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The general cooling tower is a device for cooling water in industrial condensers or heat 

exchangers. The present cooling towers have defects with noises, complicated structures and 

environmental problems. This paper focuses on a new water cooling system using the latent heat 

of  evaporation in an enclosed vacuum tank and a water driven ejector system. Several experi- 

ments were carried out to improve high vacuum pressure and water cooling characteristics. The 

ejector performance was tested with various water temperatures. Based on the vacuum pressure 

of the water driven ejector, the water cooling characteristics were investigated for the condensed 

and vaporized air and the effect of increased evaporating surface area in an enclosed tank. 
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Nomenclature  
A : Cot ton area [m2] 

L : Tank volume ILl  

P " Pressure EmmHg. abs.] 

Q : F low rate [L/min.~ 

R T  : Refrigeration Tonnage 

T "Temperature  [~ 

Subscripts 
A : Air  in enclosed tank 

hc : Heat exchanger for condensing 

he : Heat exchanger for ejector water 

in : Initial  value 

E : Ejector 
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p : Ejector pump 

r : Area ratio 

T : Enclosed tank 

w : Water  in enclosed tank 

1. Introduction 

Cooling towers are commonly used to dissipate 

heat from water-cooled refrigeration, a ir-condi-  

tioning, and industrial process systems. The heat 

that is generated by these systems must be re- 

moved. Water is commonly used as a heat transfer 

medium to remove the heat from industrial refri- 

gerant condensers or heat exchangers. Water util- 

ity bills become expensive because of  increased 

water supply and disposal costs. Similarly, cool- 

ing water drawn from natural sources is unavail- 

able due to environmental disturbances. 

In a once-through system, the water consump- 

tion rate of  the cooling tower is about 5%, and the 
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re-circulating flow rate as described in the design 

handbook (SAREK, 1987) is 780L/RT/hr .  There- 

fore, ~ the cooling tower capacity is increased, 

the water consumption rate is proport ional ly  in- 

c r e a s ~  and causes environmental problems, such 

as Legionella disease, by the vaporized water drift 

from cooling towers. 

In the past, cooling towers were not important 

to refrigerating systems because the power con- 

sumption rate in the cooling tower is below 2%. 

We have to focus on the cooling tower with other 

viewpoints. The cost of electric power rises 10% 

or  m o ~  as the cooling water temperature rises by 

1.5"C. When the water returns from the cooling 

tower, t he  temperature of  the water is about 

31~32 'C.  The temperature of the water that flows 

into the cooling tower is about 37~ Thus, the 

temperature difference for the standard cooling 

tower system is estimated at 5~6~ 

The present cooling towers are summarized as 

two types. Namely counter flow and cross flow, 

reported Chu et a1.(1999) and Kim et al.(2000). 

Most of  the present cooling towers utilize the 

effects of  latent heat of  evaporation and sensible 

heat by the atmosphere. This system poses the 

following dilemmas. First, the cooling rate is 

strongly influenced by atmospheric conditions. 

Second, present cooling towers need a great deal 

of  added health and safety features to prevent 

Legionella disease. Third, electrical failure and 

energy consumption are high because of the large 

fans, making the system very complicated. Fourth, 

the external appearance is not appealing. This 

system generates a great deal of noise because it is 

constructed outside of buildings. There are three 

kinds of  ejectors in industrial processes. These 

ejectors are classified by the driving fluids used 

such as air, steam or water. The water driven 

ejector is most commonly used because of its 

simple design and cost effectiveness. The water 

driven ejector has been utilized for the following 

two theories. (Kim, 2000, Simizu, 1987); one is 

the transportation of  materials such as a bilge 

discharge, brine discharge in fresh water genera- 

tors and fish pumps, etc., The other is for making 

the vacuum pressure in an enclosed tank (Kim, 

2001). Most research focused on the inside flow 

of an ejector by the numerical (Choi et al., 2001) 

and experimental (Kim et al., 2002; Lee et al., 
2001) analysis. 

In this paper, we focused on the water cooling 

characteristics using an enclosed vacuum tank 

and water driven ejector for replacing present 

cooling tower systems. 

The proposed water cooling system is operat- 

ed by the latent heat of  evaporation , thus this 

system needs a vacuum pressure to make the wa- 

ter evaporate in the enclosed tank. The effects of  

the cooling water are dependent on the vacuum 

pressure and the ejector plays an important role 

in preserving the evaporating pressure. The main 

purpose of this study is to experiment with ejector 

performance at various driving temperatures and 

to study the characteristics of  water cooling in an 

enclosed vacuum. Condensation of the vaporized 

air and the effect of an increased evaporating area 

were also studied. 

2. Experimental Descriptions 

The cooling effects are dependent on the vacu- 

um pressure, thus the vacuum pump has to ac- 

hieve the pressure of evaporation. As the general 

vacuum pump is designed for high vacuuming in 

a small space, the ejector pump system is more 

suitable than the vacuum pump. In this paper, the 

water driven ejector pump system is proposed for 

vacuuming in the enclosed tank. 

Figure 1 shows the details of the ejector. This 

system consists of three main par ts :  the nozzle, 

straight pipe and diffuser. The nozzle diameter is 

5.7 mm and the straight pipe diameter is 15 mm 

with lengths of  65 mm each. The length of  the 

diffuser is 101 mm and the diffuser angle is 6.2 ~ 

- - -  . .  . . 

Fig. 1 Drawings and photo of ejector. 
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(a) 
Fig. 2 (a) Schematic diagram of experimental 

(b) 
setup (b) Photography of experimental setup 

Figure 2 shows the experimental apparatus to 

measure the effect of vacuum levels in the enclos- 

ed tank. The designed vacuum chamber has a ca- 

pacity of 568L and the inside air of the vacuum 

tank is evacuated by a water driven ejector. The 

water that passes from the ejector is re-circulated 

through the feed water tank into the ejector pump. 

The vacuum tank achieves a low pressure state 

according to the ejected air. Therefore, the water 

in the vacuum tank achieves an evaporation con- 

dition faster than an atmosphere condition, and 

the water in the vacuum tank is cooled down. The 

ejector pump has a float type flow meter and ad- 

justing valve. The pressure transducer (PSHA- 

0760HAAJ) was installed on the top of the vacu- 

um tank. The pressure signal is transmitted to a 

personal computer and data logger (DR130, YO- 

KOGAWA).  The flow rates were controlled by a 

flow rate adjusting valve and were measured by 

variable area flow meter. The uncertainty in the 

flow rate measurement was -+1~2%. Tempera- 

tures in the feed water tank and enclosed tank for 

both cooling and heating mediums were measured 

by means of chromel-alumel thermocouples. The 

uncertainty in the temperature measurement was 

with in ----- 1 ~ The pressure at the top of enclosed 

tank was measured with pressure transducer. The 

uncertainty in the pressure measurement was with- 

in -----0.15%. Two heat exchangers were installed 

in the experimental apparatus. One was located 

on the air side in the enclosed tank for condensing 

the evaporated water. The other was immersed in 

a feed water tank for cooling the water that is 

pumped to the ejector. The primary experimental 

process is carried out for about 6 hours before 

the main experiment. The initial temperature of 

the re-circulated water in the feed tank was set to 

7.4~ 13.8~ 35.5~ and 49.8~ The initial water 

temperature in the enclosed vacuum tank was 

about 37~ During the experiment, the ambient 

temperature was 25~ The temperature of the two 

heat exchangers was controlled by a temperature 

regulator. 

3. Results & Discussion 

3.1 Effect of ejector water temperature 
To achieve cooling water, the water should be 

in an evaporating condition. This condition can 

be achieved by vacuuming. The water driven 

ejector was introduced in this study. 

Generally, the vacuum pressure by a water 

driven ejector is dependent on the flow rate, water 

temperature, nozzle size and diffuser angle of the 

ejector outlet, etc. In Fig. 3(a), the flow rate is 

related to the vacuum pressure. The vacuuming 

rate is proportional to the flow rate. To get the 

best vacuum pressure an optimum condition must 

be achieved. We also focus on the effects of ejec- 

tor water temperature. Fig. 3(b) shows the vacu- 

um pressure distributions for the various initial 

temperatures of the ejector water. Because the 

general water density depends on the temperature. 

If the density of the working fluid is increased, 
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(a) The vacuum pressure distributions in an enclosed tank for various flow rates into ejector 

(b) The vacuum pressure distributions in an enclosed tank for various initial temperatures of ejector 
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the  a m o u n t  of  suct ion is higher.  Therefore ,  when  

the pressure inside the t ank  is d ropped  the suct ion 

is lower.  

A n  empty t ank  wi th  a capaci ty  of  568L was 

used in this  experiment .  T he  ma in  pa rame te r  is 

the  ini t ia l  t empera tu re  o f  the  ejector  water.  As the  

in i t ia l  t empera tu re  TE was low, the enclosed t ank  

pressure  had  a h igher  v a c u u m  pressure. Th i s  pre- 

ssure was cons tan t  after a b o u t  90 minutes .  Th i s  is 

why the low water  t empera tu re  caused a h igh  

densi ty  suct ion  a r o u n d  the ejector. F r o m  Fig. 3 

(a) and  (b) ,  even if  the  ejector  p u m p  capaci ty  is 

small,  the equ iva len t  v a c u u m  pressure  can  be 

achieved by p lac ing water  wi th  a lower  tempera-  

ture  into  the  ejector. 

F igure  4 shows the t empera tu re  va r ia t ions  of  

e jector  dr iven  water  in a feed water  tank.  This  

t empera tu re  increased l inear ly  because the fric- 

t i on  is increased in the p ipe  and  ejector. 

F igure  5 represents  the  re la t ionsh ip  be tween 

v a c u u m  pressure  and  mean  ejector  water  temper-  

ature. The  tempera tures  on  the  ho r i zon ta l  axis 

were t aken  at 90 minutes.  In Fig. 4 this  is consi-  

dered a s teady state. F r o m  this  point ,  the  wake  

t empera tu re  t h r o u g h  the  ejector  has  a direct  cor-  

re la t ion  to the v a c u u m i n g  pressure.  To get a h igh  

v a c u u m  pressure,  it is r e commended  tha t  the  low 

ini t ia l  t empera tu re  be main ta ined .  

3.2 Water cooling characteristics 
Lower  t empera tu re  water  f lowing into the ejec- 

tor  induces  the  h igh  v a c u u m  pressure.  This  means  
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Table 1 Main experimental parameters for water 
cooling test 

Type 1 Type2 

Enclosed tank 
568 568 

volume (Liters) 

Filled water and air 300Lw 300Lw 
volume (Liters) 268La 268La 

Flow rate into ejector 50 50 
pump, Qp (L/M) 

Flow rate in heat 
exchanger of ejector none 8 
water, Qhe (L/M) 

Flow rate in heat 
exchanger of condensing, none none 

Qhc (L/M) 

800 

7 0 0  

Type3 "~ 600 

568 ~ 500 

300Lw ~ 40o 

268La ~ 300 

2 0 0  

50 
100 

0 
none 0 

Fig. 7 

5.3 

,,,i 

Fig. 6 Schematic diagram and photography of tem- 
perature measuring points 

that the evaporative condition can be easily 

obtained. The water under the evaporative condi- 

tion absorbs the latent heat and will be cooled. In 

this section, the water cooling characteristics were 

investigated with several experimental conditions. 

The temperature measuring points in an en- 

closed tank are shown in Fig. 6. The capacity of 

the empty vacuum tank is 568L. For example, 

300Lw means the water in the vacuum tank is 

filled with 300L of water and the remaining air 

occupied a volume of 268L. 

The initial water temperature was set to about 

37~ in this experiment. This temperature was 

intended as the temperature for a general cooling 

tower system. 

As shown in Fig. 6, the temperature sensors 

(RTD PTI00f2) T1, T2 and T3 are immersed in 

the water, and the other temperature sensors T4, 

Type 1 1 . . . . . .  Type 2 
Type 3 

I I I I I I I I 

20 40 60 80 100 120 140 160 180 

Time(rain.) 

Vacuum pressure distributions for three 
types; Type l, Type2 and Type3 

T5, T6 and T7 are contacted with the air in the 

enclosed tank. 

Table 1 shows the parameters for the three 

types. The experiments were carried out for the 

effects between Qhe and Qhc. The values of Qhe 

and Qhc are the ejector water flow rate in the heat 

exchanger of ejector water and the air in the 

enclosed tank as shown in Fig. 2 (a), respectively. 

Figure 7 represents the vacuum pressure distri- 

butions for the three experiments as shown in 

Table 1. After 30 minutes, the pressure had an al- 

most steady condition and the pressure values of 

Typel,  Type2 and Type3 were recorded 49.4, 48.8 

and 47.6 mmHg. abs., respectively. 

These pressure values were gradually decreased 

to 45, 38 and 26mmHg. at 180 minutes. Type3 

had the highest vacuum pressure, which meant 

that more cooling water was obtained because of 

the active evaporated water. 

In order to investigate the water cooling effect 

under vacuum pressure, the following experiment 

was conducted in the cases of Typel,  Type2 and 

Type3. Figs. 8--10 show the temperature di- 

stributions of the enclosed tank and ejector water 

for each type. In these figures, the black and white 

symbols are the temperatures of the water and 

air, respectively. The temperature TE is the water 

temperature in the ejector pump line and this 

water is re-circulated with a closed pipe line. 

The water temperature had a steep gradient of 

around 30 minutes. The evaporating condition 

was reached at this point. From Figs. 8-- 10, there 
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is no temperature difference among TI ,  T2 and 

T3, thus the water temperature can be estimated 

as the same. In cases o f  less than 30 minutes, the 

temperature difference of  T4, T5, T6 and T7 are 

strongly affected by the temperature of  the surface 

water in the vacuum tank. Therefore  T4, T5, T6 

and T7 are in an unstable condi t ion  and have a 

temperature differences. The init ial  temperature of  

the air was gradual ly  increased unti l  30 minutes. 

Because the general  evaporat ing condit ions for 

water is 50 mmHg.  abs.. under  38~ the pressure 

value at 30 minutes has reached the evaporat ing 

condit ion.  This  evaporat ive  phenomena  can be 

observed from the abrupt  decreasing temperature 

as shown in Figs. 8--10.  

The  tendency of  air temperature distr ibutions 

coincided with water temperatures after 30 minu- 

tes. This is why the latent heat  from water is 

dominant  on the air side. The  temperature differ- 

ences between water and air were not  apparent.  

However ,  in the case o f  Type3 shown in Fig. 11, 

the air temperature was lower than the water. 

This  is due to the air condensat ion by the heat  

exchanger  which was installed in the enclosed 

tank as shown in Fig. 2. 

The  ejector water temperature was almost  lin- 

early increased except in Type2 because the 

cool ing  water was supplied in Type2 only. 

F igure  11 shows the variat ions of  the tempera- 

ture difference in the enclosed tank. The  vertical  

axis values, Tz,Tx-in represent the temperature dif- 

ferences between the init ial  water temperature of  
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Table 2 Main experimental parameters for incre- 
asing an evaporating area 

Type4 Type5 Type6 

Enclosed tank 
568 568 568 

volume (Liters) 

Filled water and air 200Lw 200Lw 200Lw 
volume (Liters) 368La 368La 368La 

Flow rate into ejector 
50 50 50 

pump, Qp (L/M) 

Approximate initial ejec- 
10 10 10 

tor inlet temperature (~ 

Flow rate in heat 

exchanger of ejector none none none 
water, Qhe (L/M) 

Flow rate in heat 
exchanger of condensing, 5.3 5.3 5.3 

Ohc (L/M) 

Sheets of cotton none 5 13 

Evaporating area ratio, 
1 1.6 2.4 

Ar 

38~ and the T1 temperature. The largest cooling 

water effects were obtained in the case of Type3. 

When the experimental time is 180 minutes, Type3 

had the lowest vacuum pressure of about 35~ of 

ejector water as shown in Figs. 7 and 10. From 

these results, the low ejector water temperature 

can be attributed to the high vacuum pressure. 

This is effective within the limit ejecting effect get 

started. The ejector water temperature is not sig- 

nificant at the beginning of the steady pressure 

condition, and it is recommended that the initial 

ejector water is below 10~ in this experimental 

system. There are two factors for making vacuum 

pressure high, namely the influences of the initial 

ejector water temperature and flow rate in which 

the water flows into ejector. 

Comparison between the three cases reveals 

that the air condensing effect is closely related to 

the water cooling characteristics more than other 

factors as shown in Fig. 11. 

3.3 Cooling effect for increasing an 

evaporating area 

Water particles have an interactive attraction 

among water molecules and when the partial 

Fig. 12 Photo of hygroscopic test under atmospheric 
pressure 

pressure is dropped under the condition of evap- 

oration, evaporation is started. Water evapora- 

tion is generated from surface water when the 

evaporating pressure was reached. There are 

many methods to get a water cooling effect; the 

method for increasing an evaporation area by 

inserting cotton microfibers was introduced in 

this paper. 

Figure 12 shows a photo of a hygroscopic test 

under the atmospheric pressure before it was 

installed into the enclosed tank. The wetted leng- 

th to gravitational direction was about 135 mm by 

capillary attraction and cotton microfiber of 450 

m m •  175 mm was used in the enclosed tank. 

Table 2 represents the experimental parameters 

to investigate the cooling effects by increasing the 

evaporating area of the water surface in the en- 

closed tank. 

The evaporating area ratio, Ar, was defined as 

the ratio of total evaporating surface and the cir- 

cular area of the water surface. For example, A t =  

2.4 means that the total evaporating area is 2.4 

times greater than in Type4 where cotton was not 

inserted into the tank. 

Figures 13--15 shows the temperature distri- 

butions of the enclosed tank and ejector water in 

A r = l ,  1.6 and 2.4. The temperature sensors T1 

and T2 are immersed and the others are contact- 

ed with the air. The general temperature distri- 

butions present a similarity to Fig. 10 except in 

air side temperatures. These air side temperatures 

from T3 to T7 in Figs. 13~15 are lower than 
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Fig. 10. More  evaporated water is cooled by the 

heat  exchanger in the air side. This  evaporated 

water has a larger heat capacity than the case of  

Fig. 10, and the ejector water temperature had an 

almost l inear increase because of  frictional heat 

generated in the ejector water line. 

Figure  16 shows the distr ibutions of  the tem- 

perature differences in the enclosed tank. The  

best water cool ing effects were obtained in Type6. 

When the experimental  t ime is 100 minutes, all of  

the cases have a stable and steady heat  exchange. 

These results lead us to conclude that the im- 

provements  of  the water cool ing characteristics 

can be achieved by increasing water surface in the 

evaporat ion area. 

4. C o n c l u s i o n s  

In this paper, we proposed a water cool ing  

system by latent heat  of  evaporat ion.  This system 

consists of  the enclosed vacuum tank and water 

driven ejector system. F r o m  an experimental  re- 

suit, the conclusions are summarized as follows : 

(1) The water temperature being cooled in a 

present cool ing tower system is about  37~ To  

get an advanced cool ing effect from this tempera- 

ture, we introduced the forced evaporat ing system 

which operates under vacuum pressure. 

In this paper, the cool ing effects and the vacu- 
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um pressure for getting latent heat of evaporation 
were obtained by ejecting air in an enclosed tank. 

(2) At lower water temperatures the ejector 

produced a higher vacuum pressure, the initial 
temperature for the water ejector is important. It 
is desired to maintain the initial temperature and 
not to exceed 10~ in this experimental system. 
The relationship between vacuum pressure and 
ejector driving water were represented as P =  
20.09 • 1.036 TE, where P and TE mean the enclosed 

tank pressure and ejector driving water tempera- 
ture. 

(3) Comparisons between the several experi- 
mental cases reveals that the air side condensing 
in the enclosed tank is more important to the 
water cooling characteristics than the other facto- 

rs. The improvements of water cooling charac- 
teristics can also be achieved by increasing the 
evaporation area of the water surface. The cool- 

ing rate was increased by 10~o in case that the 
evaporating area ratio is 2.4. 

(4) By increasing the ejector pump flow rate 
the time to reach an evaporation condition can 
be shorter and higher vacuum pressure is easily 
obtained. 
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