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Bi-directional probes are utilized throughout fire science to measure fire-induced flows due to their ability to
measure flow which changes direction, and to withstand hostile environments. However, they are not available
commercially and researchers must take it upon themselves to make and manufacture them. S-type pitot probes
(S-probes) work on the same principle as bi-directional probes, measuring the differential pressure between
two openings, thereby offering the same benefits. However, S-probes also feature reliable manufacturing and
calibration standards. In this study, the performance of bi-directional and S-probes is characterized against
pitot-static probes in two scenarios. First, measurements of a steady, smooth flow in a well-characterized
wind tunnel are examined. Second, the probes are used to measure the velocity profile across a turbulent jet
from a blower fan. In both scenarios, the S-probe performed comparable to or better than the bi-directional
probe in terms of accuracy. It is found that S-probes have similar performance to bi-directional probes in well
conditioned flows. In the turbulent jet flow measurements, S-probe measurements are within 2% of pitot-static

measurements in the core region of the jet, while bi-directional probes are within 6%.

1. Introduction

Fire research experiments create harsh and challenging conditions
for diagnostic instrumentation. The instruments must be robust enough
to withstand the smoke and high temperatures while delivering accu-
rate results. Robust probes such as thermocouples, heat flux gauges,
and bi-directional probes, are commonly used to provide valuable mea-
surements of temperature, heat flux, and flow velocity, respectively.
Flow measurements are necessary to quantify the transport of heat and
smoke generated by a fire, and bi-directional probes are ubiquitous
when measuring fire-induced flows [1-5]. The bi-directional probe is
similar to the standard pitot-static probe as it is a differential pres-
sure device used to infer flow velocity. The bi-directional probe was
designed for the dirty and hostile fire environment, with the primary
objective of conducting measurements in areas where the directionality
of the flow is expected to shift, as the name implies. Large openings
(see Fig. 1) with perpendicular pressure leads safeguard the probe from
clogging by particulates and condensation, making it ideal for measure-
ments in smoke-laden flows [6]. Additionally, the large openings make
the probe less sensitive to flow angle, allowing it to be used without
precise knowledge of flow orientation. Previous characterizations of
the probe estimate it to be about 10% accurate as compared to a
pitot-static probe [6,7]. Despite the bi-directional probe being a very
practical device for fire experiments, commercial development did
not materialize, resulting in researchers having to manufacture their
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own probes and rely on previous calibrations in most cases. Hence
an instrument important to the progress of fire research has existed
without a reliable manufacturing source and adequate characterization.

Like the bi-directional probe, the S-type pitot probe (S-probe) was
also designed for particle-laden flows in harsh environments. It is
comprised of two tubes of the same size with a cut-off bend, and each
tube is welded together, as shown in Fig. 1. The tubes comprising the
S-probe form the openings and act as the pressure leads. The larger
diameter of the pressure leads prevent clogging from particulates in
the flow [8-10]. The upstream opening is subject to the total pressure
and the downstream opening experiences a reduced pressure. This
design provides the same benefits as the bi-directional probes but
with simpler construction and better accuracy [8-11]. Frequent use
of the S-probe did take hold in the emissions monitoring industry,
and it became readily available from a variety of commercial sources.
The S-probe is offered with a wide range of lengths and end connec-
tors, providing researchers and practitioners with an off-the-shelf flow
monitoring device for harsh environments. It is the primary device
for providing reference flow measurements when auditing continuous
emissions monitoring systems (CEMS) at the smokestacks of electric
power plants [8]. The U.S. Environmental Protection Agency (EPA)
has established dimensional requirements to standardize its production
and therefore normalize its use across the emissions industry. The
baseline calibration coefficient for S-probes manufactured according
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Fig. 1. Diagrams of a bi-directional probe (left) and S-probe (right).

to these dimensional requirements is 0.84 [8], as determined from
early investigations by the EPA and ASTM for a host of S-probes
with various geometries and physical conditions [9,11]. The baseline
coefficient has also been adopted by the International Organization for
Standardization (ISO) [10].

Recent investigations have revisited the performance of the S-probe
with respect to manufacturing quality and sensitivity to flow direc-
tion. This new interest in the S-Probe is due to global efforts to
establish accurate emissions inventories and mitigate the impact of
greenhouse gas emissions on climate change. Recent studies, when
combined, have tested more than one hundred S-probes to determine
the impact of geometry, manufacturing source, Reynolds number, and
flow alignment on the calibration coefficient [12-14]. In all cases the
calibration coefficient was within + 3% of the baseline coefficient as
long as the alignment of the probe axis and the bulk flow was within
+ 10°. Simulations of calibration experiments using computational
fluid dynamics (CFD) demonstrated less than 2% discrepancy between
calibration coefficients determined from simulations and experiments,
further supporting the accuracy of the baseline coefficient [15]. Studies
such as these provide a large body of evidence to support the per-
formance of the S-probe. Due to the well-characterized performance
and commercial availability, researchers have begun to utilize the S-
probe to characterize fire induced flows. It has been utilized in recent
investigations of fire whirls to measure air entrainment rates [16-18].

This study characterizes the S-probe as an alternative to the bi-
directional probe. The comparative study is carried out in two steps.
First, a well-characterized wind tunnel is utilized to compare the read-
ings of bi-directional and S-probes with a pitot-static probe. The three
probes are subject to 5 flow speeds spanning the range typical of fire
induced flows [1,3,4,7]. For a subset of these speeds, multiple S-probes
are tested to examine variability due to previous use and geometry. Sec-
ond, the three probes are subject to flow from a centrifugal blower —
also known as a squirrel-cage fan. The fan provides flow turbulence and
intermittency similar to realistic flow scenarios in fire environments. In
both cases, the bi-directional probe and S-probe are compared to the
pitot-static probe measurements to evaluate their accuracy.

2. Materials and procedures

Photos of the pitot probe, bi-directional probe, and S-probe are
shown in Fig. 2. The pitot probes utilized have a 3.175 mm outer
diameter with a 1 mm diameter total pressure port at the tip. The static
pressure ports are located 15 mm behind the total pressure port and the
insertion length of the pitot probes is 30.5 cm.

The bi-directional probes were constructed from a 16 mm diameter
tube cut to a length of 32 mm such that the openings have a diameter
of 16 mm. A characteristic of bi-directional probes is that the aspect
ratio (length to width) should remain at 2. A metal plate separates the
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total pressure and static pressure sides, and 4.76 mm diameter tubes are
welded at the base of the probe which captures the respective pressure.

S-probes are composed of two 0.95 cm diameter tubes with a 45°
bend that is cut-off making a perpendicular face with respect to the
incoming flow. The tubes are welded along their respective spines, with
each tube collecting either the total pressure or static pressure.

Each probe’s total pressure and static pressure ports were then
connected to the positive and negative sides, respectively, of a pressure
transducer.

The flow velocity measurements from S-probes and bi-directional
probes were compared against pitot probe results under two separate
test conditions. The first, a wind tunnel (WT) with a well-conditioned,
steady, uniform flow field. The second, an open wind jet (WJ) provided
by a fan blower mounted on a table at a fixed distance from the probe
under study. At each test condition, the manufacturing consistency was
also examined by subjecting multiple probes (identified as A-E) of the
same type. The test matrix is summarized in Table 1. The wind tunnel
results show the idealized performance of each probe. While the wind
jet tests show how the probes would respond in a more realistic envi-
ronment. Additionally, two fouled S-probes and bi-directional probes
were tested in order to determine how much of the use of the probes
in a sooty or contaminated environment impact the probe response.
The S-probes were fouled during velocity measurements of the exhaust
system at NIST’s National Fire Research Lab (NFRL) [19], while the bi-
directional probes were fouled measuring the vent flow out of a large
compartment fire [5].

2.1. Wind tunnel

Wind tunnel testing was conducted at 1,2,4,6, and 8 m/s to compare
the S-probe and bi-dir. probe response to the pitot-static probe. A
schematic of the wind tunnel used is shown in Fig. 3. The overall design
is composed of the fan, a diverging—converging flow conditioning sec-
tion, test section, and a diverging section that exhausts into the room.
The fan is powered by a 1.1 kW (1.5 HP) motor (Baldor EM3667T")
controlled by a variable frequency driver (VFD) (Baldor VSIMD). The
test section has a cross-sectional area of 0.5 m x 0.5 m and a total length
of 2 m.

Probes under testing were installed 58 cm from the inlet to the
test section, centered with respect to the width, and the center of
each respective probe sensing area 24 cm above the bottom of the
test section. A pitot probe was simultaneously collecting velocity data
during wind tunnel tests. The check velocity pitot probe was installed
25 cm behind of the probe under testing, laterally offset by 6 cm, and
30.5 cm above the bottom of the test section.

The velocity range chosen corresponds to typical flow speeds en-
countered in fire-induced flows. Five different S-probes and bi-dir.
probes were utilized for a subset of the flow speeds (2,4,6 m/s) to
examine the impact of previous use and manufacturing variability. At
each flow set point, data was collected for 300 s and repeated three
times. The set points for the wind tunnel tests are shown in Table 1 as
WT.

2.2. Wind jet

For the wind jet tests, a blower fan powered by a 0.25 kW (1/3 HP)
motor (Dayton 6K030G) was mounted to a table as shown in Fig. 4. The
blower flow outlet was 13.65 cm by 21 cm and was situated 12.4 cm
above the table surface. The probes were mounted 1.55 m away from
the fan outlet on a translational slide that moved perpendicular to the

! Certain commercial products are identified in this report to specify
adequately the equipment used. Such identification does not imply a recom-
mendation by the National Institute of Standards and Technology, nor does it
imply that this equipment is the best available for the purpose.
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Fig. 2. The three velocity probes tested.

Fig. 3. Wind Tunnel schematic and probe configuration within the test section. Th
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Fig. 4. Side and Top view of the blower-fan setup.

Table 1

Test matrix. WT experiments indicate which flow speeds the probe was subjected to. WJ experiments show the step size along the translational

rail.

Probe A B C 5 -
Pitot WT 1,2,4,6,8 m/s WT 1,2,4,6,8 m/s x x X
WJ 1 cm WJ 2 ecm
S-probe WT 1,2,4,6,8 m/s WT 1,2,4,6,8 m/s WT 2,4,6 m/s WT 2,4,6 m/s WT 2,4,6 m/s
P WJ 1 cm WJ 2 em « § N
L WT 1,2,4,6,8 m/s WT 1,2,4,6,8 m/s WT 2,4,6 m/s WT 2,4,6 m/s WT 2,4,6 m/s
Bi-dir.
WJ 1 cm WJ 2 cm x « %

flow. The center of each probe’s respective sensing area was 28 cm
above the surface of the table. Two probes of each type were tested
(A & B). Flow velocity was measured across a 47 cm span to map out
the jet velocity profile. The ‘A’ probes were moved at 1 cm increments
and the ‘B’ probes at 2 cm increments, these are denoted in the test
matrix ( Table 1) as WJ.

2.3. Instrumentation and data acquisition

The operating principle of the three kinds of probes (pitot-static, bi-
directional, and S-probe) is similar. Each probe measures the total and

static pressure. The pressure differential between the two ports, AP, is
measured utilizing a capacitance manometer (MKS 220CD Baratron).
The velocity, V, is then calculated from the Bernoulli equation, such
that:

[24P
V= Cpb T

C,, represents the probe coefficient for each respective probe. Al-
though the tests were conducted at ambient conditions, the air density,
p, was calculated using the Ideal gas law (p = P,M/RT), where M
is the molecular weight of air, R the ideal gas constant and P the

@
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Fig. 5. Test section flow verification utilizing two different pitot probes. On the top is
the wind tunnel flow response and the bottom shows the percent difference between
the pitot probe measurements.

ambient air static pressure. The temperature (7)) was measured at the
probe using a thermocouple (Omega Type K). The air density must
be accounted for properly, particularly in heated flows, to maintain
accuracy.

During the wind tunnel tests, the monitoring pitot probe was con-
nected to a second capacitance manometer (MKS 220DD Baratron).
Both manometers were calibrated against the National Fire Research
Lab’s (NFRL) working standard for pressure (NFRL WSTD 577967).
Data from the manometers was acquired using a data acquisition board
(NI cDAQ-9188).

3. Results and discussion
3.1. Wind tunnel

Characterization of the wind tunnel flow with respect to fan set
point was verified using two pitot probes. Measurements from the
probes were acquired simultaneously. Fig. 5 shows the flow response
to be linear over the range of fan settings. For flows greater than 2 m/s
(12 Hz fan setting), the flow is steady with less than 1% variation. The
discrepancy between pitot probe measurements is less than 0.3% on
average, confirming the flow response at the test section.

The results from all the probes tested in this study are summa-
rized in Fig. 6. The x-axis indicates the response from a pitot probe
taking simultaneous measurements, and the y-axis corresponds to the
measured velocity from the probe under consideration. The velocity
(Eq. (1)) was calculated with a probe coefficient, C,, = 0.93, for the
bi-directional probes and C,, = 0.83 for the S-probes. Overall, both
the S-probes and bi-directional probes perform similarly, matching the
velocity measured by the pitot probe (C,, = 1).
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Broadly speaking, the probes performed similarly, however, in order
to examine the accuracy of each probe, the percent difference from the
pitot probe measurement was calculated, as shown in Fig. 7. Both types
of probes become more accurate as the velocity increases. At the lower
flow speeds, the maximum observed difference was approximately
2.5% for S-probes and -3% for the bi-directional probes, the negative
sign indicating that the bi-directional probe was underpredicting the
pitot probe. For flow less than 7 m/s, the S-probes tended to over pre-
dict while the bi-directional probes underpredicted the measurement.
The opposite trend was observed at higher flows. Most measurements,
however, fell within + 1% for both types of probes. The fouled probes
did not show any diminished accuracy compared to clean probes.

The standard deviations from the respective probes are shown in
Fig. 7. The well-conditioned flow results in measurement fluctuations
less than 2%. However, the impact of probe type or geometry is
still apparent. Measurements from the pitot probe show a standard
deviation consistently below 1% of the mean, and decreasing to approx-
imately 0.5% at higher flow speeds. The S-probe and the bi-directional
probe both demonstrate standard deviations larger than the pitot probe
measurements. Generally, the standard deviation of flow measurements
is linked to fluctuations in the flow. In wind tunnels unsteady flow is
common at low fan speeds [20,21]. This is demonstrated in Fig. 8,
as the standard deviation decreases for all probes as the fan (flow)
speed increases. Despite the low level of fluctuations, the impact of
probe geometry is consistent across the range of flow speeds, showing
measurements from the bi-directional probe with the largest standard
deviation, followed by measurements from the S-probe and then the
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pitot probe. The larger cross-sectional area of the bi-directional and
S-probes lead to a larger wake region on the leeward side. Vortex shed-
ding occurs in the wake region, generating larger pressure fluctuations
at the bi-directional and S-probes as shown in Fig. 7.

In the characterization of bi-directional probes, McCaffrey and Hes-
kestad [6] proposed a polynomial equation to determine the probe
coefficient for bi-directional probes based on the Reynolds number (Re)
of the flow. The probe coefficient was needed to correct the differential
pressure measurements to match the velocity measurements from pitot
probes or hot-wire anemometers. Because the equation was based on an
empirical fit, it is only applicable for Re between 40 and 3800. If the
expected Re was large or expected to fluctuate, they go on to state that
using a universal probe coefficient of 0.93 would result in a maximum
error of about 7%. Likewise, similar characterizations of S-probes found
probe coefficients ranging from 0.83 to 0.84 [19,22].

Using the pitot probe as the reference flow measurement, V,,/,
probe coefficients for the S-probes and bi-directional probes were de-
termined from the wind tunnel data. The probe coefficients were

Proceedings of the Combustion Institute 40 (2024) 105557

computed by rearranging Eq. (1) to:

2APref 2AP.
Vir =\ =5 =Cw\| =
P P
AP,
Cpb _ ref
4P,

Such that the square root of the ratio of measurements of AP
gives the respective probe coefficient. Calibration coefficients for each
probe are plotted in Fig. 9 for Re ranging from 800 to 8000. Accepted
values of the probe coefficients and their associated uncertainty are
also plotted for the S-probes (0.840 + 0.025) and bi-directional probes
(0.926 + 0.065) [6,9]. The shaded regions indicate the uncertainty
associated with the typical probe coefficients for each respective probe
type, 2.6% for the S-probe [19] and 7% for the bi-directional probe.
The probe coefficients determined in this study agree with the accepted
values within their uncertainty limits. This is confirmation that prop-
erly fabricated S-probes and bi-directional probes should perform as
expected when used within their limitations.

(2)

3.2. Wind jet

Fig. 10 shows a sketch of canonical flow from a turbulent jet [23].
As the air exits the blower fan, the flow begins to expand laterally. The
interface between the flow from the expanded jet and the ambient air
forms a shear layer. The shear layer mixes and entrains still air into the
jet flow, generating turbulence within the shear layer. At the interface,
the flow is very intermittent, and the velocity drops off quickly as
you move outward. The velocity probes were traversed sufficiently
downstream (Fig. 4) such that a parabolic profile was expected, and
the maximum velocity was lower than 10 m/s.

Flow speed measurements traversing the jet are shown in Fig. 11.
The markers represent the average of 3 traversals of the blower jet
flow field. The ‘A’ probes utilized 1 ¢cm increments and the ‘B’ probes
used 2 cm increments along the traverse rail. In general, the flow field
features a parabolic shape, typical of an unconfined jet flow. A ‘core
region’ can be assumed to exist between approximately 15 to 25 cm as
indicated by the small velocity gradient in that region. To compare the
results of the three probes clearly, a regression was taken from each
probe’s respective average data points. Because the flow field shape
was parabolic, a quadratic regression was applied. All the regressions
attained a R? value of 0.98 or higher.

The S-probe measurements are closer to the pitot probe results,
showing good agreement in the core region. In this region the flow is
head on with the measurement areas of the respective probes. In the
flanks of the flow, both the S-probe and bi-directional probe deviate
from the pitot probe results. In these regions, the probes are in the shear
layer visualized in Fig. 10, and the flow features higher turbulence
and directionality due to increased re-circulation and entrainment of
still air. Due to the higher spatial fluctuations in the flow and the
larger measurement areas of the S-probe and bi-directional probe, a
higher pressure differential is captured, and accordingly, a higher flow
velocity is measured in these regions compared to the pitot probe
measurements.

The standard deviation for the blower measurements is shown in
Fig. 12. The fluctuations are consistent across all 3 probe types. As the
probe is moved into the core region the standard deviation decreases as
the flow speed encountered increases and the flow is hitting the probe
face head-on.

The relative accuracy of the S-probe and bi-directional probes is
determined from the percent difference. Instead of utilizing the mean
data points as was done for the wind tunnel results, the regressions
were utilized for clarity due to the amount of data points and are
shown in Fig. 13. In the core region (15 to 25 cm), the S-probe shows
a difference of 2% or less. In contrast, the bi-directional probe shows
differences of around 5% in the same region. At the flanks, both probes
deviate from the pitot-probe results as the distance from the core region
increases.
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Fig. 10. Typical turbulent jet flow and the corresponding flow profile downstream. The boundary between the jet flow and the ambient air creates a shear layer that leads to

increased turbulence.
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4. Conclusion

This study documents the first direct comparison of the performance
of the S-type probe and the bi-directional probe — the most com-
monly used flow measurement device in fire research and testing. A
traditional pitot static probe provided a reference for the comparison.
When measuring well-conditioned, uniform flows from a research grade
wind tunnel, the S-probe and bi-directional probe performed similarly.
Probe calibration coefficients for both the S-probe and bi-directional
probe were determined using the wind tunnel data and were in good

Core region ——BDPRA
20 F I - - -BDPRB
——SPRA

- - -SPRB

Absolute % Difference from pitot

Fig. 13. Percent difference from the measured pitot probe velocity by each respective
probe calculated using the respective data regressions.

agreement with accepted calibration coefficients from the literature and
standard test methods. The agreement was observed across multiple
probes from different manufacturing lots, with a subset having been
exposed to high temperature and sooty conditions. Thus, properly
fabricated and maintained probes should perform as expected when
used within their limitations.

A comparison of flow speed measurements in the core region of
a wind jet demonstrated good performance for both the S-probe and
bi-directional probe. The differences were less than 7% and within
the uncertainty limits for each probe, with the bi-directional probe
responding with the highest measurement of flow speed. Differences
as high as 22% were observed in the shear region, demonstrating the
potential range of responses from the three probes when applied in
a flow with characteristics of a fire-induced flow. It is possible that
careful alignment of the probes within the shear layer flow would have
resulted in better agreement.

Bi-directional probes are ubiquitous when measuring fire-induced
flows. However, they are not readily available from commercial sup-
pliers and the evidence to support their accuracy is limited and dated.
The S-type probe is the primary device for auditing flow measurements
for smokestack emissions and thus has proven its capabilities in sooty
and particle-laden flows. Numerous investigations have evaluated the
accuracy of S-probes with respect to changes in shape, flow speed,
and angular deviations, hence providing a greater knowledge base for
the device. Most important, the S-probe is available from a variety of
commercial suppliers, some capable of providing calibration certificates
for each device. For the first time the S-probe has been characterized
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with a side-by-side comparison to the bi-directional probe. Due to the
similarities in design and operating principle, S-probes share many of
the limitations of bi-directional probes, however, the results of this
study demonstrate the S-probe performing as good or better than the
bi-directional probe. Therefore, the S-probe is a suitable alternative to
the bi-directional probe for measurements of fire-induced flow.

Novelty and significance statement

Bi-directional probes are ubiquitous when measuring fire-induced
flows, however, they rely on bespoke manufacturing by researchers.
S-type pitot probes have proven their capabilities in sooty and particle-
laden, but have not been characterized against bi-directional probes to
compare their performance side-by-side. This study shows that S-probes
perform as good or better than bi-directional probes when compared
against conventional pitotstatic probe measurements while having the
benefit of commercial acquisition that features manufacturing and
calibration standards.

CRediT authorship contribution statement

Giovanni Di Cristina: Writing, Conducted research, Data analysis.
Rodney A. Bryant: Writing, Designed research, Data analysis.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors gratefully acknowledge fabrication support provided
by Marco Fernandez and data acquisition support provided by Artur
Chernovsky.

References

[1] R.A. Bryant, A comparison of gas velocity measurements in a full-scale enclosure
fire, Fire Saf. J. 44 (5) (2009) 793-800.

[2] R.A. Bryant, Evaluating practical measurements of fire-induced vent flows with
stereoscopic PIV, Proc. Combust. Inst. 33 (2) (2011) 2481-2487.

[3] H. Xu, L. Pope, V. Gupta, J. Cadena, J. Carrascal, D. Lange, M.S. McLaggan, J.
Mendez, A. Osorio, A. Solarte, D. Soriguer, J.L. Torero, F. Wiesner, A. Zaben,
J.P. Hidalgo, Large-scale compartment fires to develop a self-extinction design
framework for mass timber—Part 1: Literature review and methodology, Fire
Saf. J. 128 (2022) 103523.

[4] M.B. Dickinson, C.E. Wold, B.W. Butler, R.L. Kremens, D. Jimenez, P. Sopko, J.J.
O’Brien, The wildland fire heat budget—using bi-directional probes to measure
sensible heat flux and energy in surface fires, Sensors 21 (6) (2021) 2135.

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Proceedings of the Combustion Institute 40 (2024) 105557

S. Ramesh, Fire resilience of a steel-concrete composite floor system: Full scale
experimental evaluation for influence of slab reinforcement and unprotected
secondary beam (test #3), Tech. Rep. NIST TN 2267, National Institute of
Standards and Technology, Gaithersburg, MD, 2023.

B. McCaffrey, G. Heskestad, A robust bidirectional low-velocity probe for flame
and fire application, Combust. Flame 26 (1976) 125-127.

L.A. Kent, M.E. Schneider, The design and application of bi-directional
velocity probes for measurements in large pool fires, 1987, pp. 11-30, Con-
ference Name: 33rd International Instrumentation Symposium ADS Bibcode:
1987isa..symp...11K.

Method 2—determination of stack gas velocity and volumetric flow rate (type
s pitot tube), Tech. rep., United States Environmental Protection Agency,
Washington, DC USA, 2000, URL https://www.epa.gov/sites/default/files/2017-
08/documents/method_2.pdf.

Stack sampling technical information. a collection of monographs and papers
vols. 1-4, Tech. rep. EPA-450/2-78-042, United States Environmental Protection
Agency, 1978.

Stationary source emissions - measurement of velocity and volume flowrate of
gas streams in ducts, Tech. rep. ISO 10780:1994, International Organization for
Standardization.

J. Howes, R. Pesut, J.F. Foster, Interlaboratory Cooperative Study of the Precision
and Accuracy of the Determination of the Relative Density of Black Smoke
(Ringelmann Method) Using ASTM Method D 3211-73 T, American Society for
Testing and Materials, 1974.

W. Kang, N.D. Trang, S.H. Lee, H.M. Choi, J.S. Shim, H.S. Jang, Y.M. Choi,
Experimental and numerical investigations of the factors affecting the S-type
Pitot tube coefficients, Flow Meas. Instrum. 44 (2015) 11-18.

D.T. Nguyen, Y.M. Choi, S.H. Lee, W. Kang, The impact of geometric parameters
of a S-type Pitot tube on the flow velocity measurements for greenhouse gas
emission monitoring, Flow Meas. Instrum. 67 (2019) 10-22.

A. Singh, 1. Khan, M. Khan, P. Mahto, The effect of low Reynolds number on
coefficient of S-type pitot tube with the variation in port to port distance, Mater.
Today: Proc. 45 (2021) 7810-7815.

H. Li, L. Zhang, X. Yao, J. Zhang, The application of numerical calculation
method in determining the coefficient of S-type Pitot tube, J. Phys. Conf. Ser.
1300 (1) (2019) 012117.

K. Zhou, N. Liu, J.S. Lozano, Y. Shan, B. Yao, K. Satoh, Effect of flow circulation
on combustion dynamics of fire whirl, Proc. Combust. Inst. 34 (2) (2013)
2617-2624.

J. Lei, N. Liu, L. Zhang, K. Satoh, Temperature, velocity and air entrainment of
fire whirl plume: A comprehensive experimental investigation, Combust. Flame
162 (3) (2015) 745-758.

C. Pinto, J. André, D.X. Viegas, Double S-type Pitot Tube for velocity field study
of fire whirls, Flow Meas. Instrum. 76 (2020) 101806.

R. Bryant, An automated system for flow characterization at exhaust ducts and
smokestacks, Tech. Rep. NIST TN 2247, National Institute of Standards and
Technology, Gaithersburg, MD, 2023.

R.D. Mehta, P. Bradshaw, Design rules for small low speed wind tunnels,
Aeronaut. J. 83 (827) (1979) 443-453.

J.B. Barlow, W.H. Rae, A. Pope, A. Pope, Low-speed Wind Tunnel Testing, third
ed., Wiley, New York, 1999.

W. Kang, N.D. Trang, S. Lee, S.H. Lee, Y.M. Choi, Uncertainty analysis of stack
gas flow measurements with an S-type Pitot tube for estimating greenhouse gas
emissions using a continuous emission monitoring system, Metrologia 57 (6)
(2020) 065031.

C. Ball, H. Fellouah, A. Pollard, The flow field in turbulent round free jets, Prog.
Aerosp. Sci. 50 (2012) 1-26.


http://refhub.elsevier.com/S1540-7489(24)00365-1/sb1
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb1
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb1
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb2
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb2
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb2
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb3
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb4
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb4
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb4
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb4
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb4
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb5
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb5
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb5
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb5
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb5
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb5
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb5
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb6
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb6
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb6
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb7
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb7
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb7
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb7
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb7
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb7
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb7
https://www.epa.gov/sites/default/files/2017-08/documents/method_2.pdf
https://www.epa.gov/sites/default/files/2017-08/documents/method_2.pdf
https://www.epa.gov/sites/default/files/2017-08/documents/method_2.pdf
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb9
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb9
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb9
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb9
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb9
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb11
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb11
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb11
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb11
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb11
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb11
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb11
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb12
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb12
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb12
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb12
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb12
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb13
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb13
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb13
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb13
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb13
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb14
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb14
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb14
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb14
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb14
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb15
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb15
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb15
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb15
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb15
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb16
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb16
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb16
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb16
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb16
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb17
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb17
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb17
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb17
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb17
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb18
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb18
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb18
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb19
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb19
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb19
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb19
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb19
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb20
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb20
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb20
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb21
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb21
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb21
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb22
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb22
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb22
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb22
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb22
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb22
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb22
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb23
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb23
http://refhub.elsevier.com/S1540-7489(24)00365-1/sb23

	Comparison of two flow measurement devices for use in fire experiments
	Introduction
	Materials and Procedures
	Wind Tunnel
	Wind Jet
	Instrumentation and Data Acquisition

	Results and Discussion
	Wind Tunnel
	Wind Jet

	Conclusion
	Novelty and Significance Statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


