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Simplified calculation model of space air temperature distribution in under-floor air-conditioning system 

was developed through a. number of experiments in a full-scale test chamber. Measurement of space air 

temperature profile and visualization of space air flow suggested that the mixing process of the discharged 

air could be divided into two regions; the completely mixing region at the lower side of the room and 

the piston-flow region at the upper side. The heat balance equations were derived from the following 

assumptions; the discharged cool air mixed with the room air completely in the former region, while the 

room air moved only upward to the ceiling in the latter region. A unique parameter, the depth of the 

former region, was identified as a function of the Archimedes number of discharged cool air. The vertical 

temperature distributions calculated using these equations agreed with the measured distributions with 

sufficient accuracies for practical application. 

KEYWORDS Under-floor air-conditioning, Experiment, Temperature profile, 

Modelling, Archimedes number 

INTRODUCTION 

The applications of under-floor air-conditioning systems have increased especially in so-called intelligent 

buildings. This approach can reduce the amount of heat to be supplied into the room by utilizing the 

buoyancy effect of the cooled air, while it may decrease thermal comfort of occupants due to drought and/or 

temperature gradient. It is, therefore, indispensable for optimal design of the under-floor system to predict 

space air temperature distribution and then evaluate it appropriately from viewpoints of both energy and 

thermal comfort. In spite of many recent studies on under-floor systems, the successful prediction method 

has not been given. As reviewed by the authors (Ito et al. 1990), this reason might be that design factors 

in the air distribution system had not been related to the space air/temperature distribution. The present 

paper developed simplified calculation model of the vertical temperature distribution, which can be easily 

applied in practical design of space air distribution system. 

EXPERIMENTAL SETUP 

Approximately forth of experiments were conducted in a. full-scale environmental test chamber to clarify 

relationship between space air/temperature distribution and principal design factors in air distribution 

system. lllustration of the chamber is shown in Figure 1. The chamber is 6 m long, 4 m wide and 2.6 
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m height, and the crawl spaces under the floor and upper the ceiling can be used as a.ir supply /return 

headers. Since the envelope of the room is well-insulated, heat transfer through it can be ignored. In 

the present study, one supply outlet was mounted at center or perimeter of the floor, while room a.ir was 

returned to the air-conditioner through many small slits in the lighting apparatuses. Though nozzle-, 

diffuser-, and circular-type were examined as type of outlet, only the first of them was involved in the 

present paper. 

The effects of the air change rate and the supply a.ir velocity were mainly examined. Typical exper

imental conditions are described in Table 1. The a.ir velocity was changed by face area of supply outlet. 

Approximately 58 W /m2 (high) or 45 W fm2 (1ow) of space cooling load was set as restraint of a series of 

experiments. Nominal values of the sensible cooling loads given were lighting of 40 W /m2
, occupants of 

10 W /m2 (high) or 5 W /m2 (1ow), and appliances(persona.l computers etc.) of 8 W /m2(only high). The 

O<"cut)tmt loads were simulated by electrically heated blankets which were wound on sticks. The cooled 

tl.ir of a constant volume and a constant temperature was delivered into the room, where steady heat 

1 tlds hu.ve been provided beforehand, with slepwize input. Transient change of space air temperatures 

huve been measured until rea.ching steady-state, and then air flow was also visualized using tracer and 

l11s ·r-llgh t. Space air temperatures were measured using thermo-couples at a vertical section including 

supply outlet (Figure 1). 

QHARACTERlSTICS OF SPACE AIR TEMPERATURE DISTRJBUTION 

Fi~ure 2 shows the space air temperature distributions measured under steady-state in typical cases. It 

Wll.~ recognized that the vertical temperature gradients were relatively large, while the horizontal variations 

w,•re very small with exception near the outlet. We could judge, therefore, that it is sufficient to focus on 

only the vertical temperature gradient for the practical evaluation. It was also found that the gradient 

h,•,·:mlc large with a decrease in the supply air velocity and/or an increase in the temperature difference. 

The synthesized effect of these two factors could result in the Archimedes number (Ar ). Ar is generally 

defill('d in Equation 1. 

(1) 

As tl'\"Ognized from Figure 3, vertical temperature differences could be related to AT. The supply air with 

: \ r (lf )('s~ than about 10-3 produced approximately uniform temperature throughout the whole space. 

\\'h ilt> Ar of less than about 5 x 10-7 produced uniform temperature throughout the occupied space. As 

tht• Ctthcr characteristic, the vertical temperatu.re difference was not almost influenced by the location of 

lh(' supply ouUet, either center or perimeter. 

MIXING PROCESS MODEL 

HPnt. Balance Equations 

The visualization and measurement of the room air movement indicated that the mixing process of 

lht' dlscht~rged air could be divided into two regions; the completely mixing region at the lower side of 

Lht• room nnd the piston-flow region at the upper side. The following assumptions could be demonstrated 

ft'\' 111 Lh<· viewpoint of heat diffusion principle: In the former region the discharged cooled air mixed with 

th,• 1·c•om tur completely, so that its temperature was uniform. In the latter region the room air moved 
11 pll':ml to the ceiling, so that its temperature gradient is formed only in the vertical direction. These 
1'-" 111llPLions could be also justified from analogy with our experiences for heating model, where supply 
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outlets were mounted at the ceiling and return intake were mounted at the lowside wall (Ito et al. 1989). 

The concept of modeling are graphically described in Figure 4. 

The following heat balance equations in two regions could be easily derived. 

(2) 

(3) 

The solution of these differential equations can give the vertical temperature distribution directly. How

ever, it can't give accurate distribution unless the sizes of two regions are restrained by rational principle. 

Therefore, the depth of the completely mixing region, which is a unique parameter, must be identified. 

Identification of Parameter 

Figure 5 shows change of vertical temperature profiles under steady-state in accordance with change 

of the depth of the mixing region (Lm = 1/J x L,) on the mixing model in a experiment . By comparing 

these profiles with measured profile, the depth giving the most fitting distribution was determined in every 

experiment. Figure 6 shows some cases when most fitting Lms were selected. 

As stated earlier, Ar of the discharged cool air significantly affected vertical temperature distribution. 

Furthermore, sufficiently lower Ar number gave uniform temperature throughout the room. This means 

the depth equaled to the room height so that the piston-flow region disappeared. Thus, relationship 

between the depth and Ar was analyzed. The result is shown in Figure 7 and the regression equation is 

derived as shown in Equation 4. 

(4) 

It was recognized that temperature distributions calculated using Equations 2 to 4, which were specified 

as the simplified model, agreed with the measured distributions with sufficient accuracies as recognized 

from Figure 6. Therefore, using this model, we can estimate vertical temperature distributions under 

various factors for air distribution system. 

DISCUSSION 

Strictly speaking, the present model for calculating space air temperature profile can be applied with 

confidence only within the range where the similarity lows are valid for the test chamber and experimental 

conditions. As described earlier, extremely difference of location of supply outlet had not significant 

influence on temperature profile. According to experimental results for a temperature-stratified type 

water thermal storage tank (Nakahara et al. 1988) and a space heating by using ceiling-mounted outlet 

(Ito et al. 1989), variations of room depth/width and height had not also significant influences on mixing 

process. These informations suggest that the present model can be applied even when location of outlet 

as well as depth/width and/or height of the room are varied. 

CONCLUSIONS 

Simplified calculation model of space air temperature distribution in under-floor air-conditioning system 

was developed through a number of experiments. Mixing process of space air, suggested through mea

surements of space air/temperature distribution, could result in simple equations which express vertical 
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temperature profile. The vertical temperature distributions calculated using these equations and the func

tion agreed with the measured distributions with sufficient accuracies for practical application in HVAC 

design. 
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NOMENCLATURE 

g: gravity acceleration, m/s2 

{3 : thermal expansion coefficient of air, [(- 1 

C"Y : volumetric specific heat, J /m3 ·° C 
a : turbulent heat diffusion rate of space air, m 2 Is 
t: time, s 

T : space air temperature, 0 0 

V, : space air volume, m 3 

Do: characteristic length of outlet ( = J4S./-,; ). m 

S.: effective cross-sectional area of outlet, m 2 

T;,. : supply air temperature, oc 
t:.T : supply air temperature difference, °C 

V;,. : space air volume rate, m 3 Is 
v : supply air velocity, ml s 

L, : room height, m 

Lm : depth of the completely mixing region, m 

L11 : depth of the piston-flow region, m 

1/J : ratio of depth of completely mixing region to room height, -

A 1 : floor area of room, m 2 

Q,m : heat gain from luminaries in the completely mixing region, W 1m2 

Q,11 : heat gain from luminaries in the piston-flow region, Wlm2 

Qam : heat gain from occupants and appliances in the completely mixing region, Vr'lm2 

Qap : heat gain from occupants and appliances in the piston-flow region,H'Im 2 
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Experimental Conditions (Typical Cases) 

Characteristic Supply Supply Air Arc hl 1e des 
length of Air Air Change Nu1be r 

Outlet (D.) Temperature Velocity Rate (Ar) 
0. 20 8 I 23. I "C s. 13 1/S 10 /h 1. 35 E-4 
0. 147 23. I I 0. 3 10 I. 29 E-4 
0. 208 21. 6 5. 13 10 1.13 E- 3 
0. 147 21. 6 I 0. 3 10 I. 97 E- 4 
0. 208 16. 5 16. 5 3 2.72 ! - 2 
0. 147 16 . 5 16. 5 3 4.80 £-3 
0. 0 7 3 16. 5 16 . 5 3 I. 51 E- 4 
0. 208 I I. 4 I I. 4 3 4. 18 E- 2 
0. 14 7 II. 4 I !. 4 3 7. 38 E- 3 
0. 0 7 3 II. 4 I I. 4 ~ 2. 31 !-4 
0. 14 7 14. 1 14. 1 2. 5 8. 07 E- 3 
0. 14 7 II. 0 I I. 0 1. 9 1.89 E- 2 
0. 0 7 3 I I. 0 t t. D L.9 7. 79 E-4 

Return Intake 

Figure 1 Full-scale test chamber 

(b) L6 (c) L8 

Figure 2 Space air temperature distribution measured under steady-state 
in typical experiments 
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Figure 3 Relationships between Archimedes number of discharged cool air and vertical air 
temperature difference: TC F is defined as the mean temperature at fioor level 
subtracted from that of ceiling level. TCF0 is defined the mean temperature 
at fioor level subtracted from that of 1.8 m height upper fioor. 
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Figure 4 Two regions in the mixing 
model for predicting, space 
a.ir temperature in the under
floor air-conditioning system 
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Figure 5 Change of calculated vertical 
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state in accordance with change of 
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heat balance equations:( Case Ll) 
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Figure 6 Comparisons of the temperature profiles under steady-state between the model runs 
and the measured results: Most fitting ,Ps are selected. Measured temperature 
profile is shown by the mean values of several points located in same hight. 

'b 

~ 

I L./Do=l.B·Ar-•·•• 

Figure 7 Relationship between the Archimedes number(Ar) and the depth of the completely 
mixing region(£.,.) divided by the characteristic length( Do) 
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