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Abstract. In order to characterize and control a system properly, it is inevitably 
necessary to understand and define the interactions between various design 
parameters and the controllability of the system. This study experimentally 
investigates effects of three design parameters, including supply water 
temperature, fan speed, and room heat load, on the dynamic response of a fan coil 
system. The experiments have been performed in a mock-up of an office room 
equipped with a fan coil unit (FCU). A direct ground cooling system has been 
used to supply the FCU with high-temperature chilled water ranging between 15 
and 23 °C. The dynamic response of the system to step changes in the design 
parameters has been studied using room operative temperature as an indicator. 
The results of this study indicate that the system behaves as a first-order system 
without a time delay. The results also suggest that the time constant and the 
characteristic of the dynamic response of the fan coil system are not affected by 
the initial room temperature. Among the design parameters, fan speed is observed 
to have the most significant effect on the dynamic response of the system. Supply 
water temperature and room heat load are both found to have insignificant effects 
on the dynamic response characteristics of the system.  
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1 Introduction 

Fan coil units (FCU) are among the most viable options for heating and cooling of 
residential and commercial buildings. Their advantages include smaller or no plant-
room requirements, individual room temperature control, and high cooling capacity due 
to forced convection, among others.  

A conventional FCU system, when operating in cooling mode, uses chilled water 
between 4–8 °C, generally provided by a chiller, to provide both sensible and latent 
cooling. However, in recent years, FCUs operating with high-temperature chilled water, 
between 15–20 °C, have also gained in popularity [1–4]. These systems, sometimes 
referred to as dry FCUs, only provide sensible cooling, as the chilled water temperature 
supplied to the FCU’s cooling coil is higher than the room air dew point temperature to 
provide any latent cooling. These FCUs can be used with direct ground cooling, without 
operating the chiller, and thus offer high potential for energy efficiency and savings. 
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The overall thermal and operational performance of a FCU system depends both on 

steady-state and dynamic behaviors of the system. Research shows that the cooling 
capacity of a FCU, operating with high-temperature chilled water, is lower than an 
equivalent conventional system [5]. The change in supply water temperature (Ts) to the 
FCU not only affects the steady-state parameters, e.g. cooling capacity, but it also alters 
the dynamic parameters of the cooling system, e.g. response time of the system. This is 
particularly important from a control point of view as the controllability of the system 
depends both on the steady-state and the dynamic characteristics of the system. Thus, 
FCUs operated with high-temperature chilled water require a different control approach 
than their conventional counterparts.  

The primary goal of this study is to study the controllability of a FCU supplied with 
high-temperature chilled water from a direct ground cooling system. The study 
experimentally investigates how the controllability of the FCU is affected by design 
parameters including supply water temperature, fan speed, and room heat load. 

2 Method 

2.1 Experimental Facility 

The experiments for this study were performed in a laboratory-based test room (4.3 m 
× 3.0 m × 2.4 m), which was built as a mockup of a single-office room. The room had 
a light weight construction and was made up of polystyrene panel walls with gypsum 
board finishing, and light weight panels ceiling with external glass wool insulation. The 
test room was built inside an existing large room, with relatively stable temperature, to 
minimize the effects of external disturbances. The heat load in the room consisted of a 
heated dummy, electric lights, and electrical heating foils, see Figure 1.  

  

Fig. 1. Test room layout. 
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A cassette-type FCU installed in the test room was provided with high-temperature 

chilled water from a direct ground cooling system. The FCU circulated the room air 
through its cooling coil using a variable speed fan. 

2.2 Experimental Conditions 

Three design parameters, supply water temperature, fan speed, and room heat load were 
studied and their effect on the controllability of the cooling system was analyzed. These 
parameters were studied using three different sets of tests shown in Table 1. The first 
set of tests (Test 1-1 to Test 1-4), referred to as Case 1 in Table 1, was performed with 
varying supply water temperatures, while maintaining the room heat load and the fan 
speed constant. On the other hand, the second set of tests (Test 2-1 to Test 2-4), referred 
to as Case 2 in Table 1, was performed with fixed supply water temperature and 
constant room heat loads. The fan speed though varied for each test of this case. Finally, 
the third set of tests, referred to as Case 3 in Table 1, was performed by altering the 
room heat loads at prescribed supply water temperatures. The fan speed, however, 
remained unchanged for this case.   

Table 1. Experimental Conditions. 

Experimental 
Condition 

Test Number Supply Water Temperature 
[°C] ± SD 

Room Heat 
Load [W] 

Fan Speed 
[%] 

 Before change Final value   
Case 1 Test 1-1 15.5 ± 0.10 17.7 ± 0.00 850 100 

Test 1-2 17.7 ± 0.00 19.7 ± 0.00 ״ ״ 
Test 1-3 19.5 ± 0.00 21.6 ± 0.00 ״ ״ 
Test 1-4 20.9 ± 0.00 23.0 ± 0.06 ״ ״ 

Case 2 Test 2-1 19.2 ± 0.07 19.2 ± 0.07 850 100 to 80 
Test 2-2 80 ״ ״ ״ to 60 
Test 2-3 60 ״ ״ ״ to 40 
Test 2-4 40 ״ ״ ״ to 20 

Case 3 Test 3-1 15.3 ± 0.00 17.1 ± 0.04 370 100 
 Test 3-2 17.1 ± 0.04 19.2 ± 0.01 ״ ״ 
 Test 3-3 19.2 ± 0.01 21.3 ± 0.10 ״ ״ 
 Test 3-4 15.2 ± 0.00 17.4 ± 0.05 530 ״ 
 Test 3-5 17.4 ± 0.05 19.4 ± 0.13 ״ ״ 
 Test 3-6 19.4 ± 0.13 21.3 ± 0.06 ״ ״ 
 Test 3-7 15.3 ± 0.26 17.2 ± 0.05 700 ״ 
 Test 3-8 17.2 ± 0.05 19.1 ± 0.12 ״ ״ 
 Test 3-9 19.1 ± 0.12 21.1 ± 0.01 ״ ״ 
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2.3 Instrumentation and Measurement Procedure 

As shown in Figure 1, the water circuit of FCU consisted of two loops. The water flow 
rate in each loop was controlled independently by either regulating the pump speed or 
by adjusting the control valve position or a combination of both. The step changes in 
water temperature supplied to the FCU were accomplished by altering flow rate of the 
water in loop 2. However, it took a certain amount of time for the fluid temperature in 
loop 1 to reach the targeted value after adjusting the flow rate in loop 2. The reasons 
for this delay included high thermal inertia of loop 2 due to large mass of water in it, 
and the time delay in controlling supply water temperature from the direct ground 
cooling system. The flow rate in loop 1 was measured using a Vortex flow meter. It is 
worth mentioning that for all experiments reported in this paper, the water flow rate in 
loop 1 was kept constant. Two PT-100 temperature sensors, installed in very close 
proximity to the FCU, were used to measure supply and return water temperatures to 
and from the FCU. Measurements of operative temperature (Top) were performed using 
a PT-100 temperature sensor placed in a gray ping-pong ball of 4.0 cm diameter, and 
positioned 1.1 m above the floor level.  

The FCU was equipped with a speed control motor connected to an inverter unit, 
which allowed for adjusting the fan speed from 0 to 100 %. The heat loads from the 
human dummy and electric lamps were 70 and 100 watts, respectively. These heat loads 
were kept unchanged during all experiments. Additional heat gains included those from 
electrical heating foils installed on the floor and one wall. All changes in room heat 
loads, as shown in Table 1, were accomplished by regulating the voltage of the electric 
heating foils. 

2.4 Evaluation  

All experiments were performed under dynamic condition. However, for the sake of 
this study, the dynamic condition was assumed to be between the initial state and 95% 
of the final state [6]. This is because, it is not always possible experimentally to reach 
the stable steady-state condition in the room. 

In order to characterize and control a system properly, it is inevitably necessary to 
understand and define the interactions between various design parameters and 
controllability of the system. It is also equally important to identify and select an 
appropriate parameter to study the dynamic response of the system. In this study, room 
operative temperature (Top) was adopted to study the dynamic response of the system. 
It is not only relatively easy to measure, but also indicates, to some extent, the thermal 
climate perceived by the human body. 

The dynamics of the cooling system was analyzed in relation to time constant (τ) and 
dead time of the system. The time constant characterizes the time response of a step 
change. For first order systems, it is the time taken to reach 63.2 % of the final value 
after a step change has been applied to the system [7]. The dead time represents the 
delay in the response of the system to a stimulus in the input. The time constant and 
dead time of a system suggest how fast the system responds to a change in its 
conditions. 
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3 Results 

3.1 Case 1 – Step Change of Supply Water Temperature 

Figure 2A presents the response of room operative temperature to changes in supply 
water temperature. The room operative temperature increases with each step increase 
in supply water temperature. Figure 2B shows the net increase in operative temperature 
in response to a step change in supply water temperature for each test. No specific 
pattern of increase in room operative temperature with supply water temperature is 
observed.  

 

  

Fig. 2. Effect of step changes in supply water temperature (Ts) on room operative temperature 
(Top), A) Absolute temperatures and B) Net increase. 

Table 2. Dynamics of tests of Case 1. 

Test  Top (final) − Top (initial) 
[K] 

Dead Time 
[s] 

τ 
[s] 

2.3 τ 
[s] 

3 τ 
[s] 

Test 1-1 1.9 60 6,440 14,812 19,320 
Test 1-2 1.3 140 3,060 7,038 9,180 
Test 1-3 1.3 140 2,720 6,256 8,160 
Test 1-4 1.8 220 4,580 10,534 13,710 

 
Table 2 provides further details of the dynamic behavior of the system. The table 

shows the experimentally deduced values of dead time, time constant and stabilization 
time for all tests of Case 1. Stabilization time is equal to three times time constant, and 
is the time required to reach stable room temperature after applying a step change. As 
noticed earlier for room operative temperatures, there exists no clear pattern of increase 
in time constant with changing values of supply water temperature, i.e. Tests 1-1 to 1-
4. However, as seen from Figure 2B and Table 2, the net increase in steady-state room 
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operative temperature and the stabilization time for Tests 1-1 and 1-4 are higher than 
Tests 1-2 and 1-3. Hence, the time constant for these two tests is also larger than the 
other two tests.  

It can also be observed from Table 2 that the dead time of the FCU is relatively short 
compared to the time constant and the stabilization time of the system. A slight increase 
in dead time can be observed with increasing supply water temperature, which is 
probably due to the increased difference between the supply water temperature and the 
room operative temperature. 

3.2 Case 2 – Step Change of Fan Speed 

Figure 3A shows the response of room operative temperature to step changes in fan 
speed. As seen from Table 1, all changes in fan speed were implemented in a 
descending order, i.e. from higher to lower speeds, thus reducing the air flow rate drawn 
from the room across the cooling coil. For all tests of Case 2, the difference between 
the FCU supply temperature (i.e. Ts) and the return temperature (Tr) remains nearly 
constant, see Table 3. However, the convective cooling from the FCU reduces due to 
the decreasing fan speed, which in turn reduces the room air flow.  

  
Fig. 3. Effect of step changes in fan speed on room operative temperatures (Top), A) Absolute 

temperatures and B) Net increase. 

Table 3. Dynamics of tests of Case 2. 

Test  Top (final) − Top 

(initial) [K] 
Ts 

[°C] 
Tr  

[°C] 
Dead Time 

[s] 
τ 

[s] 
3 τ 
[s] 

Test 2-1 0.0 19.1 21.2 0 0 0 
Test 2-2 0.5 19.2 21.1 220 2,940 8,820 
Test 2-3 0.6 19.2 21.1 400 2,220 6,660 
Test 2-4 0.8 19.2 21.0 160 3,860 11,580 
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Figure 3B shows the net increase in the room operative temperature following step 

changes in the fan speed. The time constant of the cooling system increases with the 
decreasing fan speed due to net increase in room operative temperatures and the 
stabilization time. 

3.3 Case 3 – Step Change in Room Load 

Each of Figures 4A to 4C show the net increase in the room operative temperature, i.e. 
Top (t) − Top (0), for three different room heat load conditions each with a prescribed 
supply water temperature. This case focuses on the changes in the time constant of the 
system. Hence, for reasons of clarity, the plots of Figure 4 are shown only for short 
testing times.   

  

 

Fig. 4. Effect of step changes in room load on room operative temperatures (Top) for prescribed 
supply water temperatures, A) Ts ≈ 15.3 °C,  B) Ts ≈ 17.2 °C, and C) Ts ≈ 19.2 °C 

The results of Figures 4, do not exhibit any clear pattern of the impact of the room 
heat load on the rate and the magnitude of the increase in the room operative 
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the time constant of the system does not change significantly with the room heat load. 
In other words, the magnitude of difference between supply water temperature and 
room operative temperature does not affect the time constant of the system 
significantly. 

Table 4 shows experimentally deduced values of dead time and time constant for all 
tests of Case 3. It can be observed from the table that the relatively short dead time is 
inherent in the system. The dead time of the system remains between 2.5 and 6.5 
minutes for all 9 tests performed with varied test conditions. This is so, it seems, 
because of the forced convection effect caused by the FCU. However, no clear effect 
of the room heat load on the magnitude or order of the dead time can be observed. The 
same is also true for the time constant.   

Table 4. Dynamics of tests of Case 3. 

Test  Room Load 
[W] 

Dead Time 
[s] 

τ 
[s] 

3 τ 
[s] 

Test 3-1 370 260 1,700 5,100 
Test 3-2 530 160 1,280 3,840 
Test 3-3 700 260 1,480 4,440 
Test 3-4 370 340 2,040 6,120 
Test 3-5 530 240 2,640 7,920 
Test 3-6 700 260 2,100 6,300 
Test 3-7 370 240 2,160 6,480 
Test 3-8 530 380 3,060 9,180 
Test 3-9 700 200 1,900 5,700 

4 Discussion 

As mentioned earlier in the introduction section, this study aims to investigate how and 
to what extent changes in design parameters, including supply water temperature, fan 
speed, and room heat load, affect the dynamic behavior of a fan coil system, operated 
with high-temperature chilled water. In this study, the dynamic behavior of the overall 
system has been characterized using a systematic series of experiments measuring the 
response of the system to step changes in the design inputs. Based on the experimental 
results, the increase in room operative temperature can be modelled using the following 
equation.  

∆𝑇𝑜𝑝 = (𝑇𝑜𝑝 𝑚𝑎𝑥 − 𝑇𝑜𝑝 𝑚𝑖𝑛) × (1 −  𝑒−𝜏∙𝑡) 

Where, Top min and Top max are, respectively, the minimum and maximum operative 
temperature before and after imposing a step change, τ is the time constant, and t is the 
time. The value of time constant is deduced in form of a regression coefficient applying 
the “least squares” statistical method on the experimental results.  
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Figures 5A and 5B, respectively, present increase in the room operative temperature 

to step changes in supply water temperature and fan speed using two tests from Case 1 
and two tests from Case 2. For all tests presented, a very good agreement between the 
values estimated from the above equation and measured through experiments can be 
observed. It can also be seen that the room operative temperature response to the step 
changes is exponential. This suggests, the fan coil system, operated with high-
temperature chilled water, behaves approximately as a first-order system without a time 
delay. The system has a very quick control response, which facilitates the control 
operation. The same pattern has also been observed for all tests presented in Table 1. 
This result is of paramount importance for designing robust controllers for FCUs 
operated with high-temperature chilled water. 

 

  

Fig. 5. Measured and model response to a step change in A) Supply water temperature, and    
B) Fan speed 

Being a first-order system, the dynamic behavior of the fan-coil system can be 
characterized by its time constant. For all step changes in supply water temperature, the 
measurements undertaken under different experimental conditions suggest that the 
supply water temperature or the initial room temperature does not affect the time 
constant of the system considerably. Instead, these parameters may affect the dead time 
of the system, and the temperature increase between the steady-state conditions before 
and after the step change. On the contrary, the time constant of the system is very 
sensitive to step changes in the fan speed. The results of tests with step changes in fan 
speed indicate that for optimum control it is equally important to reduce the time 
constants of both the cooling system and the room.  
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5 Conclusions 

The design parameters, including supply water temperature, fan speed, and room heat 
load, have been studied to analyze the dynamic behavior of a fan coil system, operated 
with high-temperature chilled water. Based on the dynamic response of the FCU to step 
changes made in the design parameters under different experimental conditions, it can 
be concluded that the system behaves as a first order system with no time delay. This 
makes the control response quick, which, in turn, also facilitates the control operation. 

The results of this study demonstrate that characteristics of dynamic response of the 
FCU system to changes in room thermal conditions are not greatly influenced by the 
supply water temperature. The FCUs operated with high-temperature chilled water are 
clearly capable of adapting to changes in the room thermal conditions. Finally, when 
designing controllers for FCUs operated with high-temperature chilled water, the 
dynamics of the cooling system and the thermal characteristics of the building shall 
both be accounted for.  
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