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MEASUREMENT OF AIR VELOCITY IN MINES

By Edward D. Thimons ! and Jeffrey L. Kohler?

. ABSTRACT

This Bureau of Mines investigation addressed two primary issues of
air velocity measurement 1in mines: the determination and use of cor-
rection factors, and the development of guidelines for the selection of
a suitable site at which the measurements should be taken. Other fac-
ets of the investigation included a comparison of measurement methods
and devices, and aircourse cross—~sectional area measurement.

The study consisted of theoretical, laboratory, and in-mine investi=-
gations. The measurement devices included in the experimental phase
were vane anemometer, vortex shedding anemometer, a prototype thermoan—
emometer, smoke tube, and oil of wintergreen sprayer. The measurement
methods included single-point centerline, timed-point traverse, contin-
uous traverse for the anemometers, and various distances and cloud po-
sitions for the smoke tube and oil of wintergreen devices.

The study resulted in guidelines for meagurement site selection that
are applicable to most in-mine situations. It also showed that the use
of correction factors 1is problematic, There are many potential pit-
falls and there are cogent arguments against wusing certain correction
factors. However, generalized correction factors were developed that
can be successfully applied in routine ventilation work, provided that
their use is properly understood.

1Supervisory physical scientist, Pittsburgh Research Center, Bureau of Mines,

Pittsburgh, PA.
2pssistant professor of mining engineering, The Pennsylvania State University, Uni-

versity Park, PA; formerly senior associate and manager of mine systems research,
KETRON, Inc., Wayne, PA.
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INTRODUCTION

The proper control and distribution of
ventilation air 1is a key aspect in the
productivity of an underground mining op-
eration, and is crucial to the health and
safety of mine workers. Accurate methods
of determining the air volume flow rates
are necessary to properly control and
distribute the air, Today, these deter—
minations are commonly achieved by using
a vane anemometer or smoke tube, in con-
junction with an area measurement. The
alr speed measurements require careful
site selection and application of correc—
tion factors to account for such vari-
ables as flow profile. Area measurements
require a careful selection of a method
to insure that the area of an irregularly
shaped alrway 1is accurately determined,
although a single horizontal and vertical
tape measurement is typically used to de-
termine the area.

practice., These include  single—point
centerline and traverse measurements,
among others, for vane anemometers; lead-
ing edge and center—of—-cloud methods are
used with smoke tubes. The duration of
the measurement interval is variable.
Despite substantial work by numerous
investigators to address 1ssues such
as site selection, measurement method-
ology, and correction factors, there are
no universally accepted practices, or
even agreement about procedures and cor-
rection factors among practicing engi-
neers. Agricola, in his 1556 text De Re
Metallica, describes the "design" of mine
ventilation systems by the earliest "min-
ing engineers.” Since that time, mine
ventilation has developed as both an art
and a scilence. A review of measurement
practices quickly reveals that £flow de~-
termination is more of an art than a

A variety of anemometer and smoke science.
measurement techniques are in common
BACKGROUND
Air velocity measurements are taken in  recalibrate measurement devices periodi-
mines to satisfy statutory requirements cally and to properly apply this instru-

and to support mine planning activities.
In a coal mine, for instance, these mea-
surements are taken throughout the mine
at intervals that range from minutes to
weeks between measurements based on 30
CFR (Code of Federal Regulations) re-—
quirements. Sometimes the measurements
are taken to determine only the air ve-
locity, but in most cases it is the aver-
age volume~flowrate that i1s of interest.
This parameter is defined as the prod-
uct of the air velocity and the cross-
sectional area of the airway where the
velocity measurement was made.
Calculation of this parameter may in~
volve the use of as many as three correc-—
tion factors. The first is an instrument
correction factor. The instrument read—
ing is multiplied by this factor, which
is related to a calibration curve sup~-
plied by the manufacturer of the instru-
ment. This type of correction factor
was not of concern in this study, but it
should be noted that it is essential to

ment correction factor. The second cor-
rection factor 1s a location factor which
is used to multiply the corrected instru-
ment reading, to account for erroneously
low or high readings that are obtained
when the measurement is taken at certain
undesirable locations, such as near ob-
structions and intersections. As will
be discussed later, this factor should
not be wused. Rather, appropriate sites
should be chosen according to the guide-
lines presented in this report.

The third correction factor, and the
one of interest here, is commonly known
only as ‘"correction factor.," The mea-
sured velocity represents the velocity at
one point, or sometimes several points.
It is not the average velocity required
to compute average volume-flowrate. The
purpose of this correction factor 1is to
convert a point value to an average val-
ue, Determination of this correction
factor was the major thrust of this
study.



As a first step in this study, a de~
talled literature review was conducted to
locate any Information concerned with

velocity measurement in mines. A de~-
taliled summary of this search 1is con-
tained in the appendix,

EXPERIMENTAL METHODOLOGY

This section summarizes the in-mine ex-
periment design and methodology wused in
this study to determine appropriate ve-
locity measurement correction factors and
to develop guidelines for selecting suit-
able velocity measurement sites in mines.

Three mines, two metal-nonmetal and one
coal, were selected for detalled in-mine
experimentation. Additionally a fourth
mine was selected for collection of cer-
tain data elements needed to define ap-
propriate sample sizes for the work at
the other three mines. Data collected by
Thimons (21)3 at a fifth mine were also
used to ald 1in the determination of sam~
ple sizes. Some characteristics of these
mines are shown 1In table 1.

The two most important considerations
in the experiment design were (1) the
establistment of adequate controls so
that true volume flow rate could be com—
puted, thereby allowing comparisons based
on accuracy trather than just precision;
(2) the selection of sufficient sample
sizes to facilitate statistical valida-
tion and analysis of the results,

AIR VELOCITY SAMPLE SIZE

If an air velocity reading (sample) is
taken with any one of the device method
combinations included in this study and
shown in table 2, the reading cannot be
confidently taken as the true value, due
to uncertainties that surround the exper-
iment. For example, the flow variations
that can occur in a mine ventilation sys—
tem over a few hours can introduce sig-
nificant errors into the experience.%

TABLE 1. = Characteristics of mines
included in this investigation

Alrway Volume

Mine Type cross sec~| flow

tion area, | rates,
ft? cfm

l... | Coal, room and 4,000
pillar, 66 12,000

14,000

2.+, | Limestone, 180 6,000
block caving.

3,.. | Salt, open 10,000
stope with 205 20,000
pillars. 28,000

135,000

bee. | Coal, room and 110 22,000
pillar.

5¢¢e | Limestone, NA NA
open stope
with pillars,

3Underlined numbers in parentheses re-
fer to ditems in the list of references
preceding the appendix.

dany changes in the flow would be re-
corded at the control station; these
changes would, in themselves, not be a
source of error. However, secondary ef-
fects of flow changes, e.g., isovel,

NA Not available.

NOTE.~-Mines 4 and 5 were only used
to collect data required for experiment
design aspects of the investigation.
Data from mines 1, 2, and 3 comprise the
data base for this study's analysis and
recommendations.

However, as the number of readings or
samples is increased, the average value
of the readings will tend towards the
true value.”® Unfortunately, the practi-
cal consideration of time severely lim-—
its the number of samples that can be
taken., Thus, increasing the size of a
sample, and consequently decreasing the
sampling error, must be welghed against
the probable increase in error due to

(flow pattern) shifts, etc., could bilas
the experiment.

SThe data collected in mines 4 and §
were found +*to be normally distributed.
The normality of the data was also veri-
fied for the data subsequently collected

at mines 1, 2, and 3.
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actual flow changes during the course of
the experiment,

This problem was approached by defining
an acceptable level of statistical sam-
pling error, and then determining the
required level of accuracy, as character—-
ized by a confidence interval, A num-
ber of analytical methods for computing
sample sizes were examined. A simple
and well-known axiom of normal distribu-
tions was found to best approximate the
required sample size. The bound on the
error of estimation, B, is given by B

= 25/vn,

TABLE 2. - Measurement methods included
in this study

Identi-
fication'
VANE ANEMOMETER
Centerline:
Handheldsseoeossoasesasencses 1
Stickheld......“-.......-..a 2
Remote OperatoOrescscscrssases 3
Continuous traverse:
Handheld.seeseneseoensncscnes 4
Stickheldsessesoesosesesosnesnss 5
Split traverse:
Handheld. esesesvessocessnsnes 6
Stickheldieveeveesecosnsnsons 7

Timed-point traverse;
Handheld.eseeseossosocecnsosoe 10
Stickheldeseesssosennsesnsnns 11
VORTEX SHEDDING ANEMOMETER

Centerline: Handheld..seeesnne 21

Split traverse: Handheld...... 22

Continuous traverse: 2 min.... 27
Timed-point traverse: Handheld 28
THERMOANEMOMETER
Centerline:
Handheld. sovesnsosssesosessssns 31
Remote operatoriescsssseosces 32
SMOKE TUBE
Centerline:

Leading edge, 10 ftuiseusesens 41
Leading edge, 20 ftuiievesenen 42
Leading edge, 30 ftivevessnss 43
Cloud center, 20 ftuisevsooens 44
OIL OF WINTERGREEN
50 fteseeesssonnoearesnnosnnone 50
100 ftuseoeeosssseonnnssennnses 51
200 ftoeeeessssesneonsnonannsse 52

IMethod identification numbers used in
the summary tables of this report.

where s is equal to the sample standard
deviation and n is the number of repeat
trials. B was chosen to be less than
2 pct. Given this and the standard devi-
ation, the required sample size can be
computed. Since the standard deviation
is unknown, a priori; it was mnecessary
to establish a range of probable values
of s, before a value of n could be
determined.

This range of values was established
by collecting data at mine 4, and apply-
ing a subset of the measurement methods
shown in table 2, 1In all cases, a large
sample, greater than 60 repeat trials,
was collected., The standard deviation of
various random subsets of the data was
computed and the behavior of the standard
deviation as the consistency of the sub-
sets changed was observed. Data from a
study by Thimons (31) were examined in a
similar fashion (mine 5). The results
of the mine 4 data were compared to those
for Thimons' data (mine 5) and found to
be almost didentical. Given the differ-
ences under which these two different
sets of data were collected, this result
allowed a range for the standard devia-
tion to be selected, with some assurance
that it would not differ radically among
different mines.

The results indicated that each mea-
surement method experiment should be re—
peated at least 25 to 30 times, in exper-
iments involving the vane anemometer,
thermogauge, and the air draft sensor.
Experiments involving oil of wintergreen
or smoke tubes would require a substan-
tially greater number of repeat trials
to attain a sampling accuracy of 98 to
99 pct, Additional analysis indicated
that the bound on the error of estimation
could be held to less than 5 pet, if
25 to 30 repeat trials were performed.
Given the nature of these 1last two de~
vices, this level of sampling accuracy
was deemed acceptable. Consequently, the
decision was made to repeat each measure~-
ment experiment a minimum of 30 times for
each velocity range at each mine.

It should be noted that the sample size
necessary to achieve a desired level of
sampling accuracy is not the same as the
absolute accuracy of the data, which must



also account for the accuracy of the con-
trol station instruments.

EXPERIMENTAL APPARATUS

The control station was established in
each mine s0 that the true volume flow
rate could be determined. An airtight
stopping was constructed across the air-
course where the experimentation occurred
(fig. 1). A pitot-tube array assembly
was an integral part of the control stop-
ping. During an experiment, readings
from the pitot—-tube array, barometer,
and wet and dry bulb thermometers were
recorded frequently. This information
allows an accurate calculation of the
true volume flow rate., The analytical
procedures for treating the data are de-
scribed in the "Data Analysis" section,
while the balance of this section deals
with the equipment.

The two pitot~tube arrays had a guaran-
teed accuracy to within 1.0 pect. The
larger diameter (54 in) unit was designed
for the higher flow rates, the smaller
one (24 in) was designed for lower flow
rates. An integral part of these arrays
was an hexal air straightener.

The total and static pressure heads in
the array were measured, using a manome-
ter connected to the array in the stan-
dard manner, which allowed direct reading
of the wvelocity head. A commercially
available manometer was selected for its
mine-worthiness and accuracy to within
1.0 pect,

Pitot-tube array  Control station
with hexal air

Measurement .
straighteners

station Plywood or block stopping

sealed with urethane foam
O3 2N N8

N

NN
BTN
e
—
—
I
.

N
e

&-Aircourse centerline

Medasurement plane

.§.,

Micromanometer and
associated equipment

F_Minimum of 3t05.
roadway diam

FIGURE 1. - Diagram of the control station arrange-
ment for in-mine experiments,

An engineer's barometer and a sling
psychrometer were used to collect data
necessary for computation of the air den-
sity. The former was accurate to within
5 pet and the latter to within 1.0 pct.

The air velocity measurement devices
used in this study included the
following:

o Ball-bearing low-speed vane anemome-
ters, with NBS calibration curves.

o Hand-held vortex shedding anemome-
ters (air draft sensor).®

0 Heat transfer anemometer, with manu~-
facturer calibration curves.

Smoke tubes and o0il of wintergreen
(methyl salicylate) were also utilized in
air velocity measurement methods. Two
types of smoke tubes were utilized for
comparability of results. Reagent-grade
methyl salicylate was used with an aero-
sol propellant for the oil of wintergreen
method.

The accurate determination of the
cross—-sectional area of the aircourse at
the measurement station was a key factor.
The area of the pitot—tube array at the
control station was easily measured., A
photographic method was selected to de-
termine the area of the mine opening at
the measurement station.

Two different methods were used to mark
the perimeter of the aircourse at the
measurement station. The first suite of

6The vortex shedding anemometer works
on the following concept. When a fluid
flows past an obstruction or strut, tur-
bulence is created., Above a minimum ve-
locity this turbulence assumes a regular
pattern of vortexes. These vortexes sep-
arate or shed from the strut and travel
downstream in a fixed predictable pat-
tern. The number of vortexes shed down-
stream of the strut per unit time is
proportional to fluid flow rate. This
vortex frequency 1s detected using an
ultrasonic bean that is transmitted
through the vortex pattern downstream of
the passing vortexes. This modulated
signal is then processed through simple
signal conditioning electronics, result-~
ing in a pulse output signal at a fre-
quency directly proportional to the fluid
flowrate.
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equipment for this purpose consisted of
a laser and an equatorial telescope mount
with a right-angle prism, both designed
for mounting on heavy~-duty tripods. The
laser was beamed 1in such a way as to
establish an airway center 1line.? The
right—-angle prism was then held in the
laser beam and rotated 360° with the
equatorial mount which, in turn, scribed
a plane on the roof, ribs, and floor of
the mine with the refracted beam. This
plane was exactly perpendicular to the
air flow. A photograph of this plane was
taken and subsequently planimetered for a
precise area determination. Reflective
tape, fastened around the plane's perim—
eter, increased the wisibility of the
cross section in the photograph, and a
calibration plate of known size provided
a reference area.

After the start of this project, an
alternative method of marking the perim—
eter was wutilized--a photoprofile appa-
ratus. Essentially, this device 1is a
projector that casts a plane of light
that may be photographed, yielding a
white line around the perimeter against
a black background. It is powered by a
standard miner's cap lamp battery and
provides a 1.000 m?2 reference in the
photograph area. Horizontal and vertical
alignment is made by eye rather than by
gravity or any other auxiliary method.
However, geometrical analysis has shown
that for small angles, the resultant
error in apparent area is negligible,
This method was used successfully at two
mines.

EXPERIMENTAL PROCEDURES

Aircourses selected, and the spe~
cific locations therein, for execution
of the experiments had the following
characteristics:

o PFree of obstructions.

0 All crosscuts and draw points were
sealed.

0 Free of bends within 10 roadway
diameters upstream  and 10  roadway

Trwo geometric centroids are located in
an airway 50 to 100 ft apart; connecting
these points with the laser beam locates
the centerline.

diameters downstream of measurement and
control stations,

o Airways were not
smooth or lined.

o Removed from production and related
activities that could cause unpredictable
fluctuations in the airflow,

The control station was always located
five roadway diameters downstream of the
measurement station to eliminate the
cushioning and funneling effects of the
control stopping on the measurement sta-
tion., During a preliminary trip to each
mine, the candidate sites were monitored
over a full shift to detect any changes
in flow that occurred as a result of min-
ing activity. Smoke tubes were also
utilized to detect any leakage or abnor-
mal flow patterns that could introduce
error into the experiments.

The control station configuration is
shown in figure 1, The control stopping
was a wooden frame covered by plywood and
completely sealed with urethane foam., A
circular opening was cut in the plywood
sheets, before their attachment to the
wooden frame, to accept the pitot—tube
array. The array was then mounted in the
opening., The perimeter interface between
the control stopping and the array was
sealed with foam. A 20-ft length of col-
lapsible tubing was attached to the ar-
ray, on the exit side, using band clamps.
The stopping was checked for leakage
every shift and the hexal straighteners
of the array were checked for excessive
dust accumulation periodically, Since
the stations were always located in in-
take aircourses, dust problems were
minimal.

The control station  apparatus, de—
scribed previously, was located near the
control stopping and was wused to record
the parameters required in the true vol-
ume calculations. These data were re=-
corded by an observer every 5 to 10 min.

All velocity experiments were conducted
by three engineers with substantial ex-—
perlence In the use of devices prior to
the actual field program. All repeat
trials of an experiment were performed
by the same operator to eliminate
variability,

The following general comments apply to
all experiments at all mines:

exceptionally



o The operator always stood in the
measurement plane with the measurement
device extended at arm's length.

0 All single~point measurements were
taken at the geometric center of the
airway.

o All traverse method measurements
were taken through the same path;

traverse speeds were limited to a maximum
of 30 fpm.

A set of data collection forms were de-
veloped for use in all experiments to 1n-
sure a complete record of the experiment,
and to facilitate encoding of the data
for computer analysis.

DATA ANALYSIS

An analytical program was developed
to provide summaries of :the collected
data which utilized statistical measures,
and to address the major issues of this
study.

One wunique aspect of this investiga-
tion was the establishment of a control
station where the volume flow rate could
be accurately determined and used as a
basis for comparison against all other
measurements., The true volume flow rate
at the control station is

Virye (£) = Viprye (B) Ay, (1)
Hy(t)
w(t)

where  vi., () = 1,098

= true alr velocity,

H,(t) = velocity head across
the pitot tube

array,
w(t) = air density,

Ap = cross—sectional area
of the pitot tube
array,

and t = time of each
measurement.

All variables were recorded and analyzed
as a function of time, but for simplicity
the time dependency is not shown in the
balance of the equations,

The measured volume flow rate using the
vane anemometer is given by

Vneas = Vmeash (2)

single-point centerline or

where  Vpgas = measured air velocity

DR

I

device reading
"(anemometer),

At

elapsed time during
reading,

instrument calibration
factor,

h
]

cross—sectional area of
the mine opening where
the reading was taken.

1

and A

For each point in time corresponding to a
device reading, a correlation factor is
computed as
v
of = —fruse, (3)
Vmeas

Thirty measurements (samples) were tak-
en for each measurement method, e.g.,
continuous
traverse. Using equation 3, 30 correc-
tion factors were calculated, and then
the statistics were computed. Since the
data are mnormally distributed, the mean,
X, and standard deviation are defined
as

=1 3 e (4)
= = c
I L
.1 f %) 2
R e LAICTIES % NN C)
where N = number of samples (equal to

30 for this study),
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cf; =1 of the 30 correction
factors calculated from
equation 3,

mean correction factor.

]

and X

The evaluation of equation 2, specifi-
cally the measured velocity, depends upon
the device used. As shown, equation 2 is
appropriate for single point or continu-
ous traverses., If the measurement method
is a fixed point traverse, then the mea~
sured velocity is computed as

£ 5 oo (6)
Vmeas ~ g T ’
eas G g=1 Bty
where G = the number of fixed points
in the grid,
f; = instrument calibration
factor,
DR = device reading for the gth
grid point,
and At . = time elapsed during reading

for the gth point.

Devices that have a scale reading di-
rectly in feet per minute, such as the
air draft sensor, are operated on in
equation 2 by modifying the reading to

Vmeas = DR X f;- (7)
Finally, smoke tubes and o0il of

wintergreen methods are treated in
equation 2 as

Vmeas = X/ At, (8)
where X = distance traveled by cloud
and At = travel time of cloud.

The aforementioned equations allow the
correction factors to be computed. The
appropriate application of the computed
correction factors requires consideration
of other things, one of which is accura-
cy. BEssentially the accuracy of the cor-
rection factors determined has two compo-
nents. The first 1s the accuracy of the
velocity measurement using the devices
included in the study. Statistically it
has been determined that most readings
had a sampling accuracy of better than 2
pet., The second component deals with the
accuracy of the control station value,
i.e., the true volume. The elements of

the control station such as the pitot
tube array, the manometer and so forth
were not calibrated and certified against
secondary standards. Consequently, their
absolute accuracy is unknown, except that
it is believed to lie within the accuracy
stated by the manufacturer. Most of the
equipment at the control station had
stated accuracies of +1 pct, The worst
case accuracy for the true volume compu-
tation would occur 1f the inaccuracy of
each device added or subtracted together.
In this situation the computed true vol-
ume flow rate would approach 15 pct of
the calculated value. This is not like-
ly. Usually some errors add, while oth-
ers subtract, thereby yielding a better
overall accuracy than predicted by the
worst case.

Correction factor summaries for the
data in this study are given in tables
3, 4, and 5. The accuracy shown is the
sampling accuracy. In a worst case an
additional 5 pct error would have to be
considered, although the absolute accu~
racy of the control station was probably
closer to 2 pct. The appropriate use of
correction factors goes beyond a mathe-
matical statement of accuracy and is dis-
cussed in the following section.

RECOMMENDATIONS FOR MEASUREMENT OF AIR VELOCITY

The practical measurement of air ve-
locity 1is based on the need to define
airflows in the mine., Statutory require-
ments and the needs of the mine's venti-
lation engineers normally dictate gen-
eral locations for and the frequency of

measurements., The person making the
measurement 1s often faced with one or
more of the following issues:

o What influence will the measurement
observer have on the final reading?



0 The measurement must be taken at an
adverse location, such as a bend or in-
tersection; what factor can be wused to
correct the reading?

o Would a different instrument or mea-
surement method improve the accuracy of
the reading?

o What correction factor should be ap-—
plied to determine the average volume
flow rate?

OPERATOR INFLUENCE

The person taking the measurement can
dramatically impact the quality of the
measurement depending upon his/her proxi-
mity to the instrument, as well as his/
her technique. In general, stickheld or
remote placement of the measurement de-
vice will yield better results than when
the device is handheld. The best results

TABLE 3. =~ Summary of correction factors (cf's) for mine 1, true velocity

at 62, 187, and 340 fpm

62 fpm 187 fpm 340 fpm
Method Accu- Accu- Accu-
cf | racy,! Range cf | racy,! Range cf | racy,! Range
pct pct pct
levioeseee | 0.76 +6 0.71-0.81| 0,72 | t6 0.68-0.76 | 0.68 +6 0.64-0,72
2eessnssns .73 16 .69~ .78 .78 +6 .74~ .83 W76 7 .71- .81
Beeneanena .78 t6 .73~ .83 .83 6 .78- .87 .79 £5 .75- .84
hevevavens .78 7 .73~ .84 .83 6 .79~ .88 .78 +6 74— .83
Deseesnsnn .81 6 .76 .86 .94 +6 .88- .99 .89 16 84~ ,94
Besasseoes Th 6 70~ .79 .82 6 LT7- 87 77 +6 o 73— .82
Tesnnennes .84 6 .79~ .89 .95 6 .89-1.01 .88 +6 .82~ .93
100eenesne .79 16 o74= .84 .88 6 .82~ .93 .84 16 .78- .89
l1leeseoans .87 16 .81~ .93 .95 6 .90-1.01 .90 6 84— .95
2lececnens .88 +17 «73~1.03 .91 *7 | .85~ .97 .61 6 58— .65
22u.euee..| NAp| NAp NAp | NAp | NAp NAp | .77| +6 72— .82
27 canensnen .64 +11 D7 71 .82 6 77— .87 .73 +8 .67~ .79
28 cannnns .85 +7 79— .91 .91 16 .86~ .97 NAp NAp NAp
3leacenees .73 +12 65— .82 .96 t10 .87-1.06 NAp NAp NAp
32vernnens | W74 £10 .66- 81| .94 | +9 .86-1.03 | NAp| NAp NAp
Aleeennnns .60 8 56— .65 .67 *10 60— .73 .69 +12 61- .77
424 ienenne .63 +7 .59~ .68 .72 +8 B6- 77 72 18 .66~ .78
A3 ienenne .65 *7 60— .69 .71 +7 66— .75 .72 +8 66— .78
Adevenene .70 18 65— .76 .80 9 .73- .86 .74 +9 .68- .81
500 eeeoons .78 9 .71~ .84 NAp NAp NAp | NAp| NAp NAp
5leveececns NAp NAp NAp .90 *9 .83~ .98 .91 +7 .84~ ,97

NAp Not applicable, no readings taken.
199-pct confidence level,

TABLE 4. — Summary of correction factors

(cf's) for mine 2, true velocity at 35 fpm

Method cf | Accuracy, ! Range Method cf Accuracy, ! Range

pect pct
e 12 0.65-0.83 || 3lecesvesess| 0.74 *19 0.60-0.88
2eesvennnaas .70 *10 63— 77 || 32¢iecrcanss .92 17 «76-1.07
Beeensecnesns .81 12 71— .91 L <50 t14 43~ .57
Seevsensrusns 56 7 e52= 60 || b2iiciiinnnn 49 9 45— .54
Tooeosennnasns .54 *10 A8~ 591 43 iiiinnne 46 x11 JAl- .52
1lovevennsnas .51 8 AT W56 || bbeiiiiinans .66 t14 S57- .75
2leecoecenas| 1.77 22 1.38~2,16

199-pct confidence level.
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TABLE 5. - Summary of correction factors (cf's) for mine 3, true velocity
at 52, 93, 135, and 650 fpm

52 fpm 93 fpm? 93 fpm?
Method Accu- Accu- Accu~
cf racy,1 Range cf racy,1 Range cf racy,‘ Range

pct pct pct
Teeeassass| 0,92 9 0.84~1.00 | 0.87 +7 0.81-0.93 | 0.82 +7 0.76-0.88
2iiessonns .89 19 .81- .97 .92 +7 .86~ .98 .93 +7 .87-1.00
K FOP 94 +8 .87-1.01 .96 +7 .90-1.03 | NAp | NAp NAp
besvesneons .78 *8 .72~ .85 .89 7 .83~ .95 .88 +7 .82- .93
Seeesasnsns .91 16 .85~ .97 .90 +7 84— .96 .94 +7 .88-1,00
Besoannons .91 +8 .84- .98 .87 6 81- .92 .91 +7 .85- .90
Tovesoanse .92 +7 .86 .99 .89 t6 84~ .95 .97 7 .91-1.03
10ieeesnes .70 *8 65— .76 .86 +7 80—~ .92 .83 +7 .78~ .88
1leseences .88 +7 .81~ .94 .89 +7 .83- .95 .92 7 .85~ .98
2leesnsessf 1.16 15 .98-1.33 84 ) .78~ .90 .90 19 .82~ .99
27 ciennnns .48 *8 A4=- 52 .84 7 .78- .90 .80 *7 74— .85
2840 seses| 1,02 +8 .94-1,09 | 1.04 +7 .96-1.11 | 1.01 7 .94-1.08
3leceences .98 *10 .81-1.15 .85 +9 .78- .93 | NAp | Nap Nap
320000 eeas| 107 17 .88-1.25 .92 14 .79-1.05| NAp | NAp NAp
Gleseesnss .85 12 «75= .95 .79 10 .72- 87| NAp | NAp NAp
% SRR .84 12 .75~ .95 .82 9 .75- .90 | NAp | NAp NAp
75 TR .86 *10 77 .95 .81 ut .75~ .87 | NAp | NAp NAp
440 eueeans | 1,10} %12 .96-1.23 .89 +10 .88~ .97 | NAp | NAp NAp
50c0ccecss .80 =*11 .71- .89 | NAp | NAp NAp .85 *+10 JA7- .94
5leveancss NAp| ©NAp NAp | NAp| NAp NAp .82 *+10 .73~ .90
52ceascens NA NA NA NA NA NA NA NA NA

135 fpm 650 fpm
Accu- Accu~
cf racy,! Range cf racy, ! Range

pct pet
levessensas| 0.85 t6 0.79-0.90 | 0.90 16 0.85-0.95
2esnecanas .89 +7 .83~ .95 1,06 6 1.00-1,12
K J .92 +7 .85- .98 | 1.12 *6 1.06~1.19
Aewsonnans .89 +6 84~ .94 | 1,07 +7 .99-1.15
Sevenasasns .95 +6 .90~-1.01 | 1.10 ) 1.03-1.10
Beveseanvane +89 *+6 «83— .94 .96 +6 .90~1.01
Tovasennsns .97 6 .91-1,03 | 1.13 ) 1.06~1.20
100esvanee .87 6 .82~ .93 .96 +6 .90-1.01
Ileoavanes .96 +6 .90-1.02 | 1,05 t6 .99~-1,12
2leeeasans .84 +7 .78- .90 B84 7 .79~ .90
27 cenenons .89 t6 .84~ ,95 .89 *6 84— .95
28ciannens .96 +6 «90-1.02 .91 6 .85- .96
3levenncas .92 =10 .83-1.,01 | NAp | NAp NAp
320000eess| 1.01 *10 .,91-1.12 | NAp | NAp NAp
blevecaces .81 19 .74=~ .89 | NAp| NaAp NAp
A2uevnnene .87 +9 .80~ .95 | NAp| NAp NAp
43, 0eenans .86 +8 .79~ .93 | NAp| NAp NAp
bhyuiananes| <94 %11 .84-1.04 | NAp| NAp NAp
50csecuans 971 Z*10 .88-1,07 | NAp| NAp NAp
5lesaacesns .96 8 .89~1,04 | 1,10 +8 1.02-1.10
52¢00secens NAp| NAp NAp | 1.10 7 1.02-1,10

NA Not available.

NAp Not applicable, no readings taken,
3Field team observer 2.

199-pct confidence level.

2Field team observer 1.



were achieved in this study by holding
the device straight out to the side of
the observer's body and just slightly
upstream, All things being equal, the
readings obtained by two different ob-
servers are likely to be different. In
this study, two different observers made
a series of measurements at the same
site. The resulting data differed by
1 to 2 pct, even though the observers
both used the same equipment and proper
technique.

Certain conditions can increase the im-
portance of the operator's influence, At
lower velocities, proximity effects are
accentuated and the operator's technique
becomes more important. If the device
has to be moved during the measurement,
as in a traverse, precautions must be ex—
ercised to keep it perpendicular to the
airflow., The proximity of the observer
to the device should remain constant, al-
though this is problematic in practice.

In general, if good technique 1is prac-
ticed the resulting error will be negli-
gible when compared with other error
sources.

LOCATION SELECTION

The location of an air velocity mea~
surement within the mine is usually
determined by a statutory or engineer-
ing requirement. Often, these locations
are less than ideal in that the airflow
is partially obstructed by a roof fall,
equipment, or timber sets, or is altered
by a nearby bend, intersection, and so
forth. It would be convenient in these
cases to have a correction factor that
would correct for the error introduced
by the obstruction. This correction
factor would be wused in addition to the
correction factor that transforms the
measured velocity to average velocity.
It would also be desirable to establish
criteria for site selection under these
less than ideal conditions. For example,
a helpful criterion would specify the
minimum downstream distance at which a
measurement can be made from an ob-
struction, which is blocking a certain
percentage of the airflow, and yield a
result which had an acceptable level of
error.
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As indicated earlier, the use of fac-
tors to correct readings taken at adverse
locations has been heavily investigated,
but there is so much disagreement among
investigators that it is difficult to use
the reported factors. Experiences during
this study have led to the conclusion
that such factors are useless for general
application. They tend to be wvalid for
only one specific situation in a given
mine, and only at one specific velocity,
Any attempt to generalize them is futile,
The reason lies 1in the behavior of iso-
vels (flow patterns) and the influence of
these isovels on the measurement., This
phenomenon is explored later.

Given that generalized factors cannot
be employed to correct readings taken
at adverse locations, the initial site
selection becomes even more important.
Based on the results of this investiga-
tion and the literature review, the fol-
lowing site selection guidelines are
presented:

o Measurements made at locations near
obstructions or changes in the aircourse
will adversely affect measurement accu-
racy and should be avoided when at all
possible,

o The downstream effects of obstruc-
tions or changes are much more pronounced

than wupstream effects. Consequently,
measurements should be obtained on the
upstream side of the obstruction or
change.

o In the event that measurements must
be made Dbetween two different obstruc-
tions or changes, and it is impossible to
get the recommended distaunces upstream or
downstream of either, optimum results
will be obtained by selecting a measure-
ment point between the two which 1s one-
third of this distance upstream of the
second obstruction and two~thirds of the

distance downstream from the first ob~
struction as encountered in the normal
direction of airflow.

o Measurements should always be made

at a minimum distance of 3 roadway diame-
ters upstream of an obstruction and 10
roadway diameters downstream of an ob-
struction. 1If any doubt exists, these
distances should be increased.

o BSmoke  tubes are a useful tool
for detecting unusual air patterns.
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Measurements should not be made in loca-
tions where the smoke reveals large vor—
texes; maximum flow near the roof, ribs,
or floor; or splitting of the air within
the aircourse.

0 At less than ideal locations, mea-
surement accuracy can be substantially
improved by performing a timed-point
traverse rather than a single-point
measurement.,

o The construction of an artificial
measurement station may be justified in
locations where measurements are made
frequently, but where the airway charac-
teristics, such as timber sets may be a
constant source of error,

MEASUREMENT METHODS AND DEVICES

Each measurement method and associated
measurement device offer certain advan-
tages and usually one or more disadvan-
tages. The relative nature of these
will, of course, depend on the individual
requirements of those performing the mea-—
surements. Here the methods and devices
are compared in terms of the following
attributes:

o Initial cost.

0o Calibration and maintenance.

o General application,

0 Susceptibility to operator:
influence.

0 Accuracy.

The following devices are included:

0 Vane anemometer,

0 Smoke tubes.

0o 0il of wintergreen,

o Thermogauge (prototype
thermoanemometer).

0o Vortex shedding anemometer.

The following methods are included:

0 Single point centerline,

o Continuous traverse,

o Timed-point traverse.

In the case of vane anemometers, the
method of support, i.e., handheld, stick-
held, or remote, are also analyzed. For
smoke type measurements, the influence
of the cloud measurement point and the
distance between operators are also
examined.

The initial cost of the different mea-
surement devices 1s not a major concern
since all are less than $1,000 and costs

do not vary by more than a few hundred
dollars. The smoke tube and oil of win-
tergreen measurement devices are approxi-
mately two orders of magnitude cheaper
initially.

Calibration and maintenance are not of
concern with the smoke tube and the o0il
of wintergreen devices. The vane anemom-
eter, however, 1s susceptible to damage
of the wvanes and should be frequently
calibrated (at least after every 60 days
of use). The vortex shedding anemometer
has no moving parts and is not as suscep-
tible to damage; calibration once every
6 months should suffice. The prototype
thermoanemometer is also not susceptible
to damage, but dust must be removed from
the sensing tube before a measurement is
performed.

The general application attributes in-
clude the following:

o Ease of use.

o Number of people required to perform
a measurement.,

o The need for secondary calculations,

All of the devices 1included in this
study are relatively easy to use and re-
quire 1ittle training time., The vortex
shedding prototype anemometer and thermo-
anemometer both have digital readouts
which make it slightly easier to obtain
accurate readings.

Both the vortex shedding anemometer and
thermoanemometer measurements can be ac—
complished by one person., A second per-
son 1s required to perform timing mea-
surements with the vane anemometer, if
maximum accuracy is to be achieved. Both
the smoke tube and o1l of wintergreen de-
vices demand two people.

The vortex shedding anemometer 1is the
only device that does mnot require sec-
ondary calculations, as it 1is a di-
rect reading device. The thermoanemom—
eter and vane anemometer readings must
be converted, using a calibration curve.
Smoke tube and oil of wintergreen mea-
surements require simple arithmetic cal—
culations involving the travel distance
and elapsed time. Certain devices lend
themselves better to certain applica-
tions. The smoke and oil of wintergreen
tests are particularly suited to low
velocity flows (less than 50 fpm),
for which a device such as the wvane



anemometer mno longer provides accurate
readings.® The convenience of direct
reading combined with the durability of
the vortex shedding device might make

it more appealing to certaln users, al~-
though the uncertainties surrounding its
use in a turbulent atmosphere may sub-
ject the results to some question as to
accuracy.

The evaluation attribute 1s the suscep-
tibility of a particular measurement de-
vice and method to operator influence,
To address this issue, the correction
factors and raw data sets obtained from
each of the measurement methods and de-
vices were analyzed using one-way analy-
sis of wvariance tests, where data sets
existed with multiple observers. Al-
though several duplicate data sets were
collected where all conditions were iden-
tical with the exception of the observer,
these duplicate tests were not performed
over all velocity ranges, so no attempt
was made to determine whether operator
influences became more or less critical
at different velocities.

The analysis of variance tests were
conducted utilizing a 95-pct and a 99-pct
confidence interval. It was found that
the operator influence was significant in
all tests involving handheld measurement
devices. For example, for vane anemome-
ter single-point centerline measurements
conducted with the anemometer handheld,
stickheld, and remote, in the handheld
measurement, operator lnfluence was sig—
nificant, whereas in the other two it was
not significant.

Similar results were obtained for all
other measurements with the exception of
the smoke tube and o1l of wintergreen
where operator influence was found to be
negligible. This, in itself, is an im~
portant finding. However, it 1s not pos—
sible to determine the maximum error that
might result because of operator tech-
nique since these techniques could be so
highly wvariable., It should be noted in

80il of wintergreen should not be used
to measure velocity in a belt entry be-
cause the odor travels with the belt,
which may have a higher velocity than the

airflow.
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these experiments that the different op~
erators were utilizing proper technique,
and that the accuracy differences were
less than 1 to 2 pct in all cases. How-
ever, statistical significance was estab-
lished as previously described.

The £final point of evaluation, accu-
racy, is based solely on the results of
the experimental investigation and the
computed correction factors. The statis-
tical accuracy 1is used to compare the
methods and devices.

Because of the device's operating char-
acteristics, the maximum accuracy achiev-
able with it will depend on the velocity
range. Thus, the free stream velocity in
which the ball-bearing vane anemometer is
useful is limited by the friction of the
ball-bearing drive mechanism. Similarly,
certain sampling methods are limited by
the free stream velocity. The continuous
traverse utilizing a mechanical respounse
device, such as the ball-bearing vane
anemometer, will be subject to larger er—
rors at lower velocities 1if the traverse
speed of the device is not reduced pro-
portionately. The accuracies found for
the devices and methods included in this
study are shown in table 6.

Analysis of the data obtained reveals
some interesting results.

o The ball-bearing vane anemometer
yields the most accurate results through
the widest range of conditions.

o For specific wvelocity ranges, cer-
tain devices can be selected over others
to yield increased accuracy of the mea-
surement, For example, the vortex shed-
ding anemometer and the vane anemometer
should not be wused in flows where the
free stream velocity is less than 62 fpm;
the smoke tube, however, yields measure-
ments of acceptable ‘accdracy in this
range, The prototype thermoanemometer
did not perform more accurately in these
low-speed flows than any of the other de-
vices, although it was specifically de-
signed for use in low-speed flows.

0 The o0il of wintergreen method did
not provide satisfactory results in flows
less than 135 fpm because of its opera-
tional characteristic, i.e., the oil of
wintergreen droplets precipitated out of
the airstream causing increased errors.
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TABLE 6. — Comparative accuracy of different air velocity determination methods,
percent

: Average velocltVesseeessossenoessnssaseefpm.s | 35 52 | 62 | 93 135 187 | 340 | 650
i VANE ANEMOMETER

d Centerline:

b Handheld, coseeessonscassssssansenssassnsnes 5| 4| %1 *2| £2 £l 2| +1
T Stickheldsesessoesseoesnssssssvssesssnsenans 7 +3 1 2| +2 *+1 *1 *1
) Remote Operator.sesssscscescsssssoncrssonss | NAD 3 +2 2| +1 | *1 2
% Continuous traverse:

i Handhelds seseesoseeososvnsnsssnnnnassnnnses| *2| 1} 1 22 #1 1| 1| £2
) Stickheldssssssesssssssonceossassssvsssnens | NAD| #3| 1| 1| %1 1| #1| 1
i Split traverse:

b Handheldeseseosooensoeosocosoonsnsonannnnes| 5| #2| +1| £1]| #1 1| #1| #2
! Stickheldessessseesesnsssscosssasssensssese| NAD 3 1 21 *1 *1 *+1 +1

T Timed~-point traverse:
I Handheldeseseessosonsossssossansosnsassanas| *3| 22| 1} 22| %1 1] +1| *1
il Stickheldeeseseosssovesosaensnconsnsonnneas | 17| £10 | £12( #2| 22 +2 | 1| 2
- VORTEX SHEDDING ANEMOMETER
Centerline: Handheld.iessosesecseonossssonsse| NAP| *3| 26| *2| #£1 *1 3 #1
Continuous traverse: 2 MiNieeeessessssesesss| NAp 3| 2| 2| *1 +1 | NAp *1

THERMOANEMOMETER

Centerline:
Handheld.eseevessseescesssssocnssceasnnnsas | 14| £13 | *7 T4 £5 +5 | NAp | NAp
' Remote Operatore.eresssssscosvsonsnsessssas| 12| *12) 5 £9] &5 +4 | NAp | NAp
j} SMOKE TUBE
Centerline:
Leading edge, 10 fteveeesessensonsesovssscs +9 *7 | %3 5| 4 5 +7 | NAp
Leading edge, 20 fteuiisesresoncsassarscsccsnss +4 +7 +2 +4 | +4 +3 +3 | NAp
Leading edge, 30 ftiveevsncessosnsnanesavsas 16 5| *2 31 %3 +2 +3 | NAp
Cloud center, 20 fteseeeascossesesvsencsssacs +9 7 +4 5| 6 4 +4 | NAp
iy OIL OF WINTERGREEN
i 50 fleseessosvssessesssssansassscscessesssese | NAD 16 +4 | NAp | 5 NAp | NAp +3
H 100 ftueeesoovasssoenaasasonesnseenssssecassss | NAp | NAp | NAp | NAp | *3 +4 *+2 | NAp
R NAp Not applicable, no readings taken.

It did, however, yield accurate measure- average velocities are equal., However,
ments in the veloclity range of 135 to most devices do not measure the average
340 fpm. velocity. Rather, one or more points in

. o At velocitles greater than 135 fpm, the measurement plane are sampled, i.e.,
; all devices performed at an acceptable a velocity measurement is made, and then

b level of accuracy. this point(s) is mathematically manipu-

I lated to obtain a number that is called

" CORRECTION FACTORS the average velocity.

ﬂ% The justification for this mathematical

‘ The volume flow rate of air in an air- transformation is an a priori knowledge
course is the product of the average mea- of the 1isovel or flow pattern. 1In this

sured velocity and the cross—sectional sense, the velocity measurement method
area of the aircourse where the velocity (centerline, single point, multipoint
was measured. If this cross-sectional traverse with a linear grid, multipoint
area or measurement plane 1s representa- traverse with a log grid, ete.) can be
tive of the aircourse and 1s not located viewed as a sampling scheme. Tt is well
near any obstructions or changes in the known from mathematical sampling theory
‘ aircourse, then an accurate volume flow  that a few samples can be used to approx-—
4 rate can be obtalned, if the measured and imate the behavior or characteristics of



the population of all values in the sam—
ple space, provided that sampling is per-
formed in accord with theorems or prac-
tices that utilize an a priori knowledge
of the population., 1In this case, the
population is simply the set of all point
velocities that define the airstream.

The published correction factors span a
large range and are often so contradic-
tory that it is difficult to apply them.
The correction factors obtained in the
course of this study often appear contra-
dictory and also span a large range for
similar methods and velocity ranges. Ex~
tensive parametric analyses were unable
to develop any functional relationships
between the following variables and the
resulting correction factor:

About 15 in downstream from plane;, electricol box and
swifch box mounted on post

Scale, ft

FIGURE 2. - lsovels at measurement plane. 4,
mine-1, V = 180 fpm; B, mine 2, V = 35 fpm; mine
3, V=52 fpm.

15

Velocity range.
Measurement device characteristics.
Rubbing surface characteristics.
Cross—-sectional area.
Alrcourse height-to-width ratio.
Air density.
Factor analysis, which is often helpful
when functional relationships cannot be
developed on the variable, was conducted
without success. A graphic analysis was
somewhat helpful in defining the problem.
Data for the construction of isovels
were collected at each measurement plane
and then plotted. The resulting iso-
vels, some of which are shown in figure
2, are enlightening. It was mathemati-
cally found that the application of dif-
ferent sampling schemes to a particular
isovel would result in very different re-
sults. It was also found that isovels
for different velocity ranges changed un-
predictably, as shown 1n figure 3. The
following conclusions were developed from
the graphic analysis:
o Multipoint traverse methods will
yield the most accurate results for the

C o O 0 0

[»]

0O 2 4 8
[ R S—
Scale, ft

FIGURE 3. - Mine 3 isovels at measurement plane.
A, V=931fpm; B, V=135 fpm; C, V = 650 fpm.
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largest range of mine ailrcourse charac-
teristics and velocity ranges.

o Although the  reported correction
factors in the literature vary widely and
are sometimes contradictory, they are
probably appropriate and representative
of the mines in which the experiments
were conducted.

o Generalization of correction fac~
tors is therefore hampered by their site-
specific nature, which is not easily
quantifiable,

o A table of generally applicable cor-
rection factors is feasible if the accu-
racy limitations are recognized, and the
resulting measurements are used with this
in mind.

Air velocity measurements are taken in
mines to satisfy statutory requirements
and to support mine planning activities.
In a coal mine, for instance, these mea-
surements are taken throughout the mine
at intervals that range from minutes to
weeks, based on 30 CFR requirements.
These measurements are being made and
will continue to be made independent of
this research project and its results.

Despite any shortcomings in the applica-
tion of generalized correction factors,
the industry needs such factors for rou-
tine ventilation work. Therefore, an at-

tempt has been made to develop a gen-
eralized correction-factor table. As
indicated previously, such an effort is

difficult to justify technically based on
the site~specific characteristic of cor-
rection factors.

A set of correction factors directly
relating to the experiments conducted is
given in table 7. These correction fac-
tors represent the values recorded at
different mines and at the indicated air
velocities. The appropriate correction
factor for any given pair (measured ve-
locity, measurement method) can be ob-
tained by interpolating between velocity
ranges for the method selected.

An alternative approach 1is to fit a
quadratic curve through the data for cor-
rection factors to establish generalized
(velocity-dependent) correction factors.
The regression equation is
(9)

cf = a + bV + cvV2,

TABLE 7. - Summary of correction factors, by velocity, for different

measurement methods

Method Air velocity, fpm Mean value over

351 [ 522 | 623 | 932 | 1352|1873 | 3403 | 6502 | all velocities
lecessesasanssnsssss| 0,74 0,92) 0.76 ] 0.87 | 0.85 | 0.72| 0.68 | 0.90 0.81
Zesesssescsssennnnne .70 .89 .73 .92 .89 .78 .76 | 1.06 .85
K .81 94 .78 .96 .92 .83 79 1.12 .89
bevessoanssosssasnsse NAp .78 .78 .89 .89 .83 .78 | 1.07 .86
Desessnsesssssssnsss .56 .91 .81 .90 .95 .94 .89 1.10 .89
Besovenonssscnsonnss NAp .91 Th .87 .89 .82 W77 .96 .86
Jeeoenesnnsonaannanns 54 .92 .84 .89 | .97 .95 .88 1.13 .90
10seeesoesssscoacssss NAp .70 .79 .86 .87 .88 .84 .96 .84
) .51 .88 .87 .89 .96 .95 90| 1,05 .88
2lieeescssseceennses | 1.77] 1.16 .88 .84 .84 .91 .61 .84 .96
27 0eeessssnssssssees | NAp .48 .64 .84 .89 .82 «73 .89 o716
280 eeeensenesssnnnas NAp | 1.02 .85 1.04 .96 .91 NAp .91 .96
3leeececnnssssnnenes| 74| 98| 73| .85| .92| .96| NAp| NAp .86
R .92 1,07 74 .92 | 1.01 .94 | NAp | NAp .93
P .50 .85 .60 .79 .81 .67 .69 | NAp .70
42 ¢eeeansnnsnsesenns .49 .84 .63 .82 .87 W72 .72 | NAp .73
43..0000000000..»000 046 .86 .65 .81 .86 071 o712 NAP 72
bhyiieeensscessonnss .66 1.10 .70 .89 .94 .80 Th NAp .83
500 c0esecsasssscesss | NAp .80 .78 NAp .97 | NAp| NAp| NAp .85
5lcesesncsccssessnss NAp| NAp| NAp | NAp .96 .90 91 1,10 .94
NAp Not applicable, no readings taken. Mine 2.  ?Mine 3. “Mine 1.



measured alr velocity,

where ¢f = correction factor,
V =
and a,b,c = coefficients.

Table 8 lists coefficients a, b,

and c.

The last column in table 8 1s an indica-
tion of the range of expected error asso-
ciated with the measurement technique and
use of the quadratic equation for esti~

mating the correction factor.

This is

MONITORING SYSTEMS AND

Mine monitoring systems offer consider-—
able potential to improve mine safety and

productivity,

Currently,

several

coal

mines are wusing environmental monitoring
systems to monitor ailrflows in Dbelt en-

tries so that this belt ailr
to ventilate the working place,

can be used
Many of

the problems associated with air velocity

monitoring are common to air

velocity

measurements made with conventional in-
struments such as vane anemometers.

The location of a fixed point velocity
sensor wmust be selected with the

same

the ratio

of the
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standard deviation of

the measurements from the quadratic esti~
mator in equation 9 to the measured mean

correction factor

(last column in table

7) for each measurement method.

The large error range
reflection of
correction factors, and the

is a

nature of

shown in table 8

the

consequent difficulty in

Since this table

ting to the
applicability 1is subject to debate.

AIR VELOCITY SENSING

considerations

measurements.
the fixed polnt sensor are more rigorous,
capable of mea-

however,
suring the
Whereas timed-point traverses are recom—
mended for certain adverse locations when
using conventional instruments, this is
not an option for fixed-point monitors.

suitable location has been es-

Once a

tablished within the airway,

because

as fo

r

it is
alrflow at only

is based on
collected data,

slte-specific

generalizing.,

curve fit-
its general

standard velocity
The constraints imposed on

one point,

the fixed-

point sensor must be installed. Two con-
siderations

dictate

that

the sensor be

TABLE 8. ~ Coefficilents for generalized correction factors, by method,

using the quadratic equation

Method Points in Coefficients of equation 1 Mean error,

analysis a b c pct
9 0.833 ] -9.96 x 10~%| 1.55 x 10-6 8.4
2 crroeescscesssssesennns 9 .855| -4.39 x 1074 1.12 x 10-%6 10.7
G 8 \915 | -7,23 x 1074 | 1.57 x 10-® 8.3
heveennsoansonnnssonnses 8 869 | -4,92 x 107%| 1.20 x 107° 6.5
Desvosssessvsensensnsonse 9 ,764 | +9.53 x 1074 | -7,27 x 10-7 12.3
Bovsasensnsnsnsssassnnnos 8 910 | -7.13 x 10™%| 1,198 x 10-° 7.1
Teeeeoenesonsasonnsonnonns 9 .777 | +8,87 x 1074 | -5.92 x 10~7 13.7
10ueeseososoneossononeses 8 64 | +5,24 x 107% | -3.68 x 10-7 5.9
| 9 .737 | +1.25 x 1073| -1.25 x 10-6 13.5
2leencncvonsnosnnsncsanes 9 1,420 | -4.62 x 10~3| +5.79 «x 10-% 24,0
2 A 8 634 | +1.03 x 10-3| -1.04 x 10-6 15.9
R S 7 .998 | -3,58 x 1074 | +3.40 «x 10~7 6.9
3leeeoesnoncnssesvononnss 6 .750 | +1.36 x 1073 | -1.24 x 1076 10,3
K 6 .909 | +1,96 x 1074 | 4,79 x 10-7 11.8
Aleveveososvnsessaconnses 7 .576 | +2.01 x 10~3| -5.07 x 10-® 16.4
B4 ueivssecnnnsensnssones 7 .539 | +2.95 x 10°3| -7.27 x 10-6 15.4
B3y eeensenaesassnsnnnnnns 7 542 | +2.85 x 1073] -7,02 x 10-6 16.9
Bl ueeeronaonarsansaseonns 7 762 | +1.53 x 1073 | -4.,80 x 10°6 17.4
50ceesrsascssrensesannnos 4 8221 ~1.72 x 1073 +2.09 x 10°° 1.4
5Luuevenoversononosnsonns 5 877 | -1.43 x 10~5%| +5,39 x 10-7 5.3
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suspended near the center of the airway.
The first consideration deals with turbu-
lence profiles in the airway; the second
relates to changes in the isovels, and
hence the correction factor, as air ve—
locity changes.

TURBULENCE

A fluid flow 1is sald to be laminar if
it is free from rapid and random fluctu-
ations., Under certain conditions, the
laminar flow can become unstable, go
through some transition stage, and become
turbulent. The turbulent flow is charac-
terized by the rapid and random change
of velocity at a given point. There are
several different theories on the origin
of turbulence in laminar flows (l4). 1In
a general sense, it is known that the
linear dimensions of the system, the me-~
chanical properties of the fluid, and
the wavelength of disturbances in the
flow are relevant to thé formation of a
turbulent flow. A dimensionless quantity
known as the Reynolds number and the size
(wavelength) of a disturbance have been
used successfully to predict turbulent
flows.

The Reynolds number for mine flows can
range from about 4 x 10® to well over 4
x 105, with typical values 1in the range
of 4 x 10°. Laminar flow in a mine will
cease 1f the Reynolds number exceeds
2,000, It can be assumed that mine flows
are always turbulent. This, of course,
is a desirable characteristic since mix-
ing of the flow is greatly enhanced,
thereby facilitating dilution and removal
of noxious and toxic gases and dusts in
the mine environment.

Air-speed measurement in turbulent
flows can be rather problematic. The de~
vices commonly used to measure alr speed
are calibrated in laminar flows, Addi~
tionally, mine ventilation engineers have
not determined the nature of the turbu~
lent flow found in underground mines. It
1s known that turbulent flows can cause
erroneous readings in measurements taken
with vane anemometers (l). The use of
fixed-point velocity sensors in turbulent
flows is especially questionable, since
most fixed-point sensors operate on a

vortex—-shedding principle suitable for
laminar flows.

A full experimental characterization of
turbulent flows was beyond the scope of
this study. However an experimental pro-
gram was developed and turbulence data
were collected in one mine. A limited
group of wind tunnel tests were imple-
mented to identify the effect of mine-
like turbulence on a fixed-point velocity
sensor that operated on the vortex shed-
ding principle. The results of this pre-
liminary work suggested that mine turbu-—
lence could be a problem, in that sensor
readings could be 50 pct greater than
the true value. Additional research is
needed to better define the extent of the
problem and possible solutions.

Another finding of this limited inves~-
tigation into turbulence was the location
aspect, In all cases, minimum turbulence
intensity occurred near the center of the
airway. Historically, monitoring system
sensors in coal mines have been mounted
near the rib, on a post installed specif-
ically for that purpose. It was found
that the airstream perturbations around
the post, near the rib, resulted in sig-
nificant levels of turbulence. Accord-
ingly it would be prudent to avoid this
type of placement, at least until the re-
sulting errors are better defined.

CORRECTION FACTORS

The fixed—point sensor, like the vane
anemometer, measures the velocity at one
point, not the average velocity needed to
compute volume flow rate., Thus a cor-
rection factor 1is needed. A recommended
procedure for determining this correction
factor is given by Kohler (1l4). As dis-
cussed previously in this report, the
isovel, and hence the correction factor,
changes whenever the mean air veloc~-
ity changes. Under normal circumstances,
fixed—point sensors can be very useful in
allowing personnel on the surface to as-
sess conditions underground. However,
under abnormal conditions, the air veloc~
ity will probably be different from when
the sensor was 1installed, so that the
sensor readings will be erroneous, This
effect can be minimized by placing the
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sensor near the center of the airway, smaller. A minimal change in correction
where 1sovel changes are usually less, factor translates directly to a reduced
and hence correction factor changes are error,

’ CONCLUSIONS

This investigation has addressed the
development and use of correction factors
for air velocity measurements and the es~-
tablishment of location guidelines for
making measurements. Long-standing prob-
lems in this area, contributed in large
part by the disagreements within the
technical literature, have been resolved.

Guidelines for selecting suitable loca-
tions for making air velocity measure-
ments have been defined and must be
strictly applied. Otherwise results will
be erroneous. The use of factors to cor-
rect for adverse locations is not techni-
cally justified. 1In fact, a strong case

has been made against the use of such
factors.
Correction factors are useful to con~

vert instrument readings to average val-
ues; a set of correction factors has been
developed and is presented in this re-
port. As in previous investigations, the
correction factors developed here appear
to diverge and are not always consistent
with intuitive expectations., 1In contrast

this fact was recognized
It was found that computed
are extremely site-
specific, and specific to a velocity
range. Accordingly, it is difficult to
generalize tables of correction factors.
Although it was impossible to establish a
general mathematical relationship that
would be useful to predict a correction
factor given mine-specific information,
the reason for diversity in correction
factor tables was explained, and related
to the isovel,

It was found that accurate measurements
could be obtained with most of the meth—
ods examined, although timed-point trav-
erses tended to be more accurate in most
situations. Accuracy requirements for
mine ventilation applications are not
well defined, but it appears that an ac~-
curacy of 20 pct is satisfactory, based
on current practice, thus permitting the
use of correction factors. An examina-
tion of accuracy requirements would be
useful and should be considered for fu-

investigations,
and analyzed.
correction factors

with the approaches taken in previous ture work in this area,
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APPENDIX.-~LITERATURE REVIEW

An exhaustive search was made of liter-
ature dealing with mine air velocity mea-
surements or related topics, using the
Engineering Index, and computerized 1lit-
erature data bases. At the conclusion of
the literature search, copies had been
obtained for all available publications
on mine air velocity measurement, from
1900 to 1980. These publications were
reviewed and analyzed within the objec-
tives of this investigation. Specifical=-
ly the following topics were emphasized:

0o Site selection criteria,

o Correction factors.

0 Area measurement.

0 Instrument characteristics and oper-
ator methodology.

The published material provides an in-
teresting historical perspective on the
artful development of mine ventilation
measurements. It was also helpful in eg-
tablishing the nature of the experimental
investigations that were performed during
this study. Beyond that, the published
literature is of minimal value, and must
be interpreted carefully for several
reasons.

First, the published reports often con-
tain little or no information about the
experiment design, making it impossible
to assess the validity of the work. Sec~
ond, information on the experimental site
is often sketchy. Parameters such as ve-
locity range, aircourse characteristics,

and so forth are sometimes unreported.
Third, the use of proper controls was
usually absent. Instead, repeatability

(precision) was incorrectly used as a
true velocity, rather than accuracy. Fi-
nally, many of the published recommenda-
tions appear as some undefined blend of
personal experience and scientific fact.
The selection of a suitable site is of-
ten addressed in the literature. It was
recognized by the earliest researchers
that obstructions, bends, intersections,
and so forth, modify the airflow, and as
such, measurements should not be taken
near those places. Most 1investigators
made recommendations for selecting sites,
while a few proposed correction factors
to account for airstream perturbations,

Table A-1 summarizes site selection
guidelines found in the literature.

The literature is even more profuse in
the area of correction factors, with sig-

nificant variation in suggested correc—-
tion factors (table A-2).
The ingtrument characteristics and op-

erator's methodology affects the accuracy
of the velocity measurement. Several in-
vestigators have examined the influence
of the following factors:

Instrument support method.

Operator position.

Measurement method,

Instrument orientation,

Timing technique.
complete review of the literature in
this area is given by Kohler and English
(15).1

"~ The method of

o 00 0 o0

supporting an instrument
in the airstream, to take a measurement,
affects the reading. The extent of the
effect will depend upon the instrument
used and the characteristics of the air-
stream, Schubauer and Adams (26) ex-
amined the effect of instrument support
on measurement accuracy (table A-3),.

The operator's position and proximity
to the dinstrument while the measurement
is being taken has been extensively in-
vestigated, with mixed results, An exam-
ple of this proximity effect is shown in
figure A-1, based on the work of Boshkov
and Amontree (4)., Typical effects of
operator positidﬁ} compiled from the re-
sults of Boshkov and Amontree (4) and
Swirles and Hinsley (30) are shown in ta-
ble A~-4, 1In general, two different oper-
ators, using the same instrument at the
same location, can obtain readings that
differ significantly (20 pect).

The measurement method, e.g., single-
point or multiple~polnt traverse, will
affect the accuracy of the measurement.
As discussed before, these measurements
are usually taken to allow the computa-
tion of an average value. Obviously the
reading obtained from a single point in

TUnderlined numbers in parentheses re-
fer to items in the list of references
preceding the appendix.
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TABLE A~1l. - Summary of location guidelines given in the literature

Reference Requirements and recommendations Upstream Downstream
Teeeeesos| Use lined alrway¥.eesoeessesosnososssnssensssseess| 30 fteosavan| 30 L.
32¢4000es | Use straight airway (at least 150 ft from long-| 75 ft.......| 15 ft.
wall face if in return).
Becosssess | Use uniform airway, at least 5 to 6 roadway 4 to 5 1 dianmeter.
diameters in length. diameters.,
Beaeesers | Use "regular” airwaV¥esseesesoscoescnsssassovces| 20 Vdaeoooao | NA,
l1levevees | Use uniform airway; use smoke to f£ind uneven 2 diameters. | 1 diameter.
velocities.
16veesess | Use artificial station, at least 15 to 20 ft NAseeoonases| 6 fL,
long, tapered inlet and outlet. Station
should be 6 to B times long as wide.
17¢e4vvee | Theoretical requirements for fully established | 50 to 100 NA.
duct flow—-not established for mines. diameters.,
18, 20...| 1,000 ft of straight section required "a con- NAieseeonees | NA,
giderable distance from any disturbance.”
19¢vevve. | Use artificial station 10 to 20 ft long with NAcevesssees| &4 to 5 ft,
tapered entrance (exit was abrupt).
2lieessss | Use canvas lining in 100 ft of airway, with 50 fteeeeees | 50 ft.
point traverse.
2200000 es | Avold obstruction; zone of no flow may exist NAeoseoesaoess | NA,
downstrean.
24.000..- Use uniformairway.ooooaooo-ooe.oooooo-ooooooot 5 or b NA.
diameters,
27¢eeeses | Use "regular” alrway, straight and uniformesves | oesd0eseeess | NA,
28u4eeses | Stay at least 5 roadway diameters from bend and | NA,eecoosesa | NAL
0.5 m upstream from an irregular area (such as
the end of the station).
30csseves | Use "clear section”eessssscenenssrsnsesensssssss | 6 diameters. | NA,
33000ssee | Use stralght sectioNieseeeessvvvovsasescvecosee| NAucesoeesas | NA,
NA Not available.
the airstream will not, in most cases, be © -30 T T T I
[= 9
the same as the true average velocity. .-
An attempt to reduce the error, and con~ k£ __| i
vert the reading to an average value, is § 25 \\\\\\\\\\\
made with correction factors. o
If a continuous traverse 1is used, mea- > .oo| -
surement error may be iIntroduced if the g Arm
traverse speed is too large. A number of x outstretched \\
investigators have found a good corre- k= ‘15"~\\\\\\\ZZ? \ ]
s \
spondence between traverse speed and er- § \
ror, The effects of traverse speed es~- E *IO—\\ \‘ i
tablished by Swirles and Hinsley (30), N Proximity
and shown in figure A-2, agree with other g \:\ ---“~“‘“lff
researchers in that (1) overestimation of E -5} §}-~_‘-__-“ -
the airspeed tends to increase with trav- g -—-___._____~_h‘““““‘"m-~2fT
erse speed; (2) this effect becomes more | | | ; 3ff
pronounced at lower air velocities, - 0200 400 6800 ' 800

The literature for cross—sectional area
meagsurement in mines is not as profuse as
for the other topics. Notwithstanding,
the following eight different recommended

TRUE VELOCITY OF AIR CURRENT, fpm

FIGURE A-1. - Effects of operator proximity on ane-
mometer readings. (operator to side) (4).
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TABLE A-2. - Summary of correction factors given in the literature

Refer~ Me thod Correction Location and/or guideline
ence factor '
7eeoss | Anemometer, point.. 0.80 | Center point,
seedO0sscerorssnnnes 1,00 | 0.14 roadway width from rib.
200s0e| c0sd0sunasncrnsnnes 1,80 Center point.
K O Y « (e J O «85 Center of regulator openings.
Anemometer, contin- 1.00 Regulator; deduct 0.5 ft? from area for arm.
uous traverse,
cesd0csvessnessvana 1.00 | Airway; deduct 4.0 ft? from area for body.
SmoKeesvevevsennens .80 | Point of maximum velocity (not necessarily
at center).
5¢¢ses | Anemometer, point,.,. | 0.70- ,73 Center point (recommended, not verified).
seed0usrcersnannane .80 Center point, timbered airway (recommended,
not verified),
Beneeo | s00d0cecerennsncans .90 | Center point.
Bevsoa| s00d00unvnesnscanns .88- .94 | Center point; av.--0.91, low—-0.71.
P Y U T 1.00 | "D-6 position”; 1/6 roadway width from rib.
10esse| v0edOceesrenronenns o Point of maximum velocity, airway.
vesd0ssvevennonecea .8 Point of maximum velocity, stope.,
531100 ) ¥ T .65~ .85 Point of maximum velocity, av. several
measurements.,
B« £ T .80 | Recommended for common use; within 5 pct
error.
Iloeee| e0sd0uvenccnccnnnes .80 | Av. measurements from several random points.
12.4.. | Anemometer, point.. .85 Center point.
13¢veee | SMOKEeseessvnenenass | 21/1.1 Quarterpoints over 25-ft distance; av. sev—
eral measurements at each point, then av.
results.
200000 | e02d00nuvssesssnnns .90 | Quarterpoints,
eoedOsevevovseonnne .80 Center point (for higher velocities).
Anemometer, point.. .78- .82 | Center point (1949).
se2d0c i serncnesnnn .80 | Center point (1935).
...dO.............. 1.00 lj? roadway width from ribo
eeedO0cesvesassasses +65- .90 | Center point of irregular entries.,
evedOescevnessonnne 75~1.0 Center--constriction (low), expansion
(high).’
Anemometer, contin- «85—~ .90 | In airway of 35~ to 45-ft? area.
uous traverse,
s0¢d0cssesnensoness .88- .92 In airways of approximately 80-ft? area.
vesdO0usvrsacnsnsnes | +90- .93 | In airways greater than 100 ft?,
Anemometer, precise .95 | For l6-point traverse in doorframes,
traverse,
s0sd00iavnnsnneosnas 1.00 | NA.

See explanatory notes at end of table,
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TABLE A-2. ~ Summary of

correction factors given in the literature~—-Continued

Refer—- Me thod Correctilon Location and/or guideline
ence factor
19.... | Anemometer, point.,.| 0.82-0.88 | Center point, lagged crosscut,
reed0ssencnccnnnnes .63~ .65 | Center point, narrow rock crosscut.
veedOsecececrsncnce .65~ .73 | Center point, larger crosscut (88 to
96 ft2),
eesd0veneecacsanene 31/1.10~ | Center point, shafts.
1/1.17
Anemometer, contin- .90~ .91 Hand-held anemometer.,
uous traverse.
eeedOceveessonnnncs .96~ ,98 Shaft-held anemometer.
Anemometer, precise <94~ ,95 | 20 points in alrway at 1 location,
traverse,
eesdOesesssnasssnss .89 .82 20 points in airway at new location.
Anemometer, contin-~ 1.11 Timber sets, loosely lagged, strailght
uous traverse, airway.
eoedO0cocssansassnns .97 Timber sets, tightly sealed, slightly curved
airway.
esedOoieseesssennnes | 1.01-1,04 | Timber sets, tightly sealed, straight
airway.
seelO0csvvcnsnsnnnsne 1.02 Recommended factor for timber sets.
eeed0ecnvecoonsnsve 77~ .83 Irregular rock, untimbered, area 41 to
46 ft2,
eeedOsavevsnsnnnnns +98-1,01 | Timbered (not sets), lagged, straight
airway.
220000 | NAecenosooesesanena NA| In low flow, point of maximum velocity is
below the center point.
230000 | SMOKEesseeesanssnse .80~ .95 Center point.
ceelOssnconsosssnee .90 | Quarterpoints, average of all 4,
24.4.. | Anemometer, point.. 1.0 1/7 to 1/3 roadway width from rib.
seed0secessccoscens Variable | Center point; varies with Reynolds number.
25¢000 | SmOKCeeteeveeornans .90 | Quarterpoints; av. 3 measurements; good be-
low 120 fpm,
27¢+.. | Anemometer, point.,. .84~ .90 Center point.
28i0ee | c0edOcrnroncsnnnnss «75— .80 | Point of maximum velocity; V = Vmax.
P ¢ e .95 Doorway center point if doorway area <1/2
alrway area.
Anemometer, contin- 95 Hand traverse, large regulator,
uous traverse,
P Ce .90 | Hand traverse, small regulator.
29,4+ | Anemometer, point.. 2924 | Center point, model mine shaft,
3leees| ¢0edO0esvcoscsnsnneo .80- .85 | Center point (cited industry standard).
eeedOceenensencense .76 Center point, remotely controlled.
P +73 | Center point, rod held.
PR« Ce .67 | Center point, hand held.
SmoKeessevsessssnns .74 | Center point.
SCeNtecesesscsences 67 NA.
NA Not available. '4/5. 20,91, 30.91-0.85.
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FIGURE A-2. - Effects of traverse speed on anemom-
eter readings at various velocities, where W = traverse
speed, V = average velocity of airflow, and V_/V{ = ra-
tio of measured velocity to true velocity (30).

area measurement techniques can be found
in the litterature:
Vertical and horizontal taping.
Vertical and horizontal offsets.
Simpson's rule,
Diagonal offset,
Spiked protractor.
Profilograph.
¢ Full circle
sunflower).
o Photographic,

oL o000

protractor (Craven
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TABLE A~3. -~ Resulting errors in velocity
measurement for different methods of
vane anemometer support (gg), percent

Error range at
400 to 1,600 fpm

Support method

ROdesesovesonvessnnssee 0
Plat@esesesevonesssnses 3.3~ 5,6
Hand 1 (holding ane-—

mometer LOP)eeoroeross 15.9-18.1
Hand 2 (clutching top

Na8P) ecerevevocnvesene 11.8~18.1
Hand 3 (holding handle

in base)reecessosronrns 9.6-14,6

TABLE A-4, - Summary of error ranges for
different operator positions, percent

Operator Refer— Reference 30
positions, ence 4| Operator | Operator
ft to side downstream

Absent...., 0 0 0
N NA i- 7 1- 5
besivesenss NA 2- 8 1-10

K PN 2~ 4 2- 8 515
Zeavesenvns 4-14 412 10~22
leeesvennses 7=24 9-27 20-50

NA ©Not available.

A vertical and horizontal tape measure—
ment ig the most prevalent method of area
determination; the airway 1s assumed to
be of rectangular cross section., While
this method is the simplest and fastest,
it tends to be the least accurate. The
most accurate method 1s the photographic.
The airway cross section 1s photographed
and the print 1s planimetered to deter-
mine the area of the opening.' The other
methods are attempts at Iimproving the ac—-
curacy of vertical and horizontal taping
without the use of a camera. While they
are interesting they probably have little
use today. A summary of these methods is
given in table A-5, and a more complete
review of each method 1s given by Kohler
and English (15).
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TABLE A-5., - Summary of area measurement technlques given in the literature

DIRECT MEASUREMENT
Horizontal and vertical
taping.
Simpson's ruleceiseesses

Triangulation (by
segments) .
Craven sunflower..sc...

SECTION REPRODUCTION

Offsets: Horizontal
and vertical diagonal
from a frame.

Radil: Protractor,
Craven sunflower,
plane table,

Triangulation (by
points).

Profilography and
pantography.

PHOTOGRAPHIC

Photographic.eeossesses

#U.5. GPO: 1985-505-019/20,078

Description

Area equals height times width; several heights and/or
widths may be averaged.

Application of known mathematical law after measuring a set
number of strips of constant width,

Divide area into smaller triangles and measure two known

sides and the included angle of all triangles.,

Divide area into circle segments of equal arc and measure
all radii. '

Measure a baseline and measure offsets from it; use informa-
tion to plot a scale area for planimetering.

Measure various radii and the angles between them; use in-
formation to plot a scale area for planimetering.

Measure distances from two points to various points on air-
way; use information to plot scale area for planimetering.

Obtain cross—sectional diagram directly without plotting
points and planimeter.

Planimeter photographs or projection.
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