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ACCELERATOR COOLING SYSTEMS

Eugene Eno
Lawrence Radiation Laboratory

University of California
Berkeley, California

April 4, 1969
ABSTRACT

The behaviour of accelerator cooling systems is discussed, vand an
attempt is made to explain the wide variation in the reported costs of cooling
systems at various accelerator laboratories.

First, alternate methods of cooling are analyzed as to éoncept, relative
functional suitability, and relative cost. Second, a brief explanation is given
of the theory of cooling towers, This explanatior; includes illustrations of the
effects of atmospheric and operating vconditions on the efficiency and, hence,

the cost of cooling, Third, the economic and functional effects of cooling on

- other accelerator components are analyzed. Fourth, equiprhent aésociated..

with accelerator cooling systems is briefly discussed and evaluated. This

" equipment includes such things as heat exchangers, piping materials, and

ion-exchange systems, Fifth, tables and charts are included which list the
costs of cooling-system components. These prices are intended chiefly to
illustrate the relative economic significance of the components and should be
used for rough estimating .only, Sixth, the cooling systems at existing accel-
erator laboratories are compared.

The ultimate criterion for evaluation of cooling systems is their actuall

operating record, Records at this laboratory show that some of our
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accelerators have maintained operating beam for more than 95% of the elapsed

time, an enviable record,

W




-1- o UCRL-18837
1. CONCLUSIONS

For the convenience of those who are reluctant to labor through the entire

report, the conclusions are presented here.

1. The following are conclusions regarding the capital outlay (expressed

as $/kW) for cooling equipment:

a, The cost of similar pieces of cooling equipment is néarly the same
throughout the United States.

b. Alternate rnefhods of cooling such as the use of cooling ponds or
spray ponds are neither ecénomically nor functionally as desirable as
conventional cooling-tower methods.

c. Evaporative coolers are cheaper than coolihg towers for small
cooling loads. Cooling-towers are cheaper for large loads.

d. A single large-capacity cooling tower is generally cheaper than
several small towers of the same aggregate capacity.

e. Cooling equipment is cheaper if designed to op.e‘rate with a larger
approach of the cold-water temperature to the wet-bulb temperature.

f. Cooling equipment is cheaper if designed to operate wifh a larger
water temperature range.-

g. When maintaining the same cold-water Itemperature, cooling equip-
ment is cheaper if designed to operate in that section of the country where
the design wet-bulb temperatdre is lower,

h. When maintaining the same approach (i.e., higher cold-water
temperafure with higher wet-bulb temperature), cooling equipment is
chéaiper if designed to operate in that section 6f the country where the

design wet-bulb temperature is higher.
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i. The cost of heat exchangers increases with a decrease in the
logarithmic -mean temperature difference befween the tower water and
the closed-circuit water,

j. Larger heat exchangers are cheaper on a dollars-éer-square—foot
basis than smaller ones.

k. Where applicable, air-cooled heat exchangers, used alone or in
combination with cooling towers, are competitive ecbnorﬁically with the
use of cooling-towers alone. Their use offers a great savings in water
consumption, |

1. For each laboratory, there is an optimum economic degree of
cooling—eystem centralization,

2. At accelerator laboratories, most of the cooling load generally con-
sists of dissipating the heat developed by magnets.. The folleﬁ;s/ing are con-
clusions regarding the effect of cooling systems on the ‘operational cost of
magnets:

a. Magnet electric power costs are significantly less e.t lower magnet
temperatures, | |

b. Magnet insulation life is’ extended at lewer temperatures. This
life extension does not appear significant for the temperatures normally
encountered. |

c. Magnet temperature affects the control of the magnetic field.
This effect does not appear significant.

d. Magnet power suppl.ies (parﬁicularly solid-state rectifiers and
regulating ‘equipm'ent) may require lower operating tempefé.tures than
can be obtained from cooling towers, This may necessitate the use of

chilling equipmeht. Such use increases the cost of cooling considerably,
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e. With lower magnet temperatures, the cooling system may be
. : ope;rated at lower hydraulic pressure without risking cavitation at high
water flow through the, magnets. A cooling system operating at a lower
hydraulic pressure is cheaper than oné operating at a higher pressure,

3. .The capital outiay for cooling equipment (expressed as $/kW) is
generally higher at the Lawrence Radiation Laboratory (LRL) than at other
accelerator laboratories. Factors contributing to this higher capital outlé,y
are:

a. The closed-circuit cooling—wwater sup‘ply. temperature is generally
maintained at a lower temperature than at other laboratorieé.

.'b. The tower-water temperature range is generally less than at other
laboratories.

c. A number of rather small capacity cooling-towers are used as
contrasted to the use of a few large capacity towers by other laboratories.
This is due ‘primarily to the fact that funds for cooling equipment have
been made available in steps corresponding to the approval and fundiﬁg
of new installations.

4., The total cost of cooling (expressed as $/kW and defined as the capital
outlay plus ten years operational cost including the economic effect on other
facilities) is generally less at the Lawrence Radiation’Laboratory than at
- other accelerator laboratories, Factors contributing to this lower total cooling

cost are: | |
a. The savings in magnet electric power cost brought about by lower
water temperature outweigh thé added costs of maintaining these l'owér

temperatures,
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b. The cdoling-—water temperature is maintained sufficiently low to -
eliminate the need for chillers in cooling the magnet power supplies.

c. The cooling-Water systems are operated at lower hydraulic pres-
sures than'are employed by many éccelerator laboratoriés. |

5. The cost of maintaining low-temperature water is generally less at
the Lawrence Radiatio'n Laboratory than at other accelerator :laboratoriés
since, geographically and atmospherically, this section of thé country is
better suited to accelerator cooling. |

6. The choice of heat-exchange equipment should depend? upon consider-
ation of the cost, the functional and safety requirements, the Eease of mainte-

" nance, and the climatic conditions at the site. |
7. Many materials are available for use in low-conducti{/ity water systems,
All have limité.tions.
a. Pplymetailic low-cbnductivity water éystems shouid be avoided,
b. The effects of radiation, magnetic field, and impréssed current on
materials must be considered,

8. The degree of water purity required for lov.v—c‘onducti\;rity Watér systems
depends on the electrical.resiStance requirements of the accelerator components
being cooled,

a, Water obtained from mixed-bed demineralizers is ‘purer than that
from two-bed or multi-bed units,
b. Sulfuric acid is cheaper than hydrochloric acid for?regenefating
" cations resins and requires less storage volume, |
c. If calcium constitutes moré than 20% of the cations: in the makeup
water to the.demineralizer when sulfuric acid is used as the regenerant,

the demineralizer should be preceded by a sodium-cycle Water’ softener,
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d. The savings in labor cost obtained by using "automatic' or '"semi-
automatic! demineralizers will pay for the added cost of the automatic
features in from one to two years,

e. Recycling 1 or 2%of the low-conductiv'ity water system flow through
the demineralizer will usually maintain the system conductivity within
satisfactory limits.

9. Low-pressure low-conductivity water systems arev cheaper and less
subject to trouble than high-pressure systems. Usually magnets and other
equipinent can be designed to function satisfactorily with a low-pvressure
cooling system.

10. The cost of accelerator cooling ($/kW) averages approximately the
same throughout the United States. In some cases, site conditions and operating
requirements peculiar to particular installations cause the cooling cost to

vary from the average,
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II. ALTERNATE METHODS OF COOLING

A. General Discussion

Once -Through Cooling

This method consists of circulating water from a river or other similar
source through a heat exchanger and back to the river. It is a primitive but
very effective method of cooling and has been used by many industries,

An advantage to this method is that there is not extensive evaporation
and, accordingly, very little concentration of dissolved solids. The water.
usually does not require chemical treatment,

One disa:dvantage is that the temperature of the river is raised by the -
process, This thermal pollution has a detrimental effect on the flora and
fauna along and within the stream. Another disadvantage is the fact that
rivers often contain considerable debris along with various forms of life.
This can lead to rapid fouling of heat-exchange equipment if adequate pre-
ventive measures arie not taken,. Sea water, if used, is very corro'sive, and
piping and heat exchangers must be constructed of expensive corrosion resis-

tant materials.

Cooling Ponds

Cooling ponds* and once-through cooling were probably the first methods
of liquid cooling,

Under given atmospheric conditions, a body of water will eventually come
to a temperature where the heat loss is exactly equal to the heat gain, This
temperature is called the equilibrium temperature. If a;pond has a holdup of

24 hours or more, the equilibrium temperature may be taken as the average

> - = ’
H. L. Langhaar, Chem.- Eng. 80, 194 (1953).
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mean monthly water temperature, A list of average mean monthly water and
air temperatures for the State of Illinois is listed in Appendices A and B. .

The equilibrium temperature is greatly effected by the amount of solar

- radiation. Table I lists the maximum expected solar radiation in Btu/h-ﬂ:2

at various north latitudes.

In order to cool a pond with a given cooling load to the equilibrium tem-
perature, an infinite pond area would be required for warm water, An
approach of 3 or 4°F is the lowest practicablev in a pond of reasonable size,

The area of a pénd required for a given cooling load is almost independent
of the pond depth.. For a pond having a 24-h holdup, the leaving water tem-

perature will vary from the average by +2°F for a 5-ft depth and by 3° for a

: ~ 3-ft depth., A 5-ft depth is usually chosen to avoid excessive channeling of

flow and large night-to-day changes in outlet temperature,
The factors affecting cooling-pond performance are (1) air temperature,
(2) relative humidity, (3) wind speed, and (4) solar radiation, Such thin'gs

as the heat transfer between the earth and the pond, changing temperatures
|
and humidity of the air, and rain have very minor effects on the cooling-pond

performance,
Figure 1 is a nomograph providing a rapid method of determining the pond

area required for a given cooling duty., Here E1 is the equilibrium tempera-

ture, D1 is the approach of the return-water tempefature to the equilibrium

- temperature, D‘2 is the approach of the leaving-water temperature to the .

equilibrium temperature, Vw is the wind velocity in miles per hour {mph) and

- P is a liquid-to-air heat-transfer factor which assumes a pond of uniform

flow, without turbulence, and with the water warmer than the air. Th’e product,
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Table I. Maximum expected solar radiation in Btu/h—ft2 at
various degrees north latitude., This table was derived from
the analysis of Weather Bureau records for a number of sta-
tions throughout the United States. These are clear-day values,
rarely exceeded even in the high arid regions, The normal or
actual average monthly values are only 50 to 60 percent of the
tabulated figures for most of the Eastern United States and

80 to 90 percent in the arid Southwest. Also the solar radiation
should be multiplied by the absorptlon coeff1c1ent for the pond
which appears to exceed 95 percent.”

Langhaar, Chem. Eng. 80, 194 (1953).

24-h average at degrees Noon value at degrees
north latitude north latitude

Day 30°  35°  40°  45°  30°  35°  40°  45°
Jan., 1 65 50 40 30 240 205 170 435
Feb. 1 75 65 55 45 270 240 240 175
March 1 90 80 75 65 305 285 255 230
April 1 110 105 95 90 340 320 300 280
May 1, 120 120 120 445 360 350 335 320
June 1 430 430 430 130 365 360 345 335
July 1 130 © 430 130 430 365 360 350 340
Aug. 1 125 125 125 120 360 350 340 325
Sep. . 1 115 140 105 100 350 335 345 300
Oct. 1 100 90 80 75 345 295 . 270 245
Nov. 1 80 70 60 50 270 245 2415 185
Dec. 1 65 55 45 35 240 240 175 140
*H. L.
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P X Q, is the area of pond surface required in square feet for each gallon

pe:r minute (gpm) of water flow through theheatexchangers{,

Spray Ponds:

One diéad'vantage of thé coolingl pohd is the fé.ct that as one increases the

area of the pond to accomodate an‘incrb'ea'se in the given cooling load, 'tllrle

i.ipond simultaneously receives a greater solar load. In orderi to reduée th_is‘
solar load, anothér method was sought to obtain the required area. - This study
r_esultéd_ip the development df_the spray pond.v

The water in a spray .plond is spra.yéd into the air so thati'the pre.vailin.g'

wind passes through the spfayé at right angles to the leﬁgth of the s'pf_ayk area.
The‘ effecti\;é air éljea of the spray is taken to be the length' of thve>p.ond times.
the sum of the heiglllt éf the spray nozzles plus the water preésux_'e at the spvra.yv
nozzles in pounds per square inch, As the. aﬁir passes through the ‘sp_ray's,- it
‘picks up r‘ﬁbisture, and'i’cs enthalpy increases. The chaﬁge 1n ai.,i'“ent}.lalpy
divided by the change ih the témperature of fhe water is équé,i to.the liquid-to-
;gaé.(L/d)_ratio; This L/G ratio is defined as the pounds per hour of liquid in
the sprayé divided by the pqundé per hour of air passing thrdugh thé ‘s_:pra.ys.
| The pérformance of la'spra.y' pond is‘ affected by"( 1) the Céoliné range of
the water, (2) the wet-bﬁib temperature, (3) the wind speed, Zand,(4) the
" construction parameters of the pond, Tables II and III give ‘e:_ngine'ering
paraméters and degree adjus_trrientls._ Figure 2 is a performance éurve 'r‘ela.ting.
thé approafch. to thé wet-bulb temperature vs the tgmpieraturevrarrlh_g'e. It will

Bé noticed that w.ith a wet-bulb temperature éf 7Q°F,_ ;a S-mph-wind, ‘and a
10°F cooling range; the approa.ch of the watef temperature t:o ‘the wet-bulb -
'tempera’t_u-reis about 11‘;F. . This mea.ns that with a 70°F weti;bulb tempera-

ture, the water can be cooled to only 81°F,
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. . . *
Table II. Spray-pond engineering data and design parameters

Recommendations Usual Minimum  Maximum
Nozzle capacity (gal/min each) 35-50 10 60
Nozzles per 12-ft length of pipe 5-6 4 8
Height of nozzles above sides of basin (ft) 7-8 2 10
Nozzle pressure(psi) , 5-7 4 10
Size of nozzles and nozzle arms (in.) 2 1% 2%
Distance between spray lateral piping (ft) 25 - 13 38
Distance of nozzles from side of unfenced
pond (ft) 25-35 20 50
Distance of nozzles from side of fenced
pond (ft) 12-18 10 25
Height of louver fence (ft) 12 _ 6 18
Depth of pond basin (ft) 4-5 2 7
Friction loss per 100 ft of pipe (in. HZO)' 1-3 : 6
 Design wind velocity { mph) 5 3 10

- From Spray Pond Bull, No, 8P-51, P. 3, Marley Co., Kansas City, Mo.
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Table III. Degree adjustments to be applied to leaving-air
wet-bulb temperature to find cooled-water temperature
of spray-ponds**

Adjustments { °F)

Entering Length of air travel (ft)jE
Cooling Wet-bulb
Range Temp. T _
(°F) (°F) 100 50 25
10 80 -3 +2 +4
70 -2 +3 +5
60 -1.5 +3.5 +5.5
15 80 -5.0 +1 +5
70 -4.0 +2 +5.5
60 -3.5 +2.5 +6
20. 80 -7 0 +6
70 -6 +1 +7
60 -5.5 +1.5 +7.5

* - .
Cooled-water temperature = wet-bulb temperature of
leaving air plus values shown.

**From Heating, Ventilating, Air-Conditioning Guide, 38th
ed., (American Society of Heating, Refrigerating, and
Air-Conditioning Engineers, Inc., New York, N. Y., 1960),

p. 598.

TWet-bulb temperature of air entering spray-filled volume,
Spray-filled volume = (height of nozzles above pond + 1 ft
per psi of nozzle pressure)X.(plan area extending 10 ft
beyond outer nozzles).

I'Length of air travel through spray-filled volume.
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Fig. 2.
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Spray-pond performance curve,
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~ Cooling Towers

Two disadvantag.es of the spray pond are (1) excessive drift loss of
water duriﬁg péridds of high wind velocity and (2) inability to adjust the wind
velocity to correspond to the impressed cooling load and(or) the atmospheric
conditions, Studies to.eliminate these disadvantages have resulted in the
devélopment of the modern induced-draft cooling tower., The forced-draft
tower causes too much recycling of the effluent air and presents a problem
where dust, weed seeds, and other debris may be sucked into the tower f.an.
Natﬁral-draft cooling towers (hyperbolic towers) are generally intended for
use where the heat-dissipating capacity required is much greater than that
normally encountered at accelerator laboratories., The operating costs of
natural-draft towers is less than that of induced-draft towers, but the capital
cost is over f;wice as high,

Cooling-tower performance and theory are covered elseWhere in this
~ report,

Tower -water drift loss is limited by the Cooling Towe‘r institute to 0.2%

of the circulation rate,

Evaporative Coolers (Closed-Circuit)

In evaporative-coolers, tower water is sprayed onto the surface of built-
~in exchanger tubes containing the closed-circuit water. Evaporation of this
tower-water on the surface of these tubes cools the closed-circuit water. The
'approach referred to with evaporative coolers is that of the closed-circuit

- water temperature to the wet-bulb temperature,
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Air-Cooled Heat Exchangers

In this method of cooling, the closed-circuit water is cooled in an atmo-
spheric heat exchanger by air passing across the outside of the heat-exchanger
tubes. The air is moved by either induced or forced draft.

The water within the tubes may be cooled to about 20°F above the dry-bulb
temperature of the ambient air, It is not economical to maintain a closer
approach of the water temperature to the air dry-bulb temperature, because

of the large additional heat-exchange area require'd.

B. Economic and Functional Evaluation

Once-Through Cooling

. This method is the simplest and has the lowest capital cost of all
cooling methods.

2. There is not extensive evaporation and, accordingly, very little con=~
centration of dis soived solids, The water usually does not require chemical
treatment,

3. The temperature of the source water is raised by the cooling process,
This thermal pollution has a detrimental effect on the flora and fauna within
and along the sides of the source water,

4. The source water often contains debris along with various forms of
‘life. This can lead to rapid fouling of heat exchangers and other equipment if
preventive measures are not taken,

5. Sea water, if used, presents a severe corrosion problem.

6. No fire protection is required.

7. Temperature control is poor,
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Cooling Ponds

1. Cooling ponds have the highest capital cost of any of the cooling
methods. if the pond,- itself, must be constructec"l.

2. The shallow depth of the pond and the large surface area exposed to
sunlight are extremely conducive to algae growth., Measures can be taken
to control this growth, but it is doubtful that the spring and fall '"bloom!'' can
be effectively eliminated over the large 'surface area required,

3. Animal droppings, wind-blown seeds, dust, and other debris are p'roné
to collect in the pond,

4. A cooling pond cannot be certified by contract as to performance.
No responsibility for performance can be ascribed to the contractor or vendor.

5. A large expensive land area is required to accomodate the pond.

6. No fire protection is required,

7. Temperature control is poor,

Spray Ponds

1. Spray ponds are economically competitive with cooling towers,

2. The algae problem is less than with cooling ponds, but greater than
that with cooling towers,

3. Fire protection is not usually required,

4. When there are high winds, water from the sprays will be blown over
a large area, creating a nuisance in addition to a considerable drift loss of
industrial water, |

5. The wind velocity cannot be adjuétéd to correspond to the impressed

cooling load and(or) the atmospheric conditions,
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Evaporative Coolers (Closed-Circuit Water)

1. Evaporative-coolers are cheaper than cooling-towers for small loads.

" They are more expensive for large loads. In general, evaporative-coolers

are designed for small cooling loads. Multiple units are used to cool'large
loads so that load consolidation does not yield the economic gain that exists
with.cooling-towers. .

2. Heat exchangers are built in as a part of the unit,

3. Evaporative COOlel;S have small size and weight, They can be .rendered
pdrtable if so desired.

4. No fire protection is required.

5. Scaling is greater than with cooling towers,

Air-Cooled Heat Exchangers

1. The capital cost is competitive with cooling-towers.

2. No tower water is required.

3. No fire protection is required,

4., The closed-circuit, cold-water temperature is limited economically
to a minimum temperature about 20°F higher than the ambient air dry-bulb

temperature,

Piggy-Back Cooling

Air-cooled heatvexchan'gers may be used in combination with cooling
towers to lower the closed-circuit cold-water temperature to some desired
minimﬁm. This is a two-step process in which the closed-circuit hot water
is precooled by the air-—g:ooled heat e_xchan‘geré to a temperature about 20°F

above the ambient-air dry-bulb temperature. The water is then further cooled
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by conventional cooling-tower methods to the desired cold-water temperature,.
The cost of this system is competitive with the cost of using a cooling tower

for all cooling, There is a saﬁngs in makeup tower water. If the air-cooled
heat exchanger is sized large enough, it can cool the entire 'load for about 85%

of the year. Figure 3 illustrates a typical piggy-back cooling system.

Combination of a Cooling Pond with a Spré,y Pond

The cost of such a combination is always cheaper than that of the cooling

pond alone and always more than that of the spray pond alone.

Combination of a Cooling Pond with a Cooling Tower

The cost of such a combination is always cheaper than that of the cooling

pond alone and always more than that of the cooling tower alone.

} Air-cooled
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Fig. 3. Example of '"piggy-back' cooling.




" the air enterlng the tower is designated as H
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III. COOLING-TOWER THEORY

A, Synopsis of General Theory

Definitions of Normally Used Cooling-Tower Terms

The wet-bulb is the wet-bulb temperature of the entering air.
The range is the difference between the hot water tetnperature and the
cold water temperature,

The approach is the difference between the cold water temperature and -

the wet-bulb temperature of the entering air.

The L{G ratio is the ratio of the rate of water flow to the rate of air
flow, both expressed as. pounds per hour per square foot (lb/h ft ) of

tower ground area.

General

Basically, the wate:t' falling through a cooling tower Iis cooled by air
passing ‘up thi'oqgh the tower, The following is a g-eneral discussion of the
mechanism of this cooling. |

To simplify this discossion, we shall assume that in a particular cooling
tower, the gravimetric rate of water flow is equal to the rate of air flow
i.e., the liquid-to-gas ratio is 1 (or L/G = 41,) If the enthalpy (total heat) of
wh’ then the enthalpy of the al.r

leaving the tower is H wh plus the heat removed from the water We shall

not concern.ourselves with the latent heat or sensible heat of the air, but only

with the total heat. Since the speC1f1c heat of water is unlty and in this case -

we ‘have deflned L/G = 4, the heat removed from the water is sunply the

dyl_fference in water temperatures.
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The ent;halpy of fhe air leaving the tower can vn_ow be expres sed as .

: .. Hw'b + ('Thw' R Tc'w) (1)’ .w.h'er_e Thw is' the hot-water temperature, Tcw is the .
lcold-water ‘t‘e'mpera-ture, 'Hwb is the enthalpy of the entering air, ‘and ?hg | B

| l:i.qui.d./gasﬂ _r"a'_ci‘o L/G is 1, 'Simiié.rly, the eﬂthalpy of the air paésing any. |
';;oi‘nt: in the tFoWgr is Hw‘b plus t}ie water tempe ratllljr:.eva.t“ that poinf less -th:e

' tempei‘ature of the water entering the tower or generally, th>e éh’thal_py of -
“the passfing. é.ir isH_, +(T - T(.:W'I) (1)‘.' 'Heré 'T.i-s.the temp'e‘ratu_.r‘e of the :
.'pja:ssing wa1‘:‘er.v The system is sho.wr.l;irvl‘Fig. 4, | '

We méy assume that at each particular terhpél;atufe,' a part éf the passiﬁg‘_
air con;cacts; the water and be‘come‘s satu'rated.va‘t thét: tentxpe_ra:i.tﬁre._'. No_ |
addvitiona'l ’l'.xeatvca"m' be transferred from the water to thisk pa;rt of the. air at
this .femperé,ture. It is appa.rent.. now that the drivving‘ force br.ingihg.'abqu;t the -
transfer of- heat frorﬁ the water to the air ét any particulaf tempera‘tu’re is the
differencé .of the enfhalpy of the saturated_iair and the énf_halpy of the pa,Ssi_ng
a1r at tvhis térh'perature. . _ | .

Both the enthalpy of the saturated air and the enl;halpy ofj;he pé.s_e;irig ,

air are functions of the water temperature. The total driving force fovr‘the

Thw 9oeLerooooooooo_oooo:ooouo HWb+(ThW-TCW) (1)
water ' air o
T : .OOOL..OOOlOOO-OOOOOOOOO;DO.. Hwb+(T—TCW) (1)

Tcw . OO‘J.QOO.O.OOOOOOOOOOOIO’.0 Hwb
XBL695-2675

4, ;Temperatufe-enthalpy diagram for air-cooled water tower,

¥
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overall heat-transfer process is then the integral of the differences in enthalpies
with respect to temperature over the range of the water temperature.

In Flg 5, the enthalpy of the saturated air is represented by H', and the
enthalpy of the passing air by H. . Accordingly, the driving force for heat
transfer at any water temperature \is H!' - H at that température. The total
driving force for the overall heat-transfer process is represented by the |

area ABCD,

Specific
Water at any particular temperature has a certain vapor pressure. This

vapor pressure increases as the water temperature increases, Saturated air

/
, /
| H_(Hot-water temperature) A/

— Water
operating
line

|H _(Airowty D
= Air
: operating
E l line
ho _I-_i'_(_CoId-wo’rer | |
- femperafure)  _ -
P
a 'H (Airin) /‘\' I
g LR USSR |
£ l
< I Saturation curve |
w | | |
L Approach _L L Range J
I. e T_ ® I o } L2
|f ‘3 | g 2 ° *Z I 2 ‘E
i 123 122 P
58, - 128 ISE 58
l; - = lu frad L; - O I e s

Temperature (°F)
XBL695-2676

Fig. 5. Cooling-tower process heat balance.

i
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at any particular temperature contains a certain amount of water vapor
"{usually expressed as either pounds or grains of water per pound of dry air)
which is a function of the vapor pressure of water at that temperature.
The enthalpy of saturated air at any temperature is the sum of the
enthalpy of the dry air plus the enthalpy of the water vapor contained in the air.

(See Table IV.) At temperature T, enthalpies are as follows:

Enthalpy, dry air at T 0.24 T

Enthalpy, vapor-at T (1b HZO/lb air) (T)

Enthalpy, latent heat of vapor at T =(lb HZO/lb air) (HVs at T).

The enthalpies in Table IV are computed using the method given in the
following example. At 75°F the saturation partial pressure of water is

0.4298 psia. The humidity is

P M | |
Xt = W W 0.4298 18 = 0,0187 1b water/Ib air.
. p, - P, M_ 14696 - 0.4298 ~ 29

The enthalpy above 0°F is

H' = 0.0187 X 75 + 0.0187 X 105.5 + 0.24 X 75
= 39.1 Btu/1b dry air,
As stated pz;eviously, the enthalpy H of the passing a.ilr is the sum of the

enthalpy of the evntering air plus the heat taken from the water:

H = H , +(L/G(T-T_).
" The enthalpy of the entering air is generally assumed to be the enthalpy of
‘saturated air at the wet-bulb temperature of the entering air. This is not
strictly correct, but the error is small and is on the safe side for design
purposes, The heat taken fromvthe water is the difference in water tem-

perature times L/G. In the L/G ratio L is defined as the ratio of water flow

through the tower when expressed as pounds per square foot of tower ground
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Table IV, Enthalpies and humidities of air-water mixtures at 14.7 psia

Vapor
: pressure Humidity Enthalpy v3air v air + HZO
Temp. °F (psia) (1b HZO/lb air) (Btu/lb air)  (ft”/1b) (£t3/1b)

40 0.1217 0.005 15.15 12.59 12.70
45 0.1475 0.0063 17.8 12.72 12.85
50 0.1781 0.0076 20.5 12.84 13,00
55 0.2141 0.0098 23.8 12.97 13.16
60 0.2563 0.0110 26.7 13.10 . 13.33
65 0.3056 0.0130 30.4 13.23 13.51
70 0.3631 0.0160 34.5 13.35 13,69
75 0.4298 0.0187 39.1 13.48 13.88
80 0.5069 ©0.0222 44.1 13.60 14.09
85 0.5959 0.0262 50.0 13.73 14.31
90 0.6982 0.0310 56.7 13.86 14,55
95 0.8153 0.0365 64.2 13.99 14,81
100 0.9492 0.0430 72.7 14.11 15.08
105 1.1016 ~0.0503 82.5 14.24 15.39

- 110 1.2748 0.0590 93.8 14,36 15.73
115 1.4709 0.0691 106.7 14,49 16.10
120 1.6924 0.0810 121.5 14.62 16.52
125 1.9420 0.0948 138.8 14.75 16.99
130 2.2225 0.1108 158.5 14.88  17.53
135 2.5370 0.1300 181.9 15.00 18.13
140 2.8886 0.1520 208.6 15.13 18.84
145 3,2810 . 0.1810 243.8 15.26 19.64
150 3

.7180 0.2160 286.0 15.39 20.60
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area. For example, ina cvooling tower with a 24-ft square base and a water
flow rate of 1500 gal/min, we have L. = (1500) (8:3) (60)/526 = 1302. G is
defined as the rate of air flow throuéh the tower expressed as pounds per hour
per square foot of tower ground area. For example, in a cooling tower .with a
24-ft sqﬁare base and an air flow rate of 152,151 ft3/min, we have |
G =(152, 151) (60)/(13.33) (526) = 41302. L/G may be defined as the ratio of
" 1b/h of water flow to Ib/h of air flow through the tower. It is represented in
Fig. 5 by the slope of the air operating line CD, |

Modern cooling-towers are ge'nerally'induced—draft towers with the air
flowing in a counterflow or crossflow direction to the flow of the tower water.

The stream of water falling through a cooling tower is broken up by thev
tower ''fill" or packing, This fill creates sufficient water surface area to allow
the required heat transfer between the water and the air passing throughAthe
tower. The fill may consist of wood slats, plastic grid, ceramic berls, or.
other materials or shapes,

The following formula illustrates the relationships of the various factors
involved in the cooling:

Thw
N; = KaV/L = f dT/(H' - H).
TFW

Hefe Nd is the number of diffusion units required to accomplish the desired
cooling under the specified conditions and parameters. K is a heat-transfer
factor comparable to the Uc factor employed in heat-exchanger calculations.
It is expressed as 1b/h sq ft 1b/1b. a represents the water surface area
created by the fill expré.ssed .a's .sq ft of area per cﬁ ft ofv unit volume. V is the

unit volume of a diffusion unit in cu ft, T, 'is the temperature of the hot water

hw
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°F). T_ is the temperature of the cold water (°F). H' is the enthalpy of
éaturated air at temperature T (Btu/lb), H is the enthall:;y of passing air at
“ temperature T = Hwb + (L/G) (T) (Btu/lb). Hwb is the enthalpy of saturated
air at the entering wet-bulb temperature (Btu/lb). L ié the lbs/hr of water
per sq ft of tower cross-sectional area. G is the lbs/hr of air per sq ft of
tower cross-sectional area. The height of the tower fill in feet is Z = NdL/Ka;
the height of a diffusion unit is then Z/Nd feet.

Since in the differential equaf.ion, we have S dT/(H' - H) = Nd’ neither
H' nor H are given as functions of T; the equation cannot be directly integrated.
An approximation is usually made using temperature increments of 5°F and
the average values of (H' - H) for each temperature increment, (See Table V.)

The performance of a cooling tower with a specific KaV/L is affected by
the wet-bulb temperature, the gpproach, the range, and the L/G ratio.
(Altering the L/G will alter the KaV/L.) The effect of each of these factors

on the KaV/L is illustrated later,

Table V. Computation of KaV/L for 65°F wet-bulb
temperature, L/G = 1, and 10°F approach and range.

(°F) ! H aH" AHa* . AT/aH,
. 75 39.4 30,4 8.7

80 44,1 35,4 8.7 8.7 | o..575

85 50.0  40.4 9.6 9.15 0.550

KaV/L - 1.125

%
AH=H'-H
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Figure 6 is a nomograph which may be used to predict cooling-tower
performaﬁce under various operating and atmospheric conditiohé. When the
wet-bulb temperature, the range, and the cold-water temperature are known,
a straight line may be drawn through these points. If the L/G is known, a
liﬁe drawn through the L/G and pérallel to the first line will give the KaV/L,
For other operating conditions, a straight line drawn through the point
representing the new parameter and‘par'allel to the first line will give the

expected corresponding performance factors,
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Fig., 6. Nomograph of cooling-tower characteristics [From Wood and Betts,
Engineer 189 (4912), 337 (1950)].
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B. Effect of Wet-Bulb Temperature of Entering Air

In th;a example below, both towers have the same 10°F approach, 10°F
range, Ka, cross-sectional area, and L/ G = 1,

In order to dissipate the same amount of heat, the fill height of a cooling-
tower operating at a 65°F design wet-bulb temperature must be 1,125/0.793 =

1.44 times that of a tower operating at a 75°F design wet-bulb temperature.

T

Fig. 7. Enthalpy vs temperature for (A) 65°F and (B) 75°F wet-bulb
entering air,

Table VI. Computation of KaV/L for the above towers,

A = 65°F wet-bulb entering air B = 75°F wet-bulb entering air
T , T ‘
(eF) H H AH AH AT/AHa (°F) H H aH AH, YAT/AHa'
75  39.1 30.4 8.7 : - 85 50.0 39.1 140.9 .
80 44.1 35.4 8.7 8.7 0.575 90 56.7 44.1 12,6 14.75 0.425
85 50.0 40.4 9.6 9.45 0.550 95 64.2 49.1 15.1 13.85 0.368

‘KaV/L = 1.125 * KaV/L = 0.793
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C. Effect of Approach to Wet-Bulb Temperature

In the example in Fig, 8, both towers have the same 10°F range, 65°F
wet-bu_lb temperature, Ka, tower cross-~sectional area, and L/G_ = 1,

When dissipating the same amount of heat, a cooling tower maintaining a
5°F approach must hdve a tower fill height 2.633/4.121 = 2.35 times that of a

" cooling tower maintaining a 10°F approach.

r.o_ T

Fig. 8. Enthalpy vs temperature for (A) 5°F and (B) 10°F approaches.

Table VII. Computation of KaV/L for the above towers. .

A = 5°F approach B = 10°F approach
T T
(eF) H H AH AH, AT/AHa (°F) H' H AH aH AT/AHa
70 34,5 30.4 4.1 75  39.1 30.4 8.7
75  39.1 35.4 3.7 3.9 1.282 80 44.1 35.4 8.7 8.7 0.575
80 44,1 40.4 3.7 3.7 1.351 85 50.0 40.4 9.6 9.15 0,546

KaV/L = 2.633 KaV/L = 1.121
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D. Effect of Extending the Approach

In the example in Fig. 9, both towers have the same 65°F wet~-bulb tem-
" . perature, "10°F range, Ka, tower cross-sectional area, and L/G =1,
When dissipating the same amount of heat, a cooling tower maintaining a
85°F cold-water temperature (20°F approach) will require a tower fill height
of only 0.466/1.121 = 41,6% of that required by a cooling tower maintaining a

75°F cold-water temperature (10°F approach),

T

Fig. 9. Enthalpy vs temperature for (A) 75°F and (B) 85°F cold tower water,

Table VIII, Computation of KaV/L for the above towers.

A = 75°F cold tower water B = 85°F cold tower water
e .' T T
| (°F) H' H aH aH, AT/AH_ (°F) H' H aH aH, AT/aH,
75 39.1 30.4 8.7 85 50,0 30.4 19.6
80 44.1 35.4 8.7 8.7 0.575 90 56.7 35.4 21.3 20.45 0.244
85 50.0 40.4 9.6 9.15 0.546 95 64,2 40.4 23,8 22.51 0.222

KaV/L = 1.121 ‘ KaV/L =  0.466
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'E. Effect of Tower-Water Temperature Range

In the example below, both towers have the same 10°F approach, 65°F

wet-bulb temperature, Ka, tower cross-sectional area, and L/G = 1.

Fig. 10. Enthalpy vs temperature for (A) 10°F and (B) 20°F ranges.

 Table IX. Computation of KaV/L for the above towers,

A = 10°F range

T

© B = 20°F range

. T
(°F) H' H AH AH, AT/aH, (°F) H' H aH AH; aT/aH,
75  39.1 30.4 8.7 75 39.4 30.4 8.7
80 44.1 35.4 8,7 8.7 0.575 80 44.1 35.4 8.7 8.7 0.575
85 50.0 40.4 9.6 9.15  0.546 '8 50.0 40.4 9.6 9.15 0.546

KaV/L = 1.121 90 56.7 45.4 14.3 40.45 0.478
95 . 64.2 50.4 13.8 -12.55 0.398
KaV/L =

1.997
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To increase the water temperature range from 10°F to 20°F (twice the cooling
load), the tower fill height must be increased 1.997/1.121 = 178% . The efficiency
of the cooling tower in terms of heat dissipated per unit of tower fill height at the
20°F range is 1.121/(1.997/2) = 112% of that at the 10°F range, The increase
in fower efficiency with increase in range is greater at higher design wet-bulb

temperaturie (e.g., it is 119% at 75°F wet-bulb'temperature).

F. Effect of Liquid/Gas Ratio

In the example below, all towers have the same 10°F approach, 10°F

A range, 65°F wet-bulb temperature, Ka, and tower cross-sectional area.

>

Fig. 11. Enthalpy vs temperature for (A) L/G = 1, KaV/L = 1. 24, (B) L/G
= 1.5 and(C)L/G 0.5. _
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Table X. Computation of KaV/L for the preceding tower,

(B) L/G = 1.5 (C) L/G = 0.5
T . T
(°F) H' H AH AH; AT/AH; (°F) H! H AH AH; AT/aHz
75 39.1 30.4 8.7 _ 75 39.4 30.4 8.7
80 44.1 37.9 6.2 7.45 0.671 80 44.1 32.9 11.2 9.95 0.503
85  50.0 45.4 4.6 5.4 0.926 85 50.0 35.1 14.9 13.05 0.383
KaV/L = 1,597 KaV/L = 0.886

For a tower with a L/G ratio of 1 as a base and a constant water flow (L),
doubling the air flow (L/G = 0.5) will decrease the tower fill height required by
(1.121-0.886)/1.121 = 26.,5%. Decreasing the air flow by one-third (L/G = 1.5)

will increase the fill height required by (1.597 = 1.121)/1.121 = 42.5 %.

G. Effect of Operating Control

In order to vividly illustrate the economic effect brought about by poor

control of cooling-water temperature and cooling~-water flow through equipment,

the following analysis is made of actual operating conditions.
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Table XI. Comparison of actual and design parameters for a cooling system.

Design Actual
Entering air temperature (° F) 65°F wet bulb 67°F wet bulb
95°F dry bulb 95°F dry bulb
Cold tower-water temperature (°F) 75 70 |
Hot tower-water temperature (°F) 85 72
Approach (°F) 10 3
Range (°F) 10 2
Cold LCW temperature (°F) 85 72
Hot LCW temperature (°F) 97.35 75
Cost - tower and fans only ( $/kW) 12.96 64.80
Cost - heat exchangers ( $/kW) 11.42 - 57.11
Total tower and fan cost ( $/4 .MW) 51840 259200
Total heat-exchanger cost ( $/4 MW) 45 691 228 455

Basis of figures:
Design heat dissipation is 4 MW = 4000 kW,
‘Actual heat dissipation is (72 - 70) (4)/(85 - 75) = 0..8 MW = 800 kW,
Cost of tow.er and fans is $51 840, |
Cost/kW tower and fans under design conditions is $51 840/4000 = $12.96/kW.
Cost/kW tower and fans actually is $51840/800 = $64.80/kW.

.Cost for 4 MW tower and fans under actual conditions is (64.,80) (4000)
= $259200. v ' :
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Q=UAAT_, A=0Q/Ua T

U = 150

i

Q =(4 MW) (3 413 600) = 43652 000 Btu/h

Design ATm ={(97.35-85) -- (85-75))/Ln(97,35-85)/(85-75) = 12,35‘?F‘

A = 13652000/(150)(12.35) = 7369.5 sq ft

Cost of heat exchangers at $6.20/sq ft is (6.20)(7369.5) = $ 45 691
Design cost/kW of exchangers is $45 691/4000 = $14. 42 /k W

Cost/kW of exchangers actually is $45 69 1/800 = $57.41/kW

Cost of 4 MW of exchangers unde; actual conditions is ($5 7.11) (4000) =

$228 455,

Actual
H

Design

T

Fig. 12. Enthalpy vs temperature under design and actual conditions.

w
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H. Effect of Relocation on the Performanée of an E};:isting Tower

The following are design parameters for a 12-MW coojling tower used for

cooling é_xperimental magnets at the Brookhaven National Laboratory.

Hot water temperature
Cold water temperature

Wet-bulb temperature

Approach = 85 - 78

Range = 131 - 85

L

G

L/G = 1565/2450

Fan motor horsepower

1

131°F
85°F
78°F
7°F

46°F

= 1565 lbs/hr of water per.sq ft

= 2450 lbs/hr of air per sq ft

35

0.639

Table XII. Calculation of KaV/L for tower under
Brookhaven design parameters, '

(°F) H!' H AH AH AT/AHa
85 50.0 42,000 8.000
90 56.7 45,195 11.505 9.260  0.5399
95 64.2 48,350  15.820  13.665  0.3658
100 72.7 54.585  24.115 18.468 . 0,2707
105 82.5 54,780  27.720  24.418 - 0.2447
110 1 93.8 57.975 35.825.  31.773 0.1573
115 106.7 61.170  45.530  40.678 - 0.1229
120 121.5  64.365  53.935 = 50.233  0.0995
125 138.8  67.560  74.240  62.588  0.0798
131 4625 © 70,755 94,745 84,745  0.0674
' KaV/L = 1.908
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Relocating this tower to operate under Berkeley design parameters (65°F

design wet-bulb temperature and 10°F approach) would give the values shown

' in Table XIIL

Table XIII, Calculation of KaV/L for tower under
Berkeley design parameters

T .
(°F) H! H AH AH, AT/AHa
75 39.1 30.400 8.700
80 44,1 33.595 10,505 9.605 0.5206
85 50.0 36.790 13.210 11,858 0.4216
90 56.7 39.985 16.715 14.963 0.3341
95 64.2 43.180 21.020 18.888 0.2649
100 72.7 46.375 26.325 23.673 0.2112
105 82.5 49.570  32.930 29.628 0.1687
KaV/L = 1.9211

The range is now approximately (105 -~ 75) = 30°F, The heat dissipated is
30/46 = 65.2% of that dissipated at Brookhaven. The costin $/kW is = 1/0.652
~ 153%of the cost at Brookhaven, |

If this tower were relocated to operate under conditions of 65°F design
wet-bulb temperature and a 20°F approach (same 85°F ¢old=water temperature
as at Brookhave>n),_ KaV/L would need to be only 1.20 to yield the same 46°F
range. Therefore the tower fill required need be onlf 1.20/1,908 = 62.9% of that
at Brookhaven, If this tower were relocated to operate under conditions of 65°F
design wet-bulb temperature and a 15°F approach (80°F cold-water temperature),
the range would be extended to 100°F for the same KaV/L. The heat dissipated
would then be 100/46 = 247% of that at Brookhaven. The cost ( $/kW) is 1/2.17

= 46% of the cost ( $/kW) at Brookhaven.
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The following prices (1967) are based on 79°F wet-bulb temperature and

a 12°F range:

Table XIV. 4-MW cooling tower

Circulation tw .

(gpm)
Fan HP
Size (sq. ft.)

Cost (no basin)

9°F approach

2260

2x 20
384

$11500

7°F approach

2260

2X 25
960 .

$14 000

5°F approach

2260

2 X 25
960 (more fill)

$15500

Table XV, 12-MW cooling tower

9°F approach

7°F approach

5°F approach

Fan hp 70 926 124

Size {sq. ft.) 1300 1700 2200

Cost (no basin) $28500 $37 000 $48 000

Table XVI. Effect of consolidation
3X 4 MW 12 MW Difference

9°F approach $34500 $28500 + $6 000
7°F approach $42 000 - $37000 + $5 000
5°F approach $46 500 $48 000 - $1500




-38- UCRL-18837

Larger size cooling towers are derated at lower approach temperatures
because of (1) the increased air requirements at lower approaches as evidenced
in the tables by the higher fan horsepower requirements, and (2) by the

decreased air intake area, viz.

@g‘ 4-NW tower (2 2-NW cells)

Each cell can receive air from three sides.

O 12-MW tower (six 2-MW cells)

Ol0 Four cells have 2 sides,
Q|00 Two cells have one side.

Because of the additional costs of long lengths of large piping, etc., we have
found that in each case there is an optimum degree of cooling system central-

..ization which is economically feasible.
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Iv. EFFECT OF TEMPERATURE ON MAGNET OPERATING COSTS

‘Electric PoWer Costs .

- Magnet electrlc power cost is 81gn1f1cantly less at lower magnet ternpera-
t‘u’res. The field created by an electr omagnet is proportlonal to the current '
in the coils. The electrle power requlred for thls field is proport10na1 to the
coil vreeistanee. The resistance,of-the coilsﬂi‘ncr"eases as their"temperature.
i'nc:reas‘es'.in aecordance with RZ/Ri = (T + tz)\/‘(T + t'l).’." Where Ri is the coil

is the coil resistance at temperature

fresistanc'e at temperature t1 (°C); R2

tz.(°-C),v and T = 234.5 for co'pper'.
For example, in a systern usmg copper magnet c01ls with a 85°F coohng—
water supply temperature and a 10°F temperature range, ty is 85 + 10/2 |
=90°F =.32,22°C (average) Using this same system with a 95 °F coohng-k:vaté'r
supply temperature and a 10°F temperature range, t is 95 + '10/2 100°F
= 37.v78°C;‘(ave.rage). R, is then R, (234.5 + .37.-78)/(234.5l‘+ 32.22)\ =1,02 R

Let the power cost at temperature t

1

, be $0.009/kWh = $78,84/kW-year;

i, e., 1kW at temperature t, costs $78.84 per year., The power cost for the:

1
same current at temperature t2 is (1.02) ($78.v84) = $80.42 per year. The

increase in power cost at temperature t. is $80..42 - $78.84 = $1.58 per year

2
= $15.80 for ten years, ‘

Magnet Insulatlon Life

 The 11fe of electric motor insulation is doubled for each 10°C 10wer1ng of
" the temperature.\ W_e can assume magnet insulation life 1s‘vs1m11arly extended.
New inorganic insulation and rapid magnet obsolescence may render this | B

extension of life insignificant.
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Magnet Power Supplies
Magnet power supplies (particularly solid-state rectifiers and regulati_n’g
. equipment) may require lower operating temperatures than can be obtained
from coéling towers, .This may necessitate the use of chilling equipment.
Such use increases the cost of cooling considerably; The cooling-water
temperature is fnaintained sufficiently low at the Lawrence Radiatién Laboratory

so as to eliminate the need for chillers,

Magnetic -Field Control

As the temperature varies, there must be voltage revgulation to maintain

a steady current and thus a sfeady magnetic field,
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V. HEAT EXCHANGERS

. The heat-transfer area required a.n'dv, he_‘nee,. the costv ,Of heat exchangers
is de_te rmined By'( 1) the‘céoliln_g load; '(.2) the,overall hear-rrehsfer coefficient,
and ( 3.)'the driving_ _-f‘orce' bi'i_nging ab_ouf the }_reat transfe/r (i. ‘e. the.mean loga-
rithmic temperature diff_erenc'e between the cooling wafer and the'water being
eoo'led.). Appendix H lists heat-exchanger eosts ($/kW) versus,ceoling loads
(MW) for ;farious rnean.‘ 1ogarithmic temperature 'dif‘ference:s.v An overall heat-
transfer coefficient of 450 is assumed. |

- For cooling lov;—conduétivify water with tower water, _:we prefer atmospheric
hea‘s exeharigers ?inste.lled in a c.oili-shed cooiingetower.  This fype of rnstalle-
.ti(.)n‘ requires no ground are_a beyond that reeluired for the eeoling tower. " The
exchanger tubes can be examined for scaie at any time_,’ arrd’they can be cleaned
easily and effectively Witﬁbut the _e'xpense of disassembly of the equipment.
The're i_s: some vevidence. thai? this type of heat ex_changer has a little greater
overall heat-transfer coefficient than the tube—and-sheli'heat eXChangers In
some parts of the country, freezlng weather may render this type .of heat-
exchange equlprnent less des1rable |

-U-tube type shell- and tube heat exchangers are cheaper than other types
- since only one tube- sheet is required, We do not recommend them They are
§e ry d1ff1cu1t to clean, »and there have been many reports of tube failures in
the region of the tube bends, |

I fi,xede-tube-sheet: tyjﬁe shellv—»and’-i.:l‘:l_be heat exrc‘:lfrangervs are to be used in
coolingvlo.w-condu'ctiv.if‘y Water" Wlth _tswer W.a',ter, -th'e l'ow-c::onduc.-:ti;rity water '
.sho,uld' b'e‘éi'rculated_ th’r'oli.gh‘ the s-H‘ell_'_ side and thev_tswer-‘-v'va'.ter. th'vrough the

_tube side of the exchanger.v This arrangement permits cleaning of the
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tower-water s.ide. of the heat exchanger where most of the foulihg will occur.

‘Since the low-'couductivity water cannot. contain corrosion inhiblting chemicals.

because of conductivity .req'uirements, the. heat exchanger shell must be made

.of 'c:orrosli,on-resi:stant material such as copper or stai‘nless steel'. |
Floating-head type shell-and-tube heat eichaugers permit-reasonably'

_simple disaesembly and cleanlngb : 'l‘hey.also‘ allow for the expausion and\

contractlon brought about by varlatlons 1vn temperature With ’this type of heat

‘exchanger, it is preferable to c1rculate the low-conduct1v1ty water through ’

: the tube 51de and the tower water through the shell side of the exchanger

'I_'h1s ehmmates the nece351ty of-us;ng expenswe corr031on-reelstantvmaterials

' for the shell. |

Souare—pitch tube bundles are éasier tov clean than triangular pit.chv bundles..

. They are'slightly more expensive, |

The materials to be used in a heat exchanger depeud to a large extent upon

' . the materiale used in the rernainder of the closed-circuit sy:stemb. Where |

low-.conductiv‘ity.water passes through the tube side, we have found that

’admiralty met'al or stainless steel tubes and steel shells, tubei sheets, - and

headers are satlsfactory provided those parts Wthh contact the low- conduct1v1ty

.water are effectlvely coated Effect1ve coatlngs 1nclude polyv1nyl chlorlde and

some of the phenollc -based resins, Their use is much cheapelr than the use of

all stamless steel or all copper heat ‘exchangers, and they are. Just as effective.
Ethylene glycol-water solutlons are often used in ch1lled water systems.

They should not be used where the chllled water is used to cool domestlc

water, Ethylene glycol 1s_ex’trerne_ly po1sonous (vide U. S-, Food and Drug -

Administration, elixir of sulfanilimide incident - 114 deaths from ethylene
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glycol*). Any leakage in heat-exché.nge equipment could be.' very hazé,rdous.
(In ani_ gctual incident, the head of a heat exchanger used fof this identical
pu-rpoSe cracked from freezing.) The general practice of the food, drug, and
: Acosmeitic industry is to use the nontoxic propylené glycol-water solutions to

cool domestic water,

* ' . ' '

‘Administrative Report of the Food Law Institute, 1907-1949, (Commerce
Clearing House Institute, Inc., New York, N. Y., 1951), pp. 904, 910,
946, and 1057. : '
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VI. LOW-CONDUCTIVITY WATER SYSTEM

A, Piping Materials

The following conclusions are based on the results of materials testing

and on some twenty years of experience at accelerator laboratories.

Aluminum

Pure aluminum forms a protective coating of aluminum oxide. It has been
used successfully for years as the piping material in low-conductivity-water
' and distilled-water systems,

For strength, larger sizes of aluminum pipe must be alloyed. Aluminum
alloys contain both anodic and cathodic areas. Because of this, the aircraft
industry formerly experienced considerable trouble with alumi_num-alloy
corrosion, This was alleviated by the use of ''alclad' material (a.lun‘linu_m
alloy with a surface coating of pure aluminum); At this time, we have no
knowledge of the pure aluminum surface coating of large pipe.

Aluminum-~alloy piping is used with certain dégreés of success in accél-
erator low-conductivity water systems consisting of no other metals than
aluminum, stainless steel, and(or) nickel. The aluminum alloy of choice is
6061-T6. Alloy 6063 is not as satisfactory, and alloy 3003 is much léss
satisfactory., These conclusions are based on the results of ASTM coupon
Vtests made on a number of different aluminum alloys., These tests were
| conducted simultaneously in independent low-conductivity water systems. The
resﬁlts were identical. o

';.[‘he welding of aluminum pipe must be done by the inert-gas-heliarc

process which requires experienced welders and special equipment,
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. Buried alﬁminum pipe should be adeqﬁately coated or Wrapped to érevént
' corrpsion. Any pinhole in this coating will leéd to rapid déterioration of the.
pipe at the point of the pinhole. Aluminum structures should not be buried
in concrete,
Coppér_
" In general, cop’per‘is probably the metal bf'choice for use with accelerator
"low-cdnductiv'ity W'a.te'r'sy‘stevms, | |
There have béeﬁ reports that copper is unsuita,B_le fo.r.use'where thé cionv-
“ductivity of the water must be maintained below 5 Hmho/cm. Past éxpervience
does not bear this out. Copper low-co.nductivity Wate'i' syétems have operated
. trouble -free fo:p many years where the conductivity of the water was maintained
well below 1 uymho/cm, | |
" The expense and limited availability will probably rule out any, extensive
_ﬁse of copper piping larger than about 4 in, nominal size.
Care should be taken in the selection of the solder to be used.v Generally,
95-5 silver solder or brazing have proved the most successful, Zinc-brass
fittings should be avoided. 'Copp'er will deteriorate rapidly in the presence

of ammonia,

Iron, Ste'el, Galvanized Steel, and Cast Iron

Iron, steel, or cast iron, as such, are not suitaBle fo‘r use in low=
conductivitir water systems, They deferiorate rapidly, the conductivity of
‘the water is raised, and the cor_rosion products plug .small lines, orifices,
and equipment, |

Galvanized steel has no place in 1ow-condﬁ¢tivity water systems, The. -

zinc, being a sacrificial metal, passes into solution rapidly and raises the
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conductivi’ty of the water. The remaining steel will act as described above.
‘Some laboratories have coated the inside of steel pipe with various inert
materials. We await further reports as to the functioﬁal and economic suif—
‘ability of such a procedure,
We have féund thét steel tanks coated with polyvinyl'chloride are very
o éatisfactory‘ fof_use in low-conductivity water systems. In fegai'd to coating,
',probably the most important part is the surface preparation, If the coating is
- to ﬁbe succészul, it is absoiutely mandatory that the maﬁnufacturer"s instfuc-
tions be rigidly adhered to,
PhosPhc.J‘-»nickel nonelectrolytic coating of cast-iron pumps and valves

has proven reasonably succeéssful in low-conductivity water systems'.'

- Stainless Steels

The 400 seriés (martensitic or cutlery s_eries) stainless steels sé.crificé
- corrosion resistance for the ability to be tempére‘d and are not applicable for
~use in low-conductivity water piping systemé. ~ The 300 series (austenitic or |
so-called nonmagnetic series) have been used Successfﬁ.lly in many accelerator
applications. The basic pipe material is 304(18-8) stainles-s steel., One
difficulty with this material is the ténden’cy of the carbon which is present to
co.mbine with the chronium, thus removing it from the alloy as ;chronium
carbide. This destfoys much of the alloy's corrosion'resis_‘taﬁc'e_ T_his problér_n
can be>a11eviated by ﬁsing-. the expensive ELC (extra low carbon)_.sta,inless steels
or by adding something to the alloy which vﬁll 'pr'efevrentialljr cor;nbine with thé
~ carbon, thus stopping the chromium carbide fqrfﬁation. . Two of these suB-
stances are rhdlybdenum and niobium (columbium), and the co'rre.s'pbnding

“alloys are 18-8 Mo (316) and 18-8 Nb (347). Probably the allof of choice as
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far as cor;rosion resistance is concerned is 316, which is zq;uite a bit more
expensive thé.n 304, Other 300 series alloys such as 302 are used because of
'machinability, etc. They do not have as much corrosion resistance,

The corrosion resistance of stainless steel arises frdfn an onide film a
."f'ew molecules thiék which forms on the surface of‘ the alloy. If this film is -
. removed (e;_g. -with hydrochloric .acid) and the alloy. is immedia:i:'ely placed in
vWater, it ‘'will rust liké ordinary steel, However, if the allé)y is,i-insed and
allowed to stan_d in air for a short time, the p'rote’ctive coating Will reform.

There is little problem ofpote_ntiai-difference corrosioﬁ when stainless
steei is used with other metals. '

Weldiﬁg of stainless steel can present a number of problems‘.” .Bet‘:weén'
800 a;nd 1500°F, the components of the alloy (particula‘rly thev carbon) drop
~out of solution, This leads to intragranu_.lar corrosion adjaéén_t to.the weld. .
These components will redissolve at a higher tempe‘rature;,‘ and small pieces
of stéinless steei which have been welded are passivated ﬁy.heating them to
200v0°F and then rapidly cooling them, Obviously,‘ such a procedure is not
practical with long lengths of large pipe. The welding should bev cv:é.rried:out‘
| in an inert .atmOSphere. © The problem of the separation of componenté can be
, a.lleviated By the use of the. expensive ELC alloys and by rapid welding. (The
separation is time-dependent.) Care should be taken to assure that the weld
on the inside of the i)iPe is smooth and cc)nfinuou's.or, otherv_vi‘se, crevice |
corrosion mé.y occur., | |

In low-pressure, low-conductiﬁty Qater systems where radiatioh is no
problem, stainless steel piping can be joined easily and effectively through the

use of clamp-on neoprene or rubber couplings.
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Glass, Polyvinyl Chloride, Polyethylene, and Polypropylene

These subsfances are inert and are-unaffected by other materials in the
system. Most of them have a limited pressure rating, and in some cases, as
with polyvinyl chloride, a limited temperature ratingv, Where pressure,
radiation, tempe;ature, and size limitationsv are not factors, these materials

have proven quite satisfactory and very economical,

Epoxy-Lined Cement-Asbestos

: ‘Epoxy-lined cement-asbestos i)ipe, ‘installed within the préssure rating
and in accordance with the manufacturver‘_s recommendations, éives satisfactory
results when used in low=~conductivity water systems,

Buried pipe should stop about five feet from the excavations for foundations
with a transition piece continuing from that point, This transition piece is
needed to absorb the bsheer stresses that may dévelop near the foun'datiofxs.

This pipe is more brittle than metallic pipe and will rupture if, for

example, it is struck by a fork-lift truck or subjected to severe water hammer,

Epoxy-Impregnated Fiberglass

This piping can be obtained with a preséure rating of 300 p#i pulse pressure
and 450 psi ste.ady,pressure. There is no problem of corrosion arising from
.poténtial diffel;ence'. The material is inert and the cheapest of the materials
considered. Work needs to be undertaken to seé how this material withstands
radiation, If it is not adversely affected by radiation, it appears to be an

excellent material for use in low-cbnductivity water systems.,

Rubber, Neoprene and Elastoids

Exercise care in using rubber-lined valves or similar equipment in low-

conductivity water systems, Some of these materials are slightly porous and
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contain entrapped salts., Osmotic pressure will force water into the interior -
of the material causing it to swell and(or) rupture. Also some of the rubbers

will harden under radiation;

Polymetallic Systems

In general, it is poor poliey to civrculate low-conductivity water through
i)olytnetallic systems, It is particularly poor to use a system' eons.i‘sting_of
aluminumand conper where there is a petential difference between the metals
of over two volts. | o

Where the lqw-condlictivity water is used to cool accelerator magnetS', -
. the problem of potential difference cannot be solved hylsimpl'y a.dding insulators
to separate‘ the different metals. The IR drop through each hydraullc c1rcu1t
- in the magnet coil renders one end of: the circuit conside rably more pos1t1ve :
"in potential than the other, This positive potent1ai forces copper ions into
solution in the 1ow-conducltivity 'Wafter.v‘ (This 1s evidenced by‘th_e eating av;/ay
- of the 'COnne'ction's to the copper coil. See Fig.‘ 13.) These c‘ol..)vper iens will
~plate out v.vhence.ntac_:ting a metal such as ‘alnminufn. The. alurninum, in turn

: Mog_net electric
power supply

+ |- , .

' < — T < - Hydraulic circuit
Low- Return X volfs/ : of magnet coi!y
conductivity . ~ Insulators : .
water Supply }_‘ : S Magnet TR=8V

T xev—"

 XBL695-2679

' Fig. 13, Electrolytic corrosion, A potential across the magnet will cause’
deter1orat10n of the copper pipe at p01nt A, : : :
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is oxidized to aluminum ions which combine with water to form gelatinous
~ aluminum compounds. This gelatinous material has caused much trouble at .
some accelerator installations by plugging orifices, regulating equipment,

small lines, etc,

B. Factors Influencing Pipe Deterioration

Effect of Radie,tion on Piping Materials

In generel, the effect of radiation on metals resembles that of cold rolling
the, rﬁetals. Radiation affects organic materials about a thousand foid more
‘than rneta;lsv. Synthetic organic produc'tsv are affected moi'e then natural

produets. The ionization of organic material by radiation generally results

in the cross-linking of the long polymer chains. This results in both a toughen-

ing and an increase in the brittleness of the material, Sometimes the material
is destroyed. Positive information concerning the effect of radiation on a

~ particular material should be obtained through empirical testing,

Effect of a. Magnetic Field on Piping

The effect of a magnetlc field on metal pipe is shown in Flg. 14 Care '

, must be taken to insure that the metallic pipe installed within the magnetic-_
field of an acceleratorhis well groundeci. vThis is particularly true where the
1ow—eo.ndectivit3} water piping runs a circular path pafaliel to the path of the
accelerater magnets. The rising and collap‘sin.g magnetic‘ field of the accel.-
ei'ator magnets will induce a current in the piping if steps are 'nqt_‘taken to

" ground the piping at frequent intervals, For example, | at one proton a.ccelera-

tor, the main loop of the low- conduct1v1ty water system was made up of two

dlfferent metals (aluminum and copper), These metals were isolated from}
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Low-conductivity
water '

Rising and falling
magnetic field

<=~->— Insulators

S

XBLE95-2680

Fig. 14 Effect of magnetic fleld on p1p1ng An accidental ground at A can
1nduce a dangerous current at B v

.each other by insulaﬁng materials. As a result, a portion of the piping
containing one of these metals was 'v'flvoating” electrically, When one fend of
this portion of piping was grounded accidentally, a current amounting to 5 to
7 V and 1 kA was observed. It was.necessaryr to ground this portion of piping

at frequeni: intervals to prevent this dangerous current buildup.

Effect of Electrical Potential on Metal Oxidation

Figure 15 illustr'ates how metallic components are oxidized by electrical
potential It represents a portlon of the equipment used in a physics experlment ’

performed at Cory Hall Umver51ty of Callforma Berkeley.
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The magnét has an even dc pote'n_tial gradiént from + 50 V at one .en‘d to

"-50 V at the other, It is cooled by evenly Spacéd'pérailel copp;ar water cir-

cuits. Each circuit is insulated from the cooling-w'at'e_f supply header by a

" length of clear:pla,stic' tubing. The amount. of copper oxide deposited at the .

junctions of the plastic and copper tubing app'ears to be ‘jc'lir'ectly"Is-ropoi"tional‘

to the positive potential impressed on the particular piece of -cobper' tubing, =
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VII. DEMINERALIZED WATER

Description

The ferm "low-conductivity water" (LCW) is used to designate water
“which has be_eﬁ “demineralized” or ''deionized". This water is most generally
used vat accelérator laboratories for cooling é;e»c.trical or electr’oﬁic équipment :
where it is necessafy to keep the electrical reéistance of the cooling média
at abbut_-"lMﬂ-cfn. This 'wa.t'er. is also used for purposes whére a very low
chemicai content is required (e. g., photographic ‘development processes and
* plating 'proéesses).‘

"E'Deio.rvlized'- water' and demineralized water" are .synony‘mous terms used
to designate water from which all ions other than those créated 'by the dis v-_b :
sociation of water have bee_n remox/;ed. Theoretically, dei;)nized water will
contain dissolved substances which are not ionized (e.g., sugér and other
organic ‘comvpounds'). P-ral.ctic;all'y, déionized water is usually quite free qf
‘thése 'rioni_oniéed matérials, since the water supply to the demineralize.r- does’
not usually contain nonionized material in any significant émount, |

The ptirity of demineralized water i‘s. expreséed in many ways including:

. ( 1) pa,r.ts per million in terms of pounds of sodium chloride expre s'se;'_d as ‘cval-
cium carbbnate per pound of.\;vater, {2) .resisti_v“ity in terms of megohmé—
- centimeter, ’_and (3) cdnductivify in terms of micrthos/centimeter. 'The
degree dffwafer purit‘yv when expressed in'tex‘.‘ms of 'megohms‘—centimeter or
: micr‘omhos/ce‘n;:ime‘ter is the re_s.istanC'e or the -conductanc’:e, re’spectix)ely,
of that ‘am’ount of water contéined Bet:v{zeen‘two '14-cm2 pla'te's 1 cﬁ apart_'.. |
.The': ‘fesistance or c'o_nd-uct_ahce_ of the water is d_etefmined.by the currenf_

flow and, hence, the movement of ions through the water, V Aécordingly, :



-54- _ : '~ UCRL-18837

the values of tfxe resistance or conductance are deterrhined bjr (1) the .con-:
centration of the ions; (2) the mobility of these ions (determined by the transport
. humber, ’ mass;, -charge, and typés of ions); and (3) the viscosity of the media
.(c_lete rmined by the tefnperature .of tﬁe water). Although the reiationship between
the conductance and the. concentration is modified by the types of ions present
and by.the_ tem’berature of the‘ water, many people use the com’fersion formula,
2.5 X ppm (iﬁ terms of NaCl ex_pr.essed as CaCQ3) = micromh"os/cm" as an

approximation}for quick field estimating.

Preparation -

Water is deionized by a process designated as 'ion exchange'. In this
process, certé.inL chemical substances (ion-excha.ngé resins) r‘evm_ove thése
ioné-present iﬁ the water and substitﬁte in their place another kind of ion,

,The'ion-eichange resins which exchange posit:ive ions are called cation
‘ reéins, Catio_hs are those ions which migrate to the cathode. '_'_During the
regeneration éycle; the cation resins may be chaf-ged with either sédium ions
“or hydrogen ions, . The correspondihg ion-exchange ptécesses‘are'refe.rred‘.
to as the ”sodium éycle" p‘roééss or. the "Hydrogeﬁ cycleAl' prbc_ess, respectively,
Domestic water softeners contain cation resins charged with S(:)diulzr.l. ions. -
Du—ringb the water softening process, these resins remove éalciﬁﬁxr and magnesium
ions from the v‘water and substitute sodium ions in their plé,ce.. (Calciufn ahd
rﬁagnesium ions are the principal source of hq,rdness in wa_ter.)

Cation resins ch.a,rged with hydrogen iéns fe'move all p&sitiv_e ions.'fro.m
the water and substitute hydrogen ions in their -Ilzflaéé. :_'I‘hey are'lm'os't éeﬁerall?

used in conjunction with anion resins in the deionization process.
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The‘i'on—excharige resins which exchange negative ions are called anion .
resins, Anions are those ions whrch: migrate to the anode. Strong-base |
“anion resins are usually charged with hydroxyl ions during‘ the regeneration '
'process. . The resins so regenerated‘ remove all negative iohsv from the water‘.
and subetitute hydroxyl ions in their .place.v |
f"Weak base' resins are usually regenerated wi.th‘cher:nical"s other thanv" '
the strong acids or sodium hydroxide. They are generally used either in an
intermediate step in the demiueralizatron process or in ap‘plications where.'
complete removal of all ions from the water is not required, They are more
economical thah ‘the. strong base resins for theee certain applicatior_;s; Geherally,
they are notv too applicable for use in the low—oonductivi'ty%water sYstems for
acce‘.ler‘ators. |
) Wate?r is deionized:in units usuaily designated as deiohizere, demineralizers,
- ion-—exchatnge units, | etc. These units contain both cation éﬁd anion re'sine.
' | These two types of resins may be mixed together in a single bed (mixed?bed
unit) or he'used separately and consecutirfely in separate beds (two-bed or
' vrnulti-bed. unvits). | |
In the noixed—bed unit, the two types of resins are thoroughly and intim}ate‘ly.
rhixed together except durihg'the regéneration process. The water passing
through the unit seee a multiplicity of cation~- and anion-e;;chenge processes'
as though the water were pa551ng through many small demlnerahzers Because -
of thlS‘ ‘the effluent water from a m1xed bed umt has a rnuch hlgher purlty than :
that obtained from a two-bed or n_lultl-bed unit, There is, accordingly, a h
shorter period hetWeen rege_ri‘e.rations“; After separati‘on,'the resins in a
mixed-bed unit may be regenerated either consecutlvely or s1mu1taneously

A better regeneratlon is obtained by the consecutlve method but thls method
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requires more time to carry out the regeneration, ‘With automatic and semi-
automatié ﬁnits, this added time may not be significant in terms of the man-
hours of labor expended. The conductivity of the effluent wafei' from a mixed-.
- . bed unit éhould be in the .range of 0.4 to 0.5 pmho/cm,

In thé two-;bed and multi-bed units, the water generally pa.sses thréugh the
- cation bed first, then through the anion bed. As a rgsult, the water between
the cétion bed and the anion bed is quite acid. Sometimes a degas sifier ié

' flaced between the beds to remove. carbon dioxide from the waier, thus easing
the .l.oad _on'thé anion bed. The effluent water from a two —bed'ér multi-bed

unit will be from 1 or less to 5 pmho/cm, |

The :capaéity of the resins is ion capacity, Accoi‘dingly, the amount of -
water that an ion éxchangé unit can demineralize between regenerations depends
‘on both the quantity of water processéd and the concentration of ions in‘this
water, Whenv the resins have reaéhéd their exchange ca.pa,city,f they must be
regenerated. .

Normally, the resiné hold the larger ions and the multivalent ions more
securely‘i thaﬁ the hydrogen (or hydro#yl) ions. This fact makes thé ion-=.
exchange prdcess possible, The larger ions in the w’ater'replacéd the loosely
held hydfogep (or hydroxyl) ions in the resins. The hydfogen ions from the -
cation resins and the hydroxyl ions from the anion resiﬁs.pasé into the wéterj
and combi‘ne to form more water. Regeneraﬁon of 1':he resins is accomplished
by the épplication of -the mass law. By applying an'overwhelrﬁiﬁg co.ncentfa',tion
of. hydrogen (61‘ hydroxyl) ions, the normal procv:e‘ss is caused to proceed in -
the reverse direction, 4so. that these ions feplace tirle ofher ion.vs. now held by"

~ the resins., These other ions are passed to waste,
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Regeneration of the anion-exchange resins is a 'str_aightforw'ar'd process
involving (1) backwashing of the resins to remove sediment and(or) other
extraneous material, (2) passing a concentrated solution of sodium hydroxide
through the resin bed, and (3) énd (4) a slow and a fast rinse to remove the
chemicals not taken up by‘the resin'bed..v

Cation resins are vregéneratedb‘in several wé.ys. When the resins are
employed in the '.'hydroge‘n cycle" provces‘s, th'el resins aré ‘regenerated with
either hydrochloric acid or sulphuric a‘cid.' The actual r'egeheratiofl procedure

consists of {1) backwashing, (2) passing a concentrated soluti(;n of. acid through
the resins, and (3) and_('4) a slow and a fast rinse, Hydrochloric acid mé,y be
used for regene rati'on in an effecfive c;oncentratién (~ 10%) without the danger

of c_logging the resin bed which is present when sulphuric acid is used. The
higher cost of hydro‘chlorvic acid coubled with the .ha.ndling of the large Voiume

“of this écid needed for regeneration, howevér,_ predisﬁoses toward the use of
sulphuvric:a'cid. When the positive ions in the water .s'upply' to the demineralizer
is co_mp,osed‘ of 20% or more of calcium ions, the coﬁcent;-ation of the regénerant_
: sulphurvic‘: acid lmust be képt down in the fgnge of 2%. - Above this concentration,
there is a precipiltat'ion of the sparingly soluble calcium sﬁlphé.te.. I__t is thié

v calcium sulpha}te which clogs the resin bed,A coats the resins, an:d thus reduces
the exchange. capacity of the unit. A "sodium cyclei' .anter softener placed
‘ahead of the demineralizer will re‘p_lace the calcium ions in the Wafer supply w1th
sodium ions. This will remove :the problem of c_al}cium"sulphate formatién and
allow a higher, more éfféctive conq'éntraﬁon' of s‘uiphuric acid to be used.

’We;'a__dvise_ continuously recycling some of the recircﬁlatéd §vater from.the |
main sy“stem 1001.3 in order to remo'vé.'those ’ions bini:'l.'éc.l.u'ced into» th‘é syStem by

electrolysis or mechanical contamination. The amount of recycle is a matter -
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- of jud:gment debendin’g upon-fhe de.'gree‘ of wafer purity desired and the amount
of contaminetiOn expected to:be i'n‘t’roduced by the lvow-'conductiv"ity water sys- |
tem c-ompendents.'.' We have found that a recycle rate .ameunting to 1 to 2% of
the total"r‘e‘cifculvatidu rate .of the rbein system lbop' will rhaintein a satisfe.ctory
| ’water ‘purity‘ | |

Problems may arise due to the charactervof the water supply or to the

: particular conditions of use of the low- conduct1v1ty water system These |
.problems 1nclude (1) water hardness and bed fouling due to hlgh content of
“iron in the water supply, (2) fouling of the beds and "31l1ca break through”

due to a hlgh s111ca content in the water supply, (3) d1ff1cu1ty in removmg
unusually hlgh:quantltles ‘of carbon dioxide, (4) bed fouling due vtc_> 511t in the

water supply, vand (5) bed fouling due to: particular ions forced into the low-

' conductivify’ water by electrical potential, High-efficiency filters, degassifiers,"

etc. are available to deal with many of these problefns.
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. VIL WATER-PRESSURE LOSS THROUGH MAGNET COOLING COILS

(:}en:é.rélly,‘ the. loss of water pressure through rhaénéf coc.)vling.-coils. at
LRL does not exceed 50 to 75 psi at de_sign'wate_r flow, in\/[ost magnets (except
for a few used for special pui’poses)éan, through prOpér sizing of coil 'water
passages and paralleling of water circuits, be'desighed t_6 meet these pressure
loss ‘ limitations . | | |

o Wé believe these prvessutre fldss limitations Should be maintained if
possible fof the following reasoﬁ_s: |

11. 'Comparatively low-head pumps and standard—Weight pipe and fittings .

.can be usedbin‘ the low-conductivity water systerh. Thel capital cost
ié, accordingly, less fhan that of a éYstem where‘hAi’gh-'pre.s_sure
bumpé, pipe, and fit;ciﬁg's are required, |

2, | The c;perating cost of a system using lowhpreSs'ﬁre pu_mps is le‘.s.'s _

than that of a sys’tlem"re.quiring'high-pfes'sure' pumps,

3. Water leaks are both more prevalent a.r;d ..rnorev serioﬁsv in hjgh-pre.ésure

v systerhs than in lowépreésure syste‘m's. . |
4, There are friore 1imitat_ions on material_s _ahd equipment with high;
‘pressure systems than with low'-p_ressure‘sy,stems. :

o then fhe hydraulic resistancef of Certain magnets is .considerably 1esé than
that of others. If the water flow through the 'm-a.gnets is ﬁot.controlled, those‘
magr{iets- with low resistance \X/.ill receive anvexcess o‘f} wa"tevr flow while those
4with:.high resistance wiil receive in_sufficierit flow and will possibly ovérheaf.
IncvreaSiv‘ng the .quanfcify :vo'f oi‘/erall-;waté-lf flow will do jlittle' to help this situéyf.i;)n"
_ 'in that rhosf.of the addi}t;ion‘a.l'-fIOW will pavss through the rr;xa».gb_net.:skwith low

resistance and very little of it through those with high re,:sisfanéé'. In these
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1nstances. locé,l control of the water flow through the rhagnets appears to be
the most feasible solution.,

Whe;re a numbér‘of similar.magnet's are cooled by pafallel water circuits
(e.g., in the case éf accelerator magnets), it is desirable to iuse'a reverse
wéter-réturrﬁ sy'rstei_zmto assure a c,ompat'able water flow thféggh each of the
'ma.gn.ets.‘ Figure 16 illustrates at,st_andard water-return syst:ei‘n.. f‘igure 17 -

illustrates reverse return systems,

-
_ Supply " ] ]
Low- : o ' - . : )
coni:g:;thy< | IMogngt Al ]thnet B| [Magnet §1 |Mogngf.Dl
' Return
|« < < <

XBL695-2682

Fig. 16. Standard water return system, The water header resistance for the

magnets is uneven, the greatest amount flowing through Magnet A, the least -

through Magnet D.
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(a)
.r} > > > >
Supply _
Low- : -
conductivity 4 - [Magnet| [Magnetf [Magnet] [Magnet|
water ' C : o
__Return _ B
Magnets
Low— -
conductivity
water

Return

XBL695-2683

‘Fig, 17" (a) Linear and (b) loop reverse water return systems. The sum of
the supply and return water header resistance is the same for each magnet,
Approximately the same amount of water will flow through each magnet, -
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IX. COOLING WATER SYSTEMS

‘We believe the highest ﬁriority in an accelerator laborafory.should be
assigned té the productiOn’of research, Accordingly, our systems are so .
designed as to pélrmi't routine maintenance ‘and repair without iﬁterrupting

| accelerator of:erations. For exarnpl’e, for circulating low-conductivity" ..
water, th.rel;e pur‘npé may be instvalle'd,l any two of which can suppiy the .fequired
- flow. - The pub_mvpsv are used alte‘fnafely to permit méiritena.nce and repair with-
out shutting down the accelerator. |
| The. nature of experimentation creates considerable var’iaﬁon_frorﬁ time
. to time iﬁ the demand for cooling Wafer. 'Acco;'ding];y, the low-conductivity
.cooling-v&atéf is best moved by "flat—cur{re" pumps, so as to accomodate this
‘variable dern‘.a'nd while maintaining a neé.rly constant cc;oli_ng.-wat:e_r system
'ipr_essure-. | |

In.the_sele'cvtion o‘f low—conduétivity water pu‘mps éa,re should be taken in

regard to the. pump (lzutoff.' If clearances are too small, 'yibration.__s may be
" set up which will be transmitted to the accelerator equipment,

Figures 18 and 19 illustrate t-ypic;alla;ccele'rator cooling-water systems.
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- .Fig. 18. Typical closed-circuit LCW cooling system. This is the best all- )
around system for uniform pressure distribution, More pumps and circuits
can be added as needed -
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' F1g 49, Typical closed-circuit (LCW) cooling system, This is the best all
© -around system for multiple pressure distribution, More pumps and circuits
can be added as needed. _ ' ' '
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APPENDICES



Appendix A. Averages of Mean Monthly Water and Air Temperatures in °F

at Locations 1 through 38 on Appendix B,

Map January February March April May June July August Soptembar October November December Y%"'
numher Statlon water air water air water air water air water air water air water air water air watar aly water air water air water air record
1 Moline 33 22 33 28 38 34 48 50 62 a1 13 71 79 75 78 74 70 as 57 54 42 38 34 27 11
1;’ Hamilton 39 23 39 26 42 386 54 51 66 62 74 71 79 78 81 74 74 67 61 55 48 40 41 28 4
3 Quincy 35 26 35 31 40 38 51 52 63 62 4 73 79 17 79 76 7 67 60 56 46 40 37 8 11
4 Lockport Lock 42 25 44 30 48 36 56 51 " 65 80 73 71 79 75 81 74 70 67 68 55 56 40 46 29 11

5 Brandon Road
Lock 43 25 44 30 48 36 57 51 66 60 75 71 80 76 81 74 kL] 67 67 55 55 40 46 29 11
8 Smith’s Bridge 41 25 44 30 47 36 56 51 66 60 75 71 80 75 81 74 75 67 66 55 54 40 45 29 11
7 Kankakee 34 23 35 29 41 35 53 50 63 61 T4 70 78 74 78 74 73 89 58 .54 45 39 88 29 3
8 Morris 38 24 40 29 ’ 44 36 54 51 64 61 73 71 78 74 78 73 73 67 63 55 50 40 41 29 11
9 Marseilles 39 25 41 30 45 37 55 ‘52 65 62 75 72 79 18 80 T4 73 67 63 55 51 ;1 42 30 11
10 Ottawa 36 25 38 30 42 a7 53 52 63 62 73 72 78 76 M 14 70 67 59 65 47 41 39 30 11
11 Pontiae 38 25 38 30 44 a7 55 51 65 62 75 71 80 75 80 73 72 . 68 60 55 45 40 39 29 11
12 Streator 37 25 36 30 41 a7 52 52 63 62 72 72 78 76 78 75 70 87 58 55 44 40 38 30 11
13 Henry 34 25 35 30 42 a7 51 52 63 62 74 72 79 76 79 75 72 87 60 55 46 40 37 30 11
14 Lacon 34 24 36 30 41 36 53 51 64 62 74 72 79 76 79 74 T2 66 60 55 46 39 36 29 11
15 Peoria 34 24 35 30 41 38 53 51 64 62 76 72 79 76 79 74 71 66 59 55 45 39 36 29 10
18 Pekin .84 24 36 30 41 38 53 51 84 62 75 72 80 76 79. 74 71 €6 59 55 45 39 36 29 10
17 Astoria 40 25 38 30 39 37 47 52 60 63 89 73 T2 76 75 kii 73 70 87 66 51 40 41 30 3
18 Macomb 40 23 38 28 41 35 50 51 61 62 70 72 72 74 T4 75 69 68 60 55 47 39 41 29 8
19 Decatur 36 26 36 32 41 '39 51 53 61 63 70 72 75 76 ki 76 72 €9 59 56 46 46 37 32 5
20 _ Springfleld 50 28 51 32 54 38 58 53 66 63 15 73 80 7 8O 75 75 68 65 56 55 41 50 32 11
21 Alton 34 29 35 34 - 41 40 53 54 65 64 7T 4. 80 78 83 79 M 72 63 88 48 43 38 34 3
22 Waterloo - 40 30 41 35 44 41 55 55 63 64 73 73 79 75 81 77 76 71 64 58 50 43 42 34 3
23 Carlyle** 45 32 45 37 50 . 44 56 56 65 66 78 5 81 79 80 78 74- 11 61 58 50 44 46 36 10
24 Centralia 36 31 37 31 41 44 55 57 66 65 76 74 80 k&4 82 78 76 72 63 59 49 44 38 a3 4
25 Sparta 39 32 40 37 46 43 58 57 68 "85 17 74 83 77 84 78 79 72 64 60 47 44 40 38 3
26 Chester 37 34 41 39 46 45 57 58 68 67 7 76 82 79 83 79 76 72 85 60. 50 46 40 37 11
27 Benton 44 32 43 37 46 42 54 57 63 65 72 74 76 M 178 78 76 72 67 60 57 44 45 36 3
28 Christopher 39 32 41 34 46 42 55 57 60 65 70 73 74 7. 76 76 70 71 59 69 49 45 41 36 4
29 Murphysboro 40 a5 42 40 48 45 58 58 67 66 76 75 80 79 80 17 73 71 63 58 50 46 42 38 10
30 Danville 37 28 as 33 43 39 53 52 64 82 T4 72 78 75 79 74 72 68 61 55 47 41 38 32 11
31 St. Joseph 34 24 36 31 41 a7 50 51 62 63 73 72 77 75 17 78 69 89 58 56 45 41 36 28 4
32 Catlin 35 28 37 33 43 40 55 53 - 64 62 72 73 78 76 78 74 69 a7 58 56 44 41 as 84 -]
33 Effingham 34 30 33 a2 35 39 42 53 52 62 60 72 71 k(] 73 1 69 68 61 65 A 50 43 38 32 4
34 Fairfield 37 32 38 34 46 41 59 56 67 64 7 72 79 176 79 176 75 11 62 B9 50 45 40 34 4
35 Wayne City 36 32 39 36 40 41 49 56 61 - 64 69 73 73 76 74 76 71 72 80 59 45 44 39 35 3
36 Carmi 40 32 40 34 46 42 - 58 57 67 65 176 73 18 7 80 78 78 72 64 B9 52 45 42 34 4
37 Harrisburg 40 34 40 40 45 45 56 57 66 65 75 ;75 80 78 82 78 77 173 e7 81 53 48 41 37 4
38 Cairo 37 35 38 39 45 45 53 60 66 68 73 71 77 80 77 80 75 73 64 a1 52 48 . . 41 37 5

* Water heated during coldeal months (November~March, approximately)
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showing location of measurement stations in
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Appendix C. Enthalpy vs temperature for saturated air,
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Appendix D, Increase in power cost over a 10-year period due to an in-.
crease in magnet temperature. The increase is based on a power cost
‘of $0.009/kWh, copper magnet conductors, and the relationship - v
Ry = R4 (234.5 +t2)/(234.5 + t1) where R, is the resistance in ohms at .
temperature ty (°C) and R, is the resistance in ohms at temperature tz(‘.’C).' _
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Appendix E, Comparative Costs of Alternate Methods of Cooling

The foliowing table‘list_s the estimaied costs of alternate methods of

. - cooling an.accelerator now under construction. In the cases of the spray

pond and the cooling ponds, the ponds themselves must be constructed. - The

design wet-bulb terhperature is 78°F, the design dry-bulb terhper'ature is

95°F, and the temperatﬁré range is 25°F.,. Different atmosphéric and operating

conditions will slightly alter the listed cost relationships, ‘but the table illus-

trates the general comparison,

_Type of system - o %Cost'_'( $)

| : 'CG,olipg towers - 1020 OdO

Eva“p'.oratfive‘ coolers - | ‘ 1A020.85r0

'Sﬁré.y pbnds | | 1060 69_6
Cooling ponds. 1360 000+

" Air-cooled heat exchangers _ 8_.30/kW

: (ZO°F‘ approach to. ambient
~ dry-bulb temperature, 30°F

" LCW raﬁge)

% of Cooling-tower
system cost

100
+100
104
133 to 190

( compjarable to

' cooling-tower system

'coé_t) :




T 1 T T T T 1 T T 1 | — T 1 T 1 T
20 — ) . N ;0 7 o h
Niagara: I9F LCW approach o__ Niagara: 12°F LCW approach,25F LCW range
- I8°F LCW range T TTTTTTTTToS JoTTTTTTTTTEm Tttt -
..;|,0  A oI AT 3 BAC: |I8F LCWapproach,|IOF LCW range
| Ace---p -...BACH 18 LCW approach, 49°F LCW range
-0 _1 l 1 I | ] 1 1 . 1 1 l | I S N I 1 ] ] l )
0o 2 4 6 8 10 |12 14 16 |8 20 22 24

Heat dissipated (MW)

XBL695-2689

Appendix F, Cost of evaporative coolers, The design wet-bulb temperature
~ is 78°F. | | |

-
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Appendix G. Cost of uninstalled 50-ft-head tower water pufn‘p.



$ 7/ kw

=73~ UCRL-18837
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~ Appendix H, Uninstalled cost of heat exchanger; U = 150,
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Appendix I. - Cost of piping materials,
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Appéndi‘x J. Cost of installed pipe, exéluding cost of excavation and hangers,
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AppendiX'K. Comparison of Cooling Systems Costs at Varions Sites

A General Remarks

" The follo;\;s}ing pages lis_tthe_ costs of 'various cooling systems. All 'cvosvts
. are 'ex]oressed -in'drolla-rs per _kilowatt,of cooling loatl ' Capital cost is.the
3 cap1ta1 outlay Total cost is the capital outlay plus ten years operatmg cost
1nclud1ng the effect of the cool1ng water temperature on other accelerator
‘ components. Both actual costs and costs adJusted to the year '1967 are listed.
The adj,ns”ted costs were derlved from the historical ave.rage index listed in
Means': Bu1ld1ng Construct1on Cost Data 1968 (‘Se'e Table -Kl )
‘ Generally, the basic cool1ng system costs are qu1te comparable In'many
‘cases the costs are affected by part1cular cond1t1ons ex1st1ng at the accelerator
' site. For example,' the concrete and site work costs for LRL cooling tower
‘_‘CT-3-64 are, 'cll»sorol_).ortionately large because of the'v’difficii-lt building site; the
" quality of the ’lsonrce' water.at the. accelerator in the Midwest nece.s.s:itated an
e:scpensive vwatierl-treatrnent plant, and the accelerator in the Ea"st is forced to |
use costly pilings‘ becvauj..se of :slte conclitions. | - |
Cornplete data were not always available and in the absence Aof such data,
we 'have‘rnad:e: as surnptions. These"assumptions are specified.  Also, there
are many intangiblevfactors which are not included. The'se factors include:
such things as costs arising from accelerator down time or from labor and
-materials expended onrunsche,dule'd maintenance,
In the total cost f.i'gur'es; we have assumed that the'temnerature's arising

from design cﬂonditions persist for the four summer months (one-third of the .

>ﬁRobert S. Means, Bu11d1ng Constructlon Cost Data 1968 (Robert S, Means Co. ,
Inc., Duxbury, Massachusetts 1969).

L]
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Table K1. Comparison of cooling-system costs.
No chillers were used except as noted.

Capital cost . Total cost

Cooling tower Date { $/kW) ($/kW)
Actual Costs
LRLCT-7-37 1955 15.96
LRLCT-5-51 1956 16.63 20.80
LRLCT-6-51 . 1959 20.38 24.55
LRL CT-8-37 1961 24,20 . 25.14
LRLCT-1-64 1961 ) 20.00 : - 24,17
Mid-West Lab 1961-3 .

No chiller : 18.05 : 24.16

With chiller : 33.30 39.41
East Lab : 1962 :

Exp. mags, 8.35 12.58

Accel,, no chiller 12.05 ‘ o

with chiller 64.55 : 63.66

LRL CT-3-64" 1968 45,00 46.00
Costs Adjusted to Year 1967
LRL CT-_7-37 1955 23.50
LRLCT-5-51 ' 1956 23.80 } 27.97
LRLCT-6-51 1959 25.60 - 29.77
ILRLCT-8-37 1961 _ 29.10 ‘ 30,04
IRLCT-1-64 1961 _ 24.00 28.17
Mid-West Lab 19641-3 »

No chiller 214.70 27.81

With chiller 40,05 .46.16
East Lab 1962

Exp. mags. : , -~ 9.80 14,03

Accel., no chiller : 14.55 o

with chiller ‘ 75.35 74.46 -

'LRL CT-3-64" 1968  42.50 43.50

*
Unusually high site cost,
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year). This is not strictlyvtm‘le, but the relationships between cQoling systems
in this regard are approximateiy true, It would be an exceedingly complex
process to arrive at a true median summer temperature, Fér example, when
the wet~b§1b temperatufe lowers, the tower must have a larger approach to
.a‘ccomodate the ‘same load, etc.) Figs. K1 and K2 show relationships of
atmospher'ic conditions at several localities,

.An electric power cost raté of $0.009/kWh has been assumed in all cases
to maintain éomparisdn uniformity. Because of the large variation between
laboratories in the required operating parameters (e.g., system pressure and
allowable temperature raﬁge), the operating costs of tower water and closed;-
circuit water pumps are not included. Figure K-3 gives the yearly operating
costs of cooling-water circﬁlating pumps versus the water temperature range
at various systém pressures, The unavailability of complete data precluded
tower fan operating cost inclusion,

In general, where the capital outlay is reduced by using higher average
cooling -water temperature, the operating cost is increased.

We notice some laboratories use tower water to cool some of their
magnets, We have found this pra;ctice unsatisfactory for our purposes and
‘have discontinued it. We now use low-conductﬁ/ity water for all magnet
cooling.

Our cooling-water temperature is sufficiently low tha1v:,' as of this time,
we have not found it necessary to use chillers for accelerator components, .

| We believe low—pressﬁre cooling-water systems (~ 100 psi) are cheépér

~and less likely to cause trouble than high pressure systems.

v
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Fig. K1, Design wet-bulb temperature for New York City, Chicago, and

Oakland., The wet-bulb frequencies in °F are:

City 1% 5%
Oakland - 65.6 62.8
- Chicago 7.7 74.8

New York City 77.0 74.9

15 %

60.3
74.5°

72.2

50%

56.5
64,6
o

165,
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Fig. K2. Wet-bulb and dry-bulb temperatures for high, medium, and low
coincident design points at Chicago and at San Francisco,

i Design Wet-bulb Hours-abee - Dry-bulb
Location level temp. (°F) wet-bulb-temp. temp, (°F).
H 77 20 94
. Chicago M 74 131 o . 88
b _ L 71 : 387 . 82
: H 64 23 _ 80
San Francisco M 61 123 ' -T2
L

59 316 67
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($ 7/ kW of heat dissipated)
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- Fig. K3, Yearly“operating cost of closed-circuit water-circulating pumps vs

cooling-water temperature range at various system pressures, The cost is
based on an electric power rate of $0.009/kWh:

8 /kWh = (0.1687) (vpumrp. head in f;eet) :

, temperature range in °F
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Costs of cooling towers and fans are compared in Fig. K_4; heat-exchanger

vc_osté aire compared 1n Fig. K5.
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Fig. K4. Vendors' quotations vs actual costs of cooling-tower and fan installa-
tions at accelerators (corrected to 1967 costs). The curves are derived from
vendors' quotations for installed cooling towers and fans, excluding founda-
tions, and are based on a 78°F wet-bulb temperature, 7°F approach, and the
‘ranges shown, Parameters for the various installations are:

Dissipated Wet-bulb Approach Range
Installation® =~  heat (MW). temp. (°F) (°TF) (°F)
CT-1 4.5 65 ' - 10 25
CT-3 ' 6 65 -1 10 14
CT-5 4 65 10 : 25
“ , CT-6 4 65 -y 10 25
CT-7 4 65 10 A
~ CT-8 4 65 10 10
’ ANL 48 78 ST 13
: BNL 12

78 | T 46



25

20

(corrected to 1967 costs).
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Fig. K5.  Vendors' quotations vs actual costs of heat exchangers at accelerators

The curves are derived from vendors' quotations

for atmospheric-type heat exchangers for installation in coil-shed coolmg

towers (not installed).

Ins tallation

CT-1 atmospheric coils
CT-3 atmospheric coils
CT-5 shell and tube
CT-6 atmospheric coils
CT-8 atmospheric coils
ANL shell and tube
BNL shell and tube

Values of ATm for various cost curves are:

ATy, (°F)

18
12.22
18
18

10

15

22.1 I B e
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B. Comparative Costs

Cost ( $/kW)

Adj to
Cooling System _ Actual - 1967
 LRL CT-7-37, built in 1955 |
Cooling tower: 4 MW, 65°F WB, 10°F approach,
10°F range 3.06 4,43
Total capital cost 15.96 23.50
LRL CT-5-51, built in 1956
Cooling tower: 4 MW, 65°F WB, 10°F dpproach, '
25°F range - 4.25 5.84
Heat exchanger: tube and shell, AT = 18°F 3.16 4.33
Pumps, LCW + TW: 4100-psi LCW pressure L 4.26 1.71
Piping: aluminum 4,50 6.16
Electrical . | - 1.24 1.70
Concrete and caissons . 1.65 2.26
Total capital cost ©16.63 23.80
ILCW average summer temperature (1/3 year) =
107.5°F. Assume magnets are used at an average
of full power one/third of the time. Additional
electric power cost for ten year period = 4,17 4.17
Total cost ~20.80 27.97
'LRL CT-6-54, built in 1959
Cooling tower: 4 MW, 65°F WB, 10°F approach, _
25°F range ' : 4,60 5.75
Heat exchanger: coil-shed, AT ~=18°F 5.64 7.05
‘Pumps; LCW + TW: 40-psi LCW pressure : 0.75 0.94
Piping: copper : _ 6.55 8.17
Electrical - ‘ 10.97 1.21

Concrete and caissons 1.37 1.71

- Total capital cost: - 20.38 25.60
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B. Cbovmlpa'rative Costs (Continued)

UCRL-18837

. Cos_t ('$/kW)

: s Adj to
Cooling System - Actual. 1967
Ex; erimental magnets average sumimer: ternperature
(1/3 year) = 108°F, Assurne magnets are used at an -
average of full power one/thlrd of the time. ~ Additional ‘
,electrlc power cost for ten- year period oo = 4,23 4.23
Total cost (experlmental magnets) 12.58 14,03
,.‘Accelerator magnet coollng
'Heat exchangers, alumlnum tube and shell ( '1958) v
'.AT = 15°F o 3,70 4,75
_ Coollng tower (frorn above) 8.35 -.9.80
Total capltal cost (no ch111ers) 42.05 14.55
f "If chillers are used in coollng the accelerator com- o S
‘ _ponents cost of chlllers '52.50 '60.80
" Total capi'tal"cost(incl -chillers) - 64.55  75.35
LCW average summer temperature (1/3 year) = 80°F,
Assume magnets are used at an average of full power-
for one/thlrd of the time, Additional electric. power B _ -
e cost for ten- -year period - o o = - - .0.89 - 0.89
| “'Total'cost (in‘cl. chillers) » 63.66 - 74.46
LRL CT-3-64, bu11t in 1968 e '
‘Cooling tower: 6 MW 65°F WB 10 F approach S o
. 14°F range - _ 4,40 4,15
o Heat exchangers: c01l shed AT =12, '22°F‘ 12,45 14,75
] Pumps and surge tank, LCW and TW 2,70 . 2.54
'Plplng, exposed copper e .. 8,40 .., 795
'P1p1ng, burled epoxy - llned cement asbestos : '- 2.75 - 2.60 -
_Electrical i '_' S S199 .88
L Concrete and s1te preparatlon SR e 855 805
Total capltal cost 45 OO '; 4250
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B. Comparative Costs (Continued)

3

Cost ($ /kW)
Adj to
Actual 1967

Cooling Systerﬁ

LCW average summer temperature (1/3 year) = 94°F,
Assume magnets are used at an'average of full power
for one/third of the time. Additional electric power |
' = : 1.00 1.00

cost for ten-year period =

Total cost 46,00 - 43,50




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or. usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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