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ABSTRACT

This paper investigates the energy saving potentials of using indirect evaporative
coolers to precool incoming outdoor air as the first stage of a standard cooling system.
For dry and moderately humid locations, either exhaust room air or outdoor air can be
used as the secondary air to the indirect evaporative precooler with similar energy sav-
ings. Under these conditions, the use of outdoor air is recommended due to the simpli-
city in installing the duct system. For humid locations, the use of exhaust room air is
recommended because the precooling capacity and energy savings will be greatly
increased. For locations with short cooling seasons, the use of indirect evaporative
coolers for precooling may not be worthwhile.

The paper also gives some simplified indices for easily predicting the precooling
capacity, energy savings and water consumption of an indirect evaporative precooler.
These indices can be used for cooling systems with continuous operation, but further
work is needed to determine whether the same indices are also suitable for cooling sys-
tems with intermittent operations.

INTRODUCTION

The application of indirect evaporative cooling (IEC) in arid locations is well
known [Watt 1986]. The main advantages are the reduction of energy consumption and
less use of mechanical refrigeration, thereby reducing the release of chlorofluorocarbons
(CFCs). There is also interest in how to use IECs in humid and moderately humid loca-
tions where dehumidification of supply outdoor air is usually necessary, a function that
cannot be performed by a simple indirect evaporative cooler. Some new applications
have appeared including precooling incoming outdoor air by IEC [Supple et al
1985,Peterson and Hunn 1985], desiccant systems with indirect and direct evaporative
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cooling [Burns et al. 1985, Manley et al. 1985, Matsuki et al. 1983], improving the COP of
a mechanical refrigeration system by sending the leaving secondary air from an IEC to
an air-cooled condenser, etc. Precooling outdoor air by IEC is comparatively easy to use
as a first stage of an air handling system. The size of the second stage (for example, a
conventional air handling installation) can then be reduced with the result that both the
first cost and the energy consumption of the second stage are lower. Therefore, a
detailed investigation of the effect of precooling by IEC seems to be warranted.

THE ADVANTAGES OF PRECOOLING SUPPLY OUTDOOR AIR BY IEC

For non-residential buildings or buildings in humid and moderately humid loca-
tions, indirect evaporative cooling with or without direct evaporative cooling (1-stage or
2-stage) usually is not sufficient to meet cooling loads, but it can serve as a booster for
mechanical refrigeration. In this case the role of the IEC is to precool the incoming out-
door air (Figure 1). The first stage is an IEC and the second stage is a conventional air
handling unit (an air cooling coil, an air washer etc.). The IEC cools the incoming out-
door air (primary air). The secondary air can be either outdoor air (Figure 1a) or exhaust
room air (Figure 1b). When outdoor air is used, the dry bulb temperature of the primary
air will be lowered depending on the effectiveness of the IEC, but its humidity ratio will
not be changed. This results in the reduction of the sensible, but not latent, cooling load
of the second stage in comparison with the system without precooling. When exhaust
room air is used as the secondary air, its temperature after direct evaporation sometimes
may be lower than the dew point temperature of the primary air. In such cases, there
may be some dehumidification, i.e., condensation, of the primary air, and reductions in
both the sensible and latent loads of the second stage. In a hybrid system, the IEC for
precooling outdoor air reduces both peak demand and total energy consumption in the
cooling season. According to our computer simulation, for example, if a tube-type IEC is
installed to precool the outdoor air it will provide a cooling capacity of more than 10 kW
and a reduction of electric demand of the mechanical refrigeration greater than 3 kW per
m3/s of primary air in the hottest summer days in Sacramento, California.

ESTIMATING THE ENERGY SAVINGS OF IEC PRECOOLING

To estimate the energy saving potentials of precooling by IEC, calculations are
made for various U.S. and Chinese cities using the bin method and an analytical heat
and mass transfer [EC model developed previously by the authors [Chen et al. 1991]. As
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described in that paper, the the calculated effectiveness of different IEC designs using
the authors’ model varied from 40 to 80% depending on the primary air flow rate, and
agreed well with manufacturers’ data. The following locations and IEC precooling
configurations have been investigated :

1. 16 California climate zones as designated by the California Energy Commission, 8
other American cities (Fort Worth, San Antonio, Lake Charles, Miami, Phoenix,
Atlanta, New York, and Chicago), and two Chinese cities (Beijing and Shanghai)
are selected for calculations. The climates in these cities range from very arid to
very humid (see Table 1). Hourly weather data for these locations have been pro-
cessed to derive the number of hours falling within each 5°C and 0.002 humidity
ratio band. Calculations are then carried out using the authors’ IEC model for the
bin-distribution of outdoor air parameters. Only those bins with temperatures
greater than or equal to 25 °C are taken into account.

2. Two kinds of IECs (tube-type and plate-type) are studied. Calculations are made
for the total precooling capacity, the total energy saving in comparison with
mechanical refrigeration, the total water consumption for the cooling season.

3.  Either outdoor air or exhaust room air is used as the secondary air. The flowrate of
secondary air, L, is fixed at 0.378 m3/s (800 cfm) for a typical plate-type IEC or for
one core of a typical tube-type IEC.

4. The primary air flowrate, L;, is not fixed. The ratio of L;/L, is in the range of 0.625 -
2.5 (for the tube-type) or 0.8 - 6.0 (for the plate-type).

5.  When exhaust room air is used as the secondary air, it is assumed to be always at a
dry bulb temperature of 25°C and a relative humidity of 50%.

RESULTS

The purpose of our calculations was to determine the effect of precooling by IEC on
energy and water consumption. Previous research by the authors have shown that IEC
performance varied with the primary and secondary air flows and the wet-bulb tem-
perature of the entering air (L,, L,, and t,,;) [Chen et al. 1991]. Since L, is fixed by the
manufacturer, and tyy, is determined by the climate, the primary design determinant of
IEC effectiveness becomes the ratio of the primary to the secondary air flow rates
(L1/Lp). Three results were obtained for various L, /L, ratios during the cooling season:
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1) Total precooling capacity Q, which is the sum of the precooling capacity of each
bin considered. The average hourly cooling capacity per m3/s of primary air can be cal-
culated as follows:

gz (1)

" bin hoursxL,

where q = average hourly precooling capacity per m3/s of primary air, kWh/h(m?/s)
Q = total cooling capacity in cooling season, kWh
bin hours = total hours with outdoor air dry bulb temperature t >=25°C, h
L, = primary air flowrate, m%/s
2) Total water consumption W, which is the sum of the water consumption due to

evaporation in the secondary air flow for each bin considered. The average hourly water
consumption per m3/s of primary air can be calculated by Equation 2:

_ \%
"=bin hoursxL, @

where w = average hourly water consumption for every 1 m%/s of primary air,
kg/h(m3/s)
W = total water consumption in cooling season, kg
3) Total energy saving ES, which is the sum of energy saving due to precooling out-
door air by IEC in comparison with a conventional water chiller used to provide the
equivalent precooling capacity for each bin considered. Power for fans and pumps in the

refrigeration installation are taken into account using the following regression equations
based on Warren (1985), assuming a chilled water temperature of 7°C:

COP =3.517/(0.4719 + 0.2232:t . ,pa) 3)

where tgnd = condenser water temperature, °C.

If toond is taken to be ty, + 5.0, the equation then becomes:
COP =3.517/(0.4719 + 0.2232:(t,,p0 + 5.0)) @

The average hourly energy saving per m®/s of primary air is:

- ES
~ bin hoursxL,

®)

where es = average hourly energy saving per m®/s of primary air, kWh/h(m3/s)
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ES = total energy saving in cooling season, kWh

In calculating Equation 5, the additional energy consumption due to the increased
air resistance on both the primary and secondary sides is included. The values for g, es,
and w are listed in Tables 2 through 5. The designs considered include typical tube-type
IECs with L; /L, ratios of 2.5 or 1.25, and typical plate-type IECs with L,/L, ratios of 4.74
or 2.37. Results for other L;/L, values are not listed in the tables, but they are evident in
the subsequent figures.

Tables 2 and 3 assume that outside air is used as the secondary air, while Tables 4
and 5 assume that exhaust room air is used. For the latter case the cooling process of the
primary air may include dehumidification because the dry bulb temperature of the
secondary air after evaporation may be lower than the dew point temperature of the pri-
mary air. Lastly, when the enthalpy of the outdoor air is below that of indoor air, we use
outdoor air instead of exhaust room air in our calculations.

For the arid California cities, when outdoor air is used as the secondary air the rela-
tionship between the average hourly energy saving (es) and water consumption (w) is
nearly linear (Figure 2). For the non-California cities the situation is different except for
Phoenix, which is very dry. When the secondary air is the exhaust room air the distribu-
tion is quite divergent and the relation between es and w cannot be expressed by any
kind of curve.

The curves in Figure 2 have limited utility because for any city other than those
cities calculated neither the abscissa nor the ordinate can be known without calculation
in detail in advance. If we can find indices that are appropriate for all cities, these indices
would be useful in predicting energy and water consumption for precooling outdoor air
by IEC. Our results suggest *hat such indices do exist.

SIMPLIFIED INDICES OF IEC PRECOOLING POTENTIAL

For the case of outdoor air used as secondary air let q , es , and w be divided by
average wet bulb temperature depression of outdoor air of the bins considered, the new
parameters q, , €s, , and w,, are obtained:

-9
=, ©)

es
eSo= At @
m
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w
Wo= At 8)

where At = average wet bulb temperature depression of outdoor air of the bins con-
sidered, °C

go = precooling capacity index, kWh/h°C(m?/s)
es, = energy saving index, kWh/h°C(m®/s)

W, = water consumption index, kg/h°C(m3/s)

Here subscript "o" means outdoor air applied as secondary air.

As shown in Table 3, the resultant"precooling indices", i.e., q,, es, , and w,, are
essentially the same for all California cities for the same values of L,/L,. Their average
values are as follows:

Type Li/Lp Yo €So Wo Type Li/L, Yo €Sy Wo

Tube 2.50 0.47 { 0.105 | 1.00 [| Plate 5.92 041 | 0.08 | 0.69
1.25 0.61 | 0.16 1.67 4.74 0.47 | 0.11 | 0.82
0625 | 0.74 | 0.20 | 2.88 2.37 0.66 | 0.17 | 135
1.00 086 | 0.23 | 2.53

Figures 3 and 4 show two sets of curves by plotting the indices g, , es, , and w,
against the flowrate ratios L;/L; for the tube and the plate-type precoolers. These

curves can be applied to all California cities. The indices for non-California cities have
very similar values.

For the case when exhaust room air is used as secondary air the indices can be
obtained by following equations:

= 9
4= t:o.:lbm"tv,vbr ( )
es
es=———— 10)
5= tdbm‘twbr (
ul (11)

w " ereere———
T tdbm"twbr
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where tgym = average dry bulb temperature of outdoor air of the bins considered, °C
twbr = room air wet bulb temperature assumed to be constant over cooling sea-
son, °C
q; = precooling capacity index, kWh/h°C(m3/s)
es; = energy saving index, kWh/h°C(m®/s)

w; = water consumption index, kg/h°C(m?3/s)
Here, the subscript "r" means exhaust room air applied as secondary air.

These "precooling indices", i.e., qy, es;, and wy, are shown in Table 5. As in the case
when outdoor air is used, the indices using room air as the secondary air are constant for
different locations, except that the water use indices (w) are comparatively discrepant.
The reason for this is that outdoor air is used as secondary air when the outdoor air
enthalpy is less than that of room air and the fraction of outdoor air used varies from site

to site. The average values of the indices for California cities are listed in the following
table:

Type L / L, 9r €Sy Wr Type Ll/ L, qr €s, Wr

Tube 2.50 0.52 | 0.12 | 1.34 || Plate 5.92 0.46 | 0.10 | 0.71
1.25 0.68 | 0.18 | 2.31 474 0.53 | 0.12 | 0.84
0.625 | 0.83 | 0.23 | 4.14 237 074 | 020 | 1.37
1.00 097 | 0.26 | 2.50

Figures 5 and 6 show the curves of indices plotted against the flowrate ratios L/L,
. From the numbers in Tables 3 and 5 it also can be seen that the indices for non-
California cities are close to the average values for California cities in the table above.

CONCLUSIONS

1) For California cities, using either outdoor air or exhaust room air as the seccn-
dary air provides nearly equal precooling capacity q (Tables 2 and 4). Slightly larger
energy savings will be obtained if the secondary air is exhaust room air. But sometimes,
especially for tube-type IECs, water consumption will also be larger. So there will be a
trade-off between energy consumption and water consumption. In California, outdoor



-8-

air is probably preferable as the secondary air for precooling ventilation air in non-
residential buildings because installation of the duct system will cost less. In humid
locations like Miami, San Antonio Lake Charles, Fort Worth, or Shanghai, using exhaust
room air as the secondary air gives much greater precooling capacity and energy sav-
ings. Although water consumption will be much greater, exhaust room air should still
be preferable to outdoor air because in such locations water consumption is usualily rela-
tively inexpensive.

2) The indices presented in this paper are useful because they are suitable for all of
California and the only variable is the flowrate ratio L,/L; , which is always given in
advance for any kind of calculation. So, it is easy to use them to predict the total precool-
ing capacity, energy savings and water consumption during cooling season. The method
of prediction is as follows:

When Outdoor Air is Used as the Secondary Air:

Qo=qoxZhoursxAty, (12)
ES =es,xThoursxAty, (13)
Woe=wxZhoursxAt,, (14)

where Q, = total precooling capacity, kWh
ES, = total energy saving, kWh
W, = total water consumption, kg
Jo » €50 » W = indices
Zhours = bin hours with outdoor air temperature 225°C

Aty, = average outdoor air wet bulb temperature depression for the bins con-
sidered, °C

When Exhaust Room Air is Used as the Secondary Air:

Qr_'quZhoursx(tdbm_twbr) (15)
ES=esxZhoursX(t gpm=twbr) (16)
W=wxZhoursx(tgpm—twbr) 17)

where Q; = total precooling capacity, kWh



ES; = total energy saving, kWh

W; = total water consumption, kg

qr - €Sy , W, = indices

tabm = average outdoor air dry bulb temperature of the bins considered, °C

twbr = room air wet bulb temperature assumed to be constant over the cooling
season, °C

All the indices can be obtained according to the L,/L, value from Figures 3
through 6. Of course, Zhours , Aty , and tg,, depend on the site, but these are not
difficult to calculate if the bin-distributions of outdoor air parameters are available.

3) Since the indices are constant for a particular flowrate ratio L,/L; the more bin
hours, the more the precooling effect can be obtained. So for cities with a short cooling
season (such as Oakland, Arcata, Santa Maria etc.) it may be not worthwhile to apply
IEC as a first stage to precool incoming outdoor air. For cities with a longer cooling sea-
son (such as El Centro, Fresno, Riverside, China Lake etc.) precooling gives a very good
energy saving effect.

4) The reduction of peak electric demand by precooling is apparent. The following
table show some typical numbers for a typical tube-type IEC with outdoor air used as
the secondary air:

If the secondary air is exhaust room air, the peak demand reduction for cities with
comparatively long cooling seasons lies in the range of 3.5-5.5 kW.

5) The indices presented are for cooling systems with continuous operation.
Further work is needed to determine whether the indices are suitable for cooling sys-
tems with intermittent operation.

REFERENCES

Burns, P.R. , Mitchell, J.W., and Beckman, W.A., 1985, "Hybrid Desiccant Cooling Sys-
tems in Supermarket Applications”, ASHRAE Transactions, Vol. 91, Part 1.

Chen, P.L, Qin, HM,, Huang, Y.J., and Wu, H.F,, 1991, "A Heat and Mass Transfer
Model for Thermal and Hydraulic Calculations of Indirect Evaporative Cooler Per-
formance”, Lawrence Berkeley Laboratory Report 28201, ASHRAE Transactions



-10-

Peak Demand Reduction, kW,
City Li/L, per 1 m3/s of primary air
El Centro 25 3.0
1.25 3.8
Oakland 25 1.2
1.25 1.7
Pasadena 2.5 22
1.25 3.0
Sacramento 25 3.2
1.25 4.0
Sunnyvale 2.5 3.2
1.25 4.2

1991, Vol. 97, Part 2.

Manley, D.L. , Bowlen, KL. , and Cohen, BM., 1985, "Evaluation of Gas-Fired
Desiccant-Based Space Conditioning for Supermarkets”, ASHRAE Transactions, Vol.
91, Part 1.

Matsuki K., Tatsuoka M., and Tonomura T., 1983, "A Prototype Solar Desiccant Air-
Conditioner”, Proceedings of the 18th Intersociety Energy Conservation Engineering
Conference, Vol. 4.

Peterson, ].L., and Hunn, B.D., 1985, "The Use of Indirect Evaporative Cooling to Reduce
Peak Electric Demand in New Office Buildings", ASHRAE Transactions Vol. 91,
Part 1B, No.2.

Supple, RG. , and Broughton, D.R,, 1985, "Indirect Evaporative Cooling - Mechanical
Cooling Design", ASHRAE Transactions, Vol. 91, Part 1B, No.1.

Turner, RH,, and Chen, F.C., 1987, "Research Requirements in the Evaporative Cooling
Field", ASHRAE Transactions, Vol. 93, Part 1.

Warren, M. 1985. Conventional Cooling Systems.

Watt, J.R. 1986. Evaporative Air Conditioning Handbook, Second Edition. Chapman and
Hall.



-11-

v Table 1. Climatic Parameters for Climate Locations Covered in Analysis
Cool. Cool. Lat. Cool. Cool. Lat
Deg. Deg. Enth. Deg. Deg. Enth.
Days Hrs/24 Hrs/24 Days Hrs/24 Hrs/24
Location 65°F  75°F * Location 65°F  75°F *
California cities Other U.S. cities
1 (Arcata) 1 ) 0.0 | Fort Worth 2453 1045 490.1
2 (Santa Rosa) 920 527 0.7 | San Antonio 2811 1077 540.1
3 (Oakland) 80 10 0.0 | Lake Charles 2631 849 816.9
4 (Sunnyvale) 198 50 14 | Miami 4005 1194 11547
5 (Santa Maria) 88 51 0.0 | Phoenix 3661 2145 96.8
6 (L ong Beach) 89 194 9.7 | Atlanta 1543 405 284.4
7 (San Diego) 657 55 12.6 | New York 1005 256 118.2
8 (El Toro) 826 243 11.3 | Chicago 969 272 120.7
9 (Pasadena) 1053 372 10.2
10 (Riverside) 1313 676 3.9 | Chinese cities
11 (Red Bluff) 1925 958 3.0 | Beijing 1583 607 303.8
12 (Sacramento) 1166 540 1.5 | Shanghai 1880 663 7383
13 (Fresno) 916 916 20
14 (China Lake) 2773 1672 6.0
15 (E1Centro) 4239 2610 60.4
16 (Mt. Shasta) 552 212 22

* Latent enthalpy hours calculated at base temperature of 75°F and humidity ratio of 0.0116; units
are in Btu'hour/pound air)
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Tabie 2. Precooling capacities for different indirect evaporative
designs with outside air as secondary air

Precooling capacity Energy savings Water use
by IEC typeand L;/1,* | bylECtypeandL;/L,* | byIECtypeand L,/L,*
(kWh/h per m®/s air) {(kWh/h per m®/s air) (kg/h per m*/s air)

Bin | tube fube plate plate | tube tube plate plate | tube tube plate plate
City |hrs | 125 250 237 474 | 125 250 237 474 | 125 250 237 474
California climate locations
Arcata (1) 74 526 400 560 393| 135 084 142 085 143 85 116 69
China Lake (2) 3515 906 698 979 697 | 234 162 252 165( 249 149 202 122
El Centro (3) 951 737 1036 744 255 179 277 184 260 157 213 130
El Toro (4) 1433 547 420 589 4.16| 14 091 153 093| 149 89 121 72
Fresno (5) 3446 784 607 853 610 212 145 229 149 214 129 175 106
Long Beach (6) 1966 540 4.15 582 411} 143 090 152 092| 147 88 119 72
Mount Shasta (7) 1787 669 514 721 511 176 116 188 1.18| 183 11.0 148 89
Oakland (8) 441 526 401 561 393| 135 084 142 084| 143 85 116 69
Pasadena (9) 21864 6.29 484 678 479 166 108 177 110 171 103 139 84
#d Bluff (10) 2500 775 597 838 596| 204 139 220 142 21.2 127 172 104
Riverside (11) 3230 745 576 808 575 198 134 214 137| 204 122 166 10.1
Sacramento (12) 20864 696 538 755 537| 188 126 202 129 190 114 155 94
San Diego (13) 3128 4.57 351 492 346| 120 073 128 075| 124 74 101 60
Santa Maria (14) 382 618 471 660 464| 158 101 167 102| 169 101 136 8.1
Santa Rosa (15) 15700 706 45 764 542| 1.8 126 202 129 193 116 157 95
Sunnyvale (16) 1617) 515 396 554 390| 136 085 144 086| 140 84 114 68
Other U.S. locations
Fort Worth 3658 4.01 315 442 319| 114 071 125 075| 108 66 89 55
San Antonio 473% 440 345 484 350| 125 080 136 084 119 72 98 60
Lake Charles LA 4737 318 250 352 254( 092 053 100 058! 85 52 71 43
Miami 7735 4.18 329 462 334| 122 077 134 082| 112 68 93 57
Phoenix 4314 778 606 849 6.11| 211 146 229 151| 213 129 174 106
Atlanta 2514 324 253 355 255| 090 052 097 055| 87 53 72 44
New York 1702 4.05 3.14 440 3.13| 1.10 066 118 069| 109 66 89 54
Chicago 1 432 335 470 335| 118 073 127 076| 1.7 71 96 58
Chinese locations
Beijing 2574 431 334 469 334|117 072 126 075| 1.7 70 95 58
Shanghai 31 9‘11 316 248 34 249 091 053 098 056| 84 52 69 42

*L,/L, is the ratio of the primary and secondary air flow rates.
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Table 3. Precooling indices for different indirect evaporative
designs with outside air as secondary air

Precooling index Energy savings index Water use index
Avg. | by[ECtypeand L,/L,* | by IEC typeand L;/L,* | by IEC typeand L,/L,*
dry bulb| (kWh/h°C per m*/s air) | (kWh/h°C per m*/sair) | (kg/h°Cp+ n*/s air)

temp. | tube tube plate plate | tube tube plate plate| tube tube piate plate
City depres. | 1.25 250 237 4.74 [ 125 250 237 474|125 250 237 4.74
California climate locations
Arcata (1) 859 | 061 047 065 046| 016 010 0.17 0.10] 1.67 299 135 0.80
China Lake (2) 1521 | 060 046 064 046| 015 011 017 011] 1.64 38 133 080
El Centro (3) 1564 | 061 047 066 048| 016 011 018 0.12| 1.67 1.00 136 083
El Toro (4) 890 | 061 047 0.66 047 016 010 017 0.10] 1.67 1.00 136 0.82
Fresno (5) 1281 | 061 047 067 048| 017 011 0.18 0.12| 1.67 1.01 137 0.83
Long Beach (6) 876 | 062 047 066 047) 016 010 017 011| 1,68 1.00 136 0.82
Mount Shasta (7) 1114 | 060 046 065 046| 0.16 010 0.17 011| 1.64 098 133 0.80
Oakland (8) 860 | 061 047 065 046| 016 010 017 0.10| 1.66 099 135 0.80
Pasadena (9) 1030 | 061 047 066 047| 016 011 0.17 011} 1.67 1.00 135 0.81
Red Bluff (10) 1274 | 061 047 066 047| 0.16 011 0.17 011} 1.66 1.00 135 0.82
Riverside (11) 1224 | 061 047 066 047 016 011 018 011} 166 100 136 082
Sacramento (12) 11.29 | 062 048 067 048} 017 011 018 0.11]| 1.68 101 137 0.83
San Diego (13) 737 | 062 048 0.67 047( 016 010 017 010 1.68 1.00 136 0.82
Santa Maria (14) 1018 | 061 046 065 046| 0.16 0.10 0.16 0.10| 1.66 099 134 0.80
Santa Rosa (15) 1152 | 061 047 066 947{ 0.16 0.1 0.18 0.11| 167 100 136 082
Sunnyvale (16) 835 | 062 047 066 047 016 0.0 017 0.11] 1.68 1.00 136 082
Other U.S. locations
Fort Worth 638 | 063 049 069 050] 0.3 011 020 0.12] 1.69 1.03 140 0.86
San Antonio 707 | 062 049 069 050| 018 011 019 012 1.68 1.02 139 0.85
Lake Charles LA 492 | 065 051 072 052] 019 011 020 012| 1.73 1.06 144 0.88
Miami 649 | 064 051 071 352|019 012 021 013| 1.73 1.06 144 088
Phoenix i3.04 | 060 047 065 047] 016 0.11 018 0.12| 163 099 133 082
Atlanta 523 | 062 049 068 049|017 010 019 011 167 1.01 137 084
New York 653 | 062 048 067 048 017 010 0.18 011| 168 1.01 137 083
Chicago 696 | 062 048 068 048|017 011 018 011 168 1.01 137 083
Chinese locations
Beijing 696 | 062 048 067 048| 017 010 018 0.11] 168 1.01 137 0.83
Shanghai 491 [ 064 051 070 051 019 011 020 0.11] 1.72 105 141 0.87

*L,/L, is the ratio of the primary and secondary air flow rates.
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Table 4. Precooling capacities for different indirect evaporative
designs with room air as secondary air

Precooling capacity Energy savings Water use
by IEC typeand L,/L,* | by IEC typeand L,/L,* | by IEC typeand L, /L, *
(kWh/h per m3/sair) | (kWh/hperm®/sair) | (kg/hper m3/s air)

Bin tube tube plate plate|tube tube plate plate|tube tube plate plate
City hrs 125 250 237 474|125 250 237 474|125 250 237 474
California climate locations
Arcata (1) 72 529 4.04 5.68 4.00| 1.36 085 144 087| 141 85 115 6.8
China Lake (2) 3515 9.11 7.03 997 711| 236 164 257 1.69| 239 144 186 115
El Centro (3) 5004 | 1012 7.84 11.16 801 275 194 3.02 2.02| 295 175 194 122
El Toro (4) 1433 606 465 657 464|161 105 173 1.07| 253 142 125 7.6
Fresno (5) 3446 827 640 9.09 650| 224 155 246 161 244 145 158 9.9
Long Beach (6) 1966 594 457 645 456| 1.59 1.03 171 1.06| 264 148 124 75
Mount Shasta {7) 1787 694 534 756 537| 1.83 122 198 126| 203 120 141 86
Oakland (8) 441 536 4.10 576 4.05| 1.38 086 146 088| 177 102 11.7 6.9
Pasadena (9) 2186 680 523 740 524| 1.81 120 195 124 248 142 137 84
Red Bluff (10) 2500 802 6.19 878 625|213 145 232 150| 249 146 160 99
Riverside (11) 3230 786 507 8.61 6.14| 211 144 229 149| 273 158 154 9.6
Sacramento (12) 2086 738 571 905 577| 200 136 218 141| 199 120 140 8.7
San Diego (13) 3128 526 4.03 5.69 4.01| 141 089 150 091 293 160 11.2 6.7
Santa Maria (14) 382 619 473 6.67 470 1.58 1.02 169 1.04| 189 11.1 135 8.1
Santa Rosa (15) 1570 739 570 8.08 575| 1.98 130 215 138| 212 126 146 9.0
Sunnyvale (16) 1617 547 420 5.92 4.18| 145 092 155 095 216 122 115 6.9
Other U.S. locations
Fort Worth 3658 720 525 7.10 511| 214 137 218 136| 250 141 125 7.7
San Antonio 4737 736 543 7.66 532| 218 142 224 141| 269 152 128 79
Lake Charles LA 4737 805 549 7.65 508| 248 149 232 139| 222 125 127 76
Miami 7735 804 5.69 8.02 557|246 154 242 153| 191 112 130 8.0
Phoenix 4316 864 670 950 682| 238 1.66 260 173| 264 156 161 10.2
Atlanta 2514 631 450 630 427 1.85 1.13 1.82 1.08| 222 124 113 68
New York 1702 591 437 6.13 4.28| 167 1.04 171 1.04| 208 118 114 69
Chicago 1666 6.16 460 646 453| 1.75 1.11 181 1.13| 203 117 117 71
Chinese locations
Beijing 2574 750 537 752 507|219 137 216 1.30| 294 163 131 78
Shanghai 3191 906 6.08 848 543) 285 171 264 153| 198 114 136 8.0

*L,/L, is the ratio of the primary and secondary air flow rates.




-15-

Table 5. Precooling indices for different indirect evaporative
designs with room air as secondary air

Precooling index Erergy savings index Water use index
Avg. | byIECtypeandL;/L;* | by IEC typeand L,/L,* | by IEC typeand L,/L,*
dry bulb| (kWh/h°C per m®/s air) | (kWh/h°C per m®/s air) | (kg/h°C per m*/s air)

temp. | tube tube plate plate|tube tube plate plate|tube tube plate plate
City depres. | 125 250 237 474 | 125 250 237 474|125 250 237 4.74
California climate locations
Arcata (1) 2528 | 071 054 076 054| 018 011 019 012 19 11 15 09
China Lake (2) 3080 | 070 054 077 055( 018 013 020 013 18 11 14 09
El Centro (3) 3272 | 068 053 075 054|019 013 020 014 20 12 13 08
El Toro (4) 2677 | 068 052 074 052 018 012 019 012 28 16 14 09
Fresno (5) 3041 | 066 051 072 052| 018 012 020 013 19 11 13 08
Long Beach (6) 2675 | 067 051 072 051018 012 019 012f 3.0 16 14 08
Mount Shasta (7) 2799 | 068 052 074 053 018 012 019 012 20 12 14 08
Oakland (8) 2541 | 071 054 076 053( 018 011 019 012 23 14 15 09
Pasadena (9) 2778 | 068 052 074 053] 018 012 020 012 25 14 14 08
Red Bluff (10) 2956 | 068 053 075 053|018 012 020 013} 21 12 14 08
Riverside (11) 2956 | 067 052 073 052f{ 018 012 020 013 23 14 13 08
Sacramento (12) 2913 | 065 051 072 051f{ 018 012 019 013 18 11 12 08
San Diego (13) 2578 | 066 051 072 051 018 011 019 011 37 20 14 09
Santa Maria (14) 2635 | 073 056 078 055|019 012 020 012 22 13 16 09
Santa Rosa (15) 2891 | 067 051 073 052f 018 012 019 013 19 11 13 08
Sunnyvale (16) 2608 | 066 051 072 051|018 011 019 012 26 15 14 08
Other U.S. locations
Fort Worth 2825 | 069 050 071 049] 020 013 021 013 24 14 12 07
San Antonio 2867 | 067 050 070 049f 020 013 021 013 25 14 12 07
Lake Charles LA 2806 { 0.79 054 075 050| 024 015 023 014 22 12 12 07
Miami 2926 | 070 050 070 049f 022 014 021 013 1.7 10 11 07
Phoenix 31.11 | 065 050 071 051|018 012 019 013 20 12 12 08
Atlanta 2669 | 070 050 070 048| 021 013 020 012 25 14 13 08
New York 2651 | 068 050 070 049} 019 012 020 012 24 14 13 08
Chicago 2708 | 066 050 069 049 019 012 019 012 22 13 13 08
Chinese locations
Beijing 2766 | 076 054 076 051} 022 014 022 013| 30 16 13 08
Shanghai 2842 | 085 057 080 051f{ 027 016 025 014 19 11 13 08

*L;/L, is the ratio of the primary and secondary air flow rates.




Figure 1. Cooling Systems using Indirect Evaporative Precooling
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Figure 2. Relationship between Water
Consumption (W) and Energy Savings (ES)
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Figure 3. Curves of Indices vs. Flowrate Ratio
(Li/L2) for Tube Type Evaporative Cooler
with Outdoor Air as Secondary Air
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Figure 4. Curves of Indices vs. Flowrate Ratio
(Li/L1) for Plate Type Evaporative Cooler
with Outdoor Air as Secondary Air
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Figure 5. Curves of Indices vs. Flowrate Ratio
(L1/L2) for Tube Type Evaporative Cooler

with Room Air as Secondary Air
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Figure 6. Curves of Indices vs. Flowrate Ratio
(Li1/La) for Plate Type Evaporative Cooler
with Room Air as Secondary Air
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