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SUMMARY 
The goal of this project is to examine a personalized environmental control system (PECS) by 
using opposed airstreams in order to control the microclimate around the human head. At 
Syracuse, the aerodynamics of opposing flows from both 4” (10.16 cm) and 2” (5.08 cm) 
diameter nozzles (respective Reynolds number based on the diameter, 13,000 and 8,500) were 
studied with flow visualizations and hotwire and particle image velocimetry. The laboratory 
studies were conducted with opposing jets at various angles that identified behavior of the 
radial jet in the interaction region. The flow interaction with a thermal manikin will be 
examined next. Parallel human subject tests at UC Berkeley to validate the effect of the flow 
field on human perception and productivity are in progress. 
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INTRODUCTION 
Personal ventilation systems have been studied and tested extensively (e.g., Melikov, 2004, 
Kaczmarczyk et al. 2006). Existing devices tend to supply air from the front, which causes 
little draft sensation (Fanger et al., 1988) but may cause dry-eye discomfort (Wyon and Wyon, 
1987; Wolkoff et al., 2005). Toftum (2005) and Mayer (1992) compared air approaching from 
different directions and found that air directed towards the side of the head was advantageous. 
In this project, opposing jets of air are used as a PECS to provide fresh air into the breathing 
zone from the sides. The resulting flow field is being measured at Syracuse University with an 
emphasis on its air quality; and a parallel human subject study at UC Berkeley is 
concentrating on occupant perceptions, i.e., perceived air quality and thermal comfort. 
Previous work on opposing flows includes visualization of supersonic jets (Thompson 1972), 
velocity and concentration measurements of two jets with different velocity ratios (Yoda and 
Fiedler 1996), and the velocity field of two-dimensional jets with different angle of inclination 
(Besbes et al. 2003). They showed the general behaviour of the primary jets, but the behavior 
of the radial exiting flow remains unclear. This study aims to elucidate the flow field of such 
canonical flow. 
 
METHODS  
The Personal Environment Laboratory (PEL) at Syracuse University was used for the 
experiment. The chamber measures 2.03m × 2.64m× 2.49m high. The opposing round air 
nozzles are placed in two wooden towers, which are 26” (0.66m) × 14” (0.36m) × 54” (1.37m) 
high. The height of nozzle centerline is 46.5” (1.18m), and nozzle to nozzle distance is 1.20m.  
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For the PIV setup (Figure 1), the pulsed laser 
light is placed under the raised-floor; and the 
8 bit 1280 × 1024 pixels cameras are mounted 
on a traverse mechanism outside of the 
chamber.  
 
RESULTS 

 

Figure 1. Schematic diagram of PIV setup for 4” 
opposing jets in the environmental chamber. 

Both 4” (10.16 cm) and 2” (5.08 cm) diameter 
nozzles were tested at the exit velocity of 2 
m/s and 2.5 m/s respectively (Reynolds 
number based on the diameter was 13,000 and 
8,500) by flow visualization and velocity 
measurements.  
 
Flow visualization 
In order to visualize and obtain a qualitative view 
of the flow field present around the nozzle exit 
and the impingement region, a helium bubble 
seeding technique was used. Helium-filled 
neutrally-buoyant bubbles of uniform size can be 
generated simultaneously from two outlets, 
tracing the streamlines of the air motion. 
 
The helium bubbles flow visualization (Figure 2) 
shows the stagnation region in the middle of the 
nozzle-to-nozzle centerline, and the radial 
resultant jets generated from the impingement 
region.  

 

Figure 2. Helium bubbles flow 
visualization for 4” (10.16 cm) opposing 
jets in the stagnation/impingement region.

 
In Figure 3 and 4, fine olive oil droplets are introduced upstream in the jets, using pulsed laser 
light and 8-bit 1280 × 1024 pixels cameras to visualize the instantaneous behaviour of the 
radial jets.  
 
Figure 3 shows the flow of the 4” diameter jets, at exit 
velocity 2.0 m/s (Re = 13,000). Other than the 
stagnation region in the middle of the centerline and the 
radial resultant jets, we also observe the fluctuations of 
the radial jets and vortices generated from them. 
Qualitatively, we find the radial jets fluctuate with a 
period of about 0.5 seconds; this will also be seen in the 
spectrum analysis from the hotwire anemometry. 
 
Figure 4 shows the flow visualization of the 2” diameter 
opposing jets, which are built upon the 4” small wind 
tunnels, fitted with 2” diameter nozzle adaptors, each 1.5” 
(3.8cm) long, resulting in a nozzle-to-nozzle distance of 
1.12m. Exit velocity is 2.5 m/s, with Reynolds number 
8,500 based on the nozzle diameter. As with the 4” 
opposing jets, one can see the stagnation region, the 
radial jet fluctuations, and their vortices. The qualitative 

 
Figure 3. Fine oil droplets flow 
visualization for 4” (10.16 cm)
opposing jets. 

 
Figure 4. Fine oil droplets flow 
visualization for 2” (5.08 cm)
opposing jets. 
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difference is evident in that the flow from 2” jets provides weaker and narrower primary jets 
and radial jets compared to those of 4” opposing jets. 
 
Velocity measurements (PIV and hotwire anemometry) 
Dantec Dynamics PIV systems were used to analyze 4” opposing jets, accompanied by 
hotwire anemometry measurement; the 2” opposing jets PIV measurement is still under way, 
but the initial mean velocity data is available. 
 
Figure 5 and 6 show the mean velocity magnitude of 4” opposing jets along the axial direction 
(x/D = 0～8) and radial direction (y/D = -5～5). Here x/D = 0 and x/D = 12 correspond to the 
two nozzle exits respectively, and y/D = 0 corresponds to the nozzle-to-nozzle centerline. The 
protruding area in Figure 6 represents the potential core region, where the square head 
velocity profile at the jet exit gradually becomes rounded off as it moves towards the 
stagnation region.  The concave area in both figures represents the stagnation region, where 
impingement causes velocity to decrease dramatically. The two small convexes show the 
velocity peak of radial jets, which emerge from the stagnation region. Bolashikov et al. (2003) 
measured that a mean velocity of 0.32 m/s is able to penetrate the free convection flow at the 
face; in these radial jets this velocity is found in the region located about 3 nozzle diameters in 
the radial direction from the centerline. 
 

Figure 6. Mean velocity magnitude profile (at 
y/D = -5～5) of 4” opposing jets. 

 
 

Figure 5. Mean velocity magnitude profile 
(at x/D = 0～8) of 4” opposing jets. 

 
Figure 7 shows the Root Mean Square (RMS) fluctuation velocity of 4” opposing jets between 
y/D = -1.1 and y/D = +1.2, which reveals an increased level of turbulence from the nozzle exit 
(x/D = 0) towards the stagnation region, i.e. the impingement region (x/D = 6). The peak RMS 
fluctuation velocity occurs further out from the nozzle to nozzle centerline (y/D = 0) due to 
the radial resultant jets. 
 
By spot checking the data points of the radial jets near stagnation region, we find the peak 
spectrum magnitude for the radial jets is about 2.5 Hz, where most of the energy exists. Also 
we believe the fluctuation/oscillation frequency of the radial resultant jets is about 2.5 Hz, 
which matches the flow visualization result obtained using fine oil droplets.  Figure 8 shows 
the averaged spectrum (at the sampling frequency 50 Hz) of the point at x/D = 6 and y/D = 0.5.  
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Figure 7. RMS fluctuation velocity from nozzle 
exit (x/D = 0) to the stagnation region (x/D = 6).

Figure 8. Averaged spectrum at x/D = 6 
and y/D = 0.5 of 4” opposing jets. 

CONCLUSIONS 
Bolashikov et al. (2003) measured a mean velocity of 0.32 m/s needed to penetrate the free 
convection flow at the face. For both 4” (10.16 cm) and 2” (5.08 cm) opposing jets at the exit 
velocity of 2 m/s and 2.5 m/s respectively, 0.32 m/s is reached in the annular region about 3 
nozzle diameters from the centerline. And the potential cores of both cases are between 3 
diameters to 4 diameters downstream. An increased level of turbulence happens towards the 
stagnation region. The fluctuation frequency of the radial jets from 4” (10.16 cm) nozzles is 
about 2.5 Hz. 
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