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Abstract 
 
In the greenhouse gas emission monitoring from 

industrial stacks, S-type Pitot tube is the most commonly 
used to measure the stack gas velocity. Various factors 
such as Reynolds number, misalignment of installation 
angle can be additional error sources for the S-type Pitot 
tube coefficients due to harsh environments. In present 
study, wind tunnel experiments were conducted to 
examine the effects of various factors on the S-type Pitot 
tube coefficients. Numerical simulations were also used 
to understand flow phenomena around S-type Pitot tube 
when misalignment and distortion of geometry happen.  
 

Introduction 
 

Extensive researches for reduction of greenhouse gas 
emissions have been conducted in the countries with a 
high proportion of greenhouse gas emissions arising from 
the energy and industrial fields, such as heavy industry, 
petrochemical and power plants [1]. In order to reduce 
greenhouse gas emissions, accurate and reliable studies 
on greenhouse gas emissions measurement techniques 
should be carried out first. Recently, the measurement 
method of greenhouse gas emissions in the world is 
changing from the fuel consumptions calculation 
methods of IPCC guidelines to Continuous Emission 
Monitoring (CEM) used in the U.S. EPA in terms of 
accurate and actual emission measurements[2,3].  
 

 
 

Fig. 1. Configuration of S-type Pitot tube 

The average flow rate in the CEM is obtained by 
measuring an average flow velocity, a density and a 
cross-section area in the stacks. To measure the flow 
velocity in the industrial stack, a S-type (Stauscheibe or 
reverse) Pitot tube have been used widely by ISO 
standards and EPA Guideline [4-5]. The S-type Pitot tube 
was designed to measure flow velocity in high dust 
environments for industrial stacks, which has large 
pressure orifices and strong tubes compared with the L-
type Pitot tube, as shown in figure 1. The flow velocity 
can be obtained by measuring differential pressure 
between an impact orifice and an wake orifice based on 
the Bernoulli equation. The S-type Pitot tube coefficient 
( P,SC ) is used to calculate the flow velocity by 

measuring the the differential pressure with the S-type 
Pitot tube as the following equation. 
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where as P∆  is the differential pressure between the 
impact and the wake orifices. ρ is the density of fluid in 
the stacks. The S-type Pitot tube is calibrated in the wind 
tunnel of the national measurement institutes or the 
accredited calibration laboratories. However, the S-type 
Pitot tube is usually installed and inserted in the stacks of 
harsh environments such as high altitude and high 
temperature. It is also difficult to observe and check the 
inside of the stack for the precise installation of the S-
type Pitot tube. Therefore, the misalignments such as 
pitch angle rotation are able to happen during the 
installation of the S-type Pitot tube outside of the stack. 
As the diameter of stacks increases, the sampling point 
positions for measuring velocity distributions in the stack 
should increase according to EPA method[5]. Since the 
inserted length of S-type Pitot tube also increases, a yaw 
angle misalignment of S-type Pitot tube can be caused 
due to the deflection of the tube in the large diameter 
stacks. In addition, the flow rate of emission gas can be 
changed due to unstable process in each industrial 
condition. This would cause the change of flow velocity 
(Reynolds number) in the stack, which is measured by S-
type Pitot tube. Since S-type Pitot tube is used in 
different installation alignments and velocity range 
conditions  from calibration conditions, it affects the 
accuracy of flow rate measurements using calibrated S-
type Pitot tube coefficients. 



 
 

Fig. 2. Experimental set-up of S-type pitot tube in the KRISS 
wind tunnel 

 
Various attempts have been made to evaluate accuracy 

of S type Pitot tube coefficients for measuring of flow 
rate in the stack since the 70s of the last century. Leland 
et al.[6] examined factors that affect the Pitot tube 
coefficients, including blockage, misalignment, 
proximity, turbulence and Reynolds number. Williams 
and DeJarnette[7] evaluated the effect of geometry 
changes, misalignments, aerodynamic effects and 
swirling flows on accuracy of S-type Pitot tube. Vollaro 
et al.[8] investigated the effect of the impact opening 
misalignment of S-type Pitot tube which could be 
deformed by harsh environment of stacks. However, the 
interval and range of misalignment and Reynolds 
numbers in the above studies were larger than those of 
misalignment can occur in the actual measurement 
environment. Hence, it is not enough to evaluate the 
uncertainty and accuracy of the flow rate measure by S-
type Pitot tube in the stacks. Little attention has been 
given to explanation why the S-type Pitot tube coefficient 
changes according to factors such as Reynolds numbers 
and misalignments. 
Recently, several numerical studies have examined to 

understand flow phenomena around L-type  Pitot tube. 
Boetcher and Sparrow[9] carried out numerical 
simulations of laminar flow around Pitot tube in the low 
Reynolds number. They observed the change of 
streamline pattern due to viscous effects near the nose of 
the Pitot tube. It caused 2 % deviation of calibration 
coefficients of Pitot tube. Numerical simulations for 
averaging Pitot tube have been conducted to understand 
flow patterns around Pitot tube. Kabacinski and 
Pospoita[10] designed new cross-section of averaging 
Pitot tube by using 2D and axi-symmetrical numerical 
analysis with turbulence model. Calibration method and 
installation effect of averaging Pitot tubes were also 
evaluated by numerical studies[11-12]. Despite various 
numerical studies on L-type Pitot tube and averaging 
Pitot tube, only few attempts have so far been made to 
investigate flow fields around S-type Pitot tube 
numerically[13]. 
 

 
 

Fig. 3. Computational domain and mesh distribution 
 
The main objective of the present study is to evaluate 

the effect of various factors such as installation 
misalignment and Reynolds number on the S-type Pitot 
tube coefficients for accurate and reliable measurements 
of greenhouse gas emission in the industrial stacks. To 
achieve this, wind tunnel experiments in KRISS standard 
air speed system were conducted to examine the S-type 
Pitot tube coefficients with various factors condition. 
Numerical simulations were also used to understand flow 
phenomena around S-type Pitot tube when misalignment 
and distortion of geometry happened.  
 

Experimntal apparatus and numerical 
simulation method 

 
Experiments in windtunnel 

 
To determine S-type Pitot tube coefficients, calibration 

tests were performed in subsonic open-circuit wind 
tunnel of KRISS (Korea Research Institute of Standards 
and Science), which was used as national air speed 
standards as shown in figure 2. The test section 
dimensions were 900 mm(width) × 900 mm(height) × 
6000 mm(length). n present experiments, the inlet 
velocities varied from 2 m/s to 15 m/s. The Reynolds 
numbers ( dRe  ) defined based on the diameter of 

static/total pressure orifice are 1,000 ~ 7,000. The 
turbulent intensity in the test section is less than 0.5%. 
The expanded uncertainty levels(U) of flow velocity 
measurements in KRISS wind tunnel standards system 
are less than 1.1% from 2 - 5m/s and 0.6% 5 - 15 m/s at 
the 95% confidence level, which was evaluated by 
ISO/IEC Guide [14-15]. To evaluate the effect of 
misalignment installation for S-type Pitot tube 
coefficients, S-type Pitot tube was installed on the wall of 
test section with a rotating device. The rotating device 
had been designed to change the pitch and yaw angles of 
S-type Pitot-tube from -10° to +10° with 2° interval. S-
type Pitot tubes used in this wind tunnel tests were 
selected among manufactured products applied to 
measure the air velocity in the stack. 



 
 

Fig. 4 Reynolds number effect on S-type Pitot tube 
 

Numerical simulation method 
 
To understand the flow phenomena around the S-type 

Pitot tube, numerical simulations for three dimensional 
incompressible Navier-Stokes equations were conducted 
by using commercial code ADINA 8.7[16]. The finite 
element method based on Galerkin method was used in 
the spatial integration of the governing equations. Flow 
Condition Based Interpolation (FCBI) function was 
applied as a weighting function to calculate flow fields. 
The integration was performed with ADINA composite 
method with second-order accuracy.The turbulence 
model in present simulations was Detached Eddy 
Simulation (DES) model developed to solve flow 
separation and reattachment phenomenon in high 
Reynolds number [17]. DES is proposed by combining 
the advantage of Reynolds Averaged Navier-Stokes 
Simulation (RANS) and Large Eddy Simulation (LES). 
Length scale is defined as follow in DES with Spalart - 
Allmaras one-equation model. DES uses Spalart - 
Allmaras RANS model with low computational cost 
when length scale equals to length scale in the boundary 
layer near the wall. On the other hand, LES SGC model 
was used with high resolution when length scale is in the 
area away from the walls.  
Figure 3 shows the details of computational domain 

which is identical with test section of wind tunnel, 30D × 
30D × 180D. D is the distance between the orifices of 
static pressure and total pressure. No-slip boundary 
conditions were used in walls of S-type Pitot tube and the 
test section of wind tunnel. A pressure out condition is 
applied as outflow boundary condition. The inflow 
velocities were varied from 2 to 15 m/s and Reynolds 
numbers ( DRe ) were 3,000 - 22,000, respectively. 

875,500 unstructured meshes with tetrahedral elements 
were applied in total computational domain.  
 

Results and discussion 
 

The effects of Reynolds numbers on S-type 
Pitot tube coefficients 

 
The S-type Pitot tube coefficients are determined by 

comparing the L-type Pitot tube coefficients which are 
calibrated in the national measurement institutes or the 
accredited calibration laboratories. In this study, to 
determine the S-type Pitot tube coefficients, the S-type   

 
 

Fig. 5. Pressure distributions and velocity vectors around S-type 
Pitot tube at ReD=10,000 

 
and the L-type Pitot tube were installed in the opposite 
direction of the test section, as shown in Figure 2.  The S-
type Pitot tube coefficients were calculated by measuring 
and comparing the differential pressures of two Pitot 
tubes in each inlet velocity as the following equation. 
 

S

Std.
Std.P,SP, ∆P

∆P
CC ×=                                                          (2) 

 
where  StdP,C , SP,C  are L-type Pitot tube coefficient and 

S-type Pitot tube coefficient, respectively. Std.∆P  , SP∆  

are differential pressures of the L-type Pitot tube and the 
S-type Pitot tube. 
 To investigate the effect of Reynolds numbers on the S-
type Pitot tube coefficients, the wind tunnel experiments 
of S-type pitot tubes were conducted in the range of 
3,000< DRe <22,000. The S-type Pitot tube coefficients 

at each Reynolds number were determined by measuring 
several times in the same way as the calibration 
procedure of the national measurement institutes or the 
calibration laboratories. Figure 4 shows the distribution 
of the average values and the standard deviations for S-
type Pitot tube coefficients over range of the from 3,000 
to 22,000. The expanded uncertainty of the S-type Pitot 
tubes was 1.2%, which is slightly larger than those of L-
type Pitot-tube coefficients. The deviation of each value 
from the average value of S-type Pitot tube coefficients 
were less than 0.3% within all range of Reynolds 
numbers. Note that the effect of Reynolds number on the 
S-type Pitot tube coefficients is negligible compared with 
the total uncertainty of the flow rate measurements. This 
result is accordant with those of previous researches on 
the correction of S-type Pitot tube coefficient [6]. 
 Figure 5 shows the pressure distributions and the 
velocity vectors around the S-type Pitot tube obtained at  

DRe =10,000 by the numerical simulations. The pressure 

values are normalized by dynamic pressure (20ρU ), 

where 0P , 0U  are the upstream pressure and velocity, 

respectively. High positive pressure distributions are 
observed near the impact orifice due to the stagnation of 
incoming flow. On the other hand, negative pressure 
distributions are presented near the wake orifice since 
flows are separated from surfaces of the wake orifice. 
The difference of pressure distribution for the impact and  



 
 

Fig. 6. Effect of pitch angle misalignment on S pitot tube 
coefficient  

  
wake orifice is calculated to S-type Pitot tube coefficients. 
Due to complicated geometry between impact and wake 
orifices, the separated flows are also developed to 
vortical structure behind the impact orifice. Therefore, 
the normalized pressure distributions near S-type Pitot 
tube are observed identically in the range of DRe  from 

3,000 to 22,000, which is consistent with the results of 
figure 4. 
 
The effects of misaligned installeation on S-

type Pitot tube coefficients 
 

The pitch angles of the S-type pitot tube were varied 
from -10° to +10° with 2° interval by using the rotating 
device installed on the wind tunnel wall. The positive (+) 
pitch angle is the clockwise direction relative to the 
installed wall of the test section. Figure 6 shows the 
change of the S-type Pitot tube coefficients according to 
the pitch angle misalignments within the range of 
Reynolds number ( DRe  ) from 5,500 to 22,000. S-type 

Pitot tube coefficients ( PC ) at each pitch angle are 

normalized with S-type Pitot tube coefficients ( °P,0C  ) of 

pitch angle 0°. The normalized S-type Pitot tube 
coefficients decrease up to -2 % as the pitch angle 
increases to ±10°. Although the fluctuating of S-Pitot 
tube coefficient can be seen according to the Reynolds 
number, the symmetric tendency of coefficients in both 
negative and positive pitch angle appears identically in 
the all Reynolds numbers.  
To further understand the pitch angle misalignments, 

the flow phenomena around misaligned S-type Pitot tube 
were investigated by numerical simulations. Figure 7 
presents the normalized pressure distribution and the 
streamline in the cross-section of the S-type Pitot tube, 
which was cut in the center of two orifices with parallel 
to the wall of wind tunnel. The flow patterns around the 
impact and the wake orifices for pitch angle -10°, 0° and 
+10° at DRe =10,000 are compared. In the case of 

negative pitch angle misalignment, the normalized 
pressure values near the wake orifice decrease due to the 
enhancement of separated flow from surface of the 
orifice. Hence, the difference pressure between impact 
and wake orifice increases. The S-type Pitot tube 
coefficients with negative pitch angle show lower value 
than that of normal installation condition. 

 
 

Fig. 7. Pressure distribution and velocity vector with 
misalignment installation according to pitch angle,  

a) cross-sections of S-type Pitot tube, b) Pitch angle =0°, 
 c) Pitch angle = -10°, d) Pitch angle = -10° 

 
In the case of positive pitch angle misalignment, since 
the direction of incoming and separating flow near two 
orifices is symmetric with that of negative pitch angle 
misalignment, the S-type Pitot tube coefficients show 
similar tendency according to pitch angles to values of 
negative pitch angle. 
 To investigate the effect of yaw angle misalignments due 
to the deflection of the S-type Pitot tube in the large 
diameter stacks, wind tunnel experiments were conducted 
in the range of yaw angles from -10° to +10° with 2° 
interval. The positive yaw angle is the downstream 
direction of flows in the test section. Figure 8 represents 
the change of the S-type Pitot tube coefficients regarding 
to the yaw angle misalignments within the range of  from 
5,500 to 22,000. The normalized S-type Pitot tube 
coefficients decrease up to -2% regardless of Reynolds 
numbers as the yaw angle increases to -10° in the 
negative direction. In the case of positive yaw angles, the 
S-type Pitot tube coefficients increase as Reynolds 
numbers and yaw angles increase. To further explore the 
change of the S-type Pitot tube coefficients according to 
the yaw angle misalignments, numerical simulation for 
flow fields around the misaligned S-type Pitot tube were 
conducted at  DRe =10,000 , as shown in figure 9. In the 

case of -10° yaw angle, the low pressure distributions are 
observed near the wake orifice since a vertical structure 
grows up behind the wake orifice. Hence, the S-type Pitot 
tube coefficients decrease in the negative yaw angles. 
 

 
 

Fig. 8. Effect yaw angle misalignment on S pitot tube 
coefficient 



 
 

Fig. 9. Pressure distribution and velocity vector with 
misalignment installation according to yaw angle 

 
 On the other hand, when the positive yaw angle 
misalignments happen, incoming flows separate strongly 
at the upper edge of the impact orifice due to the tilted 
geometry. Therefore, the S-type Pitot tube coefficients 
increase due to the recovery of the pressure distribution 
near the wake orifice. Note that the maximum deviation 
of the S-type Pitot tube coefficient is about 2 % in the  
negative yaw angle misalignments which can occur in the 
industry stacks due to the deflection of the S-type Pitot 
tube. 
 

Conclusion 
 
For the reduction of greenhouse gas emission as 

national policies about global warming, it is essential to 
develop accurate and reliable measurement techniques 
for greenhouse gas flow rate.  To this end, experimental 
and numerical studies were conducted on the factors that 
affect the accuracy of flow rate measurements by using 
the S-type Pitot tube which used in the field of industry, 
energy and plant etc. The effect of Reynolds numbers, 
misaligned installations and manufacturing qualities on 
the S-type Pitot tube coefficients were investigated by 
considering the flow rate measurement environments in 
the industrial stacks. Conclusions about the change of S-
type Pitot tube coefficients by the factors investigated in 
the present study are as follows.  

The deviation and uncertainty of S-type Pitot tube 
coefficients in range of 3,000 < DRe   < 22,000 were less 

than 0.3 % and 1.21 %, respectively. Hence, the change 
of Reynolds numbers has no effect on the S-type Pitot 
tube coefficients. The S-type Pitot tube coefficients 
decreased up to -2% as the pitch angle misalignments 
happen from -10° to +10°. The symmetric tendency of 
the S-type Pitot tube coefficients in both positive and 
negative pith angle misalignments were revealed by 
numerical simulation of flow phenomena near the impact 
and wake orifices of S-type Pitot tube. The maximum 
deviation of the S-type Pitot coefficient is about -2% in 
the negative yaw angle misalignments which can occur in 
the industry stacks due to the deflection of the S-type 
Pitot tube. The flow structures near the impact and wake 
orifices with numerical simulations explained the change 
of S-type Pitot tube coefficients according to the 
direction of yaw angle misalignments.  
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