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Introduction
No evidence exists for the application of a Venturi meter used 

as a pulmonary airflow sensor. This commentary article outlines 
the fluid dynamic principles behind the concept and rationale for 
the instrumentation processes involved for future validation of a 
Venturi air flow sensor, to be used for human pulmonary ventilation 
measurement. 

The process of quantifying volumetric flow rate of the human 
breath is a common tool used within a subcategory of human 
physiology, called pulmonary ventilation. This method involves 
utilizing an airflow sensor, coupled with respiratory mouthpieces 
and tracheal tubing, to channel a given volume of breath through the 
sensor for measurement. There are many validated airflow devices, 
including the Pneu motachometer [1-9], Turbine flow meter [10],  
Hot-wire Anemometer [11-14], Pitot-static tube [15-17], as well  

 
as the fixed or variable orifice tube [18,19]. Yet, no research has 
been conducted on the application, nor validation of the Venturi 
method to human pulmonary ventilation. Given its simple design, 
and ease of maintenance, the Venturi method provides a potentially 
inexpensive, reliable alternative to common methods that are prone 
to damage and relatively expensive to purchase and maintain. So 
how does it work?

The Venturi method operates by having a differential pressure 
transducer quantify the differential pressure (P1-P2) of air that 
occurs between two sections of a pipe of different diameter during 
fluid motion. This phenomenon is known as the Venturi effect and is 
described by the underlying fluid dynamics, known as the Bernoulli 
principle, which states that total pressure of a fluid remains a 
constant.
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Figure 1: Venturi Tube convergent, throat, and divergent sections. 

Bernoulli’s theorem indicates that if a fluid flows horizontally 
so that gravitational potential energy remains negligible, then a 
change in the fluid’s pressure is directly proportional to its velocity. 
Consider a small element of fluid of mass (m), which is acted on 
only by a pressure force (P) and not subject to the forces of gravity. 

The fluid is regarded as isotropic and may differ from point to 
point in space, but does not differ with time. It is a well-known  
effect of Newton’s laws of motion that when a particle of m moves 
under the influence of its weight (mg) (where g is the gravitational 
acceleration, -9.8m/s2) and an additional force (F), from a point 
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(1) where its velocity is C1 and its height is Z1, to another point 
(2) where its velocity is C2 and its height is Z2, the work done by 
the additional force is equal to the change in kinetic and potential 
energy of the particle. In physics, kinetic energy is akin to the 
energy attributed to a fluid’s velocity, whereas potential energy is 
akin to the hydrostatic pressure of a fluid. Static pressure however, 
refers to energy within a fluid that is measurable upon any point in 
a streamline, and is equal to total or atmospheric pressure when 
the fluid is stationary.

Venturi used Bernoulli’s knowledge to demonstrate this 
relationship between a fluid’s pressure and velocity by designing 
a pipe consisting of a convergent section, leading into a narrow 
throat section, followed by a divergent section where the pipe then 
returns into its original diameter (see Figure 1). The combination of 
these features is known as a Venturi Tube (fV), which can be used as 
a vacuum pump or a fluid measuring device (Figure 1).

As fluid flows through the fV, the transducer detects the 
pressure differential at p1 and p2, a measurement of static pressure 
at each section of the pipe (see Figure1). Because the fluid is flowing 
horizontally, hydrostatic pressure is negated. This means changes 
in fluid velocity can be detected by changes in static pressure. 
Given this relationship between fluid pressure and velocity can be 
measured, as well as the area of pipe at which the pressure was 

taken, the volumetric flow rate can be quantified using equation 1.
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Equation 1

V = Volumetric Flow Rate 

A2 = Area of constricted pipe diameter (Thtoat section)

P1 - P2=Differental pressure

p = fluid density 

Establishing the configuration of a fV, that is, the area of the inlet, 
throat section, and outlet, can be conducted through computational 
methods to find the ideal setup for a particular application. For 
example, if a fV were to be used for paediatric pulmonary ventilation 
monitoring V.s. a fV used for adult high intensity exercise testing, 
such as during exercise testing with ventilation measurement and 
expired gas sampling, the configuration of the fV can be optimised 
for each condition initially through computational methods. This 
is demonstrated in Figure 2. which reveals P1-P2 readings from 
two fV devices with 9.5m and 12mm throat diameters matched to 
differential pressure transducers (Setra Systems, Inc. Boxborough, 
MA, USA, Model 267: 0-1KPa input & 0-7KPa input/ 10Volt output), 
during an airflow condition. The airflow rate was determined by a 
criterion device

Figure 2: fV devices exposed to different airflow conditions. a) 12mm and 9.5mm throat fV specifications matched to 
7kpa transducer. b) 12mm and 9.5mm throat fV specifications matched 1kpa transducer. Criterion airflow determined by 
Pneumotachometer. 

 
 (Pneumotachometer by Hans Rudolph, Inc. Shawnee, Kansas, 

USA). Based on the two fV instrumentation specifications, we can 
compare the measured P1-P2 reading to a predicte P1-P2 reading 
based on criterion airflow determination utilised in equation 1. In 
theory, a hypothetical value computed through equation 1 should be 
similar to actual measurements. Therefore, by performing algebraic 
substitution of equation 1, the effects from fV configuration and 
transducer specification can be revealed, which subsequently can 
be used for further instrumentation to optimise a fV device to meet 
application needs (Figure 2).

The Venturi equation utilises which takes into account the fluid 
density of air being measured. To compute fluid density, certain 

environmental conditions must be known in order to improve 
the accuracy of volumetric airflow measurements. These include 
relative humidity, fluid temperature, and atmospheric pressure, 
which are used to compute equation 2, then subsequently used 
within equation 1.

                  ρ=ρ(1+χ)/(1+1.609χ) Equation. 2

p = density of moist air (kg/m3)

ρda = humidity ratio by mass (kg/m3)

χ = humidity ratio by mass (kg/kg)

1.609=gas constant ratio between water vapour and air
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All airflow sensor pulmonary ventilation measurements 
need to be converted to a standard measurement. For example, 
atmospheric, temperature, pressure, saturated conditions 
(L.min-1ATPS), converted to standard, temperature, pressure, 
dry conditions (L.min-1STPD), is carried out using equation 3. 
The standardisation of pulmonary ventilation measurements to 
constant conditions allows for comparison of tests with varying 
gas temperature, pressure and water vapour content between data 
collections.

VISTPD = VIATPS×(273+27Tr3oom) × (PB−76P0H2O)   Equation 3

VI= Volume of Inspired Air (pulmonary ventilation)

273= Standard Temperature (0 ˚C = 273 ˚K)

T room = Room Temperature

760= Standard Atmospheric Pressure (1 Atmosphere (Atm) = 
760mmHg)

PH2O = Water Vapour Pressure (mmHg)

 BP= Barometric Pressure

Figure 3:  Continuous pulmonary ventilation monitoring during exercise to maximal exertion. A) resting ventilation b) Steady-
state ventilation c) Pulmonary ventilation near maximal exertion. 

The following subject data presented in Figure 3 is the 
continuous monitoring of pulmonary ventilation during an 
incremental physical exertion ramp test, conducted on a stationary 
cycle. The participant was setup with a pulmonary mouthpiece and 
one-way t-shaped valve (Hans Rudolph, Inc. Shawnee, Kansas, USA), 
with the fV device situated to measure inspired air. Independent 

measurement of environmental conditions was carried out by 
a laboratory weather station device. Note the high frequency of 
breaths that can be observed during end of test (c). The fV signal 
reaches the baseline before each successive breath, indicating its 
dynamic performance is suitable for such applications (Figure 3). 

Figure 4: Parametric modelling of an fV design via Solid 
Works software.

Based on this rationale, we have continued research on 
developing the fV airflow sensor, through design and manufacturing 
via parametric modelling software and three-dimensional (3D) 
printing (See Figure 4).

 We are working towards finalising results for computational 
design of an optimised fV for exercise testing, signal quality, 
dynamic performance, and clinical application. The fV device is 
simple and durable in design, readily accessible and easily cleaned 
and maintained, which can potentially reduce costs and minimise 
research and clinical disruptions due to damage.
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