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Experimental Study of the 
Performance and Thermal Comfort 
of a Spot Cooling System. 
Ma Ren Min 

ABSTRACT 
This paper discusses using a local cooling system to provide 

a comfortable personal environment in industrial premises. The 
authors researched a type of diffuser for this system and verified 
by experiment that the airflow pattern is suitable. Regression 
formulas for velocity and temperature decay of airflow are 
given. 

Thermal sensation tests were per/ or med in a test room in 
which the ambient temperature was 32°-36°C and the mean 
radiant temperature was 33.5°-39.5°C. 

The subjects were 102 males and females. By analyzing test 
data, the authors devised two comfort charts for vertical and 
horizontal air supply with which the parameters of local cooling 
air supply can be determined. The multiple regression formula 
for estimating the mean thermal sensation vote was used. 

• INTRODUCTION 
Due to the current energy deficiency, energy saving in ven

tilating and air conditioning is very important. In some large 
workshops, such as mechanical shops or assembly shops, there 
are only a few workers at definite working posts. If air condi
tioning is not needed for the whole area, then spot cooling (spot 
air conditioning) can be applied, i.e., processed air can be sup
plied directly to the various working posts, maintaining comfort 
conditions within this small space. This type of air conditioning 
saves more energy than any other type of local air conditioning. 

This type of air conditioning has been applied in China and 
other countries, but all lack the necessary design criteria. In the 
1980s, Azer and others in the U.S. (Azer 1982, 1984; Hwang et 
al. 1984) investigated spot cooling systems and determined 
parameters for spot cooling under different conditions. But 
these parameters may not suit the physiological responses and 
subjective thermal sensations in China, and, moreover, the air 
outlets they used were of the tube type (circular outlet). Accord
ing to our investigation and experiments, that type of air outlet 
may not be suitable for spot cooling. For this reason, we con
ducted preliminary research of spot air conditioning 10: 

1. determine a proper type of air outlet for spot air condi
tioning, define the regularity of the airflow pattern, and dis
seminate the related data, and 

2. investigate the thermal comfort conditions for spot air 
conditioning and the influence of different parameters on ther-

Qin Hong 

mal sensation and suggest an optimized comfort condition in 
which a majority of people will feel satisfied. 

SUPPLY AIR OUTLETS FOR SP<Jr COOLING 

Investigation of Proper 'fype of Outlets 
For effective spot air cooling, the following is required for 

supply air outlets: 
1. Uniformity of airflow distribution, i.e., small difference 

between axial velocity and cross-sectional mean velocity; 
2. Maximum coverage of the area by the supply airflow; 
3. Small dynamic characteristic value and small entrain

ment air quantity; 
4. Suitable approach to the human body, so that the supply 

air rate and entrainment air rate can be reduced. 

Following the above requirements, we investigated two 
types of outlet, as shown in Figure 1: a diffusion outlet with 
guide vane for vertical air supply (downward supply) and a 
diffusion outlet with annular slot for horizontal air supply. 

These were compared with a common circular outlet and a 
Batulin outlet (used in the USSR). From the test results, shown 
in Figure 2, we can see that the sectional axial velocity of the air 
jet from a circular outlet is excessively large, but that of the two 
diffusion outlets is small, and their sectional velocity distribu
tion is more uniform than that of the circular outlet. The radius 
of the jet located I m from the four outlets we measured is 
broader with the diffusion outlets than with the circular outlet. 
The experimental conditions for Figure 2 were: supply air rate, 
250 m3 /h; air tube diameter, D 0 = 100 mm; and distance from 
outlet, S = l m. 

a. Diffusion outlet wilh Gui<le v11nl'! t, . Diffusion outlet wilh annular slot 

Figure I Di/fustian outlets for spot cooling air supply sysrem 

Ma Ren Min ~ a Professor in the Department oi Environmental Engineering, Xian Institute of Metallurgy and Construction Engineering, and Qin 
Hong is a Lecturer in the Department of Environmental Engineering, Wu Han Faculty of Metallurgy and Construction Engineering. .. 

186 



V m/s 

4. s 

4. 0 

3. 5 

3. 0 

2. 5 

2. 0 

1. 5 

1. 0 

o. 5 

~ 

5 10 

J. Common circul~ o~::ct 
z. Batulin outkt (USSR ) 
3. Diffusion outlet wic Guide vane 
~. Diffusion outlet wic Annular slot 

15 20 25 35 

Figure 2 The sectional velocity distribution of four types of outlet jet 

In order to expand the operating radius, a diameter of D0 

= 150 mm was selected. 

Velocity and Temperature Distribution of the Supply Air Jet 
The experimental results of velocity and distribution were 

obtained with the following conditions: 

Environmental temperature: ta = 32°C - 39°C 
Supply air temperature: t0 = 16 °C - 25 "C 
Supply airflow rate: 100 - 600 m3 /h. 

Processing data by least squares regression, we obtained the for
mulas for velocity distribution and temperature distribution as 
follows. 

For vertical air supply by a diffusion outlet with guide 
vane: 

Velocity distribution: 

: • 0.7481~( ~.>-4.2117lexp(-18.2404r2.8111• s-2 • (1) 

Sectional mean velocity within effective operating range: 

3. • 0.4194Aro.osoe ( ..L) ~71 • 
V0 D. (2) 

Distribution of excess temperature: 

:. "l.0948Ar-4·
0

'
04 (~ )

44008 exp(-11.1318r2AIMs-2. (3) 
• 

Sectional mean excess temperature within effective operat
ing range (S = 0.5 - 2 m): 

~ = (0.5719 + 0.0519S)Ar°-0104(_!_)-4AOOG . 
e. D. 

(4) 
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For horizontal air supply by diffusion outlet with an annu
lar slot: 

Velocity distribution: 

Temperature distribution: 

where 
V = air velocity in air jet at distance from outlet 

V 0 = supply air velocity (outlet air velocity) 
v1 = cross-sectional mean velocity 
Ar = Archimedes number 

S = axial jet distance 
D 0 = outlet diameter 

(5) 

0 = la - t, difference of environmental air temperature and air 
temperature at any point in air jet 

80 = la - 10 , difference of environmental air temperature la and 
supply air temperature. 

Since they are not needed in practice, formulas for sectional 
mean velocity and the mean temperature of the horizontal sup
ply jet are not given here. 

THERMAL SENSATION OF SPOf COOLING 

Test Module and Experimental Design 
A sketch of the experimental module is shown in Figure 3. 
In order to determine comfort parameters for spot cooling, 

which differ from those for whole-room air conditioning, we 
investigated thermal comfort, conducting 336 tests for vertical 
air supply and 270 tests for horizontal air supply and applying 
large-scale statistical analysis both to the subjective human 
responses and the objective physiological responses. The experi
ment was carried out in an air-conditioned room (see Figure 3) 
with 102 volunteers as subjects. They are all healthy university 
students and post-graduates 18 to 25 years old. There were 53 
males and 49 females. All subjects wore thin trousers, short
sleeved shirts, nylon stockings, and slippers; the clothing insula
tion value was about 0.6 clo. The subjects stood near a working 
table, mounting and dismounting bolts. At a rate of 170 pieces 
per hour, the labor intensity was approximately 1.8 met (105 
W/m2). The distance between the top of a subject's head and 
the outlet for vertical air supply was 0.9 m; there was the same 
distance between the subjects and the horizontal supply outlet. 
At this distance, the section radius of the jet was about 0.5 m. 

•uplly ,,, I I \ 

Air ConUilioncr I le:al Source Air condil1oncr 

Figure J Sketch of model room and experimental apparatus 
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a. Vertical air supply b. Horizontal air supply 

Figure 4 Schematic drawing of spot cooling 

Thirty conditions selected from prepared experiments were 
used. Their parameters were: 

Environmental temperature, ta = 32 °C - 36 °C 
Supply air temperature, t0 = 16 °C - 25 °C 
Supply air velocity, V0 = 1.57 °C - 8.2 °C 

We defined the mean air temperature and air jet velocity 
sectional plane at the 1.6 m height level (average height of shoul
der and head) as nominal temperature ti and nominal velocity 
vi for the vertical air supply. We defined the air temperature and 
air velocity at the 1.35 m height level (average height of chest) as 
nominal temperature ti and nominal velocity vi for the horizon
tal air supply spot cooling (as shown in Figure 4). Th~ experi
mental cabinet is located in a room with constant temperature. 
Its illumination and sound level agree with the requirements of a 
general workshop. The exposure time of the subjects was 1.5 
hours. Physiological indices (including weight, temperatures of 
armpits, forehead, chest, hands, legs, and ankles, and heart rate 
and blood pressure) were measured every half-hour, and the vote 
of thermal and draft sensations was taken. After this, the condi
tion was changed. In order to define the relation between 
human thermal sensation and length of exposure, two subjects 
were tested for three hours under the same conditions. 

Results of Experiment 
Partial data of thermal sensation and skin temperature 

from our results are given in Tables l, 2, and 3. 
Thermal Sensation The ASHRAE seven-category ballot 

for classification of thermal sensation from + 3 to - 3 was used 
(Fanger 1976; ASHRAE 1985), although our experiment only 
used four categories from -1 to + 2. We interpolated category 
+ 0.5 between the categories of "slightly warm" and "comforta
ble" and call this category "slightly comfortable!' 

Physiological data from our experiment show that heart 
rate and blood pressure were within the normal range. Com
pared with indices from before the experiment, there is no 
meaningful change. The value of mean comfortable skin tem
perature agrees very well with values computed by Fanger 
(1976). 
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A three-hour exposure test of thermal comfort shows that 
the human thermal sensation has a tendency to decrease with 
the lengthening of exposure time. The thermal sensation at the 
end of the experiment decreased more in the 0.5 category than 
the thermal sensation in the first half of the experiment. Mean 
skin temperature also decreased correspondingly (see Figure 5). 

By random sampling of 10 subjects, we obtained the 
responses of body skin temperature corresponding to a com
fortable thermal sensation under horizontal air supply in a spot 
cooling space (see Table 2). 

fem&le 

Time h 

tern.a.lo 

male ~ 

0 o. 5 l. 0 !. 5 z. a z. 5 3. 0 Time h 

Figure 5 Variation of temperature and thermal sensation with 
passage of time 
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TABLE l 
Experimental Conditiom and Thermal Sensations 

Mean Thermal Sensation 
Environmon Supply Supply Nominal 

Radiant Nominal 
femperaturc t'f empcraturc Volocity 

empeuture1 
Velocity y=l y<O. 5 

tempcra1urc 
t. t. .... "' PPD Yo t_ 

32 19 2. 11 33. 35 27. 81 o. 42 0 23% 
19 3. 84 33. 35 27. 71 o. 61 0 17 

22 3. 82 34. 00 28. 74 o. 59 0 9 

22 s. 27 34. 00 28. 64 o. 79 Q 0 

25 5. 27 34. 7 29. 69 o. 75 Q 25 

25 6. 65 34. 7 29. 68 o. 92 0 25 

16 3. 77 37 28. 16 o. 61 H 14 

16 4. 87 37 28. 13 o. 76 14 14 

19 4. 56 36 29. 11 o. 71 9 36 

22 5. 93 36. 3 30. 06 o. 87 0 24 
34 

22 7. 12 36. 3 30. 04 1. 01 8 17 
25 7. 12 36. s 31. 02 o. 99 0 37 

25 8. 07 36. 5 31. 01 l. 09 0 0 . 

16 5. 06 40 29. 48 o. 93 12 25 

36 16 6. 13 40 29. 45 o. 93 12 25 
16 s. 93 39. 3 30. 43 o. 89 10 31 

Data in this table were obtained under venical air supply 

TABLE2 
Skin Tempen1ture Corresponding to Comfortable Thermal Sensation in Hot Environment 

Measurement ·' 
Value 13efore 

During Test 

Part Test 
enviroment parameter 1 Temperature Difference 

(normal) 
t.=36"C ot Pre-test and test 

t._=39.S"C 
of body 

HezuJ . 33. 97 33. 2 o. 77 
Chest 31. 17 32. 08 2. 09 
Arm 33. 11 3~. 10 -0. 66 
Leg 32. 2 33. 13 -0. 93 

Foot 30. 21 32. 38 -2. 17 

Weight average 

of whole llody 33. 271 32. 6 0. 674 
skin temperature 

Data in this table were obtained under horizontal air supply 

Correlation of Thermal Sensation Y; with tj, 111 From results 
of the vertical air supply spot cooling {see Table 3), we know that 
with steady air temperature and mean radiant temperature, ther
mal sensation decreases with increased air velocity when the air 
temperature and mean radiant temperature are slightly lower, and 
it increases with increasing air velocity when the air temperature 
and mean radiant temperature are s~ghtly higher. 

With steady nominal air velocity vj and mean radiant tem
perature lmn the mean thermal sensation Yj increases with 
rising nominal air temperature tj. The degree of increase differs 
with levels of vj and lmr· When air velocity is high, the degree of 
increase is slow, and it becomes quicker when air velocity is low. 
The influence of air velocity is significantly larger than the 
influence of mean radiant temperature. 
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TABLE3 
Variations of Thermal Sensations under Different Conditions 

Environment Supply Air Supply Air 
Mun 

1'10111inal Nominal 
Mean Cooling 

Thermal Radianl capacily 
Temperature Ralc L. frempcralurc 

rrem~r:!!l!re 
Temperature Yelocily v 1 

S.:ncation ot Supply 
t. 'C m'/h ·c 

'C 

243 
290 19 36 
377 

34 
190 
210 16 37 
310 

377 
453 19 39.3 
510 

3ti 
322 
390 16 40 
155 

-
Considering the demands both of precision and practical 

application, we derived the following equation of thermal sen
sation Y1 with nominal air temperature t1, nominal air velocity 
v1, and mean radiant temperature tmr by regression for the verti
cal air supply: 

~ .. - 0.6987 - 3.3671 r1 + 28.6467u1 

• 1.a164t_ • q.o834t} • 4.oonV: 

- 0.0253t!r - 1.4622t1u1 + 0.1313t_v1 
Application range of this equation: · 

t1 = 27 .8 °C - 31.4 °C; "J = 0.29 - 1.21 m/s 
tmr = 33.5°C - 40°C; - = 300Jo - 700Jo 
Labor intensity: 1.8 met 
Clothing insulation value: 0.5 - 0.6 clo 

(7) 

Comfort Charts for Spot Cooling Based on the experimen
tal results for thermal sensation, we drew comfort charts for 

31 

30 30 

t. = 32"C 

29 29 

28 28 

27 t; m/s 27 

0 o. 4. 0. 6 o. a l. (j l. 2 

a. comfort chart for vertical air supply 

0 

1, ·c mi s y Air W 

29. 13 o. 61 o. 94 909 
29. 11 o. 71 o. 64 1078 
29. 08 0. 89 0. so 1412 

28. 19 o. 51 o. 78 851 
28. 11 o. 61 o. ti1 1076 
28. 13 0. 76 o. 49 1390 

Jo. 43 o. 89 o. 67 1600 
30. 41 !. 04 o. 92 1920 
30. 39 I. 15 o. 81 2163 

29. 48 o. 79 0. 31 1605 
29. 15 o. 93 o. 41 1915 
29. 13 l. 06 o. 56 2269 

spot air conditioning under the above conditions (see Figure 6). 
They were drawn according to 30"7o dissatisfied subjects. In 
these two charts, the effect of the length of the experiment was 
considered. We consider that PPD = 300Jo is proper for applica
tions in China. 

Values of nominal velocity V1 and the corresponding 
nominal temperature t1 for establishing the two charts are 
quoted from test data, part of which are given in Table l. 

DISCUSSION 
1. The cross-sectional velocity distribution pattern both 

for a diffusion outlet with guide vane and for a diffusion outlet 
with annular slot is approximate, but the axial velocity decay of 
diffusion with a guide vane is quicker than that of diffusion with 
an annular slot. Using the latter in practice may reduce the rate 
of air supply to create the same effect. 

2. The effects of both the vertical air supply and the 
horizontal air supply are also approximate. Either one may be 

Uj m/s 

o. 5 o. a 1.0 1.2 ]. 4 1. 5 1. 8 2. 0 

b. comfort chart for horizontal air supply 

Figure 6 Comfort charr /or cooling system 
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chosen in practical applications; the recommended distance 
from outlet to body is about l m. 

3. Table 2 shows that, provided the temperatures of the 
head and chest in a hot environment are lower than the normal 
temperature (pre-test), a comfortable thermal sensation will be 
obtained, even if the temperature of the lower body is higher 
than a normal temperature value. Certainly, the average temper
ature of the skin should be slightly lower than normal. 

4. Experimental results illustrate that we cannot simply 
conclude that the larger the cooling capacity, the better its effect 
(see Tuble 3). By checking the statistical results of the experi
ment, we see that with the same cooling capacity but different 
parameters of airflow, the evaluation of thermal comfort with 
supply air of low temperature and velocity is better than with 
high temperature and velocity. 

CONCWSIONS 

1. In a workshop with few workers, defined working posts, 
temperatures of 32 °C-36°C, and relative humidities of JOOJo-
7011/o and without concentrated heat radiation, spot cooling 
with a supply air temperature of 16°C - 25 °C may satisfy the 
thermal comfort of the human body. 

2. A diffusion outlet with guiding vane or annular slot is 
more suitable than a circular outlet. It will bring satisfactory 
velocity and temperature fields without a feeling of draft. 

\ 
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3. A correlative equation is given for thermal sensation Y 
in a spot cooling space with vertical air supply with nominal air 
temperature c1, nominal air velocity ui• and mean radiant tem
perature tmr· 

4. 1\vo comfort charts with 7011fo satisfied subjects are 
included for reference only. 
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