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The death of an apparently healthy infant during sleep, commonly referred to as 

Sudden Infant Death Syndrome (SIDS), is the main cause of death for infants 

between one and twelve months of age.1 A leading hypothesis is that exhaled air is 

confined to the vicinity of the nostrils, leading to rebreathing of exhaled CO2, causing 

death by asphyxia.2 We present preliminary dynamically-scaled experiments studying 

the effect of hydrodynamic factors on rebreathing. Experiments are performed in 

water using a mannequin with a simplified nasal geometry, where flow inhalation and 

exhalation speeds and frequencies were controlled by syringe pumps. For the infant 

in the supine position, the exhaled jets discharge away from the nostrils, but in the 

prone position the impinging jets form rolled-up vortices that remain in the vicinity of 

the nostrils. Increased Strouhal numbers (e.g. higher breathing frequencies) lead to a 

greater percentage of rebreathed gas because the rolled-up vortices remain in the 

vicinity of the nostrils. Soft mattresses and surfaces near the face of the infant can 

dramatically increase rebreathing.  

Abstract 
• Experiments were performed in a water-filled Plexiglas tank under conditions of 

dynamic similarity (see figure 2). 

• A mannequin model with a simplified geometry of the nasal cavity, nasal valve and 

nostrils was used. 

• The effect of different orientations (e.g. supine and prone positions) and soft 

bedding were investigated. 

• A liquid mixture of water, food coloring (for visualization) and ethanol (to control 

buoyancy) was injected from the nostrils (representing exhaled air) into the tank 

using a syringe pump. 

• A second syringe pump was used to extract liquid into the nostrils from the tank 

(representing inhaled air). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Schematic of the experimental apparatus 

Introduction 

Methods and Materials 

Preliminary visualization findings are as follows: 

• Infant nostril-based Reynolds numbers are essentially laminar. 

• In the supine position the exhaled air discharges away from the nostrils 

     (figure 3a). 

• In the prone position, impinging jets form rolled-up vortices that remain in the 

vicinity of the nostrils. 

• Soft surfaces and obstacles affect the vortex rollup mechanism and the exhaled 

air remains in the vicinity of the nostrils (figures 3b, 3c and 3d). 

 
 
 
 
 
 
 
 
 
 
                                                                                                  
 
 
 
 
 

Figure 3: Photographs of the mannequin shown for different sleep positions (blue 

dye represents exhaled air). 

 

Preliminary quantitative findings (figure 4) are as follows: 

• Increased Strouhal numbers (e.g. higher breathing frequencies or larger nostril 

diameters) lead to a greater percentage of rebreathed air. 

• Nostril height above of the surface corresponding to two nostril diameters 

significantly increases rebreathing. 

• Soft mattresses can more than double the percentage of rebreathed air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Measured percentage of rebreathed air: left – function of Strouhal number; 

right – function of height above the surface for flat and soft surfaces (𝑅𝑒 = 210). 

Results 

• The hydrodynamics of exhaled air combined with geometric and environmental 

factors are indispensable for understanding rebreathing in infants.  

• Systematic testing of hydrodynamic parameters combined with geometric and 

environmental factors can potentially identify infants at a higher risk of SIDS. 

Conclusions 

A leading hypothesis of Sudden Infant Death Syndrome (SIDS) is that exhaled air is 

somehow trapped in the vicinity of the nostrils, leading to rebreathing of exhaled CO2, 

causing death by asphyxia because the infant is unable to extricate himself/herself 

from the CO2-rich environment. Despite this credible rebreathing hypothesis, very little 

research has been done in the way of determining the mechanism of rebreathing or, 

more specifically, the hydrodynamic factors that affect rebreathing.  

 

The main goals of this research are: 

 
A. Visualization of the exhaled and rebreathed air associated with different 

sleep positions and environments that are considered as risk factors, 

including the prone (face-down) position and the effect of soft bedding. 

B. Quantification of the percentage of rebreathed air as a function of 

hydrodynamic, geometric and environmental factors. 

 

To characterize the flow and for the purposes of constructing a dynamically similar 

experiment in water, we consider the following dimensionless groups. 

 

• Reynolds number:   𝑅𝑒 ≜
𝜌′𝑉0𝐷

𝜇
≡

𝑉0𝐷

𝜈
 

• Strouhal number:  𝑆𝑡 ≜
𝑓⋅𝐷

𝑉0
  

• Froude number: 𝐹𝑟 ≜
𝜌−𝜌′

𝜌′

𝑔𝐷

𝑉0
2  

where: 

     𝑉0   = velocity of air flowing into and out of the nostrils 

     𝐷   = mean nostril diameter 

     𝜌′ = exhaled air density 

     𝜇 = exhaled air dynamic viscosity 

     𝑓 = breathing frequency 

     𝜌 = environment air density 

     𝑔 = gravitational constant 

 

Parameter maps are constructed (e.g. figure 1) for the purpose of identifying the 

relevant parameter space.3,4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: A parameter map showing typical values of Strouhal number and Reynolds 

number for infants between 2kg and 4kg and breathing at between 25 and 40 

breaths/minute. 

 

The following parameter space was identified: 
 

100 ≤ 𝑅𝑒 ≤ 600 

0.0006 ≤ 𝑆𝑡 ≤ 0.008 

−0.002 ≤ 𝐹𝑟 ≤ 0.002 

Experimental setup 

(a) supine position (b) prone position 

(c) head near an obstacle (d) blanket partially covering face 
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