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ABSTRACT 

Indoor air environment inside operating room (OR) is crucial for the success of surgical operation. 

The opening and closing process of sliding door is very common in OR. In this case, the designed 

positive pressure will disappear. Since the air exchange characteristic at the interface of the sliding 

door will influence the Surgical Site Infection risk, the combined effects of temperature and 

pressure differences on interface airflow along with the air infiltration volume and intruding 

particles caused by the airflow are studied by theoretical and numerical methods. Two different 

cases are compared, where the temperature of OR is lower or higher than that of anteroom, 

respectively. Results show that the contaminants accumulate in the upper space of the OR due to 

the airflow pattern between two rooms when the temperature of OR is lower than the anteroom. 

This will increase the possibility that airflow carrying contaminants intrudes into OR. On the 

contrary, the contaminants are controlled in the lower space of the OR when the temperature of 

OR is higher than that of anteroom. On average, the particle intrusion ratio of the second case 

decreases by 55% compared with that of the first case. So, it is helpful to protect the clean 

environment of OR when the temperature of OR is higher than that of the anteroom. Moreover, 

the air infiltration volume of the closing phase is found unequal to that of the opening phase. This 

study provides the useful information for maintaining a clean indoor environment under 

operational condition. 

 

Keywords: clean operating room, temperature difference, pressure difference, airborne particle, 

sliding door, numerical simulation 
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1. Introduction 

Operating room is a special area for surgical treatment and rescue of patients. The air 

cleanliness level in this area should be maintained to reduce both the incidence of Surgical Site 

Infections (SSIs) and the harmful effect on patients’ healthy. SSIs are common surgical 

complications in hospital. There are about 160,000–300,000 cases of SSIs occuring each year in 

America [1]. According to the survey data of infections in 183 American hospitals, SSIs account 

for 21.8% of Healthcare-Associated Infections, which is the same as the infectious rate of 

pneumonia [2]. In Europe, the incidence of SSIs also ranks the second place within HAIs [3], and 

the incidence may be higher in developing countries [4]. Compared with the uninfected surgical 

patients, the mortality rate of the patients with SSIs will increase by 2-11 times [5]. Besides, the 

hospitalization days will be prolonged and the medical expenses will thus be increased, resulting 

in appreciably direct and indirect economic losses. 

The incidence of SSIs varies with the type of operation, the surgical technique and the 

patient's own immune condition. The strategies of reducing the risk of SSIs mainly focus on three 

aspects: patients, surgical techniques and operating environment. Air transmission is one of the 

most important ways leading to microbial infection of incisions. There is a correlation between 

SSIs and the bacterial concentration in operating room [6-7]. Air cleaning technologies, such as 

dilution with ventilation, unidirectional air distribution, pressure control and air filtration, are 

usually adopted to create a clean surgical environment for operating room. Based on the 

theoretical background for the unidirectional air distribution system [8], the ceiling air supply and 

the lower-side air return scheme is applied in most of the current operating rooms in China. The 

operating room maintains a certain positive pressure relative to the surrounding environment by 

reasonable control of supply air volume, return air volume and exhaust air volume. It is expected 

to prevent contaminants infiltrating into the operating room through gaps and to maintain a high 

air cleanliness level [9]. 

According to relevant recent investigations, due to the flow of patrol nurses and the transfer 

of medical equipments between operating rooms, opening and closing of the door is a very 

common phenomenon during the operation process [10-11]. However, positive pressure between 

operating room and adjacent room disappears shortly [8], and corresponding outflow will be 
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formed during the opening and closing of the door. Opening the door leads to the destruction of 

the isolation performance. And this will result in the transmission of contaminated air into the 

operating room[12]. Moreover, the temperature difference will cause convection at the doorway 

when there is a temperature difference between two adjacent rooms [13]. However, the convection 

caused by temperature difference is usually neglected in most of the previous studies. It is a 

concern that whether the supply airflow pattern in operating room can effectively prevent the 

intrusion of contanminants when there is a temperature difference. 

Corresponding statistical studies found that the door opening during surgery will affect the 

clean indoor air quality of the operating room [14-15]. There is a positive correlation between the 

times of door opening and closing and the concentration of Colony-Forming Units inside the 

operating room during the operative period [10-11,16]. Each opening of the door will cause the 

increasing of the airborne bacterial concentration inside the operating room [17]. Moreover, in an 

adjacent two-room isothermal condition, the sliding door causes less air exchange than the hinged 

door. However, when there is a temperature difference between the two rooms and the temperature 

difference increases, the air exchange rate caused by the opening and closing of the sliding door is 

larger [18]. The study has shown that the incidence of SSIs can be reduced after a series of 

interventions (reducing the times of opening of the door) [19]. Why does the opening and closing of 

the door increase the concentration of contaminants in the operating room? The answer can not be 

given only by methods based on statistical analysis. With the development of numerical simulation 

technology, it is necessary to investigate the variation characteristics of the airflow patterns at the 

interface of the sliding door between the operating room and the adjacent room. Therefore, the 

airflow exchange patterns as well as the migration and the diffusion of contaminants between the 

operating room and the anteroom under the effects of temperature and pressure differences will be 

studied numerically. Theoretical model with this combined effect will be established, and then it 

will be used for validation of the numerical results. 

2. Theoretical analysis 

Because of the different parameters such as cooling load, temperature, relative humidity, air 

cleanliness level and air exchange rate, different air conditioning systems will be used in the 

operating room and its adjacent anteroom so that the corresponding temperature difference will be 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

formed between them. Air convection between the two rooms will occur due to the temperature 

difference. The temperatures of the operating room and the anteroom can be labeled as Tn and Tw, 

respectively. When Tn is lower than Tw, the schematic diagram of air convection between the two 

rooms is shown in Fig. 1. There is a neutral plane at the center of the door height. The air 

exchange volume between the operating room and the anteroom is equal. 

 

 

Fig. 1. Schematic diagram for airflow exchange between operating room and anteroom with 

temperature difference only 

However, when the combined effect of temperature difference and pressure difference is 

considered, the schematic diagram of the airflow pattern formed at the interface of the doorway is 

presented in Fig.2 when the door is opened. Tn is supposed to be lower than Tw. The airflow 

velocity caused by positive pressure is Vx, while the presence of airflow by positive pressure will 

cause the neutral plane to move up. 

 

Fig. 2. Schematic diagram of airflow exchange between operating room and anteroom with 

comprehensive effect of temperature difference and pressure difference 

The pressures of the operating room and the anteroom at the middle height section of the 

doorway are Pcn and Pcw, respectively. At the section with height Z above the central line, the 

pressures in the operating room and the anteroom are Pn and Pw, respectively. They can be 

expressed as: 

�� = ��� − ����                                (1) 

�	 = ��	 − �	��                               (2) 

The pressure difference between the two rooms at the central line section is the same as that 

formed with the airflow caused by positive pressure in the operating room. 

��� − ��	 = �
                                (3) 

The pressure difference between the two rooms at the same level is: 

∆� = �	 − �� = ��� − �	�� − �
                   (4) 

Assuming that the air is the ideal gas, the air velocity caused by pressure difference at section 

Z according to the theory of flow dynamics can be expressed as: 
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  � = ��∆�
�� = �2� ∆�

�� �                            (5) 

The leakage inflow Qin by positive pressure can be expressed with Eq.(6). 

��� = � � � �2� ∆�
�� � − �
���/�

�
 
!�"# 
 ∆!$

∙ &�                   (6) 

By integrating this expression, the leakage inflow through the doorway will be: 

��� = '(
) ∙ ��

*∆� �� ∆�
�� + − �
��)/�	                     (7) 

In the same way, the outflow through the doorway interface will be: 

�-./ = '(
) ∙ ��

*∆� �� ∆�
�� + + �
��)/�                    (8) 

where C is the coefficient with the value 0.5; W is width of the doorway; H is height of the 

doorway; g is the gravity acceleration; ∆ρ is the density difference of air in the two rooms; �̅ and 

the mean density of air in the two rooms. 

3. Numerical simulation 

3.1. Physical model 

As shown in Fig. 3, the physical model is established according to the size of the operating 

room laboratory in Nanjing. The whole model is divided into two parts, which includes the 

operating room and the anteroom. The dimensions of the operating room and the anteroom are 

7.80 m (L) × 5.80 m (W) × 3.00 m (H) and 3.00 m (L) × 6.83 m (W) × 2.60 m (H), respectively. 

The operating room is separated from the anteroom through the partition wall, and the thickness of 

the partition wall is 0.30 m (L). A sliding door is placed in the middle of the partition wall, whose 

dimension is 2.00 m (W) × 1.40 m (H). The unidirectional airflow supply opening is set at the 

center of the ceiling of the operating room, whose dimension is 2.60 m (L) × 2.40 m (W). An 

exhaust vent is placed near the supply opening, whose dimension is 0.32 m (L) × 0.32 m (W). 

There is a return vent with the dimension of 4.80 m (L) × 0.32 m (W) on each side wall. This 

study focuses on the mechanism of invasion and diffusion of contaminants from the anteroom into 

the operating room, so the layout of the operating room under at-rest condition is adopted. There 

are only operating lamps and operating table inside the operating room. Both of them are located 

directly below the unidirectional airflow supply area, which will have a great impact on the 

airflow pattern. The dimension of the operating table is 1.80 m (L) × 0.60 m (W), and the surface 
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of the operating table is 1.1 m above the floor. The operating lamps are simplified as cylinders 

with diameter of 0.40 m and thickness of 0.15 m. In the anteroom, there is an air supply opening 

with size of 0.70 m (L) × 0.70 m (W) as well as an air return opening with size of 0.52 m (L) × 

0.52 m (W) on the ceiling of the anteroom. 

 

 

Fig. 3. Layout of both operating room and anteroom 

3.2. Governing equation 

3.2.1. Turbulent airflow model 

There are usually three methods for indoor airflow simulation, including DNS (Direct 

Numerical Simulation), LES (Large Eddy Simulation) and RANS (Reynolds-Averaged 

Navier-Stokes) methods. The use of DNS and LES simulation requires both large memory and fast 

calculation for computers. However, the RANS simulation is the most common and effective 

method for indoor airflow. So, both the RANS model and the standard k-ɛ model are adopted and 

compared in this study. Although the RNG k-ε model could be slightly better than the standard k-ε 

model and is therefore recommended for simulations of ordinary indoor airflow [20], it has been 

proved that the standard k-ε model can also be effective to predict the flow field within operating 

room [21]. The governing equation of standard k-ε model can be expressed as: 

2��3
2/ + 4 ∙ 5�6�789 = 4 ∙ 5:ϕ469 + ;ϕ                   (9) 

where ∇ is the gradient of the variable; �78 is the time-averaged velocity; ϕ represents each of the 

three velocity components (u, v, w); :3 is the effective diffusion coefficient for each dependent 

variable; and Sϕ is the source term. 

3.2.2. Particle tracking model 

In order to track the trajectories of the particles, the Lagrangian discrete tracking model is 

adopted to calculate the concentration and distribution of particles. The particle motion can be 

described as: 
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=.>
=/ = ?@5A − AB9 + *C∙��DE�

�D + ?F                   (10) 

where up is velocity of the particle; u is the velocity of the air; FD(u-up) is the drag force per unit 

particle mass; ρp and ρ are the particle and air densities, respectively; g is the gravitational 

acceleration, and Fe represents the additional forces. 

The drag force follows the Stokes’ law, which can be expressed as: 

?GHIJ = ?@5A − AB9 = �KLM
�D=D 'N 5A − AB9               (11) 

where µa is fluid viscosity, dp is particle diameter and Cc is Cunningham correction factor. 

The third term on the right side of Eq. (10) represents the other forces such as the pressure 

gradient force, Brownian force, thermophoretic force and Saffman’s lift force, etc. Based on the 

simulation and experimental results of Chang and Hu, the Saffman’s lift force has a great impact 

on particles with size in the range of 2.5 to 5 µm, while Brownian force has larger effect on 

particles with size less than 0.5 µm [22]. Therefore, the influence of Brownian force is ignored, and 

the effects of Saffman’s lift force, pressure gradient force and thermophoretic force are considered 

only in this study. In addition, considering the influence of turbulence on the particle diffusion, the 

discrete random walk model (DRW) is used in order to obtain the diffusion of particles with 

turbulence pulsation. 

3.2.3. Dynamic mesh model 

In order to realize the opening and closing process of the door, dynamic mesh model is 

adopted. The integral form of the conservation equation for a general scalar 6, on an arbitrary 

control volume whose boundary is moving, can be expressed as： 

=
=/ � �6O &� + � �6�A78 − A*77778 ∙ &P82O = � :2O 46 ∙ &P8 + � ;3&�O           (12) 

where ρ is the fluid density, A78 is the flow velocity vector, A*77778 is the mesh velocity of the moving 

mesh, Γ is the diffusion coefficient, ;3 is the source term, and Q� is the boundary of the control 

volume. 

The finite volume method (FVM) is applied to transform the above-mentioned differential 

equations into the discrete equations. Second-order upwind schemes are adopted for differential 

derivatives. A Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm is used 
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while discretized equations for each variable is solved by Gauss-Seidel iteration scheme. The 

convergence criteria are set as follows: the residuals for both the velocity in the directions of X, Y 

and Z and the continuity reached 10-4, and the energy residual reached 10-6. 

3.3. Boundary conditions 

The unidirectional airflow supply opening is defined as the boundary of velocity inlet. A 

suitable air velocity should be formed when the air-supply decreases near the working area of the 

operating table. The "Architectural Technical Code for Hospital Clean Operating Department" 

stipulates that the average air velocity in the working area should be 0.20-0.25 m/s. When the air 

supply velocity is set at 0.45 m/s, this regulation can be satisfied, and the corresponding air supply 

air volume in operating room is 10108 m3/h. The air return opening and the exhaust vent in 

operating room are both defined as the boundary of velocity outlet. The supply air velocity in the 

anteroom is 0.25 m/s, and the boundary type of the air return opening in anteroom is defined as 

outflow. The positive pressure difference is formed between the operating room and the anteroom 

through the difference among the air supply volume, the air return volume and the air exhaust 

volume. The outdoor air volume of operating room is 810 m3/h and the exhaust air volume is 360 

m3/h, so the differential air volume to form positive pressure is 450 m3/h. The gap is 0.006 m, and 

the positive pressure of 6 Pa can be maintained between the operating room and the anteroom, 

which corresponds to 450 m3/h positive pressure air volume when the door is closed. The time for 

the whole process of door opening and closing is 18 s. From 0 s to 7 s, it is the opening phase of 

the door. From 7 s to 11 s, the door is kept in full opened state. From 11 s to 18 s, it is the closing 

phase of the door. The specific types and values of the boundary conditions are shown in Table 1. 

The temperature in operating room should be between 21ºC and 25ºC according to corresponding 

literature [23]. In this study, it is found that when the temperature of the supply air is set as 23ºC, 

the temperature in the operating room can meet the requirement of standard.  

 

Table 1 Model information and parameter values of boundary condition 
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Persons are the main sources of particles in the anteroom. Meanwhile, the floor, the 

surrounding walls and the ceiling will also generate particles. According to relevant literature [8], 

the particle quantity generated by a still person is 1×105 CFU/min. The particle quantity generated 

by a person is 5×105 CFU/min when he is in an active movement condition. Moreover, the particle 

quantity generated by surfaces of enclosure structure is based on the floor. The quantity of 

particles released by 8 square meters of floor is about the same as that of a still person. So the 

particle quantity generated by the floor and the surfaces of enclosure structure is 1.25×104 

CFU/(min·m2). It is assumed that there is one person in activity in the anteroom, and the total 

quantity of particles generated by the anteroom environment is 18100 CFU/s. The sedimentation 

and resuspension effect of particles are neglected. The particles generated by the anteroom are 

simplified. It is assumed that the particles will uniformly distribute in the anteroom. Particles are 

released for 30 seconds before opening the door, and a relatively uniformly-distributed initial 

particle concentration field will be formed in the anteroom. 

The sources of particles in the anteroom are complex and the particle sizes are quite different. 

Breathing, coughing and sneezing of person can generate droplets. It is found that the droplets 

sizes generated by coughing behavior range from 1.1 to 3.3 µm through Anderson sampler 

measurements [24]. There will be a large number of particles released from the surface of clothing 

when person is in activity. It is found that the size of the particles from the surface of clothing are 

more concentrated between 3 to 10 µm when a person wearing cleanroom clothing is in activity 

through experimental study [25]. Different sizes including 1µm, 3µm, 5µm and 7µm were 

calculated. It is found that only marginal difference was found among the results, so the diameter 

of 5µm is selected for the following calculation. 

3.4. Hypothesis of the model 

Under the premise of ensuring the accuracy of the calculation results, the following 

assumptions are made for the model: 

(1) Indoor air is incompressible ideal gas; 

(2) Radiation heat transfer is simplified. The only heat sources in the operating room are 

operating lamps which are set as constant heat flux boundary. The radiation heat of the operating 
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lamps will go through the surfaces of the lamps, which releases heat to the operating room [26]. 

(3) All walls and operating table surfaces are set to be adiabatic boundaries. 

(4) Initial uniform temperature field is formed in both operating room and anteroom, and the 

temperature stratification is not taken into consideration. 

3.5. Layout of monitoring points 

The volume of air exchange between the operating room and the anteroom is calculated 

according to the method of corresponding literature [27]. The location of the monitoring points for 

air velocity at the doorway interface is shown in Fig.4. The calculation process of airflow volume 

is as follows: 

(1) Recording the air velocity Vx in the X direction at the monitoring points. 

(2) The area of the doorway is discretized according to the location of the monitoring points 

and divided into several small regions. The airflow volume in each small region is the product of 

the air velocity Vx and the area of this region. 

 

 

  

(a) Schematics of monitoring point  (b) Location of monitoring point 

Fig. 4. Layout of monitoring points at the interface for measuring air velocity 

At the same time, in order to monitor and calculate the variation of pressure difference 

between two rooms with time, the pressure monitoring points were placed in the operating room 

and anteroom apart, which are 0.4 m inwards and outwards from C1, C2, C3, C4 and C5 points, 

respectively.  

3.6. Grid independence test 

The grid independence test is carried out on the model. Numerical simulations are performed 

with the mesh numbers of 381254, 458216, 623579, 732451, 982536 and 1176284, respectively. It 

is shown in Fig. 5 that when the mesh number is equal to and larger than 732451, the air velocity 

at the center of the projection area of the unidirectional air supply outlet at Y=1.2m reaches stable. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Therefore, the grid number of 732451 was chosen in the following simulation. 

 

 

Fig. 5. Air velocity at the center of the projection area of the unidirectional air supply outlet at 

Y=1.2m 

3.7. Simulation conditions 

The first case is described as follows. A uniform temperature field at 23ºC is formed on the 

basis of the unidirectional supply air temperature in the operating room. Different temperature 

fields in the front chamber are formed by setting different supply air temperatures, thus forming 

conditions of different temperature differences. The temperature of the operating room is lower 

than that of the anteroom (Tn < Tw) under this case. Specific condition setting is shown in Table 2.  

 

Table 2 Settings of temperature difference between operating room and anteroom (Tn<Tw) 

 

 

The method of forming conditions of different temperatures under the second case is the 

same as the above. However, the temperature of the operating room is higher than that of the 

anteroom (Tn > Tw) under this case. Specific condition of setting is shown in Table 3. 

 

Table 3 Setting of temperature difference between operating room and anteroom (Tn>Tw) 

 

3.8. Particle intrusion assessment index 

In order to analyze the migration and dispersion of particles from the anteroom into the 

operating room as well as assess the severity of the intrusion of particles, and the coefficient of 

particle intrusion ratio K is defined as: 

R = ST
S                                  (13) 

where Mi is the quantity of particles intrude into operating room during the opening and closing 
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process of the door; M is the total quantity of particles in the anteroom before the opening of the 

door. 

4 Results and discussion 

4.1. Validation of mathematical model 

In order to validate the mathematical model in this study, the measurement data of airflow 

distribution on the full-scale ISO Class-5 cleanroom in a hospital by Yang et al. were used [28]. The 

experimental data in corresponding literature [29] were used to verify the reliability of the 

Lagrangian discrete tracking model. The validation of the numerical method can be found in 

Appendix A as the online supplementary material. 

The simulated flow field and particle trajectory agree well with the measured values. It is 

verified that the standard k-ε model is reliable and can be selected for the numerical simulation in 

the following study. Moreover, when the experimental data by Kalliomaki et al. [12] is used, it is 

also proved that this model can be applied to obtain the air exchange rate between two adjacent 

rooms with sliding door. 

4.2. Variety of pressure difference between two rooms 

The variation of pressure difference with opening and closing process of the door under 

condition 2-3 is shown in Fig. 6. The temperature in the operating room is higher than that in the 

anteroom under this condition, and the temperature difference is 3ºC. It can be found that 

variations of pressure difference at difference positions have the same trends, where the pressure 

difference drops sharply with the opening of the door. At the time of 1s after opening of the door, 

the pressure difference is almost 0. However, the pressure difference reappears after the closing of 

the door. Besides, the pressure in the operating room is slightly higher than that in the anteroom at 

the upper part of the doorway such as the position of A4, A5, C4, C5, E4 and E5. This is due to the 

thermal pressure caused by temperature difference. On the contrary, the pressure in the operating 

room is slightly lower than that in the anteroom at the lower part of the doorway. 
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(a)Position A1 to A5 (b) Position C1 to C5 (c) Position E1 to E5 

Fig. 6. Variation of pressure difference with opening and closing process of the door under 

condition 2-3 

4.3. Analysis of airflow exchange and particles intrusion between two rooms under case 1 

4.3.1. Analysis of airflow exchange between two rooms 

When the temperature in the operating room is lower than that in the anteroom, the airflow 

exchange pattern and temperature distribution between the operating room and the anteroom are 

shown in Fig. 7. Since t=11s is the last moment of the full opened phase of the door, the air 

exchange between the operating room and the anteroom is the most intensive. So the simulation 

results of t=11s are selected in the following analysis. The detailed analysis is carried out with the 

condition 1-1 as an example. The velocity vector diagram in Z=3.4m plane under condition 1-1 is 

shown in Fig. 7(I-b). The warmer air in the anteroom encounters with the colder air in the 

operating room at the doorway interface. Thus, the warmer air rises and the colder air sinks, 

forming a typical natural convection caused by temperature difference, where the air flows from 

the operating room to the anteroom through the lower part of the doorway and the air flows from 

the anteroom to the operating room through the upper part of the doorway. As shown in Fig. 7(I-b), 

the convection by temperature difference and outflow by positive pressure are superimposed, 

which enhances airflow exchange between two rooms. This airflow pattern forms a vortex near the 

doorway, which will carry particles of the anteroom into the operaing room. From Fig. 7(I-b) to 

Fig. 7(V-b), it is shown that with the increase of temperature difference, the airflow exchange 

between the two rooms becomes more intensive, and the range of the vortex is also expanded. 

  

(I) Condition 1-1, ∆T=1ºC, t=11s 

  

(II) Condition 1-2, ∆T=2ºC, t=11s 
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(III) Condition 1-3, ∆T=3ºC, t=11s 

  

(IV) Condition 1-4, ∆T=4ºC, t=11s 

  

(V) Condition 1-5, ∆T=5ºC, t=11s 

(a) Temperature contour in plane Z=3.4m (b) Velocity vector in plane Z=3.4m 

Fig. 7. Contour of temperature and velocity vector under condition 1-1～1-5 when Tn<Tw 

Fig. 8 illustrates the air infiltration rate from anteroom into operating room with time under 

conditions 1-1 to 1-5 during the opening and closing process of the door. It is obvious that the 

infiltration air volume increases with the increase of temperature difference. The infiltration air 

volume is almost 0 in the first 2 seconds under each condition, and there exist infiltration airflow 

after 2 seconds. This is due to the constant outflow volume by positive pressure from the operating 

room. With the increasing of the opening area of the door, the corresponding velocity of outflow 

by positive pressure reduces. In the first 2 seconds, the opening area of the door is small, and the 

effect of temperature difference is weak due to the small contact surface of the air between the two 

rooms. Therefore, outflow by positive pressure completely counteracts that by temperature 

difference during this period. After 2 seconds, the effect of temperature difference appears, and the 

velocity of outflow by positive pressure decreases gradually. In this case, it can’t completely 

counteract the effect of temperature difference. The variation trend of infiltration air volume under 

each condition is essentially the same. Therefore, the airflow pattern at the doorway interface is 

displayed by taking the results of condition 1-3 as an example. The velocity vector diagram at the 

doorway interface when the temperature difference is 3ºC is shown in Fig. 9. All the air flows 

from the operating room to the anteroom at the interface of the doorway in the first 2 seconds. 

With the increasing of the opening area of the door, airflow will infiltrate into the operating room 

from the anteroom through the upper part of the doorway. The air infiltration rate increases with 

the opening area of the door. Moreover, the airflow pattern at the doorway interface is displayed in 

Fig. 10 by taking the results of condition 2-3 with the temperature difference 3ºC. In the first 2 

seconds, all the air flows from the operating room to the anteroom. When the opening area of the 

sliding door increases, airflow will infiltrate into the operating room from the anteroom through 

the lower part of the doorway. 
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Fig. 8. Air infiltration rates from anteroom into operating room under condition 1-1~1-5 

  

(a) Opening of the door ∆Z=0.4m, t=2s (b) Opening of the door ∆Z=0.8m, t=4s 

  

(c) Opening of the door ∆Z=1.2m, t=6s (d) Opening of the door ∆Z=1.4m, t=8s 

Fig. 9. Variation of velocity vector at the interface with door opening under condition 1-3 

 

  

(a) Opening of the door ∆Z=0.4m, t=2s (b) Opening of the door ∆Z=0.8m, t=4s 

  

(c) Opening of the door ∆Z=1.2m, t=6s (d) Opening of the door ∆Z=1.4m, t=8s 

Fig. 10. Variation of velocity vector at the interface with door opening under condition 2-3 

 

The effect of temperature difference enhances the air exchange rate between two rooms 

through the whole opening and closing process of the door. As shown in Fig. 9 and Fig. 11, the air 

infiltration volume of the closing phase is much larger than that of the opening phase. From 

condition 1-1 to 1-5, the air infiltration volume of the closing phase is about 3 times that of the 

opening phase on average. The opening phase of door and the closing phase of door are 

symmetrical to the full opening phase. But the air infiltration volumes of the two phases are quite 

different. This is attributed to the balance between the positive pressure effect and the temperature 

difference effect. When the door is kept at the full opened state, the temperature difference effect 

reaches the maximum while the positive pressure effect reaches the minimum. Moreover, this is 

also attributing to the inertia of the airflow exchanged between two rooms. Therefore, the air 

infiltration volumes during the opening and closing process of the door are different. 

 

 

Fig. 11. The infiltration air volume at different phases under condition 1-1~1-5 when Tn<Tw 
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4.3.2. Analysis of particles intrusion between two rooms 

The particle concentration contours in plane Y=1.2m and Z=3.4m at the time of 11 seconds 

under conditions 1-1 to 1-5 are shown in Fig. 12. From Fig. 12(I-a) to 12(V-a), it is shown that the 

distribution of particles with height and the approximate degree of intrusion of particles. It is 

obvious that particles spread into the operating room with the airflow and accumulate in the upper 

space of the operating room near the doorway. Both the amount of intruding particles and the 

depth of intrusion increase with the increase of temperature difference. The particle concentration 

contours in plane Y=1.2m are shown in Fig. 12(I-b) to 12(V-b). Since Y=1.2m is the height 

corresponding to the surgical area, the particle distribution in plane Y=1.2m are selected for 

analysis. It can be seen from the contours that the particle concentration at the height of Y=1.2m is 

very small under all conditions, and the particles are mostly distributed above the height of 

Y=1.2m. Although the particle concentration in the plane of surgical area is very small, these 

particles accumulate in the upper space of the operating room, which is contrary to the concept of 

environmental control in operating room. The ceiling air supply and lower-side air return scheme 

is used in operating room. This is because the contaminants can be controlled in the lower space of 

the operating room and be quickly discharged. The medical staffs are neglected in the simulation 

of this paper. However, there will be frequent personnel activities to disrupt the stable airflow 

distribution and to destroy the protective effect of the mainstream air supply for the surgical area. 

Thus, the accumulation of particulate matter in the upper space of the operating room may cause a 

potential threat to the surgical area. 

 

 

  

(I) Condition 1-1, ∆T=1ºC,t=11s 

  

(II) Condition 1-2, ∆T=2ºC,t=11s 

  

(III) Condition 1-3, ∆T=3ºC,t=11s 
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(IV) Condition 1-4, ∆T=4ºC,t=11s 

  

(V) Condition 1-5, ∆T=5ºC,t=11s 

(a) Particle concentration contour in plane 

Z=3.4m 

(b) Particle concentration contour in plane 

Y=1.2m 

Fig. 12. Contour of particle concentration under condition 1-1~1-5 when Tn<Tw 

4.4. Analysis of airflow exchange and particles intrusion between two rooms under case 2 

4.4.1. Analysis of airflow exchange between two rooms 

When the temperature in the operating room is higher than that in the anteroom, the airflow 

exchange pattern and temperature distribution between the operating room and the anteroom are 

shown in Fig. 13. The velocity vector maps in plane Z=3.4m at the time of 11 seconds under 

condition 2-1 to condition 2-5 are shown in Fig. 13(I-b) to Fig. 13(V-b), respectively. The 

following example is illustrated in Fig. 13(I-b) with a temperature difference of 1ºC. Under the 

effect of temperature difference, the air flows from the anteroom to the operating room through 

the lower part of the doorway, but the supply airflow in the operating room is just opposite to this 

airflow. So, it's different from the above first case that the convection by temperature difference 

and outflow by positive pressure are no longer superimposed but counteract with each other, when 

the temperature in the operating room is higher than that in the anteroom. The colder air in the 

anteroom encounters with the warmer air in the operating room at the doorway interface, and the 

warmer air flows upward to form the outflow at the upper part of the doorway. From Fig. 13(I-b) 

to Fig. 13(V-b), the outflow through the upper part of the doorway is more intensive with the 

increasing of the temperature difference. 

  

(I) Condition 2-1, ∆T=1ºC,t=11s 

  

(II) Condition 2-2, ∆T=2ºC,t=11s 

  

(III) Condition 2-3, ∆T=3ºC,t=11s 
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(IV) Condition 2-4, ∆T=4ºC,t=11s 

  

(V) Condition 2-5, ∆T=5ºC,t=11s 

(a) Temperature contour map in plane Z=3.4m (b) Velocity vector map in plane Z=3.4m 

Fig. 13. Contour of temperature and velocity vector under condition 2-1～2-5 when Tn>Tw 

Fig. 14 presents the air infiltration rate from anteroom into operating room with time under 

conditions 2-1 to 2-5 during the opening and closing process of the door. In the case of Tn > Tw, it 

is interesting that the air infiltration rate doesn’t increase with the increase of temperature 

difference under condition 2-1 to 2-5, and the minimum air infiltration rate occurs when the 

temperature difference is 2ºC. This is due to the best effect of convection by temperature 

difference and outflow by positive pressure counteracting with each other when the temperature 

difference is 2ºC. As shown in Fig. 13(I-b), when the supply airflow rises upward, one part of the 

airflow comes into the anteroom to form an outflow, and the other part of the airflow returns to the 

operating room to form a backflow under condition 2-1 when the temperature difference is 1ºC. 

However, when the temperature difference is 2ºC, the supply airflow almost flows out of the 

operating room after rising and very few air flows back into the operating room. The outflow by 

positive pressure provides a barrier effect at the doorway interface, which effectively reduces the 

airflow from the anteroom into the operaing room. The convection by temperature difference 

becomes more and more intensive with the increase of the temperature difference under conditions 

2-3 to 2-5, so there is airflow coming into the operating room from the anteroom through the 

lower part of the doorway, and a "triangle" vortex zone is formed near the doorway. 

 

Fig. 14. Air infiltration rate from anteroom into operating room under condition 2-1~2-5 

 

Fig. 15. Volume of infiltration air at different phases under condition 2-1~2-5 when Tn>Tw 

From Fig. 14 and Fig. 15, it can be found that the air infiltration volume of the closing phase 

is also much larger than that of the opening phase. On average, the air infiltration volume of the 

closing phase for conditions 2-1 to 2-5 is about 4.7 times that of the opening phase. This is also 

attributed to the inertial effect of airflow after the door is kept full-opened. But, it is different that 
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the air infiltration volume of the closing phase even exceeds the air infiltration volume of the full 

opened phase of the door under the conditions 2-3, 2-4 and 2-5. This is due to the phenomenon of 

convection by temperature difference and outflow by positive pressure counteracting with each 

other, which slows down the development of the effect of temperature difference. So the effect of 

temperature difference achieves the strongest during the closing phase of the door. 

4.4.2. Analysis of particles intrusion between two rooms 

The particle concentration contours in plane Y=1.2m and Z=3.4m at the time of 11 seconds 

under conditions 2-1 to 2-5 are shown in Fig. 16. The backflow carries a few particles into the 

operating room through the upper part of the doorway when the temperature difference is 1ºC. The 

outflow by positive pressure provides a barrier effect at the doorway interface, which effectively 

reduces the intrusion of particles when the temperature difference is 2ºC. Particles spread into the 

operating room with the airflow and accumulate in the "triangle" vortex zone when the 

temperature difference is 3ºC or larger. The range of the vortex zone is larger as the temperature 

difference increases. In this case, the intrusion depth of the particles is only about 0.5m, and the 

particles are controlled in the lower space of the operating room, which is more consistent with 

environmental control concept of operating room. And compared with the first case (Tn <Tw), both 

the intrusion range and intrusion depth of particles are smaller. 

 

  

(I) Condition 2-1, ∆T=1ºC,t=11s 

  

(II) Condition2-2,∆T=2ºC,t=11s 

  

(III) Condition2-3,∆T=3ºC,t=11s 

  

(IV) Condition2-4,∆T=4ºC,t=11s 

  

(V) Condition2-5,∆T=5ºC,t=11s 
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(a) Particle concentration contour in plane 

Z=3.4m 

(b) Particle concentration contour in plane 

Y=1.2m 

Fig. 16. Contour of particle concentration under condition 2-1~2-5 when Tn>Tw 

4.5. Comparison of the particle intrusion ratio under different cases 

As shown in Fig. 17, the particle intrusion ratio increases with the increase of temperature 

difference under case 1. Under case 2, the minimum particle intrusion ratio occurs when the 

temperature difference is 2ºC. The particle intrusion ratio increases with the increase of 

temperature difference when ∆T>2°C in case 2. Moreover, the particle intrusion ratio of case 2 

decreased by 80% compared with that of case 1 when the temperature difference is 2ºC. The 

average particle intrusion ratio of case 2 is smaller than that of case 1 by 55%. Therefore, it is 

suggested that the temperature in the operating room should be higher than that in the anteroom. 

The temperature difference between the operating room and the adjacent room should be 

controlled at 1 to 2ºC, so as to achieve the best effect of reducing the amount of intrusion 

contaminant. Videos related to this two scenarios can be found as online supplementary materials. 

 

Fig. 17. Comparison of particle intrusion ratios between Case 1 and Case 2 

4.6. Comparison of simulated air volume and theoretical air volume  

Comparison of the exchange airflow rate between two rooms under condition 2-3 calculated 

by Eq. (7) and Eq. (8) with the simulated value is shown in Fig. 18.  

It can be found that the trends of theoretical value and simulated value with time are 

essentially the same. In most of the time, the error between theoretical calculation and simulated 

value is less than 10%. The theoretical value is larger than the simulated value, especially in the 

opening stage of the door. This is also attributing to the inertia of the airflow exchanged between 

two rooms. In theoretical calculation, the effect of temperature difference effect has reached the 

strongest effect from the very beginning, and it doesn’t change with the opening and closing 

process of the door. So the theoretical calculation value is larger.  
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(a)Air infiltration rate into the operating room (b)Air outflow rate from the operating room 

Fig. 18. Comparison of the simulated and theoretical exchange airflow rate between two rooms 

4.7. Limitation 

(1) Only numerical simulation and theoretical analysis have been carried out in this paper, 

and further experimental studies should be performed for validation. 

(2) The pressure difference is constant in this study. Further study is needed about coupling 

effect of various pressure differences and temperature differences. 

(3) The combined influence characteristic of the people flow should be investigated 

systematically in future study. 

5. Conclusions 

In summary, it is an indisputable fact that there exists temperature difference between the 

operating room and adjacent room. However, a reasonable control strategy for temperature 

difference should be adopted to prevent contaminants from intruding into operating room and to 

maintain a clean indoor environment. The conclusions of this study are as follows. 

(1)The convection by temperature difference and outflow by positive pressure are 

superimposed under case 1. This will increase the possibility that airflow carring contaminants 

intrudes into operating room and it is adverse to the clean environment of operating room. On the 

contratry, the convection by temperature difference and outflow by positive pressure counteract 

with each othe under case 2. The outflow by positive pressure provides a barrier effect at the 

doorway interface, which effectively reduces the intrusion of contaminants. 

(2)The depth of particles intrusion as well as the particle intrusion ratio of case 1 are larger 

than those of case 2. On average, the particle intrusion ratio of case 2 decreases by 55% compared 

with that of case 1. 

(3)According to the airflow exchange and particles intrusion between two rooms in two cases, 

the temperature in the operating room should be higher than that in the anteroom. It is suggested 

that the temperature difference between the operating room and the adjacent rooms should be 

controlled at 1 to 2ºC, so as to achieve the best effect of reducing the amount of intrusion 
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contaminant. 
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Table 1 Model information and parameter values of boundary condition 

Model type  Dimension (m) Boundary type Related parameters 

Operating room 7.80 (X) × 5.80 (Z) × 3.00 (Y) Wall Adiabatic 

Anteroom 3.00 (X) × 6.80 (Z) × 2.60 (Y) Wall Adiabatic 

Laminar airflow 

supply opening 
2.60 (X) × 2.40 (Z) 

Velocity-inlet 
0.45 m/s, 23ºC 

Air return opening in 

operating room 
4.80 (X) × 0.32 (Y) 

Velocity-outlet 
0.84m/s 

Air exhaust opening 

in operating room 
0.30(X)×0.30(Z) 

Velocity-outlet 
1.00m/s 

Air supply opening 

in anteroom 
0.70(X)×0.70(Z) 

Velocity-inlet 
0.25m/s 

Air return opening in 

anteroom 
0.50(X)×0.50(Z) 

Outflow 
— 

Door 1.50(Z)×2.10(Y)×0.05(X) Wall Adiabatic 

Operating lamp Diameter: 0.40, Thickness:0.15 
Wall Heat release rate: 

200W/m2 

Operating table 
Table top:1.8(X)×0.6(Z), 

Height:1.1 

Wall 
Adiabatic 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Table 2 Settings of temperature difference between operation room and anteroom (Tn<Tw) 

Conditions 1-1 1-2 1-3 1-4 1-5 

Tn (ºC) 24 25 26 27 28 

∆T (ºC) 1 2 3 4 5 
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Table 3 Setting of temperature difference between operation room and anteroom (Tn>Tw) 

Conditions 2-1 2-2 2-3 2-4 2-5 

Tn (ºC) 22 21 20 19 18 

∆T(ºC) 1 2 3 4 5 
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Highlights 

• Interface airflow of sliding door with temperature/pressure differences is 
studied. 

• Theoretical model was established for interface flow under the coupled effect. 
• Air infiltration rate of the closing phase is more than that of the opening phase. 
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