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Abstract 

Cleanrooms using turbulent mixing ventilation for dilution of airborne particle 

contamination require substantial quantities of supply air in order to maintain the 

requested ISO-class. The air change rate is about 10 to 30 times bigger than in 

standard ventilation systems. The positions of supply air diffusers and extract air 

openings have a significant influence on the ventilation effectiveness. Ventilation in 

these cleanrooms usually relies on is a ceiling-supply and ceiling-return air system. 

This leads to small distances between the supply and extract air openings and 

causes significant direct short circuit flows that reduce the ventilation effectiveness. 

In this paper, the influence of the position of the extract air openings on the 

ventilation effectiveness is investigated by means of experimental measurements and 

numerical simulations. In addition to change the supply air distribution and avoid 

direct short circuit flows guiding curtains around the inlet openings are tested. In 

order to validate the numerical model, the global air change efficiency and the 

velocity field in the room was measured in an experimental setup in the research 

cleanroom at the Hermann-Rietschel-Institute TU Berlin. The CFD-studies 

determine the influence of the distance between supply and extract air openings and 

the supply air guidance system. The goal is to reduce the amount of direct short 

circuit flows and increase the ventilation efficiency. This improved ability to dilute 

airborne particle emissions will allow the air change rate to be reduced, thereby 

achieving higher energy efficiency.  

Keywords – Non-unidirectional air flow, clean rooms, dilution, ventilation 

efficiency 

1. Introduction  

In cleanrooms, the main focus is on contamination control in order to 
assure product quality and personnel safety. Most of the particle emissions 
are produced by the personnel in the cleanroom and the fabrication 
processes. The particle concentration permitted in the room air depends on 
the degree of cleanliness defined in the chosen IS0-class [1].  

The number of applications for cleanrooms is growing quickly in a 
broad range of different industry sectors. More and more production 



processes need clean environments because of higher quality standards and 
new critical manufacturing steps. Cleanrooms with turbulent ventilation 
systems provide a lower protection level against airborne contamination than 
uniform airflow systems used for the highest ISO-classes. Nevertheless, they 
have a huge commercial significance und require large air change indexes of 
about 20 to 160 1/h. This large quantity of supply air is needed to dilute the 
emissions from particle sources down to the protection level. Options for air 
supply are limited and layouts with different cleanrooms nested within one 
another further constrain the possibilities. The standard setup for the supply 
access is through the ceiling. The research cleanroom at the Hermann-
Rietschel-Institute has this type of access layout with inlet and outlet 
openings located in the ceiling. During operation, there are noticeable short 
circuit flows between supply and extract air. The direct short circuit flows do 
not contribute to the dilution of the particle concentration. Improved 
ventilation systems will increase the ventilation efficiency, allowing the 
supply air rate to be reduced by the value of the short circuit. This 
investigation determines the major influences on these short circuit flows and 
suggests potential improvements. 

 

2. Reference configuration and physical model 

Figure 1 shows a general scheme of the cleanroom, the arrangement of 
the supply air diffusers and the different positions of the extract air openings 
investigated. The room has a volume of 69 m³. The ventilation system has 
four radial diffusers and a volume flow of 2500 m³/h. That corresponds to an 
air change rate of 36 1/h. The layout for the reference case of the cleanroom 
ventilation system is shown in Figure 1; the air outlets are in the ceiling, 
labeled with A.  

 

Fig. 1  General scheme of the inlet/outlet configuration 



This reference case also represents to actual state of the research 
cleanroom used for the experimental validation. The layout with outlets at 
the bottom, labeled with B and C, represents a possible optimization. Two 
cases are investigated in a numerical study: one with outlets on one side of 
the room (outlets B) and the on two sides (outlets B and C).  

To investigate the effect of the distance between inlet and exhaust, the 
supply diffusers are located in a line on one side of the ceiling and the 
exhaust openings parallel with varying distances from the inlets. 

Alternative air guidance with four ceiling mounted curtains around the 
supply air diffusers was tested for the reference layout with ceiling return 
(outlets A). Curtains with three different vertical lengths were examined.  

 

 

Fig. 2  Arrangement of curtains around supply air diffusers 

 

3. Ventilation Effectiveness 

The local relative age of air and the air change efficiency is used in this 
work to quantitatively evaluate different ventilation systems. The local 
relative age of air is defined with the local age of air and the age of the 
exhaust air: 
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The air change efficiency is defined with the nominal time constant 

nτ  and the mean age of air τ  for the complete volume of the room 

according to [2]: 

τ

τ

ε

⋅

=

2

na    (2) 



4. Experimental work 

Experimental measurements of the air velocity in the room were 
performed to determine the short circuit flow and the ventilation efficiency 
in the reference case and for validation of the numerical model. The velocity 
field is measured at 49 positions evenly distributed on the floor space with 
six positions at different heights for every location. The velocity was 
measured with omnidirectional hot wire anemometers. To evaluate the 
ventilation effectiveness the mean age of air   and air change efficiency  is 
determined through step down tests with DEHS (di-2-ethyl-hexyl sebacate) 
tracer particles. The room air is contaminated by tracer aerosol supplied into 
the inlet air box to achieve homogenous contamination. After the 
concentration level reaches a steady state, the supply of the tracer aerosol is 
stopped and the decay of the exhaust concentration measured. The particle 
probes are positioned in each of the exhaust ducts. The probes are connected 
to a manifold and the particle number concentration determined with a laser 
particle counter. 

 

5. CFD Analysis 

The commercially available CFD package STAR-CCM+ [3] is used for 
the numerical investigation. The governing equations for mass, momentum 
and energy are discretized by finite volume method. To calculate the airflow, 
the RANS (Reynolds-Averaged-Navier-Stokes) model is implemented with 
steady state and isothermal conditions for a three dimensional viscous flow. 
The standard k-ε model is used to determine the static turbulence values. In 
the near-wall region, the standard wall function is implemented to calculate 
the turbulent properties of the airflow.  

Table 1 gives a general overview on the boundary conditions. The age of 
air is calculated as a passive scalar with an additional source term (Sζ=ρ·1).   

Table 1. Boundary conditions of the different test cases 

Boundary Properties 

Supply Air Radial ceiling diffuser: D=0.3 m, H= 0.1 m  

Constant mass flux, corresponding to Flow rate of 

2500 m³/h 

Turbulence Intensity: 5 % 

Extract Air Pressure Outlet 

Walls Adiabatic, No-slip 

 
The governing equations of the airflow and the passive scalar are 

numerically solved on a structured grid. A mesh dependency analysis shows 
that a uniform grid of 600000 cells provides acceptable results. Prism layers 
are used for the near-wall region. 



6. Results and discussion 

a. Reference Case and Validation 

Table 2 shows the ventilation effectiveness of the inlet/outlet 
configuration of the reference case which was used for validation of the 
numerical model. In addition Figure 3 shows as an example of the profiles 
the mean velocity at different heights for two locations in the room.  

 

Table 2. Results of Reference case 

Parameter Experiment Simulation 

Mean age of air 152 s 150 s 

Air change efficiency 0.409 0.414 

 
The comparison of the measured data with the numerical calculations 

shows very similar results for the velocity distribution and the ventilation 
effectiveness. The numerical model will therefore be used for further studies. 

 

 

Fig. 3  Example of velocity profiles in the reference case 

b. Arrangement of Extract air openings 

When both the supply and extract air openings are located in the ceiling 
(outlets A) large short circuit flows result, leading to a low air change 
efficiency. Increasing the distance between the supply and exhaust air 
openings has little influence on the velocity field and air change index. 
Figure 4 shows the velocity for the case with the longest distance of 2.8 m 
between the air openings. Even in that case the presence of significant short 
circuit flows can be seen. Increasing the distance between the air openings 



does not change the air change efficiency noticeable within the used limits.  
Table 3 gives an overview on the results of the different test cases.  

 

Fig. 4  Flow velocity field for air supply and air return in distance of 2.8 m 

In the next step the extract air openings are arranged at the bottom of the 
cleanroom (outlet positions B and C). 
Figure 5 shows the relative age of air for the two different configurations of 
extract air openings at the bottom compared with the reference case (outlets 
position A). As shown in the figure, changing the position of the extract air 
openings from the ceiling to the bottom of the walls has a significant 
influence on the local air change in the room. There are no direct short circuit 
flows when the extract openings are positioned in a single wall, near floor-
level. The ventilation efficiency increases significantly. The two-sided 
arrangement of outlets (B and C) showed only minor improvements 
compared with arrangement with outlets on just one side. 
 



 
a )  Reference case; extract openings A 

 
b )  Bottom return; extract openings B 

 
c )  Bottom return; extract openings B and C 

Fig. 5  Effect of different configuration of the extract air openings on the relative age of air. 



c. Curtains around the supply openings 

For the reference case, another application of flow control was tested. 
When neither the position and type of air diffusers nor the outlets can be 
changed, the installation of guiding curtains can improve the airflow 
distribution in the room. Figure 6 shows the relative age of air for a version 
with 0.15 m long curtains.  

 

Fig. 6  Effect of curtain mounted to the ceiling around supply openings; length: 0.15 m. 

In spite of the close arrangement, the supply air flow is actually guided 
downwards to the occupied zone. The emergence of short circuit flows is 
prevented. Yet, the results for the air change efficiency cannot reach the 
value resulting from the configurations with bottom -return layout. 

 

Table 3. Results of the ventilation effectiveness for the tested cases 

Configuration 
Air change 

Efficiency 

Mean age of 

air in s 

Ceiling return   

A; distance 0.6 m 0.41 152 

A; distance 1.7 m 0.41 151 

A; distance 2.8 m 0.42 147 

Bottom return   

A 0.49 127 

          A and B 0.49 127 

Supply with curtain   

length 0.05 m 0.44 141 

length 0.15 m 0.46 135 

length 0.30 m 0.46 135 



7. Conclusion 

The position of the extract openings in relation to the supply air has a 
significant influence on the performance of the ventilation system. The 
standard arrangement where supply and exhaust air openings with radial 
diffusers are both positioned in the ceiling leads to significant short circuit 
flows  even when the distances between the openings are in the order of the 
room dimensions. The short circuits obviously reduce the air change 
efficiency. The results show that the best way to increase the effectiveness of 
the ventilation system is to place the air outlets near the floor level of the 
room. The difference between one-sided and two-sided extract openings has 
little influence on the air change efficiency. For a fixed arrangement of air 
openings, the installation of guiding curtains can improve the air mixing 
significantly.  

Ideal mixing ventilation has an air change efficiency of 0.5. For the best 
case (bottom air return) the ventilation system is about 2 % less efficient than 
ideal mixed flow pattern. Assuming the air change efficiency does not 
change significant for a certain case of inlet/outlet configuration the air 
change rate could be reduced by 16 % to achieve same mean age of air in the 
room in comparison with the reference case. The saved air flow rate 
correspondents to the amount of short circuit flows in the room. The power 
consumption for air movement and filtration reduces linear with the supply 
air rate by 16 % as well.  
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