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Abstract 

With the aim of exploring the optimal installation position of sensors and range of 

temperature control for active chilled beam (ACB) in an office room with the liquid 

cooling air-conditioning system (LCAC), the coupled simulation of the 

computational fluid dynamics (CFD) and the network model of building energy is 

used to examine the indoor thermal environment and ON/OFF time cycle of chilled 

water supply for the ACB in different location sensors and range of temperature 

control. In this context, the contribution ratio of indoor climate (CRI) of heat 

sources are calculated by using CFD, coupled with the network model, so that the 

temperature fluctuation over time at any indoor positions can be predicted. A case 

study involved different location sensors and range of temperature control schemes 

was carried out in this paper. The results showed that with the range of control 

temperature narrowing around the set temperature, the ratio of stopping time of the 

ACB chilled water supply increased, especially when the sensor was installed at the 

position around human bodies. Meanwhile, the differences of indoor energy balance 

between cases did not show obvious change, but the cold storage of chilled water 

existing in ACB’ coil was utilized efficiently if the stopping time closed to 4 minutes . 

Therefore, many required volumes of chilled water for ACB were able to be saved 

without increasing indoor cooling demands.  

Keywords – coupled simulation; LCAC; ACB; energy simulation 

1. Introduction  

The coupled simulations of CFD and network model of building energy 
(e.g. TRNSYS [1].) are good ways to realize the analysis of building energy 
with a nonuniform temperature distribution. The way of coupling CRI with 

the network model is also involved in [2-3]. With the assistance of the 

coupled simulation, the optimal problem of the sensor installation and the 
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control strategy for an integrated system are able to be solved possibly in 
design phases. In this paper, for the purpose of exploring the optimal 
installation position of sensor and range of temperature control for ACB in 
an office room with the newly-developed LCAC system [4], the coupling 
program of CRI and TRNSYS is used to examine the indoor thermal 
environment and ON/OFF time cycle of chilled water supply in different 
schemes of location sensors and temperature control range. 

 

2. Methods 

2.1. Contribution ratio of indoor climate (CRI) [3] 
The index of CRI for forced convection was defined the ratio of the 

temperature rise(or decline) caused by one individual heat source (or sink) at 
a location to the absolute value of the temperature rise (or decline) caused by 
the same heat source with uniform distribution of the same amount of heat. It 
indicates how far the generated heat diffuses in the space. In other words, it 
indicates the range and the degree of influence on each heat source, and its 
value is not an absolute intensity. The CRI of the heat factor m at the 
location xi is defined as (1): 

 
                                       (1) 

 

 where xi is the component of the spatial coordinates (i = 1, 2, 3), θn[℃] 

is the neutral temperature of a room (which has no physical meaning; it is 

used only for calculating CRI); θm,0 [℃]is the temperature of the room when 

the heat transfer Qm from heat factor m is diffused uniformly; ∆θm,0 = θm,0 - θn 

is the temperature rise of the room from θn; θm(xi) [℃] is the temperature at 

position xi caused by heat factor m as calculated by CFD; ∆θm(xi) = θm(xi) - 
θn is the temperature rise from θn of position xi caused by heat source m; Qm 
= ∫qmdV [W] is the integral convective heat transfer from factor m; Cp 

[J/kg・K] is the specific heat of indoor air; ρ[kg/m3] is the air density; and 

F [m3/s] is the volume of supply air. 
In the case of forced convection, the temperature distribution can be 

calculated by (2). 
    

           (2) 
 
2.2. Simulation scheme 
The flowchart of simulation scheme is shown in Fig. 1. The HVAC 

systems are modelled by TRANSY, including consideration of the control 
and regulation scheme. The representative airflow field of a room is 
simulated with boundary conditions from TRNSYS results. Then, in order to 
calculate the real-time air temperature in different locations, the CRI 



distribution of each heat source is derived from representative flow field by 
(1), and coupled with TRNSYS. Finally the real-time air temperature in 
different locations are calculated by (2), and then input into HVAC control 
system as the monitor signal. 

 

 

Fig. 1  The schematic diagram of simulation scheme 

 

Fig. 2  The model office room and HVAC systems 

3. Results 

3.1. Case study and boundary conditions 



A case study on an office room of typical floor is performed. The 

geometric dimensioning of the room (14.4 m ×28.8 m ×2.6 m), number of 

occupants (0.2 person/m2, amount 84 occupants), and HVAC systems are 
illustrated in Fig. 2. The integrated system which is consist of LCAC 
systems, 32 ACBs, 8 dry fan coil units (DFCU) and 42 radiation partitions 
(RP) solves the indoor cooling load. The functional partitioning of each 
HVAC system is shown in Fig. 3. These systems were modelled in 
TRANSY, which can be found in the former study [5]. The operation and 
control scheme of ACB mainly contains four modes, as shown in Fig. 4. 

 

Fig. 3  The functional partitioning of  HVAC systems and their control singnals 

 

Fig. 4  The operation time and control scheme of ACB 

As shown in Table 1, nine cases are simulated within three different 
types of sensor locations and three schemes of Diff. Temperature (2℃, 1℃, 
0.4℃). In case 1, the ACB is controlled by mean temperature of at 0.2 m 
around human body, and the DFCU is controlled by the temperature from 
nearby windows. In case 2 and 3, both of the ACB and DFCU are controlled 
by temperature at the exhaust outlet and mean temperature of room, 
respectively. These temperature control signals of representative location are 
predicted by the CRI computation. 

The boundary conditions of network simulation and CFD are shown in 
Table 2 and 3. Because the CFD simulation is mainly utilized to solve the 
CRI distribution in space, appropriate results of network simulation in any 
simulation time are considered optionally to be as a part of the CFD 



boundary conditions such as heat transfer of wall and air temperature of 
inlet. 

Table 1. Summary of case setting  

Case 

Sensor Location Scheme of Control Temp[℃] 

For 

ACB 

For 

DFCU 

Setting 

Temp. 
ON OFF 

Diff. 

Temp. 

case 1-1 Around 

human 

body 

0.2 m 

Nearby 

windows 

25.5 26.5 24.5 2.0 

case 1-2 25.5 26.0 25.0 1.0 

case 1-3 25.5 25.7 25.2 0.4 

case 2-1 
At the exhaust 

outlet 

25.5 26.5 24.5 2.0 

case 2-2 25.5 26.0 25.0 1.0 

case 2-3 25.5 25.7 25.2 0.4 

case 3-1 
Mean temperature 

of  room 

25.5 26.5 24.5 2.0 

case 3-2 25.5 26.0 25.0 1.0 

case 3-3 25.5 25.7 25.2 0.4 

Table 2. Boundary conditions of network simulation   

Code TRNSYS Ver.17.02.004 

Simulation period Cooling period: May～Oct.;  Time Step: 1 min & 10 s 

Meteorological 

condition 

AMeDas, Tokyo (1999-2000) 

Wall condition External wall:0.815 [W/(m2·K)]; Internal wall: 

K=2.952[W/(m2·K)];  Windows: K=0.6 [W/(m2·K)], 

Sc=0.228; Ceiling & Floor: identical 

internal heat load Laptop+RP: 38.3 [W/one]; Desktop PC+RP: [95.4 

W/one]; Light: [48 W/one]; Sensible heat load of 

human body: [72 W/person] 

ACB Primary air rate: 78.75[m3/(h·one)] (requirement 

ventilation rate =30 [m3/(h・person)]), 25.5[℃], 

RH66%; Induced air rate: 3* Primary air rate; Chilled 

water: 21[℃], 1.2 [L/min]; Weight of water in coil 

pipe: 1.27 [kg] 

LCAC Heat recovery capacity 

Laptop+RP: 5.6119×(Troom-Tw1)+25.407 [W/one]; 

Desktop PC+RP: 5.98×(Troom-Tw1)+ 46.897 [W/one]; 

Light: 35[W/one] 

DFCU 510[m3/(h·one)], Input cooling load = cooling load of 

perimeter area 

 



Table 3. Boundary conditions of CFD  

CFD code StarCCM+ V10.06 

Turbulence model Realizable k-ε; Steady 

Difference scheme 2nd upwind; Diffusion term: central difference 

Mesh Polyhedron, about 2.5million cells 

Boundary 

conditions of heat 

sources of Wall, 

human body etc. 

Generalized logarithmic law (E = 9); Emissivity: 

inside walls=0.9, human body=0.95; Heat transfer: 

Shown as in table 1 & Results from network 

simulation 

Inlet and outlet Openings of ACB and DFCU: Mass flowrate; 

Exhaust outlet: Pressure outlet; Flowrate and Temp. : 

as shown in table 2 & results of network simulation 

 
3.2. Simulation results and analysis 
This study simulated the operation of the integrated system in cooling 

period by using time steps of 1 min and 10 seconds with the standard 
weather data of Tokyo.  

 

 

Fig. 5  The operating time ratio of ACB mode of each case from 9:00am~20:59pm in 1st Aug. 
(Time step: 1 minute) 

A part of results about operating time ratio of ACB operating mode 2 
and 3 were presented in Fig. 5. Both of the operating time ratio of mode 3 
(chilled water supply OFF) and the switching frequency within one hour 
showed an increasing trend in all cases when the range of control 
temperature narrowed. Especially in case 1-2, the operating time ratio of 
mode 3 reached to 79%, which was almost 2 times than case 1-1 (39%). And 
the switching frequency of hour increased to 24 times dramatically in case 1-
2 from 4 times in case 1-1. This means that the chilled water supply shut 



down about 4 minutes after 1 minute running during normal operation time. 
But with the switching frequency increasing, the ratio of mode 3 dropped a 
little (76%) in case 1-3. 

 
Fig. 6 The cooling demand of day between cases 1-1 and 1-2 from 30th July to 3rd Aug. (Time 

step: 1 minute) 

 
Fig. 7 The temperature change in case 1-1 from 15:00pm~15:59pm in 1st Aug.. The temperature 

of chilled water return is shown as chilled water temperature in coil pipe when operating in 
mode 3 (Time step: 1 minute) 

 

Fig. 6 showed the cooling demands of day between cases 1-1 and 1-2 
from 30th July to 3rd August. Although the operating time ratio of mode 3 
presented huge differences between case 1-1 and case 1-2, the cooling 
demands of day in the two cases were almost the same.  

As shown in Fig. 7 and 8, the temperature at 0.2 m around human body 
and the mean temperature of room (Troom) in case 1-1 and 1-2 always 
shocked up and down around 25.5 ℃. All types of temperature amplitude 



narrowed with the temperature control range narrowing in case 1-2. 
Moreover, during the period of chilled water stopping, the heat 
exchange of ACB coil always proceeded as large temperature difference 
between room temperature and return water temperature in case 1-2. 
 

 
Fig. 8 The temperature change in case 1-2 from 15:00pm~15:59pm in 1st August. The 

temperature of chilled water return is shown as chilled water temperature in coil pipe when 
operating in mode 3 (Time step: 1 minute) 

 

 
Fig. 9 Comparison between measurement and simulation in case 1-2 about cooling capacity 

change of ACB coil after chilled water supply OFF. (Time step: 10 second) 

 
Fig.9 presented the comparison between experimental data and 

estimated results of case 1-2 on cooling capacity change of ACB coil after 
chilled water supply was shut down. The cooling capacity of ACB coil was 
declining slowly since the chilled water supply was shut down. However, in 
the beginning of 3 or 4 minutes, the total cooling capacity was considerable 



for suppling energy to cool the induced air due to the cold storage of the 1.27 
kg water existing in the coil pipe. This means that the cold storage of the 
chilled water in the coil pipe was utilized efficiently when the stopping time 
maintained 3 or 4 minutes. 

 

4. Conclusions  

In order to explore the optimal installation position of sensors and range 
of temperature control for ACB in an office room with the newly-developed 
LCAC system, this study examined the indoor thermal environment and 
ON/OFF time cycle of chilled water supply for ACB in different location 
sensors and range of temperature control by using the coupled program of 
building energy simulation-TRNSYS and CRI. 

The results presented that under certain conditions (chilled water supply: 
21℃, 1.2 L/min; primary air rate: 78.75 m3/ (h·one), 25.5℃), the stop time 
ratio of ACB’ chilled water supply increased markedly when the range of 
temperature control narrowed and the sensor location was around human 
body. Meanwhile, the temperature at 0.2 m around human body and the 
mean temperature of room (Troom) always shocked up and down around 
25.5 ℃, so that the differences of cooling demands between cases did not 
show obvious change, but the cold storage of chilled water in ACB’ coil was 
utilized much efficiently if the stopping time maintained 3 or 4 minutes. 
Thus, many required volumes of chilled water for ACB were able to be 
saved without increasing indoor cooling demands. 
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