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Abstract 

Domestic appliance are widely used in all countries. During the 

design phase, it is very important to take advantage of new 

virtual prototyping technologies in order to improve the user 

expectations and put the feeling of the user with the device in 

the centre of the design. The paper deals with the complete 

simulation of the opening of the front door of an appliance like 

a refrigerator or an oven. The process is simulated with the use 

of ad-hoc built program that uses a combination of 

experimental parameters and virtual fluid dynamic simulations. 

Each moment involved during the opening of the door is 

evaluated and a comprehensive explanation of each of them is 

reported. The entire solving process is parametrized in order to 

use it in an iteration loop for eventually optimization of the 

User Experience and the comfort during the opening of the 

front door. A fridge case study is described and discussed. 

Keywords: User Experience (UX), Virtual Prototypes (VPs), 

user centred design, experience design, door appliance. 

 

INTRODUCTION 

Each field of engineering is involved in studying new 

approaches and new methods in order to improve the 

environmental efficiency and the User Experience (UX) of 

each product with different methodologies [1, 2]. A wide field 

of interest are the domestic appliances, because they are widely 

used in all industrialized countries, among them the most used 

ones are domestic refrigerators and ovens. The users 

intensively use each component of these devices during a day 

so it is very important to optimize each single component in 

order to improve the efficiency during the entire life. A user 

centred design can help to satisfy the user Expectations and 

give it the best UX. The study is complex because it involves 

different aspects and the ways for simulating this problem can 

be experimental tests or virtual simulations. For this reasons, 

Virtual Prototypes (VPs) are developed in order to help to 

predict the interaction between user and appliance. The studies 

can be conducted for improving different aspects in different 

                                                           
1 Corresponding author. Tel.: +39-3289867886 

phases. One of these is the static condition, when the 

refrigerator or the oven work without interaction with the user. 

The problem involves the knowledge of the distribution of the 

air inside the refrigerator or the oven [3, 4], the efficiency of 

the sealing elements [5], the temperature exchange with the 

external environment [6, 7], the structural integrity of each 

material used [8]. For the study of the internal distribution of 

the air the better way is to use computational fluidynamics 

(CFD) simulations, from several years this approach is very 

reliable and it solves many engineering problems [9–13]. It is 

very useful in order to have, in preliminary design phase, 

information for to direct the project along the better way. The 

results of CFD simulations can be used for an optimization loop 

in a parametric model and so to link all the aspects of the 

problem [14]. A second condition is the interaction with the 

user, when the door must be open. The first aspect is the 

comfort and the difficulty relative to the opening of the door 

perceived by the user [15, 16], the second one is the mechanical 

and fluidynamics aspect during this process [17, 18]. In this 

case is not simple to simulate the interaction between user and 

device with virtual modeling, for this reason only experimental 

data exist in literature. A good review paper of the recent 

developments is proposed by Radermacher [19]. This article 

deals with the problem of the interaction between the user and 

domestic device. A combination of CFD results and physical 

formulation present in literature are used in order to solve the 

entire process of opening. This condition has been separated in 

two different phases and for each phase a complete explanation 

of the forces and moments involved is proposed. The entire 

process allows understanding which are the most important 

parameters in order to increase the comfort in opening phase. 

The use of CFD simulations helps to solve the problem of air 

and temperature interaction and help to have a better 

comprehension of the entire phenomena. All process is 

automatable and so it can be a good tool for investigating a 

design space.   
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NOMENCLATURE: 

A Gasket surface [m2] 

B Magnetic flux density [T] 

a Heigh of the door [m] 

b Width of the door [m] 

𝑐𝑒 Gas expansion coefficient [K-1] 

𝐶𝑀 Coefficient of aerodynamic resistance to rotation of the 

door 

𝑓1 Static friction coefficient of hinges 

𝑓2 Dynamic friction coefficient of hinges  

k Distance between the hinges axis and the vertical gasket [m] 

𝐾𝑔 Stiffness of the gasket per unit of length [N/m2] 

𝐼 Door moment of inertia [kg m2] 

l width of the gasket [m] 

M Torque exerted by the user [Nm] 

𝑊 Door weight [kg] 

𝑇𝑖  Internal temperature of the appliance [K] 

𝑇𝑒 External temperature [K] 

𝑇𝑓 Internal temperature of the appliance after opening [K] 

𝜗 Opening angle of the door [rad] 

𝜇0 magnetic constant or the permeability of free space [H/m] 

𝜌 Air density [kg/m3] 

𝜑 Air exchange coefficient at opening of the door 

 

 

Figure 1: Reference system and gasket nomenclature 

The global system has an integral reference system applied on 

the door of the appliance with the x-axis on the handle and an 

orthogonal y-axis on the hinge axis, as in Figure 1. The four 

elements that make up the gasket are defined by the letters P, 

Q, R, S, as in the figure. In particular P is the internal gasket, Q 

is the external gasket and R and S are the upper and lower 

gaskets. The opening angle of the door is called 𝜗. 

 

MATERIALS AND METHODS 

To apply the dynamic equations to an appliance door, in order 

to evaluate the moments needed by the user during the time, it 

is necessary to distinguish two phases: Phase 1 while the door 

is closed yet but the user has started to exert a moment of 

opening and Phase 2 after the first detachment of the gaskets 

(Figure 2).  

 

Figure 2: In the Phase 1 the door is closed yet, in the Phase 2 

the door is opened 

 

A generic appliance may have a magnet inside the gasket 

(typically the refrigerators) and has a thermal difference 

between the inside and the outside (refrigerators, ovens). 

The door resistance equations are differential equations and 

depend not only on the opening angle of the door 𝜗, but also on 

�̇� and on �̈�. For this reason it is necessary to hypothesize a user 

opening curve 𝜗(𝑡). 

The proposed method follows the flow chart in Figure 3. 
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Figure 3: Flow chart of the applied method 

 

In the Phase 1, it is possible to distinguish the following 

resistance that dimensionally are moments (the pole of the 

moments is taken on the hinge axis):  

 Static frictional resistance of the hinges 

 Magnetic attraction (if present) 

 Elastic deformation of the gasket 

 Thermal effect 

In detail the components have been obtained as follows: 

 Static frictional resistance of the hinges 

𝑀𝐹1
= 𝑓1𝑊

𝑏

2
 

 Magnetic attraction  

𝑀𝑀1
=

𝐴𝐵2

2𝜇0

𝑏 

 

 Elastic deformation of the gasket 

The stiffness Kg is defined as: 

𝐹𝑔 = 𝐾𝑔𝑥 

 

For each unit of length of the gasket, consequently the four 

different sections of gasket, identified with the subscripts P, Q, 

R and S, have different behaviour. In particular, the forces can 

be expressed as: 

𝐹𝑔𝑃
= 𝐾𝑔 ∙ 𝑘𝑡𝑎𝑛𝜗 ∙ 𝑎 

𝐹𝑔𝑄
= 𝐾𝑔 ∙ (𝑘 + 𝑏)𝑡𝑎𝑛𝜗 ∙ 𝑎 

𝐹𝑔𝑅
= 𝐹𝑔𝑆

= 𝐾𝑔 ∙ (𝑘 +
𝑏

2
)𝑡𝑎𝑛𝜗 ∙ 𝑏 

And the total moment due to the elastic deformation is: 

𝑀𝑔 = 𝑀𝑔𝑃
+ 𝑀𝑔𝑄

+ 2𝑀𝑔𝑅

= 𝐹𝑔𝑃
𝑘 + 𝑀𝑔𝑄

(𝑘 + 𝑏) + 2𝑀𝑔𝑅
(𝑘 +

𝑏

2
) 

 Thermal effect 

The thermal effect is caused by the difference of temperatures 

of the appliance interior after an opening and when the steady 

condition is reached. Particularly in refrigerators, because of 

the lowering of the temperature, the internal air increases his 

density causing an internal depression. Conversely, in ovens, 

the increase in temperature creates an expansion of the air and 

thus an overpressure. 

𝑀𝑇 = ∆𝑝𝑎
𝑏2

2
= 𝑝0𝑐𝑒∆𝑇𝑎

𝑏2

2
 

In which ∆𝑇 is the temperature difference between the internal 

temperature at the opening time and the internal temperature 

when the door was closed. 

∆𝑇 = 𝑇𝑓 − 𝑇𝑖  

This value changes with the time, until it comes to a stationary 

condition. The value of the internal temperature at the time of 

opening depends on the amount of air exchanged with the 

exterior at the last opening. This amount, represented by the 

coefficient 𝜑, depends on the volume of the appliance, its 

filling state and the time for which the door has been opened. 

𝑇𝑓 = 𝜑𝑇𝑒 − (1 − 𝜑)𝑇𝑖 

The experimental evaluation of 𝜑, it is quite complex and the 

CFD can represent an effective tool.  

For the equilibrium, the total moment in the Phase 1 is: 

𝑀 = 𝑀𝑇 + 𝑀𝑔 + 𝑀𝐹1
+ 𝑀𝑀1

 

Instead, in the Phase 2, after the first detachment of the gaskets, 

start the dynamic effects and the exchange of air between the 

interior and exterior of the appliance. 

 

The components of the global moment are: 

 Inertial moment 

 Dynamic frictional resistance of the hinges 

 Aerodynamic resistance 

 Magnetic attraction (if present) 

In detail, the components have been obtained as follows. 

 Inertial moment 

𝑀𝐼 = 𝐼�̈� 

 Dynamic frictional resistance of the hinges 

𝑀𝐹2
= 𝑓2𝑊

𝑏

2
 

 Aerodynamic resistance 

𝑀𝐷 =
1

2
𝐶𝑀𝜌𝑎𝑏4�̇�2 

For the evaluation of the coefficient of aerodynamic resistance 

to rotation of the door, 𝐶𝑀, a CFD analysis was conducted. 

Appliance 
modeling

User opening 
curve 

Phase 1 Phase 2

Global 
resistance 

curve
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 Magnetic attraction  

Also in this case, the four different sections of gasket P, Q, R 

and S, have different behaviour. In particular, the forces can be 

expressed as: 

𝑀𝑃 ∝ ∫
1

𝑘2𝑡𝑎𝑛2𝜗
𝑑𝑦 =

𝑎

𝑘2𝑡𝑎𝑛2𝜗

𝑎

0

 

and 

𝑀𝑄 ∝ ∫
1

(𝑘 + 𝑏)2𝑡𝑎𝑛2𝜗
𝑑𝑦 =

𝑎

(𝑘 + 𝑏)2𝑡𝑎𝑛2𝜗

𝑎

0

 

and 

 

𝑀𝑅 ∝ ∫
(𝑘 + 𝑥)

𝑥2𝑡𝑎𝑛2𝜗
𝑑𝑥 = |

𝑙𝑛𝑥

𝑡𝑎𝑛2𝜗
−

𝑘

𝑥𝑡𝑎𝑛2𝜗
|

𝑏 + 𝑘

𝑘

𝑏+𝑘

𝑘

=
ln (

𝑏 + 𝑘
𝑘

)
(𝑏+𝑘)

+ 𝑏

(𝑏 + 𝑘)𝑡𝑎𝑛2𝜗
 

 

consequentially 

𝑀𝑀2
= 𝑓 (

𝑎

𝑘2𝑡𝑎𝑛2𝜗
+

𝑎

(𝑘 + 𝑏)2𝑡𝑎𝑛2𝜗

+ 2
ln (

𝑏 + 𝑘
𝑘

)
(𝑏+𝑘)

+ 𝑏

(𝑏 + 𝑘)𝑡𝑎𝑛2𝜗
) 

For the equilibrium, the total moment in the Phase 2 is: 

𝑀 = 𝑀𝐼 + 𝑀𝐷 + 𝑀𝐹2
+ 𝑀𝑀2

 

 

RESULTS AND DISCUSSION 

Case Study 

As a case study, has been chosen a commercial built-in fridge, 

class A +, 207 l. External dimensions mm 1218x540x549 

(Figure 4). 

 

Figure 4: The case study fridge 

The main geometrical and physical characteristics are: 

 a 1.19 m; 

 b 0.54 m; 

 l 0.02 m; 

 𝐾𝑔 0.9 ∙ 103 N/𝑚2; 

 B 0.07 T; 

 𝑐𝑒 3.66 ∙ 10−3 𝐾−1; 

 𝑓1 0.8; 

 𝑓2 0.5; 

 k 0.05 m; 

 I 4.77 Kg 𝑚2 

 W 5 kg; 

 𝑇𝑖  273 K; 

 𝜇0 1.25 ∙ 10−6 H/m; 

 

The following environmental parameters has been 

assumed: 

 𝜌 1.225 N/𝑚3; 

 𝑇𝑒 293 K; 

 

Aerodynamic resistance 

For the parameter 𝐶𝑀 and 𝜑, as discussed in the Materials and 

methods section, experimental or virtual tests are required. In 

the present case, a 2D CFD method has been used with RANSe. 

The volume of  control (Figure 5) is a circular area with in the 

centre the door. The area diameter/door width ratio is 8. The 

volume of control was divided into two different concentric 

circular zones. In the inner one, the initial grid is triangular, 

with a size of 1 mm and a maximum skewness of 0.2. In the 

outer zone, the grid has a size of 250 mm and the same 

skewness limit. The door is modelled as a rigid body with 

dynamic mesh condition.  The interior has a springing 

deforming condition and a re-meshing occurs when the 

threshold of 0.3 in skewness is reached. Simulations ranged 

from 0 to 40 ° at five different angular speeds: 0.5, 1.0, 1.5, 2.0, 

2.5 rad/s. The flow it is assumed laminar. The time domain is 

discretized in fixed time step of 10-4 s. 
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Figure 5: Volume of control at θ 0° (left) e θ = 40° (right) 

 

In Figure 6 it is showed the field of pressure around the door 

and in Figure 7 the pathlines. 

 

Figure 6: Pressure field around the door 

 

 

Figure 7: Pathlines 

 

The results obtained at the five different angular velocities are 

reported in terms of moment of resistance and relative 

resistance coefficient in Table 1 and in Figure 8. The moment 

takes negative values as it is a resistance. 

Table 1: Aerodynamic moment and coefficient of resistance 

�̇� 0.5 1.0 1.5 2.0 2.5 [rad/s] 

MD -0.01 -0.08 -0.19 -0.32 -0.49 [Nm] 

CM -0.72 -0.94 -1.04 -1.02 -1.00 - 

 

 

Figure 8: Aerodynamic moment and coeffiecient of resistance 

 

The Figure 9 shows the time course at a given angular velocity. 

The constant trend highlights the achievement of stationary 

condition. 

 

Figure 9: Aerodynamic resistance Vs Time 

 

Throughout the speed field, it is possible to observe how, while 

increasing the moment of resistance, the coefficient remains 

almost constant. The average values and standard deviation are 

given in the Table 2.  

-1.20

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

0 1 2 3

angular velocity [rad/s]
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Table 2: Average value of CM and Standard deviation 

Average value of CM -0.94 

Standard deviation 0.13 

 

Moreover, it must be considered that, at lower speeds, the 

aerodynamic effect becomes practically negligible. So it is 

assumed that 𝐶𝑀 = −0.94. 

 

Thermal effect 

Even in this case, the virtual model is a good solution in terms 

of reliability of the result and speed. A 2D volume of control 

was developed, with the modeling of the external environment 

and the interior of the refrigerator. Initial conditions of 𝑇𝑖  273 

and 𝑇𝑒 293 K K are assumed. The energy equations were 

enabled. In this case the fridge was hypothesized empty.  

The Figure 10 refers to four different instants; the colours 

represent the temperatures (red is 293 K and blue 273 K). The 

first instant is at the initial phase, when the door is opening, the 

second one is near to the maximum opening, the third one when 

the door is closing and the fourth one when the door it is already 

close again. As it is possible to see, after closing, a little cool 

air has spilled into the surrounding environment, and a little 

warm air has entered the fridge. With the CFD software it is 

possible to calculate the amount of this air exchange and the 

final new internal temperature. 

 

                 

 

                   

 

Figure 10: Contours of temperature at four different instants 

 

In this case study, the obtained coefficient is 𝜑= 0.21, that 

implies an internal final temperature of 277.2 K. 

 

Global moment 

In the case of study, the user opening curve in Figure 11 has 

been assumed, from which it is possible to obtain, integrating 
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the curve, the angular velocity (Figure 12) and acceleration 

curves (Figure 13). At the end of the opening, corresponding to 

the maximum angular position, velocity and acceleration are 

null. 

 

 

Figure 11: User opening curve – Angular position 

 

 

Figure 12: User opening curve - Angular velocity 

 

 

Figure 13: User opening curve - Angular acceleration 
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The hypothesized opening curve applied by the user generates 

the global moment of resistance showed in Figure 14. In the 

picture the two phases, the first one with the door closed yet 

and the second one after the detachment of the gasket, are well 

visible. 

 

 

Figure 14: Global moment of resistance. The two phases are highlighted 

 

As it is possible to see, in the first phase, the global moment 

grows to a maximum, subsequently it decays rapidly with some 

oscillations. The various components of resistance are showed 

in the charts, divided into the two phases, respectively in Figure 

15 and Figure 16. 

 

 

Figure 15: Components of the moment of resistance during 

Phase 1 

 

Figure 16:  Components of the moment of resistance during 

Phase 2 

The percentage weight of each resistance component is shown 

in the Table 3, for the phase 1, and in Table 4, for the phase 2. 

 

 

1° phase 2° phase 
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Table 3: Percentage components of the moment of resistance during Phase 1 

Time [s] Magnetic attraction Static friction Thermal effect Gasket deformation Global moment 

0 45% 32% 23% 0% 100% 

0.1 45% 32% 23% 0% 100% 

0.2 45% 32% 23% 1% 100% 

0.3 44% 31% 22% 3% 100% 

0.4 42% 30% 21% 6% 100% 

 

Table 4: Percentage components of the moment of resistance during Phase 2 

Time [s] Magnetic attraction Dynamic friction Inertial moment Aerodynamic resistance Global moment 

0.4 68% 31% 1% 0% 100% 

0.5 11% 59% 30% 0% 100% 

0.6 4% 85% 11% 0% 100% 

0.7 1% 53% 46% 0% 100% 

0.8 0% 57% 43% 1% 100% 

0.9 0% 88% 11% 1% 100% 

1 0% 61% 38% 1% 100% 

1.1 0% 60% 38% 2% 100% 

1.2 0% 98% 0% 2% 100% 

1.3 0% 98% 0% 2% 100% 

1.4 0% 98% 0% 2% 100% 

 

From the case study analysis, it can be seen that in the Phase 1, 

the global moment of resistance is composed of several 

components that are of the same order of magnitude. The 

magnet gives the most important contribution, however static 

friction and thermal effect are not negligible. In the Phase 2, the 

magnetic component decays rapidly and the most significant 

components are the dynamical friction of the hinges and the 

inertial moment. Conversely, the aerodynamic component is 

practically negligible. 

 

CONCLUSIONS 

The paper describes as it is possible to model the opening phase 

of the front door of a domestic appliance. The problem of the 

opening is divided in two distinct phases, Phase 1 is when the 

door is closed yet but the user has started to exert a moment of 

opening and Phase 2 after the first detachment of the gaskets. 

For each of them, a complete evaluation of all forces and 

moments is obtained. An interesting part concerns the use of 

the Compyutational Fluidynamics (CFD) to find the 

aerodynamical resistance coefficients of the door during the 

opening movement and the thermal effects caused by the 

difference of temperature between the external and internal 

environment. Thanks to mesh motion is possible to evaluate 

these quantities and understanding the path flow during this 

phase. The other moments are evaluated with formula that 

describe the physical phenomena. The interaction with the user 

is defined with an opening user curve. The first phase all 

moments are in the same order of magnitude, however, during 

the second phase, the most important contribution is from the 

dynamical friction of the hinges and the inertial moment. The 

moment caused by aerodynamical resistance is negligible. The 

approach is very simple and can be used in an automatic 

optimization loop for understanding the impact of design 
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parameters on the final results. Thanks to this virtual approach 

is possible avoid the use of experimental facilities that request 

additional time and costs and speed up the process of design. 
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