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Abstract 
In this paper, a method called “Design of Experiments” (DoE) is used to determine 
the factors that influence the length of a rectangular free jet the most. A vertical, 
isothermal jet in a still or slightly flowing environment is examined for this purpose. 
The following four parameters are considered: presence of laminarisator mesh 
and/or a solid curtain mounted on each edge of the outlet, initial velocity, and 
background velocity. The experiments are conducted using two extreme settings for 
each parameter. Using DoE, not only the effect of each factor is evaluated, but also 
interdependencies between factors. Numbers describing the jet energy efficiency and 
the jet symmetry are introduced. 
Among the four analyzed parameters, a laminarisator mesh is the best option to 
optimize the jet characteristics. Jet length, jet symmetry and energy efficiency may 
be significantly increased. This finding may help design outlets that provide an 
improved jet characteristic for a higher level of contamination control at enhanced 
energy efficiency. 
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1. Introduction 
In many applications, such as in cleanrooms and especially in operating rooms, free jets are used to form local areas of high cleanliness. The jets are issued from rectangular orifices that contain terminal filters and are therefore assumed “clean”, while the surrounding air is potentially contaminated. Within the so called constant velocity core, the air has not mixed with surrounding air and the initial velocity is maintained. Surrounding air is entrained around this core, forming a contaminated, turbulent mixing layer. The core diameter shrinks approximately linearly with increasing distance from the opening, if not disturbed. Eventually the core disappears at a certain distance from the opening; this distance is referred to as the “jet length”. 



Manufactured goods or persons that are to be protected from contamination must be placed within the core of the jet to avoid contact with contaminated air. Therefore, the core’s cross-sectional area in a certain height is named “protected area”. To enlarge the protected area provided by a jet, the jet length has to be maximized in order to maximize the diameter at a specific distance. 
2. Subject of Investigation 
In this investigation, four potentially jet length increasing parameters are examined: 1. The fan speed and thus the initial jet velocity, 2. the presence of a unidirectional background flow, 3. the presence of a laminarisator mesh 4. the presence of a solid curtain. The jet length cannot be measured directly. Instead, the protected area size is evaluated (see Fig. 1). The protected area is determined as the cross-sectional area of the constant velocity core in a certain distance (1 m) from the orifice. Since the jet has a rectangular shape, the protected area is assumed to be rectangular as well. The angle of an imaginary straight line between the outer edge of the protected area and the corresponding edge of the outlet is the contraction angle.  

 
Fig. 1. Experimental setup 

3. Methods 
As described by many authors (e.g. [1], [2]), “Design of Experiments” (DoE) provides an appropriate way to identify the governing factors of a system. “Factors” are parameters influencing the system; “effects” are the 



resulting output parameters. Here, a full factorial design is used and the four factors are tested on two levels, which leads to 24=16 measurements total. For a certain factor, for both levels (high and low) eight experiments are conducted each. To obtain the effect estimate of a specific factor, the average result of the low level setting is subtracted from the average result of the high level setting. 
4. Experimental Setup 
The Experiments are conducted in a unidirectional flow cleanroom as shown in Fig. 2. The ceiling consists of 16 filter fan units (FFU), arranged in a four by four pattern. One of these FFUs (marked in Fig. 2) is used to produce a vertical free jet. For this purpose, the remaining 15 units are either shut off or are adjusted to run at a lower speed.  

 
Fig. 2. Unidirectional flow cleanroom 

 A perforated hose is mounted all around the outer edge of the orifice, spreading DEHS test aerosol into the jet’s mixing layer. Thus, it is ensured, that the mixing layer is contaminated, simulating a contaminated environment. 



A preliminary test revealed an asymmetrical contraction of the jet. This is caused by the very inhomogeneous air velocity distribution at the outlet due to the construction of the FFU. For this reason, the setup is designed symmetrical in order to determine possible asymmetries of the jet. As illustrated in Fig. 1, the protected area size is determined by 25 particle probes; around a center probe, 24 probes are arranged on the symmetry axes with a spacing of 10 cm. The probes are connected to a laser particle counter through a manifold.  

 
Fig. 3. Arrangement of laminarisator cloth with short duct an solid curtain below filter fan unit 

(exploded view) 
5. Experimental Procedure 
In this investigation, four factors are considered. For each factor, two different settings (low and high) are defined, see Table 1. The values represent extreme values for practical applications in order to see the expectable maximum effect of each factor.  

Table 1. Factor settings 
Factor Unit Symbol Low setting High setting 

Fan speed (free jet) min-1 U 854 1470 
Fan speed (others) min-1 V 0 511 

Curtain length m L 0 0,7 
Laminarisator — T not applied applied 
 



The 16 test cases are shown in Table 2. For each case, five particle measurement cycles are performed. During one cycle, particle measurements are performed for 20 seconds at each probe. The air velocity within the constant velocity core as well as in the environment is measured using omnidirectional hot-wire anemometers.  
Table 2. Full factorial plan 

# U V L T 
1 low low low low 
2 low low low high 
3 low low high low 
4 low low high high 
5 low high low low 
6 low high low high 
7 low high high low 
8 low high high high 
9 high low low low 
10 high low low high 
11 high low high low 
12 high low high high 
13 high high low low 
14 high high low high 
15 high high high low 
16 high high high high 

 
6. Results 
Particle measurement data is evaluated and the following jet parameters are calculated:  protected area size,  contraction angle,  symmetry. Particle concentrations obtained at the 25 probes are quantized to 0 or 1 (0: no particles are detected – “clean”; 1: particles are detected – “not clean”). The edges of the protected area are assumed parallel to the free jet orifice. To assess the size of the protected area, the distance between the two outmost “clean” probes on each of the two axes is interpreted as the edge length of a rectangular shape. The resulting protected area size is calculated for each test case. This scheme is illustrated in Fig. 4. A single contraction angle is calculated as the mean value of the (slightly different) contraction angles on the four edges. 



As a measure for the jet symmetry, s, the standard deviation divided by the mean value of the distances d1 … d4 between the protected area edges and the center, as illustrated in Fig. 4, is used: 
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 For a symmetric jet profile, d1 … d4 are equal and the symmetry parameter equals 1.  

 
Fig. 4. Data evaluation concept 

The energy efficiency parameter is calculated dividing the protected area size in a distance of 1 m by the corresponding fan power measured.  The evaluation of the test results is performed according to the DoE methods explained in section 3. The effect estimates for the parameters “protected area size”, “energy efficiency” and “jet symmetry” are plotted in Fig. 5, Fig. 6 and Fig. 7. It can be seen, that the laminarisator mesh (T) has a major impact on the protected area size, followed by the jet fan speed (U) and the background fan speed (V). The curtain’s (L) average effect is 



negative, that is to say, it’s application leads to a reduced protected area size. (Note: in this test, the lower edge of the curtains was considered the jet orifice.) In terms of energy efficiency, the background velocity and the application of a solid curtain do not have a noticeable effect. The laminarisator mesh, however, leads to a distinct improvement of energy efficiency, while the increased fan speed has a negative effect. The jet symmetry may be improved through the laminarisator mesh. The other factors’ effects on jet symmetry are negligibly small. The evaluation of 2-way interactions indicates minor interactions between  
Table 3. Test results: Energy efficiency, contraction angle, symmetry 

n Protected area 
size 

Energy 
efficiency 

Contraction 
angle 

Symmetry 
 m² m²/kW ° — 

1 0,35 3,8 15 0,6 
2 0,71 7,9 9 1,0 
3 0,20 2,3 18 0,4 
4 0,41 4,6 14 1,0 
5 0,19 2,2 19 0,7 
6 0,44 5,0 6 0,8 
7 0,39 4,4 12 0,4 
8 0,71 8,0 9 1,0 
9 0,35 0,7 15 0,6 
10 0,88 1,9 6 0,9 
11 0,41 0,9 14 1,0 
12 0,55 1,1 11 0,9 
13 0,35 0,7 15 0,6 
14 1,29 2,7 0 1,0 
15 0,55 1,2 11 0,9 
16 0,62 1,3 10 0,9 

  



 
Fig. 5. Effect estimates on the protected area size 

 
Fig. 6. Effect estimates on the energy efficiency 

 
Fig. 7. Effect estimates on the jet symmetry 

7. Conclusions 
Four parameters were tested in settings of two extreme levels in order to estimate their effect on the free jet characteristic. Especially the attachment of a laminarisator mesh turned out highly effective; all three jet parameters were affected positively. Increasing the jet fan speed may have a positive effect on the protected area size, but also downgrades the energy efficiency and does not significantly influence the jet symmetry. Both laminarisator mesh and jet fan speed are easily implementable and can be recommended for increased contamination control and/or higher energy efficiency. 



Furthermore, the results revealed worsening by the use of a solid curtain. In other words, mounting the outlet with the terminal filter itself as low as possible is recommended instead of shifting the outlet downwards using solid curtains.  Using DoE, two factors (solid curtain, background velocity) could be eliminated due to minor impact on the jet parameters. During the further procedure, the effects of the remaining two factors, laminarisator mesh and jet fan speed, will be examined in detail in order to obtain a precise quantitative relation to the jet parameters. 
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