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Abstract

The change of the transient indoor temperature is crucial to evaluate electrical power consumption of a heat pump and thermal
comfort of the room. Computational Fluid Dynamics (CFD) model can provide the most comprehensive information in transient
indoor temperature simulations. In CFD models, the transient flow and temperature fields are fully coupled. This coupling leads
to high computation cost and time, which limits the CFD application in practice. A segregated CFD model was then proposed to
speed up the computation. However, such model is not very accurate during the transient analysis. In this paper, a semi-coupled
CFD model combining advantages of the fully-coupled CFD model and the segregated CFD model was proposed. In this CFD
model, the flow and the temperature fields are firstly solved by fully coupled simulation during the transient start up period and
then the segregated CFD is used for the transient temperature rising simulation. This method can reduce the computation time
without losing the simulation accuracy. The transient indoor temperature is studied using the proposed method and the results are
compared with those obtained from both fully-coupled and segregated CFD models. The hot air temperature is first calculated
using a lumped-parameter method, and then it is applied as an initial boundary condition in the CFD models. The comparison
results show that the proposed semi-coupled CFD model shows a promising capability of capturing the critical transient thermal
responses for the air-conditioning room, and it can effectively reduce the computing time with an acceptable accuracy.
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1. Introduction

In recent years, clean electric heating is required to replace coal-based heating by the Chinese government to
solve severe environmental problems caused by coal combustion in winter. Heat pump is a popular electric heating
technology used for space heating due to its high energy conversion efficiency. However, the heat pump power
consumption and the room thermal comfort are heavily affected by the room air temperature during the start-up
period. Thus, it is important to study the transient room air temperature during this period.

Many researchers have applied different simulation methods to investigate the transient indoor air temperature.
Bozkir et al. [1] proposed a lumped parameter model (LPM) to study heat transfer in a room heated by finned
radiators. The results were validated by experimental data. Romano et al. [2] used the LPM to simulate the indoor
air temperature and humidity behavior inside a showcase under different conditions of the museum indoor air. A re-
configurable freestanding showcase was experimentally tested to prove that the LPM is a useful tool for new
showcase design and optimization. These researches showed that the LPM can achieve good results in a room or a
small space with natural convection, but it was unsuitable for a space with forced convection since the air in the
room was treated as a whole with a uniform temperature and a static state in the LPM.

Computational Fluid Dynamics (CFD) models are versatile and can provide more comprehensive information for
transient indoor temperature simulations. Popovici [3] studied a Heating Ventilation and Air-Conditioning (HVAC)
system in summer and winter times using ANSYS-Fluent. A two-Dimensional model was developed to investigate
the indoor air temperature and air velocity under different conditions. Fang et al. [4] used the combined CFD and
network model to calculate the air temperature distribution in an air-conditioned office room under four working
conditions, and the model was validated using the experimental data under both steady and transient conditions. In
CFD models, the velocity and the temperature fields are fully-coupled at each time step, which leads to high
computational cost and time. To speed up CFD, Wang et al. [5] systematically examined coarse-grid CFD to reduce
computing time within acceptable accuracy. Zuo et al. [6] used the FFD (Fast Fluid Dynamics) method with and
without turbulence treatments to study systematically four basic flows in buildings, the results showed that, the FFD
was less accurate than CFD, but it was 50 times faster than CFD. Wang et al. [7] proposed a discrete state-space
method, called state-space fluid dynamics (SFD) to handle transient velocity and temperature fields. In SFD, the
flow field was fixed, and the velocity field and turbulence viscosity was pre-calculated using CFD. Thereafter, the
discretized energy conservation equations were transformed into the state-space model and solved. Great amount of
computing time was saved since the momentum conservation equations did not need to be solved. In this method,
the velocity fields were assumed to be segregated with the temperature fields. SFD could generally produce better
results than FFD when the time step size is larger, which allowed SFD run faster than FFD. W Tian et al. [8]
proposed a coupled ISAT (in situ adaptive tabulation) and FFD (fast fluid dynamics) method to solve stratified
indoor airflow. In the mothed, the ISAT would retrieve the solutions from an existing data set if the estimated
prediction error was within a pre-defined tolerance, otherwise, the ISAT would execute the FFD simulation. The
result showed the ISAT was able to answer query points both inside and close to training domain using retrieve
actions within a time less than 0.001 s for each query.

This paper proposed a semi-coupled CFD model combining advantages of the fully-coupled CFD model and the
segregated CFD model. In the semi-coupled CFD model, the flow fields and the temperature fields are firstly solved
by fully-coupled CFD simulation before the flow fields were developed to a steady state. At the steady flow fields,
the temperature fields were only needed to be solved by an uncoupled simulation. The transient room air
temperature of a HVAC bedroom was simulated using the semi-coupled CFD model, and the simulation results
were compared with those obtained from the fully-coupled CFD model and the segregated CFD model.

2. The semi-coupled CFD model
2.1. Description of the HVAC room
The simplified HVAC bedroom model is shown in Fig. 1. The fan coil is installed on the back wall of the room.

Before the heat pump is started, the room temperature is assumed to be 3 °C higher than the outdoor temperature.
The room is heated until its temperature reaches the required level (20 °C). Then, the heat pump steps into the steady
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operation state. This paper aims to simulate the transient room air temperature rising from the start to steady
operation of the heat pump. The air is closed and circulated in the room. It is inhaled, heated, and then blown off by
the fan coil. In the model, the velocity of the hot air blown off by the fan coil is assumed to be constant, but its
temperature is changed with time. It is obvious that the velocity fields are largely unsynchronized with the
temperature field changes, with velocity fields changing in seconds whereas temperature changing in minutes or
even longer. Thus, the flow and the temperature fields are firstly solved by the fully coupled CFD simulation during
the start-up period. Then the velocity fields are fixed and the discretized energy conservation equations are
transformed into the fixed velocity fields to solve the transient air temperatures.

Fig. 1. The model of a HVAC bedroom
2.2. The three-dimensional transient indoor air temperature mathematical model
The three-dimensional transient room air temperature model can be described by mass conservation equation,

momentum conservation equation, and energy equation.
Mass conservation equation (continuity equation):
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Where p is density, kg/m?; u, v, w are components of velocity vector in x, y, z direction, respectively, m/s.
N-S equation (momentum conservation equation):
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Where p is pressure, Pa; u is dynamic viscosity, Pa's; g is acceleration of gravity, m/s%; V2 is Laplacian.
Energy equation:
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Where S is internal heat source of the fluid, J; 4 is thermal conductivity, W/(m-K).

For the HVAC bed-room, the indoor air flow is turbulent, and k-& model is used to deal with the turbulent flow.
The equations are discretized using the first order implicit scheme. In the semi-coupled CFD model, the transient
continuity equation and N-S equation are solved firstly, and the stability time of the flow field is obtained. Secondly,
the continuity equation, N-S equations, and energy equation are solved using the fully-coupled CFD method before
the flow field is fixed. Thereafter, only the energy equation needs to be solved, and the transient indoor air
temperature is obtained.

2.3. The boundary conditions and flowchart of the semi-coupled CFD model

The supply air temperature of the fan coil is used as a boundary condition in the model. The initial supply air
temperature t,,,; is calculated by LPM. Heat transfer equation of the air in the fan coil is

t +t

where is flowrate of the supply air from the fan coil, kg/s; ¢, is specific heat capacity of air, J/(kg-K); t,u is the
supply air temperature, and it is changed with time; ¢, is the indoor air temperature and it is also the temperature of
the cold air inhaled by the fan coil, K; K'4 is heat transfer performance of the fan coil, W/K, and it is acquired by
parameters of the selected fan coil; #, is the average wall temperature of the heat exchanger in the fan coil.

For the room air, the heat transfer is expressed according to energy conservation:

mc CZZ = qmcp (tout - tin ) _K14 (tchu - to) (5)

P

Where m is mass of the indoor air, kg; 7 is time, s; K4 is the heat transfer performance of wall, W/K; ¢, is ambient
temperature, K; #., is initial indoor temperature before the heat pump starts, K.

The room air temperature history ¢, can be calculated through simultaneous equations (4) and (5), and then the
supply air temperature of the fan coil #,, can be solved by equation (4). .. is a function of time, and it is the initial
boundary condition of the transient CFD model of the indoor air temperature.

The other boundary conditions of the transient indoor air temperature model are shown in Table. 1.

Table. 1. Boundary Condition

Interior wall /

Exterior wall Window
floor

Boundary

Heat transfer

= 2. ) 2 _ )
coefficient 4 =0 W/(m™K) A =23 W/(m™>K) [9] 4 =12 W/(m*K) [9]

The flowchart of the semi-coupled CFD simulation of the transient indoor air temperature is described in Fig. 2.
The three-dimensional transient indoor air temperature CFD model is built and solved in a commercial software
Fluent. The supply air temperature of the fan coil is the boundary condition of the model. First, the initial time
history of the supply air temperature is calculated by the LPM using equations (4) and (5). Second, the initial time
history of the supply air temperature 7., is input into a UDF (User Defined Function) as the initial boundary
condition of the three-dimensional CFD model of the transient indoor air temperature for the first iteration. Then,
the time history of the air temperature at each point in the room, as well as the inhaled air temperature of the fan coil
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is solved at the first iteration. Third, the time history of the supply air temperature ., is calculated using equation
(4), and the next iteration begins. If the indoor air temperature history calculated from one iteration matches with
that of the next iteration within a defined tolerance, the simulation is considered converged. Otherwise, iterations
will continue. For each iteration, the air velocity field and temperature field are solved using the fully-coupled CFD
method at the first several time steps until the velocity field is stabilized, and then the flow field and the temperature
field are segregated, and only the temperature field is solved based on the fixed velocity field.

Calculate the transient indoor temperature #in
(A) by the LPM

[
v
Calculate air supply temperature function four
(B) by the energy conservation model

'

Calculate indoor flow field and the stability time of flow
field by solving the continuity equation and N-S equation

'

Calculate the transient indoor temperature by the fully-
coupled CFD model before the flow field stabilizes The semi-coupled CFD

Y

Calculate the transient indoor temperature y solving the
energy equations after the flow field stabilizes

Achieve the transient indoor temperature C=
tin (C)

NO

Are C and A
consistent?

Output the result

Fig. 2. The flowchart of the simulation
3. Results and discussion
The transient indoor air temperature model is solved using the three different CFD models (the fully-coupled

CFD model, the segregated CFD model, and the semi-coupled CFD model). The central point of the room is chosen
as the monitoring point in the solving process. The temperature-time curves of the monitoring point at all iterations
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are shown in Fig.3. The curve #,(0) is the temperature-time curve calculated using LPM described by equations (4)
and (5). Then the supply air temperature f,, (1) is calculated from ¢, (0), and is applied as the initial boundary
condition of the transient room air temperature model for the first iteration. The curve ¢, (1) is the result of the first
iteration. A new supply air temperature #,, (2) is calculated according to the curve ¢, (1) and it is the boundary
condition of the second iteration. And so on, if the temperature-time curve of #, (n) calculated from the n™ iteration
matches with that of the (n+1)" iteration within a defined tolerance, the results are considered converge. The
calculation results of the three CFD models are shown in Fig. 3. Fig. 3 (a), (b), and (c) represent the results of the
fully-coupled CFD model, the segregated CFD model and the semi-coupled CFD model respectively. For the fully-
coupled CFD model, the velocity and the temperature fields are fully-coupled at each time step for each an iteration.
It is expected to simulate the real temperature rising process best, and have the most accurate simulation results in
the three CFD models. It was found that the simulations were converged after 3 iterations for each CFD model. The
converged results of the three CFD models are shown in Fig. 4. It revealed that temperature-time curve of ¢, of the
semi-coupled CFD model has a good agreement with that obtained from the fully-coupled CFD model. But for the
segregated CFD model, the results had great differences from that of the fully-coupled CFD model at the early stage
of temperature rising, and then they matched well at the late stage.

—=t(1)
b 24+ | —. “1.(2)

T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

0 T T T T T T T T

T 1
0 10 20 30 40 50 60 70 80 90 100
time (s)

Fig. 3. The temperature-time curves of the monitoring point
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Fig. 4. The final transient indoor temperature iteration curves of three different CFD models

The indoor air temperature is expected to be kept at 20 °C in winter, so the heat pump steps into the stable
operation state when the indoor temperature reaches 20 °C. The computational time of three different CFD models is
defined as the time when #;, reaches 20 °C, and the results are summarized in Table. 2. It was found that the fully-
coupled CFD model had the longest computational time of 6 hours, and the segregated CFD model and the semi-
coupled CFD model have much shorter computation time of 2 hours and 3 hours respectively.

Table. 2. Computation time and results of three different CFD models

Results
Three different CFD models The computation time the stability time of flow field time for the indoor air temperature
reaches to 20°C
the fully-coupled CFD model about 6 hours / 82s
the segregated CFD model about 2 hours / 77 s
the semi-coupled CFD model about 3 hours 13s 75s

4. Conclusions

This paper proposed a semi-coupled CFD model combining advantages of the fully-coupled CFD model and the
segregated CFD model to simulate transient air temperature rising of a HVAC room from a start temperature to a
pre-set room temperature. The efficiency of the proposed model was compared with the fully-coupled CFD model
and the segregated CFD model. The results showed that all three simulation models could converge within three
iterations. The comparison results showed that the proposed model had the similar simulation accuracy as the fully-
coupled CFD model. However, the computational time was only half of the fully-coupled model. Although the
segregated CFD model showed the shortest computational time, the computational accuracy was far lower than
those from the fully-coupled and the proposed model at the beginning stage. These analyses demonstrated that the
proposed model can be reliably used to investigate the indoor air temperature with a sound simulation accuracy and
reasonable computational time.
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