = 9,582 cu. in. per min.

Volumetric displacement of piston of pump No. 2 =
2 X 3.1416 X 2° X 5 X 1 X 47 = 5,922 cu. in. per min.

Volumetric displacement of pistons of pump No. & =
2 X 3.1416 X 2° X 6 X 2 X 50.5 = 12,692 cu. in. per min.

Theoretical weight of water pumped per hour = f.D. X
60 X 62.4 / 1728

Where V. D. is the volumetric displacement in Cu. in.
62.4 1s the weight of 1 cu. ft. of water.

Theoretical weight of water pumped by pump No. 2 per
hour = 5,922 X 60 X 62.4 / 1728 = 12,840 pounds.

Theoretical weight of water pumped by pumps No. 1 and

3 per hour = ( 12,692 # 9,582 ) X 60 X 62.4 / 1728 =
48,240 pounds.

Theoretical amount of heat extracted in double tube
condenser and in water jacket around 10 ton compressor =
weight of water pumped times rise in temperature of the
water = 12,840 ( 81.1 - 53.2 ) = 358,236 B. T. U. per hour
at 100 % volumetric efficiency of pumps.

The same for the single tube condenser = 48,240 ( 80.9
- 76.2 ) = 226,728 B. T. U. per hour at 100% volumetric
efficiency of the pumps. Temperature values taken from page 10.

Volumetric efficiency of pumps = actual esmount. of heat
extracted divided by theoretical amount = 534,816 / (358,236
7 226,728 ) = 91.4%. See page 16 PP. 2.
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HEAT TRANSFER TO COOLINC WATER.

Heat extracted from ammonia thru single tube condenser

6l.4 ;> of 226,728 = 207,288 B.T.U. per hour. See page 17.
Heat extracted from ammonia through double tube condenser
= 91.4 % of 358,236 - 9,378 = 318,160 B.T.U. per hour.
9,378 B.T.U. were extracted in water jacket. See pages 16-17.
Per cent of heat extracted through single tube condenser
= 207,288 / 534,816 = 38.8
Per cent of heat extracted through double tube condenser
= 318,160 / 534,816 = ©59.5
Per cent of heat extracted by water in water jacket
of 10 ton compressor = 9,378 / 534,816 = 1.7
Area of pipe surface in a condenser = n X 3.1416 X D
XL/12
Where n 18 the number of pipes.
D is the diameter of the pipe in inches.
L is the length of the pipe in feet.
For the values see page 2 itema 4 and 5.

Effective area of single tube condenser pipes =

40 X 3.1416 X 2 X 20 / 12 = 419 sq. ft.

Effective area of double tube condenser pipes =
16 X 3.1416 X 1.25 X 15 / 12 = 78.5 8q. ft.

Heat transfer per sq. ft. from single tube condenser

207,288 / 419 = 450 B.T.U. per hour = 7.5 B.T.U. per min.

Heat transfer per sq. ft. from double tube condenser

318,150 / 78.5 = 4,063 B.T.U. per hour = 67.6 B. T.U.

per min.
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C. TESTS TO SHOW THE EFFECTS OF AIR TENPERATURES AND
WIND VELOCITIES OF TEE CONDENSING PROPERTIES OF THE SINCLE
TUBE CONDEXNSER.

The object 18 to determine if the temperature of the air
surrounding the condenser, and if the velocity of the wind
have any marked effect upon the effectiveness of the open air
condenser. This effect will be shown by a lowering of the
temperature of the cooling water leaving the condenser.
However the temperature of the cooling water fluctuates with
the temperature of the lake (See'item 4 page 3) and the
temperature of the cooling water leaving the condenser under
fixed conditions would have a gimilar variation. That is,
the change in the temperature of the water as it flows over the
condenser would be a constant fixed value if all other condit-
ions remained changeless. The variation in the change of
temperature of the cooling water will, therefore, be the
indicator for any effect of the air temperature or wind upon
the condenser. This presupposes that the amount of ammonia
pumped and the heat content of same is constant. This is not _
strictlyg true, but the percentage of fluctuation of these
amounts would be low, as the compressors run at a constant
speed and the temperature of the brine is kept as nearly
constant as possible by varying the amounts of ice pulled;

The following items were taken for each day of the test
and the values are given on log sheets la, 1b, 2a, and 2b.

Temperature of the air taken in the shade.

Direction and approximate strength of the wind.

Temperature of the cooling water entering the condenser.
Temperature of the cooling water leaving the condenser.
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AIR TEMPERATURES AND CONDENSING PROPERTIES.
The right hand portion of curve sheet No. 1 shows the

air temperatures and the cooling water temperatures plotted
for each day of the test. The graphs show that the curve of
the air temperatures has the same general trend as the curves
showing the cooling water temperatures. When it is high,
they are high; when it is low they are low. The curve of

the air temperatures fluctuates much more than the curves

of the eooling water.

Curve sheet No. & shows graphically the variations in
the change of temperature of the cooling water above and
below an average of & degrees and the air temperatures above
and below the average of 75°F. These graphs show that when
the air temperature is high a greater change in temperature
of the cooling water is required ( see Aug. 11-17 ), and
when the air is cooier than normal the change in the cooling
water temperature is less than normal (see July 3, July 18,
August 1-3, 7-11, amd 25-27 ). The change in the air
temperature is several times the change in the increase
of the cooling water temperature, and there are places
where these eurves do not follow each other. These places
may be explained by the effects of the wind, the amounts of

heat being pumped into the condenser, etc.
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WIND DIRECTION AND VELOCITIES AND CONDENSING PROPERTIES.

The single tube condenser is protected from the wind on
the west by the wind-brake between it and the smoke stack,
and on the south by the upright part of the building and a
wind brake up to the tor of the condensers. It is open on
the north and east. The condenser pipes run east and west
80 that a north wind would affect it most. Wind from the
northeast and northwest would affect it considerably, and
wind from the southwest would affect it somewhat, but wind
from due west or south would have but little effect. The
curve on the left half of curve sheet No. 5 is drawn acecord-
ing to the above considerations. The general arrangement
of the condenser can be seen on sketch No. 3 and on photo 2.

The general trend of the wind curve on curve sheet No.
5 follows to some extent the curve showing the variations
in the increase in temperature of the cooling water above
or below its normal of 5°F. The following instances will
serve to illustrate:-

On July 3rd the wind was strong from the north and the
cooling water increase curve is 7° below normal, in fact
the cooling water itself was cooled 1.5° more than it was
heated by the condenser. See curve sheet No. 1l.

On July 19th with the temperature of the air normal,
the increase in the temperature of the cooling water is 3°
below normal due to a slight northwest wind.

On July 25th with the air 4° above normal, the increase

curve shows 2° below normal due to a light east wind echanging
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from the northeast on the 24th.

On August 18th the cooling water leaving the condenser
wag colder than when it entered, due partly to an air
temperature 6° below normal and partly to a medium northwest
breeze.

On August 21st the air temperature dropped 6°, to 4°
below normal, but the increase in temperature of the cooling
water increased from normal 1° due to a shift in the wind from
a slight northeast to a slight south breeze.

‘On August 25th the increase in temperature of the cooling
water was 1°, or 4° below normal due to an air temperature
6° below normal and a strong northwest wind.

From these illustrations it is evident that the wind can
be made to aid materially in the condensing process, and,
although it adds an uncertain factor to the operation of an
ice plant, still the plant whiech ignores this factor and
execludes the wind by housing in the condensers will increase
the cost of ice production materially. Whether the beneficial
results are sufficient to warrant the 1nsta11atio£ of power
driven fans to produce artifically blown air or not is hard

to say. Experiments along this line would be interesting.

D. TESTS TO SHOW EFFECT OF COOLING WATER TENPERATURES
ON THE CONDENSING PROPERTIES OF CONDENSERS.

The ahove tests have shown that the cooling water on the
single tube condenser does not increase the same amount every

day. Referring to curve sheet No. 5, it will be seen that



-



23

there is a variation in this increase of as much as 4° above
normal and 7° below normal. These variations are caused
mainly by (1) deposits on the condenser from the condensing
water, (2) variations in the heat content of the ammonia
pumped into the condenser, (3) variations in the air temper-
ature and (4) changes in the veldcity and direction of the
wind. Execept for these slight variations, the temperature
of the cooling water leaving the condenser follows very
closely the temperature of the entering water. The curves
on curve sheet No. 1 show that the temperature of the water
leaving the double tube condenser follows very closely the
temperature of the entering water. The increase in temper-
ature there is nearly constant.

A comparison of the curves on curve sheets No. 1 and
2 shows that the high ammonia pressure is dependent in a
large degree on the temperature of the condensing water
leaving each of the econdensers ( This is varied somewhat.
by varying the amount of ice pulled). This is what we would
expect, for the colder the cooling water, the colder it will
leave the ammonia, and tables of saturate ammonia vapor show
that the colder the point of vaporization the lower the
condensing pressure will be. The cooler water then provides
more rapld condensation and greatly alds the condensing
properties of the condensers. In fact, if sufficient water
could be obtained from the wells at 52.3°F. for both the
condensers, the efficiency of the plant could be increased
from 10 to 15 %. The Company has spent several hundreds

of dollars trying to increase their well water supply.
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PLANT PERFORMANCE UPON STARTINC AFTER A SHUTDOWN.
The plant was shut down from 10 A. M. July 4th to 6 A. M.

July S5th. Readings of several of the parts were taken as
shown by log sheet No. 3 every hour. Curve sheet No. 3 shows
the changes, in the temperature of the air, cooling water in
the single tube condenser, and the brine in each of the tanks
for the first 10 hours of running.

Notice the rise in the temperature of the air from 64°
at 6 A. M. to its maximum 79° at 3 P. M.

The cooling water entering the single tube condenser
is taken directly from the lake, and it has a rise in tem-
perature corresponding to that of the air but of only 1.5°.

The temperature of the cooling water leaving the conden-
ser has its maximum from 7'to 8 A. M. when the temperature
difference amounts to 7°. This is due to the large amount
of heat pumped from the brine and pure water tank through
the ammonia into the condenser at starting. Also the wind
was due south and did not help the condensing properties of
the water. The rise in temperature of the cooling water
decreased as the wind changed and as the brine became cooled,
until at 12 M. it reached a minimum of 3°. The wind had
changed to southwest where it could partly reach the conden-
ser and, by evaporating part of the water, aid its conden-
sing properties.

The brine in the 5 ton tank started at 27° at 6 A. M.
and dropped rapidly till about 11 A. M. when the decrease
became less until at 4 P. M. it reached its minimum value

of 15°,
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The brine in the 10 ton tank was at 25° at € A. M. or
just 2° lower than the brine in the 5 ton tank. This is
probably due to the cooling effect of the ammonia liquid
left in the 96 pipes in the 10 ton tank when the plant was
shut down. The 5 ton tank, having a drum instead of pipes,
stopped the cooling process immediately and consequently
warmed 2° more. The 10 ton tank's brine made a quick drop
between 6 and 7 A. M. of 3.5°. This is due to the starting
of the agitator. The decrease is small from 7 to 8 A. M.
because it took time to fill the 96 pipes with ammonia.
From 8 A. M. on the decrease is rapid, easing off gradually

until at 3 P. M. it reached & minimum of 13.50.
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COMPARISON OF TANKS.

10 ton tank. & ton tank. Total.

Size of cakes - - - - 300 1lb. 200 1b.

Total No. of cakes pro-

duced in 1067 hrs. 4934 2514 7448
Total weight produced

in poundg. - - - - - 1,480,200 602,800 1,983,000
in tons, - - - - - - 740.1 251.4 991.5
Part of total ‘

production. = - - - - 74.6% 25.4% 1C0%
Tons per 24 hrs. 16.65 5.65 22.3
Pounds per hour., 1387 471 1868
Frequeney of pulling 35 hours 35 hours 35 hours

Heat transferred
per hour. - - - - - 231,906 B.T.U. 79,010 B.T.U. 310,916 B.T.U.

Part of heat ’
transferred. - - - 74.6% 25.4% 100%

Cans per ton of ice
each 24 hours., - - ~ - 9.2 14.5
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PLANT CONSTANTS DERIVED FROM DATA TAKEN.

Plant overload is ( 22.3 - 15 ) / 15 = 48.7 %.
Weight of ammonia pumped per minute per ton of ice

produced each 24 hours = 872.6 / ( 60 X 22.3 ) = 0.65 1bs.
Tons of ice produced per ton of coal consumed =

1858 / 460 = 4.04

Amount of cooling water pumped per ton of ice producead
each 24 hours = ( 48,240 f 12,840 ) X 0.814 / 22.3 =

2,503 lbs. per hour.
41.7 lbs. per min.
5.6 gal. per min.

Condenser areas per ton of refrigeration.

9.4 8q. ft.
_1.8 sq. ft.
-11.2 sq. ft.

Single tube = 419 / 22.3 X .50
Double tube = 78.5 / 22.3 X.50
Total -

Volumetric displecement of compressors per ton of ice

produced each 24 hours = ( 120 f 67 ) / 22.3 =

8.4 cu. ft. per min.
or 14,490 cu. in. per min.
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SUMMARY.
A. The direct cost of manufacturing ice = $32.80 per ton.

B. The rates of heat transfer per hour in B. T. U.

are as follows:-

B.T.U.
From. To. Place Remarks per Hr.

Pure water Brine 5 ton tank 79,010
Pure water Brine 10 ton tank 231,906
Through ice cans 5 ton tank Per sq. ft, 129
Through ice cans 10 ton tank Per sq. ft. 141
Pure water Ammonia Storage tank 76,178
Brine Ammonia 5 ton tank 79,010
Brine Ammonia 10 ton tank 231,006
Through Ammonia Pipes 10 ton tank Per sq. ft. 154
Air Ammonia Storage room 43,010
tnergy of Comp. Ammonia Compressors 104,712
Ammonia Cooling water 10 ton compr. jacket 9,378
Ammonia Cooling water Single tube condenser 207,288
Ammonia Cooling water Double tube condenser 318,150

Through pipes in single tube condenser per sq. ft. 450
Through pipes in double tube condenser per sq. ft. 4,053

C. The influence of the air temperature and wind vel-
ocity and direction on the condensing properties of the open
air condenser is relatively small. However they do have a
direct inflaence and this should be considered in opsrating

an ice making or refrigeration plant.
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D. The cooling water temperature has a fundamental
effect upon the condensing properties of condensers and
hence on all the principal operating units of a refriger-
ation plant. The location of plants is often determined,
to a large extent, om the availability of large quantities
of cold water. When cold water is not available at very
reasonable rates, it 1s necessary to cool the water in

cooling towers or ponds.
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CONCLUSIONS BASED ON TESTS.

1. The low ammonia pressure is too low for securing
very high efficiencies with the compressors. The pressure
could as well be carried at 25 lbs per sq. in. gage and
still keep the brine températuﬁe below 15°F. Saturated
ammonia gzas at 25 lbs. gage or 39.7 lbs. absolute has a
temperature of 11°F. see page 333 Marks' lMechanical Engi-
neers handbook. The higher the low pressure the more ammonia
the compressors would pump per stroke and the greater their
efficiency. A higher low pressure could be supplied best
by supplying more tank space.

2. The frequency of pulling the cans 1s too great.
Kent page 1316 states that it should be 54 hours for both
11X22X44 and 11X22X32 inch cans. Marks' Mechanical Engin-
eers Handbook page 1740 gives the time of freezing 200 lb.
cans as 55 hours and 300 lb. as 60 hours. The 35 hours used
at present could be lengthened out by using a higher brine
temperature. This would use less ammonia per hour. The
ammonia thus released could be used in another tank.

3. It was clearly shown in the test that the wind has
a marked effect on the cooling properties of the single tube
condenser. This condenser should be ralsed above all
surrounding projections, and the pipes should be formed into
a hollow square. Suitable V shaped trays should be supplied
between the pipes to keep the water from blowing off the

plpes and yet allow the wind to reach the water.
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4. All live steam and cold ammonia pipes should be
covered with an ample thickness of asbestos. The ratio of
4.04 tons of ice per ton of coal is too low. Frank L,
Fairbanks on page 1741 of Marks" M. E. Handbook gives 2.25
to 8.22 tons of ice per ton of coal depending on the size
of the plant. The lower values applying to small plants.
Kent page 1314 gives 6 1lbs. of ice per pound of good coal.

5. Colder water should be secured for cooling the
open air condenser and the flat cooler if possible.

The tests clearly show that the colder the cooling water,
the lower the temperatures and the lower the ammonia pres-
sures will be, and finally the easier and cheaper the plant
can be run. The pure water from the flat cooler should be
lowered from 87.7° to about 55°. This would cut down the
amount of ammonia per hour used in the pure water tank and
also reduce the temperature of the pure water to the ice
cans to about 35°F.

8. Items 1 and 2 point to more tank space. I would
suggest throwing the 5 ton tank out and installing a
duplicate of the 10 ton tank touching it on the east.

The space released by the 5 ton tank could be well used
as ice storage. With 308 eans and pulling 7 cans per hour
or the whole tank every 44 hours, the production would be

increased to 25.2 tons per day.
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INDEX T0 CURVE SHEETS, BLUE PRINTS, SKETCHES AND PHOTOS.
CURVE OHEETS.

l. This shows the temperatures for each day of the test of:-
l. Pure water to storage tank.
2. Pure water to ice cans.
3. Cooling water entering double tube condenser.
4. Cooling water leaving double tube condenser.
5. Ammonia entering expansion coils.
6. Air in shade.
7. Cooling water entering single tube condenser.
8. Cooling water leaving single tube condenser.
Wind pressure and direction.

2. This shows the temperature or pressure for each day
of the test of:-
l. High ammonia pressure.
2. Low ammonia pressure.
3. Temperature of the brine in the 10 ton tank.
4. Temperature of the brine in the 5 ton tank.

3. This shows the hourly variations in temperatures from
6 A. M. to 4 P. M. on July 5th after a shut down of 20 hours
of the following:-

1. Cooling water entering single tube condenser.

2. Cooling water leaving single tube condenser.

3. Air in shade,

4. Brine in 5 ton tank.

5. Brine in 10 ton tank.

4. This shows the following items on the production of
ice for each day of the test:-

l. Production each day.

2. Average hourly production each day.

3. Total production.

5. This shows the following items for each day of the test:-
l. Velocity and direction of the wind laid out as a
curve according to its possibilities in affecting the conden-~

sing properties of the condenser,

2. The rise in temperature of the cooling water while
passing over the single tube condenser, above or below the
average rise of 5°F.

3. The variations above or below the average temper-
ature of the air.

6. This shows the heat content of the water as it passes
from the well, through the many stages, to the ice cans
into ice, taking the heat content of ice at 0°F. as 0.
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CVRVE SHOWING TOTAL HEAT IN THE WATER ABOVE ICE AT 0°
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WT. OF COAL | FUEL COST |wT OF COAL | FUEL COST
LBS. PER HR PER HR LBS. PER HR PER HR
| SRSl 450, £ 1.463 487 AT
| 760 IE L 447 /. 453
420 /. 365 507 /. 648
AN A X 527 7. 713
732 /. 404 538 b7
| 244 /. 443 420 7.365
408 b T 328 4549 /- 47e
B0 B | AR /v 3228 576 SR
_ RS /.607 472 T
B oRord o e Y T R 472 g
B 65 269 /. 529
IWE593 j TR 54/ /.758
225 , REE 5/4 G 7
SO | L4309 497 /. 615
427 ; /.388 5/4 /. 67/
460 l /. 4TS %50 Z. 76
it | /.502 784 2.650
457 f S Tt 764 ' 2.5%/
SNELET | /.5/8 <80 | 2. 628
Wt 27, /.388 4038 j 2.196
468 /1.-52/ 42 | Z. 220
SN SN BN /L 2O (g il ez 2o
B e e e R R 458 2.37¢ |
e | R A A 6D . P s
S/ 4 /-67/ AVERAGE 460 AVERAGE [ 662

COhsumption of fuvel pcr Z4hrs = $60X2F 2000 = 5.52 tons.
Cost of fuel per 24hms = 1.662X 24 =837.87
Wc,y/ﬁ of coal vsed pcor hovr in povnds = tota/
we/'y/,f vsed I/h pouvnds = leng?h of time it lasted in hovrs.
Fuvel cost per hr. = Cost per ton X weight? of
coal vsed per hr. —2000.
Original data vsed (s given on Log sieets 2a and 26






PRODUCTION OF ICE

TOTAL PRODUCTION | LBS. PER |TOTAL PRODUCTION LBS. PER

LBS TONS HOUR LBS TONS HOUR
24400 12.2 1743 33300 /6-7 /850 |
24400 1252 1743 | 32900 16.5 /1828
28600 14.3 2043 3/700 /6.0 17T
24400 1252 §.713.8|93320 167 1850
26300 13-2 /1878 3/¢00 1957, AR TN
26300 | 3.2 /878 34000 | 7.0 1887
26300 | 3.2 /878 30400 (oR2 I N/843 ]
26300 13.2 /1878 36000 /8.0 2000
28200 /4.1 20/4 34200 K] /900
12600 6.3 15)5 34200 7 h /900 ]
26300 13.2 1878 | 36000 /8.0 2000
26500 1353 /893 | 34100 /7.7 1897
26500 13:3 /893 | 34200 171 /900
26%00 13.2 /886 | 3/200 | 5.6 /835
26500 TERE] /893 72900 165 |w/aze a |
26500 T /893 3/900 /6.0 1772 A9 l]
28300 13.2 202/ 42800 2/.5 /1787
28000 /4.0 2000 42300 2102 1763
26500 3.3 /1873 44700 22-4 /863
28000 /4.0 2000 44400 D22 1850
28700 149.4 19/3 44000 2z2.0 1833
33700 17.0 /883 43400 2157 1808
27200 19. 6 2086 44400 222 (850
24600 $Ze3 /757 44000 220 /1833
j3300 16-7 /850 45300 2257 /888
33300 /6.7 /850 44400 LLIL /850
32800 /6.4 /822 F4400 22.2 /1850
33302 16.7 /850 44400 22.2 1850
33300 /6.7 14 44400 P22 /850
34000 1220 1887 44400 | z2.2 /850

TOTAL £ AVERAGES 1,983,000 99/.5 /858

AlVerage prodvction for 24hrs. = |1858 X 24 + 2000 =22.3 Tons

Total production = 300X no. of 300/b carcs + 200 X no. of
200 Ib Cakes.

Total prodvction in tons = total prodvction 1n Ibs. 2000

Povnds per hovrr = total prodvction in |bs = ho of hrs or
requiizd to prodvce them.

Original data vsed i1s given on log sheets 2a and 2b . 2b5
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COMPARISON OF COSTS OF DIFFERENT FUELS
TIME |CcOST PER
FUEL AMOUNT COST: HRS.| MIN. HOUR
KINDLING wooD 4 CORDS |275pPercol 2 | 20 | Y4.7/
| 16"BEECH & MAPLE | 2 coRbs |320 peacol 2 ‘ SN2 568

(coRD wood ) [ 1 coro | 250pescol] 2
Lano coAL ] (| 840 165 |62 pPerTo)

1 F2 2.06

[ POCAHONTAS SLACK| 570 /65 |82%reRToAl /| 5| /.92 |
SOETRCOALD 260 /b |639PR T, / /. 49
[N 460 1bs|/0ZEper T 4 244070
DA ] 460 )bs. //ﬁ;"VPER 3 R e S|

RELATIVE COST _OF FUELS
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COAL - BIN

CAPACITY 45 TONS

100 P STEAM BOILER

-DOUBLE PIPE

“NH; CONDENSER

SNFLAT COOLER

Y——BRINE AGITATOR

.

/O TON BRINE TANK

>FILTERS
CAN DUMP

ICE STORAGE ROOM
CAPACITY — 40 TONS

OF 300 # CAKES EACH LAYER

154-300# ICE CANS

~~BRINE AGITR.

5 TON BRINE TANK

82—=200%#% ICE CANS
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