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ABSTRACT 
Performance testing methods of boilers in transient operating conditions (start, stop and 
combustion power modulation sequences) need the combustion rate quantified to allow for the 
emissions to be quantified. One way of quantifying the combustion rate of a boiler during 
transient operating conditions is by measuring the flue gas flow rate. The flow conditions in 
chimneys of single family house boilers pose a challenge however, mainly because of the low flow 
velocity. The main objectives of the work were to characterize the flow conditions in residential 
chimneys, to evaluate the use of the Pitot-static method and the averaging Pitot method, and to 
develop and test a calibration method for averaging Pitot probes for low 𝑅𝑅𝑅𝑅. 

A literature survey and a theoretical study were performed to characterize the flow conditions in in 
single family house boiler chimneys. The flow velocities under normal boiler operating conditions 
are often below the requirements for the assumptions of non-viscous fluid justifying the use of the 
quadratic Bernoulli equation. A non-linear calibration coefficient is required to correct for these 
viscous effects in order to avoid significant measurement errors. The flow type in the studied 
conditions changes from laminar, across the transition regime, to fully turbulent flow, resulting in 
significant changes of the velocity profile during transient boiler operation. Due to geometrical 
settings occurring in practice measurements are often done in the hydrodynamic entrance region, 
where the velocity profiles are neither fully developed nor symmetrical. The predicted changes in 
velocity profiles are also confirmed experimentally in two chimneys. 

Several requirements set in ISO 10780 and ISO 3966 for Pitot-static probes are either met 
questionably or not met at all, meaning that the methods cannot be used as such. The main 
issues are the low flow velocity, viscous effects, and velocity profiles that change significantly 
during normal boiler operation. The Pitot-static probe can be calibrated for low 𝑅𝑅𝑅𝑅, but is not 
reliable because of the changing velocity profiles. 

The pressure averaging probe is a simple remedy to overcome the problems with asymmetric and 
changing velocity profiles, but still keeping low the irrecoverable pressure drop caused by the 
probe. However, commercial averaging probes are not calibrated for the characterized chimney 
conditions and the information available on the performance of averaging probes at low 𝑅𝑅𝑅𝑅 is 
scarce. A literature survey and a theoretical study were done to develop a method for calibrating 
pressure averaging probes for low 𝑅𝑅𝑅𝑅 flue gas flows in residential chimneys.  

The experimental part consists of constructing a calibration rig, testing the performance of 
differential pressure transducers, and testing a prototype pressure averaging probe. The results 
show good correlation over a wide operation range, but the low 𝑅𝑅𝑅𝑅 characteristics of the probe 
could not be identified due to instability in the chosen pressure transducer, and temperature 
correlation for one of the probes while not for the other. The differential pressures produced are 
close to the performance limitations of readily available transducers and it should be possible to 
improve the method by focusing on finding or building a suitable pressure transducer. The 
performance of the averaging method can be improved further by optimizing the geometry of the 
probe. Another way of reducing the uncertainty would be to increase the probe size relative to the 
conduit diameter to produce a higher differential pressure, at the expense of increasing the 
irrecoverable pressure drop. 
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1 INTRODUCTION 
 

1.1 BACKGROUND 
With the conversion from direct electrical and fossil fuel to bioenergy based heating systems 
there has been increasing interest in determining the efficiency, and characterizing and 
quantifying the emissions (e.g. carbon monoxide, hydrocarbons, nitric oxides, particles) of 
residential heating boilers (single- to multi-family house size), e.g. [1]–[3]. Arguments and 
evidence have been presented that the steady state testing methods of boilers, such as EN-303-
5:2012 [4], do not represent the normal intermittent and transient operation (start, stop and 
combustion power modulation) of such boilers in real applications, e.g.[5]–[7]. Especially in the 
case of solid fuel boilers work has been done to develop methods for quantifying the efficiency 
and emissions on a yearly basis with a combination of transient simulations and boiler models 
validated by laboratory measurements [5], [8]–[11], with the further purpose of finding solutions 
to improve the systems.   

For determining the combustion and flue gas flow rates a scale is normally used for measuring 
the solid fuel consumption of a burner. However, the amounts of fuel combusted during short 
transients are usually too small compared to the resolution and measurement errors of the scale 
to acquire data with reasonable uncertainty [8], [9].  

When the fuel composition is known, the combustion rate can also be determined indirectly from 
the flue gas flow rate, combined with a flue gas composition analysis [5], [10], [12]. Such a 
method can also be used in field measurement studies where the use of a scale would be 
practically impossible. For both research and benchmark testing purposes it is thus beneficial to 
be able to do reliable continuous (i.e. logging data over longer periods) measurements of 
transient flue gas flow rates from single family house size heating boilers. However, the flow 
conditions in ducts and chimneys during normal boiler operation of these boilers are challenging 
from a measurement engineering point of view:  

• The low flow velocities and geometrical conditions (flow disturbances) in the chimneys 
normally do not meet the requirements for Pitot-static probe measurements according to 
ISO 10780 and ISO 3966. Moreover, the standards do not readily provide methods for 
taking into account the various measurement error sources under these conditions. 

• Methods causing higher irrecoverable pressure drops to the flow than the Pitot-static 
method would be significantly more accurate, but prevent realistic operation of the burner 
under natural draft conditions, and therefore cannot be used outside of laboratory 
environment. 

• Clogging due to particulate deposits and condensation may cause measurement errors 
and thus the probe should be easy to clean frequently without disturbing the operation of 
the boiler and preserving the calibration of the probe. 

A further problem with the Pitot-static method in low flow rates is the differential pressure 
measurement. Industrial standard pressure transducers are not calibrated for the range of 
differential pressures induced by a Pitot-static probe in residential chimney flows, which is in the 
same order of magnitude as the measurement uncertainties given by the manufacturers. 
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One way to improve the measurement uncertainty, without causing a high irrecoverable pressure 
drop, is by using an averaging Pitot-probe. The main advantages, compared to the Pitot-static 
method, are that skewed and changing velocity profiles are taken into account, and the 
differential pressure output is increased. These types of probes are commercially available since 
the 1960’s [13]. The problem, however, similarly to the Pitot-static method, is that the available 
probes are not calibrated for the low flow velocities present in residential chimneys, and the 
available information for adapting averaging method to these flow conditions is scarce. 

It should be noted that the residential chimney conditions result in such low flow velocities, that 
they present a challenge in all the areas of theory, methodology, equipment, and practical 
handling of the equipment. The flow conditions are mainly identified by 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≲ 10 000 (or 𝑣𝑣𝑅𝑅��� ≲
3 m/s), with both varying flow rate and temperature. Fluid mechanical phenomena with such flow 
velocities have been studied both theoretically and experimentally in much detail during the last 
century, but are complex and difficult to generalize. In practice these problems are normally 
avoided by forcing the flow conditions to a state where the theory can be simplified and the 
uncertainties and limitations of the measurement equipment are of less concern. Therefore there 
is not much research done regarding developing practical Pitot-static or averaging methods and 
equipment specifically for low flow velocities in ducts or chimneys. 

 

1.2 AIM AND SCOPE 
This work is a pre-study for developing a method for measuring the very low flow velocities 
present in residential boiler chimneys, without causing a high irrecoverable pressure drop to the 
flow. The need for this came during developing a test rig for comparative performance studies of 
single family house wood pellet boilers under transient conditions. The study is thus limited to 
chimneys for biomass boilers in single family houses, as the test rig was specifically developed for 
this.  

The objective of this work was to: 

• Characterize the chimney flow conditions of residential boilers for flow rate measurement 
methods based on differential pressure measurement. 

• Evaluate the Pitot-static method in the characterized flow conditions. 
• Evaluate the averaging Pitot probe in the characterized flow conditions. 
• Develop a calibration method for the characterized flow conditions. 

First the focus is on Pitot-static type probes as these are extensively studied, internationally 
standardized and widely used. Further, the focus is on the averaging Pitot probe, which is a 
further development of the Pitot-static method allowing for instantaneous sampling of the 
average velocity pressure over one or several diameters. 

Other types of methods, such as orifice plates or venturi tubes, are not considered, as the main 
objective is to determine whether the Pitot-static method, or the averaging Pitot probe, are 
suitable for the task. 
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1.3 METHOD 
Characterization of the chimney flow conditions of residential boilers 

A literature survey was done to summarize earlier work regarding Pitot-static measurement 
methods for fluid flows in closed conduits, with focus on low flow velocities. The area is widely 
researched and there is an extensive literature resource available. Thus to keep the reference list 
manageable, general summary type references are mostly preferred, and specialized sources 
regarding the topic of low flow velocities are referred to, where suitable.  

Based on the literature survey theoretical studies were done, where the main purpose was to 
characterize the flow conditions in the specific case of residential boiler chimneys of single family 
houses. The results are presented and compared with literature in a manner that gives a general 
view to cover the wide operating ranges of various types of residential solid fuel boilers. The 
purpose is to evaluate the impact of predictable physical effects on flue gas flow rate 
measurements.  

Flow velocity profile measurements in two laboratory test chimneys were performed and the 
results analyzed to confirm some of the phenomena found in the literature.  

 

Evaluating the Pitot-static method in the characterized flow conditions  

The limitations of the Pitot-static method are discussed in combination with the characterization 
of chimney flow conditions. The flow conditions are compared to the requirements set in the 
standards ISO 10780 and ISO 3966. The impact of the characteristic of each physical 
phenomenon and possible correction methods are discussed. 

 

Evaluating the averaging Pitot method in the characterized flow conditions  

The expected characteristics of the probes were studied theoretically based on literature to 
determine the needed correlations and corrections, with focus on modeling the characteristics 
with low 𝑅𝑅𝑅𝑅 flows.  

 

Developing a calibration method for the characterized flow conditions 

Two prototype averaging multi-port differential pressure probes for flue gas flow measurements in 
80 mm and 100 mm internal diameter chimneys were constructed. The probes were designed 
specifically for laboratory measurements of flue gas flow rates from single family house heating 
boilers and stoves, but also considering the application to field measurement requirements of 
similar boilers 
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Three industrial standard differential pressure transducers were tested in the expected 
measurement range. Their performance and suitability were evaluated, with the purpose of 
finding a suitable candidate to be used in combination with the prototype averaging Pitot probe. 

A calibration rig was developed and constructed to test the measurement method for the 
intended operating range regarding both flow and temperature. Focus was on developing a 
calibration rig where calibration reference uncertainty with the lowest expected flow rates is still 
within ±2 %. 

Measurements were performed to determine the characteristics of the prototype probes, and the 
performance in combination with the chosen pressure transducer. Isotherm data sets with four 
temperature levels were acquired to derive the correlations and to evaluate eventual temperature 
dependency. Validation data sets with emulated inlet configuration changes and disturbances 
were acquired to evaluate their impact on uncertainty and repeatability. 
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2 THE PITOT-STATIC PROBE 
 

Velocity pressure measurement with the Pitot-static probe is an established and standardized 
method. Probe constructions and flow velocity (or flow rate) measurement methods in closed 
conduits have been standardized in ISO 3699 [14] and ISO 10780 [15]. A comprehensive 
summary of the Pitot-static measurement method can be found in [16], which also the ISO 3699 
uses as a reference. 

This section summarizes the principle of operation, the basics of the theory, and the 
characteristics in low flow velocities. 

 

2.1 PRINCIPLE OF OPERATION 
A Pitot-static probe combines the measurement of both the stagnation (pitot) pressure and the 
static pressure. A section of the probe is presented in Figure 1. The standard construction 
comprises of two concentric tubes; the inner tube faces the flow and the outer tube has openings 
parallel to the flow.  

 

Figure 1. The Pitot-static probe. 

The center flow streamline of a correctly aligned probe is assumed to come to rest at the 
stagnation point at the stagnation pressure port. If this happens isentropically (non-viscous and 

Stagnation pressure port

Static pressure port

= -

Free stream 
static pressure

Free stream 
total pressure

Stagnation point



   

6 

 

incompressible fluid) the kinetic energy of the fluid is converted to pressure, namely velocity 
pressure. The total pressure (also called pitot pressure) at the stagnation point is thus the sum of 
the velocity pressure and the static pressure. 

The streamlines of the fluid are parallel to the static pressure ports of a correctly aligned probe. 
Assuming a non-viscous fluid, no kinetic energy is converted to pressure and the openings are 
exposed only to the pressure perpendicular to the flow, i.e. the static pressure.  

The gas volume of each tube is assumed to be at the same pressure as that of the fluid at the 
corresponding openings. The pressures of each volume can then be measured at the other end of 
the concentric tubes, either individually as 𝑝𝑝𝑝𝑝 and 𝑝𝑝∞, or as a differential pressure ∆𝑝𝑝𝑚𝑚,∞. 

Various probe head shapes (e.g. ellipsoidal, hemispherical, cylindrical or tapered) have been 
developed and tested for different purposes and ISO 3699 gives recommendations for three 
types of heads.  

In ISO 3699 the “stagnation pressure port” of Figure 1 is called “total pressure hole”, which can 
be misleading. With the conditions given in the standard the measured stagnation pressure is 
assumed to equal the total pressure. However, outside of the given 𝑅𝑅𝑅𝑅 and 𝑣𝑣 limits (see Table 2) 
this is not true, as will be described later. This report is considering flows below the given 𝑅𝑅𝑅𝑅 and 
𝑣𝑣 limits and therefore the term “stagnation pressure port” is preferred to differentiate between 
the measured stagnation pressure and the (theoretical or true) total pressure. 

 

2.2 THEORY 
Only a short description of the simplified Bernoulli equation is given here. See e.g. [16] or basic 
fluid mechanics literature for a more thorough derivation and explanations. 

The simplified Bernoulli equation for inviscid incompressible flows, Eq. (2.1), can be used to 
calculate the local fluid flow velocity 𝑣𝑣 based on measurements of the stagnation (or Pitot) 
pressure 𝑝𝑝𝑝𝑝 and the free flow static pressure 𝑝𝑝∞ and the fluid density 𝜌𝜌. The use of Eq. (2.1) 
assumes incompressible flow and negligible viscous effects, i.e. the stagnation pressure equals 
the free stream total pressure 𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑡𝑡. 

𝜌𝜌𝜌𝜌2

2
+ 𝑝𝑝∞ = 𝑝𝑝𝑝𝑝         (2.1) 

Assuming that the dynamic pressure (or velocity pressure) 𝑝𝑝𝑑𝑑 = 𝜌𝜌𝜌𝜌2

2
= 𝑝𝑝𝑝𝑝 −  𝑝𝑝∞ the Bernoulli 

equation can be rewritten to Eq.2.2 which is the quadratic correlation used as basis for Pitot-
static probes.  

𝑣𝑣 = �2� 𝑝𝑝𝑝𝑝− 𝑝𝑝∞�
𝜌𝜌

�
0.5

= �2𝑝𝑝𝑑𝑑
𝜌𝜌
�
0.5

       (2.2) 
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2.3 CALIBRATION 
For use with Pitot-static probes Eq. (2.2) is normally modified with an experimental calibration 
constant 𝐾𝐾 to correct the measured pressure difference ∆𝑝𝑝𝑚𝑚,∞ to the dynamic pressure 𝑝𝑝𝑑𝑑. 

𝑣𝑣 ≈ 𝐾𝐾 �2∆𝑝𝑝𝑚𝑚,∞
𝜌𝜌

�
0.5

         (2.3) 

𝐾𝐾 is determined experimentally and for standard L-type Pitot-static probes 𝐾𝐾 ≈ 1.00 normally, 
when used within the requirements of the ISO 10780 or ISO 3966. It should be noted that 𝐾𝐾, as 
defined by ISO 10780, is linear and an average value for the calibration range, which must be 
within the requirements of the standard. Viscous effects with low flow rates thus cannot be taken 
into account for with this method and in such conditions the pressure coefficient presented in 
section 2.4 should be used instead. 

 

2.4 CORRECTION FOR LOW RE – STAGNATION PRESSURE COEFFICIENT  
With low 𝑅𝑅𝑅𝑅 the assumption of inviscid and incompressible flow becomes gradually invalid 
resulting in that 𝑝𝑝𝑝𝑝 ≠ 𝑝𝑝𝑡𝑡. Correction factors for Pitot probes in low 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 have been studied 
extensively, e.g. [17]–[20]. The characteristics of the stagnation pressure are normally studied 
and compared with the pressure coefficient 𝐶𝐶𝑝𝑝𝑝𝑝 defined by Eq. (2.4) describing the 
overestimation of the velocity pressure 𝑝𝑝𝑑𝑑 by the measured differential pressure ∆𝑝𝑝𝑚𝑚,∞.  

𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑝𝑝−𝑝𝑝∞
1
2� 𝜌𝜌𝜌𝜌2

= ∆𝑝𝑝𝑚𝑚,∞
𝑝𝑝𝑑𝑑

= 𝑓𝑓(𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅)      (2.4) 

The correction for the viscous effects is shape dependent, and the various forms of the correction 
for different probe heads found in literature, e.g. [18], [21], [22], can be summarized with Eq. 
(2.5). The correction function approaches unity asymptotically with increasing 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅. 𝑃𝑃1 and 𝑃𝑃2 
are shape dependent parameters and for some cases 𝑃𝑃2 = 0.  

𝐶𝐶𝑝𝑝𝑝𝑝 = ∆𝑝𝑝𝑚𝑚,∞
𝑝𝑝𝑑𝑑

= 1 + 𝑃𝑃1
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃+𝑃𝑃2�𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃

         (2.5) 

Example parameters for Eq. (2.5) for three different probe head shapes based on [21] are shown 
in Table 1 and the corresponding pressure coefficients in Figure 2. It can be seen that the 
correction quickly rises significantly for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 ≲ 150.  

The pressure coefficients for different types of Pitot impact pressure probes are relatively 
constant for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 ≳ 500, as summarized in [21], but Pitot-static probes may suffer from 
changes already at higher 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅. The reported impact pressure coefficients slowly start to rise 
above unity already at 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 ≈ 1000, but the really significant changes (over 2 % deviation) 
happen when 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 ≲ 100.  

The viscous effects are summarized and numerically studied more recently in [19] with the 
conclusion that the Bernoulli equation is prone to significant (over 2 %) error at 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 < 45 and 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 < 65 for hemispherical and blunt faced impact probe heads, respectively. These values 
are somewhat lower, but in agreement with the earlier mentioned 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 ≲ 100 based on the 
summary in [21].   
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The practical application of the 𝐶𝐶𝑝𝑝𝑝𝑝 in flow rate measurements is often not presented in the 
literature studying it specifically and therefore a brief clarification is presented here. Rewriting Eq. 
(2.4) the local velocity pressure can be estimated with Eq. (2.6). 

𝑝𝑝𝑑𝑑 ≈
∆𝑝𝑝𝑚𝑚,∞
𝐶𝐶𝑝𝑝𝑝𝑝

        (2.6) 

Rewriting Eq. (2.2) for 𝑣𝑣 gives Eq. (2.7) for estimating the local flow velocity. 

𝑣𝑣 = �2𝑝𝑝𝑑𝑑
𝜌𝜌
�
0.5

≈ �2∆𝑝𝑝𝑚𝑚,∞
𝜌𝜌𝐶𝐶𝑝𝑝𝑝𝑝

�
0.5

        (2.7) 

As a conclusion it can be said, that even though the standard Pitot-static method suffers from 
significant over estimation at low 𝑅𝑅𝑅𝑅, the correction method is relatively simple and confirmed by 
earlier research. It should therefore be possible to apply the measurement method below the 𝑅𝑅𝑅𝑅 
limits given in ISO 3699 and ISO 10780, see Table 2. However, the standards do not give 
suggestions or references for how to do this correction. The problem setting in this study indicates 
a need to develop a general standardized correction method for low 𝑅𝑅𝑅𝑅 flows. 
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Table 1. Parameters for Eq. (2.5) for three different probe head shapes. 

Probe head shape P1 P2 

Cylinder 
 

4 0.457 

Sphere 
 

6 4.550 

Ellipsoidal 
 

8 0 

 

 

Figure 2. 𝐶𝐶𝑝𝑝𝑝𝑝 for three different probe head shapes according to Eq.(2.5) and Table 1. 
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3 THE PITOT-STATIC METHOD IN FLUE GAS FLOW RATE 
MEASUREMENTS 

 

The ISO 10780 [15] and ISO 3966 [14] present standardized methods to determine the flow rate 
in a closed conduit using a Pitot-static probe. The average flow velocity of a cross section of the 
conduit is determined by traversing the Pitot-static probe through two or several diameters of the 
cross section. The measurement must be done during a steady state flow, i.e. the flow rate should 
not change significantly during the traversing. 

The requirement of a steady state is obviously not possible to fulfill with processes for which the 
flow rate is changing faster than the traversing can be done. For continuous measurements of 
transient flue gas flows a single point velocity pressure measurement with a standard L-type (or S-
type) Pitot-static probe is often done, assuming a certain velocity profile based on fluid mechanics 
or an initial traversing measurements [23], see section 4.3.4. This method is practically difficult to 
calibrate for the whole range of boiler operation as it would require long enough steady states at 
different combustion rates for the traversing measurements to be successful. Arbitrary steady 
states of sufficient durations are often prevented by both boiler system control algorithms and 
limitations of the heating load, which especially in field conditions often is the only available heat 
sink. 

 

3.1 ISO 10780 AND ISO 3966 REQUIREMENTS AND LIMITATIONS 

The ISO 10780 and ISO 3966 set a number of requirements on the Pitot-static method, mainly 
concerning the flow characteristics and geometry. The requirements relevant for SFH chimney 
flows are shown in Table 2. The requirements concerning high velocities are of no concern in 
residential chimneys, see Table 3. 

Several of the assumptions (or requirements) regarding the use of the Pitot-static method in 
chimney flue gas flows become potentially invalid in some operational states of boilers, especially 
at low combustion rates. Robinson [24] summarizes the requirements set in ISO 10780 and ISO 
3966, which are met questionably (or not met at all) in industrial chimney flows, arguing that a 
simple calibration coefficient is probably not sufficient to cover the wide range of operating 
conditions. 

It should be pointed out that no standardized or recommended methods for correcting the 
measurement or estimating the uncertainty below the ISO 3966 and ISO 10780 requirements are 
readily provided by the standards and there are now easily applicable methods found in the 
literature. 
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Table 2 Requirements in ISO 3699 and ISO 10780 relevant for residential chimney flow rate 
measurements. 

Requirement Explanation, comment 

5 < 𝑣𝑣𝑅𝑅 < 50 m/s ISO 10780 - Outside of this velocity range the probe must be calibrated at the 
measured flow rate. 

𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 > 100 ISO 3966 - In the standard it is given as 𝑅𝑅𝑅𝑅 > 200 based on the inner 
diameter of the pressure port. 

𝑅𝑅𝑅𝑅? > 1200 ISO 10780 - It is unclear if the characteristic dimension is 𝑑𝑑𝑝𝑝𝑝𝑝 or 𝑟𝑟𝑝𝑝𝑝𝑝. 

∆𝑝𝑝𝑚𝑚,∞ > 5 Pa ISO 10780 

∆𝑝𝑝𝑚𝑚,∞ > 𝑓𝑓(𝜌𝜌, 𝜇𝜇) ISO 3966 – given as a function of density and viscosity 

Non turbulent flow 

 

ISO 3966 - Turbulence leads to an overestimation of velocity. Correction 
procedure provided 

𝑑𝑑𝑝𝑝𝑝𝑝 𝐷𝐷𝑖𝑖⁄ < 0.02 ISO 3966 - Stem blockage and velocity gradient. Up to  
𝑑𝑑𝑝𝑝𝑝𝑝 𝐷𝐷𝑖𝑖⁄ < 0.04 if corrected for. 

𝐴𝐴𝑖𝑖 > 0.07 m2 ISO 10780 - Stem blockage and velocity gradient 

∆𝑝𝑝𝑚𝑚,∞ uncertainty < 1 % ISO 3966 - Referenced to the maximum differential pressure measured. 

∆𝑝𝑝𝑚𝑚,∞ uncertainty < 0.13 
mm H2O 

ISO 10780 - Corresponds to approximately 1.3 Pa 

No excessive swirl ISO 3699 

Swirl angle < 15° ISO 10780  

No regular or cyclic 
pressure fluctuations 

ISO 10780 

Irregular pressure 
fluctuations < 24 Pa 

ISO 10780 – The undamped pressure reading shall not exceed 24 Pa of the 
mean value. 

At least two perpendicular 
traverses 

ISO 10780 - Average velocity of each traverse should not exceed 5 % of the 
average of all traverses. Otherwise additional sampling points are needed or a 
new sampling location. 

𝐷𝐷𝑖𝑖  uncertainty < 1 % ISO 10780 

𝐷𝐷𝑖𝑖  irregularities < 0.5 % ISO 3699 – If the difference between two diameters is > 0.5 % then the 
amount of measured diameters must be doubled. 

5 × 𝐷𝐷ℎ clearance both 
upstream and downstream 

ISO 10780 - No sudden variations in internal diameter measured from the 
plane of measurements. 

20 × 𝐷𝐷ℎ clearance 
upstream and 5 × 𝐷𝐷ℎ 
downstream 

ISO 3966 - This is a guideline for what is normally required to achieve 
necessary conditions. According to the standard the local conditions need to 
be checked, but instructions for deviations are not provided. 

Flow direction No negative flow shall be present at any point on the measurement plane. 

𝜌𝜌 uncertainty < 0.5 % ISO 3966  

𝜌𝜌  ISO 10780 - The fluid density should be approximately the same as that of air. 

Temperature 
measurement 

The absolute temperature at each velocity sampling point shall not differ by 
more than 5 % from the average temperature of the measurement plane. 
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3.2 LIMITATIONS IN THE DIFFERENTIAL PRESSURE MEASUREMENT 
A further complication regarding differential pressure based measurement methods at low flow 
velocities is the accuracy of the pressure measurement and the issue is briefly mentioned in [24]. 
A requirement in ISO 10780 is that the measured differential pressure must be greater than 5 Pa, 
which corresponds to approximately 3 m/s flow velocity, depending on the temperature (see e.g. 
Figure 15). 

The differential pressures produced by Pitot-static probes in residential boiler chimney flue gas 
flows are in the order of a few Pa, mostly significantly under 5 Pa. Commercially available low 
differential pressure transducers are normally calibrated for a range of up to at least tens of Pa, 
e.g. 50 Pa or 100 Pa. This means that they are used below the lowest 10 % of their intended 
measurement range when used for chimney flow rate measurements with Pitot-static probes. 
Issues such as resolution, hysteresis and environmental error sources thus may become 
significant problems in the differential pressure measurement and should be evaluated. 

Another requirement is the uncertainty level of the differential pressure measurement. In ISO 
3699 a maximum of 1 % uncertainty referenced to the maximum differential pressure measured 
is allowed. In ISO 10780 an absolute level of up to ± 0.13 mm H2O, corresponding to ± 1.3Pa, is 
required. As an example, the national testing institute of Sweden (SP) can calibrate pressure 
points with an absolute uncertainty of ± 0.2 Pa. To fulfill the < 1 % uncertainty requirement the 
measured differential pressure would need to be at least 20 Pa with this calibration.  

 

3.3 REPORTED ISSUES 
The Swedish Institute of Applied Environmental Research (ITM) does testing of accredited 
emissions monitoring organizations. ITM has reported the results of two tests where a number of 
organizations in field measurement conditions independently measured a flue gas flow from two 
industrial scale boilers (several MWth combustion power) with their preferred Pitot-static method 
(S or L probe) [25], [26]. The measurements are compared to a reference method showing that 
even when meeting the flow velocity requirements set in ISO 10780 [15] the results of the 
independent measurements varied ± 15 % from the reference flow rate. A similar test was done 
also in laboratory conditions with an impeller induced air flow (room temperature) at different flow 
velocities [27]. The results imply that even in controlled laboratory conditions, where all ISO 
10780 requirements are met, ± 10 % deviations can be expected.  

The UK National Physical Laboratory performed a questionnaire survey to the UK emissions 
monitoring community [24]. The results showed that a significant number of organizations were 
routinely performing measurements outside (namely below, because of low flow velocities) of the 
conditions given in ISO 10780, although the reference does not summarize how the organizations 
dealt with this.  

The results of the survey on the UK measuring community imply that it is difficult to strictly apply 
the ISO standard methods for industrial scale boilers. The Swedish comparisons of independent 
Pitot-static measurements done in ideal measurement conditions imply uncertainties and 
repeatability which may not be satisfactory for benchmark testing and research purposes.   
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3.4 NEED FOR DEVELOPMENT OF METHODS FOR RESIDENTIAL BOILER CHIMNEY 

CONDITIONS 
As a conclusion based on the above presented issues it can be said, that even though the Pitot-
static method is a widely used and proven technique, in chimney flow conditions there is potential 
for relatively large measurement errors, which should either be calibrated for, or properly taken 
into account in the uncertainty analysis.  

The survey and the tests presented in section 3.3 apply to industrial scale boilers. The flow 
velocities are normally lower for small residential boilers, based on which one could expect the 
problems similar, or more likely, worse. For residential boiler chimneys the flow conditions are 
probably always completely outside of the ISO 10780 [15] requirements, so the method and its 
stated uncertainties cannot be applied as such without an analysis of the conditions.  

The ISO 10780 or ISO 3699, however, do not give methods or suggestions for how to perform 
measurements and analysis below the velocity or differential pressure limits given in the 
standard, which gives the objective for this study. A characterization of flow conditions in typical 
chimneys is needed so that a suitable measurement method can be chosen and developed. 
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4 CHIMNEY FLOW CHARACTERISTICS 
 

4.1 RESIDENTIAL CHIMNEY BOUNDARY CONDITIONS 
In this section the typical conditions of residential boiler installations are presented, specifically 
regarding the flue gas flow in chimneys. It should be noted that strict boundaries are often 
difficult to define; there is a multitude of technical solutions for boilers and burners with 
corresponding manufacturer specifications, the systems are often retrofitted and therefore 
adapted to existing chimneys, different requirements of laboratory testing result in different test 
methods and rigs, etc. It should therefore be kept in mind that the conditions and boundaries 
given here are not strict, but are helpful as a reference point for analysis and discussion. 

 

4.1.1 TYPICAL BOILER INSTALLATIONS 

Figure 3 shows a simplified illustration of a solid fuel boiler or stove installed in a residential 
building. A boiler is typically situated in a boiler room and a stove e.g. in a living room.  

Normally no measurements are done, other than necessary variables for the control functions 
and alarms. The user keeps track on system performance by functionality, fuel consumption and 
required maintenance work. 

The flue gas exhaust of the boiler/stove is connected to a chimney. The chimney is often a brick 
construction and in the Nordic countries it is normally fitted with an inner tube of e.g. stainless 
steel, when an oil or pellet boiler is used.  

The burner has a combustion air fan, but normally no flue gas fan is used if the draft induced by 
the chimney is sufficient, see section 4.1.3. The burner also may be integrated in the boiler or 
stove construction, which is most often the case with stoves. 

Normally no flue gas cleaning systems (e.g. filters, cyclones, scrubbers) are installed. Currently 
there are no requirements for flue gas cleaning as the emissions are controlled by requirements 
on the boiler and burner performance instead. 

Water mantled boilers/stoves are connected to the heating and domestic hot water production of 
the house, which are the heat load. Stoves are often without a water mantle, i.e. heat is 
transferred directly to the ambient via radiation and convection. 
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Figure 3. Illustration of a boiler or stove installed in a detached house. 

 

Figure 4 shows a simplified illustration of a solid fuel boiler or stove installed in a laboratory 
environment, e.g. for performance testing or R&D purposes. The installation can vary depending 
on the test method and the purpose of the study.  

The flue gas exhaust of the boiler/stove is connected to ducts specifically designed with several 
sampling points for various measurements, such as emissions, flow rate, or temperature. The flue 
gas flow may be diluted with air for specific emissions measurements. An exhaust fan provides 
the necessary draft to induce the flue gas flow.  

The fuel storage, and sometimes the whole combination with the boiler/stove, is installed on a 
scale to measure the amount of fuel combusted. This is needed for the energy balance and is the 
basis for boiler performance testing e.g. according to the standard EN-303-5:2012 [4]. 

Water mantled boilers/stoves are connected to an emulated heat load, often also called the heat 
sink, and the heat output to the water is measured with an energy meter. The detailed function of 
the emulated load depends on the purpose of the measurement. 

A number of other measurements are normally needed, such as ambient air temperature and 
relative humidity, and fuel elementary analysis. 

Boiler
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Burner

Fuel 
storage
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Figure 4. Illustration of a boiler or stove connected to ducts in a laboratory environment. 

 

4.1.2 PHYSICAL AND COMBUSTION DATA FOR RESIDENTIAL BOILER OPERATION 

Key data for typical operating conditions of residential boilers are shown in table 3. Note that 
there is no generally standardized classification (stoves, small, large) of boilers. Table 3 thus 
represents what is a normally considered classification in the Nordic Countries and used in the 
discussions of this study. 

The theoretical 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 of flue gas flows in chimneys vary mostly dependent on fuel composition, 
combustion power and burner excess air setting (the three together defining the flue gas flow 
rate), chimney internal diameter, and the temperature of the flue gas entering the chimney.  

The used fuel is normally wood (logs, chips or pellets), oil or gas. Other fuels are also used, e.g. 
the use of field crops pressed to pellets may be used, although not common. Flue gas from wood 
combustion is assumed throughout this study, although the properties of the other flue gases 
from other fuels mentioned are close enough for the conclusions to be generalized in most cases. 

The kinematic viscosity of flue gas 50 °C < 𝑡𝑡𝐹𝐹𝐹𝐹 < 200 °C (from biomass combustion) is 
approximately 10 % to 15 % lower compared to air, and since it is the divider in Eq. (4.1) the 
effect is similar also on 𝑅𝑅𝑅𝑅, inversely, so that the 𝑅𝑅𝑅𝑅 in this temperature range are 10 % to 15 % 
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higher compared to air. While this does not have direct effect on volume flow rate calculation it 
may have a small impact on evaluating the flow characteristics (e.g. turbulent or laminar). The 𝑅𝑅𝑅𝑅 
calculated in the following sections are based on typical wood combustion flue gas viscosity, not 
air.  

The flue gas temperature presented in Table 3 is for nominal heat output. During combustion 
power modulation 𝑡𝑡𝐹𝐹𝐹𝐹 is lower, e.g. 100 °C for minimum combustion rate. During startup and stop 
sequences and leakage flows, temperatures down to near ambient will be present. 

Combustion excess air ratios vary greatly, especially between different fuels and combustion 
techniques. With oil and gas burners air ratios less than 1.3 may be used, whereas for pellet 
boilers and stoves they may range from 1.5 to 2.5 or more within the operating range. 

The absolute pressure levels in residential boiler chimneys are normally between 5 Pa to 20 Pa 
below the ambient pressure, i.e. small enough variation to have negligible effects on fluid 
properties. 

Table 3 Typical data for wood pellet boilers and stoves. 

  Stoves for 
aux heating 

Small SFH 
boilers 

Large SFH 
boilers 

Nominal thermal output kWth 6-12 10-20 20-30 

Combustion power at nominal output 1) kWth 7-13 11-22 22-33 

Flue gas flow rate 2) l/s 6-13 11-21 21-32 

Chimney diameter 𝐷𝐷𝑖𝑖 mm 80-120 100-150 120-150 

Flow velocity 2) 3) m/s 1.1-1.3 1.2-1.4 1.8-1.9 

Flue gas temperature 𝑡𝑡𝐹𝐹𝐹𝐹 4) °C 150-200 150-200 150-200 

Thermal efficiency 𝜂𝜂 2)  0.9 0.9 0.9 

Combustion power modulation range % 30-100 30-100 30-100 
 

1) Assumed thermal efficiency 𝜂𝜂 = 0.9 
2) At nominal thermal output. Wood pellet combustion, 𝜔𝜔 = 7 %, 𝜆𝜆 = 2 
3) Lowest flow rate in combination with smallest 𝐷𝐷𝑖𝑖  and highest flow rate with largest 𝐷𝐷𝑖𝑖  
4) Directly after boiler at nominal thermal output. During start, stop and modulation the temperature 

is lower. 
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4.1.3 CHIMNEY DIAMETERS 

Chimney internal diameters 𝐷𝐷𝑖𝑖 vary and there are no strict rules for sizing. Chimney sizing 
depends on manufacturer recommendations and available height, with the goal of achieving an 
appropriate draft for the burner to function well. The 𝐷𝐷𝑖𝑖 presented in Table 3 are typical 
recommended values from wood pellet boiler and stove manufacturers. 

The draft in such chimneys is usually in the order of -8 Pa to -15 Pa relative to ambient pressure, 
measured in the boiler combustion chamber. This sets limits to the irrecoverable pressure drop 
that additional disturbances, e.g. a measurement probe, can cause to the flue gas flow without 
significantly disturbing the operation of the burner, or causing flue gas to leak into the room 
where the boiler is situated. This limit of maximum irrecoverable pressure drop is difficult to 
quantify, as it depends on the burner, boiler, chimney sizing, and local conditions. 

Pellet boilers and stoves are often retrofitted to an existing chimney of a specific dimension, 
which originally may have been serving an oil boiler or a wood log boiler/stove. The chimney can 
then be left without changes if the configuration works without problems, or fitted with an internal 
pipe of appropriate 𝐷𝐷𝑖𝑖 to improve the performance or to overcome problems (e.g. too strong draft 
or water vapor condensation). A flue gas fan needs to be fitted in the chimney if a sufficient 𝐷𝐷𝑖𝑖 for 
is not possible. 

If the boiler is designed also for wood log combustion, in addition to a wood pellet burner, then 
𝐷𝐷𝑖𝑖 = 150 mm is normally recommended. This is because of the higher momentary combustion 
power and flue gas flow of the wood log combustion process. 

The laboratory chimney diameters chosen in this work were 𝐷𝐷𝑖𝑖 = 80 mm to 𝐷𝐷𝑖𝑖 = 100 mm, see 
section 6. These two values are used as examples throughout the study and will be referred to as 
D80 and D100.  

The chosen 𝐷𝐷𝑖𝑖 for the test chimneys are in the lowest range compared to chimneys used in real 
conditions, in order to increase the flow velocity, i.e. increase the signal output and thus the 
accuracy of the flow rate measurement. It should therefore be kept in mind that the figures and 
conclusions presented in this work are somewhat optimistic for real field conditions, where 
120 mm < 𝐷𝐷𝑖𝑖 < 150 mm chimneys are more common for boilers and 100 mm < 𝐷𝐷𝑖𝑖 < 120 mm 
for stoves. For comparison, the flue gas flow velocity (and measured velocity pressure) is roughly 
halved if the 𝐷𝐷𝑖𝑖 is increased from 100 mm to 150 mm. 
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4.1.4 CHARACTERISTICS OF BOILER OPERATION 

A residential boiler connected to a real heat load rarely operates at steady state. The typical 
stages of a burner operation cycle are presented in Figure 5. The characteristics and time scales 
of the different stages vary depending on the manufacturer and used techniques, but the main 
characteristics can be summarized as: 

Standby No heat output is needed. Normally for residential solid biomass boilers the 
standby is with no combustion. A leakage flow of air through the burner-
boiler-chimney may be present. The time scale is tens of minutes to hours. 

Start The sequence comprises of several steps, normally: initial fuel feed - ignition - 
initial air feed - wait for flame propagation - normal combustion. The time 
scale of the total sequence is a few minutes. The individual stages can last 
from seconds to a few minutes. 

Steady state The boiler operates at a fixed combustion power with preset fuel and air feed 
rates. The time scale can vary from minutes to hours. 

Modulation The combustion power is changed to other preset levels of fuel and air feeds. 
There can be several modulation levels. The time scale is seconds to a few 
minutes. 

Stop The fuel feed is stopped and the air feed is reduced to stop the combustion in 
a controlled manner. The time scale is from tens of minutes to hours. The 
initial transient is in the order of tens of seconds to minutes, but rests of the 
charcoal bed can be glowing for hours. 

 

Figure 5. Basic characteristics of residential pellet boiler operation. 
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During the standby period of a boiler, a leakage flow of air through the system may be present, 
depending on the system configuration and ambient conditions. For boilers with a standby flame 
or glow, there is also a very low flow rate of flue gas. The standby heat losses of boilers may 
contribute significantly to the overall efficiency and the leakage flows should therefore be 
quantified. In practice these flow rates are difficult to measure because of the low flow velocities, 
which can be expected to be in the order of 𝑣𝑣𝑅𝑅���  <  0.1 m/s. 

An example of a laboratory performance test on a 12 kWth nominal output pellet boiler is shown 
in Figure 6, [28]. The measurement shows the time scales of transients of different variables. The 
combustion power is based on a continuous flue gas flow rate measurement with the D100 test 
chimney described in section 6. For quantifying e.g. the CO emissions accurately during its 
transients, the flue gas flow rate measurement needs a time scale resolution in the order of 
seconds. 

 

Figure 6. Example measurement of a 12 kWth nominal output pellet boiler operation during a 
performance test [28]. The steady state operation of approximately 4 hours has been cut out to 
show the details of the start and stop sequences. 

Explanation to the variables in Figure 6: 

Pcomb Combustion power, based on flue gas flow rate 

T,flue gas Flue gas temperature directly after the boiler 

Pel,boiler Electrical power used by the boiler and burner 

m’CO Mass flow rate of carbon monoxide emissions in the flue gas 
flow, based on flue gas flow rate 

 

  

0

40

80

120

160

200

0

4

8

12

16

20

13
:2

0:
06

13
:2

9:
06

13
:3

8:
06

13
:4

7:
06

13
:5

6:
06

14
:0

5:
06

18
:0

2:
06

18
:1

1:
06

18
:2

0:
06

18
:2

9:
06

18
:3

8:
06

18
:4

7:
06

18
:5

6:
06

19
:0

5:
06

Fl
ue

 g
as

 te
m

pe
ra

tu
re

 (
°C

)

C
om

bu
st

io
n 

po
w

er
, B

oi
le

r 
el

ec
tri

ci
ty

, 
C

O
 fl

ow Pcomb (kW)
T,flue gas (°C)
Pel,boiler (10 W)
m'CO (g/h)



   

21 

 

4.2 BULK AVERAGE REYNOLDS NUMBER AND FLOW TYPE 

4.2.1 THE REYNOLDS NUMBER 
Flow characteristics relevant to flow measurement methods are usually related to the 
dimensionless Reynolds number 𝑅𝑅𝑅𝑅, Eq. (4.1).  

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝑙𝑙𝐻𝐻
𝜈𝜈

         (4.1) 

𝑅𝑅𝑅𝑅 is referenced to a characteristic (or hydraulic) length 𝑙𝑙𝐻𝐻, which in the case of pipes and 
cylinders is often the internal or external diameter. It should be noted that when discussing flow 
characteristics and flow measurements the 𝑅𝑅𝑅𝑅 can be defined in different ways:  

For internal flows in e.g. ducts, 𝑅𝑅𝑅𝑅 is usually based on the average bulk flow velocity in 
the duct and the internal hydraulic diameter of the duct.  

For an in-flow probe, e.g. a Pitot-static probe, in research results 𝑅𝑅𝑅𝑅 is usually based on 
its (outer) hydraulic radius and the local flow velocity, although the outer diameter is 
sometimes used. 

For Pitot probes also a 𝑅𝑅𝑅𝑅 based on the probe impact pressure port diameter is used to 
check for possible viscous damping effects in the internal tube passages. In the 
available literature also the diameter is sometimes used. 

For cylinders in cross flows 𝑅𝑅𝑅𝑅 is normally based on the outer diameter.  

Other characteristic measures are also used, e.g. diameters or lengths instead of radii.  

These definitions can easily cause confusion as the definition depends on the subject discussed, 
which can change even within the same sentence. Also adding to the difficulty of interpreting 
literature is mixing the use of radii with the engineering praxis of using diameters when e.g. pipe 
and bore hole dimensions are discussed. Already in the earliest work a misinterpretation of inner 
and outer diameters is pointed out as a reason for wrong conclusions [17]. Therefore, unless 
otherwise mentioned, the following subscripts will be used to differentiate the probe related 
external and internal 𝑅𝑅𝑅𝑅 from the duct bulk flow 𝑅𝑅𝑅𝑅: 

BAV – Bulk Average Velocity – 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 is based on the duct internal hydraulic diameter 
and average bulk flow velocity. 

POR – Probe Outer Radius – 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 is based on the probe outer radius and local flow 
velocity. Normally used for Pitot (static) probes. 

PIR – Probe Internal Radius – 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 is based on the impact pressure port radius and 
local flow velocity. Normally used for Pitot (static) probes. Note that ISO 3966 uses 
diameter, which deviates from praxis in literature. 

POD – Probe Outer Diameter – 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 is based on the outer probe diameter and local 
flow velocity. Specifically used for cylinders in cross flow. See section 5.2 for more 
detailed explanation. 

 

  



   

22 

 

4.2.2 CRITICAL REYNOLDS NUMBER AND TRANSITION OF FLOW TYPE  

Starting with a laminar flow type, gradually increasing the flow rate the flow becomes unstable 
(labile) when the 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 is greater than the critical Reynolds number 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡. An experimentally 
shown and generally accepted limit is 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 = 2300, although a value of 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 = 2000 is also 
sometimes used, e.g. [16], [29]–[31]. 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 is actually not a fixed value, and depends on the 
upstream flow conditions, inlet configuration, pipe internal surface roughness, and whether the 
flow rate is increasing or decreasing [30], [31].  

While it is reported that under special conditions laminar flows can occur far beyond 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 >
2300, there is a somewhat stricter lower limit of 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 ≈ 2000, below which the flow can be said 
almost always to be laminar even with strong disturbances in the flow, because of predominant 
viscous forces quickly damping any disturbances [30], [31].  

When 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 > 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 it indicates that even a small disturbance can change the flow from laminar 
to turbulent and thus a similar more fixed limit as the 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 ≈ 2000 cannot be generalized for 
when the flow always could be said to be turbulent, as it is dependent on the various factors 
mentioned. Different values can be found in literature, ranging 3000 ≲ 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 ≲ 10000, [29], 
[30], [32], [33], although these are usually laboratory results for smooth pipes with careful initial 
conditioning. For most practical engineering applications 2000 ≲ 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 ≲ 4000 can be assumed 
[30]. This range, where the transition from laminar to turbulent flow is most likely to happen, is 
generally referred to as the transition regime (or e.g. transition zone, critical regime). 

 

4.2.3 REYNOLDS NUMBERS AND FLOW TYPES IN RESIDENTIAL CHIMNEYS 

The flow characteristics of flue gas flows from wood pellet combustion in D80 and D100 
chimneys are summarized in Figures 7 and 8.  

The gray area shows approximately the flow range when the combustion rate is modulated from 
startup (which can be close to zero air leakage flow rate at room temperature) to full nominal 
combustion power (flue gas at around 100 °C to 200 °C). Boilers and burners of different types 
end up in various operational states depending on the combustion technique, fuel properties and 
burner settings, and thus the gray area also covers a wide range of temperatures and excess air 
ratios.  

The values 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 = 2000, 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 = 4000 and 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 = 10000 are also shown for giving an 
estimation of the flow characteristic, keeping in mind that for 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 > 4000 the flow type is most 
likely turbulent in chimney conditions. It can be seen that the normal flue gas flow characteristics 
for these boilers range from laminar, over the transition regime, reaching into a regime, where 
one can be relatively certain of a fully developed turbulent flow, meaning that a measurement 
method need to take into account all these characteristics. 

The results show that the calculated average flow velocities are consistently below the 5 m/s to 
50 m/s validity range given in ISO 10780 [15]. It should be noted that in practice chimneys have 
larger diameters, i.e. lower flow velocities, than the chosen D80 and D100, see section 4.1.2. 
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Figure 7. Flue gas flow conditions in a D80 chimney, with the gray area showing the approximate flow 
range of residential boilers in normal operating conditions. The approximate combustion power is for wood 
pellet combustion with 𝑡𝑡𝐹𝐹𝐹𝐹 = 170 °C and 𝜆𝜆 = 2. 
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Figure 8. Flue gas flow conditions in a D100 chimney, with the gray area showing the approximate flow 
range of residential boilers in normal operating conditions. The approximate combustion power is for wood 
pellet combustion with 𝑡𝑡𝐹𝐹𝐹𝐹 = 170 °C and 𝜆𝜆 = 2. 

 

4.2.4 INTERMITTENCY AND HYSTERESIS OF FLOW TYPE TRANSITION 

Near the 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 limit an intermittent state of flow type, where sequential changes from laminar to 
turbulent and back are happening, has been studied experimentally and correction factors are 
suggested, [30], [31]. This kind of intermittency is more likely to happen in long and narrow pipes 
[30] and thus probably not a concern in the relatively short and wide residential chimneys.  

A transition hysteresis has also been experimentally confirmed, meaning that 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 is different 
for increasing and decreasing 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 in the same flow. The transition from laminar to turbulent 
has a higher 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 than in the opposite transition [30]. The transition causes a change in velocity 
profile as described in section 4.3. The flue gas flows from some boilers may be frequently 
crossing the transition region and whether the hysteresis has impact on measurements of 
transient flue gas flows should be experimentally investigated.  
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4.3 FLOW VELOCITY PROFILES 

4.3.1 FULLY DEVELOPED VELOCITY PROFILES 
In closed conduits viscous forces cause a flow velocity profile to form such that the fluid flows 
slower close to the walls. Both theory and experiments have shown that a change in the flow type 
from laminar to turbulent causes a change in the velocity profile, e.g. [16], [23], [30], [31], see 
Figure 9.  

 

Figure 9. The development of a velocity profile when a flow enters a closed conduit and the definition of 
hydrodynamic entry length 𝑥𝑥𝑓𝑓𝑑𝑑 to achieve a fully developed flow velocity profile. 

For laminar flow the fully developed velocity profile is assumed parabolic, but for turbulent flow it 
is a function of 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵. These profiles are shown in Figure 9, case C (fully developed). Eq. (4.1) 
and Eq. (4.2) for calculating the velocity profiles for case C are found in [31], [32]. For the 
turbulent flow more detailed equations taking into account the pipe surface roughness can be 
found in literature, e.g. [29]. Eq. (4.2) is a simplification of these equations for engineering 
applications with typical pipe surface roughness.  
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Velocity profile in the case of laminar flow: 

𝑣𝑣𝑙𝑙𝑙𝑙𝑚𝑚(𝑅𝑅) = 𝑣𝑣𝑅𝑅��� ∙ 2 �1 − �𝑅𝑅
𝑅𝑅𝑖𝑖
�
2
� = 𝑣𝑣𝑅𝑅��� ∙ 2�1 − 𝑅𝑅𝑐𝑐2�    (4.2)  

Velocity profile in the case of turbulent flow: 

𝑣𝑣𝑡𝑡𝑡𝑡𝑐𝑐𝑡𝑡(𝑅𝑅) = 𝑣𝑣𝑅𝑅��� ∙
(2𝑛𝑛+1)∙(𝑛𝑛+1)

2𝑛𝑛2
∙ �1 − 𝑅𝑅

𝑅𝑅𝑖𝑖
�
1 𝑛𝑛�

     (4.3) 

𝑛𝑛 = 𝑓𝑓(𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵) = 3.299 + 0.3257 ∙ 𝑙𝑙𝑛𝑛(𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵)                      | 4 ∙ 103 ≲ 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≲ 4 ∙ 105 

𝑛𝑛 = 𝑓𝑓(𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵) = 5.5365 + 5.498 ∙ 10−6 ∙ 𝑙𝑙𝑛𝑛(𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵)          | 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≳ 4 ∙ 105 

The calculated theoretical velocity profiles based on Eq. (4.2) and Eq. (4.3) are summarized in 
Figure 10. The velocity profiles are shown as local velocity 𝑣𝑣𝑅𝑅𝑐𝑐 at relative radius 𝑅𝑅𝑐𝑐 relative to the 
average bulk flow velocity 𝑣𝑣𝑅𝑅���, thus showing how a measured local velocity would relate to the 
average flow velocity. The laminar case corresponds to leakage flow at room temperature and the 
turbulent case to full combustion rate and a high temperature, which represent the two limiting 
conditions found in a domestic boiler, see section 4.1.  
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Figure 10. Theoretical fully developed velocity profiles with realistic bulk average velocities and their impact 
on average flow velocity estimation in a D100 chimney (similar for D80). See section 4.3.4 for explanation 
for Critical Position. 

 

4.3.2 INTERMEDIATE AND ASYMMETRIC VELOCITY PROFILES 

In the intermediate state (case B in Figure 9) the flow may also be laminar in the periphery and 
turbulent in the core of the cross section [30], i.e. a semi-turbulent state. In the semi-turbulent 
state changes in 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 alter the relative size of the turbulent core at a fixed observation plane, 
and with decreasing 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 the laminar periphery grows thicker and the turbulent core gradually 
disappears without abrupt changes.  
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Changes in the duct geometry (e.g. diameter, bend, cross section) can cause asymmetric 
(skewed, distorted) velocity profiles downstream. Examples of this can be seen in Figure 14 and 
18. Even though Eq.11. and Eq.12 are valid for an idealized entry situation with smooth duct 
walls, the physical principles governing the formation of the velocity profile are also valid for other 
disturbances, so that e.g. skewed velocity profiles caused by bends will change in a similar 
manner, also needing a 𝑥𝑥𝑓𝑓𝑑𝑑 as discussed in e.g. [23], [34]. In special cases, such as two 
subsequent 90° bends in different planes, flow disturbances may affect the velocity profile a 
relatively long distance downstream. 

 

4.3.3 HYDRODYNAMIC ENTRANCE REGION 
A sufficient straight length is needed for the theoretical velocity profiles to develop [29], [30], 
[33], [34]. In an idealized situation the flow velocity profile would change from flat (uniform 𝑣𝑣𝑅𝑅 =
𝑣𝑣𝑅𝑅���) at the entrance (Figure 9, case A), to one of the profiles described by Eq. (4.2) and (4.3) 
depending on flow type (Figure 9, case C). The length 𝑥𝑥𝑓𝑓𝑑𝑑 required for this change is called the 
hydrodynamic entrance region. In this region the flow velocity profile is in an intermediate state 
(Figure 9, case B), where the flow near the walls is slowed down due to friction and the flow near 
the center increases in velocity [30].  

Eq. (4.4) and Eq. (4.5) to estimate 𝑥𝑥𝑓𝑓𝑑𝑑 are found in e.g. [29], [30]. In the case of laminar flow 𝑥𝑥𝑓𝑓𝑑𝑑 
is dependent on 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵. In the case of turbulent flow it is relatively independent of 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 and 
rough estimations of 10 × 𝐷𝐷𝑖𝑖 to 60 × 𝐷𝐷𝑖𝑖 pipe lengths are given. The transition between laminar 
and turbulent will cause a change in 𝑥𝑥𝑓𝑓𝑑𝑑.   

Entrance region length for laminar flow: 

�𝑥𝑥𝑓𝑓𝑑𝑑
𝑃𝑃𝑖𝑖
�
𝑙𝑙𝑙𝑙𝑚𝑚

= 0.05 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵        (4.4)  

Entrance region length for turbulent flow: 

10 ≲ �𝑥𝑥𝑓𝑓𝑑𝑑
𝑃𝑃𝑖𝑖
�
𝑡𝑡𝑡𝑡𝑐𝑐𝑡𝑡

≲ 60       (4.5)  

It should be noted that these equations apply for an idealized entry condition to a conduit with 
smooth walls, and cannot be generalized as such for all flow disturbances. Here they are used to 
give an indication of the conditions in the discussed application. 

Figure 11 is derived based on Eq. (4.4) and Eq. (4.5) for D80 and D100 ducts. As the transition 
between laminar and turbulent flow type happens 𝑥𝑥𝑓𝑓𝑑𝑑 will change accordingly, which is depicted 
with a vertical arrow in the transition region. Note that the change in the transition regime is not 
abrupt, i.e. there is no sudden vertical jump from one curve to another, as might be interpreted 
from the figure. 

It can be seen in Figure 11 that sufficient theoretical straight duct lengths to ensure a fully 
uniform velocity profile after flow disturbances are often practically difficult or impossible to 
achieve in small laboratories, and especially in field conditions. Assuming a transition regime of 
2000 < 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 < 4000 (see section 4.2.2), lengths of approximately 8 m to 20 m would be 
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needed for the laminar flow velocity profiles to develop in D80 or D100 ducts. Boilers in field 
conditions have larger 𝐷𝐷𝑖𝑖, see Table 3, further increasing required lengths. Therefore most field 
and laboratory flue gas flow measurements on residential boilers can be assumed to be done 
within the hydrodynamic entrance region and the velocity profiles can be expected to change with 
combustion power modulation.   

For comparison, ISO 3966 suggests a straight conduit with the length of 20 × 𝐷𝐷𝑖𝑖 upstream and 
5 × 𝐷𝐷𝑖𝑖 downstream (total 25 × 𝐷𝐷𝑖𝑖) for round circular cross sections in order for the flow to be 
“substantially parallel and symmetrical about the conduit axis”. ISO 10780 requirements state 
5 × 𝐷𝐷𝑖𝑖 of straight duct upstream and downstream (total 10 × 𝐷𝐷𝑖𝑖).  

 

Figure 11. Hydrodynamic entry lengths for D80 and D100 chimneys with laminar and turbulent flow 
conditions. 
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4.3.4 SINGLE POINT VELOCITY MEASUREMENT METHODS 

The standards ISO 3966 and ISO 10780 use a traversing sampling method to take into account 
the actual flow velocity profile. There are also methods for determining the flow rate in a round 
duct with a single point measurement, two of which are briefly presented here. These 
approaches, however, are valid only for fully developed (axisymmetric) velocity profiles and would 
not be of practical help in cases of skewed velocity profiles or in the hydrodynamic entrance 
region, for which the velocity profiles may also be changing as a function of 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 (exemplified 
experimentally in section 4.3.5). 

Center point method 

A method for measuring the flow rate with a single center (or arbitrary) point measurement would 
be to use the pipe factor, as described in [23]. The method is based on the fact that the velocity 
profile in fully developed flows is a function of pipe surface roughness and 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 and can thus be 
predicted with the help of the Moody’s diagram. Eq. (4.2) and Eq. (4.3) are a simplification of this 
method. The method is limited to fully developed velocity profiles and the flow type must be 
known.  

As an example, if a single point measurement is done at the center of the duct (see Figure 10), it 
is of most importance to be certain if the velocity is either turbulent or laminar, otherwise a 
significant over or under estimation by a factor of 2.00/1.25 ≈ 1.6 is possible.  

The center point measurement is recommended for duct diameters relatively small compared to 
the probe, where positioning the probe closer to the wall (e.g. at the critical point as described 
next) would result in undesirable effects due to wall proximity [16], but the method is usable if 
there is no change in flow characteristic or if both the change and velocity profiles are always 
predictable. 

Three quarter radius method 

There is a method for partially taking into account the change in velocity profile using a single 
measurement point on the radius where the impact of the profile change is at minimum. A 
horizontal dashed line is drawn in Figure 10 at 𝑣𝑣𝑅𝑅𝑐𝑐 𝑣𝑣𝑅𝑅��� = 1⁄  representing the average bulk velocity. 
For either the turbulent or laminar case, where 𝑣𝑣𝑅𝑅𝑐𝑐 𝑣𝑣𝑅𝑅��� = 1⁄  (i.e. where 𝑣𝑣𝑅𝑅𝑐𝑐 curve crosses the 
horizontal dashed line) gives for each case the 𝑅𝑅𝑐𝑐 where a 𝑣𝑣𝑅𝑅 corresponding to the 𝑣𝑣𝑅𝑅��� can be 
measured. This 𝑅𝑅𝑐𝑐 is in some literature sources called the critical position, e.g. [16], [23], or three 
quarter radius, e.g. [14], [35].  

In the case presented in Figure 10, the critical position for the laminar flow is at 𝑅𝑅𝑐𝑐 ≈ 0.71 and for 
turbulent at 𝑅𝑅𝑐𝑐 ≈ 0.75. A critical position for measuring the average bulk velocity taking into 
account both laminar and turbulent velocity profiles with minimal error would be 𝑅𝑅𝑐𝑐 ≈ 0.73, where 
theoretically the measurement would underestimate laminar 𝑣𝑣𝑅𝑅��� by 5 % and overestimate 
turbulent 𝑣𝑣𝑅𝑅��� by 3 %, approximately.  

 

  



   

31 

 

4.3.5 MEASURED CHIMNEY FLOW VELOCITY PROFILES 

An experiment was done to determine the velocity profiles in D80 and D100 chimneys 
constructed for laboratory measurements for residential boiler testing at Dalarna University 
(Borlänge, Sweden). The chimney height is limited because of the laboratory room height and 
thus sufficient straight entrance lengths according to Figure 11 cannot be reached indoors. The 
chimney construction is shown in Figure 12. 

 

 

Figure 12. Schematic of the D80 and D100 chimneys used for laboratory boiler measurements. 
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Measurement conditions: 

• Air at room temperature was used.  
• The velocity profile measurement was done with a Pitot-static probe (standard 𝑑𝑑𝑝𝑝𝑝𝑝 =

4 mm L-type). Note that 𝑑𝑑𝑝𝑝𝑝𝑝 = 4 mm  is actually larger than the ISO 3699 or ISO 10780 
allow for these duct diameters as a smaller diameter probe was not available in the 
laboratory. This is not critical for the conclusions. 

• The traversing was done through seven (D80) and ten (D100) sampling points on a single 
diameter of the duct cross section. The traversing direction is shown in figure 8.  

• Each sample is an average of 3 minutes of steady state flow sampled with a 10 second 
sampling interval.  

• A stand with a guiding rail was built for the probe to ensure minimal differences in probe 
alignment with the flow between the traverses. The reference flow rate was measured 
with a set of calibrated orifice plates, see section 8.1.  

The measured velocity profiles are shown in Figures 13 and 14. The velocities at the wall (for 
𝑅𝑅𝑐𝑐 = 1 and 𝑅𝑅𝑐𝑐 = −1) are assumed 0. The measurements were done at several 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵, but for 
clarity only the two extremes and an intermediate are shown in Figures 13 and 14. The observed 
velocity profile changes were gradual and consistent with literature [30].  

Comparing the measured velocity profiles to Figures 9 and 10 it can be seen that in both 
chimneys the velocity profile changes from a turbulent type towards a laminar (parabolic) one, 
due to flow type change. It can also be seen that the velocity profile is skewed when turbulent, 
approaching symmetric when laminar, but does not reach a fully parabolic state with laminar flow, 
due to insufficient entrance length.  

These measurements show that the theoretical velocity profile effects discussed in sections 
4.3.1-4.3.3 are present in the duct, and should therefore be taken into account in chimney flue 
gas flow rate measurements.  

As an example, in both the measured cases of Figures 13 and 14, there is approximately an 11 % 
difference between the turbulent and laminar average velocities using the center point velocity as 
a reference. This would contribute to the uncertainty of a continuous measurement with the often 
used center point method, see section 4.3.4. 

Because the measurement was performed only at room temperature it should be noted that the 
viscosity is a function of temperature, and thus 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 of flue gas varies also with temperature. 
Expected 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 in chimneys for comparison can be found e.g. in Figure 7 and 8. 

The results also give an indication that the ISO 10780 requirements of 5 × 𝐷𝐷𝑖𝑖 of straight duct 
upstream and downstream are not sufficient to achieve a symmetric velocity profile. 
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Figure 13. Measured flow profiles at different 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵  at room temperature for the D80 chimney. 

 

Figure 14. Measured flow profiles at different 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵  at room temperature for the D100 chimney. 
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4.3.6 FLOW CONDITIONERS 

One way to achieve better accuracy in the presence of skewed or not fully developed velocity 
profiles would be the use of flow conditioners upstream of the flow meter [32].  

Flow conditioners will cause an additional pressure drop and provide a place for deposits to easily 
accumulate, which are both unwanted characteristics in residential chimneys.  

Additional space would also be needed making the application difficult, especially in field 
conditions. 

 

4.4 VISCOUS EFFECTS 

4.4.1 PROBE EXTERNAL REYNOLDS NUMBER 

With low 𝑅𝑅𝑅𝑅 the assumption of a non-viscous fluid that the normally used Bernoulli equation 
requires becomes gradually invalid, see section 2.4.  

ISO 10780 gives the requirement of 𝑅𝑅𝑅𝑅 > 1200 at the probe surface for the validity of the 
method according to the standard (Note the uncertain definition of the 𝑅𝑅𝑅𝑅 mentioned in section 
3.1.). It is stated that below this value Pitot probes are subject to significant errors.  

In Figure 15 is shown 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 for a 𝑑𝑑𝑝𝑝𝑝𝑝 = 4 mm Pitot probe in residential chimney conditions, with 
the gray area showing approximately the expected operating range. It can be seen that the 
expected 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 values are always below the 𝑅𝑅𝑅𝑅 > 1200 limit given in ISO 10780, regardless of 
the limit being referenced to 𝑟𝑟𝑝𝑝𝑝𝑝 (corresponding to 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 > 1200) or 𝑑𝑑𝑝𝑝𝑝𝑝 (corresponding to 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 > 600). 

It should be noted that 𝑑𝑑𝑝𝑝𝑝𝑝 = 4 mm is actually a larger diameter than the ISO 10780 or ISO 3699 
allow due to the stem blockage requirement, see section 4.5. A correction or a calibration should 
therefore be done due to the stem blockage. The 𝑑𝑑𝑝𝑝𝑝𝑝 = 4 mm  is shown here as this is a standard 
Pitot-static probe size still easily available. 

It should also be noted that the y-axis of Figure 15 is local velocity at the probe. The velocity 
profiles in closed conduits result in that there are always local velocities both higher and lower 
than those based on the bulk average velocity. For evaluating the conditions in residential 
chimneys an average velocity level of the flow for nominal combustion powers shown with a 
dashed horizontal line for both the laboratory chimneys D80 and D100. More realistic average 
velocities in field conditions, where the diameters are usually larger in relation to the combustion 
power, are presented in Table 3.  
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Figure 15. 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 for 𝑑𝑑𝑝𝑝𝑝𝑝 = 4 mm Pitot probe in residential boiler flue gas flows. 
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4.4.2 PROBE STAGNATION PRESSURE PORT REYNOLDS NUMBER 

There is also a requirement 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 > 100 set in ISO 3966 (Note: In the reference the limit is 𝑅𝑅𝑅𝑅 >
200 based on impact hole internal diameter, but the praxis to compare research results has 
mostly been radius.). The reason for this requirement is not explained in the standard, but based 
on the given literature reference [16] it is because at lower 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 viscous effects in the pressure 
passages of the probe start causing both a measurement error similarly to the probe external 
conditions (see section 4.4.1), and significant time lag in the probe response [16], [22].  

In Figure 16 is shown the 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 for a 𝑑𝑑𝑝𝑝𝑖𝑖 = 1.6 mm (a normal size for a 𝑑𝑑𝑝𝑝𝑝𝑝 = 4 mm L-type Pitot-
Static probe) impact pressure tube under chimney conditions, with the gray area showing 
approximately the expected operating range of a boiler. The calculated average values are below 
the given requirement 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 > 100.  

It should be noted that y-axis of Figure 16 is local velocity at the probe. The velocity profiles in 
closed conduits result in that there are always local velocities both higher and lower than those 
based on the bulk average velocity. For evaluating the conditions in residential chimneys an 
average velocity level of the flow for nominal combustion powers shown with a dashed horizontal 
line for both the laboratory chimneys D80 and D100. More realistic average velocities in field 
conditions, where the diameters are usually larger in relation to the combustion power, are 
presented in Table 3. 

No detailed description of the time lag caused by viscosity was found in the available literature. A 
short description in [22] summarizes that the time constants are dependent on the diameters 
and lengths of the probe pressure passages and the displacement volume of the manometer and 
related connections, and are very short for down to 𝑑𝑑𝑝𝑝𝑝𝑝 = 3 mm probes, but for smaller probes in 
the order of tens of seconds to minutes. (It is actually not clearly stated in the reference whether 
used acronym o.d. refers to outer or orifice diameter, but judging based on praxis and references, 
e.g. [36], the acronym is normally used for the former.) The time constants of standard sized 
Pitot-static probes in low flow velocities are not discussed, however. 

  



   

37 

 

 

 

 

 

Figure 16. 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 for a 𝑑𝑑𝑝𝑝𝑖𝑖 = 1.6 mm Pitot probe stagnation pressure port in residential boiler flue gas 
flows. 

 

4.5 WALL PROXIMITY AND STEM BLOCKAGE 
When performing measurements in closed conduits the Pitot probe should not cause errors due 
to wall proximity, probe volume displacement effects, and pressure gradient displacement 
effects. In relatively small ducts these effects become significant as the probe size cannot be 
decreased easily, and the outermost sampling points are closer to the walls. The wall proximity 
effect is generally negligible if the probe head center is further than 2 ∙ 𝑑𝑑𝑝𝑝𝑝𝑝 from a solid wall [16].  
Stem blockage causes an overestimation, which is negligible if certain geometrical conditions are 
met. 
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A dimensional limit of 𝑑𝑑𝑝𝑝𝑝𝑝 𝐷𝐷𝑖𝑖⁄ < 0.02 is set in ISO 3966, after which a correction should be done. 
ISO 3699 provides a correction method and a summary is given also in [21], [22]. In ISO 10780 
this requirement has been translated to an internal cross sectional area limit of 𝐴𝐴𝑖𝑖 < 0.07 m2 of 
the duct for the method to be valid, giving a minimum of 𝐷𝐷𝑖𝑖 ≈ 300 mm for round ducts. This is in 
accordance with Ower stating that an 𝑑𝑑𝑝𝑝𝑝𝑝 = 8 mm Pitot probe should not be used in 𝐷𝐷𝑖𝑖 <
300 mm ducts for traversing measurements [16].  

Residential heating boiler and stove flue gas ducts and chimneys range normally from 80 < 𝐷𝐷𝑖𝑖 <
150 mm, meaning that the ISO 10780 and ISO 3699 methods and uncertainties are not valid as 
such regarding these requirements.  

As an example, if a 0.5 % maximum error of the differential pressure due to these effects is 
allowed, 𝑑𝑑𝑝𝑝𝑝𝑝 should not be greater than 1.6 mm for D80 and 2.0 mm for D100 chimneys. These 
probe sizes are not readily available, and thus more easily found standard size probes with 𝑑𝑑𝑝𝑝𝑝𝑝 =
4 mm to 𝑑𝑑𝑝𝑝𝑝𝑝 = 8 mm would require either theoretical error correction or in situ calibration. Small 
diameters may also start suffering from significant time lag in their response times, see section 
4.4.2, although this characteristic needs to be tested experimentally specifically for low 𝑅𝑅𝑅𝑅 flows. 

 

4.6 FLUE GAS DENSITY 
The fluid density is used both in the Bernoulli equation and when converting between volume and 
mass flow rates. According to ISO 10780 and ISO 3699 a correction for density has to be done if 
the gas density is suspected to be significantly different to that of air. The flue gas composition is 
usually known and the density can easily be accounted for. 

Especially with wet biomass with moisture contents greater than 20 % (wet basis) over +5 % 
differences in density compared to air may occur, depending also on the combustion excess air 
ratio. For wood pellets the moisture content is normally below 10 % (wet basis). With a moisture 
content of 7 % (wet basis) and 𝜆𝜆 = 2 the difference in density is +0.9 %. 

 

4.7 AVERAGE FLOW TEMPERATURE 
The flue gas temperature during normal boiler operation can vary from 100 °C to 200 °C, see 
section 4.1. During startup and stop sequences and leakage flows, temperatures down to near 
ambient may be present, although the boiler water temperature normally sets the lower limit. For 
measurements of transient characteristics the mentioned temperature range can be present.  

In the traversing method according to ISO 10780, the absolute temperature of each 
measurement point should not differ more than 5 % from the average absolute temperature in 
the measurement cross section. This translates to ±19 °C at 80 °C and ±24 °C at 200 °C average 
flue gas temperature, which corresponds to a ±2.5 % uncertainty in the determination of the flow 
rate in both cases. 

In continuous measurements of transient flows, when traversing is not done, care must be taken 
to measure a representative average bulk temperature. Based on field and laboratory 
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measurement experience of the author, the local temperatures in a flue gas duct can vary 
significantly (in extreme cases tens of °C) over the cross section depending on various factors, 
such as distance from the boiler outlet, boiler construction, insulation of the duct, combustion 
power modulation rate, flow type, and vertical or horizontal alignment of the duct. A temperature 
profile may be preserved for relatively long distances even in vertical ducts if the flow is partially 
laminar, and similarly to the velocity profile, the temperature profile can also change dependent 
on the flow rate and type.  

Thus for continuous measurements of transient flows a single point temperature measurement 
may not be sufficient, if a consistent representative bulk average temperature cannot be 
confirmed for the whole operating range. Vertical ducts should be preferred to prevent natural 
density stratification due to heat losses through the walls. 

 

4.8 YAW ANGLE 
Misalignment of the Pitot probe with respect to the flow direction (yaw angle) causes 
measurement errors [14], [16], [21], for which static ports are more sensitive than total pressure 
ports. For a Pitot-static probe a maximum of ±5 % impact pressure deviation can be assumed 
within 30° yaw angle and less than +2 % if the yaw angle is kept under 5°. These error 
estimations are under normal measurement conditions and it is mentioned that the they are 
slightly dependent on the 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 [14], but the sources do not specifically discuss the case of 
laminar flows, or cases where viscous effects may not be negligible.  

A fixed stand with a locking system to fix the probe always in the same position is an easy and 
feasible solution for minimizing alignment errors in cases where the probe often needs to be 
taken out e.g. for cleaning. 

 

4.9   VIBRATIONS 
Errors because of probe vibration [16] are unlikely to disturb measurements in residential 
chimney conditions. Fluid flow velocities are not high enough to induce vibrations to the probe 
and devices causing significant enough mechanical vibrations transferred via duct walls are 
unlikely. 

 

4.10   TURBULENCE 
Turbulence may cause additional pressure difference sensed between the impact and static ports 
of the probe, i.e. it leads to overestimation of the velocity pressure. Ower [16] summarizes that 
the turbulence intensities in industrial applications will have negligible effects. Based on the 
correction method presented in ISO 3699 the overestimation is 0.5 % at most.  

  



   

40 

 

 

4.11   DIFFERENTIAL PRESSURE 
ISO 10780 limits the minimum allowed differential pressure to be measured to 5 Pa and ISO 
3699 defines the same limit as a function of fluid density and viscosity, see Figure 17. 

 

Figure 17. Minimum allowed differential pressures to be measured according to ISO 10780 and ISO 3699. 

The expected velocity pressures in residential chimneys can be estimated from Figures 15 and 
16. With the laboratory chimneys D80 and D100 the average velocity pressure for nominal 
combustion power is just below 5 Pa and with 30 % combustion power the corresponding value 
would be 1.5 Pa. The average velocity pressures in field conditions range from 2 Pa to 4 Pa 
(estimated based on Table 3), and with 30 % combustion power from 0.6 Pa to 1.2 Pa. To be able 
to quantify the flow rate during start, stop and standby sequences, differential pressures below 
the levels of the 30 % combustion power need to be measured. 

The average velocity pressures to be measured during normal boiler operation are thus mostly 
below the given requirements in ISO 10780 and ISO 3699. The ISO standards give no correction 
methods or suggestions for how to handle the situation.  

Commercially available pressure transducers intended for low differential pressures are normally 
calibrated for a range of up to tens of Pa with calibration points that have an uncertainty of ±0.2 
Pa or more. In addition a relative uncertainty is often given as a percentage of the range and 
covers uncertainties such as temperature drift, hysteresis, non-linearity, digital resolution, 
transducer tilt etc.  
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For example, a typical transducer with a range of 0 Pa to 30 Pa and an uncertainty of 2 % of the 
range cannot be trusted to give useful data below a resolution of 0.6 Pa according to the 
specifications and standard calibration. This is in the same order of magnitude as the differential 
pressures to be measured during minimum combustion power modulation. 

Differential pressure transducers are also discussed in section 7. 

 

4.12   OTHER CONSIDERATIONS 
Both the temperature range and chemical conditions in flue gases put requirements on the used 
sensor construction materials.  

Flue gases from a boiler contain also particulate matter, soot and ash, which can easily clog the 
sensor. Condensing fluids, e.g. water and tar evaporated from the fuel, usually worsen the 
clogging. This sets requirements for being able to dismount, clean, and mount the probe often 
and quickly without causing a need for recalibration. Preferably the cleaning should also be 
possible during boiler operation. 

Heat conductance from the probe to the ambient should be minimized by material choice and 
insulation on the outside to prevent water vapor condensation from the flue gas flow on to the 
probe surface and condensation in the connecting tubes. 

Especially in field conditions the flow measurement method should not cause a significant 
irrecoverable pressure drop, as this would most likely prevent a natural chimney draft based 
boiler from operating normally. Even in laboratory conditions it is beneficial to be able to use a 
method which causes only a low irrecoverable pressure drop to the flow, both because of exhaust 
gas fan sizing and the possibility to emulate natural chimney draft conditions for a boiler. 
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5 THE AVERAGING PITOT PROBE 
 

Averaging Pitot probes were developed to a commercial state in the 1950’s and further 
improvements have been done in the decades after, mainly regarding the optimization of the 
cross sectional shape of the probe to increase accuracy and repeatability, e.g. [13], [34], [35], 
[37]. With modern CFD tools there is still research done e.g. in the area of optimizing probe 
shapes [38]–[41]. 

The main benefits of the averaging probe compared to the Pitot-static method: 
• No traversing is needed, as the probe measures the average of one or several diameters 

simultaneously. This allows for an instantaneous measurement of the average flow 
velocity and thus opens the possibility to do continuous measurements taking into 
account both asymmetric and changing velocity profiles. 

• The differential pressure produced is higher (approximately double), which both increases 
the measurement range towards lower flow rates, and also improves the uncertainty. 

Other characteristics are summarized in [34]: 
• The irrecoverable pressure loss is low, in the order of 10 % of the generated differential 

pressure. Depending on the design, the pressure drop is similar to fully inserted Pitot-
static probes. 

• Relatively short straight lengths are required, e.g. one fourth compared to orifice plates. 
• Surface wear and abrasion of the edges of pressure ports have negligible effects on 

accuracy and repeatability. 

 

5.1 PRINCIPLE OF OPERATION 
The principle of operation of a multiport averaging Pitot-static probe is shown in Figure 18. One 
averaging chamber has pressure ports along the duct diameter facing the flow and one averaging 
chamber with pressure ports facing downstream.  

Pressure ports are placed along the duct diameter so that different impact and wake pressures 
along it caused by the velocity profile are passed into the respective chamber, resulting in an 
“average” pressure across the length of the probe that can be measured at the end of the 
chamber. The pressure difference between the impact and wake chambers thus correlates to an 
average differential pressure profile along the diameter and can be calibrated for average flow 
velocity or volume flow rate.  
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Figure 18. Basic construction of an averaging Pitot probe. 
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Several probes can be used so that an average pressure across multiple diameters is measured 
simultaneously by the manometer, if asymmetric and/or changing velocity profiles are expected. 

It should be noted that, depending on the design, the differential pressure produced is higher 
(normally approximately double) than that produced by e.g. a standard L-type Pitot-static probe. 
This is because the wake pressure is lower than the static pressure, see section 5.2.2. The wake 
pressure is dependent on the probe cross section and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅, e.g. [13], [30]. The static pressure, 
measured e.g. at the conduit wall, could also be used instead of the wake pressure, probably 
resulting in a simpler correlation, but this would result in lower (approximately halved) differential 
pressures, e.g. [13], [35], [42]. Reducing the produced differential pressure would be a significant 
disadvantage because of pressure transducer limitations, specifically when optimizing low flow 
rate performance, see section 7. 

The shape of the sensor cross section and the placement of the pressure ports can be optimized 
in various ways for a higher and more stable and/or linear differential pressure over the intended 
operating range, e.g. [13], [37]–[41]. E.g. a diamond shape with sharp edges, as opposed to a 
cylinder, will separate the flow boundary layers from the probe surface always at the same 
position, resulting in a more stable wake pressure characteristic over a wider range of 𝑅𝑅𝑅𝑅. This 
leads to a more predictable wake pressure, making both the correlations and the calibration 
process simpler.  

 

5.2 THEORY 
Cylinders of varying cross sectional shapes in cross flows have been extensively studied, 
especially for military naval and aviation applications. Zdradkovich has done a comprehensive 
summary on the topic in two books [43], [44]. 

 

5.2.1 DEFINITION OF REYNOLDS NUMBER FOR CYLINDERS 

For cylinders in cross flows the Reynolds number has traditionally been defined based on the 
cylinder outer diameter. This is pointed out as it differs from the praxis of using the radius in the 
case of Pitot probes (see section 2.2) and therefore the subscript POD is used. 

The 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 is based either on  
• local flow velocity, which is the case of theoretical and experimental work where a uniform 

velocity is considered along the length of the cylinder (two dimensional theory). 
• the average flow velocity in a duct, which is the case of a probe in a duct. 
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5.2.2 PRESSURE COEFFICIENT AND ITS DISTRIBUTION 

A cross section of a cylinder in a cross flow, with the definitions for the following theory, is 
presented in Figure 19. 

 

Figure 19. The section of a cylinder in a cross flow. 

The surface pressure of a cylinder in a cross flow is normally expressed as a dimensionless 
pressure coefficient 𝐶𝐶𝑝𝑝 = 𝑓𝑓(𝜃𝜃), Eq. (5.1),  where 𝜃𝜃 is the angle measured starting from the 
upstream stagnation point. The difference of the local pressure 𝑝𝑝𝑠𝑠(𝜃𝜃) on the surface node and 
the free stream static pressure 𝑝𝑝∞ is referenced to the free stream velocity pressure 𝑝𝑝𝑑𝑑 =
1

2� 𝜌𝜌𝑣𝑣2. 

 𝐶𝐶𝑝𝑝(𝜃𝜃) = 𝑝𝑝𝑠𝑠(𝜃𝜃)−𝑝𝑝∞
1
2� 𝜌𝜌𝜌𝜌2

= 𝑝𝑝𝑠𝑠(𝜃𝜃)−𝑝𝑝∞
𝑝𝑝𝑑𝑑

       (5.1) 

Typical pressure distributions for different 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 over a round cylinder in two dimensional flow 
are shown Figure 20 (based on [44]). It should be noted that normally these experiments are 
done in e.g. wind tunnels trying to acquire a two dimensional situation to comply with simplified 
theory, and thus 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 is constant over the length of the cylinder. It should also be noted that 
𝐶𝐶𝑝𝑝(𝜃𝜃) varies from positive to negative, which is also the reason why the averaging Pitot probes 
can measure differential pressures higher than the Pitot-static probe.  
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Figure 20. The distribution of 𝐶𝐶𝑝𝑝 over a 𝑑𝑑 = 22 mm cylinder surface as a function of 𝜃𝜃 and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 
(approximation according to [44]). 

 

5.3 CALIBRATION 
For commercially available averaging probes, mostly used in industrial applications, the 
manufacturer calibration is normally done for 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≳ 12000 (or much higher) to avoid 
difficulties with the low differential pressures, reduced repeatability and complex calibration 
corrections needed for lower 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵. Adjusting the flow conditions to the manufacturer 
requirements can normally be done without bigger problems in industrial fluid transport 
applications (pipes, ducts) where pumps and fans are used and the pressure drop caused by the 
probe is of lesser concern. It seems that therefore the literature on the topic of using the 
averaging Pitot applications in conditions 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≲ 12000 is scarce, and no readily applicable 
information or method was found for calibrating averaging Pitot probes these conditions. 

As shown in section 4.2, the flow conditions for domestic chimneys are 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≲ 10000, or 
actually 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≲ 8000 in normal applications. Adjusting the flue gas flow conditions to acquire a 
higher 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 would result in pressure losses that would require forced draught with a fan, thus 
preventing the boiler from functioning in normal natural draught conditions.  

However, the literature and experimental data on the topics of fluid mechanics and aerodynamics 
is abundant, and the needed tools and information for developing a calibration method for 
𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 ≲ 12000 are available. Especially the topic of bodies immersed in (or moving relative to) 
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fluids is well studied for aviation and naval applications. Especially the case of cylinders in cross 
flows, i.e. the specific case of an averaging Pitot probe, is well covered [44]. 

 

5.4 CORRECTION FOR LOW RE - STAGNATION AND WAKE PRESSURE COEFFICIENT 

5.4.1 STAGNATION PRESSURE COEFFICIENT 

For standard Pitot probes at low flow velocities (𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 ≲ 100) viscous forces start becoming 
significant enough to require a correction to the quadratic Bernoulli correlation, see sections 2.4 
and 4.4. For Pitot-static probes the 𝑝𝑝𝑑𝑑 in Eq. (2.6) can be obtained by correcting the measured 
∆𝑝𝑝∞,𝑚𝑚 with the stagnation pressure correction factor 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑓𝑓(𝑅𝑅𝑅𝑅), Eq (2.5). The correction as 
such is developed for Pitot probes measuring a single stagnation point and where 𝑅𝑅𝑅𝑅 is normally 
based on the probe outside radius to generalize the calibration. According to theory and 
experimental studies, at very low 𝑅𝑅𝑅𝑅 the measured Δ𝑝𝑝 overestimates the theoretical and thus it 
can be expected 𝐶𝐶𝑝𝑝𝑝𝑝 > 1. 

For the averaging Pitot probe the stagnation pressure over the length of a round cylinder needs to 
be considered, which is different from the case of a Pitot probe head. An estimation of the 
correction can be done with the stagnation pressure coefficient 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝐶𝐶𝑠𝑠(0°), see Figure 20. 

The 𝐶𝐶𝑝𝑝𝑝𝑝 of a round cylinder in two dimensional flow is shown in Figure 21. The characteristic is 
based on experimental results and is well-established [44]. Comparing Figure 21 to Figure 2 it 
can be seen that the characteristic of the 𝐶𝐶𝑝𝑝𝑝𝑝 is similar in both cases and thus a similar 
correction procedure can be done. 

 

Figure 21. 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑓𝑓(𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃) of a round cylinder in two dimensional flow (approximation according 
to [44]).  
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5.4.2 WAKE PRESSURE COEFFICIENT 

The low 𝑅𝑅𝑅𝑅 characteristic of the wake pressure coefficient 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝐶𝐶𝑠𝑠(180°) of a round cylinder in 
two dimensional flow is shown in Figure 22. The characteristic is based on experimental results 
and is well-established [44]. As can be seen, the behavior is more complex compared to the 
stagnation pressure. This is because of how the flow boundary layer separates from the cylinder 
walls as a function of 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃.  

 

Figure 22. 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑓𝑓(𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃) of a round cylinder in two dimensional flow (approximation according 
to [44]). 

 

5.4.3 COMBINED STAGNATION AND WAKE PRESSURE COEFFICIENT 

With the Pitot-static probe only the stagnation pressure needed correction for low 𝑅𝑅𝑅𝑅, as the static 
pressure is still measured correctly. As can be seen in section 5.4.2, the characteristic of the 
wake pressure of a cylinder in a cross flow needs to be corrected for. 

The characteristics of both pressure coefficients 𝐶𝐶𝑝𝑝𝑝𝑝 and 𝐶𝐶𝑝𝑝𝑝𝑝 in the case of a differential 
pressure measurement with an averaging Pitot probe are shown simplified in Figure 23. 
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Figure 23. The principle of correcting with 𝐶𝐶𝑝𝑝𝑝𝑝 and 𝐶𝐶𝑝𝑝𝑝𝑝 simultaneously. Left: The two coefficients 
separately. Right: A combined coefficient.    

In the measurement method a single differential pressure transducer will be used to measure the 
differential pressure ∆𝑝𝑝𝑚𝑚,𝑝𝑝 = 𝑝𝑝𝑝𝑝 − 𝑝𝑝𝑝𝑝  . The stagnation pressure 𝑝𝑝𝑝𝑝 and wake pressure 𝑝𝑝𝑝𝑝 are 
not measured separately and will not be available for correction individually and therefore a 
method is needed to correct ∆𝑝𝑝𝑚𝑚,𝑝𝑝 for both. 

The stagnation pressure 𝑝𝑝𝑖𝑖 and the wake pressure 𝑝𝑝𝑝𝑝 can both be referenced to the free stream 
static pressure 𝑝𝑝∞ with the pressure coefficients 𝐶𝐶𝑝𝑝𝑝𝑝 and 𝐶𝐶𝑝𝑝𝑝𝑝 given in Eq. (5.2) and Eq. (5.3).  

Based on Eq. (5.1) the stagnation pressure coefficient is defined as Eq. (5.2), which can be solved 
for the stagnation pressure 𝑝𝑝𝑝𝑝. 

𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑠𝑠(0°)−𝑝𝑝∞
1
2� 𝜌𝜌𝜌𝜌2

= 𝑝𝑝𝑝𝑝−𝑝𝑝∞
𝑝𝑝𝑑𝑑

↔ 𝑝𝑝𝑝𝑝 = 𝑝𝑝∞ + 𝑝𝑝𝑑𝑑𝐶𝐶𝑝𝑝𝑝𝑝      (5.2)  

Similarly the wake pressure coefficient is defined as Eq. (5.3), which can be solved for the wake 
pressure 𝑝𝑝𝑝𝑝. 

𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑠𝑠(180°)−𝑝𝑝∞
1
2� 𝜌𝜌𝜌𝜌2

= 𝑝𝑝𝑤𝑤−𝑝𝑝∞
𝑝𝑝𝑑𝑑

↔ 𝑝𝑝𝑝𝑝 = 𝑝𝑝∞ + 𝑝𝑝𝑑𝑑𝐶𝐶𝑝𝑝𝑝𝑝     (5.3) 

By substituting, ∆𝑝𝑝𝑚𝑚,𝑝𝑝 can be expressed as a function of 𝑝𝑝∞ and 𝑝𝑝𝑑𝑑 giving Eq. (5.4). 

∆𝑝𝑝𝑚𝑚,𝑝𝑝 = 𝑝𝑝𝑝𝑝 − 𝑝𝑝𝑝𝑝 = �𝑝𝑝∞ + 𝑝𝑝𝑑𝑑𝐶𝐶𝑝𝑝𝑝𝑝� − �𝑝𝑝∞ + 𝑝𝑝𝑑𝑑𝐶𝐶𝑝𝑝𝑝𝑝�     (5.4) 

Solving Eq. (5.4) for 𝑝𝑝𝑑𝑑 gives the method for determining the velocity pressure based on ∆𝑝𝑝𝑝𝑝,𝑚𝑚 
and the pressure coefficients. 

𝑝𝑝𝑑𝑑 = ∆𝑝𝑝𝑚𝑚,𝑤𝑤
�𝐶𝐶𝑝𝑝𝑝𝑝−𝐶𝐶𝑝𝑝𝑤𝑤�

        (5.5) 

And thus Eq. (5.5) can similarly to Eq. (2.7) be used to get Eq. (5.6), which is the Bernoulli 
equation corrected for low 𝑅𝑅𝑅𝑅 characteristics of both the stagnation and wake pressures. 

𝑣𝑣 = �2∙𝑝𝑝𝑑𝑑
𝜌𝜌
�
0.5

≈ � 2∙∆𝑝𝑝𝑚𝑚,𝑤𝑤
𝜌𝜌∙�𝐶𝐶𝑝𝑝𝑝𝑝−𝐶𝐶𝑝𝑝𝑤𝑤�

�
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      (5.6) 
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While 𝐶𝐶𝑝𝑝𝑝𝑝 and 𝐶𝐶𝑝𝑝𝑝𝑝 cannot be determined separately by a single differential pressure 
measurement, using Eq. (5.6) it should be possible to calibrate the probe by using a combined 
correction �𝐶𝐶𝑝𝑝𝑝𝑝 − 𝐶𝐶𝑝𝑝𝑝𝑝�, see also Figure 23, applied to the measured differential pressure ∆𝑝𝑝𝑚𝑚,𝑝𝑝.  

As a conclusion it can be said, that similarly to the Pitot-static probe, a low 𝑅𝑅𝑅𝑅 correction should 
be possible to calibrate the averaging pitot probe for the flow velocities present in residential 
chimneys. 

Note that for the averaging probe a 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 based on the average flow velocity in the duct is 
needed, and thus in the following analysis there is the assumption that the average 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 of a 
velocity profile in a duct results in corresponding average 𝐶𝐶𝑝𝑝𝑝𝑝 and 𝐶𝐶𝑝𝑝𝑝𝑝. The theoretically correct 
way would be to integrate 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 over the length of the probe (i.e. the duct diameter) considering 
the velocity profile, see section 4.3. However, the velocity profile is not known and is also varying 
during the measurements, and thus a simpler approach is needed. 

It should also be noted that Figures 21 and 22 probably do not apply as such for situations with 
close proximity to walls, as they are based on measurements without end plates, i.e. a cylinder 
with no obstructions attached to the ends. The literature implies that especially the behavior of 
the wake, and thus the characteristic of the 𝐶𝐶𝑝𝑝𝑝𝑝, will change with the presence of end plates [45]. 

 

 

 

  



   

51 

 

6 PROTOTYPE AVERAGING PITOT PROBE 
 

Two chimney-probe combinations were constructed, in this text denoted D80 and D100, with the 
inner diameters of the ducts 𝐷𝐷𝑖𝑖 = 80.5mm and 𝐷𝐷𝑖𝑖 = 104.5mm, respectively. Stainless steel pipe 
is used as duct material and the chimneys are insulated according to normal procedure with fire 
proof mineral/glass wool.  

The probe and the chimney were constructed and calibrated as a combination (see Figure 29), 
i.e. the probes were not intended to be used in other ducts. A straight duct of approximately 6 ×
𝐷𝐷𝑖𝑖 length, a 90° bend, followed by another 6 × 𝐷𝐷𝑖𝑖 of straight duct before the averaging pressure 
probe, are a fixed part of the chimney construction as an attempt to insure a somewhat similar 
velocity profile when different boilers are connected to it with a flexible duct of stainless steel in 
the laboratory. 

For the prototype probes a very simple design was chosen using two parallel tubes, one as impact 
pressure chamber and the other as wake pressure chamber, see Figure 24 and 25. Two pipe 
connectors were attached to the duct wall in a 90° angle with respect to each other for inserting 
the probes for the two crossing diameters. The design was chosen because of the easy 
construction allowing adaptation to desired ducts and manufacturing in a local workshop, if 
changes would be necessary. 

Each probe was made of two parallel copper tubes (outer diameter 𝑑𝑑𝑝𝑝𝑝𝑝 = 6mm, wall thickness 
1.0 mm). Standard copper tube was chosen as material for the prototypes because of easy 
access to standard pipe parts and easy manufacturing with standard workshop equipment. 
Because of lower heat conductivity stainless steel would be a better material for a final product. 

Impact pressure ports were drilled on the tube facing the flow and wake pressure ports on the 
tube facing downstream. The holes are of 2 mm diameter and were spaced according to the “log-
linear” velocity area method (3 points per radius, without a center port) [14], [15], with the same 
spacing for both impact and wake pressures. Pressure port number, placing and size 
optimizations were left out of scope at this stage and thus there may be a possibility for further 
optimization for the intended application, see section 5.1. 

The probe is equipped with a standard copper tube clamp ring connector, so that it can be 
attached to the duct connector thread. The construction is such that the probe can be removed 
for cleaning in a few seconds, also while the boiler is in operation, and the probe always locks to 
the same position when inserted so that the alignment with flow does not change.  

To ensure a representative average bulk temperature three thermocouple sensors are used, 
Figure 24 and 25. The temperature sensors are placed close to the flow sensor, forming a 
triangle in the duct cross section. Each temperature is logged separately and averaged 
arithmetically afterwards in the data processing. The temperature sensors are placed 50mm 
downstream from the averaging pressure probe and a guiding fitting was made to the threaded 
duct connection so that the temperature sensors can be easily pulled out or changed. 

  



   

52 

 

 

Figure 24. Prototype multi-port averaging probe construction and the average temperature 
measurement, which is placed approximately 30 mm downstream of the pressure probe.   

C
ro

ss
se

ct
io

n
Si

de
se

ct
io

n

di

pr
es

su
re

po
rt

s

Te
m

pe
ra

tu
re

m
ea

su
re

m
en

t

tca
l1

tca
l2

tca
l3



   

53 

 

 

 

 
Figure 25. Photographs of the D80 averaging probe. Top: side view outside of the chimney. 
Middle: installed in the chimney, including the three temperature sensors. Bottom: being taken 
out of the chimney. 
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7 DIFFERENTIAL PRESSURE TRANSDUCERS 
 

The low differential pressures generated in averaging and Pitot-static probes in the considered 
application present a difficult challenge of finding a transducer with acceptable performance. 
Some considerations regarding their performance are explored and the results of testing three 
different transducers are presented here. 

 

7.1   BACKGROUND 
The aim was to use off-the-shelf industry standard pressure transducers. Such pressure 
transducers are not calibrated for measuring the low differential pressures in the application 
described here, see section 4.11. Even if the considered transducers can give a useable signal, 
the problem is that direct calibration for ∆𝑝𝑝𝑚𝑚 < 1 Pa is not readily available as the standard 
calibration in laboratories has an uncertainty of ±0.2 Pa.  

However, as a flow measurement can be calibrated directly by correlating the output signal to a 
known flow rate, as described in section 8, the transducers can be still be used ignoring the 
calibration of the pressure reading. Care still has to be taken in the choice of the transducer so 
that the performance fits the needs of the application.  

Pressure transducers based on both digital (DSP) and analogue (ASP) signal processing can be 
found on the market. In the DSP version the signal can be digitally processed various ways (re-
scaling, averaging, unit conversions, corrections for ambient conditions, etc.) before it is 
converted and passed on as an industry standard electrical current or voltage signal. In the ASP 
version the signal is conditioned, amplified and converted to an industry standard signal. The 
most significant difference is that DSP requires analog to digital signal conversion (ADC) before 
DSP and digital to analog conversion (DAC) after. Due to the complex nature of differential 
pressures produced by gas flow measurements DSP is normally preferred over ASP because of 
the possibility for complex signal processing functions, but also has limitations regarding 
resolution, mainly in the ADC.  

Care has to be taken in the choice of the transducer, as with DSP the range and resolution of the 
first ADC is crucial as the analog signal conditioning before it is normally fixed in the circuit design 
of a commercial product. How the measurement range is adapted to the ADC defines the 
absolute resolution of the measurement and thus the lowest flow rate that can be measured, and 
its uncertainty. The signal output (the DAC after the DSP) does not seem to be an issue, and in 
some devices it can also be re-scaled by the user 

 

7.2  EXPERIMENTAL COMPARISON OF PRESSURE TRANSDUCERS 
Three different transducers, PT1, PT2 and PT3, were tested at low flow rates. PT1 is a late 90’s 
transducer with onboard DSP doing only averaging, range 0 Pa to 50 Pa. PT2 is a model 
manufactured in 2007, where the onboard DSP can be used for several signal processing 
functions, range 0 Pa to 100 Pa. PT3 is a simpler model from 2007, but specifically designed for 
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relatively low differential pressures and equipped with automatic zero level adjustment, range 0 
Pa to 10 Pa.  

A pressure transducer utilizing purely ASP was not found, although there seem to be OEM 
(Original Equipment Manufacturer) pressure gauges available. Using an OEM gauge would also 
require choosing (or designing and constructing) an appropriate amplification and conditioning 
circuit.  

 

7.2.1 MEASUREMENT SETUP 

The tests were performed with the D80 averaging pitot probe prototype described in section 6 
and the calibration rig described in section 8.1. The purpose was to find out how the transducers 
perform in producing the output voltage signal 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 in the intended operating range of the 
averaging Pitot probe. The tests were performed running the system at different constant flow 
rates logging with a 10 s sampling interval of the output signal of the parallel connected 
transducers.  

Figures 26 through 28 show the results, the bottom figures are zoomed in on the dashed box in 
the upper figures. The y-axis scaling is different in each case because the signal outputs of the 
transducers differ. The spread of the samples in the y-axis direction during the steady states is 
due to transducer performance. The spread in the x-axis direction comes from the reference flow 
measurement and is due to the flow rate not being completely constant. 

 

7.2.2 RESOLUTION AND STABILITY 

PT2 and PT3 are clearly not suitable for the range 0 m/s to 0.4 m/s. PT2 has a kink in its 
response (at ~0.18 m/s), the cause of which could not be determined. PT3 shows the impact of 
automatic zero level adjustment (at ~0.2 m/s) where the signal is reset corresponding to a new 
zero differential pressure level. PT2 and PT3 show also insufficient ADC resolution for the range 0 
m/s to 0.4 m/s, which can be seen as y-axis spread and graininess of the samples.  

The y-axis spread of the samples with PT2 and PT3 can be due to unstable sensor or insufficient 
averaging time constant, but can also be the result of insufficient ADC resolution. From around 
0.4 m/s onwards both PT2 and PT3 would have sufficient correlation to the flow rate for 
measurement. As PT1 gave apparently the best performance for low flow rates it was chosen for 
further testing. 

 

7.2.3 TEMPERATURE DRIFT 

The temperature drift of the signal output can be significant regarding the lowest flow rates. Some 
manufacturers have automatic corrections for the ambient temperature built in the electronics.  

As an example, for PT1 the specified temperature drift is <0.5 % of the range per 10 °C 
corresponding to 0.025 Pa/°C. From Figure 15 in can be read that the average expected 
differential pressures are approximately 5 Pa for nominal and 1.5 Pa for 30 % combustion power. 
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For these differential pressures the temperature drift of 0.025 Pa/°C translates to an uncertainty 
of ±0.5 % and ±1.6 %, respectively, for a ±1 °C ambient temperature change. 

The easiest remedy is to keep the ambient temperature of the device as constant as possible. 
Otherwise the temperature drift should be measured, modeled and corrected for. This, however, 
is a very time consuming procedure, as it requires the calibration curves to be done at several 
ambient temperatures and also a time constant should be determined for the stabilization. 
Measurements and modeling of the temperature drift was considered and tested, but was left out 
of scope for this work.  

 

7.2.4 HYSTERESIS, NOISE, TIME CONSTANT 

Hysteresis may appear in pressure transducers as slightly different results for rising and falling 
differential pressures. Another form of hysteresis is “sticky values”, where the signal output 
appears to change in steps, or not settle back to an initial value. These are often also time 
dependent and may thus be difficult to differentiate from the time constant of the averaging 
function, which is explained next. 

The signal outputs of pressure measurements in gas flows are inherently relatively noisy, 
requiring both filtering and averaging. The averaging (also sometimes called damping) is done 
over a period of time in the order of milliseconds to tens of seconds, depending on the objective 
of the measurement. This averaging time is often called Time constant in manufacturer 
specification sheets.  

It should be noted that the time constant of the averaging function is different from settling times 
due to hysteresis, viscous forces, and internal gas volumes of the membrane and the tube 
passages, see section 4.4.2. Each of these phenomena contribute to an overall time constant of 
the measurement. 

Hysteresis, time constant and noise were left out of scope of this study as initial testing did not 
give apparent indications of these being an issue. 

 

7.2.5 ZERO LEVEL ADJUSTMENT - AUTOMATIC ZEROING 
The signal output of a transducer at zero differential pressure is not constant. There is an offset, 
which is changing because the membrane and surrounding electronics are exposed to several 
ambient effects, mainly temperature. For the intended normal industrial applications of the 
transducers, these effects are usually negligible, but for the application discussed in this work 
they may be significant. 

The zero differential pressure signal level should thus be checked and logged regularly. In this 
work an arrangement of 3-way valves was constructed to the pressure passages so that the 
transducer high and low pressure inlets can easily be exposed to the same pressure in a chamber 
protected from ambient air movement disturbances. Zero levels were normally logged as a steady 
state average of 3 minutes. 
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Of the tested transducers PT2 did not readily show values below 0 Pa and had to be re-scaled to 
be able to log the true zero level of the signal, which was a negative output voltage. PT2 also 
showed a kink in the final signal output as seen in Figure 27. This probably could have been 
corrected with onboard calibration potentiometers, but was not tested as it would void the factory 
calibration and PT1 was showing better overall performance. On PT1 the potentiometer for zero 
level signal output adjustment was easily accessible and the final calibration curve shows no 
such kink as for PT2, as seen in Figure 26. 

PT3 had an automatic zero level adjustment so that it would periodically expose both sides of the 
membrane to the ambient pressure and automatically adjust the signal to zero differential 
pressure. When the valves open inside the transducer a click is heard and it seems that this 
function causes random-like zero level signal shifts as seen in Figure 28. These shifts are small 
compared to the measurement range and negligible regarding their intended normal use in 
industrial applications, but for the application considered in this work they are significant and 
thus undesired. 

 

7.2.6 OTHER ERROR SOURCES  

Other error sources, such as magnetic fields, power supply, vibration etc. should also be checked 
for, as these can be significant for the low differential pressures. The transducer should be e.g. 
attached to a stable wall because vibration and changes in inclination may cause significant 
performance changes. For some of the mentioned other expected error sources tests were done 
e.g. by switching on/off electrical devices and ventilation in the laboratory while continuously 
logging the signal output at zero pressure difference. These tests showed no impact on the signal 
output and were thus considered negligible. 
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Figure 26. Low flow rate performance of pressure transducer PT1. Top: for a wider range Bottom: 
zoomed in on the lowest flow rate range (dashed box).  
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Figure 27. Low flow rate performance of pressure transducer PT2. Top: for a wider range Bottom: 
zoomed in on the lowest flow rate range (dashed box). 
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Figure 28. Low flow rate performance of pressure transducer PT3. Top: for a wider range Bottom: 
zoomed in on the lowest flow rate range (dashed box). 

  

0.0 0.2 0.4 0.6 0.8 1.0

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0 1 2 3 4 5 6

Average Bulk Flow Velocity vR [m/s]

Si
gn

al
 O

ut
pu

t [
V]

Volume Flow Rate [l/s]

PT3

0.0 0.1 0.2 0.3

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0 0.5 1 1.5 2

Average Bulk Flow Velocity vR [m/s]

Si
gn

al
 O

ut
pu

t [
V]

Volume Flow Rate [l/s]

PT3



   

61 

 

8 DEVELOPMENT OF A CALIBRATION METHOD 
 

To determine the performance of the measurement method and acquire experimental data for 
development of a calibration method, experimental equipment was constructed in the laboratory 
of Dalarna University (Borlänge, Sweden). The equipment is presented in section 8.1 and a 
proposed calibration method and procedure is presented in section 8.2. 

 

8.1 EXPERIMENTAL EQUIPMENT 
A schematic of the test rig is shown in Figure 29. The calibration reference is a device to measure 
a reference flow rate �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 accurately for the whole intended operating range, and the calibration 
object is the chimney-probe combination, shown with dashed boxes.  

The calibration reference is a set of orifice plates, including fixed straight parts before and after, 
calibrated (SP method 2527) at the Technical Research Institute of Sweden (SP). As the operating 
range of the calibration object is relatively wide, the use of a single orifice plate would have led to 
compromises in uncertainty (either a wide measurement range of the reference pressure 
transducer, or splitting the range for several pressure transducers) and unreasonable fan sizing. 
Minimizing measurement uncertainty at low flow rates was a priority and splitting the expected 
flow range between several orifices provided an adequate solution; �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 can be measured with an 
uncertainty of less than 2 % for the whole range of 0.3 l/s < �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 < 87.4 l/s. The flow ranges and 
corresponding differential pressures ∆𝑝𝑝𝑐𝑐𝑅𝑅𝑓𝑓 for each orifice are shown in Table 4. 

Table 4. Measurement ranges for calibration reference orifice plates. 

Orifice 
Flow range  
�̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 [l/s] 

Corresponding diff. pressure 
 ∆𝑝𝑝𝑐𝑐𝑅𝑅𝑓𝑓 [Pa] 

1 0.3 - 2.9 10 - 200 
2 1.2 - 11.8 10 - 200 
3 2.8 - 27.6 10 - 200 
4 4.7 - 44.7 10 - 200 
5 9.8 - 87.4 10 - 200 

The calibration flow �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓, which is air at approximately 20 °C, is provided by a variable speed fan. 
There was no information available in the literature describing the performance of averaging Pitot 
probes at low flow velocities over a wide range of temperatures.1) It is, however, known that the 
wake characteristics and the boundary layer separation points of flows past cylinders vary with 
temperature, and thus also the produced differential pressure should be a function of 
temperature, e.g. [31], [44]. Thus an aim was also to determine the characteristics by heating up 
the air flow to different temperatures 𝑇𝑇𝑐𝑐𝑙𝑙𝑙𝑙 within the expected operating range of a boiler. A 
variable power electrical heater was installed between the calibration reference and the 
calibration object, with the capacity of heating up the flow to approximately 200 °C. 

1) A later publication [42], not available at the time of the literature survey, presents a temperature 
dependency of the differential pressure of an averaging Pitot probe when using the wake pressure.  
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After heating the recalculated reference flow rate, which is now the calibration flow rate, is 
denoted by �̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙. Preservation of mass is assumed. Duct connections between the calibration 
reference and the calibration object were sealed with high temperature tolerant sealant to 
prevent air leakage to the ambient.  

For the reference temperature 𝑇𝑇𝑐𝑐𝑅𝑅𝑓𝑓 a PT100 sensor was used. For the chimney temperature 𝑇𝑇𝑐𝑐𝑙𝑙𝑙𝑙 
measurements the average of three industrial standard T-type thermocouples was used. All 
sensors were calibrated for the range 0 °C to 100 °C with 0.05 °C uncertainty in the laboratory of 
Dalarna University (Borlänge, Sweden). The thermocouples need to measure temperatures above 
this range and industry standard uncertainties are used for temperatures above 100 °C. The 
ambient relative humidity was measured with factory calibrated sensor. 

For both differential pressure measurements a strain gauge based transducer was used. For 
measuring the ∆𝑝𝑝𝑐𝑐𝑅𝑅𝑓𝑓 over the orifice plates an industrial standard factory calibrated pressure 
transducer was used. For ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 the PT1 and the arrangement for checking the zero signal level 
described in section 7.2 was used.  

The ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 produced by the relatively low flow velocities does not necessarily result in a signal 
which easily can be converted to a differential pressure, because of viscous effects explained in 
sections 4.4 and 5.4, and because the pressure transducer operates at the lower extreme of its 
measurement range as explained in section 7. The conversion of the signal output to a pressure 
would also be an unnecessary step as the pressure transducer signal output voltage 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 is 
directly correlated to a known flow rate �̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙 (calibration reference), which is the needed 
measurand in flue gas flow rate measurements. Therefore the conversion to pressure is omitted 
to simplify the signal processing. 

Data acquisition was done on a computer via a datalogger using a 10 sec sampling interval, 
instantaneous values. All calibration and zero level points are an average of 5 min steady state. 
Both the reference and calibration signals were logged parallel so that all flow rate changes will 
affect both the �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 and the �̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙 steady state averages similarly, unless the time constants of the 
measurements are very different. 
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Figure 29. Calibration rig (not to scale). 
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8.2 CALIBRATION THEORY 
The pressure difference ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙, measured between the impact and wake chambers, corresponds 
to the term ∆𝑝𝑝𝑚𝑚,𝑝𝑝  in the analysis of section 5.4.3. ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 is dependent on 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵, which in a fixed 
geometry is a function of the average flow velocity and viscosity, see section 4.2. The average 
flow velocity is dependent on the volume flow rate �̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙 and the viscosity is dependent on the 
temperature 𝑇𝑇𝑐𝑐𝑙𝑙𝑙𝑙. Thus, in the proposed measurement method, the measurands needed to 
determine the flowrate in the chimney are ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 and 𝑇𝑇𝑐𝑐𝑙𝑙𝑙𝑙, provided a calibration can be made by 
correlating the transducer output voltage 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 (representing ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙) to a known flow rate �̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙.  

The absolute pressure in the duct is assumed to be that of ambient, as usually the draught is at 
maximum -20 Pa (referenced to the ambient) in the intended residential chimneys, compared to 
an ambient absolute pressure of 101 kPa. Similarly changes in the ambient absolute pressure are 
neglected as it does not change significantly. In the presented work both are left out for practical 
reasons as they would require extra equipment and data acquisition channels without 
significantly improving the measurement uncertainty.  

The reference volume flow rate �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 is converted to a mass flow rate according to Eq. (8.1). 
Assuming no leakage and applying the ideal gas law, the calibration flow rate �̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙 is calculated 
with Eq. (8.2). The output signal voltage 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 of the transducer ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 can then be correlated to 
�̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙. 

 �̇�𝑚𝑐𝑐𝑅𝑅𝑓𝑓 = �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 𝜌𝜌𝑐𝑐𝑅𝑅𝑓𝑓 = �̇�𝑚𝑐𝑐𝑙𝑙𝑙𝑙        (8.1) 

�̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙 = �̇�𝑚𝑟𝑟𝑟𝑟𝑓𝑓

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐
= �̇�𝑚𝑟𝑟𝑟𝑟𝑓𝑓 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝜌𝜌𝑟𝑟𝑟𝑟𝑓𝑓 𝑇𝑇𝑟𝑟𝑟𝑟𝑓𝑓
       (8.2) 

The signal output 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 from the pressure transducer is converted to differential pressure ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 
with  Eq (8.3). Note that 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 is a “zeroed” output, Eq (8.4), as the transducers normally have a 
base zero level output voltage which is not 0V. It should also be pointed out that the voltage 
correction 𝐶𝐶𝑈𝑈 is probably a function instead of a constant, as there may be nonlinearities (e.g. 
electronics, strain gauge and membrane physics, gravitational pull because of tilt), which may 
become significant with the very low differential pressures in the current application. These 
nonlinearities are very difficult to identify and differentiate from the averaging probe 
characteristics, and specific experimental parametric studies are needed for the purpose. As a 
starting point 𝐶𝐶𝑈𝑈 will be assumed constant and test calibration results should show the need for 
further development on 𝐶𝐶𝑈𝑈. For the transducer PT1 used in these measurements, 𝐶𝐶𝑈𝑈 =
7.8125 Pa/V. 

∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 = 𝐶𝐶𝑈𝑈 ∙ 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙          (8.3) 

where 

𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 = 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙,𝑚𝑚 − 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙,0        (8.4) 
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Applying Eq. (8.3) to Eq. (2.2) gives Eq. (8.5). This is Bernoulli equation that is not corrected for 
low 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃. 

𝑣𝑣𝑐𝑐𝑙𝑙𝑙𝑙 = �2∙𝑝𝑝𝑑𝑑
𝜌𝜌
�
0.5

= �2∙∆𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐

�
0.5

≈ �2 𝐶𝐶𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐

�
0.5

      (8.5) 

 

Applying Eq. (8.3) to Eq. (5.6) gives Eq. (8.6), which is the correlation correcting for low 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃. 

𝑣𝑣𝑐𝑐𝑙𝑙𝑙𝑙 = �2 𝑝𝑝𝑑𝑑
𝜌𝜌
�
0.5

= � 2 ∆𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐 �𝐶𝐶𝑝𝑝𝑝𝑝−𝐶𝐶𝑝𝑝𝑤𝑤�

�
0.5

≈ � 2 𝐶𝐶𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐 �𝐶𝐶𝑝𝑝𝑝𝑝−𝐶𝐶𝑝𝑝𝑤𝑤�

�
0.5

    (8.6) 

The volume flow rates corresponding to Eq. (8.5) and (8.6) are given by Eq. (8.7) and (8.8), 
respectively where 𝐴𝐴𝑃𝑃 is the duct cross sectional area. 

�̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙′ ≈ 𝐴𝐴𝑃𝑃 �
2 𝐶𝐶𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐

�
0.5

        (8.7) 

�̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙′ ≈ 𝐴𝐴𝑃𝑃 �
2 𝐶𝐶𝑈𝑈 𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐 �𝐶𝐶𝑝𝑝𝑝𝑝−𝐶𝐶𝑝𝑝𝑤𝑤�
�
0.5

       (8.8) 

Note that in Eq. (8.5) through (8.8), instead of lumped calibration coefficients, the constants 𝐶𝐶𝑈𝑈, 
𝐴𝐴𝑃𝑃 and 20.5 are intentionally kept separate to be able to pedagogically differentiate between the 
correction factors and evaluate them separately.  
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9 TESTING OF THE CALIBRATION METHOD 
 

A set of measurements were performed in the laboratory of Dalarna University (Borlänge, 
Sweden) during the years 2008-2010. The aim was to test the concept of using an averaging 
Pitot probe for measuring the low flow rates present in residential chimneys by experimentally 
confirming the theory presented in section 5 and the calibration procedure proposed in section 
8.2. 

 

9.1 DATA SETS 
After initial test measurements the data sets summarized in Tables 5 and 6 were used in this 
study. 

The isotherm data sets were measured at different temperatures so that a temperature 
correction could later be studied, if needed. The 𝑇𝑇𝑐𝑐𝑙𝑙𝑙𝑙 for the isotherms chosen were ambient 
temperature (approximately 17 °C to 20 °C), 70 °C, 120 °C and 170 °C.  

The rest of the data sets were performed to study the impact of various disturbances, e.g. 
changes in the inlet configuration and clogging after use in flue gas flows. Because of 
construction work the measurement equipment had to be moved to a new laboratory during the 
experiments and this is pointed out in Tables 5 and 6 as it turned out that the moving temporarily 
affected the equipment. 

Because of both fire hazard and risk of damage to the calibration rig there was a limitation to the 
minimum flow rates that could be used with certain temperatures, and thus there are fewer 
points the higher the 𝑇𝑇𝑐𝑐𝑙𝑙𝑙𝑙 and the lower the �̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙. For a thorough analysis and calibration this is a 
deficiency, but regarding the intended application this is not crucial. The temperature of flue gas 
after the boiler correlates with the combustion power and low flue gas flow rates with high 
temperatures from a normal residential boiler are unlikely. 

Figures 30 and 31 show the calibration data sets D80_7 through D80_10 and D100_7 through 
D100_10. These isotherms were specifically done to study the temperature dependency of the 
signal output and the correlations. The dashed curves and lines following the data points are 
curve fits to aid visualization of the isotherms. 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 is shown for evaluation of the flow type in 
the duct and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 for evaluating the viscous forces affecting the measurement. It should be 
noted that 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 is based on the average flow velocity along the probe length (duct diameter) 
and cannot directly be compared to values from literature, which are mostly based on 
measurements with a uniform velocity across the length of the cylinder.  
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Table 5. Data sets for the D80 probe. 

Data 
set Lab Temp Description 

D80_7 Old Room Calibration data set for isotherms 

D80_8 Old 70 °C Calibration data set for isotherms 

D80_9 Old 120 °C Calibration data set for isotherms 

D80_10 Old 170 °C Calibration data set for isotherms 

D80_11 Old Arbitrary First the probes were taken out for “cleaning” and re-installed. A set of 
data points was logged with arbitrary temperatures and flow rates. 

D80_12 Old Room 
A flexible tube was installed between the fan and the chimney. A set 
of data points was logged with 0º, 45º and 90º entrance angles to the 
chimney. Room temperature was used. 

D80_13 New Room 

Because of moving to a new laboratory, the whole calibration rig and 
all measurement equipment were dismantled and re-installed in a 
new laboratory. A straight duct without the heater was used for one 
set of data points. Room temperature was used. 

D80_14 New Room 
A flexible tube was installed between the fan and the chimney in a 
sharp “S-bend” and an additional set of data points was logged. 
Room temperature was used. 

 

Table 6. Data sets for the D100 probe. 

Data set Lab Temp Description 

D100_7 Old Room Calibration data set for isotherms 

D100_8 Old 70 °C Calibration data set for isotherms 

D100_9 Old 120 °C Calibration data set for isotherms 

D100_10 Old 170 °C Calibration data set for isotherms 

D100_11 Old Arbitrary 

A flexible tube was installed between the fan and the chimney as it 
would be installed to a boiler during normal laboratory 
measurements. A set of data points was logged with arbitrary 
temperatures and flow rates. 

D100_12 New Room 

Because of moving to a new laboratory, the whole calibration rig and 
all measurement equipment were dismantled and re-installed in a 
new laboratory. A flexible tube was installed between the fan and the 
chimney in a gentle “S-bend” as in normal operation. Room 
temperature was used. 

D100_13 New Room A repetition of D100_12 

D100_14 New Room Deposits of ash on probe after boiler measurements 
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Figure 30. Data sets D80_7 through D80_10; output voltage at different flow rates (top) and 
calculated 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 with different flow rates (bottom). 

  

0 1 2 3 4 5 6 7

0

1

2

3

4

5

6

7

0 10 20 30 40

Calibration Flow Velocity vcal [m/s]

Pr
es

su
re

 T
ra

ns
du

ce
r P

T1
 O

ut
pu

t U
ca

l[
V]

Calibration Flow Rate Vcal [l/s]

Tcal = 20 °C

Tcal = 70 °C

Tcal = 120 °C

Tcal = 170 °C

D80

0

200

400

600

800

1000

1200

0 1 2 3 4 5 6 7

0

5000

10000

15000

20000

25000

30000

35000

0 10 20 30 40

Re
PO

D

Calibration Flow Velocity vcal [m/s]

Re
BA

V

Calibration Flow Rate Vcal [l/s]

Tcal = 20 °C

Tcal = 70 °C

Tcal = 120 °C

Tcal = 170 °C

D80



   

69 

 

 

 
 

Figure 31. Data sets D100_7 through D100_10; output voltage at different flow rates (top) and 
calculated 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 with different flow rates (bottom). 
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9.2 QUADRATIC CORRELATION 
As a first step the data sets are compared to the basic quadratic Bernoulli correlation Eq. (8.7). 
This will reveal the low 𝑅𝑅𝑅𝑅 characteristics, which can be compared to literature, and also possible 
temperature dependencies. 

Figure 32 shows the D80 probe flow rate predicted with the quadratic Bernoulli correlation 
without low 𝑅𝑅𝑅𝑅 correction, i.e. Eq. (8.7), compared to the calibration flow rate. The corresponding 
relative errors are shown in Figure 33 as a function of 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃. 

In Figure 33 it can be seen that for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 > 250 the flow rate is predicted to within ±10 % 
deviation, but for approximately 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 < 250 a low 𝑅𝑅𝑅𝑅 characteristic is apparent where the flow 
rate is significantly overestimated. If this is because of viscous effects or a characteristic of the 
pressure transducer cannot be confirmed because of reasons explained in the similar analysis of 
Figure 35, which shows the same results for the D100 probe. 

Figure 34 shows the D100 probe flow rate predicted with the quadratic Bernoulli correlation 
without low 𝑅𝑅𝑅𝑅 correction, i.e. Eq. (8.7), compared to the calibration flow rate. The corresponding 
relative errors are shown in Figure 35 as a function of 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃. 

In Figure 35 it can be seen that for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 > 250 the flow rate is predicted to within ±5 % 
deviation, but for approximately 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 < 250 the deviation spreads in both directions. Data sets 
D100_12 and D100_13 deviate significantly from the rest of the data sets for both D80 and 
D100. The low 𝑅𝑅𝑅𝑅 characteristic of these two data sets seems to be the opposite of the rest. 
D100_12 and D100_13 were the first data sets measured after moving the equipment to a new 
laboratory. The deviation was found to come in combination with a significantly different zero level 
signal output from the pressure transducer, which was apparent only in these two measurements. 
Because of these deviating data sets it cannot be concluded that the apparent low 𝑅𝑅𝑅𝑅 behavior in 
the other data sets is only due to viscous effects, as it also can be a characteristic of the pressure 
transducer.  

In Figure 33 there is a temperature dependency evident for the D80 probe, which is not the case 
for D100. Similar characteristic for a probe measuring flows rates in vehicle exhaust pipes is 
reported by [42], where using the static pressure gave no temperature correlation, but using the 
wake pressure did. Because of the inconsistent results with D100, probably due to instability in 
the pressure transducer, further analysis of this characteristic is left out. 

The impacts of the emulated “disturbances” and inlet configuration changes performed in data 
sets D80_11 through D80_14 and D100_11 through D100_14 are not directly evident in the 
measurements. Because of the later discovered apparent instability of the pressure transducer 
these impacts are not analyzed in detail. 
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Figure 32. The quadratic correlation compared to the calibration flow rate for D80. The approximate 
combustion power is for wood pellet combustion with 𝑡𝑡𝐹𝐹𝐹𝐹 = 170 °C and 𝜆𝜆 = 2 (see section 4.1.2). 
 

  
Figure 33. Flow prediction error of the quadratic correlation for D80. The approximate combustion power is 
for wood pellet combustion with 𝑡𝑡𝐹𝐹𝐹𝐹 = 170 °C and 𝜆𝜆 = 2 (see section 4.1.2). 
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Figure 34. The quadratic correlation compared to the calibration flow rate for D100. The approximate 
combustion power is for wood pellet combustion with 𝑡𝑡𝐹𝐹𝐹𝐹 = 170 °C and 𝜆𝜆 = 2 (see section 4.1.2). 
 

 
Figure 35. Flow prediction error of the quadratic correlation for D100.The approximate combustion power 
is for wood pellet combustion with 𝑡𝑡𝐹𝐹𝐹𝐹 = 170 °C and 𝜆𝜆 = 2 (see section 4.1.2). 
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9.3 QUADRATIC CORRELATION WITH LOW RE CORRECTION 
As a second step the low 𝑅𝑅𝑅𝑅 correction factors should be identified as 𝑓𝑓(𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃) and applied to 
Eq. (8.8). This step could not be completed as two data sets for D100 revealed probable 
instability in the pressure transducer, and thus it could not with certainty be confirmed if the 
apparent low 𝑅𝑅𝑅𝑅 characteristics in the rest of the data sets were mainly because of the viscous 
effects or a characteristic of the pressure transducer. Therefore the data is not sufficient to 
confirm the correction for low 𝑅𝑅𝑅𝑅, i.e. Eq.26, which was the key objective to be able to accurately 
measure the very low flows rates during start and stop sequences, and leakage flows. New 
measurements, preferably also with a comparison to an alternative pressure transducer, would 
be needed, but could not be performed within the time frame of the project. 

As a conclusion, the identification of the low 𝑅𝑅𝑅𝑅 correction presented in section 5.4 could not be 
accomplished. 

 

9.4 ANALYSIS OF INCONSISTENT RESULTS 
It was noted that the average zero level of the PT1 transducer signal output was temporarily 
shifted upwards after moving the equipment to a new laboratory. This deviation lasted for two 
measurement data sets D100_12 and D100_13. The reason for the deviation could not be 
determined during the project. Possible explanations:  

• A slightly different inclination of either the wall or the plate that the transducer is installed 
on, so that the gravitational pull on the transducer membrane results in a different 
response. This is plausible as tilting a transducer by only a few degrees results in an 
obvious change in the output signal. Also some manufacturers note this change in sensor 
response in the specification sheets. However, there is no explanation for how the value 
returned back to normal levels. 

• Something in the transducer has changed mechanically during the transport, e.g. slight 
movement of a calibration potentiometer or the pressure sensing membrane. This is 
plausible, although there is no explanation for how the value returned back to normal 
levels.  

• Changes in the ambient temperature of the transducers during the measurements can 
cause significant changes in the performance and a stable ambient temperature was an 
objective. The ambient temperature was also logged and no correlation was found. 

• Changes in the relative humidity of ambient air affecting the pressure transducer 
response. D100_12 and D100_13 were performed in late March, while D100_14 was 
performed in late July. The average indoor humidities were 𝜑𝜑𝑐𝑐𝑅𝑅𝑓𝑓 = 20 % and 𝜑𝜑𝑐𝑐𝑅𝑅𝑓𝑓 =
60 %, respectively. However, manufacturer specifications do not mention this parameter 
as a potential error source. 

• Electrical changes, i.e. differences in power supply or signal wiring between the old and 
new laboratories. E.g. signal wire contact resistances or the DC supply voltage to 
transducer may have changed. This is plausible and might be temporary. 

The reason for the deviation cannot be determined based on the available data sets and the 
recorded information on ambient conditions during the measurements, and therefore testing of 
the proposed calibration procedure cannot be completed in this work. The situation implies that 
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in further work the pressure transducers should be thoroughly tested before any extensive 
measurements sequences are performed. 

 

9.5 IRRECOVERABLE PRESSURE DROP CAUSED BY THE PROBE 
One of the aims of the measurement method was a low irrecoverable pressure drop induced to 
the flow measured, as this is important in field measurements and also in laboratory 
measurements if natural draught chimneys are to be used.  

The total pressure drop caused by the D80 averaging probe prototype was determined by 
installing long straight ducts before and after the chimney, see Figure 36. Pitot probes sensing 
the total pressures 𝑝𝑝𝑡𝑡1 and 𝑝𝑝𝑡𝑡2 were installed in the middle of these straight ducts and the total 
pressure drop ∆𝑝𝑝𝑡𝑡1−𝑡𝑡2 = (𝑝𝑝𝑡𝑡1 − 𝑝𝑝𝑡𝑡2) was logged at different flow rates, both with and without the 
D80 probe in the chimney. The difference in ∆𝑝𝑝𝑡𝑡1−𝑡𝑡2 with and without the D80 probe at a 
constant flow rate is caused by the probe.  

The total pressures were measured with the PT1 presented in section 7.2. The flow rate 
measurement of �̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓 and data logging were performed as described in section 8.1. The 
measurement was done at room temperature. It should be noted that the specified uncertainty of 
the PT1 is ±0.5 Pa. 

 

 

Figure 36. Schematic of the setup used for measuring the irrecoverable pressure drop caused by 
the D80 averaging probe, not to scale.  
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The measured pressure drop caused by the probe is shown in Figure 37. If a 13 l/s flow rate is 
assumed (corresponding to approximately 13 kW combustion power, see Table 3) as maximum 
for a D80 chimney then the maximum pressure drop would be approximately 1 Pa. The viscosity 
of flue gas at a higher temperature would be lower than that of air at 20 °C, thus causing a lower 
pressure drop. The observed pressure drop can be considered acceptable for normal residential 
boilers and stoves. 

At the time of the pressure drop measurement the D100 chimney was used for boiler testing and 
its pressure drop could not be measured. However, considering the geometry, its pressure drop 
can be assumed lower to that of D80 because in the larger duct diameter the probe covers a 
smaller cross-sectional area of the duct (lower blockage factor). 

 

Figure 37. Measured irrecoverable pressure drop caused by the D80 probe with a quadratic 
correlation fit.  
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10 DISCUSSION 
 

Based on the available literature, as described in section 5, the averaging probe shape can be 
optimized to give both a higher differential pressure output for the same flow rates, and an 
optimized wake pressure characteristic. Also commercial products with optimized shapes exist, of 
which one could have been calibrated for low flow rates. The construction used was chosen 
because of ease of manufacturing at a local workshop, and the possibility to adapt the probe to 
the desired duct size. Also, earlier research results in literature, regarding e.g. stagnation and 
wake pressures in low 𝑅𝑅𝑅𝑅 flows, are mostly for round cylinders in cross flows. Using arbitrary cross 
section shapes (e.g. wing or diamond), either commercial or self-made, would result in difficulties 
to compare the measurement results to previous research. Optimization of the probe geometry 
was therefore left out for future work. 

More pressure transducers could have been tested to find one with better characteristics (noise, 
hysteresis, temperature drift etc.). After initial testing, however, a suitable candidate was found, 
and the problems with long term stability could not be foreseen until the equipment was moved. 
At this stage most of the data sets were already measured and the measurement sequences 
could not be repeated within the project. 

A thorough uncertainty analysis of the averaging Pitot probe method is not presented. The reason 
for this is the apparent instability of the pressure transducer. The pressure transducer proved to 
be a critical component in the method and therefore any conclusions about uncertainty for 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 < 250, approximately, cannot be confirmed until e.g. malfunction of the pressure 
transducer can be ruled out. 

The flow characteristics from combustion (pulsating flow) may be different from a fan induced 
flow. Also, the measured individual sample points of the data sets are based on steady states, 
which rarely occur in practice. Further issues are the time constant and the averaging function of 
the pressure transducer and the possible time lag caused by viscous effects with low 𝑅𝑅𝑅𝑅 flows. 
Performance of the whole method during transient flows should be determined, and this can be 
tested e.g. with step changes in the flow rate. The aim of the current work, however, was to test 
the concept, i.e. whether the low 𝑅𝑅𝑅𝑅 flows present in residential chimneys can be calibrated for.  

A comparison of different flow rate measurement methods is not done. There are other methods 
suitable for continuous measurements, such as orifice plates, venturi tubes, anemometers and 
particle image velocimetry. The purpose of this study is to evaluate the performance of the 
standardized Pitot-static method and the averaging Pitot method in low 𝑅𝑅𝑅𝑅 flows, which is needed 
to be able to do a comparison to other methods. 
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11 CONCLUSIONS 
 

A literature survey and a theoretical study were performed to characterize residential chimney 
conditions for flue gas flow measurements. The focus is on Pitot-static probes to give sufficient 
basis for the development and calibration of a velocity pressure averaging probe suitable for 
continuous measurement of transient flows with the low flow velocities present in residential 
chimneys. 

The pressure averaging probe is a simple remedy to overcome the problems with asymmetric and 
changing velocity profiles, which the Pitot-static method suffers from, but still keeping low the 
irrecoverable pressure drop caused by the probe. The experimental results imply that the low flow 
rate limit of the averaging measurement method depends on the performance of the differential 
pressure transducer, as the differential pressures produced with normal residential chimney 
diameters in combination with the chosen probe size are close to the performance limitations of 
readily available pressure transducers. The pressure transducer chosen in this study had 
instability, which sets the method performance limitation at and below partial combustion rates of 
approximately 30 % to 50 %, depending on boiler size and the allowed uncertainty. It should be 
possible to improve the performance of the method by focusing on finding or building a suitable 
pressure transducer. 

The performance of the averaging method can further be improved by optimizing the geometry of 
the probe. Another way of improving the uncertainty would be increasing the probe size relative to 
the conduit diameter to produce a higher differential pressure, with the expense of increasing the 
irrecoverable pressure drop. 

 

11.1    CHIMNEY FLOW CHARACTERISTICS 
The flow velocities in residential chimneys from a heating boiler under normal operating 
conditions are shown to be so low that they in some conditions result in voiding the assumptions 
of non-viscous fluid, which justify the use of the quadratic Bernoulli equation. A non-linear 
calibration coefficient as a function of 𝑅𝑅𝑅𝑅 is needed to avoid significant measurement errors due 
to viscous effects.  

The range of 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 < 10 000 during normal boiler operation results in the flow type changing 
from laminar, across the laminar to turbulent transition region, to fully turbulent flow. This results 
in significant changes of the velocity profile during continuous measurements of transient flows. 
In addition, the short duct lengths (after bends and changing duct shapes) used in practice are 
shown to result in that the measurements are done in the hydrodynamic entrance region, where 
the flow velocity profiles most likely are neither fully developed nor symmetrical.  

Measurements with a realistic chimney setup were done for two internal diameters of 𝐷𝐷𝑖𝑖 =
80.5mm and 𝐷𝐷𝑖𝑖 = 104.5mm. The results show that the velocity profiles are both changing 
significantly (laminar and turbulent characteristics) and are skewed because of bends in the 
ducts. 
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Single point continuous velocity pressure measurement methods (center point or three quarter 
radius) are prone to significant errors if the velocity profile is not consistent or predictable. 

A measurement method insensitive to velocity profile changes is thus needed, if the flow velocity 
profile cannot otherwise be determined or predicted with reasonable accuracy for the whole 
measurement range.  

Because of particulate matter and condensing fluids in the flue gas it is beneficial if the probe 
can be constructed so that it can easily be taken out for cleaning, and equipped with a locking 
mechanism to always ensure the same alignment in the duct without affecting the calibration.  

The literature implies that there may be a significant time lag in the measurements of low flow 
rates due to viscous effects in the internal impact pressure passages of Pitot probes. The 
significance in the discussed application has not been studied experimentally in this work, but 
should be studied in the future.  

Care should be taken with the temperature measurement, e.g. with averaging of several sensors, 
as significant temperature gradients may be present in flue gas ducts. 

 

11.2    EVALUATION OF THE PITOT-STATIC METHOD 
It is shown that the flow conditions in residential chimneys do not meet the requirements set in 
ISO 10780 and ISO 3966 for Pitot-static probe measurements, and the methods and their 
uncertainties are not valid. The main issues are the low flow velocity 𝑣𝑣𝑅𝑅���  < 3 m/s, resulting in 
∆𝑝𝑝𝑚𝑚,∞ < 5 Pa and 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 < 600, and significantly changing velocity profiles. The same standards 
do not provide correction methods for conditions below the given limits for velocity, 𝑅𝑅𝑅𝑅 and 
differential pressure. In all such cases the measurement method should be calibrated specifically 
to the application and its whole operating range, and preferably in situ. 

In laboratory conditions a carefully in-situ calibrated Pitot-static probe may still perform 
sufficiently well, with a carefully conditioned flow in combination with the correction method 
presented in section 2.4.  

 

11.3    EVALUATION OF THE AVERAGING PITOT PROBE 
The principle of operation of an averaging Pitot probe is presented. The basic characteristics of 
the stagnation and wake pressures of cylinders in cross flows are studied. Based on these a 
theory (method) is presented for correcting an averaging pitot probe for low 𝑅𝑅𝑅𝑅 flows. 

The literature implies that especially the behavior of the wake, and thus the characteristic of the 
𝐶𝐶𝑝𝑝𝑝𝑝, will change with the presence of end plates, which may be a case similar to a closed conduit. 
The detailed study of this characteristic is left for future work. 
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11.4    DIFFERENTIAL PRESSURE TRANSDUCERS 
The measured differential pressures from Pitot-static probes in residential chimney flows are so 
low that the calibration and specified uncertainties of commercially available pressure 
transducers are not adequate for the purpose. The pressure transducers need to be calibrated 
specifically for the application, preferably in combination with the probe, and the significance of 
all different error sources should be investigated carefully.  

The characteristics of three industrial standard pressure transducers were tested for suitability for 
very low differential pressure measurements with the averaging probe prototypes and the 
calibration rig. Two of the transducers were unsuitable for measuring average flow velocities 
below 0.4 m/s, which would be required for measuring the flue gas flowrate of a boiler operating 
at 30 % combustion power, or the low flow rates during start, stop and standby sequences. 

The ambient temperature of pressure transducers need to be kept as constant as possible as the 
temperature drift of the output signal may be a significant error source. 

The differential pressure measurement was found to be the weak link in the experimental setup 
of this work. The pressure transducer PT1 chosen based on initial testing showed long term 
instability during the measurements sequences, for which the reason could not be determined 
during the study. 

The experience from this study implies that a new calibration needs to be done if the pressure 
transducer is moved to a new location. E.g. the tilt of the transducer needs to be carefully 
controlled to ascertain a similar characteristic of the response. 

 

11.5    DEVELOPMENT AND TESTING OF A CALIBRATION METHOD 
A calibration theory and a method for an averaging Pitot probe are presented. The output signal of 
a pressure transducer, combined with a temperature measurement, is calibrated by a known flow 
rate.  

A calibration rig with the possibility for variable flow and temperature was designed and 
constructed.  

Two averaging multiport Pitot probe prototypes were designed and constructed. The construction 
is such that the probes are easy to unmount for cleaning, but still always locked in the same 
position in the duct.  

Several data sets were acquired for both the D80 and D100 prototype probes. Isotherm data sets 
were measured for deriving the correlations and identifying the parameters. Validation data sets 
were measured with arbitrary temperatures, emulated varying inlet configurations and 
disturbances.  

The characteristics of the prototypes were compared to a quadratic correlation (simplified 
Bernoulli’s theorem). Good agreement was found for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 > 250, which for the studied probes 
corresponds to 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 > 4000.  
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For D80 the flow rate is predicted to within ±10 % deviation for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 > 250. For approximately 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 < 250 a low 𝑅𝑅𝑅𝑅 characteristic is apparent where the flow rate is significantly 
overestimated. 

For D100 the flow rate is predicted to within ±5 % deviation for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 > 250. For approximately 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 < 250 the deviation appears to spread in both directions, instead of consistent 
overestimation as apparent for D80 and predicted by theory. This apparent characteristic is 
because two inconsistent data sets and can be tracked back to the moving of the equipment to a 
new laboratory, which implies instability in the pressure transducer. 

A temperature dependency was observed in the D80 probe response, causing the apparently 
higher spread in the deviation from the quadratic correlation for 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 > 250, compared to the 
D100. The reason was not further studied because the inconsistent data sets for the D100 probe 
suggest instability in the pressure transducer that would make conclusions questionable. Similar 
temperature dependence has been reported for an averaging Pitot probe in a vehicle exhaust 
pipe [42].  

A correction for the low 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 < 250 characteristic could not be made because of the 
combination of temperature dependency for the D80 probe and two inconsistent data sets for the 
D100 probe. There are not enough data sets to both explain the apparently different temperature 
characteristics of the two probes and to validate the low 𝑅𝑅𝑅𝑅 corrections. 

The irrecoverable pressure drop caused by the probe was found to be <1 Pa, which is considered 
acceptable for field measurements and for emulating field conditions in a laboratory by letting the 
burner operate in realistic natural chimney draught conditions. 
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12 FUTURE WORK 
 

The analysis and results presented leave several questions unanswered and open some new 
ones, which need to be studied to further develop the averaging Pitot probe measurement 
method for the low flow velocities present in residential chimneys.  

 

12.1    DETAILED CHARACTERISTICS OF PRESSURE TRANSDUCERS 
The stability and repeatability of the pressure transducer was found to be a critical factor, and 
thus a more stable transducer is needed. More transducers need to be tested, studying also the 
possibility of modification of these transducers for better performance in the presented 
measurement method. Another possibility is to build a transducer based on OEM pressure 
sensors, adding amplification and filtering suitable for the purpose.  

The impact of ambient factors (such as tilt, temperature and relative humidity) on the 
performance of the transducers needs to be tested in more detail. Especially the tilt seems to be 
a critical factor, and tests should be done to find out e.g. whether the transducer should be 
vertical or horizontal. 

 

12.2    DETAILED CHARACTERISTICS OF THE PRESSURE COEFFICIENTS 𝑪𝑪𝑪𝑪𝑪𝑪 AND 𝑪𝑪𝑪𝑪𝑪𝑪 

The characteristics of both 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑓𝑓(𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃) and 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑓𝑓(𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃) of the probe need to be 
determined in more detail for the case of nearby walls and non-uniform or changing velocity 
profiles. This can be done either experimentally or by CFD, or as a combination of both. An 
important characteristic to determine is the temperature dependency of 𝐶𝐶𝑝𝑝𝑝𝑝, which seems to be 
a characteristic of a small conduit diameter relative to the probe size, see also section 12.4.  

 

12.3    OPTIMIZATION OF PROBE CROSS SECTION 
The current probe configuration of round cylinders was chosen because of ease of manufacturing 
in local workshops, and to be able to compare the results to earlier research. 

The probe cross section can be optimized for giving maximum ∆𝑝𝑝𝑚𝑚,𝑝𝑝 while keeping 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝑓𝑓(𝑅𝑅𝑅𝑅) 
as simple as possible. Extensive work has been done in the area, but most of the studies are for 
𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 > 12000 and often for even much higher ranges. For these higher 𝑅𝑅𝑅𝑅 regimes the 
available literature is quite consistent on that sharp edges in the cross section (e.g. a diamond 
shape) result in the wake being always separated at the same points, thus giving a more 
predictable 𝐶𝐶𝑝𝑝𝑝𝑝 and better repeatability as some critical changes in the wake are avoided. A 
study is needed to determine whether this is also true for the laminar region, and to find out 
which probe cross sections give optimal characteristics for the purpose.  
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12.4    PROBE RESPONSE DEPENDENCY ON THE FLUID FLOW TEMPERATURE  

The results for the D80 probe imply a temperature dependency of 𝐶𝐶𝑝𝑝𝑝𝑝, whereas the D100 do not. 
Also another reported case of temperature dependency for vehicle exhaust pipes was found in 
recent literature [42]. The temperature dependency with different duct diameters should 
therefore be studied further.  

This is not critical for the calibration of an averaging probe as the detailed characteristics can be 
treated as a black-box model, but avoiding the calibration with varying temperature would make 
the calibration procedure much less time consuming and simplifying the calibration rig. 

 

12.5    DETERMINING THE TIME CONSTANT 
The pressure transducers have a time constant (stabilization time), which needs to be determined 
so that suitability for measuring short transients can be estimated. The possible time lag caused 
by viscous effects with low 𝑅𝑅𝑅𝑅 flows may also be significant and needs to be determined 
experimentally as the available literature on the topic is scarce.  

An estimation of the time constant can be done by comparing the transducer output stabilization 
time to the reference flow rate stabilization. Sudden changes in the reference flow rate can be 
used as a step test. 

 

12.6    UNCERTAINTY ANALYSIS 
Due to problems with the equipment, a thorough uncertainty analysis of the method was not done 
in this study. Extensive tests to prove the long term stability and repeatability of the differential 
pressure measurement are needed before a calibration and validation can be done. 

 

12.7    IMPACT OF DEPOSITS 
The impact of clogging was not tested thoroughly. As with the case of the uncertainty analysis, 
this testing should be done after a suitable differential pressure transducer is found. 
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12.8    DEVELOPING THE AVERAGING METHOD FURTHER FOR FIELD MEASUREMENTS 
One of the objectives was to develop a method which is applicable also to large scale field 
measurements of residential boilers in realistic conditions. These field measurements present 
several challenges: 

• Ambient conditions for the pressure transducers may vary significantly. For the chosen 
transducer instability was an issue already in a controlled environment. 

• The probe will most likely be mounted with very short straight settling lengths upstream 
and downstream. Although the averaging probe is developed with the specific intention to 
tackle these problems, the performance in extremely varying configurations needs to be 
validated better. 

• Clogging of the probe will probably be more extensive than in laboratory conditions due to 
boilers operating in non-optimal settings and conditions. The effects of deposits and 
clogging need to be determined before applied to these conditions. 

• Validation of the calibration in field conditions will be difficult and methods need to be 
developed for this. 
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14 NOMENCLATURE 
  

  

𝐴𝐴𝑖𝑖 [𝑚𝑚2] Duct internal cross section area 
𝑏𝑏 [𝑚𝑚] Length, distance between side walls 
𝐶𝐶𝑝𝑝  [−] Pressure coefficient 
𝐶𝐶𝑝𝑝𝑝𝑝  [−] Stagnation (total, impact, Pitot) pressure coefficient 
𝐶𝐶𝑝𝑝𝑝𝑝  [−] Wake (base) pressure coefficient 
𝑑𝑑 [𝑚𝑚] Diameter (cylinder) 
𝑑𝑑𝑝𝑝𝑝𝑝 [𝑚𝑚] Probe outer diameter 
𝑑𝑑𝑝𝑝𝑖𝑖  [𝑚𝑚] Probe impact hole diameter 
𝐷𝐷𝑖𝑖     [𝑚𝑚] Duct internal diameter 
𝐾𝐾 [−] Pitot-static probe calibration coefficient 
𝑙𝑙 [𝑚𝑚] Length 
𝑙𝑙𝐻𝐻 [𝑚𝑚] Hydraulic length, characteristic measure 
�̇�𝑚𝑐𝑐𝑙𝑙𝑙𝑙 [𝑘𝑘𝑘𝑘/𝑠𝑠] Mass flow rate (calibration object) 
�̇�𝑚𝑐𝑐𝑅𝑅𝑓𝑓 [𝑘𝑘𝑘𝑘/𝑠𝑠] Mass flow rate (calibration reference) 
𝑛𝑛 [−] Velocity profile factor 
𝑝𝑝 [𝑃𝑃𝑃𝑃] Pressure 
𝑝𝑝𝑑𝑑 [𝑃𝑃𝑃𝑃] Dynamic pressure, velocity pressure 
𝑝𝑝𝑝𝑝 [𝑃𝑃𝑃𝑃] Pitot pressure, stagnation pressure 
𝑝𝑝𝑠𝑠 [𝑃𝑃𝑃𝑃] Local surface node pressure 
𝑝𝑝𝑡𝑡 [𝑃𝑃𝑃𝑃] Free stream total pressure 𝑝𝑝𝑑𝑑 + 𝑝𝑝𝑠𝑠 
𝑝𝑝∞ [𝑃𝑃𝑃𝑃] Free stream static pressure 
𝑃𝑃1   [−] Shape dependent parameter 
𝑃𝑃2   [−] Shape dependent parameter 
𝑟𝑟𝑝𝑝𝑝𝑝 [𝑚𝑚] Probe outer radius 
𝑟𝑟𝑝𝑝𝑖𝑖 [𝑚𝑚] Probe stagnation port radius 
𝑅𝑅 [𝑚𝑚] Location on duct radius 
𝑅𝑅𝑖𝑖 [𝑚𝑚] Duct internal radius 
𝑅𝑅𝑐𝑐 [−] Relative location on duct radius 
𝑅𝑅𝑅𝑅 [−] Reynolds number 
𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵 [−] 𝑅𝑅𝑅𝑅 based on 𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵 and 𝐷𝐷𝑖𝑖 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 [−] 𝑅𝑅𝑅𝑅 based on probe local 𝑣𝑣 and 𝑑𝑑𝑝𝑝𝑝𝑝 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅  [−] 𝑅𝑅𝑅𝑅 based on probe local 𝑣𝑣 and 𝑟𝑟𝑝𝑝𝑝𝑝 
𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅  [−] 𝑅𝑅𝑅𝑅 based on probe local 𝑣𝑣 and 𝑟𝑟𝑝𝑝𝑖𝑖 
𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡  [−] Critical 𝑅𝑅𝑅𝑅 (transition between laminar and turbulent flow types) 
𝑡𝑡𝑐𝑐𝑙𝑙𝑙𝑙  [º𝐶𝐶] Fluid temperature (calibration object) 
𝑇𝑇𝑐𝑐𝑙𝑙𝑙𝑙  [𝐾𝐾] Fluid temperature (calibration object) 
𝑡𝑡𝐹𝐹𝐹𝐹  [º𝐶𝐶] Flue gas temperature 
𝑡𝑡𝑐𝑐𝑅𝑅𝑓𝑓  [º𝐶𝐶] Fluid temperature (calibration reference) 
𝑇𝑇𝑐𝑐𝑅𝑅𝑓𝑓  [𝐾𝐾] Fluid temperature (calibration reference) 
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𝑈𝑈𝐻𝐻  [𝑚𝑚] Characteristic hydrodynamic measure (e.g. radius, diameter or length) 
𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙,0  [𝑉𝑉] Pressure transducer (calibration object) output voltage at ∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙 = 0 
𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙  [𝑉𝑉] “Zeroed” output voltage 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙 = 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙,𝑚𝑚 − 𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙,0 (calibration object) 
𝑈𝑈𝑐𝑐𝑙𝑙𝑙𝑙,𝑚𝑚  [𝑉𝑉] Pressure transducer (calibration object) output voltage, measured 
𝑣𝑣  [𝑚𝑚 𝑠𝑠⁄ ] Fluid velocity 
𝑣𝑣0  [𝑚𝑚 𝑠𝑠⁄ ] Fluid velocity at duct center axis 
𝑣𝑣𝑐𝑐𝑙𝑙𝑙𝑙  [𝑚𝑚/𝑠𝑠] Fluid velocity (average velocity at calibration object) 
𝑣𝑣𝑙𝑙𝑙𝑙𝑚𝑚  [𝑚𝑚 𝑠𝑠⁄ ] Local velocity in laminar flow case 
𝑣𝑣𝑡𝑡𝑡𝑡𝑐𝑐𝑡𝑡  [𝑚𝑚 𝑠𝑠⁄ ] Local velocity in turbulent flow case 
𝑣𝑣𝑅𝑅  [𝑚𝑚 𝑠𝑠⁄ ] Fluid velocity at 𝑅𝑅 
𝑣𝑣𝑅𝑅���  [𝑚𝑚 𝑠𝑠⁄ ] Average fluid velocity over 𝑅𝑅 (average bulk velocity) 
𝑣𝑣𝑅𝑅𝑐𝑐  [𝑚𝑚 𝑠𝑠⁄ ] Fluid velocity at 𝑅𝑅𝑐𝑐 
�̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙  [𝑚𝑚3 𝑠𝑠⁄ ] Fluid volume flow rate (calibration object) 
�̇�𝑉𝑐𝑐𝑙𝑙𝑙𝑙′   [𝑚𝑚3 𝑠𝑠⁄ ] Fluid volume flow rate (calibration object, predicted) 
�̇�𝑉𝑐𝑐𝑅𝑅𝑓𝑓  [𝑚𝑚3 𝑠𝑠⁄ ] Fluid volume flow rate (calibration reference) 
𝑥𝑥𝑓𝑓𝑑𝑑  [𝑚𝑚] Length to achieve fully developed flow velocity profile 
 
Greek symbols 
𝜈𝜈  [𝑚𝑚2 𝑠𝑠⁄ ] Fluid kinematic viscosity 
𝜆𝜆  [−] Combustion excess air ratio 
𝜂𝜂  [−] Thermal efficiency 
𝜔𝜔  [−] Moisture content of fuel (wet basis) 
𝜌𝜌  [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] Fluid density 
𝜌𝜌𝑐𝑐𝑙𝑙𝑙𝑙  [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] Fluid density (calibration object) 
𝜌𝜌𝑐𝑐𝑅𝑅𝑓𝑓  [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] Fluid density (calibration reference) 
Δ𝑝𝑝  [𝑃𝑃𝑃𝑃] Differential pressure (velocity pressure) 
∆𝑝𝑝𝑚𝑚  [𝑃𝑃𝑃𝑃] Differential pressure (measured) 
∆𝑝𝑝𝑚𝑚,𝑝𝑝  [𝑃𝑃𝑃𝑃] Differential pressure (measured) referenced to the wake pressure 
∆𝑝𝑝𝑚𝑚,∞  [𝑃𝑃𝑃𝑃] Differential pressure (measured) referenced to the static pressure 
∆𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙  [𝑃𝑃𝑃𝑃] Differential pressure (calibration object) 
∆𝑝𝑝𝑐𝑐𝑅𝑅𝑓𝑓  [𝑃𝑃𝑃𝑃] Differential pressure (calibration reference) 
 
Acronyms 
𝐷𝐷80  Chimney with 𝐷𝐷𝑖𝑖 = 80𝑚𝑚𝑚𝑚 
𝐷𝐷100  Chimney with 𝐷𝐷𝑖𝑖 = 100𝑚𝑚𝑚𝑚 
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